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Editorial on the Research Topic
 Advances in Legume Research



In a world urgently requiring more sustainable agriculture, food security and healthier diets the demand for legume crops is on the rise. This growth is fostered by the increasing need for plant protein and for sound agricultural practices that are more adaptable and environmentally sensitive. Food, feed, fibers and even fuel are all products that come from legumes—plants that grow with low nitrogen inputs and in harsh environmental conditions.

To heighten the public awareness of the nutritional benefits of legumes as part of sustainable food production aimed toward food security and nutrition, the 68th UN General Assembly declared 2016 the International Year of Pulses. Timely, the International Legume Society (http://ils.nsseme.com) organized the Second International Legume Society Conference (ILS2) from 11 to 14th October 2016 in Portugal serving as an unique forum to present and discuss the new research accomplishments on the legume biology, as well as, seek for innovative scientific approaches intended to address these fundamental questions on this important family of plants. The health and environment benefits, as well as, the marketing of legumes were cross-cutting topics throughout the conference. As a result of contributions made to that conference, the Research Topic “Advances in legume research” (https://www.frontiersin.org/research-topics/4288/advances-in-legume-research) was designed, being also open to spontaneous submissions.

Articles published in the Research topic will be now briefly presented in this editorial introduction:

EVOLUTION, CONSERVATION, AND DIVERSITY CHARACTERIZATION

Phaseolus spp. represents an interesting model of crop evolution where five closely related species have been domesticated. Bitocchi et al. reviewed the origin of Phaseolus genus, the geographical distribution of the wild species, the domestication process, and the wide spread out of the center of origin. Based on this review, at least seven independent domestication events occurred in the Phaseolus genus. This information provides the possibility to unravel the genetic basis of the domestication process not only among species of the same genus, but also between gene pools within the same species. In particular for P. vulgaris, this resulted from the breaking of the spatial isolation of the Mesoamerican and Andean gene pools, which allowed spontaneous hybridization, and increasing the possibility of novel genotypes and phenotypes. Accordingly, Carović-Stanko et al. performed a genetic diversity analysis on Croatian common bean landraces and showed that about 27% were of Mesoamerican and 68% of Andean origin, while 4% of the accessions were hybrids between both gene pools.

Understanding adaptive responses to stresses is the key to genetic risk mitigation, by ensuring that crops with an appropriate assemblage of adaptive traits are grown in fitting production niches. Harnessing the genetic diversity of crop plants can be a way to achieve this goal. As a proof-of-concept, Berger et al. investigated wild and domesticated Mediterranean annual reproductive strategies comparing Lupins spp. collected along aridity gradients. Strong trade-offs between seed size, early vigor and phenology were observed. Despite the large differences detected for all these traits, natural and human selections have operated in very similar ways in all species.

Yellow sweet clover (Melilotus officinalis) is a legume species widely used as ground cover or green manure. Likewise, this legume has also the potential to be used as forage. However, this last application is not possible due to its inherent high coumarin content. To tackle this limitation, Lou et al. studied the genetic variation for herbage yield, key morphological traits, and coumarin content. Selected populations were polycrossed providing a valuable breeding pool for M. officinalis cultivar development in China.

ENVIRONMENT AND AGRONOMY

By knowing the origin and geographic spread of a given crop it is possible to obtain clues about its environmental interactions, including relative adaptation to biotic and abiotic stresses. For instance, archaeobotanical studies have revealed that some legumes (e.g., pea, chickpea, and lentil) are considered as ancient crops of the Fertile Crescent and adjacent areas. However, it is not possible to know the history of legumes in other areas in which data are scarce, like the Bronze Age Steppes. In this respect, Dugan provided an opinion article paper suggesting that an accurate understanding of grain legumes in Proto-Indo-European and Indo-European agriculture and language will have positive consequences for our understanding of archeology, linguistics, and crop biogeography.

There is a renewed interest on intercropping due to its positive effects on crop productivity and resistance against different pathogens. In this line, Jeromela et al. reviewed and highlighted the potential of autumn- and spring-sown intercrops of annual legumes with brassicas for ruminant feeding and green manure.

Lentil producers in northern temperate regions usually apply pre-harvest desiccants as harvest aids to accelerate the lentil crop drying process and facilitate harvesting operations. Despite the beneficial effects of the different pre-harvest aids, there is little information about the impact of the whole battery of harvest aids. Subedi et al. filled this gap up by studying the effect of harvest aids alone or tank mixed with glyphosate on seed germination, seedling vigor, milling, and splitting qualities. This investigation not only confirmed the benefits of using pre-harvest aids, but also showed that the application of diquat alone or in combination with glyphosate improves lentil milling recovery yield.

IMPROVING RESPONSES TO BIOTIC STRESSES

Vicilins are seed storage proteins involved in germination processes supplying amino acids for seedling growth and plant development. Likewise, this type of proteins can have some role in plant defense. To provide more evidence about this, Jimenez-Lopez et al. studied the potential role of β-conglutins from narrow leaf lupin (Lupinus angustifolius) in protection against necrotrophic fungal pathogens. Transient expression of β1- and β6-conglutin proteins in Nicotiana benthamiana leaves demonstrated in vivo growth suppression of Sclerotinia sclerotiorum and oomycete Phytophthora nicotianae.

The non-host resistance is probably more durable than the single dominant resistance genes; this is because there are diverse types of effectors/elicitors and multiple resistance traits involved. The non-host resistance model with chromatin as a receptor offers flexibility to account for many plant-pathogen interactions. To prove this, Hadwiger and Tanaka studied the aspects of legume defense stimulation by salicilic acid (SA), an inducer of non-host resistance in pea tissue. Authors suggest that the SA-induced PR gene activation may be attributed to the host pea genomic DNA damage.

Heat shock transcription factors (Hsfs) are important transcription factors (TFs) in protecting plant cells from damages caused by various stresses. To increase evidence about the relevance of these TFs in legumes, Wang et al. performed a genome-wide analysis of Hsfs in Arachis duranensis and A. ipaensis. This analysis led to the identification of at least 16 Hsfs genes in these two Arachis species. The identified Hsfs genes were divided in three main groups: A, B, and C. A selection pressure analysis revealed that genes bellowing to the group B underwent a positive selection, while genes bellowing to the group A were affected by a purifying selection. Additionally, the presence of fungal elicitor responsive elements in the promoter region of some of these genes suggests their involvement in response to fungi infection.

Lectins that reside in the nucleocytoplasmic compartment are implicated in plant response to biotic and abiotic stresses. The class of Nictaba-like lectins (NLL) groups all proteins with homology to the tobacco (Nicotiana tabacum) lectin, known as stress-inducible lectins. Accordingly, Van Holle et al. showed that soybean NLLs are implicated in stress responses. Overexpression of two soybean NLLs homologs in Arabidopsis enhanced tolerance to bacterial infection (Pseudomonas syringae), insect infestation (Myzus persicae) and salinity.

IMPROVING TOLERANCE TO ABIOTIC STRESSES

In field conditions, plants are exposed to multiple types of stresses. In combined stress scenario, drought can positively or negatively affect pathogen infection. To evaluate this scenario, Sinha et al. investigated the effect of drought stress on interaction of chickpea with Pseudomonas syringae pv. phaseolicola or Ralstonia solanacearum, and the net-effect of combined stress on chlorophyll content and cell death. This study demonstrated that, regardless of the pathogen, drought-stressed chickpea plants showed a significant reduction in the infection levels. Authors propose that both stress interaction and the net effect of combined stress could be mainly influenced by first occurring stress. Likewise, authors suggest that the outcome of the two-stress interaction in plant depends on both timing of stress occurrence and nature of infecting pathogen.

Drought is one of the major constraints limiting plant growth and yield. Modifications in the root architecture allow plants to increase their water extraction capacity and drought resistance. Another adaptation that plants use to cope with drought is an increase in the photosynthates remobilization to ensure seed production. Thus, specific shoot and root traits seem to be the key in improved resistance to drought in different crop plants. To support this, Polania et al. provide evidence indicating that the resistance to drought stress in common bean (Phaseolus vulgaris) is positively associated with a deeper and vigorous root system, better shoot growth, and superior mobilization of photosynthates to pod and seed production. Authors propose that pod harvest index, and seed number per area could serve as useful selection criteria for assessing sink strength and for genetic improvement of drought resistance in common bean.

Specific rooting patterns can be associated with drought avoidance mechanisms that can be used in lentil breeding programs. Idrissi et al. identified QTLs associated with root and shoot traits in a RIL of lentil. A QTL related to root-shoot ratio explained the highest phenotypic variance.

The polyamines (PAs) are low-molecular-weight organic cations found in a wide range of organisms, and perform diverse biological functions. For instance, Nahar et al. studied the physiological roles of PAs for their ability to confer salt tolerance in mung bean seedlings (Vigna radiata). This study revealed that exogenous PAs supplementation reduced the salt-induced oxidative stress by increasing the contents of glutathione and ascorbate as well as the activities of glyoxalase enzymes. The overall salt tolerance was reflected through improved water and chlorophyll content, as well as, seedling growth.

IMPROVING FORAGE AND SEED QUALITY

Improved digestibility is a main objective in forage breeding. To achieve this goal, different mapping and association approaches have been used to identify potential trait-marker that can be used for the improvement of digestibility in forage crops. For instance, Wang et al. performed an association mapping analysis in alfalfa (Medicago sativa) by genotyping an alfalfa panel and phenotyping for five fiber-related traits in four different environments. From this study, eight associations were predicted in two environments, whereas 20 markers were predicted to be associated with multiple traits. The identification of these trait-marker associations will help to breed alfalfa cultivars with high forage quality.

Quinolizidine alkaloids are toxic secondary metabolites found within the genus Lupinus. While they offer the plants protection against insect pests, their accumulation in grains complicates its use for food purposes as high levels confer a bitter taste and may result in acute anticholinergic toxicity. In this line, Frick et al. discuss possibilities for further elucidation and manipulation of the quinolizidine alkaloids pathway in lupin crops by using conventional and cutting-edge technologies.

Seed-coat cracking and undesirable seed coat color highly affect external appearance and commercial value of peanuts (Arachis hypogaea). To face this issue, Wan et al. performed a whole-genome transcriptome analysis on a peanut mutant with cracking and brown colored seed coat (pscb). This analysis led to the identification of three candidate genes for the trait, which can be used as marker genes for plant breeding.

High germination, nutritional quality, and yield potential under high heat and dryland production conditions are priority seed traits in soybean (Glycine max). Bellaloui et al. searched for these traits in exotic germplasm and identified three breeding lines with consistently superior germination. The study also unveiled potential roles of minerals, especially K, Ca, B, Cu, and Mo, in maintaining high seed quality.

Starch phosphorylase (PHO) catalyses the reversible transfer of glucosyl units from glucose-1-phosphate to the non-reducing ends of α-1,4-D-glucan chains with the release of phosphate. Qin et al. identified three PHO isoform (LjPHO) genes in the Lotus japonicus genome. Overexpression studies suggested that LjPHO3 may participate in transitory starch metabolism in L. japonicus leaves, but its catalytic properties remain to be studied.

IMPROVING PLANT NUTRITION

Legumes establish root symbioses with rhizobia that provide plants with nitrogen (N) through biological N fixation (BNF), as well as with arbuscular mycorrhizal (AM) fungi that mediate improved plant phosphorus (P) uptake. Püschel et al. studied the interplay between BNF and AM symbioses in Medicago truncatula and M. sativa along a P-fertilization gradient. The AM symbiosis generally improved P uptake by plants and considerably stimulated the efficiency of BNF under low P availability. In contrast, under high P availability the AM symbiosis brought no further benefits to the plants. Results also suggested competition for limited C resource between the two microsymbionts. The use of P-efficient genotypes is a sustainable management strategy for enhancing yield and P use efficiency. Zhou et al. identified genetic variation for P use efficiency in soybean genotypes under field conditions and studied hydroponically P assimilation characteristics and the related mechanisms of P-efficient soybean genotypes.

Iron deficiency is a major problem in many countries raising interest in biofortification of legumes. Tan et al. reviewed the current status of iron biofortification discussing challenges and potential application of transgenic technology.

Multiple genes and TFs are involved in the uptake and translocation of iron in plants from soil. Sen Gupta et al. developed molecular markers for iron metabolism related genes using genome synteny with M. truncatula.

UNDERSTANDING PLANT PHYSIOLOGY

Plant hemoglobins (Hbs) are found in nodules of legumes and actinorhizal plants but also in non-symbiotic organs of monocots and dicots. Non-symbiotic Hbs (nsHbs) have been classified into two phylogenetic groups. Class 1 nsHbs show an extremely high O2 affinity and are induced by hypoxia and nitric oxide (NO), whereas class 2 nsHbs have moderate O2 affinity and are induced by cold and cytokinins. Using spectroscopic analyses, Calvo-Begueria et al. showed major differences between the two phylogenetic classes of nsHbs and also between the two members of the same class, strongly suggesting that these three globins perform non-redundant functions.

Photoperiod is one of the major environmental factors determining time to flower initiation and first flower appearance in plants. Daba et al. studied photoperiod sensitivity in chickpea (Cicer arietinum). Photoperiod-sensitive and -insensitive phases were identified by experiments in which individual plants were reciprocally transferred in a time series from long to short days and vice versa in growth chambers. Results from this research will help to develop cultivars with shorter pre-inductive photoperiod-insensitive and photoperiod-sensitive phases to fit to regions with short growing seasons.

Light is essential for plant growth and development. Yuan et al. studied the response of cultivated lentil and wild Lens germplasm to different light environments, showing that days to flower of Lens genotypes were mainly influenced by changes in the red/far-red ratio of the light quality but not by changes in the intensity of the photosynthetically active radiation. The distinctly different responses between flowering time and elongation under low red/far-red conditions among wild Lens genotypes suggest that flowering and elongation are controls by discrete pathways. Three L. lamottei and one L. ervoides genotypes were less sensitive to changes in light quality maintaining similar yield, biomass, and harvest index across all three light environments; these are indications of better adaptability toward changes in light environment.

The phytohormone auxin plays also a critical role in regulation of plant growth and development as well as in plant responses to abiotic stresses. Auxin transporters are major players in polar auxin transport. Chai et al. performed a genome-wide analysis of the soybean GmLAX auxin transporter gene family. A total of 15 GmLAX genes were identified in the soybean genome distributed on 10 out of the 20 soybean chromosomes. GmLAXs showed very dynamic expression patterns, most of them responsive to drought, salt and dehydration stresses, as well as, auxin and abscisic acid stimuli, in a tissue- and/or time sensitive manner.

MADS-domain proteins are important TFs involved in many aspects of plant reproductive development. Chi et al. found that GmAGL1 is specifically expressed in reproductive tissues but not in roots, stems, and leaves of soybean. The ectopic overexpression of GmAGL1 in Arabidopsis suggested a role for this MADS-box protein in floral organ identity and fruit dehiscence.

Excessive flower and pod abscission represents an economic drawback for yellow lupine (Lupinus luteus). Glazinska et al. studied transcriptional networks in the pods, flowers and flower pedicels to identify genes playing key roles in generative organ abscission in yellow lupine. Auxin, ethylene and gibberellins were some of the main factors engaged in generative organ abscission. Identified differentially expressed genes common for all library comparisons were involved in cell wall functioning, protein metabolism and water homeostasis and stress response.

Improvement of seed quality requires deep insights into the genetic regulation of seed development. The endosperm serves as a temporary source of nutrients that are transported from maternal to filial tissues. It also generates signals for proper embryo formation. Zhang et al. showed that soybean GmZOU-1 gene is an ortholog of the Arabidopsis bHLH domain TF that may be responsible for endosperm breakdown and embryo cuticle formation in soybean.

ADJUSTING PLANT GROWTH AND DEVELOPMENT

Plant morphology markedly affects its competitive ability and persistence in mixtures. Faverjon et al. compared the patterns of shoot organogenesis and shoot organ growth in contrasting forage species belonging to the four morphogenetic groups (i.e., stolon-formers, rhizome-formers, crown-formers tolerant to defoliation and crown-formers intolerant to defoliation). The consequences of this quantitative framework are discussed, along with its possible applications regarding plant phenotyping and modeling.

Seed dispersal and germination are two key traits that have been selected to facilitate cultivation and harvesting of crops. Hradilová et al. studied anatomical structure of seed coat and pod, and identified metabolic compounds associated with water-impermeable seed coat and differentially expressed genes involved in pea (Pisum spp.) seed dormancy and pod dehiscence. This integrated analysis of seed coat in wild and cultivated pea provides new insight as well as raises new questions associated with domestication, seed dormancy and pod dehiscence.

Determinacy growth habit and accelerated flowering are adaptive traits in common bean. Through a comparative mapping approach, González et al. detected additive and epistatic QTLs regulating flowering time, vegetative growth, and rate of plant production. Further QTL analysis coupled with previous results highlighted 001G189200 gene, homologous to the Arabidopsis thaliana TFL1 gene, as a candidate gene for determinacy locus.

Mungbean (Vigna radiata) is a cleistogamous plant in which flowers are pollinated before they open, which prevents yield improvements through heterosis. Chasmogamous mutant (CM) plants are available. Chen et al. mapped the cha gene responsible for the chasmogamous flower trait to a 277.1-kb segment on chromosome 6. Twelve candidate genes were detected in this segment, including Vradi06g12650, which encodes a YUCCA family protein associated with floral development. A single base pair deletion producing a frame-shift mutation and a premature stop codon in Vradi06g12650 was detected only in CM plants suggesting Vradi06g12650 as cha candidate gene.

The time of flowering has a major influence in both plant productivity and adaptation to the changing environment. Hence, different efforts to understand the genic programs underlying the flowering time in important crop plants have been made. For instance, Srivastava et al. used a high-throughput multiple QTL-seq strategy to identify two major QTL genomic regions governing flowering time on chickpea (Cicer arietinum) chromosome 4. The functionally relevant molecular tags delineated can be used for deciphering the natural allelic diversity-based domestication pattern of flowering time and expediting genomics-aided crop improvement to develop early flowering cultivars of chickpea.

The branching habit is an important descriptive and agronomic character of peanut (Arachis hypogaea). Kayam et al. fine-mapped this trait by combining high-throughput sequencing and bulk segregant analysis, providing a baseline for candidate gene discovery and map-based cloning.

Proper phenotyping is becoming a bottleneck in breeding, being particularly difficult for inherent root system architectures. To overcome this constrain, Zhao et al. provided machine learning algorithms that were used for unbiased identification of most distinguishing root traits and subsequent pairwise pea (Pisum sativum) cultivar differentiation.

Fine mapping of quantitative trait loci (QTL) and qualitative trait genes plays an important role in gene cloning, molecular-marker-assisted selection (MAS), and trait improvement. As a proof-of-concept, Li et al. mapped 26 agronomic QTLs and five qualitative trait genes related to pigmentation in adzuki bean (Vigna angularis). For this mapping analysis, authors used 1,571 polymorphic SNP markers generated via Restriction-site-Associated DNA sequencing technology. The identification of these QTL and qualitative trait genes will contribute to breed adzuki bean cultivars with desirables traits.

Another example about the relevance of the QTL analysis in plant breeding programs is provided by Srivastava et al. who used a high-throughput whole genome next-generation resequencing strategy to develop InDel markers in chickpea (Cicer arietinum) mapping populations. By using this approach, Srivastava et al. identified three major QTLs governing pod number and seed yield per plant. These functionally relevant molecular tags can drive marker-assisted genetic enhancement to develop high-yielding cultivars with increased seed/pod number and yield in chickpea.

GENOMIC TOOLS FOR BREEDING

Genetic variation is the basis for plant breeding programs. Most conventional crop improvement programs rely on natural genetic variation present among germplasm pools. Alternatively, induced mutagenesis still offers the potential to create valuable genetic variation for genetic enhancement and breeding. For instance, Horn et al. identified agronomically desirable cowpea (Vigna unguiculata) mutants after gamma irradiation. Ten phenotypically and agronomically stable novel mutants are described that constitute a valuable genetic resource for cowpea genetic enhancement and breeding.

The large-scale mining and high-throughput genotyping of novel gene-based allelic variants in natural mapping population are essential for association mapping to identify functionally relevant molecular tags governing useful agronomic traits. For instance, Bajaj et al. used an EcoTILLING approach coupled with agarose gel detection assay to discover 1133 novel SNP allelic variants by genotyping in a desi and kabuli chickpea collection constituting a seed weight association panel. Integrating genotyping and phenotyping data identified eight SNP alleles in the eight TF genes regulating seed weight of chickpea.

Ištvánek et al. used illumina paired-end sequencing of red clover (Trifolium pratense) allowing the identification of large sets of SSRs and SNPs throughout that will be key for implementing genome-based breeding approaches, for identifying genes underlying key traits, and for genome-wide association studies.

Genotyping-by-Sequencing (GBS) may drastically reduce genotyping costs compared with SNP array platforms. Annicchiarico et al. compared GBS protocols on legume species that differ for genome size, ploidy, and breeding system, and showed successful applications and challenges of GBS data on legume species. Authors devised a simple method for comparing phenotypic vs. genomic selection in terms of predicted yield gain per year for same evaluation costs, whose application to preliminary data for alfalfa and pea in a hypothetical selection scenario for each crop indicated a distinct advantage of genomic selection.
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Here, we aim to provide a comprehensive and up-to-date overview of the most significant outcomes in the literature regarding the origin of Phaseolus genus, the geographical distribution of the wild species, the domestication process, and the wide spread out of the centers of origin. Phaseolus can be considered as a unique model for the study of crop evolution, and in particular, for an understanding of the convergent phenotypic evolution that occurred under domestication. The almost unique situation that characterizes the Phaseolus genus is that five of its ∼70 species have been domesticated (i.e., Phaseolus vulgaris, P. coccineus, P. dumosus, P. acutifolius, and P. lunatus), and in addition, for P. vulgaris and P. lunatus, the wild forms are distributed in both Mesoamerica and South America, where at least two independent and isolated episodes of domestication occurred. Thus, at least seven independent domestication events occurred, which provides the possibility to unravel the genetic basis of the domestication process not only among species of the same genus, but also between gene pools within the same species. Along with this, other interesting features makes Phaseolus crops very useful in the study of evolution, including: (i) their recent divergence, and the high level of collinearity and synteny among their genomes; (ii) their different breeding systems and life history traits, from annual and autogamous, to perennial and allogamous; and (iii) their adaptation to different environments, not only in their centers of origin, but also out of the Americas, following their introduction and wide spread through different countries. In particular for P. vulgaris this resulted in the breaking of the spatial isolation of the Mesoamerican and Andean gene pools, which allowed spontaneous hybridization, thus increasing of the possibility of novel genotypes and phenotypes. This knowledge that is associated to the genetic resources that have been conserved ex situ and in situ represents a crucial tool in the hands of researchers, to preserve and evaluate this diversity, and at the same time, to identify the genetic basis of adaptation and to develop new improved varieties to tackle the challenges of climate change, and food security and sustainability.

Keywords: domestication, genetic diversity, adaptation, population genomics, crop evolution, convergent evolution, selection signatures

INTRODUCTION

Beans (Phaseolus spp.), and in particular the common bean P. vulgaris L., represent the most important grain legume for direct human consumption worldwide. They are a major source of highly valuable plant protein and micronutrients (Broughton et al., 2003; Vaz Patto et al., 2015), they provide health benefits that are related to their regular consumption (Messina, 2014; Bitocchi et al., 2016b), and they contribute to sustainable improvements to the environment when they are grown in agricultural rotation or with intercropping, due to their biological nitrogen fixation, their effects on the soil, and their control of weeds (Rubiales and Mikic, 2015; Bitocchi et al., 2016b). Thus, beans have a key role in the diversification and sustainable intensification of agriculture, particularly in light of the new and urgent challenges, such as climate change. However, it has to be considered that without a deep knowledge of the evolutionary history of crops, no improvements are possible, inasmuch as evolutionary studies provide breeders with information about the available genetic diversity and the genetic control of important agronomic traits related to adaptation and domestication (Bitocchi et al., 2016b).

As Charles Darwin suggested, crop domestication can be seen as a “giant experiment” to test the evolutionary hypothesis. During domestication, similar sets of traits were selected over a wide range of plant species, as the so-called domestication syndrome, which shows numerous examples of convergent phenotypic evolution. Phaseolus (2n = 2X = 22) is a unique example of multiple parallel and independent domestications. Indeed, not only did domestication occur in five closely related species, Phaseolus vulgaris, P. lunatus, P. coccineus, P. dumosus (formerly P. polyanthus), P. acutifolius, but also, different from other crop species, both P. vulgaris and P. lunatus have undergone two independent domestications. One was in Mesoamerica and the other in the Andes, which occurred during their reproductive isolation that was caused by the geographical barriers between these gene pools. Thus, considering single independent domestication events for P. coccineus, P. dumosus and P. acutifolius, and two for both P. vulgaris and P. lunatus, at least seven independent and isolated processes of domestication have occurred for Phaseolus.

A different question that arises is the occurrence of multiple domestications within species or within gene pools, where after domestication there was a lack of, or there were incomplete, reproductive barriers, with gene flow occurring among early domesticates, as can also be seen in for other crops (Meyer et al., 2012). In most of these cases where multiple domestications have occurred, this included gene flow between the early domesticates, while for beans, the strong geographical isolation between the gene pools guaranteed their reproductive isolation. However, this does not exclude per se the occurrence of multiple domestications within each gene pool of P. lunatus and P. vulgaris, and this topic is discussed later in this review. The only example that might be similar to Phaseolus was the domestication of rice, with the independent domestication of the indica and japonica subspecies in Asia (Vitte et al., 2004; Londo et al., 2006). However, recent studies appear to demonstrate a more complex situation for rice, which involved a single domestication with the subsequent divergence of these two subspecies (Molina et al., 2011; Choi et al., 2017).

The Phaseolus genus also represents a very interesting model because the divergence among these five Phaseolus spp. is relatively recent (2–4 Ma ago; Delgado-Salinas et al., 2006). Indeed, genomic and cytogenetic analyses have reported high levels of collinearity and synteny among the Phaseolus genomes (Bonifácio et al., 2012; Fonsêca and Pedrosa-Harand, 2013; Gujaria-Verma et al., 2016), which suggests conserved gene function.

The Phaseolus spp. have different breeding systems and life history traits, from annual and autogamous, to perennial and allogamous. This provides the opportunity to determine whether these features have direct consequences on the effects of domestication on the phenotypic and genotypic architecture of the crop plants. Another important aspect, at least for the common bean, is the complex pattern of expansion and the pathways of distribution out of the American domestication centers. This also involved several introductions from the New World that were combined with exchanges between continents, and among several countries within continents. Thus, along with a dramatic increase in the amplitude of the agro-ecological conditions for these crops, new genetic combinations have allowed new opportunities for natural and human-mediated selection that might have promoted their adaptation to specific environmental conditions.

All of these features make Phaseolus spp. an ideal model to study domestication and evolution. Thus, the present review offers an overview of the current knowledge of the evolutionary history of the Phaseolus crop species, with particular focus on P. vulgaris L. and on the recent outcomes relating to the genetic bases of important domestication and adaptation traits.

ORIGIN OF THE SPECIES OF THE PHASEOLUS GENUS

Among the ∼70 species that belong to the Phaseolus genus, most are geographically distributed in Mesoamerica (Figure 1), where the genus appears to have diversified within the past 4–6 Ma ago (Delgado-Salinas et al., 2006). This diversification of the different species is likely to have taken place during and after the tectonic events that led to the present-day form of Mexico (Delgado-Salinas et al., 2006), which appeared in the Late Miocene (5 Ma ago; Nieto-Samaniego et al., 1999; Alva-Valdivia et al., 2000). In particular, phylogenetic analyses have shown that the Phaseolus spp. can be grouped into two major sister clades: clade A, which comprises the Pauciflorus, Pedicellatus, and Tuerckheimii groups, and the weakly resolved species (i.e., P. glabellus, P. macrolepis, P. microcarpus, and P. oaxacanus); and clade B, which comprises the Filiformis, Vulgaris, Lunatus, Leptostachyus, and Polystachios groups (Delgado-Salinas et al., 2006). Thus, eight principal crown clades that show some morphological, ecological and bio-geographic distinctions characterize the Phaseolus genus, and their formation occurred relatively late on, with an average age of ∼2 Ma ago (Delgado-Salinas et al., 2006). The oldest group is Vulgaris, which has been dated at ∼4 Ma ago (Delgado-Salinas et al., 2006).
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FIGURE 1. Geographic distribution of Phaseolus species richness in America. The colors in the legend indicate the number of Phaseolus species present in a defined geographic area (modified from Ramírez-Villegas et al., 2010; permissions for reproduction have been obtained from the copyright holders).



Five Phaseolus species were domesticated: the common bean P. vulgaris; the year bean P. dumosus Macfad.; the runner bean P. coccineus L.; the tepary bean P. acutifolius A. Gray; and the Lima bean P. lunatus L.. The Lima bean belongs to the Lunatus group, the formation of which has been dated at ∼2 Ma ago (Delgado-Salinas et al., 2006); it is a predominantly autogamous species that includes both annual determinate bush types and indeterminate climbers that are often perennials, due to their enlarged tap root (Baudoin, 1988; Salunkhe and Kadam, 1998) (Figure 2). All the other Phaseolus crop species (i.e., P. vulgaris, P. dumosus, P. coccineus, and P. acutifolius) belong to the Vulgaris group. In particular, P. vulgaris, P. dumosus, and P. coccineus are very closely related, and these three species are partially intercrossable, although only when P. vulgaris is the female parent (Mendel, 1866; Wall, 1970; Shii et al., 1982; Hucl and Scoles, 1985). This is despite their marked differences in mating systems and life cycles, as P. vulgaris is predominantly autogamous and annual, P. coccineus is predominantly allogamous and perennial, and P. dumosus has intermediate characteristics between P. coccineus and P. vulgaris (Figure 2). Analysis of sequence data of the α-amylase inhibitor gene indicated that P. vulgaris diverged from P. dumosus and P. coccineus ∼2 Ma ago (Gepts et al., 1999). P. acutifolius, is an annual species with a highly selfing reproductive system.
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FIGURE 2. Phylogenetic relationships of the five domesticated Phaseolus species, along with a comparison of their features. These relate to the geographic distribution of the wild forms, and their presumed domestication areas, mating systems, life cycles, genome sizes and ecological adaptations. Genome size data are from the Bennett and Leitch Plant DNA C-values database (release 6.0, Dec. 2012, http://data.kew.org/cvalues/).



GEOGRAPHIC DISTRIBUTION, ORIGIN AND ADAPTATION OF THE WILD FORMS OF DOMESTICATED PHASEOLUS SPECIES

Geographic Distribution and Origin

The wild forms of P. vulgaris and P. lunatus are distributed in both Mesoamerica and South America, while those of P. dumosus, P. coccineus, and P. acutifolius have a geographic distribution that is restricted to Mesoamerica (Figure 3). There have been numerous studies that have investigated the origin and evolution of P. vulgaris, which among these five domesticated Phaseolus spp. has the greatest economic importance. In contrast, there have been very few studies into the origins of P. lunatus, P. acutifolius, P. coccineus, and P. dumosus.


[image: image]

FIGURE 3. Geographic distribution of the wild forms of the five domesticated Phaseolus species. The distributions were obtained by considering all of the wild accessions with passport data in the database of the International Center for Tropical Agriculture (CIAT).



Phaseolus vulgaris

As proposed by Gepts (1988), a gene pool structure is identified by the observation within a biological species of strong population differentiation due to reproductive isolation, often associated to different adaptation, which can be due to geography and/or sexual incompatibility. Thus, the wild forms of the common bean, which grow from northern Mexico to north-western Argentina (Toro et al., 1990; Figure 3), are characterized by three eco-geographic gene pools. Two of these, the Andean and Mesoamerican, are the major gene pools of the species, and they include both wild and domesticated forms (Bitocchi et al., 2013). The third gene pool is represented by wild populations that grow in northern Peru and Ecuador, in a narrow altitudinal fringe on the western and eastern slopes of the Cordillera, a region characterized by diverse environmental conditions that differ from those on which the other wild Andean forms, including Colombian populations, grow (Debouck et al., 1993). Several studies have indicated the specific patterns of allelic frequencies and linkage disequilibrium that are characteristic of the populations from northern Peru and Ecuador (Papa and Gepts, 2003; Kwak and Gepts, 2009; Nanni et al., 2011; Bitocchi et al., 2012; Desiderio et al., 2013; Rodriguez et al., 2016; Rendón-Anaya et al., 2017). This gene pool has only been described for wild populations, with no domesticated forms ever found. Moreover, the populations from northern Peru and Ecuador are characterized by a specific phaseolin type, known as ‘Inca’ (I), which is not found in individuals outside of this geographic location (Kami et al., 1995). In particular, the findings of Kami et al. (1995) indicated that the Inca sequence of the portion of the gene that codes for the protein phaseolin is ancestral to the other types of phaseolin in individuals from the Mesoamerican and Andean major gene pools. They thus indicated northern Peru and Ecuador as the area of origin of the common bean, from where, subsequently, the species became widespread northwards (Mesoamerica) and southwards (Andes), hence leading to the formation of the two major gene pools that are characteristic of P. vulgaris.

However, more recently, this evolutionary scenario was called into question by the studies of Rossi et al. (2009), and in particular, of Bitocchi et al. (2012), where their data analysis clearly indicated that both the Andean and the Inca gene pools are derived from independent introductions from Mesoamerica (Figure 4). In contrast to the previous studies that were based on multilocus molecular markers, Bitocchi et al. (2012) investigated the evolutionary history of the common bean using nucleotide sequences for five gene fragments. The first outcome was the clear confirmation of a bottleneck that occurred prior to domestication for the Andean gene pool. This was suggested previously by other studies (i.e., Rossi et al., 2009), although it was the lower mutation rate characteristic of nucleotide data compared to multilocus molecular markers that allowed the strong effect of the bottleneck on the genetic diversity of the Andean wild germplasm to be highlighted (i.e., a 90% reduction in diversity compared to the Mesoamerican wild gene pool; Bitocchi et al., 2012). Moreover, as sequence data from a single locus of a few 100 base pairs are less prone to recombination than multilocus molecular markers, these data allowed the identification of a strong population structure in Mesoamerica, although for the first time without any clear distinction between the Mesoamerican and Andean wild gene pools (Bitocchi et al., 2012). Indeed, the phylogenetic relationships between the different groups showed two Mesoamerican groups (from Mexico) that appeared to be more closely related, one to the northern Peru–Ecuador gene pool and the other to the Andean gene pool. This led to the conclusion that each of these gene pools from South America originated through different migrations from the Mesoamerican populations of central Mexico. This hypothesis was also supported by subsequent studies (Schmutz et al., 2014; Rendón-Anaya et al., 2017). However, Rendón-Anaya et al. (2017), differently from Bitocchi et al. (2012) and Desiderio et al. (2013), by analyzing whole genome sequencing data from 18 P. vulgaris accessions (eight wild and two domesticated Mesoamerican accessions; one wild and two domesticated Andean accessions and five accessions from northern Peru and Ecuador), suggested that the northern Peru and Ecuador group should be considered as a sister species on the basis of the observation of a complete separation between the northern Peru and Ecuador genotypes and a group composed by both Mesoamerican and Andean genotypes. However, from the works of Bitocchi et al. (2012) and Desiderio et al. (2013), presenting a larger sample compared to Rendón-Anaya et al. (2017), for both nuclear and chloroplast genome, wild populations from Mesoamerica closely related to the northern Peru and Ecuador group were identified, suggesting caution on the claim that the northern Peru and Ecuador group represents a different species. The whole genome sequencing analysis conducted by Schmutz et al. (2014), who estimated the divergence time between the Andean and Mesoamerican gene pools by applying demographic modeling, suggests that the wild populations in the Andes were derived from an ancestral Mesoamerican population ∼165,000 years ago. The first attempt to date the split between the Andean and Mesoamerican gene pools was represented by the study of Gepts et al. (1999), where this event was estimated to have occurred ∼500,000 years ago on the basis of the analysis of the α-amylase inhibitor and internal transcribed spacer sequence data. Mamidi et al. (2013) identified an earlier date (∼110,000 years ago) compared to that estimated by Schmutz et al. (2014). This recent divergence is in agreement with the high similarity between the genomes and with the recent observation by Vlasova et al. (2016) that most of the bean-specific gene family expansion predates the split between Mesoamerica and the Andes.
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FIGURE 4. Andean wild P. vulgaris populations originated from migrations of Mesoamerican wild populations that occurred prior to the domestication of the species.



The Other Phaseolus Crop Species

The P. lunatus wild forms are widely distributed from central Mexico to northern Argentina (Allard, 1960; Heiser, 1965; Freytag and Debouck, 2002; Figure 3). Studies of the evolutionary history of P. lunatus have essentially been based on limited genomic data. In particular, most of these have relied on the analysis of two intergenic spacers of the chloroplast DNA (i.e., atpB-rbcL, trnL-trnF) and the sequence of the nuclear ribosomal 5.8S and flanking internal transcribed spacers (the ITS region) (Motta-Aldana et al., 2010; Serrano-Serrano et al., 2010, 2012; Andueza-Noh et al., 2013). Serrano-Serrano et al. (2010) analyzed these nuclear and non-coding chloroplast DNA markers in a collection of 59 wild Lima bean accessions and six related Phaseolus spp., three of which were of Andean distribution (i.e., P. augusti, P. pachyrrhyzoides, and P. bolivianus), with the others distributed in Mesoamerica (i.e., P. leptostachyus, P. marechalii, and P. novoleonensis). Using neighbor-joining tree analysis, they identified three divergent wild Lima bean gene pools: Ecuador and northern Peru (AI); Mexico, and mainly the area to the west and northwest of the Isthmus of Tehuantepec (MI); and Mexico, and mainly the area to the east and southeast of the Isthmus of Tehuantepec (MII). Moreover, they suggested an Andean origin for wild Lima bean, as had been reported previously (Caicedo et al., 1999; Delgado-Salinas et al., 1999; Fofana et al., 1999). Their main evidence was the close phylogenetic relationship between the wild Lima bean and the related Andean Phaseolus species. In agreement with the study of Delgado-Salinas et al. (2006), Serrano-Serrano et al. (2010) indicated a relatively recent origin of P. lunatus, to during the Pleistocene and after the major Andean orogeny, ∼2 to 5 Ma ago (Gregory-Wodzicki, 2000; Young et al., 2002). More recent studies based on the same markers and large samples of wild materials (Serrano-Serrano et al., 2012; Andueza-Noh et al., 2013) have confirmed the structure of the Mesoamerican wild populations, with the identification of the two main groups (MI, MII) with a geographic distribution that is probably related to adaptation to the different environments. Indeed, as indicated by Serrano-Serrano et al. (2012), the MI gene pool is mainly distributed in tropical dry forests over the Pacific coastal plain in Mexico at an average altitude of ∼450 m a.s.l., with a small group of accessions on the western side of the Neo-Volcanic Axis at higher altitudes (from 1,250 to 1,810 m a.s.l.), while the MII gene pool is present in the Mexican lowlands (∼550 m a.s.l.) along the Atlantic coast (Mexican gulf) and the Yucatan peninsula, and to the southeast of the Isthmus of Tehuantepec, the Caribbean, and South America.

Recently, Martínez-Castillo et al. (2014) analyzed 67 wild P. lunatus accessions from Mexico using 10 microsatellite (simple sequence repeats; SSR) markers. Through population structure analysis, they suggested that the genetic structure of the wild Lima bean in Mexico is more complex than previously thought, and they proposed three gene pools in Mesoamerica (MIa, MIb, and MII).

However, comparisons of the results of these studies show that there remain some disagreements, with different assignments to the diverse gene pools for the same accessions, according to the nuclear and chloroplast markers. Moreover, in some cases, the groups are not well supported statistically, and thus further studies are needed to more deeply understand the evolution of the Lima bean P. lunatus.

As mentioned above, the other three Phaseolus crop species (i.e., P. acutifolius, P. coccineus, and P. dumosus) are distributed in North and Central America. The wild forms of the tepary bean, which include P. acutifolius var. acutifolius and P. acutifolius var. tenuifolius, grow in the region from Central Mexico to southwestern USA (Blair et al., 2002; Figure 3). Indeed, this species is believed to have originated within this geographic range (Freeman, 1912, 1913; Nabhan and Felger, 1978; Manshardt and Waines, 1983).

The wild forms of the runner bean P. coccineus are distributed from Chihuahua (Mexico) to Panama (Delgado Salinas, 1988). The few archeological remains available (Delgado Salinas, 1988; Kaplan and Lynch, 1999) also indicate this area as the center of origin of P. coccineus.

For the wild form of the year bean P. dumosus, the geographic distribution is centered on a very narrow area in Guatemala, and this is where it has been suggested that P. dumosus originated (Schmit and Debouck, 1991).

Adaptation

Genetic diversity is not uniformly distributed throughout the variety of climatic and environmental conditions under which a species grows. Consequently, it depends not only on demographic processes (e.g., genetic drift), but also on adaptation, in terms of the ability to cope with specific environmental conditions. These conditions can include extremes of cold and heat, lack or excess of water, different light intensities and duration, and diverse soil conditions and pest and disease pressures. As indicated above, the wild forms of Phaseolus crop species grow under a variety of different environmental and climatic conditions, and their geographic distribution mirrors their diverse patterns of adaptation to the different ecological niches, as well as their life histories and reproductive systems (Figure 2). P. vulgaris is adapted to warmer temperatures (mesic and temperate soil temperatures) at lower altitudes, with a rainfall of ∼1,100 mm/year (Supplementary Table S1). P. coccineus is found in more humid environments, at cooler temperatures, and at higher altitudes, while P. dumosus is characterized by intermediate adaptation. P. acutifolius is a drought-tolerant species that originated in warmer and more arid environments (e.g., it is grown in the arid lands of Mexico and in southeast USA). Finally, P. lunatus is particularly suited to low-altitude humid and sub-humid climates, as well as warm temperate zones (Figure 2 and Supplementary Table S1). These observation are confirmed by principal component analysis (Figure 5). This was calculated from the data on 20 ecological variables (Supplementary Table S1) using DIVA-GIS 7.51, as inferred from the geographical coordinates of the collection sites of the wild accessions for the passport data present in the database of the International Centre for Tropical Agriculture (CIAT). Moreover, as can be seen in Figure 5, among these five species, P. vulgaris shows the widest ecological adaptation.
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FIGURE 5. Relationships among wild accessions of Phaseolus crop species as a function of the first two ecological principal components (ePC1, ePC2). The 50% density ellipses are calculated for each species.



There is little in the literature that is aimed at highlighting the genetic basis of adaptation, especially for the wild forms of these crop species, although a few recent studies have been focused on P. vulgaris. Rodriguez et al. (2016) carried out a study on the environmental adaptation of wild P. vulgaris. They investigated the role of demographic processes (e.g., genetic drift) and selection for adaptation in the shaping of the current genetic structure of wild P. vulgaris. This analysis was based on 131 single nucleotide polymorphisms (SNPs) on a sample of 417 wild P. vulgaris accessions that are representative of the geographic distribution of the wild forms of the species. They first investigated the spatial distribution of the genetic diversity of the wild forms of P. vulgaris, using a landscape genetics approach that was based on an individual centered analysis to avoid sampling bias (Figure 6). Briefly, they delineated a circular neighborhood of 100-km radius around each georeferenced accession, and the accessions falling within each neighborhood were used to calculate the relative unbiased gene diversity, He (Nei, 1978). The correlation between He and the neighborhood size was not significant (r = 0.040, n = 299, P = 0.482), and the mean size of each neighborhood was 40.6 individuals and 83.3% of the neighborhoods included >10 individuals (Rodriguez et al., 2016). By using this approach, they observed high genetic diversity across Mexico, from the state of Oaxaca to Durango, with a depression in the genetic diversity in an area that lies approximately across the regions of Guerrero, Morelos, Puebla and Estado de Mexico. Possible explanations for the reduced diversity of this area in Mexico include natural selection due to an environment that is too arid for P. vulgaris, or a genetic bottleneck caused by the volcanic activities that were frequent in this area in ancient times (Márquez et al., 1999; Siebe, 2000; Siebe et al., 2004; Plunket and Uruñuela, 2012). Low diversity was also found in Guatemala, Costa Rica and Colombia, and particularly in the Honduras (Figure 6).
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FIGURE 6. Genetic heat-map generated by diversity interpolation based on an individual-centerd approach. The genetic topography of P. vulgaris varies from low (blue) to high (red) diversity levels, which indicate the generally higher levels of diversity in Mesoamerica with respect to the Andes (from Rodriguez et al., 2016; permissions for reproduction have been obtained from the copyright holders).



The approach applied by Rodriguez et al. (2016) also highlighted local adaptation at the continental level. The rationale behind the study was that the use of spatial data in combination with genetic diversity data would allow discrimination between the effects of geography and ecology; i.e., demographic processes vs. selection (Bradburd et al., 2013; Wang et al., 2013; Guillot et al., 2014; Kraft et al., 2014). As evidence of the effectiveness of this approach, it was possible to disentangle the effects of geography from ecology in the shaping of the genetic patterns observed, and correlations between markers and ecological variables were detected. By scanning the SNP markers used for the analyses, 26 loci (19.8%) were identified as under signatures of selection, seven of which (5.3%) showed strong probability levels. Although the proportion of loci under selection might be overestimated, as they were chosen among genes that were putatively involved in adaptation, different loci were found to have compatible functions with adaptation features, such as cold acclimation, chilling susceptibility, and mechanisms related to drought stress. Moreover, as well as the well-delineated genetic groups in the Mesoamerican gene pool, they demonstrated global structures for both the neutral loci and the loci under selection. Overall, these data suggest that the origin of the geographic structures might be the outcome of the expansion of the species and gene flow, including crop-to-wild introgression (Papa and Gepts, 2003; Papa et al., 2005), as was also recently confirmed by Rendón-Anaya et al. (2017) using whole genome sequencing analysis. Nonetheless, the adaptation to different environmental conditions might have led to the present population structure, with the subsequent limited long-range gene flow and divergent selection along an ecological cline of variation.

DOMESTICATION OF PHASEOLUS SPP.

In the context of domestication, the Phaseolus spp. represent a unique model, where these five closely related species provide a unique example of multiple parallel domestication events, which allow to investigate this evolutionary process as a kind of replicate experiment. Two of these species (i.e., P. vulgaris and P. lunatus) have gone through at least two isolated and independent domestication processes, due to the distribution of the wild forms. For the common bean P. vulgaris, two independent events in the Americas (in Mesoamerica and the Andes) have been documented in several studies (for review, see Bellucci et al., 2014b), where the two major domesticated gene pools originated (Bitocchi et al., 2013). A similar scenario has been observed for P. lunatus, where at least two independent domestication events have been suggested. One of these was in the Andes, which appears to have given rise to the large-seeded landraces collectively known as the ‘big Lima’ cultivars (Motta-Aldana et al., 2010). The other was in Mesoamerica, which appears to have given rise to the great variety of small-seeded Mesoamerican landraces (Motta-Aldana et al., 2010; Serrano-Serrano et al., 2012).

Not so much is known for the other three domesticated Phaseolus spp.. Through an analysis of a small set of wild and domesticated P. coccineus accessions and using chloroplast SSRs, Angioi et al. (2009a) identified two different wild genetic groups that paralleled the differentiation between two groups of the domesticated accessions, which suggested multiple domestication events for P. coccineus in Mesoamerica. A single domestication event was suggested for P. dumosus by Schmit and Debouck (1991) on the basis of seed protein data that were analyzed on a sample of 163 wild and domesticated accessions, as also for P. acutifolius, through studies based on phaseolin (Schinkel and Gepts, 1988), isoenzymes (Garvin and Weeden, 1994), SSRs (Blair et al., 2012), and SNPs (Gujaria-Verma et al., 2016). In particular, Gujaria-Verma et al. (2016) analyzed 645 SNPs markers on a wide sample that included both wild and domesticated P. acutifolius accessions, and they reported that domesticated tepary beans formed a tightly linked cluster that was subdivided into two major groups based on their eco-geographical origin (Central America and USA/Mexico). Moreover, the domesticated accessions were clearly separated from the wild, which suggested that it was likely that there had been an early domestication event that was followed by separation based on regions.

Overall, for the Phaseolus species, at least seven independent domestication events have occurred, with examples seen of both multiple and single domestication processes.

Geographic Areas of Phaseolus ssp. Domestication

One of the major issues of evolutionary studies that are focused on the domestication of plant species is to identify the geographic areas where they were domesticated (Harlan, 1975).

Phaseolus vulgaris

Considering the process of domestication within each gene pool, after the long debate for P. vulgaris on this issue (for review, see Bellucci et al., 2014b), recent studies have indicated that a single domestication event occurred within each gene pool (Mamidi et al., 2011; Nanni et al., 2011; Bitocchi et al., 2013).

For the Mesoamerican gene pool, several important crops were domesticated in Mexico, including maize, squash and common bean, as has been well documented in different studies based on both archeological and molecular data (for review, see Bitocchi et al., 2013). Recently, based on SSR data, Kwak et al. (2009) suggested the Rio Lerma–Rio Grande de Santiago basin in western-central Mexico as the putative geographic area where the common bean P. vulgaris was domesticated. The domestication area they suggested for the common bean did not overlap with that indicated for maize (central Balsas River drainage; Matsuoka et al., 2002; van Heerwaarden et al., 2011). Thus Kwak et al. (2009) proposed that maize and the common bean were probably domesticated in different regions and were instead reunited later in a single cropping system: the milpa, the cropping system that forms the basis of the Mesoamerican traditional agriculture based on the intercropping of maize (Zea mays L.), the common bean, and squash (Cucurbita spp.). Bitocchi et al. (2013) used nucleotide data to suggest a different location for the domestication of the common bean: Oaxaca Valley, in the south of Mexico. This area does not coincide with that proposed by Kwak et al. (2009) for the common bean and that of maize (Matsuoka et al., 2002); however, it overlaps with one of the first areas in the spread of maize through human migration, along the Mexican rivers (Zizumbo-Villarreal and Colunga-GarcíaMarín, 2010).

The pinpointing of the geographic area where domestication took place for the common bean in the Andes has been more difficult, due to the low diversity characteristic of this germplasm. However, different studies have tried to identify the geographic area for this domestication. Chacón et al. (2005) analyzed the polymorphism at the level of the chloroplast DNA for a wide sample of common bean accessions from South America, and they suggested that central-southern Peru was the cradle of domestication of the Andean gene pool. Beebe et al. (2001) used amplified fragment length polymorphisms (AFLPs) to define a strict relationship between the domesticated forms and the wild beans from eastern Bolivia and northern Argentina, and suggested this location as the putative area of domestication, which was also supported recently by the study of Bitocchi et al. (2013).

More recently, on the basis of SNP data, the locations proposed by Bitocchi et al. (2013) for both the Mesoamerican and Andean gene pools were confirmed by the study of Rodriguez et al. (2016). Here, Rodriguez et al. (2016) integrated the results obtained from spatial, phenotypic and molecular data with those from different disciplines, including archeological and glotto-chronological data, to pinpoint the domestication sites in Mesoamerica and the Andes. The low genetic distances between the wild forms and the domesticated forms indicated these as genetic groups located in the Oaxaca Valley in Mesoamerica and in a region from northern Argentina to southern Bolivia in the Andes, respectively. Consistent with these data, previous archeological data have indicated the early occurrence of domestication in these areas (Tarrago, 1980; Kaplan and Lynch, 1999). Recent glotto-chronological studies have also supported these conclusions, as within these areas the homeland sites of proto-languages for which ancient bean words were reconstructed showed times that are compatible with the domestication of P. vulgaris (Brown et al., 2014). We expect that future studies will better refine the areas of domestication. For this purpose will be very important also to conduct appropriate explorations. Indeed, as shown by Zizumbo-Villarreal et al. (2009) additional wild bean populations, not yet included in germplasm banks, can still be identified.

The Other Phaseolus Crop Species

Similar to the common bean, the Lima bean P. lunatus has been domesticated at least twice in the Americas: once in the Andean region, and at another time in Mesoamerica. However, further studies are needed to investigate the domestication process of this species more deeply. Indeed, this still appears unclear especially for the Mesoamerican gene pool, where there remains open debate concerning its single or multiple domestication (Motta-Aldana et al., 2010; Serrano-Serrano et al., 2012; Andueza-Noh et al., 2013).

Motta-Aldana et al. (2010) analyzed chloroplast DNA and ITS polymorphisms in a sample of wild and landrace accessions of P. lunatus, through which they suggested one domestication event in the Andes of northwestern Peru and southern Ecuador, and a second in central-western Mexico, which they indicated as more likely to be in the area to the north and northwest of the Isthmus of Tehuantepec. Consistent with this study by Motta-Aldana et al. (2010), in their analysis of ITS data on a large sample of Mesoamerican wild and domesticated P. lunatus, Serrano-Serrano et al. (2012) proposed a single event of domestication in Mesoamerica. As indicated above, they showed evidence for two wild Mesoamerican gene pools with mostly contrasting geographic distributions. In their cluster analysis, all of the Mesoamerican landraces clustered together with the wild accessions from the MI gene pool, which is characteristic of central-western Mexico. This suggests a unique domestication event in an area of the states of Nayarit–Jalisco or Guerrero–Oaxaca, and not on the Peninsula of Yucatan, where P. lunatus is currently widespread and diverse.

Andueza-Noh et al. (2013) used two intergenic spacers of chloroplast DNA to confirm these Mesoamerican and Andean gene pools for P. lunatus (Gutiérrez-Salgado et al., 1995; Maquet et al., 1997; Lioi et al., 1998; Fofana et al., 2001; Motta-Aldana et al., 2010), and the two genetically and geographically distinct groups within the Mesoamerican gene pool (MI, MII; Motta-Aldana et al., 2010; Serrano-Serrano et al., 2010, 2012). They pinpointed the domestication area for the Andean gene pool as mid-altitude western valleys between Peru and Ecuador in South America, as had already been suggested (Gutiérrez-Salgado et al., 1995; Fofana et al., 2001; Motta-Aldana et al., 2010). However, in contrast to the previous studies, Andueza-Noh et al. (2013, 2015) indicated multiple origins of domestication in Mesoamerica for P. lunatus. For the MI group, they indicated western-central Mexico as the domestication area, while they proposed a more restricted geographic area between Guatemala and Costa Rica for the MII group. However, they were aware that more studies involving more comprehensive geographic and genomic sampling are needed to define how the domestication processes and gene flow have shaped the current genetic structure of P. lunatus landraces.

For the other three Phaseolus crops (i.e., P. acutifolius, P. coccineus, and P. dumosus), nothing much is known about their domestication or where this process might have taken place. There have been very few studies on P. acutifolius and P. coccineus. For the tepary bean P. acutifolius, early studies based on phaseolin and isozyme analysis highlighted the controversy over the number of domestication events. Here, some studies proposed two domestication events in the northern and southern parts of the range (Manshardt and Waines, 1983), and others suggested a single origin but different locations for the domestication, as either in the Mexican state of Durango (Schinkel and Gepts, 1988) or the states of Sinaloa or Jalisco (Garvin and Weeden, 1994). The more recent study of Blair et al. (2012) was based on SSR data on a wide sample of wild and domesticated P. acutifolius accessions from its area of distribution. They indicated, as mentioned above, that a single domestication event was likely, and that the cultivars were most closely related to P. acutifolius var. acutifolius accessions from Sinaloa and northern Mexico.

Phaseolus coccineus is native to Mexico, Guatemala and Honduras (Delgado Salinas, 1988), and the wild forms are probably not all ancestral to the cultivated form. However, the area(s) where the domestication of P. coccineus took place are still not known. Spataro et al. (2011) used SSR data with a collection of wild and domesticated accessions, and they showed that most of the Mesoamerican landraces they examined closely resembled wild genotypes from Guatemala and Honduras, while only a few resembled wild Mexican forms. This would suggest that P. coccineus domestication either took place in that area, or that two domestication events took place (in Guatemala–Honduras and Mexico, separately) followed by extensive hybridisation with the cultivated forms from Guatemala and Honduras.

The distribution of wild P. dumosus (the year bean) is extremely narrow on the basis of findings to date, and it appears to be concentrated only in central southwestern Guatemala. Schmit and Debouck (1991) used phaseolin data together with information on vernacular names, and they reported that there is a single gene pool that was domesticated from a wild ancestor that is still present in Guatemala. Thus, they indicated a single domestication in Guatemala, and subsequent diffusion toward the humid highlands of Chiapas, Oaxaca, Puebla and Veracruz in Mexico, and toward Costa Rica and the northern Andes.

Domestication Bottleneck

The population genetics model of domestication predicts a reduction in diversity and increased divergence between wild and domesticated populations, due to demographic factors that affect the whole genome, and because of selection at target loci. Several interesting insights can be revealed by comparisons between different species (Glémin and Bataillon, 2009). There are many examples in the literature that have used different molecular markers and nucleotide data to show the reduction in genetic diversity of crop species compared with their wild progenitors (for review, see Bitocchi et al., 2013). Allogamous species, such as maize (Z. mays), are generally characterized by lower genetic bottleneck effects compared to autogamous species, such as the common bean P. vulgaris, even if other factors can have relevant roles, such as the life history (Bitocchi et al., 2013). Resequencing data have confirmed that in autogamous species, such as soybean (Glycine max) and rice (Oryza sativa, variety japonica) (Lam et al., 2010; Xu et al., 2012), reductions in diversity have arisen due to domestication, as also reported for silkworm and for mammalian species (Xia et al., 2009; vonHoldt et al., 2010; Lippold et al., 2011).

Phaseolus vulgaris

For the common bean P. vulgaris, different studies have clearly identified a bottleneck due to domestication in both the Mesoamerican and Andean gene pools (e.g., Papa et al., 2005; Kwak and Gepts, 2009; Rossi et al., 2009; Mamidi et al., 2011; Nanni et al., 2011; Bitocchi et al., 2013, 2016a; Bellucci et al., 2014a). However, the reduction in diversity in the domesticated forms compared to the wild forms was greater in Mesoamerica compared to the Andes. Indeed, Bitocchi et al. (2013) reported that this loss of diversity was threefold greater for Mesoamerica compared to the Andes, and this was explained as the result of the bottleneck that occurred before domestication in the Andes. This thus strongly impoverished the genetic variability of the Andean wild germplasm, which led to a minor effect of the subsequent domestication bottleneck (i.e., sequential bottleneck). These outcomes demonstrate that the understanding of the level and the structure of genetic diversity of a species needs to be accompanied by a close appraisal of its evolutionary history.

Bellucci et al. (2014a) exploited next-generation sequencing technologies to analyze changes at the transcriptome level in P. vulgaris accessions from Mesoamerica, to investigate the domestication process in this gene pool more deeply. They used RNA sequencing technology and de novo transcriptome assembly to compare representative sets of wild and domesticated accessions of the common bean from Mesoamerica, and they reported the profound effects that domestication imposed on the genome variation and gene expression patterns of the common bean. Indeed, they showed that in addition to reduced nucleotide variation, the domesticated common bean showed reduced gene expression diversity, while in maize, the same reduction was not seen in parallel with reduced effects of domestication for nucleotide diversity (Hufford et al., 2012; Swanson-Wagner et al., 2012). The expressed genomic regions lost half of the wild-bean nucleotide diversity during the domestication in Mesoamerica, and in parallel, the effects of domestication significantly decreased the diversity of gene expression (by 18%). For the first time, this demonstrated that loss of genetic variation has direct genome-wide phenotypic consequences on transcriptome diversity. The contigs identified as differentially expressed (in the comparison of domesticated vs. wild) were mostly down-regulated in the domesticated forms (by 74%). This indicated loss-of-function mutations (which are relatively frequent compared to gain-of-function changes) as a largely available source of variation that supports selection during rapid environmental changes (Olson, 1999). Such was the case for the transition from the wild to the cultivated agro-ecosystems. In support of this, as first noted by Darwin (1859), in domesticated plants, the domestication traits have a recessive genetic nature (Lester, 1989).

In addition to the case of differentially expressed genes, the genome-wide gene expression reported by Bellucci et al. (2014a) for the domesticated common bean P. vulgaris was on average lower than for the wild. They interpreted this result as the accumulation of slightly deleterious mutations due to hitchhiking (mostly loss-of-function, or with reduced expression) in P. vulgaris, and considered this as the ‘cost of domestication.’ This accumulation of loss-of-function (or reduced expression) mutations might also have been due to reduced effective recombination, which would have increased the frequency of deleterious mutations in the domesticated pool, and have had a negative influence on the fitness, as was suggested in rice (Lu et al., 2006).

The Other Phaseolus Crop Species

In their analysis of chloroplast DNA and ITS polymorphisms in a sample of wild and landrace accessions of P. lunatus (the Lima bean), Motta-Aldana et al. (2010) observed a severe reduction in genetic diversity because of domestication in both the Mesoamerican and Andean gene pools (the MI wild accessions were used for co-mutations); in particular, the loss of diversity appeared stronger according to chloroplast DNA data (100%, 92.1%, for the Mesoamerican and Andean gene pools, respectively) than for ITS data (46.6%, 58.5%, respectively). This was confirmed for the Mesoamerican gene pool by Serrano-Serrano et al. (2012) and Andueza-Noh et al. (2013, 2015), through analysis of two intergenic spacers of chloroplast DNA (loss of diversity, 60.83%), SSR markers (loss of diversity, 44%), and the ITS region of ribosomal DNA (loss of diversity, 53%).

A bottleneck of domestication was also seen for P. acutifolius. Genetic diversity within the domesticated forms of the tepary bean is low, as has been shown by studies of phaseolin patterns (Schinkel and Gepts, 1988), isozymes (Schinkel and Gepts, 1989; Garvin and Weeden, 1994), AFLPs (Muñoz et al., 2006), and SSR markers (Blair et al., 2012). Considering the year bean P. dumosus, Schmit and Debouck (1991) analyzed phaseolin data and showed that the wild ancestral forms in central Guatemala show the highest diversity.

A different scenario has been reported in the few studies on domestication of the runner bean P. coccineus. Escalante et al. (1994) indicated that the domestication process did not erode the genetic diversity of P. coccineus, and that the similar levels of genetic variation among the wild and cultivated materials were mainly due to the high gene flow between these two forms. This result was confirmed by Spataro et al. (2011) through an analysis of SSR data on a sample of wild and domesticated runner bean accessions.

Signatures of Selection during Domestication

Identification of the genes involved in the domestication process and knowledge of the regions of the genome where those genes are located and of the proportion of the genome affected by domestication are key to better exploitation of the diversity present in the wild relatives, and to enhance the achievements in breeding and crop improvement (Tanksley and McCouch, 1997; McCouch, 2004). As proposed by Cavalli-Sforza (1966) and Lewontin and Krakauer (1973), the identification of loci involved in adaptive processes can be obtained from population genetics expectations that predict that while drift has a homogeneous effect over the genome, selection is acting only for target loci and related linked loci due to the lack of recombination (hitchhiking). Thus, selected (and linked loci) are expected to depart from neutral expectation of diversity and divergence parameters. Moreover, as proposed by Papa et al. (2005), in gene flow between crops and wild forms, aberrant patterns of divergence and diversity can also be determined by the combined actions of asymmetric migration (Papa and Gepts, 2003) and selection at target loci.

Papa et al. (2007) used 2,506 AFLPs for a whole genome scan for the signature of selection due to domestication, and they estimated that about 16% of the genome of the common bean P. vulgaris appeared to be under the effects of selection. Bellucci et al. (2014a) used RNA sequencing technology, and after simulating the demographic dynamics during domestication, they reported that 9% of the genes were actively selected during domestication in Mesoamerica. Furthermore, in these contigs, selection induced a further reduction in the diversity of gene expression (by 26%), and was associated with a fivefold enrichment of the differentially expressed genes.

Bellucci et al. (2014a) also carried out a survey on the function of a subset of contigs that are putatively under selection, to determine whether they are known to be associated with the domestication process in other species, using either direct experimentation or through their function. Interestingly, among the genes putatively under selection that showed greater genetic diversity in the wild compared with the domesticated form, they found sequence homologs to: (i) genes that are involved in ‘light’ response pathway; e.g., GIGANTEA (GI), which has a pivotal role in the photoperiodic response (Mizoguchi et al., 2005; Hecht et al., 2007; Kim et al., 2012); (ii) genes that are pivotal to ensure correct hormonal perception, transport or biosynthesis; (iii) genes that are involved in seed development and traits; and (iv) genes that are involved in responses to environmental stress.

Another interesting example is the homolog of YABBY5 (YAB5), which is a transcription factor that is implicated in the regulation of seed shattering in cereal species, including sorghum (Sorghum bicolor), rice and maize (Lin et al., 2012). In most cases, Bellucci et al. (2014a) found evidence of positive selection associated with domestication, but in a few cases, this selection had increased the nucleotide diversity in the domesticated pool at a target locus associated with abiotic stress responses, flowering time, and morphology. In particular, for 2.8% of the genes putatively identified to be under the effect of selection by Bellucci et al. (2014a), there was no diversity in the wild forms, while there was diversity in the domesticated. They explained this as due to novel mutations (or standing variations) that were selected because of the crop expansion into new environments (diversifying selection) with unexpected biotic and abiotic stress, or because of selection for traits that improved the use of the plant organs by humans (de Alencar Figueiredo et al., 2008). An interesting example was given by the functional analysis of the drought- and growth-related (Osakabe et al., 2013) KUP6 (K+ uptake transporter6) gene, where this was significantly overexpressed in the domesticated compared to the wild (Figure 7), as if domestication had also increased the functional diversity of selected genes in addition to the increased nucleotide diversity.
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FIGURE 7. Levels of expression (normalized numbers of reads) for the two different alleles of the KUP6 (K+ uptake transporter6) gene, which has been identified as under selection during common bean domestication in Mesoamerica, for wild and domesticated populations (Bellucci et al., 2014b). The wild genotypes carried only Allele 1, while each of the two allele were present in the domesticated population.



Schmutz et al. (2014) also investigated whether their candidate genes were implicated in important domestication traits, such as flowering time and seed size. A total of 38 flowering genes were identified in the Mesoamerican and Andean candidate lists, while another subset of 15 genes was found to be associated with seed size in genome-wide association studies, and 11 genes contained SNPs that were associated with seed weight.

Recently, Bitocchi et al. (2016a) analyzed nucleotide sequences from a set of 49 gene fragments from a sample of 39 wild and domesticated Mesoamerican accessions of P. vulgaris. In this study, they applied the same approach as Bellucci et al. (2014a), and they identified several loci that showed signatures of selection during common bean domestication in Mesoamerica. In particular, they had the possibility to see if their candidates were detected as outliers also in other studies of varying sizes, data types, and methodologies (Bellucci et al., 2014a; Schmutz et al., 2014; Rodriguez et al., 2016). They thus obtained independent evidence that four genes (i.e., AN-Pv33, AN-Pv69, AN-DNAJ, and Leg223) were targets of directional selection during common bean domestication. The gene function investigation for these genes highlighted that they are involved in plant resistance tolerance to biotic and abiotic stresses, such as heat, drought, and salinity. Moreover, another important outcome of Bitocchi et al. (2016a) was related to the observed excess of non-synonymous mutations in the domesticated germplasm. In particular, they observed a significantly higher frequency of polymorphisms in the coding regions compared to non-coding regions only in the domesticated beans. These mutations were mostly non-synonymous and were recently derived mutations present in genes related to responses to biotic and abiotic stresses. These data cannot be fully explained by the cost of domestication alone, but support a scenario where new functional mutations were selected for adaptation during domestication, showing that domestication also increased the functional diversity at target loci that enable the domesticated forms to successfully compete during the expansion and adaptation to new agro-ecological growing conditions.

Phenotypic Convergent Evolution

The key aspect of domestication is the convergent phenotypic evolution that is associated with the adaptation to a novel agro-ecosystem, and to human needs. For instance, most domesticated animals were selected to maximize the production of useful products (e.g., meat, milk, and wool) and for their docile behavior, while crops were selected for the size of the plant organs used by humans (e.g., seeds and fruit) and for reduced, or lack of, seed dispersal. For these reasons, domestication provides us with a unique tool to understand the process of adaptation, to test evolutionary hypotheses, and to identify the molecular basis of phenotypic diversity. Several interesting insights can be revealed by comparisons among different species (Glémin and Bataillon, 2009), where, for instance, the population genetics model of domestication predicts a reduction in diversity and increased divergence between wild and domesticated populations due to demographic factors that affect the whole genome and because of selection at target loci.

In this regard, an example is given by the study of Nanni et al. (2011), in which wild and domesticated P. vulgaris accessions were analyzed by sequencing a genomic region of ∼1,200 bp (PvSHP1) that is homologous to SHATTERPROOF-1 (SHP1), a gene involved in the control of fruit shattering in Arabidopsis thaliana (Liljegren et al., 2000). The loss of fruit shattering has been under selection in most seed crops, to facilitate seed harvesting (Purugganan and Fuller, 2009), while in wild plants, this feature is a fundamental trait enabling seed dispersal. Expressed sequences that correspond to SHP1 have also been identified in other species, such as, tomato, where it was indicated as having an important role in the regulation of both fleshy fruit expansion and the ripening process (Vrebalov et al., 2009), which are together necessary to promote seed dispersal of fleshy fruit. In legumes, sequences orthologous to Arabidopsis SHP1 have been identified in Medicago, pea and soybean (Hecht et al., 2005). Nanni et al. (2011) mapped PvSHP1 on linkage group Pv06 of the common bean genome, and showed that it did not co-segregate with the St locus, which is responsible for the presence or absence of pod string, and was mapped on linkage group Pv02 using a domesticated (Midas) × wild (G12873) RIL population by Koinange et al. (1996). These results suggested that PvSHP1 is not responsible for the observed phenotypic variation in P. vulgaris for fruit shattering. Similar results were found by Gioia et al. (2013b), who sequenced and mapped PvIND on the common bean genome, a sequence that is homologous to the INDEHISCENT gene (IND), which is the primary factory required for silique shattering in A. thaliana. PvIND mapped near the St locus; however, the lack of complete co-segregation between PvIND and St and the lack of polymorphisms at the PvIND locus correlated with the dehiscent/ indehiscent phenotype suggested that PvIND is not directly involved in pod shattering and is not the gene underlying the St locus (Gioia et al., 2013b).

Recently, Murgia et al. (2017) developed a phenotyping approach in P. vulgaris to evaluate the shattering syndrome in a segregating population. This is a promising approach for the identification of genetic factors that control the shattering trait in the common bean, and it will greatly facilitate comparative studies among legume crops, and also gene tagging.

Within the same species, the study of Schmutz et al. (2014) represents the first example of the possibility to investigate convergent evolution between the two gene pools of the common bean P. vulgaris. Indeed, a comparison of the results of selection in the two gene pools, in which independent domestications occurred, allowed them to determine whether to obtain the same convergent phenotypes, evolution took part in the selection of the same genomic regions or of completely different set of genes that code for the same phenotypes. Interestingly, only a small portion of the genome and of genes identified as putatively under selection during domestication were shared between the two gene pools, which suggested different genetic routes to domestication (Schmutz et al., 2014). This outcome appears to suggest that the sexually compatible Mesoamerican and Andean lineages with similar morphologies and life cycles underwent independent selection upon distinct sets of genes. However, taking into account that explicit demographic modeling was not used to generate an expectation of the number of potential false positive regions by Schmutz et al. (2014), another possible explanation for this result is that the lack of correlation between the two gene pools is due to a high level of false positives; i.e., regions of the genome with reduced diversity due to the stochastic effects of domestication bottlenecks. Regarding this consideration, Bitocchi et al. (2016a) compared their candidates for selection during domestication of common bean in Mesoamerica with those of other studies (Bellucci et al., 2014a; Schmutz et al., 2014; Rodriguez et al., 2016), and found that two (AN-Pv69, AN-DNAJ) out of the four strong candidates identified were detected as outliers by Schmutz et al. (2014) only during Andean domestication. This implies that more studies are needed either to support or refute the lack of correlations between the two gene pools found by Schmutz et al. (2014).

DISSEMINATION OF PHASEOLUS CROP SPECIES OUTSIDE THEIR CENTERS OF ORIGIN

Beans are widely cultivated out of the Americas, and especially the common bean, which is the main Phaseolus crop species cultivated worldwide. For this reason, almost all the literature that has focused on investigation of the process of dissemination of beans out of their domestication centers is on P. vulgaris, with considerably less knowledge, if any, regarding the other Phaseolus crop species.

For common bean, a very complex scenario was highlighted by numerous studies, which includes: (i) several introductions from the New World, in combination with exchanges between continents, and among several countries within continents; (ii) new agro-ecological conditions experienced by this crop, implying new opportunities for both natural and human-mediated selection to act; and (iii) loss of spatial isolation characteristic of the Americas, which allowed hybridization and introgression between the Andean and Mesoamerican gene pools, and as a consequence, the occurrence of novel genotypes and phenotypes that transgressed the parental phenotypes for important agronomic and adaptive traits, such as, e.g., nutritional quality and resistance to biotic and abiotic stresses (Angioi et al., 2010; Blair et al., 2010; Gioia et al., 2013a).

Patterns of Diversity of Beans Out of American Centers of Domestication

High levels of genetic diversity have been reported for common bean populations cultivated worldwide, and several continents and countries have been proposed as secondary centers of diversification for this species. These have included: the Iberian Peninsula (Santalla et al., 2002), the whole of Europe (Angioi et al., 2010, 2011; Gioia et al., 2013a), Brazil (Burle et al., 2010), central-eastern and southern Africa (Martin and Adams, 1987a,b; Asfaw et al., 2009; Blair et al., 2010), and China (Zhang et al., 2008).

In South America, a particular situation has emerged in Brazil. Although Brazil is closer to the Andes than to Mesoamerica, unexpectedly, it is the Mesoamerican P. vulgaris that is more prevalent (Burle et al., 2010). Multiple introductions of Mesoamerican germplasm in periods antecedent or successive to the discovery of the Americas might explain this pattern (Gepts et al., 1988).

In Africa, overall, the two gene pools are approximately equal in frequency, albeit there are strong differences between countries (Angioi et al., 2011; Okii et al., 2014). Such differences have been explained by the existence of at least partially independent seed networks in different countries (Asfaw et al., 2009), and because of selection due to dissimilar ecological and economic conditions among countries (Wortmann et al., 1998; Asfaw et al., 2009). Differential resistance to soil-borne diseases like Fusarium root rot, and different yield performances arising from the ‘interference’ of improved genotypes released by national breeding programs have also been considered to explain the uneven distribution of the two gene pools across these regions (Blair et al., 2010).

In China, a prevalence of the Mesoamerican P. vulgaris has been observed (Zhang et al., 2008), although this was attributed mainly to founder effects (Zhang et al., 2008). The Himalayan region, as also the entire Indian subcontinent, shows high genetic diversity (Sofi et al., 2014; Rana et al., 2015).

Little is known about the dissemination of the common bean in India, albeit trading in the 16th century via the Red Sea and the Arabian Sea, and through the Hindustan Silk route, probably had a determinant role in the dissemination of this crop. It is also possible that the sea route discovered by the Portuguese explorer, Vasco da Gama, had a role in this dissemination. The genetic diversity in India also includes the combination of both the Mesoamerican and the Andean gene pools (Rana et al., 2015). Moreover, adaptation to micro-geographic conditions has been suggested for these landraces. Indeed, the analysis of >4000 landraces allowed the identification of several diverse clusters, irrespective of the place of collection, which also indicates a strong role for gene flow.

The Mesoamerican and Andean gene pools were both introduced into Europe. Studies carried out using several different marker types have shown that the Andean P. vulgaris predominates over Mesoamerican P. vulgaris (Gepts and Bliss, 1988; Lioi, 1989; Santalla et al., 2002; Logozzo et al., 2007; Angioi et al., 2010). The Andean type is largely predominant for the Iberian peninsula, Italy and central-northern Europe, where it is also prevalent on a local scale (Sicard et al., 2005; Angioi et al., 2009b). In the eastern part of Europe, the frequency of the Mesoamerican type tends to increase but it is always lower than the Andean (Papa et al., 2006). In their study of the expansion of the common bean P. vulgaris in Europe, Angioi et al. (2010) concluded that the intensity of the cytoplasmic bottleneck that resulted from this introduction into Europe was very low or absent (i.e., a loss of cpSSR diversity of ∼2%).

Regarding the other Phaseolus crop species, there is little in the literature that has focused on the investigation of genetic diversity of P. coccineus, the allogamous sister species of P. vulgaris, in Europe. Some studies were conducted on small (Nowosielski et al., 2002; Sicard et al., 2005; Acampora et al., 2007; Boczkowska et al., 2012) and ample (Spataro et al., 2011; Rodriguez et al., 2013) spatial scales. The introduction of P. coccineus into Europe was probably contemporary with that of the common bean P. vulgaris (Westphal, 1974). Among the Mediterranean countries, P. coccineus is more widespread in Spain and Italy, while in northern Europe, it occurs more often in the UK and The Netherlands, where P. coccineus has often substituted for P. vulgaris (Santalla et al., 2004) as it is more adapted to cold temperatures and cool summers than P. vulgaris (Delgado Salinas, 1988; Rodino et al., 2007).

However, overall, P. coccineus is characterized by a narrower adaptability to environmental conditions than P. vulgaris. As previously mentioned, P. coccineus and P. vulgaris are cross-fertile when P. vulgaris is the maternal parent, and this might have allowed hybridisation between these two species in Europe, where they often coexist in close sympatry in the same field. However, no evidence of introgression between common bean and runner bean has been found (Sicard et al., 2005). Data on nuclear and chloroplast variability of P. coccineus indicate that in Europe it has at least two main genetic groups (Spataro et al., 2011; Rodriguez et al., 2013). Of particular interest, there is a highly significant association between latitude and phenology for P. coccineus (Rodriguez et al., 2013). This relationship still holds when the effects of population structure for cpSSRs and nuSSRs is factored out. Therefore, this correlation is not just a consequence of the uneven geographic distribution of the two P. coccineus gene pools across Europe. It was then suggested that selection (probably for photoperiod sensitivity, and/or for low temperature), rather than migration and gene flow, has also had a role in shaping the population structure of P. coccineus in Europe (Rodriguez et al., 2013).

A comparison between Spanish and Mexican accessions of P. vulgaris and P. coccineus suggested that P. coccineus has maintained a high level of diversity since its introduction into Europe (Alvarez et al., 1998). A more recent study analyzed a worldwide collection of P. coccineus, and this analysis indicated that limited diversity of the runner bean P. coccineus appears to have been introduced into Europe, and that for nuclear markers, the European landraces show a reduction in diversity of 33% compared to that of the Mesoamerican landraces (Spataro et al., 2011). More recently, the use of chloroplast markers indicated a moderate-to-strong cytoplasmic bottleneck that followed the expansion of P. coccineus into Europe, with a reduction of 13% in chloroplast diversity (Rodriguez et al., 2013). As these markers are the same in number and type as those used by Angioi et al. (2010) to estimate the bottleneck of P. vulgaris following its expansion into Europe (2%), it can be concluded that the loss of diversity in P. coccineus appears to be stronger than in P. vulgaris.

Both nuclear and chloroplast analyses have shown that Mesoamerican and European P. coccineus accessions belong to distinct gene pools (Spataro et al., 2011; Rodriguez et al., 2013). It can be hypothesized that the differentiation of the European gene pool was due to adaptation to the new environment, and to genetic drift and a lack of introgression from wild forms.

The introduction of P. lunatus in Europe was very limited, with very few examples (Doria et al., 2012).

A Role for Adaptive Introgression for the Evolution of European Beans?

Using isozyme markers, Santalla et al. (2002) estimated a high percentage of hybrids in their common bean landrace collection from the Iberian peninsula (25%). Then later, through the integration of cytoplasmic and nuclear analyses, Angioi et al. (2010) reported that about 44% of their wide collection of landraces that spanned almost all of the European countries appeared to be derived from at least one hybridisation event. In addition to the molecular results, Angioi et al. (2010) showed that seed size and coat traits vary with the level of introgression between the two gene pools. More recently, Gioia et al. (2013a) used population assignment techniques to also reveal extensive hybridisation between the two gene pools in Europe, with a frequency of hybridisation that was almost fourfold greater in Europe (40.2%) than in the Americas (12.3%), which confirmed the findings of Angioi et al. (2010). This can be explained by the geographic isolation between the gene pools in the American centers of origin, and that following the introduction into Europe, genotypes from different genes pools often coexisted on very small spatial scales (i.e., in small cultivated areas), and thus had the chance to hybridize. Estimations of hybridisation in other parts of the world have always been <10%, and so much less than in Europe (Zhang et al., 2008; Asfaw et al., 2009; Blair et al., 2010; Burle et al., 2010). Taken all together, this evidence supports the hypothesis that the whole of Europe can be regarded as a secondary center of diversity for the common bean (Angioi et al., 2010), as also suggested by the work of Santalla et al. (2002) that was limited to the Iberian peninsula.

After its introduction into Europe, P. vulgaris was exposed to new and ample agro-ecological conditions. Thus, it is likely that any releases that were not adapted to the new conditions were initially purged by selection. Among the natural factors, biotic and abiotic stress were probably determinants in shaping the genetic structure of the European bean landraces. It is possible that their adaptation to long days, their cold tolerance, and their resistance to pests and diseases were crucial, and this would probably have led to a reduction in the diversity that was initially present in the founding populations. Additionally, the selection operated by farmers for seed color and size, and culinary, organoleptic and nutritional quality might also have had strong impact on the evolution of the European bean, as witnessed by the myriad of local bean populations with particular characteristics and specific names (Angioi et al., 2009b; Lioi and Piergiovanni, 2013; De Ron et al., 2016). Moreover, the documented scenario of extensive Mesoamerican × Andean gene pools through their hybridisation in Europe (Logozzo et al., 2007; Angioi et al., 2010; Gioia et al., 2013a) suggests that introgressive hybridisation might have been the fundamental ‘evolutionary stimulus’ (Anderson and Stebbins, 1954; Lewontin and Birch, 1966) that propelled and boosted bean evolution in Europe. Indeed, hybridisation can produce new genotypic and phenotypic combinations that do not occur in either of the parental taxa, and upon which selection might act.

Recently, Bitocchi et al. (2015) reported that European flint landraces grown in situ show adaptive introgression from modern maize. A key result of their study was that adaptation followed by hybridisation has been very rapid, with landraces capturing and increasing the frequency of favorable alleles over very short times (e.g., 50 years) (Bitocchi et al., 2015). This allows the hypothesis that this evolutionary mechanism might also have operated for the European bean landraces, which have a history that is some 10-fold longer. This is of interest not only for studies in evolutionary genetics, but also for plant breeders. Indeed, studies focused on hybridisation have shown the potential for the identification of functionally important regions of the genome (Arnold and Martin, 2010).

The Possibility of Unraveling the Architecture of Adaptation of Phaseolus vulgaris in Europe

The potentiality of the studies at continental scale on the architecture of adaptation in common bean is confirmed by the possibility to apply a signature of selection approach using European landraces. Indeed, using methods for the identification of outlier loci for selection, Santalla et al. (2010) provided evidence that selective forces have had significant roles, particularly for seed size, growth habits, pest resistance and flowering time. This is intriguing, as selection for flowering time was probably a key element in the history of the bean also in its center of origin.

The BEAN_ADAPT project2 is funded through the 2nd ERA-CAPS call, ERA-NET for Coordinating Action in Plant Sciences. The main aim of this project is to dissect out the genetic basis and phenotypic consequences of the adaptation to new environments of P. vulgaris and its sister species P. coccineus, through the study of their introduction from their respective centers of domestication in the Americas and their expansion through Europe as a recent and historically well-defined event of rapid adaptation. BEAN_ADAPT thus plans to characterize a large collection (11,500 accessions of each species) from three major genebanks by genotyping-by-sequencing. This will define the population structure and obtain subsets of genotypes for phenotyping (e.g., field, growth chamber) and for deeper genomic–transcriptomic–metabolomic characterisation. A multidisciplinary approach is planned (i.e., genomics, population/quantitative genetics, biochemistry, plant physiology) to unraveling the genetic bases of adaptation of these crops in new agro-ecological environments. The methods here rely on previous studies that have demonstrated the effectiveness of various analysis, such as the application of: (i) population genomics, to test for signatures of selection (e.g., Bellucci et al., 2014a); (ii) evolutionary metabolomics, which appear to be a very powerful approach to characterize molecular phenotypic changes due to domestication, and to identify traits under selection in wheat (Beleggia et al., 2016); (iii) association mapping studies of complex traits, such as flowering time (Raggi et al., 2014); (iv) analysis of signatures of selection by searching for ‘unusually high’ correlations between SNPs and environmental variables at the continental scale, as successfully applied by Rodriguez et al. (2016) for wild common bean from Mexico.

CONCLUSION

This review presents a comprehensive overview of the current knowledge about the evolutionary history of the Phaseolus crop species. This takes us from the origins and evolution of their wild forms, with their co-evolution and interactions with humans and diverse environments during and after the domestication process, to their colonization of new environments out of their centers of origin and domestication. The picture that has unraveled shows that the specific and almost unique features of the Phaseolus genus make it a very powerful model to address important evolutionary issues. In particular, among crops, Phaseolus represents a unique example of multiple parallel domestications for five closely related species, with two of these (i.e., P. vulgaris and P. lunatus) each domesticated independently in Mesoamerica and the Andes. This has resulted in at least a total of seven independent domestication events, involving species that have diverged relatively recently (∼4 Ma; Delgado-Salinas et al., 2006) and that show similar genomic structures, making inter-specific comparisons feasible. This represents a ‘domestication experiment’ with full factorial design for three factors, as species, areas and wild/domesticated status, which can provide a deep understanding of the genomic architecture of domestication. Moreover, the study of different domestication events provides valuable replicates for the understanding of convergent evolution (i.e., different species or populations that evolved similar phenotypes) and its genomic determinants and effects. The possibility of considering these multiple parallel domestications as different replicates of the same experiment is also supported by the recent findings of Vlasova et al. (2016), who reported that both lineages of P. vulgaris and potentially all of the Phaseolus species share the same patterns of gene duplication that predate the divergence between the Mesoamerican and Andean gene pools.

Along with domestication, the complex patterns of dissemination of Phaseolus crops out of their centers of domestication represents a further key strength to unravel the genetic basis of plant adaptation. This is exactly what the BEAN_ADAPT project is searching for: to dissect out the genetic basis and phenotypic consequences of the adaptation to new environments of the common bean and its sister species, the runner bean, through the study of their introduction and expansion through Europe, as a recent and historically well-defined event of rapid adaptation.

This approach can provide a model for future major environmental and socio-economic changes, such as increases in temperature, variability of rainfall, and new consumer preferences, which will be fruitful for both evolutionary biologists and plant breeders. For the evolutionary biologists, it will be of particular interest to compare the results obtained across different species and populations, to look for patterns of convergent evolution, at either the phenotypic or molecular level. Discovering genes and genetic mechanisms that contribute to phenotypic adaptation associated with environmental conditions and their mapping along the reference genome will provide a useful genetic tool for geneticists and breeders for the design of novel varieties.
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In Croatia, the majority of the common bean production is based on local landraces, grown by small-scale farmers in low input production systems. Landraces are adapted to the specific growing conditions and agro-environments and show a great morphological diversity. These local landraces are in danger of genetic erosion caused by complex socio-economic changes in rural communities. The low profitability of farms and their small size, the advanced age of farmers and the replacement of traditional landraces with modern bean cultivars and/or other more profitable crops have been identified as the major factors affecting genetic erosion. Three hundred accessions belonging to most widely used landraces were evaluated by phaseolin genotyping and microsatellite marker analysis. A total of 183 different multi-locus genotypes in the panel of 300 accessions were revealed using 26 microsatellite markers. Out of 183 accessions, 27.32% were of Mesoamerican origin, 68.31% of Andean, while 4.37% of accessions represented putative hybrids between gene pools. Accessions of Andean origin were further classified into phaseolin type II (“H” or “C”) and III (“T”), the latter being more frequent. A model-based cluster analysis based on microsatellite markers revealed the presence of three clusters in congruence with the results of phaseolin type analysis.

Keywords: common bean, landrace, origin, phaseolin type, microsatellite markers

INTRODUCTION

Common bean (Phaseolus vulgaris L.) is a valuable legume for human consumption worldwide, being an important source of high quality proteins, carbohydrates, vitamins, minerals, dietary fiber, phytonutrients (flavonoids, lignins, phytosterols) and antioxidants (Cardador-Martínez et al., 2002; Reynoso-Camacho et al., 2006). Many of these compounds have important beneficial effects on human health, therefore, common bean has considerable potential as a functional food.

Common bean was introduced into Europe from mutually independent domestication centers, Central and South America, where the Mesoamerican and the Andean cultivated gene pools originated (Gepts and Debouck, 1991). Common bean landraces originated from these two gene pools were introduced into Europe at different times. The Mesoamerican common bean landraces probably arrived in Europe through Spain and Portugal in 1,506, and the Andean in the same way in 1,528, after the exploration of Peru by Pizarro (Gioia et al., 2013). Subsequent spread of common bean landraces throughout Europe was very complex with several introductions from various regions of the Americas, combined with frequent exchanges between European and other Mediterranean countries (Papa et al., 2006). The common bean is distributed in Europe, Asia and Africa, where it presents similarities to Andean and Mesoamerican genepools or forms hybrids between both genepools (Chávez-Servia et al., 2016). Gene flow between domesticated and wild beans led to substantial introgression of alleles from the domesticated gene pool into the wild gene pool and vice versa (Pathania et al., 2014). Gene pool diversity has been validated using various marker systems including seed size, plant morphology, phaseolin seed protein patterns, allozymes and molecular markers (Asfaw et al., 2009). Europe, Brazil, central-eastern and southern Africa and China have been suggested as the secondary centers of diversification for common bean (Bellucci et al., 2014).

It has been proven that phaseolin, the major seed storage protein of common bean, is an important molecular marker in studies of genetic diversity and evolution of common bean populations due to its functional and structural properties (De la Fuente et al., 2012). Two gene pools of domestication are distinguished in the species and are characterized by morphological differences as well as by phaseolin types. Predominant phaseolyne types are “S” (Mesoamerican) or “T”/“C”/“H” (Andean), (Raggi et al., 2013). According to studies based on phaseolin analyses the Andean gene poll of common bean is always prevalent in Europe, between 66 and 76% (Lioi, 1989; Logozzo et al., 2007; Angioi et al., 2010).

In Europe in recent decades, in response to market demands, landraces have progressively been replaced by improved cultivars but some studies have shown that many landraces survive on-farm in marginal areas of several European countries (Lioi et al., 2005). In Croatia the production of common bean is based on landraces which are adapted to the specific growing conditions and agro-environments which display high levels of morphological diversity (Čupić et al., 2012). Landraces are traditionally grown in low-input production systems. Preservation of the genetic diversity that is held by small-scale farmers could provide important sources of genetic resistance for plant breeders, as they are likely to contain alleles for local adaptations, disease resistance, and tolerance to the principal climate adversities in the region. However, in recent years, landraces are in danger of genetic erosion caused by complex socio-economic changes in rural communities (the low profitability of farms, their small size, and the advanced age of farmers, the replacement of traditional landraces with modern bean cultivars and/or other more profitable crops; FAO, 2008).

In order to depict the origin and diversity of common bean landraces, it is necessary to conduct analyses at the morphological and genetic level. Therefore, the aim of this research was the assessment of genetic diversity and structure of Croatian common bean landraces using microsatellites and the determination of their origin by phaseolin marker analysis. The results were discussed in a broader, European context.

MATERIALS AND METHODS

Plant Material

Three-hundred accessions of common bean landraces were collected from diverse geographical regions of Croatia (Figure 1) and grown in unreplicated field plots at the experiment field in Maksimir, Zagreb (45.8293 N, 16.0334 E) in year 2014. They were classified as determinate (type I growth habit; Singh, 1982) or indeterminate. After preliminary analyses, accessions showing similar seed color/pattern and habit while collected from the same location (village) but from different households were excluded. Finally, 183 accessions were chosen and a single plant of each accession was used in the analyses. A list of the accessions, along with their “passport” information, as well as the information on habit, phaseolin type and cluster (based on model-based clustering methods, see below) is available in Table S1. Some examples of seed color/pattern diversity of accessions are shown in Figure S1. The accessions are held at the Department of Seed Science and Technology, Faculty of Agriculture, University of Zagreb.
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FIGURE 1. Common bean sampling locations in Croatia.



DNA Extraction, Phaseolin, and Microsatellite Analysis

Using Plant DNeasy 96 kit (Qiagen®), DNA was isolated from 25 mg of silica-gel dried leaves according to the manufacturer's instructions without any additional clean-up. Tailed PCR approach (Schuelke, 2000) was used for amplification of phaseolin sequences (Kami et al., 1995). The 20 μl of the PCR mix contained 2 pmol of the tailed forward primer (5′-TGTAAAACGACGGCCAGTAGCATATTCTAGAGGCCTCC-3′), 8 pmol of reverse (5′-GCTCAGTTCCTCAATCTGTTC-3′), 8 pmol of FAM labeled M13 primer (5′-TGTAAAACGACGGCCAGT-3), 1 × PCR buffer, 4 pmol of each dNTP, 0.5 U Taq™ HS DNA Polymerase (Takara Bio Inc.) and 5 ng of template DNA. PCR protocol with an initial touchdown cycles (94°C for 5 min; 5 cycles of 45 s at 94°C, 30 s at 60°C, which was lowered by 1°C in each cycle, and 90 s at 72°C; 25 cycles of 45 s at 94°C, 30 s at 55°C, and 90 s at 72°C; and 8-min extension step at 72°C) was employed (Radosavljević et al., 2011). The PCR products were sent to GeneScan service Macrogen® (South Korea) where they were detected on an ABI 3730xL DNA analyzer (Applied Biosystems®) by and analyzed GeneMapper 4.0 computer program (Applied Biosystems®).

Twenty-six PCR primer pairs were used for microsatellite analysis (Table S2). DNA amplification was performed using multiplex PCR mix and the same two-step PCR protocol with an initial touchdown cycle as in phaseolin type determination. The 20 μl of PCR mix contained 5 pmol of each of four fluorescent labeled forward primers (6-FAM, VIC, NED, PET; Applied Biosystems®), 5 pmol of reverse primers, 1 × PCR buffer, 4 pmol of each dNTP, 0.5 U Taq™ HS DNA Polymerase (Takara Bio Inc.) and 5 ng of template DNA. Fluorescent labeled PCR products were detected on an ABI 3730XL (Applied Biosystems®) by GeneScan service (Macrogen®). Allele sizes (in base pairs) of PCR products were estimated using GeneMapper 4.0 computer program (Applied Biosystems®).

Data Analysis

The average number of alleles per locus (Na), observed heterozygosity (HO), and gene diversity (expected heterozygosity; HE) for each microsatellite locus was calculated in GENEPOP 4.0 (Raymond and Rousset, 1995).

The proportion-of-shared-alleles distance (Bowcock et al., 1994) between pairs of accessions genotyped using 26 microsatellites was calculated using MICROSAT (Minch et al., 1997). Cluster analysis was performed using the Fitch-Margoliash least-squares algorithm in PHYLIP (Felsenstein, 2004). The reliability of the tree topology was assessed via bootstrapping (Felsenstein, 1985) over 1,000 replicates generated by MICROSAT and subsequently used in PHYLIP.

A model-based clustering method was applied on multilocus microsatellite data to infer genetic structure and define the number of clusters in the dataset using the software STRUCTURE ver. 2.3.3 (Pritchard et al., 2000). Thirty runs per each cluster (K) ranging from 1 to 11 were carried out on the Isabella computer cluster at the University of Zagreb, University Computing Centre (SRCE). Each run consisted of a burn-in period of 200,000 steps followed by 106 MCMC (Monte Carlo Markov Chain) replicates assuming admixture model and correlated allele frequencies. No prior information was used to define the clusters. The choice of the most likely number of clusters (K) was carried out by comparing the average estimates of the likelihood of the data, ln[Pr(X|K)], for each value of K (Pritchard et al., 2000), as well as by calculating an ad hoc statistic ΔK, based on the rate of change in the log probability of data between successive K-values as described by Evanno et al. (2005). The program STRUCTURE HARVESTER v0.6.92 was used to process the STRUCTURE results files (Earl and von Holdt, 2012). Runs were clustered and averaged using CLUMPAK (Kopelman et al., 2015). The accessions were assigned to a particular cluster if an arbitrary value of Q > 75% of their genome was estimated to belong to that cluster (Matsuoka et al., 2002), while those accessions having the membership probabilities Q < 75% for each cluster were considered as of “mixed origin.” The likelihood-ratio chi-square test in SAS (SAS Institute, 2004) was used to test for dependence between phaseolin type and cluster membership of the accessions. The strength of association was assessed by calculating Cramér's V, the measure that reaches the maximum value of 1 when the two variables (i.e., classification criteria) are equal to each other.

Genetic diversity of Croatian common bean accessions was analyzed by classifying the accessions into two and into three germplasm groups according to the results of model-based cluster analyses of 26 microsatellite loci and phaseolin type. The accessions considered as of “mixed origin” as well as those that did not show correspondence between phasolin type and cluster membership in STRUCTURE were excluded from further analysis.

The genetic diversity of each group of accessions was assessed by calculating the average number of alleles per locus (Na) and allelic richness (Nar) in FSTAT (Goudet, 2002) as well as gene diversity (HE) in GENEPOP 4.0 (Raymond and Rousset, 1995). In order to compare the values of allelic richness (Nar) and gene diversity (HE) between/among groups, the repeated measures analysis of variance was carried out using PROC GLM in SAS followed by post-hoc Bonferroni's adjustments.

The analysis of molecular variance (AMOVA; Excoffier et al., 1992) using ARLEQUIN ver. 3.0 (Excoffier et al., 2005) was used to partition the total microsatellite diversity between and within groups of accessions. The variance components were tested statistically by non-parametric randomization tests using 10,000 permutations.

RESULTS

Classification of Croatian Common Bean Accessions

Phaseolin analysis of 183 accessions revealed that 53 (28.96%) of them were of phaseolin type I (Mesoamerican; “S”), 42 (22.95%) of II (Andean; “H” or “C”) and 88 (48.09%) of III (Andean; “T”).

A total of 137 alleles were detected at 26 SSR loci, ranging from 2 (BMb469, BMd12, BMd22, BMd25, BMd45, BMd46, and BMd47) to 19 (PVat007) alleles per microsatellite locus with an average of 5.27 (Table S2). Observed heterozygosity (HO) values of all the markers were equal to zero, i.e., all the samples were completely homozygous for all the loci. Average gene diversity (HE) was HE = 0.572, ranging from 0.389 (BMd12) to 0.885 (PVat007).

The genetic distance between pairs of accessions based on the proportion-of-shared-alleles distance measure ranged from Dpsa = 0.038 (50 common alleles out of 52) to Dpsa = 1.000 (no alleles in common) with the average of Dpsa = 0.577. The Fitch-Margoliash tree grouped the accessions into two well-supported clades (bootstrap support value: 99%) corresponding to Mesoamerican and Andean origin of accessions as identified by phaseolin analysis (Figure 2). The subclade containing the great majority of phaseolin type III accessions could be identified within the Andean clade, although the monophyly of that group was not supported by a bootstrap value higher than 50%.
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FIGURE 2. Fitch-Margoliash tree based on proportion-of-shared alleles distance between 183 common bean accessions. Average proportions of membership for K = 2 and 3 clusters are given as estimated by STRUCTURE. Classification based on phaseolin type is indicated on branches of the tree.



The STRUCTURE analysis, as expected, identified K = 2 as the most likely number of clusters (ΔK = 21410.10). The most of the accessions of Mesoamerican origin (phaseolin type I) were assigned to cluster A, while the accession of Andean origin (phaseolin type II and III) were assigned to cluster B. The association between phaseolin type and cluster membership was highly significant and nearly complete (χ2 = 174.72; df = 1; P < 0.0001; Cramér's V = 0.93). At K = 3, the newly formed cluster (cluster C) clearly grouped the phaseolin type III accessions that corresponded to the subclade in the Fitch-Margoliash tree (χ2 = 281.97; df = 4; P < 0.0001; Cramér's V = 0.89).

At K = 2, a total of five accessions could be considered as of “mixed origin” having the membership probabilities Q < 75% for both clusters. Furthermore, additional five accessions did not show the correspondence between phaseolin type and the membership according to model-based clustering analysis based on microsatellite loci (i.e., Mesoamerican group: cluster A/phaseolin type I; Andean group: cluster B phaseolin type II or III). Thus, a total of 10 accessions (5.46%) could be considered as putative hybrids between gene pools and were excluded from the subsequent analyses of genetic diversity.

At K = 3, a total of 16 accessions were classified as of “mixed origin,” while 13 accessions did not show the correspondence (i.e., Mesoamerican group: cluster A/phaseolin type I, Andean group B: cluster B/phaseolin type II; Andean group C: cluster C/phaseolin type III). As four accessions were classified as both of “mixed origin” and “non-corresponding,” a total of 25 accessions (13.66%) originating from hybridization among the three groups were excluded from the subsequent analyses of genetic diversity. Finally, the classification of 183 Croatian common bean accessions would the following: (1) 50 accessions (27.32%) belonged to Mesoamerican group, 27 (14.75%) to Andean group B and 81 (44.26%) to Andean group C; (2) Four (2.19%) accessions were putative hybrids between Mesoamerican group and Andean group B, another four (2.19%) were hybrids between Mesoamerican and Andean group C, while 17 (9.29) accessions were hybrids between Andean groups B and C.

Genetic Diversity of Germplasm Groups

By classifying accessions into two groups [Mesoamerican group: cluster A at K = 2/phaseolin type I vs. Andean group: cluster B at K = 2/phaseolin type II or III], the Andean group of accessions showed slightly higher values of allelic richness (Nar) as well as gene diversity (HE) than the Mesoamerican group but the differences were not significant following the analysis of variance (Table 1). Average genetic distance between pairs of accessions belonging to Mesoamerican group (Dpsa = 0.277) was lower than in Andean group (Dpsa = 0.356) while the average distance between pairs belonging to different groups was considerably higher (Dpsa = 0.887). The analysis of molecular variance (AMOVA) revealed that that 63.34% of microsatellite diversity could be attributed to differences between groups (ΦST = 0.633; P < 0.0001; Table 2). Mesoamerican group of accessions consisted mostly of accessions of indeterminate growth habit (43 out of 50) while in the Andean group the accessions of determinate growth habit (85 out of 123). The association between group membership and growth habit was highly significant, but moderate (χ2 = 46.54; df = 1; P < 0.0001; Cramér's V = 0.50).


Table 1. Genetic diversity of Croatian common bean accessions based on 26 microsatellite loci.

[image: image]




Table 2. Analysis of molecular variance for the partitioning of microsatellite diversity of Croatian common bean accessions classified into (A) two as well as (B) three groups according to model-based cluster analysis and phaseolin type.
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The diversity analysis of three groups (Mesoamerican group: cluster A at K = 3/phaseolin type I, Andean group B: cluster B at K = 3/phaseolin type II; Andean group C: cluster C at K = 3/phaseolin type III) revealed that the Mesoamerican group had the highest allelic richness (Nar) while the Andean group B had the highest gene diversity (HE). The lowest values of both measures were found in the Andean group C. However, the differences among groups were not significant (Table 1). The AMOVA analysis based on three groups revealed the similar results as in case of classification into two groups: 64.44% of diversity was attributed to differences between groups (ΦST = 0.644; P < 0.0001; Table 2). The lowest pairwise ΦST value between groups types was found between two Andean groups (ΦST(B/C) = 0.420) while the ΦST-values between Mesoamerican group and Andean group B as well as between Mesoamerican group and Andean group C were considerably higher (ΦST(A/B) = 0.654; ΦST/(A/C) = 0.706). All the pairwise ΦST-values were highly significant (P < 0.0001). The same pattern was found by analyzing the average genetic distance between pairs of accessions belonging to different groups. The average distance between Andean groups A and B (Dpsa(B/C) = 0.481) was substantially lower than the distances between Mesoamerican group and Andean groups (Dpsa(A/B) = 0.831; Dpsa(A/C) = 0.908). As already mentioned, the Mesoamerican group of accessions consisted mostly of accessions of indeterminate growth habit (43 out of 50). Moreover, the Andean group B included exclusively the accession of indeterminate growth habit, while the great majority of accessions belonging to Andean group C was of determinate growth habit (77 out of 81) leading to a strong association between group membership and growth habit (χ2 = 146.04; df = 2; P < 0.0001; Cramér's V = 0.87). Thus, the estimated probability of correct prediction of growth habit based on phaseolin type of accession was P = 0.93.

DISCUSSION

Origin of Croatian Common Bean Germplasm

To determine the evolutionary origin of Croatian common bean accessions we combined the results of phaseolin marker analysis and microsatellite genotyping. Out of 183 accessions, 27.32% are of Mesoamerican origin, 68.31% of Andean, while 4.37% of accessions represent putative hybrids between gene pools. Our results are in line with the findings of numerous previous studies that the European common bean germplasm originates from both gene pools, Mesoamerican and Andean, later being more frequently found (see Bellucci et al., 2014 for a review). The proportion of landraces of the Mesoamerican origin tends to increase in eastern and south-eastern Europe as shown, e.g., in case of Albania (Logozzo et al., 2007), Bulgaria (Svetleva et al., 2006), Macedonia (Maras et al., 2015) and Greece (Lioi, 1989). However, Maras et al. (2015) reported that the proportions found in accessions from Bosnia and Herzegovina, Croatia, Serbia and Slovenia were very similar to those found in the Iberian Peninsula and Italy indicating that common bean was introduced into the western Balkans mainly from the Mediterranean Basin. In case of Croatia these findings have been confirmed by the present study that included substantially more accessions. However, in contrast to Italian and Spanish common bean germplasm in which the Andean phaseolin type is “C” prevails over the type “T” (Logozzo et al., 2007; Angioi et al., 2010; Raggi et al., 2013), “T” (i.e., Andean group C: cluster C at K = 3/phaseolin type III) is clearly the most common phaseolin type found in Croatian germplasm as in most other European countries (Logozzo et al., 2007).

Genetic Diversity of the Mesoamerican and Andean Group of Accessions

Nearly complete correspondence of classifications based on phaseolin analysis and model-based clustering using microsatellite markers as well as a strong association between group membership and growth habit in Croatian common bean germplasm could be explained by a series of sequential bottlenecks during domestication, early introduction to Portugal and Spain and eastward expansion throughout Europe. The Mesoamerican group of accessions as well as the Andean group B consists mostly of accessions of indeterminate growth habit while the great majority of accessions belonging to Andean group C have determinate growth habit. A strong association between phaseolin pattern and growth habit was reported by Raggi et al. (2013) by analyzing Italian common bean landraces: plants with climbing ability were prevalent in the “C” (Mesoamerican group) and “S” (Andean group B) phaseolin pattern groups, while bush plants were prevalent in the “T” (Andean group C) group. Moreover, Kwak et al. (2012) reported that determinate types were found mainly in Andean subpopulations.

Similar levels of gene diversity of Croatian common bean accessions of Andean origin as compared with those of Mesoamerican origin are in line with findings previously reported by Santalla et al. (2002) in Iberian landraces as well as by Angioi et al. (2010) at European level, while in the domestication centers, the diversity observed in Mesoamerican gene pool is higher than in the Andean (Kwak and Gepts, 2009). Angioi et al. (2010) offered two plausible, and not mutually exclusive, explanations: (a) further selection in Europe might have reduced the variation of the Mesoamerican germplasm, and/or (b) diversity of Mesoamerican introductions to Europe was already reduced when compared with the Mesoamerican gene pool. Additionally, the apparent incongruence can be explained by the fact that the Andean gene pool is represented by two separate groups of accessions (determinate/indeterminate) that resulted from divergent selection during domestication in the Andes. It is well-documented that the divergence between Mesoamerican and Andean gene pools preceded the domestication that occurred independently in two geographic regions (Kwak and Gepts, 2009). The wild Andean gene pool diverged from the wild Mesoamerican gene pool, the origin of the species (Bitocchi et al., 2012), with a strong bottleneck, as shown by considerably lower genetic diversity of wild Andean gene pool in comparison to Mesoamerican (Schmutz et al., 2014). Wild common beans are all indeterminate and it would be reasonable to assume that the first domesticated types were also indeterminate as determinacy is a trait selected during or after domestication (Kwak et al., 2012). In Mesoamerican domestication center, indeterminate types were the valuable component of traditional maize-bean-squash multicrop system (Zizumbo-Villarreal and Colunga-García, 2010). On the other hand, in Andean domestication center, early farmers did not have a suitable crop that could serve as a physical support for viny common bean as domestication of common bean preceded the introduction of maize (Kwak et al., 2012). By constant selection of genotypes displaying a more compact growth habit, determinacy was included in the group of traits known as the domestication syndrome (Hammer, 1984; Koinange et al., 1996). Indeterminate landraces were not abandoned, and after maize introduction, maize/bean intercropping has gained importance and remained until nowadays (Lithourgidis et al., 2011). Although the majority of determinate type accessions originate from the Andean gene pool, the determinacy has been selected independently in both domestication centers (Kwak et al., 2012). The process of domestication led to reduction of genetic diversity, but, interestingly, the bottleneck effect was threefold greater in Mesoamerica as compared to the Andes as shown by Bitocchi et al. (2013). Bearing in mind that the wild Andean gene pool was strongly impoverished as a result of a bottleneck that occurred before domestication, Bitocchi et al. (2013) concluded that it would be the reason why the subsequent domestication bottleneck had the minor effect in the Andes. Another possible explanation would be that the divergent selection (indeterminate/determinate types) during domestication that was prominent in the Andes but presumably negligible in the Mesoamerican region. While in Mesoamerica the reduction in diversity of neutral genes followed the reduction of the genes under selection, divergent selection in the Andes maintained or even increased diversity by possible effects of introgression/interchange during improvement (Burger et al., 2008).

Hybridization between Mesoamerican and Andean Gene Pools

Out of 183 accessions, a total of 25 (13.66%) were classified as putative hybrids: Four (2.19%) accessions were putative hybrids between Mesoamerican group and Andean group B, another four (2.19%) were hybrids between Mesoamerican and Andean group C, while 17 (9.29%) accessions were hybrids between Andean groups B and C. Thus, the proportion of hybrids between Mesoamerican and Andean gene pools amounts to only 4.37%. This result is in striking disagreement with the results reported by, inter alia, Angioi et al. (2010) and Gioia et al. (2013). By analyzing 307 European common bean accessions they estimated that about 44% of them were derived from hybridization between Mesoamerican and Andean gene pools. Similarly, Gioia et al. (2013) reported that 40.2% of 256 European common bean accessions derived from hybridization between two gene pools. Moreover, Angioi et al. (2010) showed that the hybridization was particularly frequent in Central Europe as compared to Italy and the Iberian Peninsula. Our results show a very different picture with much less frequent hybridization compared to Angioi et al. (2010) and Gioia et al. (2013). Thus, in Croatian common bean landraces inter-gene pool hybridization appears to have been very limited, even if differences in the methods used to detect the hybrids should also be considered when comparing our results to that obtained in the rest of Europe. Indeed, Angioi et al. (2010) carried out the analysis by combining chloroplast microsatellites and two nuclear loci (for phaseolin types and Pv-shatterproof1), and Gioia et al. (2013) used nuclear and chloroplast microsatellites as well as two nuclear loci (for phaseolin types and Pv-shatterproof1), while this study was based on nuclear microsatellites and phaseolin marker.

CONCLUSION

This study provides a comprehensive picture of genetic diversity and structure of Croatian common bean germplasm. Out of 183 accessions, 27.32% were of Mesoamerican origin, 68.31% of Andean, while 4.37% of accessions represented putative hybrids between gene pools. For the most part, the classification of common bean accessions according to phaseolin type analysis was in congruence with the results of both distance-based and model-based analyses of microsatellite marker data. The Mesoamerican group (cluster A/phaseolin type I) of accessions as well as the Andean group B (cluster B/phaseolin type II) consisted mostly of accessions of indeterminate growth habit while the great majority of accessions belonging to Andean group C (cluster C/phaseolin type III) had determinate growth habit. Nearly complete correspondence of classifications based on phaseolin analysis and microsatellite markers as well as a strong association between group membership and growth habit in Croatian common bean germplasm could be explained by a series of sequential bottlenecks.
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To investigate wild and domesticated Mediterranean annual reproductive strategies, common garden comparisons of Old World lupins collected along aridity gradients were initiated. These are excellent candidates for ecophysiology, being widely distributed across contrasting environments, having distinct domestication histories, from ancient Lupinus albus to recently domesticated Lupinus angustifolius and Lupinus luteus, facilitating the study of both natural and human selection. Strong trade-offs between seed size, early vigor and phenology were observed: vigor increasing, and flowering becoming earlier with increasing seed size. Despite large specific differences in all these traits, natural and human selection have operated in very similar ways in all 3 species. In wild material, as collection environments became drier and hotter, phenology became earlier, while seed size, early vigor and reproductive investment increased. Wild and domesticated germplasm separated along similar lines. Within similar habitats, domesticated material was consistently earlier, with larger seeds, greater early vigor and higher reproductive investment than wild, suggesting selection for both early establishment and timely maturity/drought escape in both domesticated and wild low rainfall ecotypes. Species differences reflected their distribution. Small and soft-seeded, low vigor L. luteus had a late, rainfall-responsive phenology specifically adapted to long season environments, and a narrow coastal distribution. L. angustifolius was much more conservative; more hard-seeded, flowering and maturing much earlier, with a wide Mediterranean distribution. L. albus flowered earlier but matured much later, with longer reproductive phases supporting much larger seed sizes and early vigor than either L. luteus or L. angustifolius. This ruderal/competitive combination appears to give L. albus a broad adaptive capacity, reflected in its relatively wider Mediterranean/North African distribution.

Keywords: adaptation, crop evolution, terminal drought, phenology, seed size, early vigor, hard seed breakdown

INTRODUCTION

Despite their high value and rotational benefits, cool season legume crops can struggle to retain their place in farming systems because of their perceived riskiness (Pannell, 1995). There is a wide range of biotic (weeds, pests and diseases) and abiotic stresses, such as drought, heat and cold that impact grain legume production. Understanding species' adaptive responses to such stresses is the key to genetic risk mitigation, by ensuring that crops with an appropriate assemblage of adaptive traits are grown in fitting production niches. To define species adaptive potential it is important to work with a broad range of genetically diverse material, rather than the narrow band of elite cultivars that typifies many modern grain legume crops (Abbo et al., 2003; Berger et al., 2013). Genetic resource collections that sample a wide range of habitats are an ideal vehicle for this.

Here we focus on adaptive strategies among the “Old World” lupins, (Lupinus albus L., L. angustifolius L., L. luteus L.) widely collected along terminal drought stress gradients across the Mediterranean basin (Berger et al., 2008). The Mediterranean climate poses wide ranging challenges to plant adaptation. Despite the almost ubiquitous cool, wet winters and hot, dry summers there is wide spatial and temporal variation. Seasonal rainfall, temperature, relative humidity, solar radiation, and wind speed vary across the Mediterranean basin (Hijmans et al., 2005), coupled with differences in aspect, slope, soil depth, pH, fertility, water holding capacity, land management and grazing intensity. As a result of this manifold variation, broadly distributed species typically encounter contrasting habitats. These exert differential selection pressure, leading to the formation of distinct specifically adapted ecotypes. Understanding the extent to which the “Old World” lupins form distinct ecotypes will help breeders to maximize productivity in their target environments, and address gaps-such as the current lack of a long season narrow–leafed lupin cultivar (Berger et al., 2012a; Chen et al., 2016).

A range of reproductive strategies has been invoked to explain specific adaptation in Mediterranean winter annuals, typically emphasizing phenology and its trade-offs against other plant attributes. Grime's (1979) triangle balances phenology against biomass production/resource acquisition along the disturbance/competition continuum. In the Mediterranean context, Grime's (1979) triangle predicts that conservative ruderal strategies (rapid growth rates/short life cycles) are favored in environments “disturbed” by terminal drought: high temperatures, and low, uncertain rainfall. Conversely, cooler, longer season environments with high, consistent rainfall are more likely to select for longer lifecycles supporting the development of competitive traits that facilitate resource capture, such as high investment in above and below ground biomass, ultimately leading to greater seed production. Grime's (1979) predictions are well supported among Mediterranean annuals, with a strong focus on pasture legumes (see references in Berger and Ludwig, 2014). This conservative-competitive trade-off has far reaching ramifications. In L. luteus, in addition to phenology/productivity trade-offs, rates of water-use, timing of stress onset and drought tolerance capacity are all traded-off among low and high rainfall ecotypes (Berger and Ludwig, 2014). Indeed, we suggest that the expression of drought escape, postponement and tolerance is closely linked to the phenology-productivity trade-off, producing integrated adaptive strategies that suit specific environmental niches (Berger et al., 2016) that should be exploited by farmers.

Dormancy, dispersal and seed size are also traded off in adaptation. Dormancy and dispersal facilitate escape from stress in space and time, while larger seeds increase the probability of successful establishment under unfavorable conditions (Venable and Brown, 1988). Accordingly, seed size is predicted to increase as dormancy or dispersal decrease (Venable and Brown, 1988), while the latter are also negatively correlated, since having more of one reduces the need for the other (Rubio de Casas et al., 2015). Germination behavior has been divided into 2 categories (Gremer et al., 2016). Predictive or plastic germination that responds to cues signaling the onset of favorable conditions for seedling growth are expected to be important in predictable climates, and habitats where strong competitive pressure selects for early emergence to acquire resources before they are lost. Alternatively, bet-hedging germination, where cohorts of seed germinate at different times spreads risk in time. Diversified bet-hedging trades off reduced fitness at any given time point (because only a fraction of the population is able to germinate) against reduced variance in fitness over time, and is only adaptive when environmental conditions vary from generation to the next (Donaldson-Matasci et al., 2013).

In Mediterranean annual legumes physical dormancy (also referred to as hardseededness), caused by a water-impermeable seed coat that tends to breaks down during fluctuating summer temperatures, is the most important mechanism preventing inopportune germination (Norman et al., 2002), protecting populations against false breaks before the onset of the rainy season. If there is variability in the degree of physical dormancy loss this mechanism may also play a diversified bet-hedging role. Therefore, given that rainfall variability tends to increase with aridity, hard seed incidence may increase in low rainfall environments (Hacker, 1984; Hacker and Ratcliff, 1989; Piano et al., 1996). Alternatively, in-season phenology may itself be traded-off against hardseededness (Norman et al., 2005). Genotypes with a high proportion of hard seed and low rate of dormancy loss can afford a more competitive, later phenology than those with soft, permeable seeds, if their additional productivity during favorable years establishes a larger seedbank than those of earlier, more ruderal genotypes. Phenology may also be traded-off against seed size because smaller seeds fill more quickly, allowing small seeded species to run a later phenology than large seeded species from the same environment (e.g., small seeded Trifolium clusii and T. glanduliferum vs. large seeded T. purpureum in Northern Israel) (Cocks, 1999). Finally, increasing seed size and its associated competitive advantages are traded off against fecundity (Venable and Brown, 1988; see also references in Norman et al., 2005).

Clearly there are a wide range of strategies that allow annual plants to adapt to Mediterranean climates. While studies within and between widely distributed species are most informative (Thompson, 2005), the study of annual species has often focused on a narrow germplasm and geographic range (see references in Berger and Ludwig, 2014). The “Old World” lupin species of the present study are interesting because they are large seeded, and adapted to neutral to acid, low water-holding capacity soils. Consequently seed size trade-offs are investigated at a different scale than the smaller seeded pasture legumes of previous studies (Cocks, 1999; Norman et al., 2005). Furthermore, phenology/productivity trade-offs may be stronger than in species from higher water holding capacity soils that buffer the onset of terminal drought to some extent. These include many of the species listed in Berger and Ludwig (2014), such as Triticum dicoccoides (Kato et al., 1998), Hordeum spontaneum (Volis, 2007), Medicago (Yousfi et al., 2010), and Trifolium species (Norman et al., 2002), typically collected from finer-textured sand- or clay-loams Moreover, these “Old World” lupins have contrasting distributions, seed sizes, and domestication histories. L. albus is a very widely distributed Bronze Age domesticate with large to very large seeds grown on mildly alkaline to acidic sands and loams. Conversely, the smaller seeded L. luteus and L. angustifolius, domesticated in the last 200 years, have limited to intermediate natural Mediterranean distributions on acid, sandy soils (Gladstones, 1974; Hondelmann, 1984; Huyghe, 1997; Zohary and Hopf, 2000).

Given these differences, we were interested to discover the extent to which these Old World lupins trade-off phenology, productivity, seed size and hardseededness along collection site terminal drought stress gradients. Is there a single, common reproductive strategy within the genus for coping with the transition from low to high rainfall environments, or are there specific differences which relate to seed size, distribution or domestication history? Beyond the accepted “domestication syndrome” traits (Meyer et al., 2012), how do wild and domesticated lupins differ, and did ancient and modern domestication select for similar or different reproductive strategies?

MATERIALS AND METHODS

Germplasm Selection and Habitat Characterization

All experiments in the present study were based on the evaluation of wild and domesticated old world lupins (L. albus, L. angustifolius and L. luteus) collected from a wide range of habitats representing each species' distribution range (Figure 1, Table 1; Berger et al., 2008). Collection site climate was characterized in Berger et al. (2008) by defining typical growing season phenology for each site and calculating bioclimatic variables for vegetative and reproductive phases based on long term average precipitation (monthly totals and coefficients of variation), temperature, daylength, relative humidity, sunshine percentage, wind speed, and precipitation (Hijmans et al., 2005). Relationships among these bioclimatic variables, as well as latitude, longitude and altitude were simplified using principal components analysis (PCA) performed within each species. The resultant scores for PC 1–4, capturing 78.2–90.6% of variance, were used to classify collection sites by hierarchical clustering (Ward's method, SPSS Version 10).


[image: image]

FIGURE 1. Northern hemisphere collection sites of old world lupin genotypes evaluated in the present study, classified by species and habitat cluster (see Table 1).




Table 1. Provenance and seasonal collection site climate (details in Berger et al., 2008) of old world lupin common garden field experiments at in 2007, 2008 and 2015 (hard seed breakdown).
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These Ward's clusters formed the basis of the comparisons made in the present study. All 3 species were distributed along terminal drought stress gradients defined by reproductive phase rainfall and temperature; stress increasing with cluster number (Table 1). Thus, Cluster 1 (spring-sown Central Europe) had the lowest terminal drought stress, increasing through a range of Mediterranean regions, typically culminating in rapidly warming, low rainfall reproductive phase northern African environments (e.g., L. angustifolius, Cluster 5; L. albus, Cluster 7). L. albus was particularly widely distributed, from the Azores and Canary islands, through the Mediterranean basin, including the Nile valley and Ethiopian highlands (Figure 1). L. albus was largely domesticated (Table 1), with many Mediterranean, but also Ethiopian landraces (Cluster 3), reflecting its long history as a domesticated crop relative to other Old World lupins (Zohary and Hopf, 2000). Conversely, L. luteus and especially L. angustifolius were dominated by wild Mediterranean germplasm, but also included some cultivars from Europe and Mediterranean climates in Western Australia and South Africa. L. luteus was distributed less widely than the others, along a narrower terminal drought stress gradient, because even the most stressful habitat (Cluster 3) has relatively high reproductive phase rainfall and only a moderate temperature increase compared to L. angustifolius and L. albus (Table 1).

2007 Field Evaluation

Lupinus albus (n = 88), Lupinus angustifolius (n = 133), and Lupinus luteus (n = 73) were acquired from the Australian Lupin Collection and evaluated as spaced plants in a common garden field experiment (RCBD, n = 3) in a sandy loam at CSIRO Floreat (−31.95 N, 115.79 E). Plots were hand planted on 9th July 2007 after vernalization to simulate an endemic Mediterranean environment, where lupins are vernalized by low temperatures early in their lifecycle. Seeds were scarified and allowed to swell at room temperature overnight, and then placed into moist petri dishes in dark growth cabinets for vernalization at 8°C for 16 days, using P-Pickle-T® prophylaxis against fungal infection. Seeds were inoculated with Nodulaid 100® (Group G rhizobia) immediately prior to planting.

Early vigor was estimated by measuring plant biomass and height at 625°d (45 days after sowing, assuming base temperature = 0°C). To estimate growth rates non-destructively, plant height was measured on 2 subsequent occasions (1023, 1389° d; 71, 95 days) during the linear growth phase. Phenological observations (onset and end of flowering, onset of podding, maturity) were made 3 times weekly from flowering onwards. At maturity (defined by 95% of pods being dry) all above-ground biomass was harvested, separated into vegetative and reproductive matter by branch order (mainstem, lateral and basal), and weighed after oven drying at 60°C for 48 h. Seed and pod numbers were counted and weighed within each branch order to facilitate the calculation of separate yield components (seed size, seeds per pod).

2007 growing season rainfall was low (331 mm), and the trial exposed to terminal drought, with little reproductive phase rainfall combined with relatively high temperatures and a high rate of temperature increase (Table 1).

2008 Field Evaluation

To validate the 2007 results, a smaller, representative subset of wild and domesticated germplasm (L. albus, n = 17; L. angustifolius, n = 42; L. luteus, n = 29) was evaluated in a common garden in deep sands at the adjacent University of Western Australia field station (−31.95 N, 115.79 E) in 2008 using seed from the Australian Lupin Collection. Seeds were imbibed, vernalized at 4°C for 28 days prior to planting and hand planted in a RCBD (n = 4) on 19th June 2008 in single row plots (1.5 m long, 10 cm inter-plant, 20 cm inter-row distances). Phenological observations (flowering, end of flowering, maturity) were made 3 times weekly from flowering onwards. Biomass was destructively harvested in 1–3 plants per plot, and canopy height measured non-destructively in 5 adjacent plants per plot during the linear growth phase at 604, 905, 1450, and 1850°d (corresponding to 48, 72, 110 and 131 days).

While total growing season rainfall was lower in 2008 than 2007 (288 vs. 331 mm), reproductive phase rainfall was higher, considerably more frequent, and coincided with lower temperatures than in 2007 (Table 1).

Loss of Seed Dormancy

To investigate the role of seed dormancy loss in adaptation to rainfall gradients, low and high rainfall subsets of wild L. angustifolius (n = 20) and L. luteus (n = 12) were selected. This rainfall contrast also has implications on summer temperatures. Both the summer maxima and diurnal temperature range tend to increase with aridity, rising with cluster number in these species (Table 1). Accordingly, the contrasting rainfall subsets of wild L. angustifolius and L. luteus investigated for loss of physical dormancy also represent contrasting summer temperatures (Table 2). Seed dormancy loss was not investigated in L. albus because in this species the distinction between wild material and escaped landraces is tenuous.


Table 2. Average seasonal rainfall and summer temperatures (mean, maximum and diurnal range) in high and low rainfall subsets of wild L. angustifolius (n = 20) and L. luteus (n = 12) used in the investigation of hard seed breakdown over time.
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Seeds were multiplied in a common field at CSIRO Floreat (−31.95 N, 115.79 E) in 2014, harvested in November and immediately returned to the field to simulate Mediterranean climate hard seed breakdown in diurnally varying summer temperatures from December onwards according to the following protocol. 50 seeds per replication (RCBD, n = 4) were bagged in mesh pouches, and placed on the soil surface of the CSIRO rainout shelter amongst retained crop stubble on 18th December 2014. At approximately monthly intervals the seeds were allowed to imbibe water for 48 h, after which swollen and germinating seeds were recorded and removed. Remaining hard seeds were returned to the mesh pouches in the field and the process repeated to generate cumulative hard seed breakdown curves. Note that between December and May the rainout shelter was used to avoid uncontrolled seed wetting, whereas during the May-December growing season the pouches were exposed to rain as well as monthly imbibition for 48 h.

Statistical Analysis

The data was analyzed separately for each year using Genstat V16. Within and between species differences were investigated using ANOVA and linear regression, fitting species as main effects, clusters (Table 1) nested within species, and accessions nested within clusters. In all analyses, residual plots were generated to identify outliers, and confirm that variance was common and normally distributed. Transformations were made as appropriate. Principal components analysis (PCA) was used to describe the relationships between collection site bioclimatic data and within- and between-species biology using data in Berger et al. (2008) and ANOVA means from the 2007 and 2008 field experiments. PCA was based on a correlation matrix to remove scale effects between variables.

RESULTS

Phenology and Environment

To demonstrate the interaction between habitat climate and lupin phenology, PCA was performed on accession collection site bioclimatic and 2007 field phenology data in a single analysis. If phenology-climate matching is a key adaptation strategy in lupin, we expect to find vectors describing accession phenology and site climate aligned on the same dimension in the PCA. PC1 captured a drought stress gradient: seasonal sunshine hours, rainfall variability and vegetative phase temperature increasing; and latitude, seasonal relative humidity, rainfall frequency and reproductive phase rainfall decreasing from right to left (Figure 2A). Indeed, phenology and bioclimatic vectors were intermingled on PC1. Dates of flowering, podding and end of flowering increased, and pod fill decreased from left to right on PC1, in inverse proportion to the aforementioned drought stress gradient, particularly those vectors describing reproductive rainfall, rainfall frequency and average vegetative phase temperature. PC2 was dominated by negative loadings on vegetative phase daylength, pre-season rainfall, and positive loadings on maximum seasonal temperature and rates of reproductive phase temperature increase; separating the cooler domesticated European (all 3 species) and Ethiopian highland L. albus collection sites from their Mediterranean counterparts.
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FIGURE 2. Plant phenology and collection site environment in old word lupins. (A) Principal components analysis of collection site bioclimatic variables and plant phenology data from a common garden 2007 field study of L. angustifolius, L. luteus and L. albus. Factor loadings for PC1 and 2 are presented as vectors (black for bioclimatic, green for biological variables), abbreviated as follows: av, average; CV, coefficient of variation; das, days after sowing; flow, flowering; pod, podding; podfill, pod filling phase; rain, rainfall; raindays, number of rainy days; RH, relative humidity; rep, reproductive phase; seas, season; sun hours; mean daily sunshine hours; T, temperature; veg, vegetative phase. Markers represent genotype scores, classified by species and domestication status. (B) Linear regression of flowering against collection site season rainfall, fitting species as factors, accounting for 55.8% of variance. Regression equations presented in Table 5. (C) Linear regression of maturity against flowering, fitting species and domestication status as factors, accounting for 79.5% of variance. Regression equations presented in Table 5.



All 3 lupin species were broadly distributed along PC1 (particularly L. albus), indicative of a common, wide ranging stress gradient among collection sites, and a correspondingly common, wide phenological response. To investigate this directly, flowering date was regressed against collection site seasonal rainfall (Figure 2B). While flowering date was delayed as rainfall increased in all 3 species (P < 0.001), there were significant intercept and slope differences. L. luteus and L. albus were similarly responsive to collection site seasonal rainfall (16.4 days delay/1000 ml rainfall, Pdiff = 0.538), but L. luteus flowered consistently 15 days later than L. albus across its rainfall range (Figure 2B, P < 0.001). L. angustifolius and L. luteus intercepts were similar (67 days, Pdiff = 0.607), but L. angustifolius flowering was much less responsive (9 days delay/1000 ml rainfall, Pdiff = 0.03), causing these species to diverge under high collection site rainfall (Table 3). Thus, in average Mediterranean climates, wild L. albus flowered very early (Cluster 5, 65 days), while L. angustifolius (Cluster 4, 73 days) was only marginally earlier than L. luteus (Cluster 3, 78 days). Conversely, in cool, high rainfall, long-season Iberian habitats, L. albus flowered in 70 days (Cluster 2), followed by L. angustifolius (Cluster 3, 78 days), while L. luteus was much later (Cluster 2, 89 days).


Table 3. Within and between old world lupin species differences in terms of variance distributiona and mean values for seed size, early growth, phenology and productivity in a rainfed field common garden evaluation in 2007 (See Table 4 for the 2008 common garden evaluation).
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While flowering and maturity date tended to be positively correlated, there were again considerable differences within and between species (Figure 2C, Table 3). L. albus tended to mature much later than the other species. While, domesticated, winter-sown L. albus had a very late, strongly flowering-responsive maturity, its spring-sown and wild counterparts did not delay maturity as flowering date increased (Figure 2C). L. angustifolius matured earliest (Table 3), was less flowering-responsive than the remaining species, and there were no differences between domesticated and wild material (Figure 2C, Pdiff = 0.278), nor between clusters (Table 3). Domesticated L. luteus was similar to L. angustifolius, while wild material was as flowering-responsive as domesticated, winter-sown L. albus (Figure 2C), driven by late flowering and maturity in Cluster 2 (Table 3).

Phenology, Growth, and Productivity within and between Species

To highlight the effect of this phenological variability on growth and productivity, a combined species PCA was performed, accounting for 64% of variance in 2 components (Figure 3). PC1 captured a phenology-productivity continuum with negative loadings on flowering and podding, and positive loadings on seed size, early vigor, length of the reproductive phase (pod fill), harvest index, plant growth rates, height and productivity. PC2 was dominated by positive loadings on seed number and vegetative biomass.
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FIGURE 3. Combined species principal components analysis (PCA) of old world lupin phenology, growth and productivity under rainfed field conditions in 2007. L. luteus (A), L. albus (B), and L. angustifolius (C) are plotted in 3 separate panels with identical vectors to clarify within species cluster differences. Factor loadings for PC1 and 2 are presented as vectors, abbreviated as follows: das, days after sowing; HI, harvest index; ht, height; no, number; wt, weight. Markers represent genotype scores, classified by habitat/domestication status clusters within species.



Despite considerable within-species variation, the 3 old world lupin species plotted discretely on Figure 3, reflecting considerable between species variance for all traits in the 2007 field evaluation (Table 3). L. luteus was located on the left of Figure 3A, indicative of late phenology, small seed size, low harvest index, growth rates and productivity (Table 3). Within L. luteus there were clear cluster differences in both PC1 and 2 (Figure 3A). Wild germplasm, particularly Cluster 3, tended to have more positive PC2 scores than domesticated material, associated with higher seed numbers per plant (Table 3). Domesticated PC1 scores were more positive than wild, reflecting strong selection for early phenology, high early vigor, harvest index and larger seed size (Table 3: Cluster 1, Cluster 3, Br vs W). A similar contrast occurred within wild L. luteus: with higher PC1 scores, earlier flowering, higher vigor, and productivity in low than high rainfall ecotypes (Table 3: Clusters 3, W vs. 2, W).

Despite a wide PC1 range, most L. albus accessions were located in the lower-right quadrant of Figure 3B, characterized by early phenology, large seeds, high early vigor, rapid growth rates, and high plant height, harvest index, seed and biological yield (Table 3). PC2 scores were predominantly negative in L. albus, indicative of low seed number. There were pronounced cluster differences along the phenology-productivity continuum in PC1, from the very early warm season, southern and spring-sown Mediterranean landraces (Clusters 7, 6) on the far right, through to the much later cool climate Iberian and Mediterranean germplasm (Clusters 2, 3) on the left. Cluster 5, representing average Mediterranean climates, was characterized by very wide ranging PC1 scores, exacerbated by the inclusion of 2 very late wild Greek outliers on the far left of PC1. Ethiopian L. albus (Cluster 4) formed a tightly clustered group in the middle of the phenology-productivity continuum. Wild-domesticated comparisons were feasible in Clusters 3 and 5. In both cases, PC1 scores were higher in domesticated than wild material, indicating similar selection for early phenology, high early vigor, harvest index and larger seed size as in L. luteus (Table 3).

Lupinus angustifolius was intermediate between L. luteus and L. albus along the PC1 phenology-productivity continuum, while PC2 scores tended to be more positive (Figure 3C), reflecting its greater fecundity (Table 3). Unlike the other 2 lupin species, L. angustifolius clusters were better aligned along a phenology-seed size/early vigor continuum described by the vectors mapping to the upper left and lower right quadrants of Figure 3C. Among the wild material, the cool climate Mediterranean and Iberian germplasm (Clusters 2, 3) was largely distributed along the upper left of Figure 3C, indicative of late phenology, small seed size and low early vigor (Table 3). Conversely, low rainfall North African material (Cluster 5) was located on the lower right, and characterized by early flowering, greater early vigor, and larger seed. Average Mediterranean climate (Cluster 4) germplasm was intermediate between these groups and very widely distributed, similar to its L. albus counterparts. Domesticated L. angustifolius was located on the lower-right extreme of Figure 3C, reflecting selection for earliness, high early vigor and large seed size (Table 3; Cluster 4, Br vs W). All L. angustifolius clusters ranged widely along a 45° axis defined by the lower left and upper right quadrants of Figure 3C, indicative of considerable within-cluster variation for plant height, growth rate and productivity.

Combined species PCA was repeated on the 2008 data with remarkably similar results, returning clear between and within species cluster separation along a phenology/vigor-drought stress continuum on PC1, and separating Mediterranean from domesticated European and Ethiopian material along PC2 (Figure 4; see Table 4 for species and cluster means). As in 2007, balanced within-cluster comparisons confirmed higher vigor/earlier phenology in domesticated compared to wild material in the 2008 data (Table 4, Figure 4: L. angustifolius, Cluster 4, and L. albus, Cluster 5).
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FIGURE 4. Combined species principal components analysis (PCA) of old world lupin (L. angustifolius, Ang; L. luteus, Lut; and L. albus, Alb) collection site climate, phenology, growth and vigor data from a common garden field study in 2008. Factor loadings for PC1 and 2 are presented as vectors (black for bioclimatic, green for biological variables), abbreviated as in Figures 2, 3.




Table 4. Within and between old world lupin species differences in terms of variance distributiona and mean values for seed size, early growth, phenology and productivity in a rainfed field common garden evaluation in 2008.
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Table 5. Linear equations for relationships between flowering, maturity, seed size and pod fill in Old World lupin groups regressed in Figures 2B,C, 5B,C.
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Regression was used to more closely investigate the consistent phenology trade-offs highlighted in PC1 in both 2007 and 2008 ordinations. Early vigor increased in proportion to seed size in a common manner among all 3 species (Figure 5A: y = 0.07 + 0.02x, P < 0.001). Seed size was negatively related to flowering date, largely decreasing at similar rates between or within species as flowering became later (Figure 5B, Table 3). Domesticated L. luteus and L. angustifolius were notable exceptions where there was no significant relationship between seed size and flowering date (Table 3). Wild L. albus appeared to be more responsive than the others, while in domesticated, spring-sown L. albus, seed size appeared to increase, rather than decrease with flowering time (Figure 5B, Table 3). Note that both these groups were relatively small, and regressions subject to leverage effects. The length of the reproductive phase was also negatively related to flowering date across all species, with the strongest responses in wild and domesticated spring-sown L. albus (Figure 5C, Table 3). While winter-sown L. albus and L. luteus responses were parallel, L. albus pod fill phase was consistently longer throughout its flowering range than L. luteus (Figure 5C, Table 3), reflecting its later maturity date.
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FIGURE 5. The effects of seed size on early vigor (A), and flowering date on seed size (B), and the length of the reproductive phase (C) in old world lupins (data from a 2007 common garden field trial). In (A) a common linear regression accounted for 66.2% of variance, while in (B,C) separate regression equations for species accounted for 82.5 and 93.1%, respectively. (Regression equations for (B,C) presented in Table 5).



Hard seed breakdown patterns were typically logistic in both L. luteus and L. angustifolius (Figure 6). Unlike the data presented previously, both species showed considerable genotypic variation that was unrelated to rainfall, such that there were no significant differences in both the starting intercepts and rates of hard seed breakdown between low and high rainfall ecotypes. Thus, during the first growing season after seed maturation high rainfall ecotypes could be extremely soft, or completely impermeable to water, and a similar range existed within low rainfall ecotypes (Figure 6). This situation appeared to continue into the 2nd year, notwithstanding further loss of physical dormancy in the second summer. Nor were there any relationships between early season soft seed proportion and flowering time or summer temperature mean, maxima or range in either species (L. luteus, r2 = 0.02–0.13, P = 0.494–0.959; L. angustifolius, r2 = 0.03–0.08, P = 0.123–0.579, data not presented). Nevertheless, there were clear cut specific differences: the proportion of soft seed tended to be far higher in L. luteus than in L. angustifolius. Seed banks of almost all L. luteus accessions were >30% soft at harvest, rising >70% during the first growing season. By contrast, the L. angustifolius seed bank was typically <10% soft at harvest, rising to <30% during the first growing season, well after the onset of opening rains (Figure 6).
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FIGURE 6. Hard seed breakdown in wild, low (…) and high rainfall (—) L. luteus (A, Δ), and L. angustifolius (B, ◦). Genotype responses plotted in narrow curves without markers, category mean responses plotted in wide, bolded curves with markers for each sample point.



DISCUSSION

Our work demonstrates strong trade-offs between seed size, early vigor and phenology among and within Old World lupin species. Early vigor increases with seed size, while flowering becomes earlier as seed size increases, suggesting that phenology and seed size are complementary among the large-seeded Old World lupins, as observed in much smaller seeded Mediterranean pasture legumes (Cocks, 1999). In the Mediterranean climate of our common garden experiments, flowering time and the length of the pod filling phase were strongly negatively correlated: late flowering plants had short reproductive phases, ended by the ubiquitous terminal drought. Although the Old World lupin species occupy opposing corners of these trades-off, from early flowering, large-seeded, high vigor L. albus through L. angustifolius to its polar opposite: late, small-seeded, low vigor L. luteus; natural and human selection have operated in very similar ways in all 3 species. Among the wild material, as collection environments become more prone to terminal drought, phenology becomes earlier in all species, while seed size, early vigor and reproductive investment increase. Wild and domesticated germplasm separate along similar lines. Comparisons within similar habitat types demonstrate that domesticated material is consistently earlier flowering in all 3 species, and has larger seeds, greater early vigor and higher reproductive investment than wild, regardless of whether domestication was ancient or modern.

The role of phenology in avoiding perennial stresses, such as winter cold and terminal drought is well understood in Mediterranean annuals (Berger et al., 2016), and can lead to the evolution of regionally appropriate control mechanisms (Berger et al., 2011). This lupin example suggests that early phenology may also be important in supporting the production of larger seeds. In a growing season terminated by drought, early flowering allows for long pod filling phases (Figure 5C) that support the production of large seeds, important because these are likely to require more time to fill (Vile et al., 2006). Moreover, a long reproductive phase will reduce fecundity-seed size trade-offs in large seeded genotypes (Norman et al., 2005) by providing more opportunities for seed production. The reverse argument applies equally well to late flowering, high rainfall ecotypes. Here smaller, presumably faster developing seeds (Vile et al., 2006) reduce the fecundity constraints of a shorter reproductive phase.

So why should drought-prone Mediterranean habitats select for larger seeds? Negative correlations between seed size and moisture availability occur across wide-ranging community types in Californian herbs (Baker, 1972), while Mazer (1989) found that early and short duration flowering were associated with the production of large seeds in Indiana dune angiosperms. Similarly, Norman et al. (2005) found negative correlations between seed size and flowering date among 19 Trifolium species sourced from Mediterranean climates in the eastern Mediterranean and southern Australia. The role of seed size in promoting early establishment, vigor and competition in annual species is well known (Leishman et al., 2000). Therefore, under unfavorable conditions (such as aridity or shading) seed size is positively correlated to reproductive yield, trumping the usual fecundity-size trade-off (Venable and Brown, 1988). Rainfall amount and variability are inversely related cross the Mediterranean lupin range: drier sites tend to have more variable, less frequent rainfall (Berger et al., 2008, see also vectors in Figures 2, 4). Accordingly, it is important for low rainfall ecotypes to establish as quickly as possible after the growing season opening rains because the timing of the next rainfall is uncertain. This issue is exacerbated in Old World lupins, which are adapted to poorly fertile, acid sandy soils with little water-holding capacity, where the wetting front is likely to move rapidly downwards (Palta et al., 2012). Under these circumstances, maximizing early vigor in low rainfall ecotypes seems appropriate in the Old World lupins.

Given the potential for the regulation of germination to frame in-season phenology, and expected trade-offs between seed size and dormancy (Venable and Brown, 1988), it was interesting not to find a relationship between hardseed breakdown and collection site aridity in the “Old World” lupins (Figure 6). Low rainfall collection sites tend to have higher summer temperature maxima and wider diurnal ranges than high rainfall sites (Table 2). While there is clearly a strong summer pattern of hardseed breakdown, variation in intercepts and rates of dormancy loss suggest that this process has elements of both predictive and bet-hedging strategies (Donaldson-Matasci et al., 2013). The former protects against untimely germination, while the latter spreads risk over time. Both responses vary widely between L. luteus and L. angustifolius low and high rainfall ecotypes such that these populations are buffered by a range of germination strategies. Even in strongly Mediterranean climates rainfall variability may be too high to select for a uniform predictive dormancy response, especially given low water holding capacity soils, and the likelihood of other unpredictable disturbance, such as grazing. Moreover, there are other advantages attributed to diversified bet-hedging related to the effective reduction in seed density associated with staggered germination. These include escaping crowding, reducing sib competition and the potential for inbreeding (Rubio de Casas et al., 2015). Indeed, studies of Mediterranean legumes often return very weak (Piano et al., 1996) or no relationships between hardseed breakdown and flowering time or collection site rainfall (Gladstones, 1967; Norman et al., 2002).

The overlap between natural and human selection in all 3 species is particularly interesting. Domesticated preferences have consistently selected for the “drought-adapted package” even though domestication occurred in very different environments, separated by 1000s of years. L. albus was domesticated in the Aegean during the Bronze Age (Zohary and Hopf, 2000); while L. luteus and L. angustifolius were domesticated as spring-sown temperate European crops in the 18–19th centuries (Hondelmann, 1984), moving to Mediterranean Australia in the late twentieth century (Gladstones, 1994). L. albus is traditionally grown for human consumption as a whole seed where larger seeds are preferred (Huyghe, 1997), therefore seed size likely to have been under direct selection. Moreover, as a Mediterranean crop planted after the season opening rains (or indeed considerably later, as in the case of Balkan spring-sown crops; Mihailovic et al., 2008) its development is delayed compared to those hard-seeded wild populations germinating on soil moisture, exerting strong selection pressure for early vigor/phenology to catch up and complete the lifecycle prior to the onset of terminal drought. The European domestications selected for similar trait combinations, but for different reasons. Early attempts to domesticate L. albus failed due to the inability of the crop to mature in the absence of terminal drought (Hondelmann, 1984). Subsequent efforts with L. luteus and L. angustifolius selected strongly on phenology and early vigor, attested to by cultivar names such as Pflugs Allerfrühste (plow's earliest) (Gladstones, 1970), and reflected in the early, flowering-unresponsive maturity of domesticated material in this study. Later Australian efforts in warm, short season Mediterranean environments greatly enhanced this prior selection for earliness, selecting for extremely temperature responsive phenology (Berger et al., 2012a,b), equivalent to that of Southern Indian chickpea, an environment <10°C warmer than the northern Western Australian grainbelt (25.8° vs. 14.5°C) (Berger et al., 2011).

Having discussed similarities among the 3 Old World lupin species, it is important to consider the differences. While all species delay flowering with increasing collection site rainfall, L. luteus is particularly responsive, and comes from a late flowering baseline (intercept). Even low rainfall ecotypes (Cluster 3) are relatively late, a phenology that is delayed even more in high rainfall environments such as northern Iberia (Figure 2B). This is complemented by a greater tendency for soft seededness, such that a large proportion will germinate very early, perhaps allowing late flowering L. luteus to transition to reproduction at the same time as the much harder seeded L. angustifolius. In high rainfall ecotypes of L. luteus, the combination of early germination and late phenology drives a very long vegetative phase. This underpins massive above and below-ground biomass development, driving very high rates of water-use compared to earlier flowering, lower biomass low rainfall ecotypes (Berger and Ludwig, 2014). We assume that this aggressive strategy increases the competitive capacity of high rainfall L. luteus ecotypes, as high root biomass facilitates exploitation of nutrients and water, while large leaf area provides the C fixation to drive prolonged high growth rates, both of which are complemented by early establishment (Gremer et al., 2016). However, high water use leads to early stress onset under terminal drought. This is partly mitigated in high rainfall ecotypes only, by the generation of lower critical leaf water potentials and maintenance of higher relative water contents (Berger and Ludwig, 2014). Clearly there are limits to this drought tolerance capacity, as evidenced by low productivity of high rainfall ecotypes in the terminal drought stressed 2007 common garden. Accordingly, the early emergence, long vegetative phase, high biomass, resource acquisition and water-use lifecycle of L. luteus is a high risk, competitive strategy for specific adaptation to longer season, high rainfall environments, which may explain the scarcity of the species in the more drought-prone southern Mediterranean (Figure 1). Certainly, L. luteus has the narrowest, most coastal distribution of the 3 Old world species in the present study (Gladstones, 1998). Yellow lupin has struggled to establish itself as a break crop in Mediterranean agro-ecosystems, and our results suggest that re-imagining its role in the system is warranted. Perhaps there is a case for an extremely early-sown, drought tolerant, late variety for Mediterranean high rainfall zones?

Conversely, L. angustifolius is widely distributed around the Mediterranean (Gladstones, 1998). High rainfall ecotypes appear to be much more conservative than in L. luteus, with a higher proportion of hard seed, flowering and maturing much earlier, with a relatively rainfall-unresponsive phenology (Figures 2B,C). These characteristics identify L. angustifolius as a typical drought escaping species (Berger et al., 2016), and therefore we wonder to what extent there are adaptive traits that can be exploited for higher rainfall environments, such as the competitive, but risky, high productivity strategy of L. luteus. Currently, there are no elite narrow leafed lupin cultivars targeting long season, high yield potential environments (Berger et al., 2012a; Chen et al., 2016).

Lupinus albus is very different: flowering earlier but maturing much later than L. luteus and L. angustifolius; leading to longer reproductive phases that support much larger seed sizes and early vigor. This ruderal/competitive combination appears to give L. albus a very broad adaptive capacity, reflected in its relatively wider Mediterranean and North African distribution (Figure 1; Gladstones, 1998). How L. albus combines early flowering and late maturity is unknown. Perhaps its greater early vigor allows the species to access more water from lower in the soil profile than L. luteus and L. angustifolius, sustaining a longer reproductive phase under terminal drought. L. albus seedlings certainly accumulate much greater lateral root numbers, total root length and biomass, at higher length to weight ratios than either L. luteus or L. angustifolius (Clements et al., 1993). Alternatively, the species may be less profligate than the others in its vegetative water-use, saving water for the reproductive phase. This strategy has been documented in crops adapted to fine-textured, higher water-holding capacity soils, such as chickpea and pearl millet (Kholová et al., 2010; Zaman-Allah et al., 2011), but is harder to credit in such a vigorous, coarse-textured soil adapted species.

We conclude that while trade-offs between phenology, seed size and vigor operate in a similar manner in these 3 Old World lupin species as they transition from low to high rainfall environments, or from wild Mediterranean annual to domesticated crop, the combination of these and associated traits defines their adaptive potential, and is reflected in their natural distribution. Given that L. luteus, L. angustifolius and even L. albus are still relatively unimproved, partly domesticated crops, plant breeders can exploit these relationships to increase yield in target environments.

AUTHOR CONTRIBUTIONS

JB designed helped implement the experiments, analyzed the results, and wrote the paper. DS, CL implemented the experiments, and provided feedback on the paper.

ACKNOWLEDGMENTS

The authors would like to acknowledge generous research funding support from the Grains Research and Development Corporation, Australia and the Commonwealth Scientific and Industrial Research Organisation (CSIRO). The Department of Agriculture and Food (Western Australia, DAFWA) is thanked for providing both the passport data and genetic resources for this study.

REFERENCES

 Abbo, S., Berger, J., and Turner, N. C. (2003). Evolution of cultivated chickpea: four bottlenecks limit diversity and constrain adaptation. Funct. Plant Biol. 30, 1081–1087. doi: 10.1071/FP03084

 Baker, H. G. (1972). Seed Weight in relation to environmental conditions in California. Ecology 53, 997–1010. doi: 10.2307/1935413

 Berger, J. D., Buirchell, B., Luckett, D. J., and Nelson, M. N. (2012a). Domestication bottlenecks limit genetic diversity and constrain adaptation in narrow-leafed lupin (Lupinus angustifolius L.). Theor. Appl. Genet. 124, 637–652. doi: 10.1007/s00122-011-1736-z

 Berger, J. D., Buirchell, B., Luckett, D. J., Palta, J. A., Ludwig, C., and Liu, D. (2012b). How has narrow-leafed lupin changed in its 1st 40 years as an industrial, broad-acre crop? A GxE-based characterization of yield-related traits in Australian cultivars. Field Crops Res. 126, 152–164. doi: 10.1016/j.fcr.2011.10.006

 Berger, J. D., Clements, J. C., Nelson, M. N., Kamphuis Lars, G., Singh Karam, B., and Buirchell, B. (2013). The essential role of genetic resources in narrow-leafed lupin improvement. Crop Pasture Sci. 64, 361–373. doi: 10.1071/CP13092

 Berger, J. D., and Ludwig, C. (2014). Contrasting adaptive strategies to terminal drought stress gradients in Mediterranean legumes: phenology, productivity and water relations in wild and domesticated Lupinus luteus L. J. Exp. Bot. 65, 6219–6229. doi: 10.1093/jxb/eru006

 Berger, J. D., Ludwig, C., and Buirchell, B. J. (2008). “Ecogeography of the old world lupins: characterising the habitat range,” in Lupins for Health and Wealth. Proceedings of the 12th International Lupin Conference, Fremantle, Western Australia, 14–18 September 2008, eds J. A. Palta and J. D. Berger (Canterbury: International Lupin Association), 355–361.

 Berger, J. D., Milroy, S. P., Turner, N. C., Siddique, K. H. M., Imtiaz, M., and Malhotra, R. (2011). Chickpea evolution has selected for contrasting phenological mechanisms among different habitats. Euphytica 180, 1–15. doi: 10.1007/s10681-011-0391-4

 Berger, J., Palta, J., and Vadez, V. (2016). Review: an integrated framework for crop adaptation to dry environments: responses to transient and terminal drought. Plant Sci. 253, 58–67. doi: 10.1016/j.plantsci.2016.09.007

 Chen, C., Berger, J., Fletcher, A., Lawes, R., and Robertson, M. (2016). Genotype × environment interactions for phenological adaptation in narrow-leafed lupin: a simulation study with a parameter optimized model. Field Crops Res. 197, 28–38. doi: 10.1016/j.fcr.2016.08.002

 Clements, J. C., White, P. F., and Buirchell, B. J. (1993). The root morphology of Lupinus angustifolius in relation to other Lupinus species. Aust. J. Agric. Res. 44, 1367–1375. doi: 10.1071/AR9931367

 Cocks, P. S. (1999). “Reproductive strategies and genetic structure of wild and naturalised legume populations,” in Genetic Resources of Mediterranean Pasture and Forage Legumes, Vol. 33, eds S. J. Bennett and P. S. Cocks (Netherlands: Springer), 20–31.

 Donaldson-Matasci, M. C., Bergstrom, C. T., and Lachmann, M. (2013). When unreliable cues are good enough. Am. Nat. 182, 313–327. doi: 10.1086/671161

 Gladstones, J. (1967). Naturalized subterranean clover strains in Western Australia: a preliminary agronomic examination. Aust. J. Agric. Res. 18, 713–731.

 Gladstones, J. S. (1970). Lupins as crop plants. Field Crop Abstr. 23, 123–148.

 Gladstones, J. S. (1974). Lupins of the Mediterranean Region and Africa. Perth, WA: Department of Agriculture Technical Bulletin No. 26.

 Gladstones, J. S. (1994). “An historical review of lupins in Australia,” in 1st Lupin Technical Symposium, eds M. Dracup and J. A. Palta (Perth, WA: Department of Agriculture), 1–38.

 Gladstones, J. S. (1998). “Distribution, origin, taxonomy, history and importance,” in Lupins as crop plants: Biology, Production and Utilization, eds J. S. Gladstones, C. A. Atkins and J. Hamblin (Wallingford: CAB International), 1–37.

 Gremer, J. R., Kimball, S., and Venable, D. L. (2016). Within-and among-year germination in Sonoran Desert winter annuals: bet hedging and predictive germination in a variable environment. Ecol. Lett. 19, 1209–1218. doi: 10.1111/ele.12655

 Grime, J. P. (1979). Plant Strategies and Vegetation Processes. (Chichester: Wiley & Sons).

 Hacker, J. B. (1984). Genetic variation in seed dormancy in digitaria milanjiana in relation to rainfall at the collection site. J. Appl. Ecol. 21, 947–959. doi: 10.2307/2405059

 Hacker, J. B., and Ratcliff, D. (1989). Seed dormancy and factors controlling dormancy breakdown in buffel grass accession from contrasting provenances. J. Appl. Ecol. 26, 201–212.

 Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., and Jarvis, A. (2005). Very high resolution interpolated climate surfaces for global land areas. Int. J. Climatol. 25, 1965–1978. doi: 10.1002/joc.1276

 Hondelmann, W. (1984). The Lupin-ancient and modern crop plant. Theor. Appl. Genet. 68, 1–9.

 Huyghe, C. (1997). White lupin (Lupinus albus L.). Field Crops Res. 53, 147–160.

 Kato, K., Tanizoe, C., Beiles, A., and Nevo, E. (1998). Geographical variation in heading traits in wild emmer wheat, Triticum dicoccoides. II. Variation in heading date and adaptation to diverse eco-geographical conditions. Hereditas 128, 33–39.

 Kholová, J., Hash, C. T., Kumar, P. L., Yadav, R. S., Kočová, M., and Vadez, V. (2010). Terminal drought-tolerant pearl millet [Pennisetum glaucum (L.) R. Br.] have high leaf ABA and limit transpiration at high vapour pressure deficit. J. Exp. Bot. 61, 1431–1440. doi: 10.1093/jxb/erq013

 Leishman, M. R., Wright, I. J., Moles, A. T., and Westoby, M. (2000). “The evolutionary ecology of seed size,” in Seeds: The Ecology of Regeneration in Plant Communities, ed M. Fenner (Wallingford: CABI Publisher), 31–57.

 Mazer, S. J. (1989). Ecological, taxonomic, and life history correlates of seed mass among indiana dune angiosperms. Ecol. Monogr. 59, 153–175. doi: 10.2307/2937284

 Meyer, R. S., DuVal, A. E., and Jensen, H. R. (2012). Patterns and processes in crop domestication: an historical review and quantitative analysis of 203 global food crops. New Phytol. 196, 29–48. doi: 10.1111/j.1469-8137.2012.04253.x

 Mihailovic, V., Hill, G. D., Mikic, A., Cupina, B., and Vasiljevic, S. (2008) “White lupin as a forage crop on alkaline soils,” in Lupins for Health and Wealth. Proceedings of the 12th International Lupin Conference, Fremantle, Western Australia, 14-18 September 2008, eds J. A. Palta J. D. Berger (Canterbury: International Lupin Association), 79–82.

 Mülayim, M., Tamkoç, A., and Babaoglu, M. (2002). Sweet white lupins versus local bitter genotype: agronomic characteristics as affected by different planting densities in the Göller region of Turkey. Eur. J. Agron. 17, 181–189. doi: 10.1016/S1161-0301(02)00007-2

 Norman, H. C., Cocks, P. S., and Galwey, N. W. (2002). Hardseededness in annual clovers: variation between populations from wet and dry environments. Aust. J. Agric. Res. 53, 821–829. doi: 10.1071/AR01115

 Norman, H. C., Cocks, P. S., and Galwey, N. W. (2005). Annual clovers (Trifolium spp.) have different reproductive strategies to achieve persistence in Mediterranean-type climates. Aust. J. Agric. Res. 56, 33–43. doi: 10.1071/AR03236

 Palta, J. A., Berger, J. D., and Bramley, H. (2012). “Physiology of the yield under drought: lessons from studies with lupin,” in Plant Responses to Drought Stress: From Morphological to Molecular Features, ed R Aroca (New York, NY: Springer Verlag), 417–440.

 Pannell, D. J. (1995). Economic aspects of legume management and legume research in dryland farming systems of southern Australia. Agric. Syst. 49, 217–236. doi: 10.1016/0308-521X(94)00049-W

 Piano, P., Pecetti, L., and Carroni, A. M. (1996). Climatic adaptation in subterranean clover populations. Euphytica 92, 39–44. doi: 10.1007/BF00022826

 Rubio de Casas, R., Donohue, K., Venable, D. L., and Cheptou, P.-O. (2015). Gene-flow through space and time: dispersal, dormancy and adaptation to changing environments. Evol. Ecol. 29, 813–831. doi: 10.1007/s10682-015-9791-6

 Thompson, J. D. (2005). “Trait variation, adaptation, and dispersal in the Mediterranean mosaic,” in Plant Evolution in the Mediterranean (Oxford: OUP Oxford), 109–167.

 Venable, D. L., and Brown, J. S. (1988). The selective interactions of dispersal, dormancy, and seed size as adaptations for reducing risk in variable environments. Am. Nat. 131, 360–384. doi: 10.1086/284795

 Vile, D., Shipley, B., and Garnier, E. (2006). A structural equation model to integrate changes in functional strategies during old-field succession. Ecology 87, 504–517. doi: 10.1890/05-0822

 Volis, S. (2007). Correlated patterns of variation in phenology and seed production in populations of two annual grasses along an aridity gradient. Evol. Ecol. 21, 381–393. doi: 10.1007/s10682-006-9108-x

 Yousfi, N., Slama, I., Ghnaya, T., Sayoure, A., and Abdelly, C. (2010). Effects of water deficit stress on growth, water relations and osmolyte accumulation in Medicago truncatula and M. laciniata populations. Comp. Rendus Biol. 333, 205–213. doi: 10.1016/j.crvi.2009.12.010

 Zaman-Allah, M., Jenkinson, D. M., and Vadez, V. (2011). Chickpea genotypes contrasting for seed yield under terminal drought stress in the field differ for traits related to the control of water use. Funct. Plant Biol. 38, 270–281. doi: 10.1071/FP10244

 Zohary, D., and Hopf, M. (2000). “Lupins: Lupinus,” in Domestication of Plants in the Old World (Oxford: Clarendon Press), 122–124.

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Berger, Shrestha and Ludwig. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







	
	ORIGINAL RESEARCH
published: 12 July 2016
doi: 10.3389/fpls.2016.00972





[image: image2]

Genotypic Variation in a Breeding Population of Yellow Sweet Clover (Melilotus officinalis)


Kai Luo1†, M. Z. Z. Jahufer2†, Fan Wu1, Hongyan Di1, Daiyu Zhang1, Xuanchen Meng1, Jiyu Zhang1* and Yanrong Wang1*


1State Key Laborotary of Grassland Agro-Ecosystems, College of Pastoral Agriculture Science and Technology, Lanzhou University, Lanzhou, China

2AgResearch Limited, Grasslands Research Centre, Palmerston North, New Zealand

Edited by:
Nicolas Rispail, Institute for Sustainable Agriculture - CSIC, Spain

Reviewed by:
Inger Martinussen, Norwegian Institute of Bioeconomy Research, Norway
 Juan Marcelo Zabala, Universidad Nacional del Litoral, Argentina

* Correspondence: Jiyu Zhang, zhangjy@lzu.edu.cn;
 Yanrong Wang, yrwang@lzu.edu.cn

†These authors have contributed equally to this work.

Specialty section: This article was submitted to Crop Science and Horticulture, a section of the journal Frontiers in Plant Science

Received: 16 December 2015
 Accepted: 20 June 2016
 Published: 12 July 2016

Citation: Luo K, Jahufer MZZ, Wu F, Di H, Zhang D, Meng X, Zhang J and Wang Y (2016) Genotypic Variation in a Breeding Population of Yellow Sweet Clover (Melilotus officinalis). Front. Plant Sci. 7:972. doi: 10.3389/fpls.2016.00972



Yellow sweet clover is a widely spread legume species that has potential to be used as a forage crop in Western China. However, limited information is available on the genetic variation for herbage yield, key morphological traits, and coumarin content. In this study, 40 half sib (HS) families of M. officinalis were evaluated for genotypic variation and phenotypic and genotypic correlation for the traits: LS (leaf to stem ratio), SV (spring vigor), LA (leaf area), PH (plant height), DW (herbage dry weight), SD (stem diameter), SN (stem number), Cou (coumarin content), SY (seed yield), across two locations, Yuzhong and Linze, in Western China. There was significant (P < 0.05) genotypic variation among the HS families for all traits. There was also significant (P < 0.05) genotype-by-environment interaction for the traits DW, PH, SD, SN, and SV. The estimates of HS family mean repeatability across two locations ranged from 0.32 for SN to 0.89 for LA. Pattern analysis generated four HS family groups where group 3 consisted of families with above average expression for DW and below average expression for Cou. The breeding population developed by polycrossing the selected HS families within group 3 will provide a significant breeding pool for M. officinalis cultivar development in China.

Keywords: forage breeding, genotypic variation, genotype-by-environment interactions, correlation coefficient, coumarin

INTRODUCTION

Yellow sweet clover known as field melilot or yellow melilot, is an annual or biennial herb that belongs to the Fabaceae family. It is native to temperate and tropical Asia, and Europe (GRIN, 2000). Melilotus officinalis is one of the most common species in the Melilotus genus. This species has adaptation to environmental constraints such as drought and cold (Turkington et al., 1978) and salinity (Sherif, 2009). Melilotus is used as a ground cover in depleted soils (Allen and Allen, 1981), especially in moderately saline areas where traditional forage legumes cannot be grown (Maddaloni, 1986). Melilotus officinalis usually occurs in the northern region of China, where it is used as green manure for soil fertility improvement and also as a medicinal plant.

Species of Melilotus, including yellow sweet clover, have not been widely used in forage production due to their high coumarin content. Coumarin, a secondary plant metabolite, is associated with dicoumarol production. Dicoumarol is an anticoagulant that can cause a haemorrhagic condition known as sweet clover disease (Evans and Kearney, 2003; Nair et al., 2010). Therefore, the success of forage cultivar development based on any of the Melilotus species will depend on a combination of increasing dry matter production and decreasing coumarin content. A number of cultivars of Melilotus have been released to date; Acuma, Cumino, Denta, Polara (Smith and Gorz, 1965; Goplen, 1971) for M. albus and Norgold (Goplen, 1981), N28, N29 (Gorz et al., 1992) for M. officinalis. The Melilotus breeding program at Lanzhou University is specifically focused on the development of new cultivars with adaptation to the vast temperate grazing environments of China (Luo et al., 2014).

In any plant breeding program, the rate of genetic gain depends on the genetic diversity for a given trait in the breeding population (Hallauer and Miranda, 1981). Information on the magnitude of genetic variation for key plant attributes in breeding programs will enhance the development of appropriate breeding strategies to achieve maximum genetic gain (Moll and Stuber, 1974). Jahufer and Casler (2015) evaluated the relative merit in genetic gain using single trait selection, correlated response to selection and index selection, based on estimated genetic variation for a range of morphological and quality traits in switch grass (Panicum virgatum L.). Genetic variation for key traits have been reported for some of the important forage grasses and legumes: ryegrass (Breese and Hayward, 1972), tall fescue (Piano et al., 2007), white clover (Jahufer et al., 2002), alfalfa (Riday and Brummer, 2007).

There is a lack of quantitative genetic information for Melilotus. Few studies have been carried out on the genetic variation for agronomic traits in Melilotus species (Ivanov and Chetvertnykh, 1980; Sagalbekov, 1980). Nair et al. (2010) reported genotypic variation for coumarin content among 149 accessions of 15 Melilotus species. This study demonstrated the presence of potential genetic variation for coumarin content in Melilotus germplasm useful for breeding. However, breeding Melilotus species as a forage crop needs to focus on not only coumarin content but also biomass and associated traits. There is also a lack of information on the magnitude of genotype-by-environment interaction effects in Melilotus, which will be important for breeding for broad adaptation (Cooper et al., 1993b).

The objective of our study was to conduct a preliminary assessment of the performance of half sib (HS) families of Melilotus officinalis across two contrasting locations to: (a) estimate genotypic variation for key traits, and (b) identify families with a combination of superior agronomic performance and low coumarin expression in comparison to two commercial controls.

MATERIALS AND METHODS

Plant Material

Six germplasm accessions (PI 552553 and PI 552554, PI 595394, PI 634019, Ames 22891, and Ames 25658) were selected from a set of 51 accessions that were evaluated for biomass production, agronomy and low coumarin, in Yuzhong, Gansu Province, during 2012–2013 (results not presented). Elite genotypes representing each of the germplasm accessions were polycrossed in isolation, using honey bees, to generate a breeding population to be used for cultivar development. A total of 40 HS families were generated by harvesting each of the genotypes individually. All harvested seeds from the individual genotypes were kept separately as individual HS families.

Field Trials

The M. officinalis HS families were established at two locations: Yuzhong (104°09′ E, 35°89′ N, elevation 1 653 m a.s.l.) and Linze (100°02′ E, 39°15′ N, elevation 1 390 m a.s.l.) in Gansu Province, China. There are different climate conditions between Yuzhong and linze. Yuzhong in Loess Plateau region is a medium temperate semi-arid climate, whereas Linze in the Hexi Corridor is typical desert climate and characterized by an arid climate (Su et al., 2007; Hu et al., 2012; Li et al., 2014). The average annual precipitation in Yuzhong is 295 mm and in Linze is only 117 mm. The mean monthly minimum and maximum temperatures, and total monthly rainfall during the trial period at the two locations are shown in Figure 1.


[image: image]

FIGURE 1. Mean monthly maximum and minimum temperatures (°C) and total monthly rainfall (mm) at Yuzhong (A) and Linze (B), respectively.



The soil type at each location is loessal soil at Yuzhong and meadow soil at Linze. The saline-alkali degree was much higher in Linze than in Yuzhong, the salinity is 1.8 ppt in Linze and 0.5 ppt in Yuzhong. Initial soil conditions in Yuzhong and Linze are: pH 7.0 and 7.5, total N of 0.756 g/kg and 0.803 g/kg, total P of 0.752 and 0.708 g/kg, respectively.

At each location, the experimental plots were arranged in a randomized complete block design containing three replicates. Each replicate consisted of the 40 HS families the six parental germplasm accessions and two commercial checks. The origins of these entries are provided in Table 1. The two trials were sown in 15–18 June 2014. The experimental plot size for each entry was 2.4 m2 (0.8 × 3 m). Within each plot, the seed was planted at a spacing of 30 cm within-rows and 60 cm between-rows. The plots were fertilized with 150 kg (NH4)2HPO4 ha−1 after sowing.

Table 1. Origin of the M. officinalis germplasm accessions and commercial check cultivars.

[image: image]

Measurements

The traits measured were: LS, leaf to stem ratio; SV, spring vigor; LA, leaf area (cm2); PH, plant height (cm); DW, herbage dry weight (g/plant); SD, stem diameter (cm); SN, stem number; Cou, coumarin (% of dry matter); SY, seed yield (g/plant). All the traits were measured in the second year (2015).

Visual scoring for SV was based on a scale of 1 to 5 (1 = low; 5 = high). The morphological traits (PH, SN, SD, and LA) were measured at the flowering stage (50% of the plants had open flowers), resulting in a minimum of three individuals per replicate. LA was measured from three middle leaflets per plant by using a flatbed scanner (EPSON GT-15000) and a WinSEEDLE 2011 image analysis system (Regent Instruments Inc.). Individual plant was harvested for DW measurement at the flowering stage after measuring morphological traits. At harvest, three randomly sampled plants from each replicate were cut off at 3 cm above the soil, placed in paper bags and dried at room temperature (about 20–25°C) with good ventilation until no change in weight was recorded. After measuring DW, the dried samples were hand separated into leaf blade and stem (including the inflorescence and leaf sheath) components and weighted to determine the LS ratio. Three sub samples from each field replicate at Yuzhong were combined and ground in a mill to pass through a 1 mm screen for Cou determination. SY was determined from two randomly sampled individuals taken from each replicate when 90% of the pods turned blackish brown at the Linze field. Cou was quantified using HPLC (high performance liquid chromatography, Agilent 1100 series) with a mobile phase of methanol-water (65:35) through an Agilent-XDB C18 column (Zhu and Fan, 2008).

Analysis of Variance

The data were analyzed within and across the two locations Yuzhong and Linze. The analysis across locations was conducted: (a) on only the 40 HS families to estimate genotypic variation, and (b) using all entries in the trial that consisted of the 40 HS families, the six parental germplasm accessions and two check cultivars, which enabled comparison of progeny, parents, and the commercial material. The analysis was conducted using the variance component analysis procedure, Residual Maximum Likelihood (REML) option, in GenStat 7.1 (2003). A mixed linear model was used for the analyses across the two locations using the REML algorithm.

The linear model used in the analysis was,

[image: image]

Where, Yijk is the value of an attribute measured from HS family i in replicate k in location j, and I = 1,…,ng, j = 1,…,nl, k = 1,…,nr; M is the overall mean; gi is the random genotypic effect of HS family i, N(0,σ2g); lj is the fixed effect of location j, N(0,σ2l); rjk is the random effect of replicate k within location j, N(0,σ2b); (gl)ij is the effect between HS family i and environment j, N(0,σ2gl); εijk is the residual effect for HS family i in replicate k in location j, N(0,σ2ε).

The mixed model analysis generated HS family means based on Best Linear Unbiased Predictors (BLUP) (White and Hodge, 1989). These BLUP values were used to construct a HS family × trait mean matrix adjusted of HS family × location interaction effects.

Genotypic Variation and Repeatability

Variation among HS families generated from a population that has gone through at least two cycles of random mating, is an estimate of ¼ additive variation of the random mating population they represent (Falconer, 1989). In our study, the 40 HS families were a result of the first random mating of selected germplasm and therefore represented only the F1 generation. Therefore, we do not refer to the variation estimated among the 40 HS families as ¼additive variation, but as genotypic variation, due to a possible combination of additive and non-additive effects. The genotypic variation for the different traits enabled calculation of repeatability, an estimation of the upper limits of their degrees of genetic determination (Falconer, 1989).

The genotypic variance components generated from the REML analysis within and across locations were used to calculate repeatability (R) (Fehr, 1987).

HS family mean repeatability at a single site:

[image: image]

HS family mean repeatability across locations:

[image: image]

Where, in both model (2) and model (3), the respective variance components and their divisors are defined in relation to linear model (1).

Phenotypic and Genotypic Correlation

Phenotypic correlation (rp) analysis was carried out using GenStat 7.1 (2003). The multivariate MANOVA procedure, within GenStat 7.1 (2003), enabled estimation sums of cross-products, using the multisite trait data from the 40 HS families. Mean cross products were then calculated and resolved to estimate genotypic covariance components. The genotypic covariance components were used together with the σ2g estimates, from REML analysis, to determine genotypic correlation coefficients (rg) according to Falconer (1989).

Pattern Analysis

Pattern analysis was conducted to: (a) provide a graphical summary of the performance of the 40 HS families, six parental germplasm accessions and the two check cultivars of M. officinalis, based on the genotype × trait BLUP adjusted mean matrix generated from variance component analysis across the two locations Yuzhong and Linze, and (b) investigate any changes in type (positive or negative) and magnitude of the association among the seven traits across Yuzhong and Linze. Pattern analysis consisted of a combination of cluster and principal component analysis (PCA) (Gabriel, 1971; Kroonenberg, 1994; Watson et al., 1995). To identify the optimum level of truncation for the resulting hierarchy from cluster analysis, the increase in the sum of squares among accession groups was monitored as the number of groups increased. The group level selected was determined by the point where the percentage of accession sum of squares among groups did not improve substantially as the number of groups increased (DeLacy, 1981).

RESULTS

Genotypic Variance Components and HS Family Mean Repeatability of Plant Attributes of M. officinalis

The genotypic variance estimated for the different traits from the individual location, Yuzhong and Linze, analysis indicated significant (P < 0.05) variation among the 40 M. officinalis HS families (Tables 2A,B). At both these locations HS family mean repeatability estimates ranged from intermediate to very high, depending on the traits.

Table 2A. Average, maximum, minimum, least significant differences (l.s.d.0.05), genotypic ([image: image]), and experimental error ([image: image]) variance components and associated standard errors (±SE), and HS family mean repeatability (R1) estimated from the 40 M. officinalis half sib families, evaluated at Yuzhong.
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Table 2B. Average, maximum, minimum, least significant differences (l.s.d.0.05), genotypic ([image: image]), and experimental error ([image: image]) variance components and associated standard errors (±SE), and HS family mean repeatability (R1) estimated from the 40 M. officinalis half sib families, evaluated at Linze.

[image: image]

At Yuzhong, the HS family mean repeatability (R1) was high for the traits DW, SD and SV, which ranged from 0.89 to 0.96 (Table 2A). For the traits PH, LA and Cou, HS family mean repeatability was high (0.82–0.86). HS family mean repeatability was intermediate (0.60 and 0.70) for SN and LS. At Linze, HS family mean repeatability was very high (0.90–0.97) for the traits LA, SD, DW, and SV (Table 2B). The traits SY and SN had high (0.73, 0.77) HS family mean repeatability. HS family mean repeatability was intermediate (0.46, 0.53) for PH and LS.

Analysis of variance for mean trait expression across the two sites Yuzhong and Linze indicated significant (P<0.05) genotypic variation among the 40 HS families. There was also significant (P < 0.05) genotype-by-location interaction, depending on the traits (Table 3). There was no significant (P > 0.05) genotype-by-location interaction for the traits LS and LA. Line mean repeatability (R2) across the two locations varied from: relatively high for the traits DW and LA; intermediate for PH, LS, SD, and SV; and low for SN.

Table 3. Average, maximum, minimum, least significant differences (l.s.d.0.05), genotypic ([image: image]), genotype-by-location interaction ([image: image]), and experimental error ([image: image]) variance components and associated standard errors (±SE), and HS family mean repeatability (R2) estimated from the 40 M. officinalis half sib families, evaluated across two locations, Yuzhong and Linze.
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Pattern Analysis: Principal Component Analysis (PCA)

The biplot (Figure 2) was generated from PCA of the 40 HS families, the six parental germplasm accessions and the two check cultivars of M. officinalis, based on the 9 traits LS, SV, LA, PH, DW, SD, SN, and Cou. The first principle component explained 46% of the total trait variation, and the second principle component explained 18%. The correlation structure of the traits is indicated by the directional vectors in the biplot. In this study, SD, SN, and PH showed a strong positive association with DW. The traits LS and Cou also showed a negative correlation with DW.


[image: image]

FIGURE 2. Biplot generated using standardized Best Linear Unbiased Predictor values for eight traits measured from: the 40 half sib families, the 6 parental germplasm accessions and the 2 check cultivars of M. officinalis, evaluated across two locations Yuzhong and Linze. Components I and II account for 46 and 18% of total variation, respectively. The different symbols indicate progeny Groups 1 to 4 generated from cluster analysis. The vectors represent the traits: LS, leaf to stem ratio; LA, leaf area; PH, plant height; DW, herbage dry weight; SD, stem diameter; SN, stem number; SY, seed yield; Cou, coumarin. The 6 parental germplasm accessions: P1 to P6. Check's: CH1, experimental cultivar; CH2, cv Norgold.



The seven plant trait responses at the locations Yuzhong and Linze are presented in the two biplots, (Figures 3A,B). In Figure 3A, based on breeding line performance at Yuzhong, the first and second principal components accounted for 43 and 19% of the total variation, respectively. Based on the line performance at Linze, the first principle component explained 51% of the total trait variation, and the second principle component explained 23% (Figure 3B).
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FIGURE 3. Biplots based on standardized Best Linear Unbiased Predictor values for seven morphological traits, measured from the 40 half sib families of M. officinalis, evaluated at Yuzhong (A) and Linze (B). In each of the biplots Components I and II account for most of the total variation. The vectors represent the traits: LS, leaf to stem ratio; LA, leaf area; PH, plant height; DW, herbage dry weight; SD, stem diameter; SN, stem number.



There were differences in trait association across the two locations Yuzhong and Linze. The traits DW, SD, PH, SN, and LA showed a strong positive correlation at Yuzhong (angles between the directional vectors are at < 45°). At Linze, DW was positively correlated with SD and PH similar to that showed in Yuzhong. However, SN and LA showed a weak positive associated with DW (Figures 3A,B).

Cluster Analysis

Clustering of the 40 HS families, together with the 6 parental germplasm accessions and 2 check cultivars, was truncated at the four group level. Group 4, the largest group contained 17 members, followed by group 1, group 3 and group 2, which contained 14, 11, and 6 members, respectively (Table 4). As indicated by the Figure 2, the check cultivars were both in group 1. The parental germplasm accessions P1, P2, P3 and P4, P5, P6 were in groups 3 and 1, respectively. The trait means for each group (Table 4) indicated that the members in group 3 had high DW and low coumarin content, and those in group 1 had low coumarin content and intermediate expression for traits DW, PH, SD, and SN. The members in group 4 showed characteristics of a small plant type with high coumarin content. The highest expression for coumarin was in group 2. Groups 3 and 1 had higher SY expression in comparison to groups 4 and 2.

Table 4. Trait means for each of the 4 half sib family groups generated from pattern analysis.
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Phenotypic and Genotypic Correlation

A range of genotypic and phenotypic correlation coefficients are presented in Table 5. These coefficients range from strong to weak positive and negative pairwise associations among the 7 traits. Of the special interest are the phenotypic and genotypic correlations between DW and the other traits. There was strong positive phenotypic correlation between DW and the traits SD, PH and SN, and strong negative phenotypic correlation with LS and SV. These results are further supported by the directional vectors in the biplots (Figures 2, 3A,B). In comparison to phenotypic correlation, the estimated genotypic correlation coefficients for all 7 traits showed similar types of pairwise association (Table 5).

Table 5. Genotypic (rg) (lower triangle) and phenotypic (rP) (upper triangle) correlation coefficients, between traits base on the 40 M. officinalis half sib families, the six parental germplasm accessions and the two check cultivars, evaluated across two locations, Yuzhong and Linze.
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DISCUSSION

Previous studies on genotypic variation within Melilotus spp. have mainly focused on interspecific comparisons for traits such as coumarin content (Nair et al., 2010), salinity, waterlogging tolerance (Rogers et al., 2008), and also on phylogenic relationships (Di et al., 2015) and genetic diversity (Di et al., 2014; Wu et al., 2016). The significant (P < 0.05) genotypic variation and high to moderate line mean repeatability reported from our study, indicates the potential for genetic improvement of the nine traits examined. There are no reported studies in M. officinalis similar to ours that estimate the magnitude of genotypic variation for key traits such as DW, Cou, PH, and SY.

Phenotypic variation, expressed as ranges, has been reported for some morphological traits. Klebesadel (1992) reported 2 year means of PH of M. officinalis ecotypes ranging from 112 to 145 cm. Second year mean plant height (PH) measured in our study ranged from 144 to 188 cm. Martino et al. (2006) reported a range of coumarin content between 0.12 and 0.39% based on different extraction methods. Nair et al. (2010) reported coumarin content measured from 27 M. officinalis accessions ranging from 0.09 to 0.61% of dry matter. Our study indicated a coumarin content that ranged from 0.04 to 0.91% of dry matter. Herbage dry matter from single plants has been reported from experiments conducted under glasshouse conditions (Rogers et al., 2008). There is a lack of information on morphological traits measured under field conditions. Results from our study on the genotypic variation for the traits LS, SD, SN, LA, SV and SY, measured under field conditions, will be valuable to Melilotus breeders. Information on the magnitude and significance of the genotypic and environmental components of phenotypic variation for important traits will provide a basis for the development of efficient breeding methods for their improvement (Moll and Stuber, 1974). Results from the present study showed that there was significant genotypic variation among the 40 HS families at each location, Yuzhong and Linz, and also across these two locations for all the traits measured. High genotypic variation was present for DW, SV, and SD at Yuzhong and LA, SD, DW, and SV at Linze. These results, together with the relatively high HS family mean repeatabilities estimated, indicate the potential genetic variation available, within the new M. officinalis breeding population, for improvement of these traits through selection and breeding.

Forage plants are utilized across a wide range of environments, which include different climates, soil types and grazing systems (Breese, 1969). The presence of genotype-by-environment interactions complicates selection of material for broad adaptation due to unreliable performance across environments (Comstock and Moll, 1963; Cooper and Byth, 1996). Quantifying the magnitude and understanding the causes of genotype-by-environment interaction can be helpful when planning breeding strategies (Milligan et al., 1990; Basford and Cooper, 1998). Caradus (1993) reported that a range of traits in white clover, especially yield-related traits, were sensitive to genotype-by-environment interactions. A similar result in white clover was reported by Jahufer et al. (1999). In our study, the genotype-by-environment interactions were significant for most traits except for the traits LS and LA. This indicates the importance of multi-site evaluation in M. officinalis breeding programs when focusing on broad adaptation. The application of multisite testing in breeding programs to investigate the effect of genotype-by-environment interaction on line performance has been reported for forage grass and legume species such as perennial ryegrass (Easton et al., 2015), switchgrass (Jahufer and Casler, 2015), alfalfa (Hill and Baylor, 1983), and white clover (Ballizany et al., 2012).

The association among the traits measured in our study was examined using a combination of phenotypic and genotypic correlation with pattern analysis. The estimates of phenotypic and genotypic correlation coefficients supported the association among traits indicated in the biplots. The positive and significant phenotypic association of DW with traits PH, SD, and SN, predicts a positive correlated response in all these traits when any one of them is selected for individual. This relationship will be useful in a breeding program. The strong positive correlation between DW and SY shown in the biplot (Figure 2) indicates that selection for herbage yield would also result in increasing seed yield. Significant correlation of forage yield and seed yield was also demonstrated in other legumes (Iannucci and Martiniello, 1998; Guler et al., 2001; Cakmakci et al., 2006). Our study indicated negative phenotypic and genotypic correlation between DW and LS. The LS is used as an indicator of digestibility and intake in forage (Kephart et al., 1990). This result implies a trade-off between herbage yield and quality. Julier et al. (2000) also estimated significant negative correlation between DW and LS in alfalfa, which is similar to M. officinalis in vegetative form (Whitson et al., 1992).

The strong negative relationship between SV and DW suggests that measurement of spring vigor, at a very early stage of plant growth, could serve as an indirect selection criterion for increasing herbage yield for M. offcinalis grown in western China (Table 5). This will increase the efficiency of current breeding methods, especially when dealing with the biennial forage specie like M. officinalis. Similar results were reported from studies on common vetch (Cakmakci et al., 2006). The negative phenotypic correlation between the traits DW and Cou shown in our study (Figure 2) indicates the possibility of identifying HS families with a combination of high herbage dry weight and low coumarin content expression. This association will be of significant importance in our M. officinalis breeding program. Hofmann and Jahufer (2011) showed negative association between flavonoid accumulation and biomass using multivariate analysis.

Pattern analysis has been successfully used to summarize complex genotype-by-environment (Cooper et al., 1993a; Zhang et al., 2006) and genotype-by-trait (Jahufer et al., 1999; Davodi et al., 2011) data matrices. Jahufer et al. (1999) successfully identified superior white clover full-sib families based on seven morphological traits using a combination of principle component and cluster analysis. Davodi et al. (2011) used pattern analysis to summarize the performance of 200 alfalfa germplasm accessions, based on 12 traits, for use in the improvement of yield and quality. In our study, pattern analysis generated four groups (Figure 3), where group 3 consisted of HS families with above average performance for DW and below average performance for Cou. Group 3 consisted of 11 members, which included the parental germplasm accessions P1, P2, and P3. All the HS families in group 3 had a higher expression of the traits DW, SD, and SY in comparison to both commercial checks. The breeding lines in group 3 will be polycrossed to produce a breeding population that will be used in the recurrent selection program to develop new cultivars of M. officinalis with high herbage yield and low coumarin content for the Loess Plateau region in China.

CONCLUSION

The estimates of genotypic variation and HS family mean repeatability indicate the potential genetic variation available for all the traits examined in our study. These estimates also indicate the potential to develop cultivars with increased forage yield and low coumarin content. The significant genotype-by-environment interaction estimated for the traits DW, PH, SD, SN, and SV across the two environments, Yuzhong and Linze, indicate the importance of multi-environment evaluation trials in our M. officinalis breeding program. The breeding population developed by polycrossing the HS families within group 3, identified using pattern analysis, will provide a significant breeding pool for M. officinalis cultivar development in China.
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Accurate understanding of crop biogeography facilitates comprehension of agronomic potential, genetic diversity, and crop–pathogen evolution. Classic perspectives are exemplified by Vavilov (1987), a posthumous compilation, and Harlan (1971). Origin and geographic spread of a given crop provide clues as to environmental interactions, including relative adaption to pests, pathogens, and abiotic factors (Dark and Gent, 2001; Dugan, 2015). Great antiquity of pulse crops (pea, chickpea, lentil, bitter vetch, faba bean) is documented archeobotanically for the Fertile Crescent and several adjacent areas, including much of Europe in succeeding times (e.g., Abbo et al., 2003, 2006; Zohary et al., 2012; Mikić et al., 2014).

These crops are also indicated in ancient texts of the Fertile Crescent and adjacent areas, e.g., Akkadian, Old Babylonian (Semitic languages), Hittite (Indo-European, IE), and Sumerian (reviewed in Dugan, 2015). Linguistic indications of pulse crops in ancient Greek, Latin, Old Slavic, etc., and more recent languages have been summarized (Mikić, 2012). However, there remain areas in which data are scarce or in which there is conspicuous dissent from consensus. This is especially true for the Bronze Age Steppes, now seen as critically important in dissemination of language, culture, and peoples (Haak et al., 2015), and possibly the geographic location for the ancestral Proto-Indo-Europeans (Anthony, 2007).

Archeobotanical data for the region remain suboptimal due to the infrequency of applying modern techniques for recovery and dating of plant remains (Mallory, 2014), but repeated instances of cereal chaff imprints or chaff itself on pottery (~4500 to 3500 BC) imply cropping of cereals (Motuzaite-Matuzeviciute, 2012). Presence of pulse crops is not yet conclusively documented, and they may have been absent, although they are present in the archeobotanical record for regions bordering the Steppes (Dugan, 2015). Archeobotanical evidence for pulses appears lacking in the Steppes when archeobotanical sites with recovery of pulses are mapped (Mikić, 2012, 2015a, 2016; Mikić et al., 2014). One possible explanation for archeological recovery of remains of cereals in the Steppes, but not of pulses, is that Bronze Age Steppes were semiarid, as indicated by paleoclimatic studies (Alekseeva et al., 2007; Khomutova et al., 2007; Mitusov et al., 2009). Estimates of mean annual precipitation imply climate may have been unsuitable for consistent cultivation of legumes, but typically with sufficient moisture for cereals (Dugan, 2015).

We have no literature in Proto-Indo-European (PIE, a reconstructed language), analogous to the agricultural writings of ancient civilizations. But perhaps analyses of PIE can promote understanding of Bronze Age agriculture with regard to pulses. Initial inspection of agronomic literature gives reason to believe so. Mikić (2016), indicates a putatively PIE root *erəgw[h] – (“a kernel of a leguminous plant”) as originating in the Steppes just northeast of the Black Sea. Mikić (2015a,b) attributes to PIE additional words for legumes, including pea and lentil, as do Mikić (2009, 2011, 2012) and Mikić et al. (2008). The notion that PIE contains words for legumes is now embedded in agronomic literature, including this journal (Mikić, 2015c). Cited in justification (e.g., in Mikić, 2009, 2012) are Vasmer (1953), the slightly more recent Pokorny (1959, 1969) and a website, The Tower of Babel1. The website references “Fraenkel 358” for PIE *lent- (lentil), and also “Pokorny's dictionary.” Fraenkel (1962) contains “lent” on page 358, but not as PIE and not lentil. I could not locate the putative PIE terms from Mikić (2009, 2012) in Vasmer (1953), although Vasmer provides Slavic roots similar to these terms. Also, “Pokorny (1959) is badly out of date; moreover it errors extravagantly on the side of inclusion, listing every word …that might conceivably reflect a PIE lexeme” (Ringe, 2006). It therefore becomes necessary to inspect literature from contemporary linguists specifically addressing PIE, and in doing so a different result is obtained. We find that words for cereals were abundant in PIE (Mallory and Adams, 1997, 2006), but the case is more ambiguous for pulses.

At present, the consensus seems to be that words for pulses appear in later regional terms (Indo-European, but not PIE) or represent borrowings (“loan words”) from non-Indo-European languages. Mallory and Adams (1997) note with regard to pea, “our inability to reconstruct in a solid way any PIE word for it.” These authors state for vetch (Vicia sativa), bitter vetch (Vicia ervila), and grass pea (Lathyrus sativus), “there is no evidence for IE antiquity [i.e., PIE] for any of these crops [and] the lentil (Lens culinaris) is also unretrievable from the IE lexicon.” Mallory and Adams (2006) state with regard to pea and chickpea, “their designations are found only regionally …(Latin, Greek), which raises the possibility that they may derive from a non-IE substratum.” Somewhat more ambiguous is a possible PIE reconstruction for bean, *bhabheha-, although Mallory and Adams (2006) indicate this word as among “regional terms” eventually yielding Greek, Latin, and Albanian equivalents. That names of pulses in Greek, Latin, and some other IE languages originate from a Pre-Greek, non-Indo-European substratum has long been the opinion (Sturtevant, 1910; Mann, 1943; Hester, 1968), and this consensus has held (e.g., Adrados, 2005; Kroonen, 2012; Darden, 2013). This does not mean that Proto-Indo-Europeans were utterly unfamiliar with pulses, but consensus among those just cited is that words specifically designating pulses are not found in reconstructed PIE.

Origins of the Proto-Indo-Europeans and PIE have long been sought in Anatolia (Renfrew, 1990; Bouckaert et al., 2012) or, in a competing hypothesis, the Steppes of Ukraine and Russia (Anthony, 2007). The Steppes and Anatolian hypotheses are relevant to historical biogeography of agricultural crops. Absence, or near absence, of PIE words denoting pulses, and the lack, or near lack, of archeobotanical records for pulses in the Bronze Age Steppes, would correlate with paleoclimatic data indicating that the Steppes of the Bronze Age were generally too arid for successful cultivation of pulses. Both the Steppes and Anatolia provided adequate conditions for grazing livestock and for cereals (Hald, 2010; Motuzaite-Matuzeviciute, 2012), all of which are repeatedly manifest in PIE. Anatolia, however, also provided conditions adequate for pulses, and pulses are substantially present in the archeobotanical record there (e.g., Sadori et al., 2006). If the origins of PIE are sought in Anatolia, the consistent lack of PIE words for pulses, as noted by Mallory, Adams and their colleagues, requires explanation. If Mikić and his colleagues are correct, no such explanation is necessary under the Anatolian hypothesis.

An accurate understanding of pulses in Proto-Indo-European and Indo-European agriculture and language will have positive consequences for our understanding of archeology, linguistics, and crop biogeography. A compilation of PIE agricultural terms is forthcoming in proceedings from a conference in Leipzig (J. Mallory and G. Kroonen, editors; J. Mallory, personal communication).
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Legumes and brassicas have much in common: importance in agricultural history, rich biodiversity, numerous forms of use, high adaptability to diverse farming designs, and various non-food applications. Rare available resources demonstrate intercropping legumes and brassicas as beneficial to both, especially for the latter, profiting from better nitrogen nutrition. Our team aimed at designing a scheme of the intercrops of autumn- and spring-sown annual legumes with brassicas for ruminant feeding and green manure, and has carried out a set of field trials in a temperate Southeast European environment and during the past decade, aimed at assessing their potential for yields of forage dry matter and aboveground biomass nitrogen and their economic reliability via land equivalent ratio. This review provides a cross-view of the most important deliverables of our applied research, including eight annual legume crops and six brassica species, demonstrating that nearly all the intercrops were economically reliable, as well as that those involving hairy vetch, Hungarian vetch, Narbonne vetch and pea on one side, and fodder kale and rapeseed on the other, were most productive in both manners. Feeling encouraged that this pioneering study may stimulate similar analyses in other environments and that intercropping annual legume and brassicas may play a large-scale role in diverse cropping systems, our team is heading a detailed examination of various extended research.

Keywords: aboveground biomass nitrogen yield, annual legumes, brassicas, forage dry matter yield, intercropping, land equivalent ratio

LEGUMES vs. BRASSICAS OR LEGUMES AND BRASSICAS?

With more than 700 genera and about 20,000 species, legumes (Fabaceae Lindl., syn. Leguminosae Juss.) are considered the third richest plant family (Lewis, 2005). They are renowned for having a remarkable place in global biodiversity, with countless members that are currently wild or semi-domesticated, but with great potential for cultivation. Legumes also provide diverse environment-friendly services, especially in the form of restoring, maintaining or enriching soil fertility through symbiotic nitrogen fixation. Due to their versatile nature, they play a manifold role in various food and feed production systems as the main, second, cover or cash crop, easily fitting in contrasting and complex agronomic patterns. In numerous regions throughout the world, legumes are staple crops (Vaz Patto et al., 2015), providing local human population and animals with everyday protein-rich diets (Gepts et al., 2005). All these facts endorse legumes with a flattering position of one of the most pivotal components of contemporary and future sustainable agriculture designs (Rubiales and Mikić, 2015).

Although comprising a significantly lesser number of around 370 genera and nearly 4,100 species of mainly herbaceous annuals, biennials and perennials, warm season shrubs and trees (Bremer et al., 2009), Brassicaceae Burnett (syn. Cruciferae Juss.) is a plant family that is by all means not poorer than legumes in economically important crops. Its most remarkable members include rapeseed (Brassica napus L.), with its globally widespread cultivar type with low content of erucic acid named canola (Lin et al., 2013), cabbage in both broad and narrow sense and with numerous conspecific taxa or variety groups (Brassica oleracea L.), and several species of mustards (Brassica spp. and Sinapis spp.). This family is also a home of thale cress (Arabidopsis thaliana L.), with a doubtless historical significance for comparative genetics and genomics and synteny research, being the first broad-scale studied and the most significant model plant species (Meinke et al., 1998).

Legumes and brassicas have much in common. Both comprise the most ancient domesticated plants in the world, such as chickpea (Cicer arietinum L.), lentil (Lens culinaris Medik.), pea (Pisum sativum L.) or bitter vetch [Vicia ervilia (L.) Willd.], Brassica rapa, and few Sinapis species (Zohary et al., 2012). They also share a characteristic of being not easily preserved as cereals and thus representing demanding archaeobotanical material: high content of protein in legumes and high content of oil in brassicas lead to a much higher degree of degradability in comparison to their fellow starch-rich crops belonging to the family Poaceae Barnhart and an impression that they were drastically less used by the humans in the past. One of the best evidenced findings related to brassicas comes from the famous Neolithic city of Çatalhöyük East, in Asia Minor, where mustards dated at 6,200–6,600 BC were used for ordinary use as oil and spice and for religious ceremonies 8,500 years ago (Fairbairn et al., 2007), along with cereals, grain legumes, and other plants. Apart from these links from deep past, legumes and brassicas today share a vast number of agricultural, economic, and social features. Both are widely present in many local wild floras and offer abundant gene pools for improving the existing and introducing novel cultivated species. Legumes and brassicas are highly adaptable to diverse cropping systems, due to the existence of autumn- and spring-sown cultivars and wide amplitudes of growing season length. They also comprise numerous multi-purpose crops, cultivated for grain, forage, green manure and are used as in human diets or animal feeding, non-food and fuel industry, pharmacy and medicine and ornamental purposes (Mikić et al., 2016).

The presented facts are our answer to the question from the title of this section. It has often been posed as a consequence of very short-term and solely profit-driven motifs, preferring, for instance, canola to pea and leading to a conclusion that growing one excludes the other or that they always compete for the same field. Rejecting what we deem an artificial antagonism, we declare: “Not legumes or brassicas, but legumes and brassicas” or, moreover, “legumes with brassicas.” This was the basis of the research we have been carrying out throughout the past decade and the results are presented in the forthcoming paragraphs.

TOGETHER IN FEEDING RUMINANTS AND SOIL

A number of studies on intercropping demonstrate its positive effects on crop productivity, weed, pest, and disease control, yield stability, increased resource availability and exploitation, reflecting a renewed interest in this ancient practice. This interest arose from a growing awareness of the environmental problems in modern agriculture associated with excessive use of synthetic fertilisers and pesticides. Due to legumes ability of nitrogen fixation, niche complementarity and positive legumes–cereals interactions, such intercropping systems are known to produce increase in biomass relative to monoculture, a phenomenon described as overyielding (Hector et al., 1999; Beckage and Gross, 2006). Li et al. (2007) showed that faba bean can facilitate mobilisation and uptake of deficient phosphorus by cereals resulting in overyielding. This beneficial interspecific interaction (facilitation) can be based on complementary and more complete sharing and exploitation of other resources, such as solar radiation, water, and soil (Brooker et al., 2015).

In comparison to the accumulated knowledge and available literary resources related to the intercrops of legumes and cereals, it may regretfully be noticed that very little is known on both basic and applied aspects of the mixtures of legumes and brassicas (Mikić et al., 2012). The potential of legume–brassica intercropping has been investigated for various purposes in Europe, Asia, and North America, reflecting the endeavours of researchers to address problems and meet the farmers’ needs specific for these different agro-environments. In France, Sweden, and Canada, the weeds in oilseed rape are tackled by intercropping frost-sensitive legume as living mulch (Bergkvist, 2003; Thériault et al., 2009; Cadoux et al., 2015; Lorin et al., 2015). The advantage of intercropping annual legumes with cabbage and cauliflower in Turkey (Yildirim and Guvenc, 2005, 2006) and broccoli in the USA (Coolman and Hoyt, 1993) over sole crops, were demonstrated in vegetable production. In India, intercropping mustard and annual legumes for oil and food, increases yield stability, nutrient availability, and water use efficiency and provides monetary advantage over sole crops (Banik et al., 2000; Singh et al., 2010; Devi et al., 2014). In several studies, dealing mostly with soil nutrition aspects, it was commonly assessed that a brassica component may profit from being intercropped with a legume. In a series of rhizotron trials, including the intercrops of faba bean (Vicia faba L.) with rapeseed and common vetch (Vicia sativa L.) with cabbage, it was found out that, if intercropped, the ramification distribution along the taproot was different than in pure stands, which reduced the competition, as well as that the transfer of nitrogen from legumes to brassicas was significant (Cortés-Mora et al., 2010). Also, the presence of the legumes is demonstrated to be able to help reducing nitrogen fertiliser input (Jamont et al., 2013). A vast and complex field trial in Saskatchewan, Canada, brought forth the thorough claims that intercropping canola with pea improved seed yield, nitrogen uptake and net returns, recommending it as one of the most promising intercrop designs for organic farming systems (Malhi, 2012).

In Southeast Europe, legume–other crop intercropping, especially, legumes–cereals intercropping system has a long tradition for forage production for cattle feed, namely cows. A constant farmers’ demand for high yield and good quality forage that will provide high and good quality milk production, prompted research on various combinations of legume–non-legume intercropping patterns, including legume–brassica intercrops. Institute of Field and Vegetable Crops, Novi Sad, Serbia and the Department of Field and Vegetable Crops of the Faculty of Agriculture of the University in Novi Sad, Serbia established a concerted set of field trials, designed jointly by the teams of both institutions and carried out at the Experiment Field at Rimski Šančevi in the vicinity of Novi Sad, on a carbonated chernozem soil and in various consecutive seasons during the past 10 years. The examined species included the following annual legumes and brassicas: common vetch (autumn- and spring-sown), grass pea (Lathyrus sativus L.), hairy vetch (Vicia villosa Roth), Hungarian vetch (Vicia pannonica Crantz), Narbonne vetch (Vicia narbonensis L.), pea (autumn- and spring-sown), brown mustard [Brassica juncea (L.) Czern.], field mustard [B. rapa ssp. oleifera (DC.) Metzg.], fodder kale (B. oleracea L. var. viridis L.), rapeseed (autumn- and spring-sown) and white mustard (Sinapis alba L.). These species are commonly used for forage and green manure in the Southeast Europe and were chosen for testing various intercrop combinations.

Our research was founded upon a scheme specifically developed for intercropping autumn- and spring-sown annual legumes and brassicas for both forage production and green manure, in other words, immature aboveground biomass cultivation, that is in bloom and not in full grain maturity (Marjanović-Jeromela et al., 2015c). The scheme is a result of long-term observations of pure stands of various annual legumes and brassicas and consists of three segments (Figure 1).


[image: image]

FIGURE 1. A scheme of intercropping legumes with brassicas for forage production and green manure: Top row—often sown in wide rows, Brassicas suffer from heavy weed infestations; Middle row—forage legumes easily fight the weeds, but are quite prone to lodging, with an outcome in partial or complete withering and loss of lower leaves; Bottom row—intercropping legumes and brassicas is beneficial for both, providing legumes with mechanical support and assisting brassicas to bring forth its full potential.



1. A prominently profuse growth of aboveground biomass in forage annual legume cultivars, essential for obtaining high yields of both forage dry matter and aboveground biomass nitrogen, is simultaneously and rather often their main disadvantage: with an insufficient mutual support with tendrils, they are prone to lodging before reaching the stage of full bloom, already lose a significant number of primarily developed leaves and suffer from extreme shade and ideal conditions for disease development in the lower half of the stand (Figure 1, top row).

2. On the other hand, brassicas are usually sown at a wider row spacing in order to provide an appropriate space for free and plentiful leaf growth development: however, this is often an opportunity for heavy weed infestations almost immediately after the brassica crop emergence, ending with high proportions of undesirable plants in total aboveground biomass yield and poorer brassica forage quality (Figure 1, middle row).

3. If intercropped with each other, forage annual legumes and brassicas have multiple benefits: brassica serves as an additional and essential support for annual legume, resulting in an improved standing ability, preserved photosynthesis-active leaves and enhanced dry matter production and higher forage protein yield, while legume serves as a powerful weed competitor on behalf of brassica and assists it in accumulating nitrogen in its aboveground biomass (Figure 1, bottom row).

This scheme may be compared to those developed for intercropping various annual legumes with each other or pea cultivars with different leaf types, where those, such as white lupin (Lupinus albus L.) or faba bean and semi-leafless pea act as supporting crops for forage field pea or vetches (Vicia spp.) and normal-leafed pea, respectively (Mikić et al., 2015b).

All the genotypes of both annual legumes and brassicas for intercropping were selected according to the same sowing season, namely autumn and spring, and the concurrent time of cutting, that is, full flower in annual legumes and budding in brassicas, as the optimum moment for both forage production and green manure cultivation. The terms we use, forage dry matter and aboveground biomass (immature, that is, in bloom and not in full grain maturity) are in fact synonyms: the former denotes that it is cut, collected and used for ruminant feeding, while the latter designs its use as incorporated green manure with potential for increasing soil nitrogen content. These rules are also used in adequately choosing the genotypes for establishing mutual legume mixtures (Ćupina et al., 2011b). In all the examined legume–brassica intercrops, the sowing rates of both components were reduced by half in comparison to their pure stands, as is also present in the designs of brassica–cereal and other crop mixtures (Marjanović-Jeromela et al., 2015b; Mihailović et al., 2015b). A careful choice and adjustment of sowing machine enabled joint sowing of legumes and brassicas, thus avoiding double sowing. Comparing to some other systems, such as relayed intercropping, which require inter-row sowing and temporally separated sowing and harvest, these concurrent mechanised operations are less labour demanding and the economic benefits they could bring may stimulate agriculture machinery manufacturers to develop the machinery adapted for intercropping. Such practice, in case that legume–brassica intercrop schemes are considered for wide production, may serve as another strong encouragement for the farmers to embrace it.

The sole crops of both autumn- and spring-sown annual legumes and brassicas in our set of trials confirmed their high potential for forage production and green manure in temperate regions (Ćupina et al., 2011a; Mihailović et al., 2015a). Legumes had the average values of both forage dry matter yield and aboveground biomass nitrogen in comparison to those of brassicas (Table 1; Ćupina et al., 2010; Krstić et al., 2011; Antanasović et al., 2012). In the case of forage dry matter, they ranged from 5.9 t ha-1 in Narbonne vetch to 9.6 t ha-1 in hairy vetch, and between 3.7 t ha-1 in brown mustard and 7.5 t ha-1 in fodder kale. Regarding aboveground biomass nitrogen yield, it varied between 171 kg ha-1 in Narbonne vetch and 327 kg ha-1 in grass pea and from 103 kg ha-1 in brown mustard to 199 kg ha-1 in fodder kale (Ćupina et al., 2013; Mikić et al., 2013). The difference between the trends in forage dry matter yield and aboveground biomass nitrogen yield exist due to the difference in the proportion of crude protein or, in other words, nitrogen in individual species (Ćupina et al., 2014) and is equivalent to those observed in the similar trials with the autumn- and spring-sown intercrops of brassicas and cereals (Mihailović et al., 2014).

TABLE 1. Average values of forage dry matter yield (t ha-1), aboveground nitrogen yield (kg ha-1), and their land equivalent ratios (LERFDMY and LERAGBY) in a set of trials at Rimski Šančevi from 2005 to 2014 (Ćupina et al., 2013; Mikić et al., 2013, 2015a; Marjanović-Jeromela et al., 2015a).

[image: image]

The analysis of the average values of forage dry matter yield in the carried out number of field trials show that the autumn-sown intercrops of annual legumes and brassicas were superior to the spring-sown ones, with a variation from 7.4 t ha-1 in the intercrop of Hungarian vetch with rapeseed to 10.5 t ha-1 in the intercrop of pea with field mustard and from 6.3 t ha-1 in the intercrop of Narbonne vetch and white mustard to 8.6 t ha-1 in the intercrops of both grass pea with rapeseed and pea with rapeseed, respectively (Table 1). The intercrops of hairy vetch were most productive in the autumn-sown group, with all three mixtures having forage dry matter yield higher than 9 t ha-1 (Ćupina et al., 2013), while, among the spring-sown intercrops, those of grass pea and pea were productive than the other two, both having forage dry matter yield not lower than 8.0 t ha-1 (Mikić et al., 2013).

The results related to the average values of aboveground biomass nitrogen yield were generally characterised by a similar trend to that of forage dry matter yield, but more in the autumn-sown group than the spring-sown one: within the former, it was the intercrops of hairy vetch that also had the highest green manure potential, with more than 379 kg ha-1 in all three cases, but, within the latter, it was grass pea that was the most productive, with also more than 300 kg ha-1 (Table 1). This could be, at least partially, explained by a rather great proportion of grass pea in the total aboveground biomass and thus contributing more to the average aboveground biomass nitrogen yield, with the data on these parameters too broad to be shown in this review. The range of average aboveground biomass nitrogen yield among the autumn-sown intercrops was from 162 kg ha-1 in the intercrop of Hungarian vetch with rapeseed to 379 kg ha-1 in the intercrop of hairy vetch with field mustard (Marjanović-Jeromela et al., 2015a), while among the spring-sown intercrops it was from 178 kg ha-1 in the intercrop of Narbonne vetch with rapeseed to 404 kg ha-1 in the intercrop of grass pea with brown mustard (Mikić et al., 2015a).

The land equivalent ratio (LER) is a widely used relative indicator of economic reliability of an intercrop, unlike yield as an absolute one. It is calculated on the basis of the yield of each component in an intercrop and in its pure stand; if surpassing 1.00, an intercrop is considered economically reliable (Mikić et al., 2015b). An overview of the accumulated results related to the LER values of both forage dry matter yield (LERFDMY) and aboveground biomass nitrogen yield (LERAGBY) shows that all the intercrops had higher LERFDMY than 1.00, as well as that a very few intercrops had LERAGBY values lower than 1.00 (Table 1). The intercrops of Hungarian vetch with field mustard, Narbonne vetch with brown mustard and pea with white mustard had the highest average values of LERFDMY (Ćupina et al., 2013), 1.25 in all three, while the intercrop of Narbonne vetch with brown mustard had the highest average value of LERAGBY, 1.28. Among the autumn-sown intercrops, the highest values of LERFDMY and LERAGBY were in those of Hungarian vetch and hairy vetch, respectively (Mikić et al., 2015a), while among the spring-sown intercrops, the highest values of LERFDMY and LERAGBY were in those of Narbonne vetch (Mikić et al., 2013) and pea (Marjanović-Jeromela et al., 2015a).

Legume + Brassica Perspectives

The authors are fully aware of a multitude of issues stemming out from the achieved, accumulated and presented results and all the arguments possibly raised by a reader. However, all of us being practical agronomists and breeders, we aimed first at firmly demonstrating that our schemes for intercropping annual legume and brassicas answer the most important demand by the farmers: that the forage yield is higher than in pure stands. Having a positive answer, along with the good results in relation to the economic reliability, we feel encouraged to proceed with a detailed examination of various extended research, such as assessing the intercrop chemical composition, examining the relationship towards various forms of abiotic and biotic stress and, especially, studying the complex underground aspects of nutrition and allelopathy. We remain convinced that this pioneering review may stimulate similar analyses in other environments, as well as that intercropping annual legume and brassicas may secure its place in diverse farming systems and on a larger scale based on its many advantages, not least the use of local legumes and Brassica species, thus strengthening local economies as well as promoting conservation, since no fertilisers are required.
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Most red lentil produced worldwide is consumed in dehulled form, and post-harvest milling and splitting qualities are major concerns in the secondary processing industry. Lentil producers in northern temperate regions usually apply pre-harvest desiccants as harvest aids to accelerate the lentil crop drying process and facilitate harvesting operations. This paper reports on field studies conducted at Scott and Saskatoon, Saskatchewan, Canada in the 2012 and 2013 cropping seasons to evaluate whether herbicides applied as harvest aids alone or tank mixed with glyphosate affect seed germination, seedling vigor, milling, and splitting qualities. The site-year by desiccant treatment interaction for seed germination, vigor, and milling recovery yields was significant. Glyphosate applied alone or as tank mix with other herbicides (except diquat) reduced seed germination and seedling vigor at Saskatoon and Scott in 2012 only. Pyraflufen-ethyl (20 g ai ha−1) applied with glyphosate as well as saflufenacil (36 g ai ha−1) decreased dehulling efficiency, while saflufenacil and/or glufosinate with glyphosate reduced milling recovery and football recovery, although these effects were inconsistent. Application of diquat alone or in combination with glyphosate exhibited more consistent dehulling efficiency gains and increases in milling recovery yield. Significant but negative associations were observed between glyphosate residue in seeds and seed germination (r = −0.84, p < 0.001), seed vigor (r = −0.62, p < 0.001), dehulling efficiency (r = −0.55, p < 0.001), and milling recovery (r = −0.62, p < 0.001). These results indicate application of diquat alone or in combination with glyphosate may be a preferred option for lentil growers to improve milling recovery yield.

Keywords: dehulling efficiency, football recovery, milling recovery, pre-harvest aid, desiccant, lentil

INTRODUCTION

Lentil (Lens culinaris Medik.) is a valuable grain legume crop that is a good source of dietary protein, fiber, complex carbohydrates, and minerals (Jood et al., 1998; Xu and Chang, 2009; DellaValle et al., 2013). The Western Canadian Prairies is the world's major lentil producing and exporting region, with a current production area of 2.3 million ha (Statistics Canada, 2016). The main destinations for red lentil are India, Turkey, the United Arab Emirates, and the European Union (Statistics Canada, 2016). About 90% of red lentils are consumed in dehulled form after removal of the seed coat through an abrasive dehulling process that improves the taste of cooked lentil by removing anti-nutritional factors, such as polyphenols and tannins, which are mostly retained in the seed coat fraction (Singh and Singh, 1992; Wang, 2008; DellaValle et al., 2013). Efficient loosening of the seed coat during dehulling process of red lentil is vital for the milling industry. The market value of red lentil largely depends on milling quality, which in turn depends on genetics but also on agronomic practices, such as the application of pre-harvest desiccants and growing environment (Ramakrishnaiah and Kurien, 1983; Wang, 2008).

Lentils harvested under low humidity and high temperature conditions in Australia, Mediterranean and sub-tropical savannah climates are more efficiently dehulled than those harvested in a temperate climate (Brand, 2008). Northern temperate prairie environments experience much different climatic conditions compared to global competitors who tend to harvest during hot dry conditions. Indeed, red lentils produced in northern temperate prairie regions generally have a higher moisture content at harvest and different physical characteristics than those grown in Mediterranean and sub-tropical savannahs. The climate, genetic base, and agronomic practices for red lentil grown in northern temperate climates are unique, and may result in poor milling recovery compared to lentil produced and milled in dry environments (Vandenberg, 2009).

In Western Canada, the environmental variation within fields and the indeterminate nature of crop growth means that lentil growers usually apply pre-harvest desiccants to optimize harvest conditions on the variable landscape. Lentils are considered sufficiently mature for desiccation with harvesting aids when 80% of the pods in the lower third of the canopy have turned from green to yellow or brown (Saskatchewan Pulse Growers, 2015). Desiccant chemistry and application timing are crucial as they may cause loss of yield and quality (Bennett and Shaw, 2000a; Wilson and Smith, 2002; Zhang et al., 2016). In Western Canada, the herbicides registered as harvest aids for lentil and other pulses include diquat, glyphosate, saflufenacil, glufosinate, and flumioxazin (Risula, 2014). These desiccants have different modes of action and chemistry and, therefore, may differentially affect post-harvest seed quality.

Diquat is a quick acting contact herbicide that is traditionally used as a harvest aid for lentil. It rapidly and quickly dries plant tissues within few days of application and has no or low translocation in plants (Cobb and Reade, 2010; Zhang et al., 2016). However, pre-harvest application of diquat affects milling recovery yield and other post-harvest seed qualities in lentil when it is applied too early (Bruce, 2008). Glyphosate, a popular herbicide product, is used in lentil production to control late emerging annual weeds and acts as a desiccant. It is also used as a desiccant in common bean production in Canada (McNaughton et al., 2015). Seeds are a major photosynthate sink during maturation (Cakmak et al., 2009); glyphosate is translocated mainly through phloem and distributed throughout the plant, and seed germination and vigor may be reduced if seeds accumulate too much glyphosate residue (Clay and Griffin, 2000; Zhang et al., 2016). Glufosinate and saflufenacil are newly registered as desiccants for lentil crops (Risula, 2014). Saflufenacil is a weak acid herbicide used for broadleaf weed control in soybean, corn, and other crops. It moves both acropetally and basipetally in plants and affects symptoms similar to other contact herbicides (Soltani et al., 2010). Glufosinate can translocate within plants, but has rapid phytotoxicity that limits its mobility (Grossmann et al., 2010; Soltani et al., 2013). Pyraflufen-ethyl and flumioxazin are also potential harvest aids for lentil crops in Western Canada (Risula, 2014; Zhang et al., 2016) and are commonly used as desiccants in cotton (Griffin et al., 2010) and common bean (Soltani et al., 2013). Overall, minimal research has been conducted to assess the impact of the complete spectrum of harvest aids (e.g., diquat, pyraflufen, glufosinate ammonium, flumioxazin, and saflufenacil) alone or in combination with glyphosate with respect to their effects on seed biology and post-harvest processing of lentil. This study was conducted to evaluate the effect of contact herbicides applied alone or as tank mixtures with glyphosate as harvest aids on milling recovery yield, seed germination, seedling vigor, and other seed quality attributes of red lentil.

MATERIALS AND METHODS

Field Experiments

Harvested seed samples of red lentil (cv. CDC Maxim) were obtained from field experiments conducted by Zhang et al. (2016) in two Saskatchewan locations in 2012 and 2013. These locations (Saskatoon, 52°36′ N, 108°84′ W, altitude 659.6 m; Scott, 52°09′ N, 106°33′ W, altitude 505 m) are located in the Dark Brown zone of Chernozemic soils (clay to sandy loam at Saskatoon and silt loam at Scott). The soil organic matter content and pH ranged from 2.4 to 4.5% and 7.5 to 7.9 at Saskatoon and 2.4 to 2.6% and 5.3 to 6.8 at Scott, respectively.

The experimental treatments (Table 1) were arranged in a randomized complete block design (RCBD) with four replicates. Each block consisted of 21 desiccants and an unsprayed control. The desiccants used in this study were pyraflufen-ethyl (10 and 20 g ai ha−1), glufosinate (300 and 600 g ai ha−1), flumioxazin (105 and 210 g ai ha−1), saflufenacil (36 and 50 g ai ha−1) and diquat (208 and 415 g ai ha−1), with each desiccant applied alone or in combination with glyphosate (900 g ae ha−1). The list of treatments is presented in Table 1. All desiccant treatments were applied with the recommended adjuvant, either Merge® (50% surfactant; 50% petroleum hydrocarbons solvent) or Agral 90®; (90% nonylphenoxy polyethoxy ethanol) with an air pressurized tractor mounted sprayer equipped with shielding (110–015 AirMix nozzles, 275 kpa, 45 cm spacing at Saskatoon and with a CO2 pressurized bicycle sprayer (110–003 AirMix nozzles, 276 kpa, 25 cm) at Scott. Both sprayers were calibrated to deliver 200 L ha−1 of spray solution. Prior to crop harvest aid applications, the seed moisture content was determined by picking and bulking a few seeds from two border plots to create a composite sample, which was then dried at 90°C for 24 h. Treatments were applied to the lentil crop at approximately 30% seed moisture content at the recommended stage (when lower seeds rattled and pods started turning brown, and middle pods were yellow to brown). The crops were harvested 21 days after desiccant application.


Table 1. Desiccant (pre-harvest aids) treatments and their rate of application.
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The red cotyledon lentil cultivar CDC Maxim (40–45 mg seed weight) was chosen for the study because it is the most widely grown cultivar in Canada. It is tolerant to imidazolinone herbicides. Details of field management are documented by Zhang et al. (2016). Prior to seeding, lentil seeds were inoculated with liquid Nodulator@ inoculant (Rhizobium leguminosarum biovar viceae at a rate of 2.76 mL kg−1 in 2012, and with Tag Team@ Granular (Rhizobium leguminosarum and penicillium bilaii) at a rate of 2.8 kg ha−1 in 2013. Seeds were treated with Apron Maxx RTA (0.73% fludioxonil; 1.10% metalaxyl-M and S-isomer) at a rate of 325 ml per 100 kg of seed before sowing in each site. After treatment, seeds were sown at 3 cm depth with seeding density of 130 seeds m−2 using a small plot drill equipped with hoe openers spaced at 22 cm between rows. Individual plots were 2.25 m wide and 6 m long at Saskatoon and 2 m wide and 5 m long at Scott, and consisted of six rows at both sites. Sowing was performed in mid-May in each year at each location. A tank mixture of imazamox and imazethapyr (30 g a.i ha−1) was sprayed between 5 and 6th lentil node stage at Saskatoon and quizalofop-p-ethyl (420 g a.i. ha−1) was sprayed at 4th node stage of lentil for post emergence weed control. Hand weeding was carried out to maintain plots weed free. The fungicides prothioconazole (166 g a.i. ha−1) and boscalid (294 g a.i. ha−1) were applied at Saskatoon and Scott, respectively, to control foliar diseases.

Post-harvest Seed Measurements

Randomly selected 250-seed samples from individual plots were collected, counted using an electronic seed counter (ESC-1 Agriculex Inc., Guelph, ON, Canada), and weighed to determine 1000-seed weight. Seed diameter and thickness were measured using round-hole and slotted-hole sieves (Hossain et al., 2010; Fedoruk et al., 2013). Seed diameter was measured by passing seed samples of approximately 100 g through a set of 10 round-hole sieves ranging from 5.8 mm (15/64″) down to 3.6 mm (9/64″) in 0.25 mm (1/64″) increments. Seed thickness was measured by passing the same sample through a set of six slotted-hole sieves from 3.1 mm (8/64″) down to 2.0 mm (5/64″) in 0.2 mm (0.5/64″) increments. All samples were shaken for 1 min on a flatbed shaker (Lab Line Instruments, Melrose Park, Illinois, USA). The seed fractions remaining in each round and slotted-hole sieve were weighed. Seed diameter and thickness for each sample were calculated using the following formulas:
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Dehulling Procedure and Separation of Dehulled Fractions

Prior to dehulling, initial moisture content of the seeds was determined using an oven dry method (AACC, 2000). For each whole seed sample, 16 g was dried at 130°C for 20 h, and the weight difference of each sample expressed as moisture percentage.

Lentil seed samples (30 g) that remained in the round (4.47–5.16 mm) and slotted (2.38–2.58 mm) sieves were tempered to 12.5% moisture (Wang, 2005) and then dehulled using a grain testing mill (TM05, Satake Engineering Co., Hiroshima, Japan) fitted with a 36-mesh abrasive wheel rotating at 1100 rpm for 38 s, as described by Wang (2005). After dehulling, milled samples were collected in a paper envelope and then the entire milled sample was weighed and separated into different fractions. For separation, the first sample was screened on Canada standard No. 14 (1.40 mm) and No. 35 mesh (850 μm) sieves. The powder was collected and weighed. The leftover fraction in the No. 14 sieve was passed through an aspiration unit to separate the hull portions. The sample seeds remaining in the aspiration column were further sieved to separate fractions. The remaining lentil seeds without powder and hulls were passed through a No. 6 (6/64″) slotted sieve and No. 9 (9/64″) round sieve. Whole lentils remaining over the slotted sieve were considered football, lentils remaining in the round sieve were considered split, and material in the pan was considered broken seed. Any whole and split lentils with adhering hulls were separated manually into their respective adhering hulled or dehulled classes. All fractions were weighed and then expressed as a proportion of the total original milled sample weight. Dehulling efficiency was defined as the percent of un-dehulled whole and split (%) seed relative to total initial sample weight (Wang, 2005; Bruce, 2008); and milling recovery indicated as the percent of dehulled splits and football fractions to total initial sample weight. Football recovery, milling recovery, and dehulling efficiency were calculated according to the following:
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Germination and Vigor Tests

Seed germination tests were performed at Discovery Seed Labs Ltd. (Saskatoon, SK) using the rolled paper towel method and procedures recommended for lentil seed by the Canadian Food Inspection Agency (CFIA, 2012). Two hundred seeds from each plot in each replication were evenly spaced on two sheets of germination paper and then covered with a moistened paper. Four replication were used. The sheets of paper were rolled and placed in an upright position. The rolled paper sheets were moistened daily by adding water. The temperature was maintained at 20°C. After 7 d, the number of normal seedling and abnormal seedlings, such as number of un—germinate fresh, dormant, hard and dead seed were counted. Then percentage of normal seedling were used to expresses germination percentage.

Seedling vigor was also determined by the standard method developed by Canadian Food Inspection Agency at Discovery Seed Labs Ltd., using 200-seed samples at 5°C for 7 d. The number of normal and vigorous seedlings were counted 7 d after emergence and expressed as a percentage.

Glyphosate Residue Content

The glyphosate residue data, reported by Zhang et al. (2016) using high performance liquid chromatography (HPLC) column switching and post-column derivation with fluorescence detection to determine glyphosate (at ALS Laboratories, Edmonton, AB, Canada), were used for correlation analysis among selected traits. Glyphosate residue content was analyzed using both treated and un-treated seeds. Each 250 g seed sample was collected at 7 DAA from border rows, cleaned, placed into plastic bags and kept in a freezer at −20°C until all samples were collected. Samples were sent to ALS laboratory in Edmonton, AB, Canada. Using a standardized process provided by ALS Laboratories, high performance liquid chromatography (HPLC) using column switching and post-column derivatization with fluorescence detection was employed to determine glyphosate and AMPA residue. Briefly, a mixture of 150 ml of 0.1 M hydrochloric acid and 50 ml of dichloromethane was added to ground samples. The solution was homogenized for 1 min with a polytron, and centrifuged at 5000 RPM for 10 min. The aqueous layer of this solution (100 ml) was decanted to a flask and diluted with deionized water to 350 ml, and eluted through a Chelex 100 resin column at 2 drops per second. The wall of this column was then washed with 50 ml of deionized water and 100 ml of 0.2 M hydrochloric acid. All the eluent was discarded. Following this, 7 ml of 6 M hydrochloric acid was added to the column, and the eluent was discarded. 25 ml of 6 M hydrochloric acid was added again to the column, and with the eluent collected, mixed with 11 ml of concentrated hydrochloricacid and applied to a AG1-X8 resin column to remove excess iron. After the eluent entered the AG1-X8 resin column, the column was rinsed with 10 ml of 6 M hydrochloric acid, and the eluent was concentrated on a rotary evaporator. The extract of glyphosate and AMPA was then determined with an HPLC equipped with a fluorescence detector. Differential retention time was used to distinguish between glyphosate and AMPA, with a limit of detection of 0.020 ppm for both compounds.

Data Analyses

Normality and homogeneity tests were performed using residual data through the PROC UNIVARIATE procedure and Levene's test, respectively, prior to using a mixed model in SAS 9.3 (SAS Institute, Inc., Cary, NC, USA; SAS, 2015). Data were pooled and analyzed using the PROC MIXED procedure in a Randomized complete block design. The pre-harvest aid (desiccant) treatment was considered a fixed factor, whereas environment (year × location site year), environment × treatment interaction, and blocks were considered random factors. In the mixed model analysis, the significance of the fixed effect was tested using F-tests, whereas random effects were tested using a Z-test of the variance estimate. The REPEATED/GROUP statement was used to model heterogeneous variance for germination data from 2012 samples because these data did not meet the assumption to use ANOVA even after transformation. The covariance parameter estimation (COVTEST option of PROC MIXED) was used to determine whether or not data might be combined across site-years for analysis. The data were analyzed for each year and location separately for those variables that had significant interactions of site-year with desiccants. Fisher's least significant difference (LSD) was performed for mean separation with a 5% significance level. Additionally, all letter groupings for significance differences were established using PDMIX 800 in SAS (Saxton, 1998). Simple linear contrast estimate was used to compare differences in mean of groups. PROC CORR command in SAS 9.3 was used to analyze correlation among selected traits.

RESULTS

Seed Physical Characteristics: Diameter, Thickness, and Plumpness

Desiccation treatments had a marginal effect on 1000-seed weight and seed moisture content prior to conditioning; therefore, data for these parameters are not presented. And weather information related mean monthly temperature and precipitation during the growing season at each location in 2012 and 2013 are presented in Table 2. Irrespective of year or location, glyphosate applied alone or as a tank mix with other herbicides had no significant effect on seed diameter, thickness, or seed plumpness (Table 3). Effects on seed physical dimensions were consistent across all site-years, as no significant interactions were observed between desiccant and site-year (Table 3). However, contrast analysis showed that the addition of contact herbicides to glyphosate increased seed diameter compared to glyphosate applied alone (Table 4). Conversely, application of higher rates of contact herbicides significantly decreased seed diameter by 2%. In contrast, neither addition of contact herbicide with glyphosate nor glyphosate applied alone affected seed thickness or plumpness (Table 4). These results suggest that none of the contact herbicides considered, applied alone or in tank mixes with glyphosate, had any adverse effect on seed physical qualities.


Table 2. Mean monthly temperature and total monthly precipitation during the growing season at Saskatoon and Scott, Saskatchewan, Canada, in 2012 and 2013.
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Table 3. P-values derived from combined analysis of variance using a mixed model for seed diameter, seed plumpness, seed thickness, seed germination, seed vigor, dehulling efficiency (DE), milling recovery (MR), and football recovery (FR) influenced by desiccation treatment at Saskatoon and Scott, Saskatchewan (SK) in 2012 and 2013.
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Table 4. Mean seed thickness, seed diameter, and seed plumpness of lentil treated by desiccant treatments at Saskatoon and Scott, SK in 2012 and 2013.
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Table 5. F-values from analysis of variance (ANOVA) for seed germination, seed vigor, dehulling efficiency, milling recovery, and football recovery evaluated at Saskatoon and Scott, SK in 2012 and 2013.
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Seed Biological Characteristics: Germination and Seedling Vigor

The impact of desiccant treatment on seed germination and seedling vigor varied with growing environment (Table 3) so these data were analyzed separately by site year. At Saskatoon in 2012, diquat, pyraflufen, and glufosinate (300 g a.i. ha−1), and flumioxazin did not affect lentil seed germination compared to the untreated control; in contrast, plots sprayed with glyphosate (900 g a.i. ha−1) alone or with these desiccants as tank-mix with glyphosate except (diquat + glyphosate) resulted in a significant reduction of seed germination compared to the untreated control (Table 6). Furthermore, adding other contact herbicides to glyphosate significantly increased seed germination (10.9%) over glyphosate applied alone as did application of lower rates of contact herbicide alone. Similar results were observed at Scott in 2012, where seeds from plots sprayed with glyphosate alone and in combination with pyraflufen (10 or 20 g a.i. ha−1), glufosinate (300 g a.i. ha−1), flumioxazin (105 or 210 g a.i. ha−1), or saflufenacil (36 g a.i. ha−1) had significantly reduced germination compared to the untreated control (Table 6). Adding glyphosate to contact herbicides as a tank mix significantly improved seed germination (9.9%) compared to glyphosate applied alone. In 2013, no adverse effect on seed germination was attributable to glyphosate treatment at either site (Table 6).


Table 6. Means comparison of seed germination (%) of lentil influenced by desiccants at Saskatoon and Scott, SK in 2012 and 2013.
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Similar to seed germination results, glyphosate sprayed alone or tank mix with other contact herbicides, except pyraflufen ethyl (20 g a.i. ha−1) and diquat (208 or 415 g a.i. ha−1) plus glyphosate significantly reduced seedling vigor compared to the untreated control at Saskatoon in 2012 (Table 7). On average, the addition of glyphosate to other desiccants as a tank mixture partner significantly reduced seedling vigor compared to their sole application (Table 7). Likewise, the glyphosate, glufosinate (600 g a.i. ha−1), saflufenacil (36 or 50 g a.i. ha−1), pyraflufen (100 g a.i. ha−1 or20 g a.i. ha−1) + glyphosate, glufosinate (300 g a.i. ha−1) + glyphosate (900 g a.e. ha−1), flumioxazin (105 or 210 g a.i. ha−1)1+ glyphosate, and saflufenacil (36 or 50 g a.i. ha−1) + glyphosate treatments resulted in a significant reduction of seedling vigor compared to the control at Scott in 2012. Overall, the addition of glyphosate to other desiccants as a tank mix significantly reduced seed vigor compared to desiccants applied alone. The high rates of sole application of tank mix herbicides also significantly reduced seedling vigor compared to the lower rate of these herbicides applied alone (Table 7).


Table 7. Means comparison of seed vigor (%) of lentil influenced by desiccants at Saskatoon and Scott, SK in 2012 and 2013.
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Conversely, none of the desiccant treatments had a significant effect on seedling vigor in 2013 (Table 7). The lack of adverse effects and differences of treatments may have resulted from reduction of glyphosate translocation to lentil seed during desiccation and lower seed moisture content at the time of treatment application. Seed moisture at the time of application was 32 and 35% at Saskatoon and Scott in 2013, respectively, compared to 35 and 40% in 2012.

Milling Characteristics: Dehulling Efficiency, Milling Recovery, and Football Recovery

Dehulling Efficiency (%)

The desiccant by site-year interaction was significant for dehulling efficiency, milling recovery, and football recovery (Table 3), and thus these data were analyzed within site-years (Table 5). At Saskatoon in 2012, only application of pyraflufen (20 g a.i. ha−1) with glyphosate (900 g a.e. ha−1) significantly reduced dehulling efficiency compared to the control. Application of diquat (415 g a.i. ha−1) increased dehulling efficiency by 5.6% over pyraflufen (20 g a.i. ha−1) with glyphosate (Table 8). The contrast results show application of glyphosate in tank mixtures significantly lowered dehulling efficiency compared to sole application of all contact herbicides.


Table 8. Means comparison of dehulling efficiency (%) of lentil treated with desiccants at Saskatoon and Scott, SK in 2012 and 2013.
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At Scott in 2012, most desiccant treatments exhibited better or comparable dehulling efficiencies (%) compared to the untreated control; the only exception was treatment with saflufenacil (36 g a.i. ha−1), which led to significantly reduced dehulling efficiency. Application of the high rate of diquat (415 g a.i. ha−1) increased dehulling efficiency by 4.3% over application of saflufenacil (36 g a.i. ha−1) alone. None of treatments applied at either rate had a significant impact on dehulling efficiency percentages at either Saskatoon or Scott in 2013 (Table 8).

Milling Recovery (%)

At Saskatoon in 2012, most desiccant treatments had no significant effect on milling recovery. The glufosinate (300 g a.i. ha−1) and Pyraflufen (20 g a.i. ha−1) glyphosate (900 g a.e. ha−1) treatment significantly reduced milling recovery compared to control. While diquat (415 g a.i. ha−1) increased milling recovery by 5.0% compared to the Pyraflufen (20 g a.i. ha−1) with glyphosate treatment (Table 9). On average, adding glyphosate to desiccants reduced milling recovery by 1.2% compared to sole application of glyphosate. The low application rate of other contact herbicides increased milling recovery (1.4%) compared to the corresponding high rates.


Table 9. Means comparison of milling recovery (%) of lentil treated with desiccants at Saskatoon and Scott, SK in 2012 and 2013.
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At Scott in 2012, only plots treated with saflufenacil (36 g a.i. ha−1) had significantly lower milling recovery yield compared to the diquat treated plots. Application of the high rate of diquat (415 g a.i. ha−1) increased milling recovery by 4.6% over the low rate of saflufenacil application. Contrast comparisons showed that neither sole application nor herbicide mixes with glyphosate significantly affected milling recovery. No differences in milling recovery were observed between high and low rates of herbicide application treatments (Table 9).

No desiccant treatments affected milling recovery (%) of lentil at Saskatoon or Scott in 2013 (Table 9). Milling recovery was also unaffected by either the addition of contact herbicides to glyphosate or application rate of these herbicides.

Football Recovery (%)

Football recovery yield was influenced by growing environment. At Saskatoon in 2012, most desiccant treatments had a marginal effect on football recovery (Table 10); the exception was significantly reduced recovery for the saflufenacil (50 g a.i. ha−1) + glyphosate (900 g a.e. ha−1) treatment compared to the control. Application of diquat (207 g a.i. ha−1) increased football recovery by 9.5% compared to saflufenacil (50 g a.i. ha−1) + glyphosate (900 g a.e. ha−1). On average, adding glyphosate to other desiccants did not reduce football recovery compared to their sole application at either application rate. At Saskatoon in 2013, application of flumioxazin (210 g a.i. ha−1), diquat (207 g a.i. ha−1), and saflufenacil (36 g a.i. ha−1) with glyphosate significantly improved football recovery compared to the untreated control. At Scott in 2012, none of desiccants applied alone or as a tank mixture with glyphosate significantly reduced football recovery compared to the control. At Scott in 2013, only application of glufosinate (300 g a.i. ha−1) with glyphosate and saflufenacil (50 g a.i. ha−1) with glyphosate significantly decreased the football recovery compared to the untreated control. Overall, glyphosate tank mixes with other contact herbicides or these herbicides applied in higher doses had no significant impact on football recovery in any site year (Table 10).


Table 10. Means comparison of football recovery (%) of lentil influenced by application of desiccants at Saskatoon and Scott, SK in 2012 and 2013.

[image: image]



Correlation among Lentil Seed Morphology Traits, Glyphosate Residue, and Milling Characteristics

Pearson correlation coefficients (r) were calculated for glyphosate residue content in seeds with other parameters measured in this study. Data were averaged for three replications and combined over both site-years (Saskatoon and Scott) in 2012 and 2013 for correlation analysis. Positive and high correlation was observed between seed thickness and seed plumpness (r = 0.97, p < 0.001), seed diameter (r = 0.62, p < 0.001), and glyphosate residue content (r = 0.51, p < 0.001). Seed thickness was negatively correlated with seed germination, (r = −0.46, p < 0.001), seedling vigor (r = −0.26, p < 0.01), dehulling efficiency (r = −0.33, p < 0.01), and milling recovery (r = −0.63, p < 0.001; Table 11). Seed diameter was positively and significantly correlated with seed plumpness (r = 0.51, p < 0.001) and glyphosate residue content (r = 0.53, p < 0.001) and negatively correlated with other biological traits (Table 11). Likewise, seed plumpness was only positively correlated with glyphosate residue content (r = 0.48, p < 0.001). Seed germination (r = −0.84, p < 0.001) and seedling vigor (r = −0.62, p < 0.001) were negatively and significantly correlated with glyphosate residues. Percent seed germination was positively correlated with seed vigor (r = 0.75, p < 0.001), dehulling efficiency (r = 0.68, p < 0.001), and milling recovery (r = −0.62, p < 0.001).


Table 11. Correlation coefficients among lentil seed morphology traits, glyphosate residue, and milling characteristics of lentil.
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For milling characteristics, dehulling efficiency was significantly but negatively correlated with glyphosate residue (r = −0.55, p < 0.001) and football recovery (r = −0.64, p < 0.001). Milling recovery also strongly but negatively correlated with glyphosate residues (r = −0.62, p < 0.001). In contrast, football recovery was positively correlated with glyphosate resides (r = 0.30, p < 0.01; Table 11).

DISCUSSION

Uniform and early seed maturity is critical to produce high quality lentil on the Canadian Prairies. Extreme growing conditions combined with the heterogeneity of soil, precipitation patterns, and the indeterminate growth habit of lentil plants often result in uneven maturation of the crop. Crop desiccants are used as pre-harvest aids to rapidly dry vegetative and reproductive plant tissues, including seeds, without affecting seed yield and quality (Ratnayake and Shaw, 1992; Soltani et al., 2013). Most lentil growers in Western Canada use herbicidal desiccants to overcome challenges of heterogeneous maturity of the crop. However, some desiccants directly impact physiological aspects of different crop species, such as mean seed weight, seed germination, and dehulling efficiency (Darwent et al., 2000; Bruce, 2008).

The current study determined the impact of the use of contact herbicides as harvest aids as applied alone or in combination with glyphosate on selected physical, physiological, and processing characteristics of lentils. None of the desiccants applied alone or in tank mixes with glyphosate adversely affected seed physical qualities, including seed diameter, thickness, and plumpness. These results are similar to Ratnayake and Shaw (1992) who report that pre-harvest use of glufosinate, glyphosate, or paraquat had no significant adverse effect on seed yield or quality in soybean when applied at the full maturity stage. Similarly, Zhang et al. (2016) and McNaughton et al. (2015) observed no reduction in yield or thousand seed weight when desiccants were applied to lentil and dry bean, respectively. Wilson and Smith (2002) report that glufosinate, paraquat, and diquat applied as desiccants to common bean accelerated seed maturity and desiccation. Glyphosate applied as a desiccant reduced pod length and seed weight when used as a harvest aid in cowpea (Vigna unguiculata L.) (Cedeira et al., 1985). Many studies report reduced soybean yield and seed quality as a result of the application of desiccant prior to crop maturity (Azlin and Mcwhorter, 1981; Cerkauskas et al., 1982; Boudreaux and Griffin, 2011). On the other hand, Soltani et al. (2013) observed that the addition of diquat, glufosinate, carfentrazone, flumioxazin, or saflufenacil to glyphosate improved the drying of dry bean foliage and yield. The variability among results may be related to the timing of desiccant application. The application of desiccants before physiological maturity can inhibit photosynthesis or, because lentil is an indeterminate crop where bottom pods matured before upper canopy's pods, may damage immature seeds.

In 2012, the application of glyphosate alone or as a tank mix with other herbicides (except diquat + glyphosate) significantly reduced germination percentage in lentil seeds compared to the untreated control. These results are similar to those reported by Yenish and Young (2000), who found that pre-harvest glyphosate-treated wheat had a 2–46% lower seed germination than the control. Similarly, Hampton and Hebblethwaite (1982) found that pre-harvest application of glyphosate significantly lowered ryegrass (Lolium perenne L.) seed germination due to production of abnormal seedlings. They also reported that germination percentage of the glyphosate-treated seeds decreased with storage. Bennett and Shaw (2000a) report that sodium chlorate plus glyphosate or paraquat applied as a pre-harvest aid to sicklepod (Senna obtusifolia. L) 14 days before harvest significantly reduced shoot growth and seed germination.

The reduced seed germination of glyphosate-treated plants may be caused by translocation of glyphosate to the maturing seeds and embryo, the major sink during the maturation process. Glyphosate inhibits the shikimate acid pathway for synthesis of branched aromatic amino acids, such as phenylalanine, tyrosine, and tryptophan (Vivancos et al., 2011). Tryptophan is a direct precursor of indole-3-acetic acid (IAA), which affects coleoptile elongation and shoot and root initiation (Taiz and Zeiger, 1998). Clay and Griffin (2000) suggest that use of glyphosate as a desiccant during the plant maturation phase may affect the level of IAA, the main endogenous auxin, thereby causing inhibition of germination and growth. Unlike glyphosate, diquat applied alone or with glyphosate, pyraflufen, glufosinate (300 g a.i. ha−1), flumioxazin, and saflufenacil applied alone did not affect seed germination in the present study. Ratnayake and Shaw (1992) report similar results. Whigham and Stoller (1979) also observed paraquat applied as a harvest aid had no effect on germination percentage of soybean. All of these are contact herbicides with limited phloem mobility, and therefore low levels of these compounds would reach the seed.

Our study showed no adverse effect of glyphosate or any contact herbicides on seed germination of lentil at either site in 2013. This might be due to lower moisture content in seeds due to reduced rainfall at the time of application (Table 2). Low rainfall hastened the dry down process of lentil crops in 2013. Zhang et al. (2016) reported glyphosate residue in lentil seeds content <2 ppm from Saskatoon and Scott when they had 32 and 35% moisture content in 2013 compared with 35 and 40% in 2012, respectively. Lower moisture content in seed harvested in 2013 might have reduced translocation of glyphosate in seeds. The application of glyphosate as a desiccant in lentil (Zhang et al., 2017) and common bean (McNaughton et al., 2015) prior to 30% seed moisture content, increases its residue to an unacceptable level (>2 ppm) causing reduced seed yield and mean seed weight. Higher translocation of glyphosate into seeds may also reduce seed germination and vigor as developing seeds are major photosynthesis sinks (Zhang et al., 2016). The significant and negative correlation between glyphosate residue and seed germination results support this explanation. Different countries do have different import policies in terms of the amount of glyphosate residue they will accept for import of lentil (Pratt, 2011). The current MRLs for glyphosate in lentil are 2 ppm, 4 ppm and 10 ppm for Canada, Japan, and the European Union (EU), respectively (Zhang et al., 2017).

A significant reduction in lentil seedling vigor was observed at Saskatoon and Scott in 2012 when glyphosate was sprayed alone or as a tank mix with other herbicides but no such differences were observed in 2013. The 2012 results are comparable to those of Hampton and Hebblethwaite (1982), who show that seedling vigor of perennial rye grass (Lolium perenne L.) is reduced when glyphosate is applied as a pre-harvest aid. The pre-harvest application of glyphosate is also reported to cause poor seed germination and reduced seedling vigor when applied at >40% seed moisture content in field pea and soybean (Bennett and Shaw, 2000b; Baig et al., 2003). Our study showed seedling vigor was highly negatively correlated with glyphosate residue in lentil seeds. Adverse effects of pre-harvest glyphosate application on seedling growth and vigor might be related to the reduction and physiological inactivation of mineral nutrients, such as Ca and Mn, due to glyphosate in the seeds (Cakmak et al., 2009). Mineral nutrients can play an important role in seed viability and seedling vigor and establishment, particularly under adverse soil conditions (Welch, 1999).

The growing environment can have a significant effect on dehulling efficiency of lentil (Bruce, 2008). Results from the present study show the effects of desiccants on dehulling efficiency, milling recovery, and football recovery of lentils depend to a certain extent on growing environment and moisture content in seeds at the time of application. We observed that pyraflufen (20 g a.i. ha−1) with glyphosate (900 g a.e. ha−1) and saflufenacil (36 g a.i. ha−1) reduced dehulling efficiency at Saskatoon and Scott in 2012, respectively. This results were concurrent with the studies on the effect of desiccation with saflufenacil in lentil (Zhang et al., 2017) and common bean (McNaughton et al., 2015) who found that dramatically reduced mean seed weight and seed yield if application of saflufenacil was made prior to 30% seed moisture content. The saflufenacil residue in the seed was reported as 0.03 mg kg−1. Adding saflufenacil to glyphosate did not reduced glyphosate residue in lentil compared to glyphosate applied alone, yet they found that tank mixture significantly reduced seed residue content of saflufenacil and improved crop desiccation. Saflufenacil residues present in harvested lentils may be a concern for lentil growers when it is used as a harvest aid at pre-harvest stages of crop because major lentil importing countries have also set MRLs for saflufenacil (Bryant Christie Inc, 2015).

Reduction of dehulling efficiency due to saflufenacil applied alone or as a tank mix with pyraflufen-ethyl might have occurred because these herbicides belong to the uracil and phenyl pyrazole classes, respectively, which are protoporphyrinogen oxidase (PPO) inhibitors (Grossmann et al., 2010). PPO inhibitors bind sites of Protogen IX in the chloroplast, which causes peroxidation of foliar cell membrane lipids and subsequent rapid loss of membrane integrity and necrosis (Duke et al., 1991; Grossmann et al., 2010). Both saflufenacil and pyraflufen have limited mobility in phloem (Liebl et al., 2008). These herbicides translocate mainly through the xylem, and their slow mobility may result in accumulation in seeds, thereby interfering with the normal chemical composition and alignment of the bonding layer between the lentil seed coat and the cotyledon.

Pre-harvest application of the low rate of pyraflufen with glyphosate or sole application of saflufenacil (36 g a.i. ha−1) resulted in reduced milling recovery at Saskatoon and Scott, respectively, in 2012. Application of diquat with or without glyphosate seemed to improve milling recovery in 2012. In contrast, Bruce (2008) reports that, during dry harvest conditions, no significant differences in milling recovery were evident between swathing and desiccation pre-harvest treatments. In our study, differential effects of the pre-harvest treatments on football recovery percentage were observed in both years but only in Saskatoon. Similar to the dehulling efficiency, saflufenacil (50 g a.i. ha−1) combined with glyphosate resulted in the lowest football recovery at Saskatoon in 2012. Different responses of crop harvest aids among years (2012 vs. 2013) and sites might have been the result of wet field conditions during the harvesting period and differences in moisture content and glyphosate residue in seeds. Our study shows that milling parameters, particularly dehulling efficiency and milling recovery, are inversely related to glyphosate residue in seeds. Zhang et al. (2016) report that seed moisture content in seeds at the time of application can strongly impact glyphosate translocation to seeds. They note that, irrespective of desiccation treatments, high moisture content in seeds at the time of application results in accumulation of high (>2.0 ppm) of glyphosate residues compared to lower moisture in seeds while they desiccate lentil crops. In most cases (two exceptions), however, desiccant treatments had no significant impact on football recovery at Scott in either year. These results are comparable with those of Bruce (2008), who report no differences in football recovery between swathing and desiccation with diquat when treatments were applied at a later stage of plant maturity; however, early application of diquat decreased football recovery. He suggests that desiccation by diquat caused lentil seeds to separate at the cotyledons more easily compared to swathing followed by natural drying. Swathing allows biological processes related to cotyledon binding to continue for a given period, whereas desiccation may cease the processes rapidly and therefore make the seeds more brittle.

The inconsistency of some of the results in our study in relation to seed biological qualities and milling recovery over environment indicate that further research over many environments may be required to determine the consistency of treatment effects and their economic impact. Moisture content of seeds is a key cause of translocation of glyphosate residue to seeds, which can result in adverse effects on both seed biological and milling qualities. Therefore, glyphosate is recommended for use as a desiccant in lentil once the seed moisture is 30% or less (Saskatchewan Ministry of Agriculture, 2016). Future research could focus on the relationship between moisture content of seeds and their other milling and post-harvest qualities. Environmental variation and the nature of herbicide sensitivity of lentil crops may result in different impacts on seed quality; this has been demonstrated in differences of sensitivity among crops species to flumioxazin, saflufenacil, and pyraflufen (Ivany, 2005; Soltani et al., 2010) in dry bean.

CONCLUSIONS

Use of glyphosate alone or in tank mix with other contact herbicides as pre-harvest aids in lentil production adversely affected seed germination and seedling vigor particularly if glyphosate is translocated to the seeds. Consistent improvements in milling recovery and dehulling efficiency of lentil were only observed when diquat was used alone or in tank mix with glyphosate, suggesting that lentil growers should consider these desiccant treatments to optimize dry-down of lentil without harming seed quality if they wish to gain premium prices for red lentil based on milling efficiency.
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Vicilins (7S globulins) are seed storage proteins and constitute the main protein family in legume seeds, particularly in narrow-leafed lupin (Lupinus angustifolius L.; NLL), where seven vicilin genes, called β1- to β7-conglutin have been identified. Vicilins are involved in germination processes supplying amino acids for seedling growth and plant development, as well as in some cases roles in plant defense and protection against pathogens. The roles of NLL β-conglutins in plant defense are unknown. Here the potential role of five NLL β-conglutin family members in protection against necrotrophic fungal pathogens was investigated and it was demonstrated that recombinant purified 6xHis-tagged β1- and β6-conglutin proteins exhibited the strongest in vitro growth inhibitory activity against a range of necrotrophic fungal pathogens compared to β2, β3, and β4 conglutins. To examine activity in vivo, two representative necrotrophic pathogens, the fungus Sclerotinia sclerotiorum and oomycete Phytophthora nicotianae were used. Transient expression of β1- and β6-conglutin proteins in Nicotiana benthamiana leaves demonstrated in vivo growth suppression of both of these pathogens, resulting in low percentages of hyphal growth and elongation in comparison to control treated leaves. Cellular studies using β1- and β6-GFP fusion proteins showed these conglutins localized to the cell surface including plasmodesmata. Analysis of cellular death following S. sclerotiorum or P. nicotianae revealed both β1- and β6-conglutins suppressed pathogen induced cell death in planta and prevented pathogen induced suppression of the plant oxidative burst as determined by protein oxidation in infected compared to mock-inoculated leaves.

Keywords: 7S globulins, fungal pathogen, legume, oxidative stress, plant defense, seed storage protein, vicilins

INTRODUCTION

Plants are under constant exposure to potential microbial pathogens. One of the mechanisms they employ to defend themselves is via the production of bioactive antimicrobial proteins (AMPs). In addition to plants, other organisms may produce a diverse array of AMPs for defense purposes and these can confer a high level of antimicrobial activity against competing microorganisms such as bacteria, viruses, protozoa, filamentous fungi and yeasts (Niyonsaba et al., 2009; Tam et al., 2015). In plants AMPs can play a role in constitutive immunity or can be induced upon pathogen attack. Inducible responses can include the expression of pathogen-related (PR) proteins such as the enzymes (1-3)-β-glucanases (PR-2), chitinases (PR-3, -4, -8, and -11), peroxidases (PR-9) and oxalate oxidases (PR-16 and -17; Thatcher et al., 2005; Tam et al., 2015). In addition, it has been proposed that proteins involved in the delivery of storage and energy requirements to plant embryos during germination may also be involved in defense responses (Chrispeels and Raikhel, 1991; Marcus et al., 1999; Gábrišová et al., 2016). For example, members of the following storage protein families 2S albumins, Kunitz proteinase inhibitors, plant lectins and vicilins or vicilin-like proteins (including 7S globulins and β-conglutins; De Souza Candido et al., 2011).

Plant storage proteins can be classified into vegetative storage proteins and seed storage proteins, where the latter can represent a significant proportion of seed composition (Gomes et al., 2014). Storage proteins perform essential roles in plant survival. They provide a source of amino acids that can be mobilized and utilized for maintenance and growth during both seed embryonic developmental, and germination stages (Zienkiewicz et al., 2011; Tan-Wilson and Wilson, 2012; Jimenez-Lopez et al., 2016). These proteins accumulate in cellular storage vacuoles of seeds, nuts, and kernels; stem parenchyma of trees; grains and legumes; and some roots and tubers. The vicilins, also called conglutins in some legume species, constitute a class of proteins abundantly found as reserves in seeds of leguminous and non-leguminous plants, representing as much as 70 to 80% of total protein in the seeds of these plants (Duranti and Gius, 1997). Their structure consists of a trimeric organization, and unlike most plant storage proteins individual subunits with molecular masses typically around 15–70 kDa (Melo et al., 1994), NLL’s individual subunits are larger and range from 150 to 170 kDa in size (Argos et al., 1985).

Vicilins appear to play multifunctional roles, acting as an energy source and providing amino acids during the germination process, while in some cases, also being involved in defense responses against fungi and insects (Yunes et al., 1998). This includes for example, vicilins from the legumes Vigna unguiculata (cowpea), V. radiata (mung bean), Phaseolus vulgaris (common bean) and Canavalia ensiformis (jack bean; Gomes et al., 1997, 1998; Oliveira et al., 1999; Coda et al., 2008). The insecticidal activity of vicilins relates to their capacity to bind chitinous structures, thereby interfering with insect development, as shown for cowpea and the cowpea seed beetle (Callosobruchus maculatus; Sales et al., 2001). This chitin-binding activity can also inhibit yeast and fungal growth (Gomes et al., 1998). The potency of vicilin antifungal activity varies among plant species. For example, Gomes et al. (Gomes et al., 1998) extracted a vicilin from V. unguiculata showing inhibitory activity between 90 and 100% against the yeast S. cerevisiae, in addition to interfering with spore germination of the fungi Fusarium solani, F. oxysporum, Colletotrichum musae, Phytophthora capsici, Neurospora crassa and Ustilago maydis sporidia. Vicilin extracted from V. radiata seeds showed 65% inhibitory activity against Candida albicans (Gomes et al., 1998), whereas vicilin isolated from the non-legume Malva parviflora Malva (an annual or perennial herb) showed inhibitory activity against Phytophthora infestans (Wang et al., 2001).

Narrow-leafed lupin (Lupinus angustifolius L.; NLL) is a recently domesticated important pulse crop, and increasingly popular due to its wide range of agricultural and health benefits (Berger et al., 2013). The NLL grain constitutes an important source of protein for humans and animals with low starch content and free of gluten (reviewed in Foley et al., 2011). In NLL the seed storage proteins are collectively called conglutins and fall into four sub-families called α, β, γ, and δ-conglutins (Foley et al., 2011, 2015). In addition to dissection of lupin-based health benefits, the identification of lupin seed storage proteins playing roles in resistance against pathogens is of interest. Recently, antifungal activity from a multifunctional glyco-oligomer with 210 kDa, mainly composed by BLAD (banda de Lupinus albus doce), a 20 kDa polypeptide, a stable intermediary product of β-conglutin catabolism, was demonstrated and found to exclusively accumulate in the cotyledons of Lupinus species (Monteiro et al., 2015).

The recent development of a reference NLL genome assembly (Hane et al., 2016)1 and extensive RNA expression analysis from various tissues including seeds (Foley et al., 2015; Kamphuis et al., 2015) facilitated the identification of 16 conglutin genes, where the β-conglutin family was the most abundant, representing 56% of the total seed storage protein RNA expression levels (Foley et al., 2011). The NLL β-conglutin family comprises seven members, namely β1- to β7-conglutin (Foley et al., 2011). These β-conglutins share sequence identities ranging from 77.4 to 94.7%, reflected presumably in differential structure-functionality between some of them (Jin et al., 2014), and are highly expressed in the seeds compared to other NLL tissues (Foley et al., 2015).

Pathogenic fungi of lupins, as is the case for many other grain legume crops, cause substantial annual crop losses and are of major economic significance (Rubiales et al., 2015). For example, Sclerotinia stem rot, Rhizoctonia barepatch, Phytophthora root rot, and anthracnose stem and pod blights caused by Colletotrichum lupini causes several million dollars of losses in Australia, the largest producer of NLL globally (Sinden et al., 2004; Murray and Brennan, 2012). Considering the demonstrated antifungal activity of some seed storage proteins from several legume species, it was of interest to determine if seed storage proteins such as β-conglutins from NLL may also have roles in protection against fungal pathogens. Therefore the antifungal activity of NLL β-conglutins was examined using both in vitro and in planta assays for protection against fungal and oomycete pathogen growth known to induce necrotic host tissue damage. Furthermore, insight into the potential inhibitory mechanisms by which these proteins act against pathogens was obtained through an assessment of their subcellular localization and impact on plant oxidative processes.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Plant experiments were conducted with Nicotiana benthamiana accession “lab” (Bally et al., 2015) in temperature controlled growth rooms as described by Petrie et al. (2010). Plants were grown under a 16-h light/8-h dark cycle at 22°C.

Fungal Isolates

Details of fungal isolates are listed in Table 1 and were maintained as pure cultures with Rhizoctonia solani, Alternaria brassicicola, F. oxysporum, Phytophthora nicotianae and C. lupini isolates grown on 1/2 strength Potato Dextrose Agar (PDA), and S. sclerotiorum on 1/8 strength PDA. Spores, mycelia or sclerotia were inoculated on PDA plates, which were placed at room temperature in the dark until plates were fully covered by the pathogen. Mycelial plugs from these plates were used for subsequent experiments.

TABLE 1. Details of fungal isolates used to assess β-conglutin antifungal activity.
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Construction of Expression Plasmids

β1- and β6-conglutins were overexpressed using the pET28b construct (Novogen)2 that contains an N-terminal polyhistidine (6xHis) tag. pUC57 vectors carrying synthesized β1, β2, β3, β4, or β6 conglutin sequences based on Genbank HQ670409 (β1), HQ670410 (β2), HQ670411 (β3), HQ670412 (β4) and HQ670414 (β6) sequences but altered for optimum bacterial codon usage with NcoI/XhoI restriction enzyme linkers were synthesized and constructed by GenScript3 (Supplementary Figure S1). The bacterial expression vectors for β-conglutins were obtained via NcoI/XhoI digestion of respective pUC57-β-conglutin constructs followed by ligation of the β-conglutin fragments into the pET28b vector.

Overexpression and Purification of NLL β-Conglutin Proteins

All β-conglutin proteins were expressed in RosettaTM 2(DE3) pLysS SinglesTM Competent Cells (Novogen). Protein expression was performed using an auto-induction method (Studier, 2005). Briefly, a single clone containing the expression construct was isolated and grown for 20 h in LB plus kanamycin at 50 μg/mL at 37°C and continuous shaking (200 rpm). The culture was diluted 1:150 in ZYM-5052 medium and grown for a further 5 h until the cell density reached an OD600 of 0.7. The cells were then induced to overexpress the proteins by adjusting the temperature to 19°C for another 20 h. Cells were collected by centrifugation at 5000 × g at 4°C. The bacterial cell pellet was rinsed two times with phosphate buffered saline (PBS), pH 7.5, removing the supernatant, then flash frozen in liquid nitrogen and stored at -80°C until further use.

Purification of Recombinant β1- and β6-Conglutin Proteins

Protein purification from bacterial pellets was performed following the manufacturers’ recommendations for His-tagged proteins (Qiagen)4. Briefly, the steps consisted of lysing cells followed by nickel affinity chromatography using Ni-NTA spin columns, and histidine (6xHis) tags at the N-terminal part of the β-conglutin proteins. After elution of 6xHis-tagged proteins from the column with an increasing imidazole concentration gradient (10–300 mM), 2.5 mL fractions were collected. Fractions containing protein were analyzed using SDS-PAGE and fractions showing a single band corresponding to the expected molecular weight were pooled, and dialyzed five times against Tris-HCl 100 mM, pH 7.5, 150 mM NaCl to eliminate the imidazole reagent. The protein was concentrated using a 30 kDa Amicon centrifuge filter (Millipore)5. The aliquots were flash-frozen in liquid nitrogen and kept at -80°C until further use. Protein purities were >95% as determined by densitometry analysis of the SDS-PAGE gel image. An aliquot of each protein was used to measure their concentration using Bradford assays (BioRad, Hercules, CA, USA) using bovine serum albumin (BSA) as a standard. The β-conglutins purifications yields ranged between 10–15 mg/mL.

β-Conglutin Antibody Production

The peptide sequence Nt – VDEGEGNYELVGIR – Ct, was chosen as this region was 100% homologous among all NLL β-conglutins and did not share any significant homology to other known lupin sequences. This peptide was generated by Agrisera6 and was used to immunize rabbits and to produce polyclonal antiserum (Agrisera). The rabbit immune serum was affinity-purified against the same synthetic peptide.

SDS-PAGE and Immunoblotting

SDS-PAGE and Immunoblotting were performed as previously described (Foley et al., 2015).

In vitro Assays for Fungal Growth Inhibition

A disk diffusion method was performed on 90 mm petri dishes containing PDA to test the sensitivity of different fungi strains toward the β-conglutin proteins. Fungal isolates were initially grown on PDA plates as described previously at 21°C until mycelial growth had developed. A mycelial plug was then taken from the growing edge of the colony and placed in the center of a new full-strength PDA plate in which sterile blank paper disks (12.7 mm diameter) containing 800 μg of purified β-conglutin protein (dissolved in BSA buffer) or buffer only control were placed 30 mm away. For in vitro assay of C. lupini, 1 mg of purified β6-conglutin protein was used. The plates were incubated in the dark at 21°C and the zone of fungal inhibition around the disks recorded over 30 days. Assays were performed in triplicate.

Antifungal activity of β-conglutin proteins were expressed as the IC50 (μM) values for the fungi tested in Table 1. The mycelial growth inhibition assays were used to determine the concentration required for 50% growth inhibition (IC50), using a β-conglutin protein concentration range from 5 to 125 μM (5, 10, 15, 20, 25, 35, 50, 75, and 125 μM) for each β-conglutin. Results were expressed as mean ± standard deviation (SD). To determine the statistical significant differences of the β-conglutins antifungal activity on the growth of these fungal pathogens, the data was analyzed using statistical package SPSS 15.0 (SPSS, Inc., Chicago, IL, USA). Significant differences between the mean values of each cohort were determined using Tukey Kramer HSD test (p < 0.05). To characterize the antifungal activity of β-conglutins further, a subsequent experiment with the necrotrophic fungal pathogen of NLL causing anthracnose disease (C. lupini isolates WAC8672 and WAC10444) was conducted, where the antifungal activity of β6-conglutin was determined by placing a mycelial plug in the center of a PDA plate and radial outgrowth determined over 14 days. For each time point significant differences were determined using a student’s t-test using the JMP software v7.0 (SAS Institute).

Agroinfiltration of Nicotiana benthamiana Leaves

Four-week-old N. benthamiana plants grown at 22–24°C in culture rooms were used for Agrobacterium tumefaciens-mediated transient expression as described previously (Sparkes et al., 2006). The β1- and β6-conglutin coding sequence were cloned into the vector pMDC83 to generate C-terminal GFP fusion proteins and transformed into A. tumefaciens AGL1. Transformed A. tumefaciens AGL1 were cultured at 28°C until stationary phase (∼24 h), washed and resuspended in infiltration medium (50 mM MES, 0.5% (w/v) glucose, 100 μM acetosyringone (Sigma-Aldrich7 pH 5.6). The bacterial suspension was inoculated using a 1-mL syringe without a needle by gentle pressure through a <1 mm hole punched on the lower epidermal surface of the upper leaves of N. benthamiana plants. Following infiltration, plants were incubated under normal growth conditions at 22–24°C. This protocol was used for in vivo fungal growth inhibition assays, oxyblot assays, and subcellular localization studies.

Trypan Blue Staining for Fungal Hyphae and Dead Plant Cells

Forty hours after Agrobacterium infiltration of β1- or β6-conglutin protein constructs into N. benthamiana plants, agar plugs containing hyphae of S. sclerotiorum or P. nicotianae were placed on the infiltrated leaf areas (control and β1- or β6-conlgutin overexpression) and plants were incubated in a growth chamber at 18°C for 3 days under a 16 h long-day light regime. Leaves were assessed for visible necrotic disease progression, then detached and further visualized after lactophenol trypan blue staining based on Keogh et al. (1980). Briefly, mature fourth leaves of N. benthamiana containing visible infection sites (tissue necrosis) were cleared with acetic acid: ethanol (1:1 v/v) then stained for 1–2 h in lactophenol (10 mL phenol; 10 mL lactic acid, 10 mL water) with 0.05% (w/v) trypan blue at 60°C. Excess staining was removed with lactic acid: water (1:1 v/v) until leaves were clear. Leaves were examined by light microscopy on a Nikon N400-M light microscope (Nikon, Tokyo, Japan). Control areas were infiltrated with GFP-only vectors. The experiment was repeated three times. In each experiment, leaves from 4–6 plants were analyzed for each treatment.

Subcellular Localization of β1- and β6-Conglutin in Plant Cells

Fusion proteins were expressed in 3-week-old N. benthamiana via Agrobacterium infiltration of leaves as previously described (Sparkes et al., 2006). Leaves were excised 3 days following infiltration and mounted with water under a 0.17 mm coverslip and imaged using a Nikon A1Si confocal microscope (Nikon Plan Apo VC 60x NA1.2 water-immersion objective). For GFP imaging, the 488 nm laser line and a 521/50 nm band pass filter was utilized, while a 561 nm laser line and 595/50 nm filter was used for RFP imaging.

Images were analyzed using ImageJ software (Schneider et al., 2012). Images were converted to 8-bit grayscale and the intensity correlation analysis (ICA) method was used for determine the levels of colocalization and by using the JACoP plugin according to (Bolte and Cordelières, 2006). As a control, empty vector was used to transform leaf cells expressing 35S::GFP alone as described previously by Thatcher et al. (2007).

Oxyblot Assays

Proteins were extracted from N. bentamiana leaves infiltrated with GFP, β1-GFP or β6-GFP fusion expression constructs following either control or S. sclerotiorum or P. nicotianae treatments [extraction buffer: 25 mM Tris–HCl, pH 7.0, 0.05% Triton X-100, 1 mM dithiothreitol (DTT), and protease inhibitors (Roche, Basel, Switzerland)]. 25 μg of total proteins were loaded onto 12% polyacrylamide gels for protein separation. Proteins separated by SDS-PAGE were electrotransferred to PVDF membranes. The OxyBlotTM Protein Oxidation Detection Kit (EMD Millipore) was used according to the manufacturer’s instructions for immunoblot detection of carbonyl groups introduced into proteins by reaction with reactive oxygen species (ROS).

RESULTS

In vitro Inhibition of Fungal Growth by β-Conglutin Recombinant Proteins

To assess the potential for antifungal activity in NLL seed storage proteins, we focussed on the most abundant seed storage proteins in the NLL grain, the β-conglutins (Foley et al., 2011). The 6xHis-tag recombinant β-conglutin proteins were expressed in E. coli and purified using nickel affinity chromatography. To confirm the identity of purified β-conglutins, SDS–PAGE analysis of the purified proteins was performed, which indicated a single protein band of approximately 65 kDa, which is the predicted size of β-conglutin (Supplementary Figure S2A). This was followed by immunoblotting using an anti-β-conglutin antibody which confirmed the identity of the recombinant proteins as β-conglutin (Supplementary Figure S2B). We were successful in expressing and purifying the β1, β2, β3, β4 and β6 recombinant proteins but not β5 and β7.

Subsequently, we examined the effect of the purified β-conglutin proteins on the growth rate of a range of phytopathogenic necrotrophic fungi using in vitro bioassays. The fungal pathogens selected included the legume pathogen F. oxysporum forma specialis (f. sp.) medicaginis (Fom-5190a, a root pathogen), the broad host range pathogens R. solani AG8-1 (isolated from lupin) and S. sclerotiorum (isolated from canola) and the brassica-specific pathogens F. oxysporum f. sp. conglutinans (Fo-5176), R. solani AG2-1 and A. brassicicola (Brassicaceae hosts; details of these pathogens are listed in Table 1). The IC50 values (μM) for each of these fungal isolates was determined (Table 2). Overall the β1 and β6 conglutins showed significantly stronger mycelium growth inhibition when compared to β2-, β3-, and β4-conglutin proteins for both R. solani isolates and A. brassicicola by Tukey–Kramer honestly significant difference (HSD) test (P < 0.05). The β1-conglutin showed a significantly stronger growth inhibition to S. sclerotiorum and the two F. oxysporum isolates, compared to β2-, β3-, and β4-conglutin, where β6-conglutin was not significantly different from β1 (Table 2). Overall β1-, and β6-conglutin showed the strongest mycelial growth inhibition to the various pathogens tested, but interestingly, a sequence alignment of the seven β-conglutin proteins showed β6 exhibits the highest sequence identity to other β-conglutin protein isoforms (78–98%) while β1 had an amino acid sequence with the lowest identity (77–81%; Supplementary Figure S3). Control treatment of filter disks with BSA buffer showed no fungal growth inhibition against any of the isolates tested.

TABLE 2. Antifungal activity of the NLL recombinant purified β1- to β4-conglutins and β6-conglutins.
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Based on the β-conglutin protein alignments and IC50 data, we decided to focus on β6-conglutin as a representative member of the β-conglutin family. Further characterization of the in vitro anti-fungal properties of β6-conglutin was performed in a detailed time course experiment against two isolates (WAC8672 and WAC10444) of a major fungal pathogen of lupins, C. lupini which causes anthracnose disease (Fischer et al., 2015). Radial outgrowth of C. lupini mycelium on PDA plates toward Whatman filter disks containing control protein (BSA), β6-conglutin or no protein was recorded. Radial growth inhibition was only observed toward filter disks containing β6-conglutin protein and this occurred from as early as 6 days post-inoculation with the mycelial plug for isolate WAC10444 and 8 days post-inoculation for WAC8672 (Figure 1). Combined with the IC50 data in Table 2, these results indicate recombinant NLL β-conglutins exhibit antifungal activity in vitro against both leaf and root-infecting pathogens of legumes and non-legume hosts.
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FIGURE 1. Antifungal activity of recombinant β6-conglutin in in vitro bioassays against the lupin pathogen Colletotrichum lupini. Significant growth inhibition toward β6-conglutin was observed from as early as (A) 8 dpi for isolate WAC8672 and (B) 6 dpi for isolate WAC10444. Means and standard error of three biological replicates. Letters indicate significant differences for a given day after inoculation (dpi) with the mycelial plug by student’s t-test. C, control containing 1 mg BSA; N1, no protein; B, 1 mg β6-conglutin; N2, no protein.



β1- and β6-Conglutins Exhibit in planta Anti-fungal and Oomycete Activity

To examine the effect of NLL β6-conglutin in planta, we selected the N. benthamiana infiltration system as a model for assessing the functionality of proteins against various phytopathogens (Ma et al., 2012). This involved Agrobacterium-mediated infiltration into leaves of N. benthamiana plants followed by assessment of antifungal activity in disease assays. The broad host range leaf pathogen S. sclerotiorum was chosen which is readily amenable to N. benthamiana leaf disease assays and secretes the non-host selective toxin oxalic acid to induce disease symptom development (Kim et al., 2008; Williams et al., 2011). In addition, β6-conglutin showed strong inhibition of this pathogen’s growth as compared to other fungal pathogens tested in our in vitro assays (Table 2). The Agrobacterium-infiltration system was used to transiently express β6-GFP or a GFP-only control. The GFP control was infiltrated into one half of the leaf with β6-GFP infiltrated into the other leaf half. Forty-eight hours after infiltration, leaves were inoculated with S. sclerotiorum and progression of lesions was observed over 72 h (Figure 2). In the GFP-only control, necrosis was apparent within 24 h of S. sclerotiorum inoculation with the size of the necrotic lesions progressing rapidly to engulf half of the leaf by 72 h. In stark contrast, there was only limited necrotic damage in the leaves expressing the β6-GFP protein. As β1-conglutin demonstrated strong antifungal activity in vitro yet exhibits the least amino acid identity amongst the NLL β-conglutins, we also assayed β1-GFP in the above experiments. As with β6-GFP, β1-GFP infiltrated leaves also exhibited limited necrotic damage after S. sclerotiorum inoculation (Supplementary Figure S4).
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FIGURE 2. Recombinant β6-conglutin exhibits in planta anti-fungal and oomycete activity. Shown are representative images of Agrobacterium infiltrated N. benthamiana leaves expressing recombinant β6-conglutin proteins and subsequently inoculated with either S. sclerotiorum or P. nicotianae. The experiment was repeated three times with similar results. C, control agroinfiltration of the leaf area with Agrobacterium expressing GFP only; β6, agroinfiltration of the leaf area with Agrobacterium expressing GFP tagged β6-conglutin.



The soil-borne oomycete pathogen of N. benthamiana, P. nicotianae, was also assayed. P. nicotianae is a hemibiotrophic pathogen that causes root rot, leaf necrosis and stem lesions (Liu et al., 2016). As with the S. sclerotiorum assays, both β6- and β1-conglutin strongly inhibited lesion development by P. nicotianae in our N. benthamiana Agrobacterium-infiltration disease assays (Figure 2 and Supplementary Figure S4). At 72 h post S. sclerotiorum or P. nicotianae inoculation, β6-conglutin infiltrated leaf zones exhibited a 71.7 and 85.7% reduction in lesion size, respectively, relative to control treated leaf zones. Similar reductions were recorded for β1-conglutin infiltrated leaf zones (94.2 and 90.3%).

β1- and β6-Conglutin Reduce Pathogen Growth and Pathogen Induced Cell Death In planta

The striking inhibition of S. sclerotiorum and P. nicotianae induced lesions on N. benthamiana leaves expressing β1- or β6-conglutin suggests these pathogens are unable to grow or their growth is severely impaired by these β-conglutins. To examine fungal/oomycete growth we challenged N. benthamiana β-conglutin expressing leaves with pathogen and allowed 72 h for disease symptom development in controls, then assessed the leaves and mycelial growth microscopically after staining with trypan blue, which stains dead plant cells (van Wees, 2008). In leaves expressing β6-GFP or β1-GFP we observed strong inhibition of the S. sclerotiorum and P. nicotianae mycelial growth compared to controls (Figure 3 and Supplementary Figure S5). There was evidence of aggregated cells with short pseudohyphae, particularly at the site of inoculation, however, these were few and sparse in comparison to controls. Combined, our results suggest β1- and β6-conglutins from NLL inhibit hyphal growth of a range of phytopathogenic oomycete and fungi, both in vitro and in vivo.
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FIGURE 3. Recombinant β6-conglutin reduces pathogen growth and pathogen induced cell death in planta. Shown are representative images of Agrobacterium infiltrated N. benthamiana leaves expressing recombinant β6-conglutin proteins and subsequently inoculated either S. sclerotiorum or P. nicotianae. Trypan blue staining was performed to visualize hyphal growth and cell death. Arrows point to hyphae and hyphal damage.



Subcellular Localization of β-Conglutin in N. benthamiana Leaves

The effect of β-conglutins on the growth of fungal and oomycete pathogens tested led to the hypothesis that β1- and β6-conglutins might localize at the cell surface, at sites closest to initial pathogen attack. Therefore, the subcellular localization of the β-conglutin proteins using Agrobacterium-mediated transient expression of β-GFP constructs in N. benthamiana leaves was examined. Two-to-three days following Agrobacterium infiltration, the localisation of β-GFP in N. benthamiana leaf epidermal cells was examined by confocal microscopy. Both β6-GFP and β1-GFP were expressed in punctate structures close to the cell surface (plasma membrane; Figure 4, Supplementary Figure S6). To determine the nature of the β6-GFP- and β1-GFP-positive structures, which resembled the pattern described for plasmodesmata (Lee and Lu, 2011), we co-expressed the constructs with the known plasmodesmata marker plasmodesmata-located protein1 or AtPDLP1-mCherry (Thomas et al., 2008). β6-GFP and β1-GFP partially overlapped the expression pattern of AtPDLP1-mCherry (R = 0.0725–0.755), indicating that β6-GFP and β1-GFP were partially located at plasmodesmata (Figure 5, and Supplementary Figure S6).
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FIGURE 4. β6-conglutin is localized to the cell surface. Confocal images of tobacco epidermis cell expressing GFP alone or β6-GFP shows GFP alone homogenously expressed throughout the cytoplasm while β6-conglutin localizes to the plasma membrane through the whole cell, with no expression in cytosol or intracellular organelles. Insert: β6-GFP shows punctate labeling at the cell surface.
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FIGURE 5. β6-conglutin localizes to the plasmodesmata. Single-slice confocal images of co-expression GFP-β6 with the plasmodesmata marker PDLP1-mCherry after transient expression in N. benthamiana; (A) PPDLP1-mCherry, (B) β6-GFP, (C) Image showing pixel pairs that have a positive PDM value equal to the value (intensity of A- mean A intensity) ∗ (intensity of B-mean B intensity) as described in Li et al. (2004), (D) merge of (A,B) with highlighted co-localized pixels. ICQ, Intensity correlation quotient; R, Mandel’s overlap coefficient. 60× immersion objective.



Protein Oxidation Levels in N. benthamiana Leaves Expressing the β1- and β6-Conglutin Proteins Following Infection with S. sclerotiorum and P. nicotianae

One of the mechanisms employed by S. sclerotiorum and P. nicotianae during infection of a compatible host is to initially suppress the plant second-phase oxidative burst that occurs 3–6 h after pathogen contact (Levine et al., 1994; Cessna et al., 2000), thereby compromising the capacity of the plant to activate downstream defense pathways (Doke, 1985; Levine et al., 1994; Williams et al., 2011). Therefore the effect of β-conglutin protein on the capacity of S. sclerotiorum and P. nicotianae to suppress the plant oxidative burst was examined. Leaves were infiltrated and allowed to transiently express GFP or β6-GFP conglutin for 48 h before being infected with S. sclerotiorum or P. nicotianae. As soon as hyphae and lesions became visible (within 24 h) leaves were collected for analysis (as shown in Figure 6A). We estimated production of ROS and oxidative burst capacity by examining the level of protein carbonylation in infected compared to mock-inoculated leaves using an OxyBlot Protein Oxidation Detection and immunoassay (Rinalducci et al., 2008). Protein oxidation is one of the covalent modification of proteins induced by ROS such as H2O2 or other products of oxidative stress, and carbonylation is one of the most commonly occurring oxidative modifications of proteins, which may be responsible for the alteration in protein activity, for example, signaling (Oracz et al., 2007). Carbonylated proteins have been identified in many plant species at different stage of growth and development (Barba-Espín et al., 2011; Morscher et al., 2015).
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FIGURE 6. β6-conglutin oxyblots assayes. Protein carbonyl formation in tobacco leaves 48 h after agroinfiltration with indicated constructs and 24 h after inoculation with pathogens. Protein carbonyls were assessed using an OxyBlot TM kit. (A) Typical levels of pathogen growth 24 h after inoculation of leaf samples used for assay. (B) Representative blot showing basal carbonylation levels in non-transformed leaves, control leaves expressing GFP mock-inoculated and after infection with P. nicotianae, and leaves expressing β6-GFP mock-inoculated and after infection. (C) Protein carbonylation levels after infection with S. sclerotiorum, same constructs as in (B).



Basal levels of protein oxidation, as generated through normal metabolic activity (Alscher et al., 1997; Rinalducci et al., 2008) were observed in the mock-inoculated control leaves expressing GFP-only, as well as in mock-inoculated leaves expressing β6-GFP (Figures 6B–C). Following inoculation with S. sclerotiorum or P. nicotianae protein oxidation remained at similar levels in the GFP-only control leaves (Figures 6B–C). In contrast, we observed a marked increase in the levels of protein oxidation in leaves expressing the β6-GFP following infection with S. sclerotiorum or P. nicotianae when compared to the respective mock-inoculated β6-GFP or the infected GFP-only leaves. The inoculated leaves expressing β6-GFP were nevertheless healthy, as expected (Figure 6A). This suggests that the over-expression of β-conglutin proteins effectively circumvents the initial suppression of the plant oxidative burst by S. sclerotiorum or P. nicotianae.

DISCUSSION

β-conglutins are the most abundant seed storage proteins in NLL (Foley et al., 2011) and while in other plant species these vicilin-like proteins may have roles in plant defense, the functional roles of β-conglutins in this aspect remain largely unknown (Khuri et al., 2001; Dunwell et al., 2004). In this study we identified two NLL β-conglutin proteins that strongly inhibited the growth of a range of necrotrophic fungal or oomycete pathogens, both in vitro and in vivo when transiently expressed in N. benthamiana leaves. Reduced in planta fungal growth was associated with a significant reduction in pathogen-induced host cell death and interestingly the NLL β-conglutins examined were localized near the plant cell surface. These results provide the first demonstration for any NLL β-conglutin in protection against pathogen attack, and add to the growing list of vicilin-like proteins that accumulate during seed development and have roles in plant defense (Gomes et al., 1998; Marcus et al., 1999; Rietz et al., 2012; Monteiro et al., 2015).

Vicilin-like proteins are members of the cupin superfamily which is extremely diverse, encompassing 18 different functional classes including the vicilins and similar germin-like seed storage proteins, as well as single-barrel isomerases, epimerases, and auxin-binding proteins (Dunwell et al., 2001). Given the varying antifungal potency of vicilin and vicilin-like proteins from various plant species (Gomes et al., 1998), to determine and compare and contrast the ability of NLL β-conglutins to inhibit fungal growth we assayed each of the five synthesizable NLL β-conglutins against a range of necrotrophic pathogens. Of the five NLL β-conglutins, β1 and β6 exhibited the strongest activity in vitro. Sequence comparisons among the β-conglutins does not reveal any motif common between β1 and β6 but not in the other tested β-conglutins (Supplementary Figure S3) so at this stage we are unable to hypothesize why β1 and β6 have stronger fungal inhibition activity than the other β-conglutins. Furthermore, we demonstrated β-conglutin antifungal activity in planta against S. sclerotiorum as well as against a hemibiotrophic oomycete pathogen, P. nicotianae. Necrotrophic fungal pathogens actively kill host tissue, while hemibiotrophic pathogens switch to this attack mode during later stages of their infection cycle (Glazebrook, 2005).

Although plant defense responses against pathogen attack are the result of various integrated preformed and induced mechanisms, one of the most prominent is the hypersensitivity response (HR) resulting from the generation of host ROS (Mittler, 2002). While the HR response is a type of programmed cell death that can limit the growth of biotrophic pathogens, it is favorable to necrotrophic pathogens that thrive off the dead host cells (Glazebrook, 2005; Laluk and Mengiste, 2010). Both S. sclerotiorum and P. nicotianae are capable of inciting necrotic lesions on a broad range of host plants (Agrios, 2005; Gallup et al., 2006) where S. sclerotiorum produces the major pathogenicity factor oxalic acid (Cessna et al., 2000), the primary determinant contributing to its pathogenic success (Kim et al., 2011). In compatible interactions, oxalic acid initially dampens the plant oxidative burst (Williams et al., 2011). However, once the pathogen is established, oxalic acid induces apoptotic-like programmed cell death in plant hosts, triggered by the generation of ROS at detrimental levels (Kim et al., 2008). We found in planta expression of NLL β1- and β6-conglutins effectively impaired host cell death induced by both S. sclerotiorum and P. nicotianae, evident within 24 h of pathogen challenge and lasting over the 72 h assayed. In planta expression of NLL β1 and β6-conglutins also increased levels of pathogen (S. sclerotiorum, P. nicotianae) induced protein oxidation whilst maintaining leaf health, suggesting overexpression of these two β-conglutins inhibits pathogen induced suppression of the early phase plant oxidative burst.

To dissect how NLL β-conglutins inhibit pathogen growth and host cell death in planta, we utilized GFP-tagged versions of these proteins to visualize their sub-cellular localisation. The vacuolar localisation of vicilin-like proteins (to supply amino acids during seed germination and seedling growth) has been extensively reported, however, almost no studies have been conducted for these protein classes in organs other than seeds (Overvoorde et al., 1997). Germin-like proteins from peanut localize to both the cytoplasm and the cell surface (cell membrane or cell wall) when transiently expressed within onion epidermal cells (Wang et al., 2013). Here we observed both the NLL β1- and β6-conglutin proteins localizing to the cell surface in distinct structures that included plasmodesmata when expressed in N. benthamiana leaf epidermal cells. Many studies have demonstrated that ROS are produced at the plant cell wall in a highly regulated manner (Wojtaszek, 1997; Sewelam et al., 2016), where they play key signaling roles in the control of physiological processes such as cellular growth and development (Gapper and Dolan, 2006; Kärkönen and Kuchitsu, 2015), as well as adaptation to environmental changes and pathogen attack (Wu et al., 1997; Sewelam et al., 2016). In plants one of the major contributors to ROS production during pathogen infection are the plasma membrane localized NADPH oxidases (Torres et al., 2006; reviewed in Schopfer and Liszkay, 2006). It is possible that NLL β-conglutins facilitate/mediate the production of ROS directed to the oxidative burst (Bolwell et al., 1995; Bolwell and Wojtaszek, 1997), which is known to induce structural reinforcement of the cell wall through lignin crosslinking. This has been reported for some cupins (germin and germin-like proteins) from wheat (Schweizer et al., 1999). Alternatively, ROS such as H2O2 could play direct antimicrobial roles or act as a signaling molecule in defense response pathways (reviewed in Shetty et al., 2008).

Structurally, the β-conglutin proteins are similar to germins, germin-like proteins, and vicilin-like glucose binding proteins, which are also glycoproteins characterized by a beta-barrel core structure that can be associated with the cell wall (Lane et al., 1992), the plasma membrane (Overvoorde et al., 1997; Kukavica et al., 2005) and/or plasmodesmata (Ham et al., 2012). The structure of β-conglutin is unique as it possesses two cupin domains forming a Rossmann fold reminiscent of enzymes that use molecular oxygen as a substrate (Jimenez-Lopez et al., 2015). Germins and germin-like proteins have been shown to play dual roles in seed germination and also in pathogen defense (Cândido et al., 2011). Identified from germinating wheat embryos, the wheat germin protein exhibits oxalate oxidase activity, catalyzing the conversion of oxalates (the conjugate base of oxalic acid) into CO2 and H2O2 (Woo et al., 2000; Pan et al., 2007). Other enzymatic properties of germins or germin-like proteins include superoxide dismutase (SOD) activity, ADP glucose pyrophosphatase/phosphodiesterase activity or polyphenol oxidase (PPO) activity (reviewed in Barman and Banerjee, 2015). Over-expression of germin in several plant species can lead to increased resistance to fungal pathogens such as S. sclerotiorum (Donaldson et al., 2001; Dong et al., 2008; Walz et al., 2008), and the over-expression of a germin-like oxalate oxidase in rice or sunflowers lead to increased resistance, respectively, against R. solani (Molla et al., 2013) or both R. solani and S. sclerotiorum (Beracochea et al., 2015). Moreover, overexpression of the sunflower germin-like protein in Arabidopsis altered host redox and increased endogenous ROS levels (Beracochea et al., 2015). Germin-like proteins from Brassica napus have also been linked to the initiation of an oxidative burst that impedes pathogenesis of S. sclerotiorum (Rietz et al., 2012).

A role for β-conglutin in pathogen resistance has also been proposed based on cleavage and secretion of a β-conglutin peptide (BLAD) upon germination in L. albus (Monteiro et al., 2015). BLAD, a 20 kDa polypeptide, accumulates exclusively in the cotyledon between days 4 and 12 after the onset of germination. BLAD forms a 120 kDA oligomeric structure which exhibits lectin-like activity, catalytic activities of β-N-acetyl-D-glucosaminidase and chitin-binding activity, and provides effective antifungal activity against a range of plant pathogens (Monteiro et al., 2015). Whilst the results presented in our current study indicate the involvement of the NLL β-conglutin proteins in facilitating the production of ROS following pathogen infection in planta, it remains possible that some of the effects observed, particularly those obtained with the in vitro plate assays, may be partially linked to anti-fungal activities similar to those observed with the BLAD peptide. Protein exudates of germinating L. albus seeds showed fungal growth inhibition to five of six pathogens tested (Scarafoni et al., 2013). This protein exudate contains a range of different proteins including both β- and γ-conglutins. Our research presented herein has shown that β-conglutins have antifungal activity and the β-conglutins from L. albus in the protein exudate could thus be a good candidate for contributing to the causal antifungal activity observed. It is therefore possible that lupins secrete β-conglutins during the vulnerable initial seedling germination stage as a means to protect itself from plant pathogens. As the BLAD peptide has been processed from β-conglutin, it remains to be determined if β1 and β6 would have altered antifungal properties if these proteins were also processed similar to that of BLAD.

The results presented herein suggest that NLL β-conglutins may be more versatile in their physiological roles than previously thought. While a clear causal connection cannot be given at present, our results show that several NLL β-conglutins inhibit fungal growth in vitro and that expression of at least two of these in planta enhances plant resistance to fungal/oomycete necrotrophic pathogens.
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FIGURE S1 | Sequences of synthetic β1, β2, β3, β4, and β6 conglutins that were cloned into the expression vector, pET28b.

FIGURE S2 | Purification and confirmation of recombinant β1- to β4- and β6-conglutins. (A) Purified proteins (10 μg per sample) were separated by SDS–PAGE analyses to indicate a single protein band (6xHis-tag) of approximately 65 kDa at high purity level (>95%). (B) Immunoblot confirmation using anti-β-conglutin protein antibody. The arrow indicates the correct sized band.

FIGURE S3 | Comparison of the NLL β-conglutin protein sequences. Alignment of the seven β-conglutin proteins identified in NLL, and comparison of the level of variability among them. Similarity percentages for each compared-pair of sequences are described in the table below. The lowest and the highest percentages of similarity are highlighted with gray color.

FIGURE S4 | Recombinant β1-conglutin exhibits in planta anti-fungal and oomycete activity. Shown are representative images of Agrobacterium infiltrated N. benthamiana leaves expressing recombinant β1-conglutin proteins and subsequently inoculated with either S. sclerotorium or P. nicotianae. The experiment was repeated three times with similar results.

FIGURE S5 | Recombinant β1-conglutin reduces pathogen growth and pathogen induced cell death in planta. Shown are representative images of Agrobacterium infiltrated N. benthamiana leaves expressing recombinant β1-conglutin proteins and subsequently inoculated either S. sclerotorium or P. nicotianae. Trypan blue staining was performed to visualize hyphal growth and cell death. Arrows point to hyphae, asterisk marks inoculation site.

FIGURE S6 | β1-conglutin is localized to the cell surface and plasmodesmata. (A) Confocal images of tobacco epidermis cell expressing GFP alone or β1-GFP. Insert: β1-GFP shows punctate labeling at the cell surface. (B–E) Single-slice confocal images of co-expression β1-GFP with the plasmodesmata marker PPDLP1-mCherry after transient expression in N. benthamiana; (B) PDLP1-mCherry, (C) β1-GFP, (D) Image showing pixel pairs that have a positive PDM value equal to the value (intensity of B- mean B intensity) ∗ (intensity of C-mean C intensity) as described in Li et al. (2004), (E) merge of (B,C) with highlighted co-localized pixels. ICQ, Intensity correlation quotient; R = Mandel’s overlap coefficient. 60× immersion objective.
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Salicylic acid (SA) has been reported to induce plant defense responses. The transcriptions of defense genes that are responsible for a given plant’s resistance to an array of plant pathogens are activated in a process called non-host resistance. Biotic signals capable of carrying out the activation of pathogenesis-related (PR) genes in pea tissue include fungal DNase and chitosan, two components released from Fusarium solani spores that are known to target host DNA. Recent reports indicate that SA also has a physical affinity for DNA. Here, we report that SA-induced reactive oxygen species release results in fragment alterations in pea nuclear DNA and cytologically detectable diameter and structural changes in the pea host nuclei. Additionally, we examine the subsequent SA-related increase of resistance to the true pea pathogen F. solani f.sp. pisi and the accumulation of the phytoalexin pisatin. This is the first report showing that SA-induced PR gene activation may be attributed to the host pea genomic DNA damage and that at certain concentrations, SA can be temporally associated with subsequent increases in the defense response of this legume.
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INTRODUCTION

The salicylic acid (SA) signal receptor protein NPR1 has been reported in Arabidopsis (Wu et al., 2012), and NPR1 is a known link between SA signaling and defense gene activation. An alternate hypothesis for signal reception in the legume, pea, indicates that host cell chromatin can both serve as a receptor (Hadwiger, 2015a) and provide the site for increased transcription of pathogenesis-related (PR) genes (Isaac et al., 2009). DNA damage within chromatin can also initiate signaling cascades in animal tissues (De Dieuleveult et al., 2016) and is dependent on ubiquitin (Stewart et al., 2009). In rice and peas, chromatin changes can result in the suppression of innate immunity (Li et al., 2015) or the enhancement of PR gene transcription (Chang et al., 1995; Hadwiger, 2009, 2015b; Isaac et al., 2009), respectively. Recent reports (Neaualt et al., 1996; Yan et al., 2013) indicate that SA has an affinity for DNA, suggesting the potential of a DNA target site for SA that may add to or supersede reception by a cytoplasmic protein. The model pea endocarp/bean pathogen interaction system is a suitable system to research the role of SA in non-host defense in legumes.

Non-host resistance differs as it is more durable than the single dominant resistance genes commonly manipulated by plant breeders. However, both mechanisms are associated with the enhanced synthesis of PR proteins that are usually involved in plant defense (Klosterman et al., 2001). Genes for many of the PR proteins have been cloned (van Loon, 1985), and their antifungal properties have been identified, e.g., PR2, β-glucanases; PR3 and PR4, chitinases; PR5, thaumatin-like proteins; PR6, proteinase inhibitors; PR7, endoproteases; PR8, cucumber chitinase III; PR9 peroxidase; PR10 ribonuclease-like; PR11, chitinase V; and PR12, defensin; PR13, thionin; PR14, lipid transfer proteins; and PR15 and PR16, oxalate oxidases (van Loon, 1985). Additionally, many of the single dominant genes (R genes) identified in diverse collections of a given plant species have also been cloned and bred into plants for disease resistance (Presti et al., 2015). The products of the R genes often recognize specific pathogen effectors (Zhou et al., 1997; Boller and Felix, 2009; Hadwiger and Chang, 2015). These genes are efficiently utilized for crop improvement. However, the resistance they provide can be bypassed by mutations in the effector genes of the pathogen (McDowell and Woffenden, 2003).

The non-host resistance that enables plants outside the host range of a given pathogen to resist their “inappropriate” pathogens is probably more durable because there are diverse types of effectors/elicitors and because multiple resistance traits are involved. To account for the multiple effector/plant protein receptor roles in the PAMP/PRR defense model (Boller and Felix, 2009), one must hypothesize a pre-event presence of an abundant gene bank of plant receptor proteins that is broad enough to match all the diverse effectors the plant may confront. This signaling event must also be capable of transmitting the signal to the site for defense gene transcription (Hadwiger, 2015b). The non-host resistance model with chromatin as a receptor offers flexibility to account for many of the multiple interactions between plants and their pathogens. This resistance developed against an “inappropriate” pathogenic fungus, such as a bean pathogen in pea, can rapidly develop within the pea endocarp tissue (Hadwiger, 2015b). Some major receptors targeted by effectors/elicitors released by these fungi may lie directly within the DNA and proteins of pea chromatin (Isaac et al., 2009). There are diverse mechanisms, such as remodeling or altering transcription and enhancing the properties of chromatin (Li et al., 2007), that result in PR gene activation. The multiplicity of DNA conformations or the modifications of the nuclear proteins in plant chromatin have been described (Choi et al., 2001), which include DNA strand breakage, base substitution, helical changes, deletion/point mutations, nuclear protein removal (ubiquitination) and histone modification or elimination, among others (Li et al., 2007; Lagerwerf et al., 2011).

Thus, the objective of the current research was to evaluate the aspects of legume defense simulation by SA (capable of signaling disease resistance in Arabidopsis) that may correspond with the induction of non-host resistance by Fusarium solani f.sp. phaseoli (Fsph), an inducer of non-host resistance in pea tissue. This analysis examined the development of reactive oxygen species (ROS) and DNA damage in pea tissue. Subsequently, the resultant SA-related activation of pea PR genes important to plant defense was monitored with DNA probes from pea genes possessing partial homology to those in Arabidopsis.

The molecular response between fungal pathogens and plant cells is rapid if the signaling route excludes surface obstacles, such the cuticle layer. The pea endocarp system was selected because the entire surface lacks a cuticle, and the surfaces of epidermal cells uniformly react to fungal inoculum, providing total resistance to non-pathogenic or inappropriate pathogens within 6 h. Additionally, the nuclei within the surface cell layer can be easily stained and monitored for visible changes. Time course increases in ROS and changes in DNA fragmentation can be readily assayed to evaluate their participation in initiating the transcription of PR genes, especially those with protein products such as the defensins that directly suppress growth of pathogenic spores (Almeida et al., 2000). Increases in ROS have reportedly been implicated in increasing DNA damage. DNA damage in the pea host is also associated with the release of fungal DNase, a mitochondrial DNase from Fsph (Klosterman et al., 2001), thus suggesting that the effects of overlapping DNA damage help to initiate gene transcription.

Pea PR genes map to multiple chromosomes and often reside in regions that also map as QTLs (Pilet-Nayel et al., 2002). PR genes are ubiquitously present in plant genomes and possess properties that enable them to be selectively expressed in the resistance response. PR genes with strong antifungal properties are potentially major contributors to resistance (Chiang and Hadwiger, 1991; Almeida et al., 2000). It appears that there is an additive effect of multiple PR genes that results in complete non-host resistance. Pea PR genes share partial homology with the PR genes induced by SA in Arabidopsis (Sels et al., 2008). The objective of this research was to determine whether the genes activated by SA respond similarly to those induced by other elicitors in pea endocarp tissue. An additional objective was to determine whether there is an associated release of ROS in the early hours following SA treatment.

The SA affinity to DNA, similar to other previously described DNA-specific agents, can cause DNA damage (Neaualt et al., 1996; Yan et al., 2013). More recently, there have been reports of ATP-dependent chromatin remodelers that allow both transcription factors and the general transcription machinery access to DNA. In addition, these remodelers target specific nucleosomes at the edge of nucleosome-free regions, where they regulate specific transcriptional programs. Nucleosome regions have been identified by DNase 1 digestion assays as areas often encompassing unexpressed genes. This somewhat preferential transcription of PR genes gives credence to the observed selective expression of plant defense resulting from general challenges to sensitive chromatin structures. In cells, the double stranded DNA helix is mostly supercoiled and is either under- or overwound (Ma et al., 2013). RNA polymerase II must transcribe through this supercoiled DNA. For transcription to occur, the DNA helix must be opened as the polymerase threads the separated strands through the enzyme. This process generates supercoiling ahead of and behind the polymerase. The upstream torque disrupts the DNA double strand structure and stalls the polymerase, while the release of this torsional stress allows the polymerase to resume transcription.

DNA damage by microbial enzymes that cause double stranded breaks has also been reported (Song and Bent, 2014), and it is likely that this higher level damage is more of a challenge to the plant than the single strand nicking caused by Fsph DNase. Interestingly, the abundance of double strand breaks is reduced by plant defense responses, suggesting that the mechanisms for activating DNA repair processes may share some similarity with the induction of PR genes.

Since SA has recently been reported (Bau et al., 2013) to interact with DNA and has the potential to indirectly influence the state of nuclear DNA by its catalytic inhibition of topoisomerase II, it also has the potential to influence nuclear DNA in plant cells. Single-strand nicks within the large genomic DNA of plants do not produce fragments small enough to be easily detected by typical DNA separations. Therefore, a post-extraction processing of the total DNA was employed to detect the DNA damage occurring in the very early hours of fungal–plant interactions that activate temporally associated defense responses within the host and non-host plant responses (Hadwiger and Adams, 1978). We describe an alkaline buffer treatment protocol that separates the DNA strands. This preparation is incorporated into CHEF gel agar-plug-like disks to entrap the bulk of the plant genomic DNA while allowing shorter fragments, now single stranded, to be released in adjacent alkaline buffer and quantified (Choi et al., 2001). Thus, the extent of host DNA damage could be based on the amount of fragments released. We have observed that SA can target and fragment pea DNA. There was a release of ROS that may additionally serve as a signaling component. The SA-generated signals appeared inefficient at activating the secondary metabolism required to produce maximal amounts of pisatin. The transcription response to the SA and fungal challenges was measured with PCR measurements of alterations in the expression of the selected PR genes.

MATERIALS AND METHODS

Plant Material

Pea endocarp tissue was obtained from immature pea pods harvested directly from greenhouse-grown (Samish) peas. The pod halves were separated, and the elicitor treatments were applied to the exposed endocarp tissue.

Luminol-Based Oxidative Burst Assay

Immature, 2-cm-long pea pods were cut in half. For each sample, one piece (∼1 cm in diameter) was immersed in deionized water in a single well of a white 24-well microplate (PerkinElmer). After an overnight incubation, the solution in the well was exchanged with assay solution containing 100 μM of L-012 (luminol analog; Wako) and 20 μg/ml of horseradish peroxidase (Sigma–Aldrich), with or without SA. The luminescence from each well was measured using an EnSpire multimode plate reader (PerkinElmer).

Fungal Material

The bean pathogen F. solani f.sp. phaseoli, Snyder and Hansen (Fsph) (ATCC no. 38135) was donated from the Doug Burke lab, and the pea pathogen F. solani f.sp. pisi (Fspi) was obtained from Lindon Porter, IAREC, Prosser, WA.

Plant Nucleic Acid Extraction and Quantitation

Plant tissue was extensively ground in a mortar with liquid N2, glass beads, and the nucleic acids were extracted in buffer no. 1 [5 M sodium perchlorate, 0.5 M Tris base, 2.5% (w/v) SDS, 0.05% (w/v) NaCl, 0.05 M EDTA]. DNA/RNA were precipitated with 95% (v/v) ethanol, and the pellet was redissolved in water, subsequently extracted with chloroform/phenol, and redissolved in water. The RNA was precipitated from the extract by treating the solution with 2 M lithium chloride. The RNA pellet and the ethanol-precipitated DNA from the supernatant were quantitated in a spectrophotometer at 260 nm. Aliquots of the total DNA were electrophoretically separated on standard 1% (w/v) agarose gels. In addition, 30 μg of the total of each treatment was incorporated into 1 ml of 1% (w/v) CHEF gel (in a 1.5 diameter well) under alkaline conditions to cause DNA strand separation. The solidified gel disk was overlaid with 1 ml of alkaline buffer (30 ml 1 N NaOH and 8 ml 0.5 M EDTA/L) and rotated for 48 h. The DNA fragments eluted into the overlay were precipitated and separated on standard agarose gels. All of the treatments were repeated with similar results.

Cytological Detection of Treatment- induced Nuclear Changes in Pea Endocarp Tissue

Changes in the nuclear structure and nuclei diameter were imaged with a fluorescent microscope following staining with the DNA-specific dye, DAPI. Subsequently, the diameters of the nuclei from the digital images were uniformly amplified by photocopying, and 45 nuclei from each treatment were manually measured.

Quantitative Real-time RT-PCR (qRT-PCR)

The procedures for the total RNA isolation and purification were performed as described above. The total RNA was subjected to qRT-PCR using a CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.) The primers used were described in our previous research (Hadwiger and Tanaka, 2015).

RESULTS AND DISCUSSION

Effect of SA on the Production of ROS in Pea Endocarp Tissue

An “oxidative burst” is the rapid release of ROS from stressed plant cells that develops when they come into contact with different pathogens (Grant and Loake, 2000). To detect this early ROS response in pea, a luminol-based oxidative burst assay was performed. As shown in Figure 1, SA treatment induced an oxidative burst with a peak at ∼20 min, whereas water treatment (mock) did not induce an oxidative burst. This method is quite robust and sensitively captures the dynamic changes in ROS production at an early time point in the pea endocarp.
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FIGURE 1. Salicylic acid (SA)-induced reactive oxygen species (ROS) accumulation in pea endocarps. Half-cut pea endocarps were treated without or with 6 or 12 μM of SA. Treatment with water (Mock) was used as a negative control. The data show the photon counts in 1.0 s at each time point with SE (n = 4).



Salicylic acid applied 20 min prior to the inoculum at certain concentrations significantly reduced the linear growth of the true pea pathogen F. solani f.sp. pisi (Fspi) on the endocarp surface. The gradation of action relative to the SA concentration was reproducible over two extensive trials. One of the trials is presented in Table 1, while the other is not shown. The growth of the pea pathogen Fspi on the pea endocarp surface is less than that on water-treated tissue.

TABLE 1. Effect of salicylic acid (SA) treatments on the subsequent 24 h growth of Fspi on pea endocarp tissue.
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Cytological readings (Table 1) of the fungal growth began to demonstrate measurable inhibition after 24 h (Figure 2). An SA dilution series treatment down to the 0.03 μM showed suppressive effects. The characteristic changes in the background hypersensitivity discoloration of the adjacent pea cells suggest that there was a plant-based change in the suppressive effect. Nearly complete and optimal resistance occurred close to the 0.15 μM SA concentration.
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FIGURE 2. Visual effect of SA treatments of pea endocarp tissue on the 24 h growth of the true pea pathogen Fspi. The images are representative of the calculated growth of the SA treatments (indicated in Table 1): (A) H20; (B) 100 μM SA; (C) 50 μM SA; (D) 25 μM SA; (E) 12 μM SA; (F) 6 μM SA; (G) 3 μM SA; (H) 1.6 μM SA; (I) 0.7 μM SA; (J) 0.3 μM SA; (K) 0.15 μM SA; (L) 0.07 μM SA; (M) 0.03 μM SA; and (N) 0.015 μM SA. The action of SA for causing DNA damage and enhancing resistance appears variable in regions of the SA gradient. This variability may also correspond with its differing resistance action.



Effect of SA Concentrations on the In vitro Growth of the Pea Pathogen Fspi

Salicylic acid had no significant direct effect on in vitro Fspi growth in liquid media. The microscopic examination of growth after 24 h in Vogel’s media indicated that the Fspi spores germinated and grew uniformly at the concentrations used in Figure 2 (data not shown).

SA Induced Changes at the DNA/Nuclear Level

Following the report that SA has an affinity for DNA (Neaualt et al., 1996), it was of interest to examine changes in pea DNA damage in the nucleus and elsewhere within the pea cells. SA applied to the cuticle-free surface of the pea endocarp tissue rapidly caused cytologically detectable changes in the plant nuclei (Figure 3 and Table 2). These changes were related to the SA concentration and the duration of the SA exposure.
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FIGURE 3. Pea nuclei treated for 3 h with varying levels of SA. (A) Water-treated control; (B) 1 mM SA; (C) 0.5 mM SA; (D) 0.125 mM SA; and (E) 0.06 mM. Nuclei were stained with DAPI.



TABLE 2. Diameter of nuclei visible in the endocarp surface following treatment with SA dilutions for 30 min.
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DNA fragmentation appeared rapidly (50 min post treatment) and variably with the range of SA treatment concentrations and was generally consistent throughout multiple experiments (Figure 4). Fragmentation was more intense for the treatment with 100 to 6.75 μM SA and for tissues treated with Fsph spores. The specific mechanistic impact of SA on the pea DNA responsible for initiating chromatin transcription is not known for either pea or animal tissues. Maximal transcription of PR genes may depend on a “perfect storm” of conditions and the fragility of chromosomal regions adjacent to the promoter and open reading frame of the gene. Regions of dispersed pea chromatin that are also regions of intense transcription have been detected by electron microscopy (Hadwiger, 2015a) as resistance is developing. Genes within eukaryotic tissues can possess the requisite transcription complex with the proper transcription factors in place and still be silent or stalled (Li et al., 2007). We suggest that there may be stalled PR genes that are activated following major DNA or chromatin structural changes caused by the non-specific SA insults within the adjacent regions.


[image: image]

FIGURE 4. Effect of SA concentrations on the fragmentation of pea DNA 50 min after the SA treatments: Lane 1 = 100 μM; Lane 2 = 50 μM; Lane 3 = 25 μM; Lane 4 = 12.5 μM; Lane 5 = 6.75 μM; Lane 6 = 3.1 μM; Lane 7 = 1.5 μM; Lane 8 = 0.78 μM; Lane 9 = Fsph (5 × 106 spores/ml); and Lane 10 = water-treated control. The DNA samples loaded onto the gel were aliquots of fragments eluted from 20 μg of total genomic pea DNA (encumbered 48 h in CHEF gel disks) under alkaline conditions (see Materials and Methods). Images represent inverted images of ethidium bromide stained gels.



The reported interaction of SA and DNA did not cause major changes to plasmid DNA (Figure 5). There were detectable, faster migrating DNA molecules generated at the highest SA concentrations. How these minor changes would reflect on the structure of DNA incorporated into pea chromatin is not known. This result may indicate that the DNA fragmentation caused by SA in living tissue could involve additional components.
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FIGURE 5. The direct effect of an array of SA concentrations on the migration of pART7F plasmid DNA. The plasmid DNA (0.2 μg in 1 μl) was incubated for 1 h in 5 μl of the SA concentrations in the numbered wells: 1 = 1000 μM; 2 = 100 μM; 3 = 50 μM; 4 = 25 μM; 5 = 12.5 μM; 6 = 6.25 μM; 7 = 3.1 μM; and 8 = 1.5 μM. Well 9 contained only plasmid.



Effect of SA on Expression of Pea PR Genes

Induction of PR genes is correlated with the activation of plant defense. We measured the transcriptional induction of the pea PR genes, DRR206, Defensin, PR10, and PR1b in the presence of SA. The results indicate that the expression of the PR genes induced by SA took place mostly at concentrations between 1.5 and 50 μM (Figure 6). The induction levels were comparable to those caused by Fsph.
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FIGURE 6. The effect of SA treatment on pea PR gene expression. Pea endocarp tissues were treated for 50 min with water (Mock); 50, 25, 12.5, or 1.5 μM of SA; or 5 × 106 spores/ml of fungal spores (Fsph). The tissues were then subjected to qRT-PCR analysis in order to measure the transcriptional responses of the pea PR genes. The data were normalized by the reference gene ubiquitin and converted to a value relative to that of the mock treatment. Histograms represent the means with SE in three replicated experiments.



Elicitation of Pisatin

The elicitation of pisatin, a phytoalexin, serves to indicate the activity of a series of secondary metabolism enzymes from phenylalanine through phenylpropanoid structures to isoflavonoid and other phenolics, many of which have fungal-suppressive properties (Bailey and Mansfield, 1982). Pisatin accumulation is often associated with the induction of immunity in peas (Hadwiger, 2008). The data in Table 3, with a high SA concentration range (15–1000 μM), and in Table 4, with a lower range (0.7–100 μM), recorded at 24 h indicate detectible levels of SA-induced pisatin. The response with both ranges indicates a much lower pisatin accumulation than that induced by the intact microconidia of Fsph during the authentic non-host resistance response. The 1.5 μM SA treatment optimally induced pisatin. However, this value is much lower than the level induced by spores. This result suggests that SA is not a major elicitor of this secondary metabolism route of defense responses in pea at this or higher concentrations of the SA elicitor (Table 4).

TABLE 3. The effect of a high concentration range of SA on the production of pisatin in pea endocarps.
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TABLE 4. Effect of a lower concentration range of SA on the 24 h production of pisatin in pea endocarp tissue.
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SA Signal: Complete or Additive Effect on Resistance

The low-level effect of SA on phytoalexin synthesis indicates a departure from the mechanisms of other signals for non-host resistance in pea. However, SA is capable of inducing a response that suppresses the true pathogen of pea and approaches total resistance. The following assay of pisatin production indicates that its effect can be additive to that induced by Fsph, a bean pathogen.

The pisatin levels (Table 5) indicate a marginal increase in synthesis enhanced in the presence of both Fsph and specific SA concentrations. Because of the low strength of the SA-induced pisatin increase, it is likely that the modeling effect of SA on chromatin differs in approach or substance from the DNA single strand cleavage generated by Fsph DNase (Klosterman, et al., 2001).

TABLE 5. Assessment of SA additivity to the synthesis of Fsph-induced pisatin in pea endocarp tissue after 24 h.
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The enzymatic action of DNase has also been implicated in initiating the transcription of plant defense genes by directly altering nuclear chromatin via single DNA strand nicking. The resultant DNA damage has to be subtle enough to alter chromatin structure in a manner that benefits the pathogen and yet does not initiate processes that could cause immediate cell death (Choi et al., 2001). DNA damage by microbial enzymes that cause double stranded breaks has also been reported (Song and Bent, 2014), and it is likely that this higher level damage is more of a challenge to the plant than the single strand nicking caused by Fsph DNase. Interestingly, the abundance of double strand breaks is reduced by plant defense responses, suggesting that the mechanisms for activating DNA repair processes may share some similarity with the induction of PR genes (Gasser et al., 2005; Yan et al., 2013).

Origin of the SA Signal

Some current possibilities for the origin, presence, and availability of the SA signal are described in Figure 7. SA is synthesized by bacteria and some fungi (Harper and Hamilton, 1988). SA and methyl-SA can be found in the plant tissue prior to infection and be stored as a byproduct (Maeda and Dudareva, 2012). Hydrogen peroxide is generated in inoculated plant tissue (Coquoz et al., 1988) as tissue damage occurs. In tomatoes, the wound hormone systemin is also produced (Orozco-Cardenas and Ryan, 1999). Hydrogen peroxide can also generate increases in SA. Plants biosynthesize SA using the phenylalanine/cinnamic acid pathway or alternately via benzoic acid (Chen et al., 2009). Both hydrogen peroxide and SA are capable of damaging host DNA. Fungal DNase can directly cleave a single DNA strand. The gene for this potent elicitor has been identified in all fungi whose DNA has been sequenced (Hadwiger and Polashock, 2013). All the DNase proteins are translated with a “signalP peptide” that enables proteins to pass through membranes. Many other eliciting components may be released from fungi, such as the chitosan heptamer that is released from the fungal cell wall (Kendra et al., 1989).
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FIGURE 7. Possible origins of SA signals and mechanisms of DNA damage in host parasite interactions. SA is produced by demethylation of Methyl-SA or by biosynthesis from cinamate or isochorismate in plants (Raskin, 1992). Alternatively, SA is produced via chorismate in bacteria and fungi (Harper and Hamilton, 1988). Fungi have DNases released (Hadwiger and Polashock, 2013) or other biotic agents. Those agents elicit DNA damage or conformational changes (Hartney et al., 2007), via ROS production at one stage (Driessens et al., 2009; Tanaka and Hadwiger, 2017). We propose that DNA-damaging elicitors can act singly or with assistance at differing DNA sites and may potentially activate PR genes. The elicitor insults to chromatin structure have the ability to restart stalled RNA polymerase complexes.



Since SA has recently been reported (Bau et al., 2013) to interact with DNA and has the potential to indirectly influence the state of nuclear DNA by its catalytic inhibition of topoisomerase II, it has the potential to also influence nuclear DNA in plant cells. Single-strand nicks may have previously escaped observance due to their low abundance within the total, large genomic DNA yields from plants. The alkaline processing and agarose trapping of the total DNA enabled the detection of released DNA fragments (see Materials and Methods) that occur in the very early hours of the inductive treatments (Figure 5). This fragmentation was temporally associated with the initiation of defense responses. The sheer presence of the SA association with host DNA is not likely to result in DNA alterations without the presence of a contributing factor such as the direct in vitro association of various SA concentrations.

Mechanisms for Regulating PR Gene Expression

Pea PR genes map to multiple chromosomes and often reside in regions that also map as QTLs (Pilet-Nayel et al., 2002). PR genes are ubiquitously present in plant genomes and possess antifungal properties, and therefore, they are potentially the major contributors (Chiang and Hadwiger, 1991; Almeida et al., 2000) to disease resistance. It appears that it is the additive effect of multiple PR genes that develops the complete non-host resistance. Additionally, the pea PR genes analyzed share some homology with the PR genes induced by SA in Arabidopsis (Sels et al., 2008).

Role of Chromatin

Gene expression is initiated within chromatin, the site of transcription. The DNA transcription within the region of defense genes can be up regulated or down regulated depending on the associated chromatin structure. Chromatin is a complex of proteins and DNA packed into nucleosomes (Li et al., 2007). The DNA of a particular gene can be accessed by transcription complexes following the alteration of DNA supercoiling or modifications of the relevant proteins. In pea endocarp tissue, PR gene activation is influenced by DNA alterations, by ubiquitination/histone modifications and by a reduction in the architectural transcription factor HMG A (Klosterman et al., 2003; Isaac et al., 2009).

DNA damage can result in the stalling of elongating RNA polymerase II (Lagerwerf et al., 2011) and the attraction of chromatin remodelers to damaged sites. Chromatin modifications function by either disrupting chromatin contacts or affecting the recruitment of non-histone proteins to chromatin (Kouzarides, 2007). Histone modifications can dictate the higher-order chromatin structure in which DNA is packaged, affecting many biological processes. Chromatin structure itself imposes obstacles on all aspects of transcription that are mediated by RNA polymerase II (Li et al., 2007). The resultant chromatin regulation affects the binding of transcription factors and the initiation and elongation steps of transcription. SA reportedly has an affinity for DNA, and similar to other previously described DNA-specific agents, it can cause DNA damage (Neaualt et al., 1996; Yan et al., 2013). The somewhat preferential transcription of PR genes gives credence to the observed selective expression of plant defense resulting from general challenges to sensitive chromatin structures. For transcription to occur, the DNA helix must be opened as the polymerase threads the separated strands through the enzyme (Ma et al., 2013). The upstream torque disrupts the DNA double strand structure and stalls the polymerase, while release of this torsional stress allows the polymerase to resume transcription.

Other DNA Specific Elicitors

Chitosan, a fungal-derived elicitor of PR genes, can compete with histones for sites on DNA and can insert itself into the minor groove of DNA. Fungal DNase (Fsph DNase), a second major elicitor of PR gene expression, causes single strand cleavage in double stranded DNA, enabling the release of tension within the DNA helical structures (Gerhold et al., 1993). Multiple regulatory substances are released from fungal spores following inoculation on their respective host tissues. Of current interest are the proteins that exit the fungal cell via their SignalP sequences (Ramachandran et al., 2016). The functional properties of defense proteins (described above) can range from those that specialize in digesting the cell wall barriers to those that are metabolic enzymes or proteins with unknown function. The regulatory functions affected within the host tissue may also occur either through receptors and subsequent signal cascades that target transcription factors or as direct insults to the organization of sites within chromatin that result in increases in transcription of host genes (Hartney et al., 2007). Although the signaling of compounds of fungal origin can be shown to specifically complex with membrane proteins and modulate the plant’s response, the resulting signaling cascade to the site of defense gene transcription is less well understood than in many other host/parasite interactions (Presti et al., 2015). High throughput genomic analyses may be able to detect a multiplicity of potential effectors with the potential to traverse the host-parasite barrier. If so, future research should focus on determining which effectors display potential to play a major role in the processes that result in the development of resistance or enable a susceptible response.

The biotic and abiotic elicitors of PR genes, such as the single strand cleaving DNase elicitor from Fsph, require a SignalP sequence (Hadwiger and Polashock, 2013). Since homologous fungal genes for DNase production are present in all of the fungal genomes sequenced to date, this chromatin modeling may be implicated in similar signaling in many other plant/fungal interactions (Hadwiger and Polashock, 2013). DNase activity has also been shown to be released from spores of rust (Puccinia striiformis), Verticillium dahliae, Colletotrichum coccodes and yeast cells (Hadwiger and Polashock, 2013). The universality of this enzyme suggests that it could be a general elicitor of the non-host resistance response, protecting plants from pathogens known to be out of their host range. DNase enzymatic action has also been implicated in the initiation of plant defense gene transcription by directly altering nuclear chromatin via single DNA strand nicking. The resultant DNA damage must be subtle enough to alter the chromatin structure for the benefit of the pathogen but not initiate processes that could cause immediate cell death.

CONCLUSION

Salicylic acid is a signal that induces a defense response in Arabidopsis and some other plant species (Heil and Bostock, 2002). The data presented also indicate that SA can activate a defense response in pea that is associated with the activation of pea PR genes possessing partial homology with those in Arabidopsis. Similar to the signals that activate genes in pea, there is a surge in ROS release within 40 min and temporal DNA damage within 90 min that is detectible in pea DNA fragmentation, in addition to changes in its nuclear appearance and diameter. Although the phytoalexin accumulation is only slightly affected by SA, the effects on the transcription of pea PR genes via DNA damage and distortion may indicate that a signaling route targeting host DNA implicates a different type of chromatin remodeling or transcription initiation. SA may also complement the transcriptional enhancing effect directly on DNA by utilizing a membrane receptor and a subsequent cascade of events that alter the transcription complex by transcription factor attraction or modification. This report shows that ROS that are capable of DNA modification are released. There were nuclear and DNA alterations similar to the changes in other systems that have been associated with enhanced transcription. Additionally, these changes are temporal in the phase that is crucial for the activation of PR genes and non-host resistance in pea endocarp tissue.
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Heat shock transcription factors (Hsfs) are important transcription factors (TFs) in protecting plants from damages caused by various stresses. The released whole genome sequences of wild peanuts make it possible for genome-wide analysis of Hsfs in peanut. In this study, a total of 16 and 17 Hsf genes were identified from Arachis duranensis and A. ipaensis, respectively. We identified 16 orthologous Hsf gene pairs in both peanut species; however HsfXs was only identified from A. ipaensis. Orthologous pairs between two wild peanut species were highly syntenic. Based on phylogenetic relationship, peanut Hsfs were divided into groups A, B, and C. Selection pressure analysis showed that group B Hsf genes mainly underwent positive selection and group A Hsfs were affected by purifying selection. Small scale segmental and tandem duplication may play important roles in the evolution of these genes. Cis-elements, such as ABRE, DRE, and HSE, were found in the promoters of most Arachis Hsf genes. Five AdHsfs and two AiHsfs contained fungal elicitor responsive elements suggesting their involvement in response to fungi infection. These genes were differentially expressed in cultivated peanut under abiotic stress and Aspergillus flavus infection. AhHsf2 and AhHsf14 were significantly up-regulated after inoculation with A. flavus suggesting their possible role in fungal resistance.

Keywords: heat shock transcription factor, peanut, abiotic stress, selective pressure, purifying selection

INTRODUCTION

Abiotic stresses, including heat, cold, drought, and salinity, affect plant growth and development and cause serious loss of crop production (Wang et al., 2004; Al-Whaibi, 2011; Qiao et al., 2015). As sessile organisms, plants could not change their locations when facing such stress conditions (Guo et al., 2016). However, plants have evolved adaptation strategies to these stresses (Scharf et al., 2012; Guo et al., 2016). Transcription factors play a crucial role in stress tolerance by regulating the expression of thousands of genes under unfavorable conditions (Schwechheimer and Bevan, 1998; Kreps et al., 2002; Shinozaki and Yamaguchi-Shinozaki, 2007; Wang et al., 2014). Plant heat shock transcription factors (Hsfs) are important transcription factors (TFs) in protecting plants from heat stress and other stresses, including cold, salinity, and drought (Kotak et al., 2007a; Swindell et al., 2007; Hu et al., 2015). Hsfs were found in eukaryotes from yeast to humans (Ritossa, 1962; Tanabe et al., 1997; Akerfelt et al., 2010). Hsfs could protect cells from extreme proteotoxic damage via the activation of related genes (Dalton et al., 2000; Akerfelt et al., 2010; Yang et al., 2014; Jaeger et al., 2016). Studies showed that Hsfs are also involved in plant growth and development (Almoguera et al., 2002; Díaz-Martín et al., 2005; Kotak et al., 2007b).

Hsfs regulate heat shock response via activating the expression of heat shock protein (HSP) genes by binding to the heat shock elements (HSEs) (Pelham, 1982; Akerfelt et al., 2010). The sequences and geometrys of HSEs (5′-AGAAnnTTCT-3′) are variable (Guertin et al., 2012; Mendillo et al., 2012; Vihervaara et al., 2013). Hsfs could also bind to SatIII repeat element, 5′-cgGAAtgGAAtg-3′ (Grady et al., 1992). Like many other transcription factors, Hsfs have an N-terminal DNA binding domain (DBD) and followed by an oligomerization domain (OD). OD is composed of two hydrophobic heptad repeats (HR-A/B) which allows homo- and hetero-multimerization (Peteranderl et al., 1999; Nover et al., 2001; Baniwal et al., 2004). Certain Hsfs contained nuclear location signal (NLS) domain, nuclear export signal (NES), and C-terminal activation (AHA) domain (Döring et al., 2000; Hsu et al., 2003; Maere et al., 2005). Based on the structural characteristics of HR-A/B domain and the phylogenetic relationship, plant Hsfs are divided into A, B, and C groups (Von Koskull-Döring et al., 2007; Wang et al., 2014; Yang et al., 2014). Additional sequences were found in HR-A/B domain of group A and C, but not in group B Hsfs (Nover et al., 2001; Schmidt et al., 2012; Wang et al., 2014; Yang et al., 2014).

Only the active Hsfs are capable of recognizing and binding to the promoters of target genes. The inactive monomer could be converted into active oligomer under variety of stress conditions (Hartl and Hayer-Hartl, 2002; Wang et al., 2012; Li et al., 2014). There are only a few Hsf genes in yeast and animals, while 20–50 Hsf genes were found in plants (Scharf et al., 2012; Lin et al., 2014; Qiao et al., 2015). Hsf genes were identified in many plants and expressed in various tissues at different developmental stages during different stress conditions (Giorno et al., 2012; Chung et al., 2013; Xue et al., 2014).

Peanut (Arachis hypogaea L.) is an important oil crop in the world. In developing countries, peanuts were rain-fed, so it is important to study the drought stress tolerance of peanut (Ramu et al., 2015). Aspergillus flavus produces potent mycotoxins known as aflatoxins that could cause serious health concerns (Zhang et al., 2015). It is unknown on the role of Hsf genes in peanut response to abiotic stresses and A. flavus infection.

Cultivated peanut is an allotetraploid (AABB, 4n = 4x = 40) originated from a single hybridization and genome duplication event between two wild type diploid peanuts (AA and BB genomes) (Kochert et al., 1996; Freitas et al., 2007; Moretzsohn et al., 2013; Wang et al., 2016). Recently, the whole genome sequencing of the two ancestral species (A. duranensis and A. ipaensis) have been completed (Bertioli et al., 2016; http://peanutbase.org/). Here, we genome-widely identified and analyzed the Hsf genes from two wild peanuts species: A. duranensis (AA genome) and A. ipaensis (BB genome), respectively. We analyzed the gene duplication events in the wild peanut species, the difference of selection pressure in A, B, and C group of Arachis Hsfs, and the structures of these proteins. Our results provide basic information for further understanding the functional divergence and evolution of Arachis Hsfs. We also applied the knowledge gained from wild species to cultivated one to understand their possible functions on peanut response to abiotic and biotic stress.

MATERIALS AND METHODS

Data Collection and Identification of Hsf Genes

The genome sequence data of two wild peanut species (AA and BB genomes) were obtained from the peanut genome database (http://peanutbase.org/). The conserved domains of Hsfs are Hsf-type DBD domain. The HMM ID of this domain is PF00447 in the pfam database (http://pfam.xfam.org/). The amino acid sequences of HMMs were used as queries to identify all possible Hsf protein sequences in AA and BB genome database using BLASTP (E < 0.001). SMART software (http://smart.embl-heidelberg.de/) was used to identify integrated DBD domain and (HR-A/B) domain in the putative peanut Hsfs. Candidate proteins without integrated DBD domain and HR-A/B domain were removed. NLS domains in peanut Hsfs were predicted using cNLS Mapper software (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi). NES domains were predicted using NetNES 1.1 server software (http://www.cbs.dtu.dk/services/NetNES/). AHA domains were predicted based on the conserved-type AHA motif sequence FWxxF/L, F/I/L (Kotak et al., 2004). Protein isoelectric point (pI) and molecular weight (Mw) were analyzed using Expasy software (http://web.expasy.org/compute_pi/).

The genome, protein, and cDNA sequences were collected from the related genome databases for the following additional plant species: Arabidopsis thaliana (http://www.plantgdb.org/AtGDB/), Glycine max (http://www.plantgdb.org/GmGDB/), Lotus japonicus (http://www.plantgdb.org/LjGDB/), Medicago truncatula (http://www.plantgdb.org/MtGDB/), Cajanus cajan (http://gigadb.org/dataset/100028) and Cicer arietinum (http://nipgr.res.in/CGAP/home.php).

Orthologous Gene Identification and Structure Analysis

Orthologous gene pairs were identified according to (1) the best-hit between A.duranensis and A. ipaensis, (2) the position in the phylogenetic tree (bootstrap value >50), and (3) identity between ortholougs gene pairs (>90%). Circos software was used to plot the chromosomal location (Krzywinski et al., 2009). Gene Structure Display Server 2.0 (http://gsds.cbi.pku.edu.cn/) was used to plot the gene structure.

Analysis of Synteny

Intraspecies synteny analysis of AA or BB genome and interspecies synteny analysis between AA and BB genomes were based on comparison of 100 kb blocks of chromosome containing Hsf genes according to previous reports (Sato et al., 2008; Zhang et al., 2011; Lin et al., 2014). Hsf genes were set as anchor points according to their chromosome locations. Blocks were identified by local all-vs-all BLASTN (E < 10−20). In intraspecies analysis, when four or more homology genes were detected, these two blocks were considered to be originated from a large-scale duplication event (Zhang et al., 2011; Lin et al., 2014). In interspecies analysis, when three or more conserved homology genes were detected, these two blocks were considered syntenic blocks (Sato et al., 2008; Lin et al., 2014; Wang et al., 2016).

Multiple Sequence Alignment and Phylogenetic Analysis

Protein multiple sequence alignment was performed using online software Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo). Neighbor-Joining (NJ) trees were constructed using MEGA 6.0 with protein sequences. To support the calculated relationship, 1000 bootstrap samples were generated. A total of 21 A. thaliana Hsfs (Scharf et al., 2012), 11 M. truncatula Hsfs, 10 L. japonicus Hsfs, 16 C. cajan Hsfs (Lin et al., 2014), 11 C. arietinum Hsfs, and 40 G. max Hsfs were included in the phylogenetic analysis (Poisson correction, pairwise deletion, and bootstrap = 1000 replicates; Xue et al., 2014). All Hsfs used in this study was listed in the Table S1.

Gene Duplication Analysis

Two standards for duplication gene identification were used. High-stringency standard: coding protein pair with ≥50% identity and covering ≥90% protein length. Low-stringency standard: protein pair with ≥30% identity and covering ≥70% protein length (Rizzon et al., 2006). Tandem duplication of genes was marked according to the previously described method (Yuan et al., 2015). Chromosome segmental or large scale duplication of genes was identified based on the intraspecies synteny (Zhang et al., 2011; Lin et al., 2014; Qiao et al., 2015).

Protein Structure Analysis and Homology Modeling

SWISS-MODLE (http://www.swissmodel.expasy.org/interactive) was used to calculate secondary structure and build three-dimensional structure of proteins. The templates for building protein 3D model were selected in PDB database based on the best identity. Protein 3D models were selected based on the best global model quality estimation (GMQE). Homology modeling templates included 5d5v.1 (monomer of DBD domain), 5d5v.1 (homo-dimer of DBD domain interacted with SalIII), 5d5u.1 (homo-dimer DBD domain interacted with HSE), 4r0r.1.A (monomer of HR-A/B domain) and 4r0r.1 (homo-trimer of HR-A/B).

Analysis of Selective Pressure

Codeml program under PAML (phylogenetic analysis maximum likelihood) version 4.7 software (Yang, 2007) was used to detect whether the Hsf genes underwent positive selection. In PAML, six site models, M0 (one ratio), M1a (neutral), M2a (positive selection), M3 (discrete), M7 (beta) and M8 (beta and ω) could be applied to selection pressure analysis. Positive selection sites could be identified by the comparison of M0-M3, M1a-M2a, and M7-M8 (Yang et al., 2000).

Analysis of Cis-Acting Regulatory Elements in Promoter

Plantcare software (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) was used to predict cis-acting regulatory elements.

Plant Materials, Stress Treatments, and RNA Isolation

Cultivated peanut cv. Luhua-14 was used in this study. Eleven-day-old peanut seedlings were subjected to drought (removed from wet medium and kept in air on filter paper), cold (4°C) and high temperature (42°C) treatment. Leaf samples were collected at 0, 1, and 6 h after treatment and immediately frozen in liquid nitrogen. Leaf samples without treatment were used as control. Peanut seeds inoculated with A. flavus for 3 days were collected and seeds without A. flavus inoculation were used as control according to a previous report (Zhang et al., 2015). RNAs were isolated by CTAB method according to a previous method (Wang et al., 2016). For reverse transcription, the first-strand cDNA was synthesized with an oligo (dT) primer using a PrimeScript™ first-strand cDNA synthesis kit (TaKaRa). Three technical replicates were carried out in this study.

Gene Expression Analysis

Quantitative real time PCR (qRT-PCR) was performed using the FastStart Universal SYBR Green Master (ROX) with ABI™ 7500. The qRT-PCR program was set as the following: 95°C for 30 s, followed by 40 cycles of 95°C for 5 s, 60°C for 30 s. Relative gene expression levels were calculated using the ΔΔCT method. The primers for qRT-PCR were provided in the Table S2. T-test was used to analyze the significance.

RESULTS

Identification of Hsf Genes in Wild Peanut Species

The amino acid sequences of Hsfs were extracted from AA and BB wild peanut genome database using the BLASTP program. The amino acid sequences of Hsf DBD domains (Pfam: PF00447) were used as queries. From AA and BB genomes, we identified 16 and 17 Hsf genes, respectively. The polypeptide lengths of Hsfs varied from 209 to 656 aa in A. duranensis and from 282 to 514 aa in A. ipaensis. A. thaliana Hsf family were often employed as reference to classify Hsf family in other plant species (Scharf et al., 2012; Li et al., 2014; Wang et al., 2014; Qiao et al., 2015). We employed Hsfs from A. thaliana and other species to construct phylogenetic tree together with Hsfs in two wild peanut species. In this study, 21 A. thaliana Hsfs, 11 M. truncatula Hsfs, 10 L. japonicus Hsfs, 16 C. cajan Hsfs, 11 C. arietinum Hsfs, and 40 G. max Hsfs were used for phylogenetic tree construction (Figure 1). These Hsfs were divided into A, B, and C groups that was consistent with previous studies (Scharf et al., 2012; Li et al., 2014; Lin et al., 2014; Wang et al., 2014; Qiao et al., 2015). Group A was divided into 10 clusters, group B was divided into five clusters, and group C contained only one cluster. Clusters in the group A were named as A1–A5, A6a, A6b, A7–A9. Clusters in the group B were named as B1–B5. B5 cluster was not presented in Arabidopsis; however, B5 cluster was identified in many leguminous species including wild peanut species. In wild peanut species, A3, A6a, A7, B3, and B4 clusters were absent (Figure 1). Orthologous of all 16 AA genome Hsfs were found in the BB genome with >90% identity (Table S3).
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FIGURE 1. Neighbor-joining phylogenic analysis of Hsfs.



Interspecies synteny analysis showed that high level synteny was maintained between AA and BB genomes (Figure 2). This synteny analysis supported the identification of orthologous-pairs of Hsfs between AA and BB genomes. The nomenclature of AA genome Hsfs was based on their chromosome location order, AdHsf1-16. BB genome Hsfs were named based on their orthologous genes in AA genome AiHsf1-16 and AiHsfX. The orthologous gene of AiHsfX (Araip. A5C77) was not found in AA genome. The gene IDs and physical locations information of wild peanut Hsf genes were showed in Table 1, Figure 3.
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FIGURE 2. Syntenic chromosomal segments between genes flanking AA genome Hsfs and their orthologous genes in BB genome. Red arrows represent Hsf, black arrows represent flanking genes.




Table 1. Hsfs identified in wild type peanuts.
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FIGURE 3. Genome location of Hsfs in AA and BB genome peanuts. AA and BB wild peanut Hsfs were marked with red short lines on their genome location. Duplicated gene-pairs linked with green long curves and orthologous gene-pairs linked with blue curves.



Duplication of Hsf Genes in Peanut

Duplicated gene-pairs were found in both AA and BB genomes, including high-stringency standard duplicated gene-pairs AdHsf5-AdHsf14, AdHsf6-AdHsf16 in AA genome and AiHsf5-AiHsf14, AiHsf6-AiHsf16, AiHsf7-AiHsf8 in BB genome, low-stringency standard duplicated gene-pairs AdHsf7-AdHsf8 in AA genome and AiHsf15-AiHsfX in BB genome. Intraspecies synteny analysis showed that the duplicated gene-pair blocks were not collinear. No chromosome segmental or large scale duplication gene pairs were identified. AiHsf7-AiHsf8 and AdHsf7-AdHsf8 were identified as tandem duplicated gene-pairs.

Features of Hsfs in Wild Peanut Species

Most members of Hsf gene families in both AA and BB genomes contained one intron and two exons. However, AdHsf7 contained three exons and AdHsf14 contained four exons in the AA genome, AiHsf15 contained three exons, AiHsf14, and AiHsfX contained four exons in the BB genome. AdHsf14 contained four exons, while its duplicated gene AdHsf5 contained only two exons. Intronless Hsfs were also found in both AA and BB genomes (Figure S1).

HR-A/B domain is critical for one Hsf interacting with other Hsfs to form trimer through a helical coiled-coil structure (Scharf et al., 2012; Jaeger et al., 2016; Neudegger et al., 2016). Similar to other plant Hsfs, group A Hsfs have an insertion between HR-A and HR-B regions in peanut. However, this insertion was not found in the group B Hsfs. In Arachis, the sequence of group B Hsf HR-A/B was not conserved compare with that in group A (Figure 4). The DBD domains were conserved in two wild peanut species. The most conserved motif of DBD domains were “FSSFI/VRQLNT/I” in peanut (Figure S2).
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FIGURE 4. HR-A/B domain in peanut Hsfs.



The 3D Structure of Hsfs in Wild Peanut Species

The predicted 3D structures of BDB domain of all AA and BB Hsfs were similar to that of human Hsf BDB (Figure 5A). The predicted 3D structures of HR-A/B domain of AA and BB Hsfs were also similar to the human Hsfs (Figure 5C). The 3D structures of BDB domain of peanut orthologous were highly conserved.
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FIGURE 5. 3D structure of peanut Hsfs. (A) Represents 3D structures of peanut Hsf DBD domains binding with HSE. (B) Represents 3D structures of peanut Hsf DBD domains binding with SatIII. (C) Represents homo-trimer of Hsf HR-A/B domain.



When adjacent DBD molecules bound to HSE element, two DBD molecules formed symmetrical protein-protein interaction involving the helix α2. The closest intermolecular contact occurred between the Gly50 residues located at the N-terminal end of the α2 helices in chordate Hsfs. Gly50 is conserved and is surrounded by Gln49 and Gln51 in chordate Hsfs (Neudegger et al., 2016). In peanut, we predicted that the closest intermolecular contact residues by homologous comparison and 3D model comparison. The results showed that the closest contact residues were not conserved between chordate Hsfs and peanut Hsfs. For example, in AdHsf1 and AdHsf5, the predicted closest intermolecular contact occurred between the residues His143 (Figure 5A). We also built models that DBD domain of AA and BB wild peanut Hsfs bound to SatIII element. The result showed that the predicted dimer structures of DBD-DBD interaction for binding to SatIII element and HSE element were distinct (Figure 5B).

Selective Pressure Analysis of Hsfs in Wild Peanut Species

Site models were used to detect whether different groups of Hsfs were under different selective pressure in peanuts. Group C Hsfs contained only one gene, it could not be analyzed. M0 showed that both AdHsfs and AiHsfs in group A underwent strong purifying selection (ω = 0.31723 in AA genome and ω = 0.40488 in BB genome; Table S4). Interestingly, in group B, both AdHsfs and AiHsfs were underwent positive selection (ω = 1.69713 in AA genome and ω = 1.95226 in BB genome). M0 vs. M3, M1a vs. M2a and M7 vs. M8 comparisons detected 399 positive selection sites in group B AdHsfs (P < 0.05) and 382 positive selection sites in group B AiHsfs (P < 0.001; Table S4). The identification of these positive selection sites in group B Hsfs indicated extensive functional diversity and structural variation (Wang et al., 2016).

Cis-Acting Regulatory Element Analysis of Peanut Hsf Promoter

In silico survey of the putative cis-acting regulatory elements in the 1500 kb promoter region of Hsfs was performed. The majority of Hsf promoters contained HSE elements. HSE was not found in AdHsf3, AdHsf12, AdHsf14, AiHsf1, or AdHsf11 promoters. Many Hsf promoters except AiHsf2 contained abiotic stress responsive element such as MBS (drought inducible), LTR (low temperature responsive), and ARE elements (anaerobic induction). RNA-seq data showed that two A. duranensis Hsf genes (Aradu.X3DNX, AdHsf3, and Aradu.5S8J3, AdHsf1) were up-regulated significantly under drought stress (log2 FC > 2, FDR < 0.05) (Guimarães et al., 2012; Brasileiro et al., 2015). Phytohormone-induced elements, such as ERE element (ethylene-responsive element), AuxRR-core or TGA-element (auxin responsive), GARE-motif, or P-box element (gibberellin-responsive), ABRE element (ABA responsive), TCA-element (salicylic acid responsive), and TGACG-motif or CGTCA-motif element (MeJA-responsive) were found in some Hsf promoters. Five AdHsfs (AdHsf2, AdHsf4, AdHsf16, AdHsf8, and AdHsf6) and two AiHsfs (AdHsf11 and AdHsf10) contained fungal elicitor responsive elements. Promoters of orthologous genes between AA and BB genomes were similar (Table S5).

Expression of Hsfs in Various Tissues in Cultivated Peanut

We used Hsfs of wild peanut species as queries to identify Hsfs in cultivated peanut species from transcriptome and genomic sequences (unpublished data). Totally, 17 Hsfs were identified in cultivated peanut species and named as AhHsf1- AhHsf16 and AhHsfX. The sequences of these genes were similar to their orthologous genes in wild peanut species (Table S6). To predict the possible function of these genes in cultivated peanut, the expression of these genes was investigated by qRT-PCR. Results showed that AhHsf1, 3, 7, 8, 11, 12, 14, 15, 16, and X were expressed predominantly in seeds, while the expression of AhHsf9 and 10 was not detected in seeds. AhHsf2, 4, 5, 6, 9, and 10 were highly expressed in flower. The expression of AhHsf1, 7, 12, 15, and 16 was higher in flower than that in root, shoot or leaf. The expression of AhHsf11, 13, and X was higher in leaf than that in root, shoot or flower. The expression of AhHsf4 and AhHsf6 was higher in root than that in shoot or seed. The expression level of AhHsf9 was higher in shoot than that in leaf or seed (Figure 6).
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FIGURE 6. Relative expression levels of Hsfs in different tissues in cultivated peanut. T-test was used to perform analysis of significance. * represents significantly difference (P < 0.05) compared with control (0 h).



Hsf Expression in Response to Various Stresses in Cultivated Peanut

The expression of AhHsf was analyzed under high temperature, drought and low temperature by qRT-PCR. The expression levels of most Hsfs (AhHsf1, 3, 4, 5, 6, 7, 9, 10, 11, 13, 14, 15, and X) were up-regulated under high temperature. The expression of AhHsf1, 3, 9, 15, and X was up-regulated up to ~9-folds after 6 h treatment with 42°C. AhHsf4, 5, 6, 10, 11, and 13 could response rapidly to high temperature, and up-regulated after 1 h treatment. The expression of AhHsf4, 5, 6, 10, and 11 was continuously increased during 1–6 h of 42°C treatment. The expression of AhHsf13 was decreased at 6 h after 42°C treatment (Figure 7).
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FIGURE 7. Relative expression levels of Hsfs under heat stress in cultivated peanut. T-test was used to perform analysis of significance. * represents significantly difference (P < 0.05) compared with control (0 h).



The expression of most AhHsfs was up-regulated under drought stress. The expression levels of AhHsf2, 4, 5, 7, 12, 14, 15, and 16 were increased after 1 h of drought treatment. The expression of AhHsf2, 5, 12, 14, 15, and 16 was continuously increased during the first 6 h of drought treatment. The expression of AhHsf1, 3, 9, 10, and 11 was up-regulated after 6 h of drought stress (~15-folds). AhHsfX didn't respond much to drought stress (Figure 8).
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FIGURE 8. Relative expression levels of Hsfs under drought stress in cultivated peanut. T-test was used to perform analysis of significance. * represents significantly difference (P < 0.05) compared with control (0 h).



The expression of most AhHsfs was up-regulated after 1 h of 4°C treatment, and then down-regulated at 6 h after treatment. The expression of AhHsf 12 was continuously up-regulated during 6 h of cold treatment. The expression of AhHsf14 was decreased at 1 h and then increased at 6 h after 4°C treatment (Figure S3).

Previous study showed that Hsfs may be involved in disease resistance (Pick et al., 2012). In this study, we analyzed the expression of AhHsfs in peanut seeds after A. flavus infection. The expression of most AhHsfs was down-regulated in seed after A. flavus inoculation, while the expression of AhHsf2 and 14 was up-regulated (~1.5-fold; Figure 9).
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FIGURE 9. Relative expression variation of Hsfs in seeds inoculated with Aspergillus flavus in cultivated peanut. T-test was used to perform analysis of significance. * represents significantly difference (P < 0.05) compared with control (0 h).



DISCUSSIONS

Leguminous Contained Different Hsf Clusters

B5 cluster was not presented in Arabidopsis Hsfs, while B5 cluster was identified in most leguminous species, such as C. cajan, L. japonicus wild peanuts, and G. max. B5 Hsf cluster were not detected in Medicago truncatula. Phylogenetic tree showed that the leguminous plants contained different Hsf group members. Both in AA and BB wild peanut species, A3, A6a, A7, B3, and B4 cluster members were not found. Only soybean and M. truncatula contained the B3 members. A6a and A7 Hsf cluster was not found in leguminous. A3 cluster was not found in wild peanuts and M. truncatula. Group C Hsfs were not found in L. japonicus and M. truncatula. Soybean contained most clusters but not A6a and A7. The number of Hsfs from wild peanut species was relative small to compare with cotton, soybean and rosaceae (Li et al., 2014; Wang et al., 2014; Qiao et al., 2015). Phylogenetic tree showed that A. duranensis is the closer relative of A. ipaensis compared with other Leguminous.

WGD may Not the Major Driving Force of Hsfs Large Scale Expansion in Arachis

Our results showed that Hsf gene duplication occurred in both AA and BB peanut genomes. The majority pf Hsf duplication events were similar between AA and BB genomes. For example, the duplicated gene pair AdHsf7-AdHsf8 was located on chromosome 5. The distance between AdHsf7 and AdHsf8 was about 1 kb. The duplicated gene pair AiHsf7-AiHsf8 was located on chromosome 5, and the distance between these two genes was about 2 kb. However, AiHsfX was located on chromosome 6 of BB peanut and its duplicated gene AiHsf15 was on chromosome 9 of BB peanut. It is possible that AdHsf15 didn't undergo duplication or the orthologous of AdHsfX was lost during the evolution (Figure 3). We only found one tandem duplication gene pairs in A. duranensis and A. ipaensis, respectively. Both AA and BB genomes or their common ancestor were underwent the early papilionoid whole-genome duplication (WGD) about 58 million year ago (Ks = 0.65) (Bertioli et al., 2016). Intraspecies synteny analysis showed that Hsf duplication in wild peanut species was not originated from a large scale duplication event, because no intraspecies synteny blocks containing Hsfs was found. However, the recent WGD could be a driving force for the expansion of Hsf gene family in Chinese white pear and apple (Qiao et al., 2015). That may be the reason why peanut has less Hsfs than that in cotton, soybean and rosaceae (Li et al., 2014; Wang et al., 2014; Qiao et al., 2015).

Hsfs Is Different in Group B from That in Group A

Group B Hsfs underwent positive selection (Table S4). Positive selection could contribute to adaptive evolution, functional diversity, and neofunctionalization (Beisswanger and Stephan, 2008). Study on barley showed that many gene families involved in adaptation to environment were under positive selection. Positive selection may lead to the expansion of these gene families (Zeng et al., 2015). However, group A Hsfs underwent purifying selection. Purifying selection may generate genes with conserved functions or pseudogenization (Zhang, 2003). These results indicated that the function of Arachis group A Hsfs may be more conserved and the function of group B Hsfs may be more diverged. The sequences of Hsf group B HR-A/B were not conserved compare with group A HR-A/B which was in agreement with the differential selection they experienced (Figure 4). The 3D structure of peanut group B Hsfs was different from group A and C Hsfs. The 3D structure of group A and C HR-A/B was a continuous helix, while group B HR-A/B 3D structure contained helixes which were linked by a linear part (Figure 5).

The Possible Roles of Arachis Hsfs in Abiotic and Biotic Stresses

Hsfs play a central role in protecting plants from high temperature or other stresses (Nishizawa-Yokoi et al., 2009; Scharf et al., 2012). Many Hsfs could regulate a set of heat-shock protein genes to enhance the thermo-tolerance in plants. Some Hsfs could be regulated by DREB genes as part of drought stress signaling pathway, and enhance drought tolerance (Scharf et al., 2012; Ma et al., 2015; Guo et al., 2016). Some Hsfs could regulate WRKY transcription factors which are involved in response to abiotic stresses, such as drought and cold (Ren et al., 2010; Zou et al., 2010; Jiang et al., 2012; Shen et al., 2015). Arabidopsis HsfA9 could be activated by ABI3 to enhance seed desiccation tolerance and longevity (Verdier et al., 2013).

In our study, the majority of Hsf promoters contained HSE elements (Table S5) suggesting that peanut Hsfs could be regulated by other Hsfs. Many peanut Hsf promoters contained MYB binding sites which are involved in drought response (Table S5). It indicated that peanut Hsfs could be regulated by MYB transcription factors under drought stress. Many Arachis Hsf promoters contained ABRE and DRE elements which are involved in ABA-dependent or independent stress tolerance (Chen et al., 2012). Therefore, Hsfs could play important roles for gene regulation in response to different stresses in peanuts. Some Arachis Hsf promoters contained salicylic acid responsive, MeJA-responsive or fungal elicitor responsive elements, suggesting their roles in response to pathogen infection.

In cultivated peanut cultivars, the expression level of AhHsf13 was approximately 500-folds as high as the control after 1 h of heat treatment, and then the expression was decreased after 6 h of treatment. Expression levels of AhHsf1, 3, 9, and AhHsfX were up-regulated by about 10-folds after 6 h of heat treatment to compare with the control. The expression of these Hsfs kept at a high level under continuous heat stress (Figure 7). Group A1a Hsfs were master regulators for acquired thermo tolerance in tomato and Arabidopsis (Scharf et al., 2012). However, we found that the expression of AhHsf2 (group A1) did not respond to heat and cold, but to drought stress. In cultivated peanut, expression levels of AhHsf1, 2, 3, 9, 10, 11, 15 were about 10-folds as high to compare with the control after 6 h of drought stress (Figure 8). The expression of some Hsfs was altered after Podosphaera aphanis inoculation in woodland strawberry (Hu et al., 2015). Aspergillus flavus produces potent mycotoxin known as aflatoxin which is a key issue of food safety in peanut (Zhang et al., 2015). We detected whether peanut Hsf genes were involved in the response to A. flavus infection. The results showed that the expression of AhHsf2 and AhHsf14 were significantly up-regulated after A. flavus inoculation. The expression of some AhHsfs was down-regulated by A. flavus infection.

Hsf Gene Family Were Highly Expressed in Peanut Seed

Some Hsfs play key roles in plant seed development (Wang et al., 2014). In sunflower and Arabidopsis, HsfA9 was expressed specifically in seeds and the expression of Hsps was changed during seed development (Almoguera et al., 2002; Kotak et al., 2007b). In rice, HsfA7 was expressed specifically in seed under normal condition (Chauhan et al., 2011). In peanut, expression levels of more than half of the AhHsfs were higher in seeds than that in other tissues. These expression patterns may suggest their roles in peanut seed development.

CONCLUSIONS

Genome-wide identification and comparison of peanut Hsfs with other plant species revealed that peanut contained a small number of Hsfs. Phylogenetic tree showed that B5 cluster Hsfs might present only in leguminous. Small scale segmental and tandem duplication but not WGD played important roles in Hsfs expansion in Arachis. The sequences of group B Hsf HR-A/B were not conserved compare with group A HR-A/B which was in agreement with the different selection pressure they experienced. We built the 3D structures of peanut Hsfs with the newly submitted templates and found the difference between group A and B members. Peanut Hsfs may play important roles in abiotic and biotic stress tolerance based on their expression responses to these stresses.
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Plants have evolved a sophisticated immune system that allows them to recognize invading pathogens by specialized receptors. Carbohydrate-binding proteins or lectins are part of this immune system and especially the lectins that reside in the nucleocytoplasmic compartment are known to be implicated in biotic and abiotic stress responses. The class of Nictaba-like lectins (NLL) groups all proteins with homology to the tobacco (Nicotiana tabacum) lectin, known as a stress-inducible lectin. Here we focus on two Nictaba homologs from soybean (Glycine max), referred to as GmNLL1 and GmNLL2. Confocal laser scanning microscopy of fusion constructs with the green fluorescent protein either transiently expressed in Nicotiana benthamiana leaves or stably transformed in tobacco BY-2 suspension cells revealed a nucleocytoplasmic localization for the GmNLLs under study. RT-qPCR analysis of the transcript levels for the Nictaba-like lectins in soybean demonstrated that the genes are expressed in several tissues throughout the development of the plant. Furthermore, it was shown that salt treatment, Phytophthora sojae infection and Aphis glycines infestation trigger the expression of particular NLL genes. Stress experiments with Arabidopsis lines overexpressing the NLLs from soybean yielded an enhanced tolerance of the plant toward bacterial infection (Pseudomonas syringae), insect infestation (Myzus persicae) and salinity. Our data showed a better performance of the transgenic lines compared to wild type plants, indicating that the NLLs from soybean are implicated in the stress response. These data can help to further elucidate the physiological importance of the Nictaba-like lectins from soybean, which can ultimately lead to the design of crop plants with a better tolerance to changing environmental conditions.

Keywords: lectin, Nictaba, soybean, Phytophthora sojae, Pseudomonas syringae, Myzus persicae, Aphis glycines, salt stress

INTRODUCTION

To successfully survive in their natural habitat, plants are capable of experiencing stress when they are confronted with adverse environmental conditions including drought, insect infestation or pathogen infection. Because plants cannot flee from these unfavorable conditions, they have developed a sophisticated protection system which enables them to recognize disadvantageous situations, alter hormone crosstalk and successfully cope with these adverse growth conditions (Jones and Dangl, 2006). The plant's innate immune system can recognize invading pathogens by a range of specialized cell-surface and intracellular receptors. It was shown that lectins are part of the plant's immune system since they can act as immune receptors and/or defense proteins (Peumans and Van Damme, 1995; Lannoo and Van Damme, 2014).

The class of plant carbohydrate-binding proteins or lectins is widespread within the plant kingdom and these proteins exhibit specificities toward endogenous as well as exogenous glycan structures (Van Damme et al., 2008). During the last decade, compelling evidence has been offered demonstrating that next to the classical lectins that reside mostly in the vacuole, there is a group of inducible cytoplasmic/nuclear lectins. The latter group of lectins is not easily detectable in plants under normal environmental conditions, but their expression level is increased after application of certain stressors (Van Damme et al., 2004; Lannoo and Van Damme, 2010). At present, at least six carbohydrate recognition domains have been identified within the group of nucleocytoplasmic lectins (Lannoo and Van Damme, 2010). Several of these nucleocytoplasmic lectins have been studied in detail and play roles in plant stress signaling (Al Atalah et al., 2014; Van Hove et al., 2015). One of these domains was first discovered in the Nicotiana tabacum (tobacco) agglutinin, abbreviated as Nictaba (Chen et al., 2002). In recent years, Nictaba was also shown to be implicated in the plant stress response (Chen et al., 2002; Lannoo et al., 2007; Vandenborre et al., 2009a, 2010; Delporte et al., 2011). This GlcNAc-binding lectin is believed to trigger gene expression in response to stress by interaction with the core histones H2A, H2B and H4 through their O-GlcNAc modification (Schouppe et al., 2011; Delporte et al., 2014).

An extensive survey of genome databases revealed that Nictaba-like lectins (NLLs) are widespread in plants (Delporte et al., 2015). Thus, far, functional characterization has been focused on the tobacco lectin and one F-box Nictaba homolog from Arabidopsis (Stefanowicz et al., 2012; Delporte et al., 2015). Lectin expression in tobacco is enhanced after caterpillar attack, suggesting a role for Nictaba in plant defense. Furthermore, experiments using transgenic tobacco plants overexpressing the lectin gene or plants with reduced expression indicated that Nictaba exerts insecticidal activity toward Lepidopteran pest insects (Vandenborre et al., 2010). The Arabidopsis F-box-Nictaba homolog is upregulated after treatment with salicylic acid and upon Pseudomonas syringae infection and overexpression of the gene in Arabidopsis plants confers increased tolerance to the pathogen (Stefanowicz et al., 2016). In order to refine our understanding of this specific group of nucleocytoplasmic lectins, we focus here on some Nictaba-like lectins from soybean. Soybean presents an exciting opportunity to investigate the stress inducibility of these proteins in an important crop species. Several GmNictaba-related genes have recently been identified in the soybean genome. Of the 31 identified GmNLL genes, 25 encode chimerolectins, consisting of one Nictaba lectin domain combined with an N-terminal F-box protein domain. The remaining six genes encode Nictaba orthologs containing one or two Nictaba domains as building blocks (Van Holle and Van Damme, 2015).

In this study, two GmNLL genes, referred to as GmNLL1 and GmNLL2, located on different chromosomes have been selected for analysis. Their localization in the cell was investigated, together with their temporal and spatial expression in wild type soybean plants subjected to a variety of abiotic and biotic stresses. In addition, Arabidopsis overexpression lines were generated and analyzed for tolerance toward pathogen infection and aphid infestation. These data allowed us to investigate if overexpression of the GmNictaba-related genes leads to an enhanced tolerance of the plant toward stress.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Wild type seeds of Arabidopsis thaliana ecotype Colombia were purchased from Lehle Seeds (Texas, USA). For in vitro cultures, seeds were surface sterilized by submergence in 70% ethanol for 2 min, followed by 10 min in 5% NaOCl. Finally, the seeds were rinsed four to five times with sterilized water. In vitro cultures were maintained in a plant growth room at 21°C and a 16/8 h light/dark photoperiod. Arabidopsis plants were sown into Jiffy-7® (artificial soil) and grown in a Conviron (Berlin, Germany) plant growth cabinet under 12/12 h light/dark conditions at 21°C after stratification at 4°C for 3 days. Seeds for the insect assays were sown in round plastic pots (diameter: 11 cm) containing soil. After stratification pots were moved to a plant growth incubator (MLR-352 incubator, Sanyo/Panasonic, Osaka, Japan, 21°C, 12 h photoperiod, 75% relative humidity).

Glycine max cv Williams seeds were obtained from the USDA Soybean Germplasm Collection in Urbana (IL, USA). Glycine max cv Opaline seeds were obtained from the Institute for Agricultural and Fisheries Research (Merelbeke, Belgium). Seeds were grown in pots containing a mixture (50/50) of commercial soil and expanded clay granules (Agrex) in a growth chamber at 26°C with a 16/8 h light/dark photoperiod.

Nicotiana benthamiana seeds were kindly supplied by dr. Verne A. Sisson (Oxford Tobacco Research Station, Oxford, NC, USA). N. benthamiana plants were sown in pots containing commercial soil and grown in a growth chamber at 26°C with a 16/8 h light/dark photoperiod. The N. tabacum cv Bright Yellow-2 (BY-2) cell suspension culture was obtained from the department of Plant Systems Biology (Flanders Institute for Biotechnology, Zwijnaarde, Belgium) and maintained as described by Delporte et al. (2014).

Pathogens

Phytophthora sojae was obtained from the CBS-KNAW Fungal Biodiversity Centre (Utrecht, The Netherlands) and was routinely cultured on 10% clarified and buffered V8-juice agar plates at 21°C in the dark. Phytophthora brassicae was grown under the same conditions and was kindly provided by Prof. Monica Höfte (Dept. of Crop Protection, Ghent University). Pseudomonas syringae pv. tomato strain DC3000 was also provided by Prof. Monica Höfte (Dept. of Crop Protection, Ghent University) and grown on King's B agar medium supplemented with 50 μg/ml rifampicin.

Cloning of the Nictaba-Like Sequences from Soybean

Trifoliate leaves from 18-day-old soybean (Glycine max cv Williams) plants were collected for RNA extraction. Total RNA was extracted using TRI Reagent® according to the manufacturer's instructions (Sigma-Aldrich). Residual genomic DNA was removed by a DNase I treatment (Life Technologies, Carlsbad, CA, USA) and RNA was quantified with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Reverse transcriptase reactions were performed with 1 μg of total RNA using moloney murine leukemia virus reverse transcriptase (M-MLV RT) and oligo(dT)25 primers (Life Technologies). The full length cDNA sequences corresponding to NLL1 (Glyma.06G221100) and NLL2 (Glyma.20G020900) were obtained by RT-PCR reactions with gene specific primers (Supplementary Table 1). Finally, the PCR products were ligated in the pJET2.1 vector with the CloneJET PCR Cloning kit according to the manufacturer's instructions (Life Technologies) and constructs were sequenced (LGC Genomics, Berlin, Germany) to confirm the cDNA sequence of the GmNLL genes.

Construction of Expression Vectors

Vectors for expression of each of the GmNLL sequences either N- or C-terminally linked to EGFP (enhanced green fluorescent protein) under control of the CaMV 35S promoter were constructed using Life Technologies' Gateway® Cloning Technology. First, the cDNA clones were used as template in two consecutive PCRs and amplified with primers to attach attB sites to the PCR product. In the first PCR, the coding sequence of the GmNLLs was amplified using Platinum® Pfx DNA Polymerase (Life Technologies) and primers with stop codon (evd1022/evd1032 (NLL1) and evd1024/evd1033 (NLL2)) or without stop codon (evd1022/evd1023 (NLL1) and evd1024/evd1025 (NLL2)) (Supplementary Table 2) using the following cycling parameters: 2 min at 94°C, 25 cycles (15 s at 94°C, 30 s at 48°C, 1.5 min at 68°C), 5 min at 68°C. In the second PCR primers evd2/evd4 were used to complete the attB sites using following cycling parameters: 2 min at 94°C, 5 cycles (15 s at 94°C, 30 s at 48°C, 1.5 min at 68°C), 25 cycles (15 s at 94°C, 30 s at 55°C, 1.5 min at 68°C), 5 min at 68°C. The PCR products were used as substrates in a BP recombination reaction with the pDONR221 donor vector. Subsequently, the entry clones were recombined with destination vectors pK7WGF2,0 and pK7FWG2,0 to create the desired expression clones to create N- or C-terminal EGFP fusions to the NLL gene sequences, respectively (Karimi et al., 2002). Using a similar approach, coding sequences of GmNLL1 and GmNLL2 were introduced into the binary vector pK7WG2,0 (Karimi et al., 2002) to generate expression vectors for transformation of Arabidopsis plants.

The binary vectors carrying the different constructs were introduced into Agrobacterium tumefaciens C58C1 Rif (pGV4000) using the freeze/thaw transformation method. Briefly, 1 μg of the expression clones was added to competent A. tumefaciens cells followed by an incubation of 30 min on ice. Next, the cells were frozen in liquid nitrogen, thawed at 37°C for 5 min, and after addition of 1 ml of preheated LB medium, the cells were incubated for 2 h at 26°C. Transformed cells were selected on LB agar plates containing 50 μg/ml spectinomycin and screened by colony PCR.

Transformation of N. benthamiana Plants and N. tabacum cv BY-2 Cells

Transient expression of the EGFP fusion proteins was conducted as described by Sparkes et al. (2006). The abaxial epidermis of young leaves of 4- to 6-week-old N. benthamiana plants was infiltrated with the Agrobacterium suspension harboring the different constructs. Two days post-infiltration, the infiltrated leaf areas were cut and analyzed microscopically. The tobacco BY-2 cell suspension culture was stably transformed with the EGFP fusion constructs under the control of the 35S promoter as described by Delporte et al. (2014).

Generation of Arabidopsis Transgenic Lines

Arabidopsis 35S::GmNLL1 and 35S::GmNLL2 overexpression lines were generated using the floral dip method (Clough and Bent, 1998). Transformed seeds were selected using the adapted protocol proposed by Harrison et al. (2006). Integration of the T-DNA was detected by RT-PCR on cDNA with gene specific primers (Supplementary Table 3) using the following PCR program: 5 min at 95°C, 40 cycles of 45 s at 95°C, 45 s at 60°C, and 30 s at 72°C and a final 5 min at 72°C. Relative expression levels of the GmNLL genes were analyzed in 4-week-old plants by RT-qPCR. At least three independent homozygous single insertion lines of 35S::GmNLL1 and 35S::GmNLL2 were selected and used in all experiments, together with the corresponding wild type plant.

Hormone Treatment and Abiotic Stress Application of Wild Type Soybean Plants

For hormone and salt stress treatments, 14-day-old soybean (Glycine max cv Williams) plants (V1 growth stage) were carefully removed from the soil and transferred to liquid Murashige and Skoog (MS) medium containing different hormones (100 μM abscisic acid (ABA), 50 μM methyl jasmonate (MeJA) or 300 mM salicylic acid (SA)) or 150 mM NaCl. For control treatments, equal volumes of the dissolvent (ethanol or water) of the hormone or salt solution were added to the medium. Treated root and shoot tissues were sampled at the following time points: 3, 6, 10, 24, and/or 32 h. Likewise, the corresponding mock controls were sampled at each time point. Plant material of four individual plants was pooled for each sample and immediately frozen in liquid nitrogen and stored at −80°C until use. In total, three biological replicates were performed.

Infection Assays of Wild Type Soybean Plants

Infection assays with P. sojae on wild type soybean plants were performed by inoculating fresh mycelial plugs (0.5 cm diameter) on the abaxial side of detached leaves of 10-day-old soybean plants (Glycine max cv Opaline). Mock infections included inoculation with blank V8-agar plugs. The petioles of the detached leaves were wrapped in cotton wool and the inoculated plants were placed in a tray containing three layers of wetted absorbent paper and closed with plastic wrap foil to maintain a relative humidity of 100%. Treatments and controls were incubated in a growth room at 26°C with a 16/8 h light/dark photoperiod. Samples were collected 1, 3, and 5 days post-infection and leaves of three individual plants per treatment were pooled at each time point. Three individual biological replicates were performed.

Insect Maintenance and Non-choice Experiment with Wild Type Soybean

Aphis glycines (soybean aphid) was kindly provided by dr. Annie-Eve Gagnon (CÉROM, Quebec, Canada) and reared on soybean plants under standard conditions in a growth incubator (MLR-352 incubator, Sanyo/Panasonic, Osaka, Japan) at 25°C, 60% relative humidity and a 16 h photoperiod. In a non-choice experiment, the first trifoliate leaves of 14-day-old soybean plants were placed in a cage (Novolab) with 60 apterous adult aphids. Control samples included the cage without aphids. Three leaves from individual plants of treated and control plants were harvested and pooled after the designated time points (3, 5, and 7 days), and snap frozen in liquid nitrogen. Three individual biological replicates were performed.

Real-Time Quantitative RT-PCR

For gene expression analysis, all collected leaf and root samples were ground in liquid nitrogen and stored at −80°C until further analysis. RNA extraction was performed using TriReagent® (Sigma-Aldrich). Next, a DNAse I treatment (Life Technologies) was performed and the RNA concentration and quality was assessed spectrophotometrically. First-strand cDNA was synthesized from 1 μg of total RNA with oligo(dT)25 primers and 200 U of M-MLV reverse transcriptase (Life Technologies). Subsequently, the cDNA was diluted 2.5 times and cDNA quality was checked by RT-PCR with SKP1/Ask-interacting protein 16 primers (SKIP16). Quantitative RT–PCR was performed with the 96-well CFX Connect™ Real-Time PCR Detection System (Bio-Rad) using the SensiMix™ SYBR® No-ROX One-Step kit (Bioline Reagents Limited, London, UK). Reactions were conducted in a total volume of 20 μl containing 1 × SensiMix™ SYBR® No-ROX One-Step mix, 500 nM gene specific forward and reverse primer and 2 μl cDNA template. RT-qPCR was performed under following conditions: 10 min at 95°C, 45 cycles of 15 s at 95°C, 25 s at 60°C, and 20 s at 72°C and a melting curve was generated after every RT-qPCR run. Independent biological replicates and technical replicates were analyzed together using the sample maximization approach (Hellemans et al., 2007). An overview of all primers used in the qPCR analyses can be found in Supplementary Table 3 and the reference genes for each experiment are listed in Supplementary Table 4. Based on the available literature, different reference genes were selected because they were demonstrated to be the most stable under certain conditions. Melting curve analysis was performed after each run (Bio-Rad CFX Manager 3.1 software). Reference gene stability and quality control of the samples were validated in the qBASEPLUS software (Hellemans et al., 2007) and the results were statistically evaluated with the REST-384 software using the pair wise fixed reallocation randomization test (with 2000 randomizations; Pfaffl et al., 2002). Gene specific primers were designed using Primer3 (http://biotools.umassmed.edu/bioapps/primer3_www.cgi) and the specificity (BLAST search) and presence of SNPs were analyzed in silico, next to the secondary structure evaluation of the amplicon (Derveaux et al., 2010). Gene specific primers were evaluated by verification of the amplicon and determination of the amplification efficiency.

Germination Assays

For the seed germination assay, seeds of wild type plants and four independent homozygous transgenic lines for each construct (35S::GmNLL1 and 35S::GmNLL2) were grown on ½ MS medium (Duchefa Biochemie, Haarlem, The Netherlands) containing 50 or 150 mM NaCl (50 seeds/line/treatment). After the stratification for 3 days at 4°C in the dark, the plates were placed in a plant growth room at 21°C and a 16/8 h light/dark cycle. Germination was assigned as the emergence of the radicle through the seed coat. Germination on ½ MS medium without additional NaCl was performed as a control. Two biological replicates were performed with 50 plants per line for each treatment.

To determine post-germination growth, plants were sown on ½ MS medium and after the stratification (3 days at 4°C in the dark), the plants were grown at 21°C in a plant growth room with a 16/8 h light/dark cycle. Seven-day-old plantlets were transferred to ½ MS medium with 50 or 150 mM NaCl and after 1 week, the percentage of discolored leaves was determined. Chlorophyll was extracted by adding 10 ml N,N-dimethylformamide to the leaf material and after a 2 h incubation, the absorbance of the supernatant was measured at 645 and 663 nm. Chlorophyll a and b were determined as described by Porra (2002): [Chl a] = 12 A663 − 3.11 A645, [Chl b] = 20.78 A663 − 4.88 A645, and [Chl a + b] = 17.67 A663 + 7.12 A645. Two biological replicates were performed with 50 plants per line for each treatment.

Root Growth Analysis

The root growth assay was performed as follows: 30 seeds of wild type plants and the different overexpression lines were germinated on ½ MS medium supplemented with 0, 50, or 150 mM NaCl. Plates were kept in the dark for 3 days at 4°C to break seed dormancy and were then transferred to a plant growth room at 21°C and long day (16/8 h light/dark) growth conditions. Primary root length of 2-week-old plantlets was determined with Root Detection 0.1.2 (http://www.labutils.de/rd.html). The experiment was repeated twice.

Non-choice Aphid Experiment with Arabidopsis

A permanent colony of the green peach aphid (Myzus persicae) was kept on sweet pepper plants under standard lab conditions (Shahidi-Noghabi et al., 2009). In a non-choice infection assay, five adult aphids were collected from rearing plants and placed on 4-week-old Arabidopsis leaves with a brush. After 4 days, all adult aphids were removed from the plants and the plants were returned to the plant growth incubator. On day 8, the plants were harvested and the number of nymphs and aphids residing on each plant was counted. This experiment was repeated twice with six individual plants of each line in each of the experiments.

Phytophthora Infection Assay of Arabidopsis

Adult rosette leaves from 4-week-old Arabidopsis plants were drop inoculated with 20 μl P. brassicae zoospore solution (105 spores/ml) or mock inoculated with water. The zoospore solution was initiated as described by Bouwmeester and Govers (2009). Upon inoculation, the plants were kept in the growth cabinet under 100 % relative humidity. Samples were taken at 1, 3, 5, and 10 dpi.

Plant inoculation with pathogen mycelia was performed by placing fresh mycelium agar plugs (0.5 cm diameter) onto ½ MS agar plates without sugar. Two-week-old in vitro grown Arabidopsis plants were placed next to the pathogen and susceptibility was evaluated 14 days post-inoculation. Mock inoculations were performed with clean V8-agar plugs.

Pseudomonas Syringae Infection Assay of Arabidopsis

Pseudomonas infection assays with transgenic Arabidopsis plants were performed as described previously with some modifications (Pieterse et al., 1996; Katagiri et al., 2002). Four-week-old Arabidopsis plants were spray-inoculated with the Pseudomonas suspension (1.6 × 107 CFU/ml in 10 mM MgSO4 and 0.05% Silwet-L77) or mock inoculated with 10 mM MgSO4 and 0.05% Silwet-L77. During the first 72 h after inoculation, plants were kept in 100 % relative humidity in a Conviron plant growth cabinet (Berlin, Germany). Leaves of three individual plants were sampled at 1, 2, 3, 4, and 5 dpi. Two biological replicates were performed. To estimate the lesion area, leaves were scanned with a flatbed scanner at the highest resolution. Lesion areas of individual leaves were determined in the Image Analysis Software for Plant Disease Quantification Assess 2.0 (APS, St. Paul, USA) using a self-written macro.

Arabidopsis leaves inoculated with P. syringae collected at 3 and 4 dpi were used for genomic DNA extraction. DNA from approximately 100 mg of plant material was extracted using a CTAB buffer (2% CTAB, 0.1 M Tris/HCl pH 7.5; 1.4 M NaCl; 2 mM EDTA), followed by a chloroform:isoamyl alcohol (24:1) extraction. DNA was precipitated with 100% isopropanol and washed with 76% EtOH/0.2 M NaOCl and 76% EtOH/10 mM NH4OAc. The oprF primers were used to target the outer membrane porin protein F gene of P. syringae (Brouwer et al., 2003) and Act2 and PEX4 primers were used as endogenous controls for Arabidopsis (Supplementary Table 3). The ratio of P. syringae genomic DNA to Arabidopsis DNA was calculated using REST-384 software (Pfaffl et al., 2002). Two biological replicates with two technical replicates were analyzed.

Confocal Microscopy and Image Analysis

Images were acquired with a Nikon A1R confocal laser scanning microscope (Nikon Instruments) mounted on a Nikon Ti-E inverted epifluorescence body with an S Plan Fluor ELWD 40 × Ph2 ADM objective (NA 0.60). Different fluorescent images were acquired along the z-axis to create a picture of the complete cell. EGFP was excited with a 488 nm argon ion laser and a 515–530 nm emission filter was used. Image analysis was conducted in Fiji (Schindelin et al., 2012) and the JaCoP tool (Bolte and Cordelières, 2006) was used for colocalization analysis.

Online Tools

Prediction of protein subcellular localization and signal peptide were performed with the TargetP 1.1 and SignalP 4.1 server, respectively (Emanuelsson et al., 2000; Petersen et al., 2011). BLAST searches were conducted on the Phytozome website (https://phytozome.jgi.doe.gov/pz/) using default settings. Multiple sequence alignments and pairwise sequence alignments were performed with ClustalO 1.2.1 (http://www.ebi.ac.uk/Tools/msa/clustalo/) and EMBOSS Water (http://www.ebi.ac.uk/Tools/psa/emboss_water/), respectively. Normalized RNA-sequencing data was downloaded on the SoyBase website (http://soybase.org/soyseq/) (Severin et al., 2010).

Statistical Analysis

Statistical analysis was conducted using SPSS Statistics 22 (IBM) and the data were considered statistically significant for p < 0.05. The assumption of normality was tested with the Shapiro-Wilkinson test and the equality of variances of normally distributed data was assessed using the Levene's test. The Welch and Brown-Forsythe tests were performed when the homogeneity of variance of the data was invalid. ANOVA was used to determine statistically significant differences between groups with normally distributed data. For not-normally distributed samples, the Mann-Whitney U-test was performed, supplemented with the non-parametric Levene's equivalent to test homogeneity of variance. Tukey was used as post-hoc test with Bonferroni-Holm correction for multiple testing. This correction was also applied for Mann-Whitney tests between different groups. Data with a binomial distribution were subjected to Pearson's chi-square test. All results are shown as the mean ± SE (*p < 0.05, **p < 0.01, ***p < 0.001).

RESULTS

The Nictaba-Like Lectins from Soybean Show High Sequence Similarity to Nictaba

In a previous study 31 genes with homology to the Nictaba gene from tobacco have been identified in the soybean genome (Van Holle and Van Damme, 2015). Six of them are composed of one or more Nictaba domains, and two of these genes, designated as GmNLL1 and GmNLL2, were selected for further study. Sequence comparison between the amino acid sequences from Nictaba (encoded by AF389848) and the two Nictaba-like proteins from soybean showed that these sequences are highly related. In contrast to the tobacco lectin sequence, which only consists of a Nictaba domain, the Nictaba domain from GmNLL1 is preceded by an N-terminal domain of 24 amino acids. The GmNLL2 sequence encodes an N-terminal domain of 66 amino acids followed by two Nictaba domains separated by a 51 amino acid linker (Figure 1A). BLASTp searches revealed that the N-terminal sequences of NLL1 and NLL2 show no sequence homology to any other plant protein.
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FIGURE 1. (A) Domain architecture of the Nictaba-like homologs from soybean under study: NLL1 (Glyma.06G221100) and NLL2 (Glyma.20G020900) (B) Sequence alignment of the trimmed Nictaba sequence and the Nictaba domains of NLL1 and NLL2 (NLL2.1: domain one, NLL2.2: domain two) from soybean using ClustalO. The conserved Trp-residues important for the carbohydrate-binding activity of Nictaba are marked in bold and the proposed nuclear localization signal of Nictaba is underlined. ‘*’indicates fully conserved amino acid residue; ‘:’designates conserved amino acid substitution (indicating conservation between groups of strongly similar properties); ‘.’designates semi-conserved amino acid substitution (indicating conservation between groups of weakly similar properties).



Amino acid sequence alignment of Nictaba with the Nictaba domains of the GmNLLs revealed 26 and 39% sequence identity, and 39 and 48 % sequence similarity for NLL1 and NLL2, respectively. Additionally, the two Trp residues which are imperative for the carbohydrate-binding activity of the tobacco lectin (Schouppe et al., 2010), are conserved in the soybean Nictaba homologs (Figure 1B). The putative nuclear localization signal sequence (102KKKK105) present in the Nictaba sequence was not conserved in the GmNLL sequences (Figure 1B).

The Nictaba-Like Lectins from Soybean Localize to the Nucleus and Cytoplasm

Analysis of the GmNLL sequences using the SignalP 4.1 server (Petersen et al., 2011) indicated the absence of a signal peptide, suggesting that these proteins are synthesized on free ribosomes and reside in the cytoplasm. Since the TargetP 1.1 software (Emanuelsson et al., 2000) did not allow a clear prediction of the subcellular localization for the GmNLLs, fusion constructs of the GmNLL coding sequences N- or C-terminally tagged with EGFP were used for transient expression in N. benthamiana leaves. Confocal microscopy of leaf tissue at day 2 post-infiltration revealed fluorescence in the nucleus and the cytoplasm of the epidermal cells, with similar images for the N- and C-terminal EGFP fusion constructs for NLL1 and NLL2 (Figure 2A). Similar localization patterns were obtained after stable transformation of tobacco BY-2 suspension cells confirming that GmNLL1 and GmNLL2 localize to the nucleus and the cytoplasm (Figure 2B).
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FIGURE 2. Localization pattern of N- and C-terminal EGFP fusion constructs expressed in (A) transiently transformed N. benthamiana leaves and (B) in stably transformed BY-2 cells.



Expression of NLL Genes during Soybean Development

To investigate the expression level of the NLL genes in different tissues from soybean, plants were grown under normal growth conditions and different tissue samples were taken from day four after sowing until maturity of the seed pods. Transcript levels for GmNLLs and some classical lectins of the legume lectin family were quantified using RT-qPCR and the expression was compared between different tissues (Figure 3).
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FIGURE 3. Normalized relative expression profile of the three GmNLL genes during the development of the soybean plant. The normalized transcript levels of all genes are represented relative to the expression of 4-day-old roots. The data represent three independent biological replicates, error bars indicate standard errors and statistically significant differences to the expression level of 4-day old roots are indicated with asterisks (*p < 0.05, ***p < 0.001).



The transcript levels for the NLL1 gene are the highest in the cotyledons, unifoliate, and trifoliate leaves, but are significantly lower in belowground and reproductive tissues. The expression profile for the NLL2 gene resembles that of NLL1 with high expression in the leaves and significantly lower expression in roots. Yet, the NLL2 transcript levels in green pods and immature seeds are higher compared to the transcript level of roots at day 4. Based on the raw Cq values of the different genes in the different samples, the expression level of the NLL1 gene corresponds well to the expression level of the three reference genes while transcript levels for NLL2 are less abundant than the NLL1 gene and the reference genes (Supplementary Table 5).

The RT-qPCR analysis for the NLL1 and NLL2 genes was complemented with a comparative analysis to the SVL (soybean vegetative lectin) and SBA (soybean agglutinin) genes, two previously identified legume lectin genes from soybean (Figure 4). The transcript levels for SVL are the highest in leaves but lower transcript levels were also detected in green pods, immature seeds and roots of 19-day-old plants. In contrast very high transcript levels for the SBA gene were observed in pods and seeds. The expression is higher in green pods and immature seeds, compared to mature seeds. Considerably lower transcript levels of the SBA gene were detected in young cotyledons and in 19-day-old roots.
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FIGURE 4. Normalized relative expression profile of SVL and SBA during soybean development. The normalized transcript levels of all genes are represented relative to the expression of 4-day-old roots. The data represent three independent biological replicates, error bars indicate standard errors and statistically significant differences to the expression level of 4-day-old roots are indicated with asterisks (*p < 0.05, ***p < 0.001).



Nictaba-Like Genes Are Stress Inducible in Soybean

The expression patterns of GmNLL1 and GmNLL2 were investigated in shoots and roots of 14-day-old plants subjected to different stress treatments. The RT-qPCR data reveal that salt treatment, P. sojae infection and A. glycines infestation trigger the expression of particular NLL genes (Figure 5). Interestingly, the expression of the two GmNLLs displayed dissimilar patterns under each of the different stress treatments. Salt stress conditions triggered the transcription of the NLL1 gene in leaves and roots (Figures 5A,B). Transcript levels in both leaves and roots reached a peak 10 h after the start of the treatment. Gene expression levels of NLL2 in leaves and roots were not altered by salt treatment. Infection with P. sojae (Figure 5C) triggered both GmNLL1 and GmNLL2 gene expression. The upregulation of GmNLL1 and GmNLL2 was the highest at 3 days post-infection, being approximately 11 and 3-fold higher than the non-treated plants for NLL1 and NLL2, respectively. After aphid infestation, the expression of NLL1 and NLL2 showed an upregulation at 5 and/or 7 days post-infection. Compared to the expression level of NLL1, NLL2 was triggered to a lower extent (Figure 5D). Application of the hormones ABA and MeJA did not greatly influence the transcript levels for GmNLL1 or GmNLL2. During SA treatment, the relative expression levels of GmNLL1 and GmNLL2 in root tissues were decreased significantly, suggesting that these gene products are not required in the plant's response upon SA treatment. The transcript levels of GmNLL1 and GmNLL2 in leaf tissues were not impacted by treatment with SA (Supplementary Figure 1). Our data show a differential expression pattern for the two NLL genes in both shoot and/or root tissues upon application of biotic or abiotic stresses, suggesting that these genes might play distinct roles in the plant.
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FIGURE 5. Expression patterns of GmNLL1 and GmNLL2 under different stress conditions, determined by RT-qPCR. Expression patterns under salt stress on leaf (A) and root (B) material; (C) transcript levels in leaf material upon Phytophthora sojae infection and (D) Aphis glycines infestation. The normalized expression levels, relative to the control treatment (set to 1) at the indicated time points are shown. The mean values of RT-qPCR from three independent biological replicates were normalized to three reference genes and error bars indicate standard errors. Asterisks indicate statistically significant differences compared to the control treatment (*p < 0.05, **p < 0.01, ***p < 0.001).



Overexpression of GmNLL1 and GmNLL2 in Arabidopsis Confers Increased Tolerance to Salt Stress

To further investigate the biological function of the GmNLLs, transgenic Arabidopsis lines that overexpress GmNLL1 or GmNLL2 driven by the CaMV 35S promoter were generated. Several independent homozygous lines carrying a single copy of the T-DNA insertion were screened and transcript levels for GmNLL1 and GmNLL2 were determined by RT-qPCR in 4-week-old plants. The transcript levels relative to the expression of TIP41 (tonoplast intrinsic protein 41), a reference gene from Arabidopsis, indicated that the different lines exhibited varying expression levels for the Nictaba-like genes. Based on these results four transgenic lines for each GmNLL were selected for detailed analyses (Figure 6). It should be noted that the 35S::NLL1 lines showed a significantly higher relative expression to TIP41, when compared to the 35S::NLL2 lines.
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FIGURE 6. Gene expression analysis of 4-week-old transgenic Arabidopsis plants overexpressing GmNLL1 or GmNLL2. Normalized relative expression to reference gene TIP41 of two biological replicates is represented (error bars represent standard errors).



The salt-induced expression of GmNLL1 in soybean led us to hypothesize that GmNLL1 might be involved in the salt stress response. In a first experiment the transgenic Arabidopsis lines overexpressing GmNLL1 and GmNLL2 were investigated for their salt stress tolerance during germination and seedling stages. Control experiments in which the germination percentage of the seeds was examined on half strength MS medium containing no salt, demonstrated that except for NLL1-3 and NLL2-4, all lines exhibited the same germination percentage. Seed germination on medium containing 50 mM NaCl revealed no differences between the wild type and transgenic lines after 6 days (data not shown). On the contrary, all overexpression lines except for NLL1-3 exhibited a similar or significantly higher germination rate on MS medium containing 150 mM NaCl compared to the wild type (Figure 7A). The lower germination percentage for NLL1-3 and NLL2-4 on half strength MS medium in the absence of salt could explain the lower (NLL1-3) or similar (NLL2-4) germination percentage on medium containing 150 mM NaCl.
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FIGURE 7. (A) Effect of GmNLL1 and GmNLL2 overexpression on Arabidopsis germination on ½ MS supplemented with 150 mM NaCl. Germination percentage determined on day 6, result from two biological replicates with 50 seeds per replicate, germination percentages with the corresponding standard errors are shown. (B) Total chlorophyll content (chlorophyll a + b) of GmNLL1 and GmNLL2 transgenic lines and wild type plants 7 days after transfer to ½ MS supplemented with 150 mM NaCl. Data shows the mean ± SE of two biological replicates. (C) Root length of 14-day-old GmNLL1 and GmNLL2 transgenic lines and wild type plants grown on ½ MS supplemented with 150 mM NaCl. Data shows the mean ± SE of two biological replicates with at least 30 measurements in each replicate. Asterisks indicate statistically significant differences compared to wild type (*p < 0.05, **p < 0.01, ***p < 0.001).



In order to explore the effect of salt stress at the seedling stage, a second experiment was performed in which the post-germination growth was investigated. The transgenic lines overexpressing GmNLL1 and GmNLL2 were allowed to germinate and grow on half strength MS for 1 week, and were then transferred to half strength MS supplemented with 50 or 150 mM salt. Seven days after transfer, leaf material was harvested and chlorophyll a and b were determined to estimate leaf discoloration. Under 50 mM salt conditions, no differences in chlorophyll content could be observed between wild type and transgenic plants. However, the total chlorophyll content was significantly lower for all stress treated plants compared to those of plants that had grown on normal half-strength MS medium (data not shown). When transgenic and wild type plants were transferred to medium containing 150 mM salt, the total chlorophyll content differed significantly for some of the overexpression lines (NLL1-1, NLL2-1, and NLL2-3) when compared to the wild type plants (Figure 7B).

In a third experiment the effect of GmNLL1 and GmNLL2 expression on primary root length was examined for transgenic lines and wild type plants grown in the presence of different concentrations of NaCl (0, 50, or 150 mM). No differences in primary root length were observed between wild type plants and overexpression lines grown on the normal MS medium for 14 days, nor on MS medium supplemented with 50 mM salt. However, the primary root length of transgenic lines was significantly longer than the roots of wild type plants when plants were grown on MS supplemented with 150 mM salt (Figure 7C), suggesting that some of the GmNLL1 and GmNLL2 overexpression lines are more tolerant to high salt stress (150 mM NaCl) compared to wild type plants, both at the germination and the post-germination stage.

Responsiveness of the Arabidopsis GmNLL Overexpression Lines toward Aphids

To confirm the role of GmNLL in the plant defense against aphids, transgenic lines and wild type plants were infected with M. persicae. The observations from the two biological experiments were reproducible and the first detrimental effect of the overexpression of GmNLL1 and GmNLL2 was already witnessed on day 5. All adults survived on the wild type plants, while on all overexpression lines, except for NLL2-4, a number of the adults had died (4.1%) or started to develop wings (7.9%), suggesting that the adults found the environment unfavorable. A clear decrease in the total number of aphids on the overexpression lines compared to the wild type plants was demonstrated after 7 days (Figure 8A). Especially fewer adults resided on all overexpression lines (Figure 8B) and for some of the overexpression lines (in particular NLL2-1 and NLL2-4), there is also a significant decrease in the amount of nymphs (Figure 8C).
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FIGURE 8. Myzus persicae aphid performance in a non-choice test on wild type Arabidopsis plants and eight transgenic lines. The total offspring was counted after 7 days (A). The number of adults (B) and nymphs (C) residing on the plants is also shown. Values are the means ± SE and represent the results from two biological replicates with six individual plants of every line in each of the replicates. Asterisks mark significant differences compared to wild type (*p < 0.05, **p < 0.01, ***p < 0.001).



Ectopic Expression of GmNLL1 and GmNLL2 in Arabidopsis Results in Enhanced Protection against Pseudomonas syringae and Does Not Enhance Plant Resistance to Phytophthora brassicae

Since GmNLL1 and GmNLL2 gene expression in soybean was significantly upregulated upon infection with P. sojae (Figure 5), the hypothesis was put forward that GmNLLs play a role in plant defense responses. The Arabidopsis lines overexpressing GmNLL1 or GmNLL2 and wild type plants were challenged with P. brassicae using mycelium plugs or zoospore drop inoculation to investigate the effect of GmNLL overexpression on the plant's resistance to pathogen infection. However, no differences in disease progression were observed between wild type plants and the GmNLLs overexpression lines. All plants became heavily colonized by P. brassicae as confirmed by staining of callose deposition in infected leaves (Results not shown).

Wild type Arabidopsis plants and transgenic 35S::GmNLL1 and 35S::GmNLL2 plants were subjected to bacterial infection with Pseudomonas syringae pv. tomato to further investigate the role of GmNLLs in plant defense. Disease symptoms, bacterial growth and cell death were monitored daily. The first 2 days after the infection, no visible signs of bacterial infection were observed. Starting from 3 days post-infection, lesions were observed on the leaves and reduced disease symptoms were clear 4 days post-infection for the overexpression lines compared to the wild plants (Figure 9A and Supplementary Figure 2). In wild type plants, around 70% of the leaf is constituted of discolored lesions caused by the pathogen infection, while for all overexpression lines, the percentage of leaf damage ranged between 16 and 42% 4 days post-infection. The lesion area of mock infected plants was also measured for all time points but the calculated lesion area was never higher than 2%.
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FIGURE 9. (A) Disease symptoms on wild type and transgenic Arabidopsis lines after infection with Pseudomonas syringae. Percentage leaf damage of infected leaves at 4 dpi was determined in Assess 2.0 and represents two biological replicates. Error bars ± SE, asterisks indicate significant differences compared to the wild type. (B) Relative Pseudomonas biomass in the overexpression lines, compared to the Pseudomonas biomass in wild type plants. Analysis was performed on infected leaves at 3 dpi (left panel–light gray) and 4 dpi (right panel–dark gray). qPCR data were normalized with two Arabidopsis reference genes in REST-384 and represents two biological replicates. Error bars ± SE, asterisks indicate significantly different ratios of the transgenic lines compared to wild type (*p < 0.05, **p < 0.01, ***p < 0.001).



Additionally, bacterial growth of infected wild type and transgenic plants was assessed by determination of the biomass of Pseudomonas syringae in the inoculated Arabidopsis leaves. At 3 days post-infection all mean ratios for Pseudomonas syringae biomass in the transgenic lines are lower than those of the wild type plants (Figure 9B), but only two transgenic lines show statistically significant differences compared to the wild type plants. At 4 days post-infection, the ratios of wild type and transgenic plants were more alike and only line NLL2-1 demonstrated a significantly lower Pseudomonas biomass than the wild type.

DISCUSSION

A Nucleocytoplasmic Localization for the GmNLL Proteins

The two GmNLL genes under study are characterized by a different domain architecture. The GmNLL1 gene encodes a Nictaba domain preceded by an N-terminal domain with unknown function while the GmNLL2 sequence contains an unrelated N-terminal domain followed by two tandem arrayed Nictaba domains. Similar to the Nictaba sequence from tobacco, the NLL sequences from soybean do not possess a signal peptide, and are presumably synthesized on free ribosomes in the cytosol of the plant cell (Chen et al., 2002). Microscopic analysis of EGFP fusion proteins confirmed the presence of the GmNLLs in the cytoplasm of the plant cell, but also showed fluorescence in the nucleus. The localization of the tobacco lectin in the nucleus was initially explained by the presence of a classical nuclear localization signal, required for traditional active nuclear import (Chen et al., 2002). The functionality of the nuclear localization signal was later confirmed by Lannoo et al. (2006) since transient expression of a lectin-EGFP construct with a mutation in the nuclear localization signal sequence changed the fluorescence pattern whereby the presence of Nictaba-EGFP was restricted to the cytoplasm. Recently, these results were questioned since new localization experiments with a mutated nuclear localization signal did not affect the nucleocytoplasmic localization of the fusion protein in stably transformed tobacco suspension cultures and stably and transiently transformed N. benthamiana leaves, indicating that the presumed nuclear localization signal is not required for translocation of Nictaba from the cytoplasm into the nucleus (Delporte, 2013). Unlike the Nictaba sequence the GmNLL sequences do not contain a classical nuclear localization signal. Furthermore, GmNLL-GFP fusions (approximately 47 and 75 kDa for GmNLL1 and GmNLL2, respectively) are too large to allow passive diffusion into the nucleus. It should be noted that additional nuclear import pathways have been characterized, depending on different import signals and these might be involved in nuclear translocation of nucleocytoplasmic lectins (Ziemienowicz et al., 2003; Pemberton and Paschal, 2005). Thus far, it remains unclear how the soybean NLL proteins are partially translocated from the cytosol to the nucleus, similar to the tobacco lectin and other nucleocytoplasmic lectins (Al Atalah et al., 2011; Van Hove et al., 2011; Delporte, 2013). Considering the confined localization of the GmNLLs in the cytoplasm and nucleus, interacting partners and networks should be identified in the same cellular compartments. At present it cannot be excluded that the expression pattern would change under stress conditions, as described before for other proteins (García et al., 2010; Moore et al., 2011). Therefore, it could be interesting to investigate the localization pattern of these proteins when the plant is triggered by stress application. Expression of the GFP-NLL fusion proteins under control of their own promoter could be a convenient approach.

Nictaba-Like Genes from Soybean Are Stress Inducible, Similar to the Tobacco Lectin Gene

The quantitative analysis of the NLLs in soybean at tissue level revealed a unique temporal and spatial expression pattern under normal environmental conditions. Although, there is high sequence similarity between the two Nictaba-like lectin sequences (29% sequence identity and 39% sequence similarity for the Nictaba domains), their unique expression profile suggests that a basal expression of the NLL genes in soybean is necessary for normal development of the soybean plant. These results are in contrast with the Nictaba gene from tobacco, which is not expressed under normal environmental conditions, suggesting that this protein has no role in normal growth or development of the tobacco plant (Chen et al., 2002). It was shown that only jasmonate treatment, insect herbivory and cold stress could trigger the expression of the Nictaba gene in tobacco (Chen et al., 2002; Vandenborre et al., 2009a, 2010; Delporte et al., 2011).

The results from our qPCR analysis are in accordance with the RNA-seq data reported by Severin et al. (2010). A comparative analysis for tissue-specific expression of the NLL1-2 genes, the SBA gene, the SVL gene and the reference genes is represented in Supplementary Table 6. There are notable differences in the transcript levels of the root samples for the NLL1 and NLL2 gene. This discrepancy could be explained by differences between the developmental stages of the plant in both studies. Chragh et al. (2015) investigated the transcript levels of the SVL gene in 2-week-old plants by RT-qPCR and found significantly higher levels for SVL in unifoliate leaves compared to the other tissues analyzed. These observations are in line with our qPCR data of 11-day-old unifoliate leaf and root samples, and in agreement with the study of Saeed et al. (2008) in which the GUS reporter system was used to characterize the temporal and spatial expression of the SVL promoter in Arabidopsis.

Investigation of stress inducibility of the NLL genes demonstrated that the expression of the two Nictaba-like genes was induced by salt treatment (Figure 5) whereas only minor changes in NLL transcript levels were observed after treatment with MeJA, ABA, or SA (Supplementary Figure 1). Unexpectedly, methyl jasmonate had no effect on the expression of any of the tested NLLs in soybean while MeJA is one of the major triggers for the expression of Nictaba in tobacco (Chen et al., 2002).

Treatment with P. sojae, an economically important soybean pathogen, resulted in an upregulation of GmNLL1 and GmNLL2 (Figure 5C). These results are in agreement with the identified ESTs for NLL1 in a cDNA isolated from P. sojae-infected hypocotyls (2 days post-infection; Torto-Alalibo et al., 2007). It was demonstrated that transcript levels of GmPR10, one of the soybean pathogenesis-related protein genes, were already upregulated 3 h post-infection (Xu et al., 2014), indicating that NLLs are relatively late P. sojae-responsive genes. Recently, several studies focused on the elucidation of the different hormone pathways that are associated with compatible and incompatible soybean-Phytophthora sojae interaction. At the transcriptional level, induction of the jasmonic acid pathway was shown to be involved in compatible interactions together with suppression of the ethylene pathway and no significant changes in the SA pathway were observed (Lin et al., 2014). However, recent proteomic data revealed that different components of the SA pathway were downregulated upon infection with virulent P. sojae (Jing et al., 2015). The specific components and their role in the complex mechanism of the soybean-Phytophthora sojae interaction are not completely resolved and further investigations are necessary to determine the role of the SA, ethylene and jasmonic acid pathway in this multifaceted interaction.

Aphis glycines infestation of soybean leaves significantly triggered the expression of NLL1 and NLL2. Induction of lectin gene expression upon insect infestation was already reported for Nictaba. However, Nictaba accumulation in the tobacco plant was only upregulated after insect attack of the caterpillars Spodoptera littoralis and Manduca sexta, and the spider mite Tetranychus urticae. Infestation of aphids (Myzus nicotianae) or whiteflies (Trialeurodes vaporariorum) or infection with other pathogens (tobacco mosaic virus, Botrytis cinerea or Pseudomonas syringae pv. tabaci) did not alter the expression of the tobacco lectin (Lannoo et al., 2007; Vandenborre et al., 2009a,b).

Our results demonstrate that soybean NLL genes are responsive to both biotic and abiotic stresses. Such a crosstalk is orchestrated by the involvement of not only plant hormones, but also MAPK (mitogen-activated protein kinase), ROS (reactive oxygen species), transcription factors, heat shock factors and small RNAs and was reviewed and reported for multiple plants including soybean (Fujita et al., 2006; Atkinson and Urwin, 2012; Nakashima et al., 2014; Rejeb et al., 2014; Ramegowda and Senthil-Kumar, 2015; Gupta et al., 2016).

Ectopic Expression of GmNLLs in Arabidopsis Confers Plant Tolerance to Salt Stress, Aphid Infestation and Pseudomonas syringae Infection

Our data show that soybean Nictaba-like lectins confer tolerance to salt stress in Arabidopsis transgenic lines. To further examine the roles of GmNLLs in abiotic stress tolerance, the transgenic overexpression lines and wild type plants were subjected to salt stress in multiple experimental set-ups. The data of the germination assay, post-germination assay, and root length assay indicated that overexpression of GmNLL1 and GmNLL2 resulted in higher tolerance to salt stress (150 mM NaCl). Nevertheless, they do not show enhanced tolerance to mild salt (50 mM) stress conditions. Noteworthy, overexpression lines GmNLL1-1, GmNLL2-1, and GmNLL2-3 display the highest enhanced tolerance in all salt stress related experiments. The differences between the different lines did not correlate with the expression level of the GmNLLs in Arabidopsis. It is possible that these lines have higher amounts of GmNLLs at the protein level but this could not be investigated since GmNLL specific antibodies are not available. Although, the protein abundances of the GmNLLs could not be determined, all overexpression lines performed better than the wild type plants in the germination and root growth experiments. The differences between the lines could be explained by a combination of post-transcriptional, translational, and degradative regulation after the expression of mRNA (Vogel and Marcotte, 2012; Feussner and Polle, 2015). Future salt stress experiments on adult Arabidopsis plants could be helpful to investigate whether older plants also possess these salt tolerant characteristics and if GmNLL1 and GmNLL2 might be components of the regulatory pathways of salt stress in plants.

Infection assays with P. brassicae did not show an enhanced disease resistance for the tested overexpression lines compared to wild type Arabidopsis plants. Bacterial blight of soybean is caused by Pseudomonas syringae pv. glycinea and can cause significant yield losses. Arabidopsis plants overexpressing GmNLLs were used in an infection assay with Pseudomonas syringae pv. tomato, an Arabidopsis compatible pathogen (Katagiri et al., 2002) and demonstrated that less disease symptoms were observed on the transgenic lines compared to wild type plants. These observations could be explained by reduced bacterial biomass ratios for some of the overexpression lines. It was demonstrated that Pseudomonas syringe induces both SA and JA pathways (Spoel et al., 2003) but RT-qPCR analysis demonstrated that these pathways are not perturbed in the Pseudomonas infected GmNLL overexpression lines (data not shown).

Overexpression of GmNLLs was shown to reduce aphid performance on the transgenic Arabidopsis thaliana lines. Since the GmNLLs genes are expressed constitutively, the lectin will be present in all plant tissues and will also reach the phloem. Sucking of the phloem sap is the most likely route for the lectin to enter the aphid and interact with its tissues, metabolic processes and development. The total offspring of M. persicae was significantly reduced in all overexpression lines, ultimately leading to a reduced population buildup. Our results clearly showed that considerably fewer adults were present on the transgenic lines. We expect that there is a combined effect of the GmNLLs on survival of the aphids and in their reproduction. Future studies can focus on the mechanism(s) of the insecticidal activity. Experiments with tobacco plants indicated that Nictaba expression was not induced by aphid (M. nicotianae) feeding but insect feeding by M. sexta, S. littoralis, and T. urticae did trigger Nictaba accumulation (Lannoo et al., 2007; Vandenborre et al., 2009a,b). Furthermore, feeding experiments with transgenic tobacco plants in which the Nictaba gene was silenced, demonstrated that S. littoralis development was enhanced while overexpression of Nictaba led to significantly slower larval development of both S. littoralis and M. sexta (Vandenborre et al., 2010). This result confirms our hypothesis that Nictaba-like lectins from different species exhibit a strong direct insecticidal activity, but their specificity toward different insects apparently differs. Overexpression of the GmNLLs in Arabidopsis did not alter PAD4 (phytoalexin deficient 4) transcript levels, a key component in the Arabidopsis-Myzus persicae signaling pathway (Louis and Shah, 2015; data not shown). These observations favor the role of Nictaba-like proteins in defense mechanisms rather a function in signaling pathways upon insect feeding.

All previous research from NLLs focused on the model species Arabidopsis and tobacco. Hence, this is the first study that focusses on NLLs in a crop species. Our data show that similar to Nictaba in tobacco, the NLLs from soybean can also be considered as stress inducible proteins. Nevertheless, the Nictaba-like genes in both species act differently. The expression of Nictaba from tobacco is increased after treatment with jasmonates whereas this is not the case for the soybean NLLs under study. Nictaba expression in tobacco was enhanced after insect herbivory by caterpillars but not by aphids. For soybean, our data clearly show that A. glycines infestation triggers the expression of particular NLL genes. Furthermore, GmNLL overexpression lines in Arabidopsis reduced the growth and development of M. persicae. In addition, these transgenic lines also enhanced tolerance to salt stress at the seedling stage, and showed less disease symptoms upon Pseudomonas syringae infection. The data strongly suggest the involvement of GmNLLs in plant defense responses not only against pest or pathogens, but also in abiotic stress. These results propose that GmNLLs are controlled by a complex regulatory network. GmNLL1 and GmNLL2 are two possible candidates to further elucidate the physiological importance of the Nictaba-like lectins from soybean, which can ultimately lead to novel strategies and design of crop plants with improved tolerance to changing environmental conditions.
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In field conditions, plants are concurrently exposed to multiple stresses, where one stressor impacts the plant's response to another stressor, and the resultant net effect of these stresses differs from individual stress response. The present study investigated the effect of drought stress on interaction of chickpea with Pseudomonas syringae pv. phaseolicola (Psp; foliar pathogen) and Ralstonia solanacearum (Rs; xylem inhabiting wilt causing pathogen), respectively, and the net-effect of combined stress on chlorophyll content and cell death. Two type of stress treatments were used to study the influence of each stress factor during combined stress, viz., imposition of drought stress followed by pathogen challenge (DP), and pathogen inoculated plants imposed with drought in course of pathogen infection (PD). Drought stress was imposed at different levels with pathogen inoculum to understand the influence of different stress intensities on stress interaction and their net impact. Drought stressed chickpea plants challenged with Psp infection (DPsp) showed reduced in planta bacterial number compared to Psp infection alone. Similarly, Rs infection of chickpea plants showed reduced in planta bacterial number under severe drought stress. Combined drought and Psp (DPsp) infected plants showed decreased cell death compared to plants infected only with Psp but the extent of cell death was similar to drought stressed plants. Similarly, chlorophyll content in plants under combined stress was similar to the individual drought stressed plants; however, the chlorophyll content was more compared to pathogen only infected plants. Under combined drought and Rs infection (DRs), cell death was similar to individual drought stress but significantly less compared to only Rs infected plants. Altogether, the study proposes that both stress interaction and net effect of combined stress could be majorly influenced by first occurring stress, for example, drought stress in DP treatment. In addition, our results indicate that the outcome of the two stress interaction in plant depends on timing of stress occurrence and nature of infecting pathogen.

Keywords: chickpea, combined stress, biotic-abiotic stress interaction, drought, Ralstonia solanacearum, Pseudomonas syringae pv. phaseolicola

INTRODUCTION

Chickpea (Cicer arietinum) is an important agricultural crop as well as second largest produced legume in the world (Gaur et al., 2012). However, the global productivity of chickpea is continually challenged by abiotic and biotic stresses. Chickpea plants are vulnerable to prolonged drought stress which causes around 40–50% yield loss (Gaur et al., 2012). In addition, biotic stresses including wilt (caused by Fusarium oxysporum) and foliar diseases such as Ascochyta blight (caused by Ascochyta rabiei) and botrytis gray mold (caused by Botrytis cinerea) have devastating effect on chickpea cultivation (Nene et al., 2012). In view of this, several studies have been pursued to understand the molecular mechanism of stress tolerance in response to individual stresses (Jha et al., 2014; Li et al., 2015); however, this knowledge could not be directly extrapolated for improving the stress tolerance against combined stresses. Plants in field conditions are continually exposed to multiple abiotic and biotic stresses, which results in altered physiological and biochemical changes and ultimately influence yield (Ramegowda and Senthil-Kumar, 2014; Suzuki et al., 2014), and therefore, investigating the impact of combined stress is imperative in plant stress biology. Studies indicate that the plants exhibit certain unique physiological and molecular responses in addition to several common responses for circumventing the combined effect of these stresses (Choi et al., 2013; Prasch and Sonnewald, 2013; Gupta et al., 2016b).

In combined stress scenario, drought can positively or negatively affect pathogen infection (Mattson and Haack, 1987). Drought stress may also influence the pathogen virulence or pathogenicity, resulting in upsurge of different potential pathogens not known earlier (Desprez-Loustau et al., 2007; Yáñez-López et al., 2012). Previous reports have shown that drought increases the susceptibility of plant to bacterial pathogens (Mohr and Cahill, 2003; Choi et al., 2013). In chickpea, drought stress has been shown to predispose the plant and significantly increase the incidence of dry root rot caused by Rhizoctonia bataticola (Sharma and Pande, 2013). Contrastingly, drought stress has also been shown to enhance the tolerance toward bacterial pathogen (Ramegowda et al., 2013; Gupta et al., 2016a). On the other hand, pathogens are also shown to influence plant-water relations (Mattson and Haack, 1987; Beattie, 2011). For example, pathogen can cause water soaking in infected leaf (Beattie, 2011) and vascular wilts can induce physiological drought stress on plants (Yadeta and Thomma, 2013). The two co-occurring stressors can modulate plant responses in a way different from when the two stressors occur independently. Earlier evidences suggest that the net effect of drought and bacterial pathogen combination on plant physiology and yield is different from the individual stresses. For example, Xylella fastidiosa (causal agent of Pierce's disease) infection in Vitis vinifera under drought stress showed increase in disease symptoms and decrease in leaf water potential, net CO2 assimilation, stomatal conductance, and transpiration rate (Choi et al., 2013).

The present study was conducted in chickpea plants exposed to combined drought stress and infection with Pseudomonas syringae pv. phaseolicola (Psp; foliar bacterial pathogen) and Ralstonia solanacearum (Rs; xylem inhabiting wilt causing bacterial pathogen) for testing three notions; (1) the impact of one stress on plant's interaction with other stress; (2) influence of order of stress occurrence and severity of each stress on the outcome of stress interaction; and (3) difference in the net impact of combined stress compared to two independent stresses.

Psp causes halo blight in broad bean (Saettler, 1991), a legume closely related to chickpea (Zhu et al., 2005). Halo blight appears as water soaked lesions. Rs is known to infect more than 200 plants species (Genin, 2010) including Medicago truncatula, another species closely related to chickpea and various other legume plants (Vailleau et al., 2007). Rs colonizes xylem tissue and secretes exopolysaccharides which inhibits the water supply of host plant which eventually results in vascular dysfunction and wilting (Genin, 2010).

MATERIALS AND METHODS

Plant Material and Growth Conditions

Seeds of Cicer arietinum varieties PUSA 372 (procured from Indian Agriculture Research Institute, New Delhi) and ICC 4958 (available in our institute) were germinated in pots (3 inch in diameter) having a mixture of air dried peat (Prakruthi Agri Cocopeat Industries, Karnataka, India) and vermiculite (3:1, vol/vol) (Keltech Energies Pvt Ltd., Maharashtra, India) in an environmentally controlled growth chamber (PGR15, Conviron, Winnipeg, Canada) with diurnal cycle of 12-h-light/12-h-dark, 200 μE m−2s−1 photon flux intensity, 22°C temperature and 70% relative humidity. Pots were bottom irrigated every 2 days with half strength Hoagland's medium (TS1094, Hi-media Laboratories, Mumbai, India).

Bacterial Pathogen Inoculum Preparation

Pure culture of bacterial pathogens, viz. Pseudomonas syringae pv. phaseolicola (Psp) and Ralstonia solanacearum (Rs, procured from Indian type culture collection BI0001), IARI, New Delhi were used in this study. A single colony of Psp was inoculated in King's B (KB) medium (M1544, Hi-media Laboratories, Mumbai, India) supplemented with rifampicin (50 μg/mL) and incubated at 28°C with a continuous shaking of 200 rpm for 12 h. Rs was inoculated in LB medium (M124, Hi-media Laboratories, Mumbai, India) (without antibiotic) and incubated at 28°C with a continuous shaking of 200 rpm for 4 h. Both Psp and Rs were grown till the optical density (OD600) reached 0.6 and the cultures were pelleted down at 3500 g for 10 min. The pellets were washed twice with sterile distilled water and diluted to desired concentrations by re-suspending in sterile distilled water. The OD600 = 0.005 corresponding to 7 × 105 colony forming units (cfu) /mL for Rs and 2.5 × 106 cfu/mL for Psp were used for infecting the plants. Cfu corresponding to desired OD was calculated by plating the different dilutions for OD600 = 0.005.

Pathogen Inoculation

To study the pathogenicity of bacterial strains in chickpea ICC4958 (12-d-old), Psp suspension corresponding to 2.5 × 106 cfu/mL was syringe infiltrated into the leaves and in planta bacterial number was determined from 0 to 10 days post-inoculation (dpi). Rs suspension (7 × 105 cfu/mL) was vacuum infiltrated into the plants. For this, plants were placed inverted in a beaker containing Rs suspension with 0.02% Silwet L77 (Lehle seeds, Fisher Scientific, MA, USA) and vacuum of 8.7 psi was applied for 10 min. Plants were rinsed in water immediately after infiltration and in planta Rs number and phenotypic symptoms were recorded from 0 to 10 dpi. The leaf infiltration of Rs was previously reported in tobacco leaves (Kiba et al., 2003), and the infected plants displayed phenotypic disease symptoms similar to the symptoms observed by root inoculation method (Kanda et al., 2003; Shinohara et al., 2005). Similarly, syringe infiltration technique used for inoculation of Psp is a well-established technique (Liu et al., 2015).

Drought Imposition

Chickpea plants were grown in a pre-weighed pot mix and were subjected to drought stress by withholding the water supply. Drought stress levels were measured in terms of pot mix field capacity (FC) using gravimetric method (Reynolds, 1970), wherein for example, plants at FC 20% perceived 80% drought. Three drought levels viz. 60, 40, and 20% FC were used in the study and they were termed as mild, moderate and severe drought, respectively (Supplementary Table S1). A pot mix pre-maintained at 80% FC (with plant) took 2, 4, and 6 days to achieve 60, 40, and 20% FC, respectively, after withholding the water. In order to achieve all the drought levels on the same day, water was withheld on every alternate day for 3 batches, which resulted in generation of three sets of plants at 20, 40, and 60% FC on the sixth day. Plants with 80% FC were maintained as controls (Supplementary Figure S1). The respective FCs were maintained by adding the lost amount of water, till the end of the experiment.

Combined Stress Imposition

Two methods were used for imposing combined stress, viz. drought followed by pathogen (DP) and pathogen followed by drought (PD). For DP studies, chickpea plants (20-d-old) with 60, 40, and 20% FC were vacuum infiltrated with Psp (OD600 = 0.005; 2.5 × 106 cfu/mL) and Rs (OD600 = 0.005; 7 × 105 cfu/mL) using aforementioned protocols. The pot surfaces were sealed with cellophane tape to avoid the entry of bacterial suspension into the pot mix (which may otherwise change the FC). After inoculation, the plants were sprayed with water and surface water was removed by blotting. Plants infiltrated with water (supplemented with 0.02% Silwet L77) were treated as mock.

For PD studies, chickpea plants were vacuum infiltrated with 2.5 × 106 cfu/mL of Psp and 7 X 105 cfu/mL of Rs following above mentioned protocol. Plants infiltrated with sterile water (supplemented with 0.02% Silwet L77) were treated as mock. Drought stress was imposed on plants 1 day after bacterial infection. A batch of plants infected with Psp and Rs was maintained without drought stress treatment (pathogen only stress, 80% FC). Similarly, a batch of uninfected plants subjected to drought stress only was maintained. Absolute control plants without bacterial as well as drought treatments were maintained at 80% FC. The experimental design for combined stress imposition is summarized in Supplementary Figures S1, S2.

Sample Harvest

Chickpea leaflets were harvested from the third twig (from hypocotyl). For DP stress, three leaflets from the same leaf were collected at 0 dpt for in planta bacterial multiplication assay. At 2 dpt, one leaf was collected for RNA isolation and 3 leaflets from leaf was used for in-planta bacterial multiplication. At 6 dpt, 3 leaflets for in-planta bacterial multiplication and 2 leaflet for cell death were collected from the same leaf. Three leaflet sample for the total chlorophyll and 3 leaf for phenotypic assessment were collected at 12 dpt. For PD stress, leaflet samples were collected at 0, 1, 2, 3, and 10 days post infection. The technical replicates were collected from same leaf. The methodology adopted for the sample collection and other experimental details are illustrated in detail in Supplementary Figures S1–S3.

Assay for Quantification of in Planta Bacterial Number

The infected leaflets were surface sterilized with 0.01% H2O2 for 5 s, weighed and homogenized in 100 μL of sterile water. The homogenate was serially diluted in sterile water and the dilutions were plated on KB agar medium supplemented with rifampicin and on LB medium for assaying Psp and Rs counts, respectively. Total bacterial numbers were calculated as Log (cfu/mg fresh weight of leaf; Wang et al., 2012) and Log (cfu/mg dry weight of leaf) (Supplementary Figure S9).

Bacterial number (Cfu/mg) was calculated using the formula:
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Estimation of Total Chlorophyll Content

Chlorophyll content of chickpea leaf discs [12.57 mm2 (4 mm diameter)] was determined at 12 dpt for DP, drought only, pathogen only, absolute control and mock control samples using method described by Hiscox and Israelstam (1980) with minor modifications. Leaves were incubated in 1 mL of dimethyl sulfoxide (DMSO): acetone (1:1 vol/vol) mix at room temperature in dark condition for 72 h for total chlorophyll extraction. Absorbance of extracts was read using Shimadzu UV 1800 spectrophotometer (Shimadzu Corporation, Kyoto, Japan) at 645 and 663 nm. Total chlorophyll content was calculated according to Arnon's equation (Arnon, 1949).
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Cell Death

Cell death assay was performed as described by Koch and Slusarenko (1990) with minor modifications. Leaf samples from DP, drought only, pathogen only, absolute control and mock control were immersed in lactophenol-trypan blue for 12 h at room temperature followed by overnight de-staining in chloral hydrate (500 gm dissolved in 200 mL water). Lactophenol-trypan blue was prepared by dissolving 10 mL of lactic acid, 10 mL of glycerol, 10 g of phenol and 10 mg of trypan blue in 10 mL of distilled water. Cell death was observed under bright field microscope (Nikon Eclipse 80i, Nikon Corporation, Tokyo, Japan). The intensity of trypan blue staining was quantified using ImageJ software (http://imagej.nih.gov/ij/) (Schneider et al., 2012).

Real-Time PCR Analysis

Expression profiles of genes responsive to drought (CaLEA1, CaLEA2, CaLEA4, CaDREB2A, and CaNCED1) and pathogen (CaPAL2 and CaPR4) in DP (2 dpt), PD (10 dpt) and their respective individual stressed samples were analyzed by quantitative real-time PCR (RT-qPCR) (gene list with accession number given in Supplementary Table S2). Total RNA from leaf samples (100 mg fresh weight) was isolated using TriZol reagent (Cat # 15596018, Thermo Fisher Scientific, California, USA) following manufacturer's guidelines. RNA quality was ascertained by agarose gel electrophoresis and quantified using NanoDrop ND-1000 spectrophotometer (Thermo Scientific, MA, USA). RNA samples with OD ratios in the range of 1.9–2.1 at 260/280 nm, and 2.0–2.3 at 260/230 nm were used for cDNA synthesis. First strand cDNA was synthesized using Verso cDNA synthesis kit (Cat # K1621, Thermo Fisher Scientific, MA, USA) from 5 μg of DNase treated total RNA in a reaction volume of 50 μL. The primers used in this study were synthesized from Sigma-aldrich, USA (Supplementary Table S2). Reaction mix comprised of 1 μL of 5 fold-diluted cDNA, 1 μL of each primer (10 μM/μL) and 5 μL of SYBR Green PCR master mix (Cat # 4309155, Thermo Fisher Scientific, MA, USA) in a final volume of 10 μL. The reaction was run in ABI Prism 7000 sequence detection system (Applied Biosystems, California, USA). CaACT1 (EU529707.1) and Ca18S (AJ577394.1) genes were used as endogenous control, and the cycle threshold (Ct) values obtained for these genes were used to normalize the data for PD and DP experiments, respectively. Relative fold change in gene expression was quantified using 2−ΔΔCt method (Livak and Schmittgen, 2001). Expression analysis was carried out using two independent biological replicates. For statistical analysis, the relative quantification value (RQ) was transformed to log2 value and test of significance was performed by one sample t-test. Relative transcript abundance of the chosen genes in DP, PD, and pathogen only samples was normalized with mock control, and expression profile of these genes in drought only sample was compared with absolute control.

Statistical Analysis

Data represented in the present study is derived from single experiment. Number of replicates for each experiment is mentioned in figure legends. Data is presented as the mean of replicates and error bars represent standard error of the mean. Number of replicates used in different experiments are also mentioned in Supplementary Figure S3. Test of significance used are one-way ANOVA, two-way ANOVA followed by post-hoc Tukey's test (p < 0.05), Student's t-test and one sample t-test. All the statistical analysis was done using SigmaPlot 11.0 (Systat Software, Inc).

RESULTS

Assessment of Bacterial Pathogenicity and Combined Stress Imposition

Chickpea plants infected with Psp and Rs were initially assessed for their pathogenicity by determining in planta bacterial number and disease symptom development. Psp inoculated chickpea leaves showed increase in bacterial number till 5 dpi (Figure 1A) and chlorosis was observed on the inoculated leaves at 6 dpi (Figure 1B). These results indicated that Psp is a potential but mild pathogen of chickpea. Rs infiltrated plants showed increase in number of bacterial colony forming units till 5 dpi (Figure 1C), and this was accompanied with appearance of disease symptoms such as yellowing at low bacterial numbers [4.86 Log (cfu/mg)], and wilting and cell death at higher bacterial numbers [6.54 Log (cfu/mg)]. This demonstrated that Rs is also a potential host pathogen of chickpea (Figure 1D).
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FIGURE 1. Pseudomonas syringae pv. phaseolicola (Psp) and Ralstonia solanacearum (Rs) multiplication and disease symptoms in chickpea. Pathogenicity of Psp and Rs in chickpea ICC4958 was assessed by in planta bacterial multiplication assay in plants syringe inoculated with 7 × 105 cfu/ml and 2.5 × 106 cfu/ml of bacterial inoculum respectively. The multiplication was studied from 0 to 7 days post inoculation. Data is represented as Log (cfu/mg) and average of 2 replicates and ± SEM as error bar is plotted for Psp in graph (A) and for Rs in graph (C) is average of 5 replicate. Different letters above bar represents significant difference between means. One-way ANOVA was used for test of significance (p < 0.05). Disease symptoms in leaves were observed at 7 days post inoculation in Psp (B). Disease symptoms for Rs was observed from 3 days post infection. The disease symptoms varied from yellowing to cell death to wilting with increase in in planta Rs count (D).



The effect of combined stress was studied using two methods, viz. (i) drought stress followed by pathogen infection (DP), and (ii) pathogen infection followed by drought stress imposition (PD) as detailed in “methods” section (Supplementary Figures S1–S3, Supplementary Table S2).

Combined Stress Reduced Multiplication of Psp and Decreased Cell Death along with Increased Chlorophyll Content Compared to Infection with Pathogen Alone

As a result of stress interaction, 1.6 and 1.5 fold significant decrease in the bacterial number of Psp was observed under mild and moderate drought stress, respectively, when compared to their number in plants challenged with Psp alone (Figure 2A). The net effect of combined drought and Psp (DPsp) in chickpea was further assessed by determining cell death and total chlorophyll content. In the present study, prominent cell death at 6 dpt was observed in plants individually challenged with both stresses (Figure 2B, Supplementary Figure S4A). A three-fold increase in cell death compared to control sample was observed in leaves of mild drought stress. However, there was no significant change in the extent of cell death observed in response to increase in drought severity. Both moderate and severe drought stressed plants exhibited approximately a two-fold increase in cell death in comparison to control plants (Figure 2B). Psp infection lead to 4.68- and 7-fold increase in cell death compared to mock and absolute control, respectively. Decrease in cell death was observed in DPsp stressed plant when compared to plants infected with Psp alone. However, extend of cell death was similar in both DPsp and drought stressed plants (Figure 2B). The mild DPsp (mild drought with Psp infection), moderate DPsp (moderate drought with Psp infection) and severe DPsp (severe drought with Psp infection) showed 2.2-, 2.05-, and 3.8-fold decrease in cell death, respectively, in comparison to plants challenged with Psp infection alone (Figure 2B).
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FIGURE 2. Effect of different levels of drought stress on P. syringae pv. phaseolicola multiplication and the net effect of combined stress on chickpea. In-planta number of Psp was measured for the combined stresses plants (mild, moderate, and severe DPsp) and only Psp stress. It was measured for 0, 2, and 6 days post combined stress treatment (dpt). Data is represented as Log (cfu/mg) in graph (A). Each bar is average of 9 replicates and error bar represents ± SEM. Cell death was studied using trypan blue staining method. The sample was photographed under bright field microscope and intensity of trypan blue was measured using ImageJ software. Graph (B) represents quantitative measurement of cell death in drought and pathogen stressed samples at 6 dpt. Bar represents fold cell death over absolute control and error bar represents ± SEM, each bar is average of four replicates. Graph (C) represents total chlorophyll content of different combined stress and individual stresses measured at 12 dpt. Each bar represents average of 6 replicates and error bar represents ± SEM. *, **represents significant difference at p < 0.01 and p < 0.001, respectively. Two-way ANOVA was used for test of significance and post-hoc Tukey's test was used to represent significant difference between the means.



In case of total chlorophyll content, a significant 1.8 fold decrease was observed in Psp infected leaves than control leaves. In contrary, plants exposed to only drought and DPsp stresses did not show any change in their chlorophyll content while compared to control plants (Figure 2C). However, the chlorophyll content was significantly higher in DPsp stressed plants than plants infected with Psp alone. There was 1.7- and 2-fold more chlorophyll in moderate DPsp and severe DPsp stressed plants, respectively, when compared to plants infected with pathogen alone. Chlorophyll content in moderate and severe DPsp was unchanged in comparison to moderate and severe levels of drought stress alone, respectively. However, mild DPsp showed around 2-fold decrease in chlorophyll content over severe drought alone (Figure 2C). The phenotype recorded after 12 dpt showed chlorotic symptoms with disease score of 3.5, 2.3, and 1.6 for Psp alone, mild and moderate DPsp, respectively. Phenotype of severe DPsp was similar to mock control (Supplementary Figures S4B,C). Taken together, the net effect due to combined stress (DP) was similar to drought stress.

Combined Drought and Rs Stress Showed Less Rs Multiplication and Cell Death and More Chlorophyll Content Over Rs Only Stress

The total bacterial count of Rs was constant in chickpea plants exposed to mild drought stress, but their number declined during severe drought stress as compared to plants infected with Rs only (at 6 dpt; Figure 3A). Similarly, cell death and total chlorophyll content were also assessed in combined stress treated plants as well as their respective controls. Increased cell death was observed in plants individually challenged with drought and Rs infection (Figure 3B, Supplementary Figure S5A). When compared to absolute control, drought stress caused more cell death by 3-, 2.4-, and 2-folds in mild, moderate and severe drought levels, respectively. Rs infection showed 4.15-fold increase in cell death compared to absolute control. During combined stress conditions, increase in cell death was noted in mild DRs (mild drought with Rs) plants compared to absolute control. However, moderate DRs (moderate drought with Rs) and severe DRs (severe drought with Rs) did not have a major impact on the viability of cells as they showed 2-and 1.7-fold reduction in cell death, respectively, compared to Rs alone stress (Figure 3B). Moreover, the extent of cell death observed during moderate and severe DRs, and drought stress alone were similar (Figure 3B).
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FIGURE 3. Effect of drought stress on in planta multiplication of R. solanacearum (Rs) and net effect of combined stress on chickpea. (A) The in planta bacterial number of Rs under combined stress (mild, moderate and severe DRs) and only Rs stress condition was measured at 0, 2, and 6 days after combined stress treatment (dpt). Data is represented as Log (cfu/mg) in graph (A). Each bar is average of 9 replicates and error bar represents ± SEM. Cell death was studied by trypan blue staining method for combined stresses (DRs) as well as individual Rs and drought stresses. The samples were photographed under bright field microscope and intensity of trypan blue was measured using ImageJ software. Graph (B) shows average of four ImageJ intensity value. Y-axis represents fold change over control & error bar signifies ± SEM. Graph (C) shows total chlorophyll content in leaf disc of chickpea imposed with drought stresses, Rs infection and combined DRs. Chlorophyll estimation was done at 12 dpt. Each bar represents average of six replicates and error bar represents ± SEM. *, **, and *** represents significant difference at p < 0.05, p < 0.01, and p < 0.001, respectively. Two-way ANOVA was used as test of significance and post-hoc Tukey's test was used to calculate significant difference between each mean.



Total chlorophyll content in the leaves of plants infected with pathogen alone (Rs) was reduced to 2-folds in comparison to control, and it further decreased in mild DR treatment (6-fold reduction compare to control; Figure 3C). There was 1.4-fold decrease in the chlorophyll content of plants challenged with moderate and severe DRs compared to plants at respective drought stress levels. However, the chlorophyll levels in mild and moderate DRs were 1.8-fold high contrasting to plants infected with Rs alone (Figure 3C). The difference in chlorophyll content was reflected on the phenotype of plants, as the plants challenged with both mild drought and Rs infection showed increased chlorosis in comparison to plants infected with Rs alone (Supplementary Figure S5C). Chlorotic symptoms with disease scores of 1.6, 4.3, and 1.6 for Rs alone and mild and moderate DRs respectively were recorded at 12 dpt. However, severe DPsp had phenotype similar to mock control with no chlorosis (Supplementary Figures S5B,C). Thus, with mild drought stress, the disease severity was decreased in case of DPsp, but was significantly increased in DRs combined stress.

These results suggest that the net effect of combined stress was more due to the drought stress and also, two pathogens differentially elicited net-effects on plants during combined stress as measured by cell death and chlorophyll content (Supplementary Figures S6A,B). Additionally, our results also indicate that level of drought stress decides elicitation or suppression of plant defenses (Supplementary Figure S6C).

Bacterial Multiplication was Similar in Plants Challenged with PD Combined Stress and Pathogen Stress

Plants infected with pathogen followed by imposition of drought stress (PD) showed similar bacterial number as that of pathogen only treatment (Figure 4). During progressive drought in PD stress, plants at 4 days post infection (dpi) experienced 60% FC and at 10 days post infection 20% FC (Supplementary Figure S2B). Therefore, PD stressed plant at 4 and 10 dpi experienced mild and severe combined stress respectively. Combined PD stressed (Psp) and Psp only infected plants showed a constant increase in bacterial count till 10 dpi. In contrary, Rs count increased significantly on 1 dpi in Rs only, but no notable increase was observed on subsequent days (Figure 4). However, PspD and RsD did not show significant decrease in bacterial count at mild or severe drought stress. Altogether, the dissimilar effect of DP and PD on bacterial colony number indicates that timing of occurrence of drought stress is important during stress interaction.
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FIGURE 4. Effect of drought stress on bacterial multiplication under PD combined stress. The in planta presence of R. solanacearum and P. syringae pv. phaseolicola count was measured at 0, 1, 2, 3, and 10 days post infection under RsD (Rs+Drought), only Rs, PspD (Psp+Drought), and only Psp stress. Graph (A) represents the in planta count of Rs and graph (B) represents the in planta count of Psp. Each bar represents average of 9 biological replicates and error bar represents ± SEM. *Represents significant difference at p < 0.05. Student's t-test was used for test of significance. Dotted line denotes gradual decline in soil moisture content with values representing potted plants at actual field capacity (FC) on respective days.



Expression of Pathogen Stress Responsive Genes were Differentially Regulated under Combined Stress in Comparison to Individual Stress

Differential expression pattern of drought responsive (CaNCED1, 9-cis-epoxycarotenoid dioxygenase; CaDREB2A, dehydration responsive element binding; CaLEA4, late embryogenesis abundant 4) as well as pathogen responsive (CaPR4, thaumatin-like pathogenesis-related protein 4-like; CaPAL2 phenylalanine ammonia-lyase 2-like) genes were observed during these stress conditions compared to corresponding mock and absolute control at 2 dpt (Figure 5). This further validated the stress experienced by the plants. The analysis showed higher expression of drought responsive genes in all the levels of drought stress. Among these genes, CaDREB2A showed 57.5 fold up-regulated expression during drought, whereas the expression of CaLEA4 and CaNCED1 increased from 5.6 and 1.7 to 8.4 and 5.4 folds, respectively, with the increase in severity of drought stress from mild to moderate levels (Figure 5). The pathogen responsive genes, CaPR4 and CaPAL2 showed downregulation during drought stress. Interestingly, both drought and pathogen responsive genes had almost similar expression under mild and severe drought alone stress (Figure 5). In case of pathogen challenge, CaPR4 and CaPAL2 displayed significant up-regulation in response to both the pathogens; however, CaPR4 exhibited a relatively higher expression in response to Psp (49.4 fold) than Rs (18.4 fold) (Figure 5). Moreover, CaLEA4 exhibited up-regulated expression pattern in pathogen alone (Psp, Rs) infected plants (Figure 5). While in response to DP combined stress, drought responsive genes, CaDREB2A and CaNCED1 showed decreased expression compared to drought alone stress and decreased or similar expression compared to pathogen alone during mild and moderate in both DPsp and DRs stresses. However, CaLEA4 showed decreased expression in DPsp but increased expression in DRs compared to both the individual stresses. The expression of pathogen stress responsive genes CaPR4 and CaPAL2 was downregulated in DPsp compare to Psp alone but they were up-regulated in combined DRs compared to individual stresses (Figure 5). Expression of CaDREB2A, CaPR4, and CaPAL2 under severe DPsp and DRs was almost similar to respective pathogen alone stress. However, CaLEA4 and CaNCED1 showed slightly increased expression compare to pathogen alone.
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FIGURE 5. Expression analysis of stress responsive genes of chickpea under drought, pathogen and combined stress (DP). Expression of stress responsive genes in comparison to control was studied using RT-qPCR. The Ct values of different genes were normalized with Ca18S internal control. Fold change in gene expression was calculated by 2−ΔΔCT method. Mock was considered as reference for DP and pathogen only, and absolute control was reference for drought only. The differential gene expression for CaLEA4 (A,F) CaNCED1 (B,G) CaDREB2A (C,H) and CaPAL2 (D,I) and CaPR4 (E,J) under DPsp and DRs combined stress are represented as bar graph. Each bar signifies average of two biological replicates and error bar represents ± SEM. Significance was tested by one sample t-test. *Denotes significant at p < 0.05.



Expression pattern of stress responsive genes was also studied in the samples where pathogen infection and subsequent drought stress imposition have been performed (PD). Increased expression of CaLEA2 in response to drought alone, and CaLEA4 and CaPAL2 genes in pathogen alone at 10 days post-inoculation of pathogen confirmed the prevalence of drought and pathogen stress in individual stressed plants. Compared to mock control, CaPAL2 showed lower expression in samples infected with Psp alone, however a four-fold higher expression of this gene was observed in response to infection with Rs alone (Figure 6). During combined PspD stress, CaLEA4, CaLEA1, and CaLEA2 genes showed higher transcript expression compared to individual drought and pathogen stresses. However, during combined RsD stress, only CaLEA1 showed 4.5 fold increased expression in comparison to individual stresses. This indicates that the alteration in stress responsive genes was influenced by the nature of infecting pathogen during combined stress response.
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FIGURE 6. Expression analysis of stress responsive genes of chickpea under drought, pathogen and combined stress (PD). Expression of stress responsive genes in comparison to control was studied using RT-qPCR. The Ct values of different genes were normalized with CaActin internal control. Fold change in gene expression was calculated by 2−ΔΔCT method. Mock was considered as reference for PD and pathogen only and absolute control was reference for drought only. The differential gene expression for CaLEA2 (A,F) CaLEA4 (B,E) CaLEA1 (C,G) and CaPAL2 (D,H) under PspD and RsD combined stress are represented as bar graph. Each bar represents average of two biological replicates and error bar represents ± SEM. Significance was verified by one sample t-test. *Denotes significant at p < 0.05.



DISCUSSION

Simultaneous occurrence of drought and bacterial pathogen infection influences the impact of each other during their interaction in planta (Timmusk and Wagner, 1999; McElrone et al., 2003; Mohr and Cahill, 2003; Ramegowda et al., 2013). Moreover, the net impact of combined stress on plants has been reported to be unique compared to individual stresses (Choi et al., 2013). The present study tested the effect of drought stress on the pathogenicity of two different bacterial pathogens in chickpea, and also the net physiological effect by assessing cell death and chlorophyll content during stress combinations (DP and PD).

Our results indicated that pathogen infection preceded by drought stress reduced the multiplication of Psp and Rs in chickpea. There could be three possible reasons for this effect. First, presumably reduced availability of water needed for in planta bacterial multiplication. Beattie (2011) has explained that water influences plant-pathogen interaction. Earlier, reduced water potential in bacterial culture media was found to delay the bacterial multiplication (Beattie, 2011). It has also been shown that plants produce localized desiccation at the site of infection and reduced pathogen numbers as a part of basal and effector triggered defenses (Beattie, 2011). In our study, we found reduced leaf RWC in response to drought stress and combined stress (Supplementary Figure S7). Secondly, the drought stress induced molecular and biochemical adaptation in chickpea plants could have contributed to reduced bacterial growth. For example, drought stress provokes the accumulation of reactive oxygen species (ROS) which at lower concentrations acts as secondary messenger in signal transduction and triggers defense response against pathogen (Lamb and Dixon, 1997). In current study, we observed increased ROS production with increase in drought stress level (Supplementary Figure S8) and therefore priming with drought mediated ROS can be one of the reason for decreased bacterial multiplication. Similarly, PR5 (pathogenesis-related protein-5) and PDF2.1 (plant defensin 1.2) genes, which are known to be involved in pathogen defense (Glazebrook, 2001) are also found to be highly expressed under drought stress (Ramegowda et al., 2013). Boominathan et al. (2004) have shown that drought adaptation increases the expression of serine threonine protein kinases (STPK) which are also involved in pathogen defense (Dangl and Jones, 2001; Zhang et al., 2013). In our study, we found increased expression of CaPR4 in drought stress alone, and therefore, we assume that it primed the plant for upcoming pathogen stress. Third reason for reduced multiplication could be, physiological, biochemical and molecular mechanism that are unique to combined stress (Pandey et al., 2015). In this study, CaPAL2 and CaPR4 showed very high expression under combined stress over individual stresses in DRs. Such fold change was noted to be more than the additive expression of these genes under two individual stresses which could be taken up as unique response by plants under combined stress. Therefore, we assume that this could be one of the reason for the decreased multiplication under combined stress.

During DRs, multiplication of Rs was found to be decreased at severe drought level. However, mild drought stress did not reduce the Rs multiplication. This indicates that intensity of drought stress plays important role in combined stress effect. During stress interaction, the net outcome of the stress response decides whether the plant is capable of circumventing the combined stress effect or not. In the present study, we found that the drought stress (individual) leads to increased cell death but does not affect chlorophyll content of the plant, whereas pathogen infection lead to increase in cell death and disease associated decrease in chlorophyll content. However, the impact of DPsp stress on cell death and chlorophyll was similar to drought stress and it was reduced in comparison to only Psp stress. Similarly, the net effect of DRs except mild DRs on cell death was almost similar to drought stress and reduced in comparison to only Rs stress. This indicated that drought stressed plants were able to defend themselves better against upcoming pathogen.

In conclusion, the study demonstrates that priming of drought stress reduces the multiplication of Psp and Rs pathogens in planta. The net effect of combined stress was not additive and drought has more impact during combined occurrence with pathogen. The study also shows that the outcome of combined stress is conditional and depends on which stress factor occurs first in the plant.
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Drought is the major abiotic stress factor limiting yield of common bean (Phaseolus vulgaris L.) in smallholder systems in Latin America and eastern and southern Africa; where it is a main source of protein in the daily diet. Identification of shoot and root traits associated with drought resistance contributes to improving the process of designing bean genotypes adapted to drought. Field and greenhouse studies were conducted at the International Center for Tropical Agriculture (CIAT), Palmira, Colombia to determine the relationship between grain yield and different shoot and root traits using a recombinant inbred lines (RILs) population (MD23–24 × SEA 5) of common bean. The main objectives of this study were to identify: (i) specific shoot and root morpho-physiological traits that contribute to improved resistance to drought and that could be useful as selection criteria in breeding beans for drought resistance; and (ii) superior genotypes with desirable shoot and root traits that could serve as parents in breeding programs that are aimed at improving drought resistance. A set of 121 bean genotypes (111 RILs, 2 parents, 8 checks) belonging to the Mesoamerican gene pool and one cowpea variety were evaluated under field conditions with two levels of water supply (irrigated and rainfed) over three seasons. To complement field studies, a greenhouse study was conducted using plastic cylinders with soil inserted into PVC pipes, to determine the relationship between grain yield obtained under field conditions with different root traits measured under greenhouse conditions. Resistance to drought stress was positively associated with a deeper and vigorous root system, better shoot growth, and superior mobilization of photosynthates to pod and seed production. The drought resistant lines differed in their root characteristics, some of them with a vigorous and deeper root system while others with a moderate to shallow root system. Among the shoot traits measured, pod harvest index, and seed number per area could serve as useful selection criteria for assessing sink strength and for genetic improvement of drought resistance in common bean.

Keywords: deep rooting, intermittent drought, pod harvest index, root system, seed number

INTRODUCTION

Drought is the main abiotic constraint of common bean (Phaseolus vulgaris L.) affecting around 60% of bean producing regions and causing 10–100% reduction in production (Rao, 2014; Polania et al., 2016c). Beans are cultivated by small farmers in Latin America and eastern and southern Africa, under unfavorable climate conditions and minimum use of inputs (Beebe et al., 2014; Rao, 2014). It is expected that the world demand for legumes will increase in the future, not only in developing countries, but also in the developed nations given the trend toward healthier diets (Daryanto et al., 2015). Common beans have to confront climate change and the associated increase of temperature and evapotranspiration together with erratic and lower rainfall (Beebe et al., 2013; Polania et al., 2016a,b; Rippke et al., 2016). The development of bean varieties resistant to drought stress conditions through breeding to ensure food security in marginal areas is a useful strategy to face these new challenges.

Conventional breeding for improving resistance to drought has been based essentially in the selection of the superior genotypes in grain yield (GY) under drought stress (Rosales et al., 2012); with low consideration for defining the physiological basis of drought resistance. The integration and the understanding of the physiological basis of yield limitations due to drought stress, will contribute to developing physiological selection tools to support plant breeding programs (Araus et al., 2002; Girdthai et al., 2009; Mir et al., 2012). Some of the benefits from improved understanding and use of the physiological traits and mechanisms would be the possibility of combining parents with complementary traits, resulting in additive gene action for improving drought resistance (Reynolds and Trethowan, 2007; Mir et al., 2012).

Phenotypic characterization for drought resistance has resulted in the identification of some morpho-physiological traits and process related to improved drought resistance. Processes that are known to influence drought resistance include: more acquisition of water by the root system from the soil profile to facilitate transpiration, greater production of canopy biomass (CB) and an efficient and increased mobilization of accumulated carbon to the harvestable product (Passioura, 1997; Condon et al., 2004; Polania et al., 2016a; Rao et al., 2016a). Several traits have been reported to improve resistance to drought, and their contribution to superior GY depends on the type of drought (early, intermittent, and terminal) and the agro-ecological conditions where the crop is planted. Ideotypes and plant models have been developed for targeting in plant breeding according to agro-ecological zones and types of drought; for example, the isohydric (“water saving”) plant model and the anisohydric (“water spending”) plant model. The water saving ideotype might have an advantage in the harsh environments, whereas the water spending ideotype will perform relatively better under more moderate drought conditions (Blum, 2015; Polania et al., 2016a).

It has been reported that traits related with higher water use efficiency (WUE) and conserving water at vegetative stage (lower leaf conductance, smaller leaf canopy), would make more water available for reproductive growth and grain filling, resulting in better grain yield under terminal drought stress conditions (Zaman-Allah et al., 2011; Araújo et al., 2015). Increased WUE, could have a penalty in GY, to reduce the rate of transpiration and crop water use, processes that are crucial for carbon assimilation (Blum, 2009; Sinclair, 2012). Blum (2009) proposed the term, effective use of water (EUW), which implies maximal soil moisture capture for transpiration, and also involves decreased non-stomatal transpiration and minimal water loss by soil evaporation. In the water spending model, the EUW would be the main component to consider in plant breeding program for drought resistance, and it is relevant when there is still soil water available at maturity or when deep-rooted genotypes access water deep in the soil profile that is not normally available (Araus et al., 2002; Polania et al., 2016a).

Previous research on common bean under drought stress has suggested the relevance of “water spending” model for improving drought resistance through EUW. Positive relationships have been observed between GY and carbon isotope discrimination (CID) and also with root length density in different genotypes grown under drought stress; indicating that plants under drought stress access more water, resulting in increased stomatal conductance and higher GY (Sponchiado et al., 1989; White et al., 1990; White, 1993; Hall, 2004; Polania et al., 2012, 2016a). Phenotypic evaluation of root traits under drought stress has shown the contribution of deep rooting to access more water from deeper soil layers (Sponchiado et al., 1989; White and Castillo, 1992; Polania et al., 2009, 2012; Beebe et al., 2013, 2014; Lynch, 2013; Rao, 2014; Rao et al., 2016b) and also increased production of fine roots in top soil to take advantage of intermittent rains (Eissenstat, 1992; Huang and Fry, 1998; Polania et al., 2009; Butare et al., 2011; Lynch, 2013; Beebe et al., 2014; Rao et al., 2016a,b).

Increased water extraction capacity and higher crop growth must be accompanied by an improved harvest index (HI) to increase drought resistance. Better remobilization of photosynthates to grain production is needed for the success of superior genotypes under stress. In the case of common bean, the contribution of superior remobilization of reserves from vegetative plant structures to pod and seed formation have been widely documented (Assefa et al., 2013; Beebe et al., 2013; Rao et al., 2013, 2016a; Rao, 2014; Polania et al., 2016a,c). Two dry matter partitioning indices have been shown to be relevant to improved drought resistance: pod partitioning index (PPI) which indicates the extent of mobilization of assimilates from the vegetative structures to pod formation, and pod harvest index (PHI) which indicates the extent of mobilization of assimilates from the pod wall to grain formation (Rao et al., 2013). Photosynthate supply could exert significant and positive quantitative influence on sink strength through setting of grain and pod numbers because abortion rates were shown to be positively related to seed size (Lord and Westoby, 2012).

The strategic combination of specific shoot and root traits seems to be the key in improved resistance to drought in common beans, and no single trait was identified for its unique and dominant contribution to drought resistance (Polania et al., 2016a,c). For that reason, it is relevant to evaluate different shoot and root traits in a same group of genotypes under drought stress as well as under optimal conditions. This will allow to identify the traits that are not only contributing to improved drought resistance but also responding to irrigation. Most of the lines identified with superior drought resistance in common bean are from the Mesoamerican gene pool, where some lines from Durango race were found to be far superior in their drought resistance (Beebe et al., 2013). For example, the drought resistant line SEA 5 is derived from Durango race and it showed greater ability for remobilization of photoassimilates contributing to higher GY under drought conditions (Beebe et al., 2013; Polania et al., 2016c; Rao et al., 2016a).

The main objectives of this study were to identify: (i) specific shoot and root morpho-physiological traits that contribute to improved resistance to drought and that could be useful as selection criteria in breeding beans for drought resistance; and (ii) superior genotypes with desirable shoot and root traits that could serve as parents in breeding programs that are aimed to improve drought resistance.

MATERIALS AND METHODS

Plant Material

For this study a total of 121 (but 118 for comparison) bean genotypes belonging to the Mesoamerican gene pool and one cowpea variety were selected: 111 RILs of MD 23–24 × SEA 5, two parents (MD 23–24 and SEA 5), and eight checks [Cowpea cv. Mouride, Tio Canela 75, DOR 390, EAP 9510-77, SEA 5 (twice), MD 23–24, and SEA 15]. Cowpea genotype was included for relative comparison of common bean with cowpea for drought resistance. The line MD 23–24 is superior in commercial grain quality and it is also known as “Bribri,” it is small red bean, developed by the Escuela Agricola Panamericana (EAP), Zamorano, Honduras, and released as a good yielding, well adapted to low soil fertility, and disease resistant cultivar (Rosas et al., 2003). The CIAT bred line SEA 5 is very well adapted to drought, it has small (22–25 g 100 seed−1) cream-colored seeds and Type III growth habit; also resistant to Fusarium root rot and has the I gene for resistance to bean common mosaic virus (BCMV). It is susceptible to anthracnose, common bacterial blight, and rust (Singh et al., 2001). The progenies from the cross were advanced by bulk method up to F4 generation and then to two more generations (F5, F6) by pedigree method followed by bulking in F7 generation.

Shoot Phenotyping under Field Conditions

Experimental Site and Meteorological Conditions

Three field trials were conducted during the dry season (from June to September in each year of 2003, 2004 and 2007), at the main experiment station of the International Center for Tropical Agriculture (CIAT) in Palmira, Colombia, located at 3° 29″ N latitude, 76° 21″ W longitude and an altitude of 965 masl. Basic characteristics of this field site were described previously (Beebe et al., 2008). The soil is a Mollisol (Aquic Hapludoll) with adequate nutrient supply and is estimated to permit storage of 100 mm of available water (assuming 1.0 m of effective root growth with −0.03 and −1.5 MPa upper and lower limits for soil matric potential). During the crop-growing season in field conditions, maximum and minimum air temperatures in 2003 were 33 and 14.6°C, in 2004 were, 34.4 and 15.6°C and in 2007 were, 30.5 and 18.6°C, respectively (Figure 1). The total rainfall during the active crop growth was 126.5 mm in 2003, 110.4 mm in 2004 and 243.1 mm (a significant proportion of which fell during seed filling) in 2007. The pan evaporation was of 363 mm in 2003, 390 mm in 2004, and 431 mm in 2007. These data on rainfall and pan evaporation together with rainfall distribution indicated that the crop suffered intermittent drought in all 3 years during active growth and development. Two levels of water supply (irrigated and rainfed) were applied to simulate well-watered (control) and drought stress treatments. Trials were furrow irrigated up to 100% field capacity (approximately 35 mm of water per irrigation). The drought stress treatment under rainfed conditions received irrigations at 3 days before planting and at 9 and 23 days after planting. Irrigation was suspended after the third irrigation to induce drought stress conditions. For the non-stress or irrigated (control) treatment, the crop was irrigated until physiological maturity with a total of six irrigations in 2003 and seven irrigations in both 2004 and 2007.
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FIGURE 1. Rainfall distribution and irrigation application, pan evaporation, maximum, and minimum temperatures during crop growing period at Palmira during 2003, 2004, and 2007 crop growing seasons.



Experimental Design

We used an 11 × 11 partially balanced lattice design with three replications in all three seasons. Details on planting and management of the trial were similar to those reported before (Beebe et al., 2008). Experimental units consisted of 4 rows, 3.72 m long by 0.6 m wide with 7 cm between plants in the row (equivalent to 24 plants m−2). Trials were managed by controlling weeds with application of herbicides (Fomesafen, Fluazifop-p-butil, and Bentazon) and pests and diseases by spraying with insecticides (Thiametoxam, Clorpirifos, Imidacloprid, Abamectina, Cyromazine, and Milbemectin) and fungicides (Benomil and Carboxin) as needed.

Yield Measurements and Phenological Assessment

Grain was harvested from two central rows after discarding end plants in both the irrigated and drought plots. In order to compare shoot dry biomass with grain dry weight and to quantify dry matter distribution among plant parts, mean values of grain yield per hectare were corrected for 0% moisture in grain. Days to physiological maturity (DPM) were determined for each plot as the number of days after planting until 50% of plants have at least one pod losing its green pigmentation.

Physiological Measurements under Field Conditions

At mid-pod filling, a 50 cm segment of the row (equivalent to an area of 0.3 m2) from each plot with about 7 plants was used for destructive sampling to measure leaf area index (LAI), canopy biomass (CB) and dry matter distribution between leaves, stems and pods. Leaf area was measured using a leaf area meter (model LI-3000, LI-COR, NE, USA) and the leaf area index (LAI) was calculated. Also, at mid-pod filling SPAD chlorophyll meter readings (SCMR) were made on a fully expanded young leaf of three different plants within each replication by using a non-destructive, hand-held chlorophyll meter (SPAD-502 Chlorophyll Meter). At the time of harvest, plants in 50 cm of a row from each plot were cut and dry weights of stem, pod, seed, pod wall, seed number per area (SNA) per m2, and pod number per area (PNA) per m2 were recorded. The following attributes were determined according to Beebe et al. (2013): harvest index (HI) (%): seed biomass dry weight at harvest/total shoot biomass dry weight at mid-pod filling × 100; pod harvest index (PHI) (%): seed biomass dry weight at harvest/pod and seed biomass dry weight at harvest × 100; PPI (%): pod and seed biomass dry weight at harvest/total shoot biomass dry weight at mid-pod filling × 100. HI and PPI were estimated using the CB-value at mid-pod filling growth stage which is assumed to be the time that reflects the maximum vigor of the genotype; from this time common bean begins to lose CB through leaf fall, especially under drought stress.

Root Phenotyping Using Soil Cylinder System

Experimental Conditions

A greenhouse study was conducted at CIAT using an Andisol from the region of Darien, Colombia, and mixed (2:1 w/w) with river sand. Soil cylinders were carefully packed with soil:sand mixture, with a final bulk density of 1.2 g cm−3. Soil was fertilized with adequate levels of nutrients (kg/ha: 40 N, 50 P, 100 K, 101 Ca, 29 Mg, 20 S, 2 Zn, 2 Cu, 0.1 B, and 0.1 Mo) at planting by mixing with the soil. The seeds were germinated and uniform seedlings were selected for transplanting to transparent plastic cylinders (80 cm long, 7.5 cm diameter), each of which was inserted into PVC sleeve-tubes (Polania et al., 2009). Plants were grown for 48 days in these soil cylinders with an average maximum and minimum temperature of 34° and 21°C.

Experimental Design

A randomized complete block design (RCB) with three replications was used. Two water supply treatments were applied: (1) well-watered (WW) at 80% field capacity and (2) progressive water stress (WS) with no watering after 10 days of growth in order to simulate terminal drought stress conditions. The initial soil moisture for all the treatments was at 80% of field capacity. The plants with well-watered treatment were maintained close to 80% field capacity by weighing each cylinder every 2 days and applying water to the soil at the top of the cylinder. Plants with progressive soil drying treatment received no water application and each cylinder was weighed at 2 day intervals for the determination of decrease in soil moisture content until the time of plant harvest.

Physiological Measurements under Greenhouse Conditions

Plants were harvested at 48 days after transplant (38 days of withholding of water application in the case of drought treatment). Visual rooting depth was measured during the experiment at 7 day intervals using a ruler with cm scale, registering the total length reached by the visible roots of the plastic cylinder. At harvest, leaf area (LICOR model LI-3000), shoot biomass distribution and root distribution were measured. For root distribution traits, the cylinder was sliced into six layers (0–5, 5–10, 10–20, 20–40, 40–60, and 60–75 cm) and the roots in each soil layer were washed free of soil and sand. The washed roots were scanned as images by a desk scanner. From the scanned images, total root length (m plant−1), and fine roots proportion (%), were measured using image analysis by WinRHIZO software (Regent Instruments Inc., Quebec, Canada). Root and shoot dry weight was determined after the root and shoot samples were dried in an oven at 60°C for 48 h.

Statistical Analysis

Statistical analysis was performed using the Mixed Procedure of SAS V9.2 (SAS Institute Inc, 2008) and Sigma plot. For the purposes of estimating adjusted line means and comparing check entries with experimental lines, entries, environments, and their interactions were considered fixed effects. Replications and blocks within replications were considered random effects. The mixed model uses information on means of fixed effects that are contained in the differences between blocks, combining the traditional information within the block (Proc GLM) with the new information between blocks (Proc Mixed). Significance of differences among genotypes was tested by the Tukey-Kramer method. Although the mixed model does not present an overall standard error, given that the standard errors associated with each genotype were very similar for each variable, an average standard error was calculated to estimate a significant difference for each variable in the two treatments, for the purpose of visualizing comparisons. The relationships between selected parameters were investigated using the Pearson's correlation test (level of probability at 0.05, 0.01, and 0.001). The principal component analysis (PCA) was used to determine the relationship between multiple variables using PRINCOMP of SAS V9.2 (SAS Institute Inc, 2008). PCA permits creating values that reflect the combined effect of multiple variables that are acting in a similar way.

RESULTS

Phenotypic Evaluation of Shoot Traits under Field Conditions

The data on rainfall distribution, irrigation application, and pan evaporation in both trials indicated that the crop suffered intermittent drought stress during crop development under rainfed conditions (Figure 1). The mean value of GY under drought stress conditions was 1,181 kg ha−1 compared with the mean irrigated GY of 1,845 kg ha−1 with about 36% reduction of mean grain yield under drought stress (Figure 2). Under drought stress conditions in the field, the GY of 118 genotypes ranged from 690 to 1,575 kg ha−1 (Figure 2). Among the lines tested, three RILs, MR 81, MR 112, and MR 25 were outstanding in their adaptation to drought stress conditions. These three lines were also responsive to irrigation. The relationship between GY under drought and irrigated treatments indicated that several RILs were superior to the best parent, SEA 5, and the four common bean check genotypes. Among the 118 genotypes tested, MR 8 was the most poorly adapted RIL under drought stress conditions.
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FIGURE 2. Identification of genotypes that are adapted to drought stress conditions and are responsive to irrigation in a Mollisol at Palmira. Genotypes that yielded superior with drought and were also responsive to irrigation were identified in the upper, right hand quadrant.



A positive and significant correlation was observed between CB and GY under both irrigated and drought conditions with values of 0.52*** and 0.60***, respectively (Table 1). The genotype Cowpea cv. Mouride showed the highest value of CB under stress conditions (Figure 3). But this genotype showed a lower value of HI. Five lines (MR 112, MR 25, MR 93, MR 12, and MR 52) combined higher CB-values with higher GY-values under drought stress conditions (Figure 3). The line MR81 was outstanding in its grain yield under drought conditions, but its CB-value was not high under stress conditions. The susceptible check DOR 390 and five RILS (MR 8, EAP9510-77, MR 3, MR 42, and MR 116) showed poor adaptation to drought conditions with lower values of CB and GY under drought conditions (Figure 3). The drought adapted parent SEA 5 showed higher values of CB and GY under drought stress conditions than the susceptible parent MD 23–24 (Figure 3).


Table 1. Correlation coefficients (r) between final grain yield (GY) and other plant attributes and canopy biomass (CB) and other plant attributes of RILs of common bean grown under irrigated and drought stress conditions in a Mollisol in Palmira, Colombia.
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FIGURE 3. Relationship between grain yield (GY) and canopy biomass (CB) under drought stress when grown in a Mollisol at Palmira. Genotypes with higher values of GY and CB under drought conditions were identified in the upper, right hand quadrant.



Poor correlation was observed between GY and PPI under drought conditions (Table 1). However, four RILs (MR 12, MR 77, MR 27, and MR 2) combined higher value of PPI and GY under drought stress conditions. Three RILs (MR 34, MR 17, and MR 119) were outstanding in mobilizing photosynthates to pod formation, but the CB-values of these lines were lower under drought stress, which resulted in lower values of GY. The PHI reflects the ability to mobilize photosynthates from pod wall to seed. A positive and highly significant correlation between PHI and GY under both irrigated and drought conditions was observed (Table 1). Nine genotypes (Cowpea, MR 81, MR 95, MR 120, MR 110, SEA 15, MR 52, MR 93, and MR 25) were superior in their ability to mobilize photosynthates from pod wall to grain, resulting in a higher grain yield under drought conditions (Figure 4). Two RILs (MR 112 and MR 12) showed poor performance in photosynthate mobilization to grain formation. Five genotypes (EAP 9510-77, MR 8, MR 116, MR 109, and DOR 390) combined low values of PHI with low values of GY under drought stress (Figure 4). The drought adapted parent SEA 5, with better value of GY than the susceptible parent MD 23–24, presented lower values of PHI than MD 23–24 under drought stress conditions, and slightly below the average of the RILs evaluated. Results on the relationship between the values of GY and HI under drought stress indicated that MR 25 and MR 81 were superior in mobilizing photosynthates to seeds. The HI-values of EAP 9510-77, MR 109 and MR 40 were markedly lower than that of other bean genotypes.
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FIGURE 4. Relationship between grain yield (GY) and pod harvest index (PHI) under drought stress when grown in a Mollisol at Palmira. Genotypes with higher values of GY and PHI under drought conditions were identified in the upper, right hand quadrant.



A negative and significant correlation (−0.31***) was observed between DPM and GY under drought conditions (Table 1). Under irrigated conditions the DPM of 118 genotypes ranged from 62 to 70 days with a mean of 66 days; under drought stress the DPM ranged from 61 to 69 with a mean of 66 days (Data not shown). A total of 22 lines showed shorter and similar DPM under both irrigated and drought conditions (Data not shown). Another group of 22 lines showed shorter DPM with superior values of GY than the other genotypes under drought stress conditions (Data not shown). A negative and significant correlation (r = −0.19*) was observed between DPM and canopy biomass under drought stress conditions. A positive and significant correlation was observed between DPM and SNA under irrigated and drought conditions (r = 0.50*** and r = 0.31***), respectively. The SNA showed a positive and highly significant correlation with grain yield under both irrigated and drought treatments (Table 1). Ten genotypes (Cowpea cv. Mouride, MR 102, MR 81, MR 114, MR 93, MR 77, MR 35, MR 25, MR 117, and MR 65) showed higher values of SNA than the other genotypes under drought stress conditions (Figure 5). Six genotypes (MR 66, MR 92, MR 26, EAP 9510-77, MR 8, and MR 40) were characterized by low values of SNA under drought stress. The parent MD 23–24 presented higher SNA under drought conditions than the parent SEA 5 (Figure 5), but SEA 5 was superior in its 100 seed weight (SW).
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FIGURE 5. Relationship between grain yield (GY) and seed number per area (SNA) under drought stress when grown in a Mollisol at Palmira. Genotypes with higher values of GY and SNA under drought conditions were identified in the upper, right hand quadrant (Cowpea cv. Mouride was excluded in the figure due to its very high seed number value).



A positive and significant correlation (r = 0.52***) was observed between SNA and PHI under drought conditions. Five lines (MR 81, MR 110, MR 95, MR 93, MR 120) combined higher SNA with higher PHI values under drought stress conditions (Figure 6). These lines also presented higher grain yield under drought stress (Figure 2). The susceptible check DOR 390, the parent MD 23–24 and five RILS (MR 114, MR 12, MR 11, MR 35) showed higher SNA combined with lower PHI and GY under drought conditions (Figures 2, 6). The lines EAP 9510-77, MR 116, MR 88, MR 49, and MR 8 showed poor adaptation to drought conditions with lower values of SNA, PHI, and GY under drought conditions (Figures 2, 6).
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FIGURE 6. Relationship between seed number per area (SNA) and pod harvest index (PHI) under drought stress when grown in a Mollisol at Palmira. Genotypes with higher values of SNA and PHI under drought conditions were identified in the upper, right hand quadrant (Cowpea cv. Mouride was excluded in the figure due to its very high seed number value).



Phenotypic Evaluation of Root Traits in Soil Cylinder System

Drought stress reduced root growth in terms of total root length (TRL) compared to irrigated conditions, from an average of 45.9 m plant−1 under irrigated conditions to 39.4 m plant−1 under drought stress. However, it is noteworthy that several RILs (MR22, MR67, MR87, MR76, MR36, MR104, MR42, MR86, MR107, MR45, MR83, MR85, MR1, MR7, MR80, MR113, MR40, MR66, MR17, MR23, MR33, and MR58) and parents (SEA 5 and MD23–24) were characterized by increased root production under drought stress compared with irrigated conditions (Data no shown). Also an increase in production of deep roots (root length at soil depth 60–75 cm, m plant−1) under drought stress was observed for the above mentioned lines (Table 2). Relationship between deep rooting evaluated under greenhouse conditions and GY in field conditions was tested and it didn't show a significant correlation under both irrigated and drought conditions (Table 1).


Table 2. Phenotypic variation in root traits of parents and recombinant inbred lines (RILs) of MD23–24 × SEA 5 grown in soil cylinders under irrigated (well-watered) and drought stress conditions in the greenhouse at Palmira, Colombia.
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A significant negative correlation (r = −0.22*) was observed between roots produced at soil depth 0–5 cm with GY under drought stress conditions (Table 1). Also a positive and significant correlation (r = 0.21*) was observed between roots length production at soil depth 20–40 cm with GY under drought stress (Table 1). A wide range of diversity in TRL was observed under drought conditions (Figure 7). Some genotypes such as one of the parents (SEA 5) and six RILS (MR 81, MR 12, MR 93, MR 25, MR 52, and MR 67) combined vigorous root system with superior values of GY under drought stress, while the three drought sensitive checks (Tio Canela, DOR 390, EAP 9510-77) and five RILs (MR 116, MR 54, MR 78, MR 109, and MR 69) showed poor root growth with lower values of GY under drought stress (Figure 7). Two genotypes (Cowpea, SEA 15) and two RILs (MR 112 and MR 120) were outstanding in their GY under drought stress but had poorer root growth compared with the other lines tested. Contrary to this observation, one parent (MD 23–24) and four RILs (MR 8, MR 3, MR 49, and MR 29) had vigorous root growth but lower GY under drought stress (Figure 7). A strong and positive relationship (r = 0.68***) between vigorous root growth in term of greater value of TRL, and deep rooting ability in terms of root production at soil depth of 60–75 cm was observed under drought stress. The drought resistant parent SEA 5 was outstanding in its deep rooting ability under drought stress (Figure 8). Several RILs combined deep rooting ability with higher GY under drought stress such as MR 25, MR 93, MR 67, MR 81, MR 95, MR 12, and MR 32 (Figure 8). Three RILs (MR 112, MR 24 and MR 120) showed greater GY and shallow root development under drought stress. Five lines (MR 13, MR 31, MR 49, MR 3, and MR 22) were identified as outstanding in their deep rooting ability under drought stress, but not in producing GY (Figure 8).
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FIGURE 7. Relationship between drought grain yield (GY) under field conditions and total root length (TRL) production under drought stress in greenhouse conditions. Genotypes with higher values of GY and TRL under drought stress were identified in the upper, right hand quadrant.
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FIGURE 8. Relationship between drought grain yield (GY) under field conditions and deep rooting ability (RL60-75) under drought stress in greenhouse conditions. Genotypes with higher values of GY and RL60–75 under drought stress were identified in the upper, right hand quadrant.



A slight increase in the production of fine roots was observed under drought stress compared to irrigation, from an average in fine root proportion of 81% under irrigation to 83% under drought (Table 2). Several RILs were superior to the parents (SEA 5 and MD 23–24) in the increase of fine root production under drought stress. Both parents showed almost similar fine root proportion under both irrigated and drought conditions and were superior to the average value of the RIL population under both conditions (Table 2). No clear relationship between fine root development and grain yield was observed under both irrigated and drought conditions; but under drought stress a significant negative correlation was observed between fine root proportion at different soil layers (0–5, 5–10, 10–20, and 20–40) with CB.

Nineteen RILs (MR11, MR13, MR15, MR19, MR25, MR51, MR6, MR67, MR68, MR79, MR9, MR93, MR98, MR90, MR106, MR3, MR97, MR40, and MR52), and the two parents (SEA 5 and MD 23–24) showed rapid root growth under drought stress, as reflected by the maximum visual rooting depth values under drought conditions (Data not shown). The lower yielding genotypes under drought stress such as DOR 390 and Tio Canela 75 (drought sensitive and commercial checks) were characterized by slow root growth under drought conditions based on the lower values of visual rooting depth. Also these two checks presented a poor root development under drought and well-watered conditions in terms of TRL based on lower values of deep root production (root length at soil depth 60–75 cm, m plant−1) and thicker roots under drought stress (Table 2; Figures 7, 8).

Principal Component Analysis

Under irrigated and drought stress conditions, eight principal components with cumulative variance of 75% was extracted which gives the clear idea of structure underlying the variables analyzed. Under irrigated conditions for Component 1 which has the contribution of visual rooting depth at flowering, root length at soil depth of 40–60 and 60–75 cm, TRL and fine root proportion for 21% of the total variability. For component 2, SCMR, LAI, CB, SW, GY, PNA, SNA, root length at soil depth of 0–5 cm, root length at soil depth of 10–20 cm, and TRL has contributed to 16% of total variability (Table 3). The principal component analysis (PCA) showed that under irrigated conditions, GY was associated primarily with shorter maturity, PHI, LAI, CB, PNA, SNA, and deep rooting ability. Under drought conditions GY was associated with shorter maturity, PHI, CB, PNA, SNA, deep rooting ability, and thicker roots. Under drought stress conditions for Component 1 which has the contribution of about 22% of the total variability from root traits such as, visual rooting depth at flowering, root length at soil depth of 10–20, 20–40, 40–60, and 60–75 cm, TRL, less fine roots at shallow soil layers and higher fine root proportion at deeper soil layers. For component 2, LAI, CB, SW, PHI, GY, PNA, SNA, DPM, root length at soil depth of 0–5 and 5–10 cm, and TRL have contributed to 14% of total variability (Table 4). PCA also showed that while deep rooting and earliness has contributed to superior performance under drought conditions, the formation of pods and seeds were not the factor limiting the grain yield. It was rather the ability to fill seeds as reflected by the significant positive associations between GY and PHI.


Table 3. Eigen values and percent of total variation and component matrix for the principal component axes—Irrigated conditions.
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Table 4. Eigen values and percent of total variation and component matrix for the principal component axes—Drought stress.
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DISCUSSION

This study permitted evaluating shoot and root traits related with drought resistance in a set of 111 RILs of common bean developed for improving drought resistance. Since the study was conducted over three seasons with intermittent drought stress (occurring on and off but especially around the vegetative to early reproductive period of plant development) it facilitated identification of few RILs with superior shoot traits that contributed to improved drought resistance. We complemented the field studies with a greenhouse study on root traits so that we can evaluate the role of root traits in combination with shoot traits for improving drought resistance. Previous research showed that bean genotypes derived from Durango race such as SEA 5 and SEA 15, have mechanisms that can maintain a competitive level of water balance, allowing these genotypes to promote grain formation and filling during drought stress (Rosales et al., 2012; Beebe et al., 2013). By using a set of RILs we could dissect the physiological basis of the superior performance of lines improved for drought resistance. We found significant transgressive segregation for GY and several morpho-physiological shoot and root traits under both irrigated and drought stress conditions. The population distributions were continuous indicating quantitative inheritance for the traits measured.

Grain Yield and Canopy Biomass

Several shoot traits evaluated in this study showed transgressive segregation in both directions under drought stress, such as GY, CB, SNA, and PHI. Production of CB can be an indicator of the success of the plant in its net fixation of CO2, assimilation of nutrients and effective use of water under both optimal and stress conditions, where a higher accumulation of assimilates is reflected in higher rate of crop growth (Bingham, 2001; Araus et al., 2002; Polania et al., 2016a). In various crops, especially in cereals, it has been argued that the potential to increase in the HI may be limited, and therefore future genetic gains in yield potential may depend on an increase in CB production (Bingham, 2001). The identification of genotypes with superior plant growth under both optimal and stress conditions, and the identification of traits to help to a better growth and use of resources would be important to increase genetic gains in breeding programs. In common bean, previous research showed that increase in CB production contributes to increase in grain yield under drought stress (Rosales-Serna et al., 2004; Muñoz-Perea et al., 2007; Klaedtke et al., 2012; Assefa et al., 2013; Beebe et al., 2013; Rao et al., 2013, 2016a; Polania et al., 2016a,c). It has also been reported that CB accumulation over time is sensitive to drought stress, as result of reduced transpiration and net photosynthesis (Klaedtke et al., 2012; Mir et al., 2012; Rosales et al., 2012; Rao et al., 2013; Polania et al., 2016a). In this study CB production was reduced by 36% under intermittent drought stress compared with irrigated conditions. Our results confirmed previous research that improved CB production contributes to better GY under both irrigated and drought stress conditions, based on the positive and highly significant correlation between GY and CB (Table 1).

Several lines were outstanding in CB production and GY under drought stress and some of these lines also combined deep rooting ability with GY under drought stress. These lines were able to access more water, with the help of their root system, combined with increased photosynthate mobilization (HI and PHI), resulting in better resistance to drought (Polania et al., 2012, 2016a,c; Assefa et al., 2013; Rao et al., 2013, 2016a; Beebe et al., 2014; Rao, 2014). A few RILs presented higher values of CB under drought stress, combined with moderate values of GY indicating that a high value of CB alone is not enough to have higher GY under drought stress. Photosynthate remobilization ability for pod and grain formation was lower in these lines.

Some RILs were superior in their GY under drought stress but they did not produce adequate CB compared with the other genotypes tested. This indicates the importance of the efficiency of mobilization of photosynthates from vegetative plant structures to pod production in these lines (Figures 2, 3). In common bean, it seems that combination of plant attributes such as deep rooting ability, rapid plant growth rate, and an efficient resource management by the plant, will permit greater biomass accumulation under both irrigated and drought stress, and result in higher GY under both irrigated and drought conditions. Adequate CB accumulation under both optimal and drought stress conditions is important to ensure availability and supply of photoassimilates to pod and seed formation.

Grain Yield, Photosynthate Remobilization, and Sink Strength

Pod partitioning index (PPI) has been reported as an useful index to determinate the remobilization from vegetative structures to pod production in common bean (Klaedtke et al., 2012; Assefa et al., 2013; Beebe et al., 2013, 2014; Rao et al., 2013, 2016a; Polania et al., 2016a). PPI can be overestimated because it was based on the CB-values at mid-pod filling growth stage with the assumption that this growth stage reflects the maximum vigor. The values of CB may be underestimated particularly under irrigated and intermittent drought conditions, because of possible additional vegetative growth occurring after mid-pod filling to physiological maturity due to irrigation or rainfall. The distribution of rainfall in the 3 years of evaluation indicate that the crop suffered intermittent drought stress, some years the rainfall during grain filling stage was higher than the other years (Figure 1). This additional water availability can cause additional vegetative growth that is difficult to estimate (due to leaf fall during this period). We assume that the plant can take advantage of this additional water to improve grain formation and filling which could result in better grain filling under intermittent than terminal drought stress. The correlation coefficients in this study between GY and PPI were not positive and significant, possibly due to the effect of additional rainfall, especially 2007 compared to the other 2 years. These conditions may make some lines to revert back to the behavior of wild bean (Beebe et al., 2008) exhibiting different patterns of growth and remobilization, making it unclear the major contribution of this trait. However, several RILs combined superior GY with PPI under intermittent drought stress indicating their superior ability to remobilize photosynthates from vegetative plant structures to pod production.

The contribution of remobilization of photoassimilates from vegetative structures to the pod and grain production for improving drought resistance has been reported either by estimating dry matter partitioning indices such as HI, PPI, and PHI (Hall, 2004; Rosales-Serna et al., 2004; Klaedtke et al., 2012; Rosales et al., 2012; Assefa et al., 2013; Rao et al., 2013, 2016a; Beebe et al., 2014; Rao, 2014; Polania et al., 2016a,c) or by quantifying starch and sugar accumulation and partitioning (Cuellar-Ortiz et al., 2008; Rosales et al., 2012; Andrade et al., 2016). Field evaluation in this study over three seasons under intermittent drought stress showed stronger correlation between PHI and GY confirming the contribution of mobilization of photosynthates from pod walls to grain (Table 1). It is important to point out that while several lines were superior in their PHI and GY, two RILs (MR 12 and MR 112) were high yielding under drought stress but presented thicker pod walls (relatively lower than average values of PHI; Figure 4). These two lines had relatively higher values of CB and SNA that contributed to greater GY under drought stress. Improving the values of PPI and PHI in these two lines could improve further GY-values of these lines under drought stress. These two lines could further improve their GY-values under drought stress by enhancing their remobilization ability of photosynthates from pod wall to seed filling (i.e., increase in PHI). These results are consistent with previous reports which suggested that PHI could serve as a useful selection criteria for improving drought resistance in common bean because of its simplicity in measurement, significant correlation with GY under both irrigated and drought conditions and high heritability (Assefa et al., 2013; Rao et al., 2013; Beebe et al., 2014; Polania et al., 2016a).

Drought stress is known to reduce yield components such as PNA and SNA (Rao et al., 2013; Assefa et al., 2015). Seed number per pod has been identified as useful criteria for selection for improving drought resistance because of its higher heritability and contribution to genetic gain (Ramirez-Vallejo and Kelly, 1998). The decrease in the formation of pods and grains under drought stress is due to several factors, including pollen grain sterility that reduces pollen grain germination and pollen tube growth, and inadequate photosynthate supply that prevents embryo development (Farooq et al., 2016). Selection of genotypes that have greater sink strength reflected in greater values of SNA is required to increase GY under drought conditions. Our results demonstrate this relationship to be a positive and significant correlation between SNA and GY under drought stress. However, it is noteworthy that there are genotypes that have higher values of SNA but lower values of GY under drought stress (Figure 5), indicating that these genotypes are failing in their ability to optimize photosynthate mobilization to support grain filling process. This behavior can be evidenced in the relationship between SNA and PHI (Figure 6), in which genotypes such as MD 23–24, MR 114, MR 12, MR 11, and MR 35 showed higher SNA but lower PHI under drought conditions. Thus, these genotypes are capable of setting seeds but are poor in their ability to fill the seeds. An increase in photosynthate remobilization together with improved sink strength was observed in the superior genotypes that combined higher values of GY with SNA and PHI under drought stress conditions (Figures 5, 6).

Grain Yield and Physiological Efficiency through Early Maturity

The significant negative relationship between GY and DM under drought stress (Table 1) indicated that early maturing genotypes were more adapted to drought stress. The common bean farmers have multiple reasons for preferring short season varieties, an important one among them is to minimize exposure to drought (White and Singh, 1991; Beebe, 2012). Earliness is more useful where terminal drought predominates (Beebe et al., 2014) but a shorter growth cycle can reduce GY potential per day by an estimated value of 74 kg ha−1 (White and Singh, 1991). This penalty in GY per day could be markedly reduced or even completely eliminated through improved physiological efficiency of the plant through genetically improving the capacity of the plant to produce more seeds and especially together with the ability to have better filling of these seed under drought stress (i.e., greater sink strength). In common bean different field studies showed that early maturing genotypes with superior photosynthate remobilization ability can yield better under both drought and irrigated conditions (Klaedtke et al., 2012; Rao et al., 2013, 2016a; Beebe et al., 2014; Polania et al., 2016a,c). This improved physiological efficiency under drought stress was shown to be independent of yield potential and phenological plasticity (Polania et al., 2016c). The phenotypic correlations between GY and CB, PHI, DPM, SNA, and SW suggest that in common bean higher values of CB combined with an efficient remobilization of photosynthates to the pod and grain formation could contribute to greater sink strength through higher values of both SNA and SW.

Grain Yield and Root Traits

Root growth and shoot growth have a complex relationship. In general, the shoot provides the root with carbon and certain hormones, and the root provides the shoot with water, nutrients, and also with hormones. To increase grain yield through a better plant growth under both optimal and drought stress conditions, the root system must be able to supply water and nutrients to the new plant growth without sequestering too much photoassimilates from the shoot (Bingham, 2001). Defining the morpho-physiological traits and mechanisms that are suited to different agroecological niches will play an important role in the development of new varieties adapted to different types of drought stress. Different studies on common bean and other crops contributed to define the root system characteristics for superior resistance to drought (Lynch, 2013). Among the root characteristics evaluated in this study, none stood out for its outstanding contribution or correlation with more grain production under drought stress and even under irrigated conditions (Table 1). This indicates the complexity of the relationship between root system development and drought resistance.

Results from this study demonstrated transgressive segregation in both directions under drought stress in several root traits evaluated, such as total root length production, deep root production, visual rooting depth, and fine root proportion. Several RILs exhibited markedly superior or lower expression of root traits than both parents (SEA 5 and MD 23–24) under drought as well as irrigated conditions. Transgressive segregation in root traits in common beans under irrigated and drought conditions have been observed also in RILs population of BAT 477 × DOR 364 (Asfaw and Blair, 2012). It was observed in several drought resistant RILs that root production is stimulated by drought stress compared with irrigated conditions and this could be an adaptive response of the plant to drought stress (Turner, 1979; Rao, 2014).

Results on phenotypic correlations and the multivariate analysis using the data on different shoot and root traits indicated that improved resistance to intermittent drought stress in common bean could result from different plant strategies. These strategies include different combinations of shoot and root traits that allows the plant to better adapt to drought stress. Based on the phenotypic differences in GY, CB, VRD and TRL, we classified the drought resistant lines into two groups, water savers and water spenders (Table 5). The water spender type genotypes combined higher values of GY with SNA under drought stress with rapid development of deep root system that allows the plant a faster access to available water in deep soil profiles (Table 5). This response to drought allows to continue the processes of gas exchange and carbon accumulation and facilitates improved remobilization of photosynthates resulting in an increased values of SNA and GY under drought stress. This overall response at whole plant level reflects an EUW rather than improved WUE resulting from partial closure of stomata (Polania et al., 2016a). Results from water spender type genotypes indicate that a deeper and vigorous root system helps to the plant to support a better sink strength that was reflected in higher values of SNA under drought conditions (Table 5). These water spender type genotypes would be better suited to intermittent drought conditions where water could be available at depth.


Table 5. Combination of shoot and root traits of bean lines classified such as water saver type, water spender type and drought susceptible type that were grown under drought stress under greenhouse and field conditions at CIAT–Palmira, Colombia.
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The strategy of water spender type genotypes under intermittent drought stress conditions may be that the deeper roots with better water extraction capacity can support the rate of photosynthesis and the accumulation of water soluble carbohydrates in the stem and this accumulated photosynthate could be remobilized to grain filling (Lopes and Reynolds, 2010). Several studies have demonstrated the contribution of deep rooting in increased water extraction from lower soil depth and its relationship with superior resistance to drought (Sponchiado et al., 1989; White and Castillo, 1992; Lynch and Ho, 2005; Ryser, 2006; Polania et al., 2009, 2012; Asfaw and Blair, 2012; Beebe et al., 2013; Rao, 2014; Rao et al., 2016b). Some efforts have been made in identifying genes and molecular markers that are associated with deep rooting ability (Asfaw and Blair, 2012) where a RILs population of DOR 364 × BAT 477 was used to identify quantitative trait loci (QTLs) that were associated with root traits under drought stress. Several QTLs were identified on linkage groups b01 or b11, which explained up to 41% of genetic variance.

The water saver type genotypes were superior in GY with moderate values of SNA under drought stress but their root system was slower in its development (Table 5). It is possible that these genotypes were better adapted to drought because of their ability to regulate stomatal opening for improved transpiration efficiency while maintaining their capacity to remobilize photosynthates toward pod and grain production (Polania et al., 2016a). These water saver type genotypes, would be suitable to semi-arid to arid environments where water availability is very limited with longer terminal drought stress conditions. Thus, further research on water use, photosynthesis and carbon mobilization is needed on the entire RIL population to classify the RILs as water savers or as water spenders and also to identify QTLs for different water use patterns based on both shoot and root traits.

Shallower rooting ability under drought stress can be complemented with traits related with conserving water at vegetative stage, such as lower leaf conductance, smaller leaf canopy, that would make more water available for reproductive growth and grain filling, resulting in better GY under terminal drought stress conditions (Zaman-Allah et al., 2011; Araújo et al., 2015). A poor root system can be limiting for an optimal plant development and grain production under drought stress, even for a good response in optimal conditions; as can be evidenced in the drought sensitive genotypes (Table 5). These genotypes showed less resistance to drought (lower values of GY) and were characterized by lower values of total root production as well as less proportion of roots at deeper soil layers under both irrigated and drought conditions. However, some RILs had deep root system but not higher values of GY thus indicating that deep rooting alone with lower sink strength will not result in higher values of GY under drought.

The results from both the field and greenhouse studies indicated the need to determine what size and what kind of distribution of root system is required in a certain field site to avoid a trade-off or any restriction in the plant growth and yield (Bingham, 2001). A very vigorous root system, in an inefficient plant to assimilate CO2, becomes plant's another sink, competing for photoassimilates with the economic organ of interest of the plant, and increase the sensitivity to drought stress. Thus, a vigorous and deeper root system, with rapid growth is useful but not enough to have greater resistance to drought in common bean. It is the strategic combination of traits that improves physiological efficiency such as a better developed root system helping the plant to access water to maintain transpiration rates and vegetative growth combined with the ability to remobilize photosynthates from vegetative structures to the pods and subsequently to grain production is what is needed for improved drought resistance (Beebe et al., 2014; Rao, 2014; Araújo et al., 2015; Polania et al., 2016a; Rao et al., 2016a).

CONCLUSIONS

We evaluated different root and shoot traits in a large RILs population and identified a few relevant traits for improved resistance to intermittent drought in common bean. The phenotypic data generated from this work will be useful to identify shoot and root QTLs associated with improved resistance to intermittent drought. Previous studies have reported the contribution of individual traits such as deep rooting, CB, water use, HI and PHI to the adaptation to drought stress in common bean, but not the combination of these traits and how the combination particularly with a focus on sink strength contributes to improved adaptation to intermittent drought stress. Our results indicate that common bean genotypes respond to drought stress as water spending types or water saver types. The water saver type of genotypes respond to drought with intermediate to shallow rooting system, high water use efficiency, reduced sink strength, and superior photosynthate remobilization to pod and grain formation. The water spender type of genotypes respond to drought with a better developed root system helping the plant to access water to maintain transpiration rates and vegetative growth, combined with the ability to remobilize photosynthates from vegetative structures to the pods and subsequently to seed production resulting in a superior number of pods and seeds per area. We observed transgressive segregation in root traits such as total root length and deep rooting ability under irrigated and drought conditions. We identified five RILs (MR 25, MR 93, MR 67, MR 81, MR 95) as drought resistant-water spender types and five RILs (MR 112, MR 24, MR 77, MR 120, MR 75) as drought resistant-water saver types. We identified rooting depth, CB, PPI, PHI, PNA, and SNA as useful traits for improving resistance to intermittent drought. Some of these traits are easier to implement in a breeding program due to their simplicity and relatively low analytical cost such as PHI.
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Drought is one of the major abiotic stresses limiting lentil productivity in rainfed production systems. Specific rooting patterns can be associated with drought avoidance mechanisms that can be used in lentil breeding programs. In all, 252 co-dominant and dominant markers were used for Quantitative Trait Loci (QTL) analysis on 132 lentil recombinant inbred lines based on greenhouse experiments for root and shoot traits during two seasons under progressive drought-stressed conditions. Eighteen QTLs controlling a total of 14 root and shoot traits were identified. A QTL-hotspot genomic region related to a number of root and shoot characteristics associated with drought tolerance such as dry root biomass, root surface area, lateral root number, dry shoot biomass and shoot length was identified. Interestingly, a QTL (QRSratioIX-2.30) related to root-shoot ratio, an important trait for drought avoidance, explaining the highest phenotypic variance of 27.6 and 28.9% for the two consecutive seasons, respectively, was detected. This QTL was closed to the co-dominant SNP marker TP6337 and also flanked by the two SNP TP518 and TP1280. An important QTL (QLRNIII-98.64) related to lateral root number was found close to TP3371 and flanked by TP5093 and TP6072 SNP markers. Also, a QTL (QSRLIV-61.63) associated with specific root length was identified close to TP1873 and flanked by F7XEM6b SRAP marker and TP1035 SNP marker. These two QTLs were detected in both seasons. Our results could be used for marker-assisted selection in lentil breeding programs targeting root and shoot characteristics conferring drought avoidance as an efficient alternative to slow and labor-intensive conventional breeding methods.

Keywords: lentil, ecophysiology, drought tolerance, breeding, plant, QTL, marker-assisted selection

INTRODUCTION

Lentil (Lens culinaris Medik.) is an important grain legume crop that is often grown in sustainable farming systems and for nutrition in the world. Its ability to enhance soil fertility through atmospheric nitrogen fixation allows substantial reduction in fertilizer use and significant production improvement in cereal-based cropping systems thanks to the benefits of rotation.

Lentil grains are a rich source of proteins and some important micronutrients such as iron and zinc (Grusak and Coyne, 2009; Thavarajah et al., 2011). Consumed as staple food in developing countries and as vegetarian dishes elsewhere, lentil grains are considered a very healthy food. The United Nations, in its 68th General Assembly, declared 2016 as the International Year of Pulses (annual leguminous crops harvested for dry grains) in order to highlight the nutritional benefits of pulses as part of sustainable food production aimed towards food and nutrition security (FAO, 2015).

In the arid and semi-arid areas and also in the context of climate change and global warming, drought is one of the major constraints that can limit lentil production and cause substantial yield losses (Malhotra et al., 2004; Stoddard et al., 2006; Sarker et al., 2009). Developing cultivars with enhanced drought tolerance by conventional breeding often has limited success due to the complexity of this trait and the difficulties with finding reliable and suitable phenotyping methods. For example, well-developed root systems have been shown to be linked to drought tolerance as an avoidance mechanism guaranteeing plant productivity under water-limited conditions (Kashiwagi et al., 2005; Sarker et al., 2005; Verslues et al., 2006; Gaur et al., 2008; Vadez et al., 2008; Aswaf and Blair, 2012; Comas et al., 2013; Idrissi et al., 2015a,b). However, it is difficult to screen large numbers of accessions for these root traits using conventional methods. Thus, applying a marker-assisted selection for these traits would offer an interesting alternative in breeding programs targeting drought tolerance. As such, identifying and mapping DNA markers linked to genes controlling rooting patterns associated with drought tolerance will assist in reliable and efficient identification and development of tolerant cultivars. Several studies have shown that root traits are polygenically controlled, whereas they also identified related quantitative trait loci (QTLs) for different species such as maize (Ruta, 2008), common bean (Cichy et al., 2009; Aswaf and Blair, 2012), barley (Sayed, 2011), soybean (Brensha et al., 2012) and chickpea (Kashiwagi et al., 2014).

Lentil has a genome size of about 4 Gbp (Arumuganathan and Earle, 1991); several kinds of DNA markers have been developed and mapped, including RAPDs, ISSRs, AFLPs, SRAPs, SSRs, and SNPs (Eujayl et al., 1998; Rubeena et al., 2003; Hamwieh et al., 2005; Saha et al., 2010; Sharpe et al., 2013). Idrissi et al. (2015a) confirmed evidence of high genetic variability, high heritability and polygenic control of root and shoot characteristics. However, to our knowledge, no QTLs related to root traits have been reported for lentil to date. Thus, the objective of this study was to identify and map QTLs related to root and shoot traits associated with drought tolerance in a lentil recombinant inbred line population (RIL) as a promising step towards a marker-assisted selection approach. It also aimed to investigate the stability of detected QTLs by performing the analysis on two consecutive seasons.

MATERIALS AND METHODS

Plant Materials

A recombinant inbred line (RIL) population developed from a cross between two contrasting parents, ILL6002 and ILL5888 (Saha et al., 2010), obtained from Fred J. Muehlbauer, USDA-ARS, Washington State University, Pullman, USA, was used in this study. The RIL population consisted of the two parents and 132 F6–8 lines. The lines were advanced to the F6–8 generation from individual F2using single seed descent. The ILL6002 parent is a vigorous line reported as drought tolerant and with a well-developed root system (Sarker et al., 2005; Singh et al., 2013). On the other hand, ILL5888 is a drought sensitive line and has a less-developed root system and vegetative biomass. The two parents also differ in disease resistance (Stemphylium blight), flowering and maturity time, seed diameter, 100-seed weight, growth habit and plant height (Saha et al., 2010, 2013).

RIL Root and Shoot Traits Phenotyping and Drought Tolerance Evaluation

This F6–8 population was previously characterized for root and shoot traits related to drought tolerance (Idrissi et al., 2015a). Briefly, the population was evaluated under greenhouse conditions for root and shoot traits associated with drought tolerance under two contrasting watering regimes (well-watered and progressive drought-stressed) using the standard nutrition solution EEG MESTSTOF 19-8-16 (4) for two consecutive growing seasons (2013 and 2014). A completely randomized block design with three replications was used. Four uniformly germinated seeds were planted in plastic pots (H 35 × D 24 cm) filled with fine perlite (diameter ≤ 2 mm) in order to be able to extract intact roots without damage (Day, 1991; Rabah Nasser, 2009). The initial moisture in all the pots of both watering regimes was 75% of field capacity. It decreased to about 22% for the drought-stressed regime where plants were watered only once in the beginning of the experiment, while it was maintained at 75% for the well-watered treatment by watering plants twice a week as described in Idrissi et al. (2015a). At 38 days after sowing, plants were carefully extracted without damage to the roots, then shoots and roots were separated into plastic bags. Washed roots were preserved in a refrigerator (4°C, 90% relative humidity) to avoid drying before being scanned using an EPSON Scan scanner. The images were then analyzed using Image J software (Abramoff et al., 2004) combined with Smart Roots software (Lobet et al., 2011). From the scanned images, taproot length (TRL; cm plant−1), average taproot diameter (TRD; mm plant−1), root surface area (RSA; cm2 plant−1) and lateral root number (LRN) were measured. Dry root and shoot biomass (DRW, DSW; mg plant−1) were measured after oven-drying at 72°C for 48 h. Chlorophyll content was estimated according to the SPAD values measured at 32 days after sowing using a SPAD-502Plus chlorophyll meter (Konica Minolta, Japan), four measures were taken in fully expanded leaves per plant. The wilting score (WS) corresponding to the degree of wilting severity was used to estimate drought tolerance using the following 0–4 score scale (Singh et al., 2013): 0 = healthy plants with no visible symptoms of drought stress; 1 = green plants with slight wilting; 2 = leaves turning yellowish green with moderate wilting; 3 = leaves yellow–brown with severe wilting; and 4 = completely dried leaves and/or stems. Seedling vigor (SV) was recorded following the 1–5 IBPGR and ICARDA (1985) scale: 1 = very poor; 2 = poor; 3 = average; 4 = good; 5 = excellent. Root–shoot ratio (RS ratio) was calculated by dividing the dry root weight by the dry shoot weight. Growth rate (GR; cm) was estimated as the gain of length between 12 (SL12DAS; cm) and 22 days after sowing (SL22DAS; cm; GR = SL22DAS–SL12DAS). Specific root length (SRL) and specific root surface area (SRSA) were estimated by dividing root length and root surface area, respectively, by dry root weight. All the measures were recorded as the mean value based on the four plants per individual genotype in each pot. A summary of genetic variation and heritability of these traits is provided in Table 4 (Supplementary Material).

RIL Genotyping

The previously developed linkage map of Saha et al. (2010) was created based on the same RIL population used in this study (ILL6002 × ILL5888). The initial mapping data of Saha et al. (2010) which consisted of 23 SSR, 108 SRAP, and 30 RAPD markers, were kindly provided by the authors. The map was further enhanced using 220 polymorphic Single Nucleotide Polymorphism (SNP) markers developed using the Genotyping By Sequencing (GBS) technique and 180 polymorphic Amplified Fragment Length Polymorphism (AFLP) markers.

Genotyping by Sequencing for SNP Identification

SNP data were obtained from 92 (out of 132) RILs using GBS. The GBS procedure of Poland et al. (2012) was used, including their 48 bar-coded adapters with a Pst I overhang; genomic DNA was digested with the enzymes Pst I and Msp I. The ligation reaction was completed using bar-coded Adapter 1 and the common Y-adapter in a master mix of buffer, ATP and T4-ligase. Ligated samples were pooled and PCR-amplified in a single tube, producing libraries of 48 samples each. The libraries were sequenced on two lanes of Illumina HiSeq2000 (University of California Berkeley V.C. Genomic Sequencing Lab). The sequencing data were processed to remove low quality data using in-house scripts and analyzed using Stacks software (Catchen et al., 2011, 2013). Two hundred twenty SNPs that proved to be polymorphic between both parents of the RIL population ILL6002 × ILL5888 (Wong et al., 2015) were analyzed.

AFLP Genotyping

The AFLP protocol of Vos et al. (1995) with minor modifications (De Riek et al., 2001) was performed as described in Idrissi et al. (2015c). Out of 12 primer combinations tested, seven (EcoRI-ACA + MseI-CAG, EcoRI-ACA + MseI-CTG, EcoRI-ACA + MseI-CTT, EcoRI-ACG + MseI-CAA, EcoRI-AGC + MseI-CAA, EcoRI-AGC + MseI-CAG, EcoRI-AGC + MseI-CTG) were selected and used for genotyping the RIL population.

Linkage Analysis and Map Construction

Five hundred sixty-one molecular markers on 132 RILs were used for linkage analysis and construction of a linkage map using JoinMap®4 (Van Ooijen, 2006; Table 1). First, segregation according to Mendelian expectation ratio of 1:1 was tested using the chi-square test at a significance level of 0.05, markers with distorted segregation were removed prior to further analysis. The grouping tree of the JoinMap® program was calculated using independent LOD (Logarithm of odds) as grouping parameter with threshold ranges of 6 for start and 30 for end, and 1 for step. Stable sets of markers at higher LOD values were selected. After initial creation of groups, the Strongest Cross Link (SCL) information from the output results was used for inspecting assignment of markers to groups, those with SCL-values larger than 5, indicating that they have strong linkage outside their respective groups, were assigned to the corresponding groups. This was repeated until all markers of each group had SCL-values smaller than 5. Linkage groups were calculated using the maximum likelihood mapping algorithm with default values as in the software. Map order in each linkage group was verified using the regression mapping algorithm with the following parameters: LOD threshold larger than 4, recombination frequency smaller than 0.25, Kosambi function as mapping function for genetic distance calculation and the second round map of the algorithm. The final linkage map was generated using MapChart© 2.3 program (Voorrips, 2002).


Table 1. Marker types used for linkage map development.
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QTL Analysis

QTL analysis was performed for each season separately for drought-stressed treatments in order to check the stability of detected QTLs using MapQTL® 5 program (Van Ooijen, 2004). First, Kruskal-Wallis test was performed to determine a set of markers linked to each quantitative trait. Simple Interval Mapping was performed to identify linkage groups and positions with significant LOD scores. For each trait, LOD score threshold was determined based on a permutation test using 1000 iterations at a P-value of 0.05; LOD scores above these values were considered as significant. Co-factor selection was performed based on automatic co-factor selection implemented in the software for each linkage group and on manual selection of individual markers with significant LOD scores from Simple Interval Mapping output before applying Multiple-QTL Models (MQM) mapping (also called Composite Interval Mapping). Performing MQM mapping with markers close to significant LOD score positions as co-factors allows reduction of residual variance, thus enhancing the power of QTL detection. For each quantitative trait, co-factor selection and MQM mapping were repeated until no further enhancement was obtained (no more QTLs detected, increase in LOD scores and explained variances). From the MQM mapping output, closest marker, flanking markers, additive affect and percentage of explained variance for each detected QTL and for each quantitative trait were determined for seasons. Final results, with significant LOD scores and intervals, for each detected QTL per linkage group, were generated using MapChart© 2.3 program (Voorrips, 2002).

All detected QTLs were named as follows: Q‘Trait name abreviation'“linkage group number” − “position in cM”. For example: QLRNIII−98.64 is a QTL associated with LRN identified in linkage group III at position 98.64 cM.

RESULTS

GBS for SNP Identification

Selection of the genotyping-by-sequencing two enzyme method of Poland et al. (2012) and the enzymes Msp I and Pst I was based on the results of Wong et al. (2015) lentil SNP discovery across the lentil species. Using GBS, 220 polymorphic SNPs were deemed high quality for mapping, after satisfying quality control filtering based on deleting low quality and redundant SNPs using haplotype information for read depth (3), lack of redundancy and segregation in the parents. Genome coverage was reasonable, but incomplete, across six linkage groups (LG I, LG II, LG III, LG IV, LG VI, and LG IX; Figure 1).
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FIGURE 1. Genetic linkage map of lentil developed at LOD score > 6 using maximum likelihood mapping algorithm of JoinMap® 4 program and drawn using MapChart© program. LGI-LGIX correspond to linkage groups, marker names are presented right to the linkage group and the genetic positions in CentiMorgans (cM) left. SNP markers are denoted by *TP_, SSR by *GLLC_, SRAP starting by *M_ or F_, RAPD by *UBC_ and AFLP by PC_.



Linkage Analysis and Map Construction

Marker distortion tested by Chi-square test (P < 0.05) revealed that 35.4% of SNPs, 43% of SSRs, 18% of SRAPs, 52.7% of AFLPs and 20% of RAPDs did not segregate according to the expected 1:1 ratio and were removed from the analysis. Out of 17 stable groups selected from the grouping tree, a total of 252 out of the 561 polymorphic markers were finally mapped in nine linkage groups spanning a total length of 2022.8 cM (Tables 1, 2). Final linkage groups were established using the SCL information. Linkage group length ranged from 71.7 to 531.1 cM whereas average distance between two markers ranged from 5.12 (LG V) to 9.8 cM (LG II) (Table 2; Figure 1). Seven linkage groups had a length of more than 100 cM (LG I, LG II, LG III, LG IV, LG VI, LG VII, and LG IX). Both co-dominant (SNP and SSR) and dominant (SRAP, AFLP, and RAPD) markers were present in six linkage groups, while three linkage groups (LG V, LG VII, and LG VIII) were composed only out of dominant markers.


Table 2. Linkage groups of the developed lentil linkage map and marker distribution.
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QTL Identification

A total number of 18 QTLs associated with 14 root and shoot traits were detected under drought-stressed conditions during two seasons (Table 3; Figures 2, 3). LOD score, percentage of explained phenotypic variance and additive effect of detected QTLs ranged from 2.75 (TRL) to 8.14 (DSW), from 4.3 (QRSratiIX-77.72) to 28.9% (QRSratioIX-2.30) and from −5.17 (LRN) to 8.10 (DRW), respectively.


Table 3. Characteristics of quantitative trait loci (QTL) identified under progressive drought stress in the RIL population (ILL6002 × ILL5888) for the 2013 and 2014 seasons.
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FIGURE 2. Linkage groups with identified QTLs related to root and shoot traits under progressive drought stress for the 2013 season detected by MapQTL® 5 program and drawn using MapChart© program. LOD score curves are presented right to linkage groups and significant thresholds are presented by dotted lines (when more than one QTL for different quantitative traits are detected in same position, the dotted line correspond to the smallest threshold value). WS_DR_2013, wilting score; SPAD_DR_2013, chlorophyll content as estimated by SPAD value; LRN_DR_2013, lateral root number; SL12DAS_DR_2013, shoot length at 12 days after sowing; SL22DAS_DR_2013, shoot length at 22 days after sowing; SRL_DR_2013, specific root length; DRW_DR_2013, dry root weight; DSW_DR_2013, dry shoot weight; SV_DR_2013, seedling vigor; RSA_DR_2013, root surface area; GR_DR_2013, growth rate; RSratio_DR_2013, root-shoot ratio.
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FIGURE 3. Linkage groups with identified QTLs related to root and shoot traits under progressive drought stress for the 2014 season detected by MapQTL® 5 program and drawn using MapChart© program. LOD score curves are presented right to linkage groups and significant thresholds are presented by dotted lines (when more than one QTL for different quantitative traits are detected in same position, the dotted line correspond to the smallest threshold value). RSratio_DR_2014, root-shoot ratio; LRN_DR_2014, lateral root number; SRL_DR_2014, specific root length; TRL_DR_2014, taproot length; SL12DAS_DR_2014, shoot length at 12 days after sowing; DRW_DR_2014, dry root weight; DSW_DR_2014, dry shoot weight; SL22DAS_DR_2014, shoot length at 22 days after sowing; RSA_DR_2014, root surface area; SPAD_DR_2014, Chlorophyll content as estimated by SPAD value; RSratio_DR_2014, root-shoot ratio; TRD_DR_2014, average taproot diameter.



Seven of the detected QTLs were co-located on LG VII at position 21–22 cM, with UBC34 as the closest marker and ME5XR10—UBC1 as the two flanking markers: QDRWVII-21.94, QLRNVII-21.94, QRSAVII-21.94, QDSWVII-21.94, QSL12VII-20.75, QSL22VII-21.75, and QGRVII-21.94.

Among the 18 detected QTLs, 12 were evidenced for the drought-stressed treatment for both seasons: QDRWVII-21.93, QRSAVII-21.94, QDSWVII-22.94, QRSratioIX-2.30, QSL12IV-103.83, QSL12VI-170.87, QSL12VII-19.71, QSL22VII-21.94, QLRNIII-98.64, QLRNVII-21.94, QSRLIV-61.63, and QSPADVIII-72.15. Interestingly, among these stable QTLs,QRSratioIX-2.30, located at 2.30 cM on LG IX, is associated with a high root-shoot ratio and had LOD scores of 6.20 and 5.11 for 2013 and 2014 seasons, respectively. The explained phenotypic variance of this QTL was the highest with 27.6 and 28.9% and an additive effect of 1.23 and 1.84 for 2103 and 2014 seasons, respectively. The closest marker to this QTL is SNP marker TP6337 located at 2.3 cM whereby the two flanking markers are TP518 and TP1280, located respectively at 0 and 2.9 cM.

Two QTLs were identified for dry root biomass, QDRWVII-21.93, accounted for 22.2% (with a LOD score of 7.21) and 21.3% (with a LOD score of 6.88) of the phenotypic variance with additive effects of 8.10 and 7.47 for 2013 and 2014 seasons, respectively.

Among the three QTLs detected for LRN, QLRNIII-98.64, was located at 98.64 cM position on LG III close to TP3371 SNP marker and flanked by the two SNP markers TP5093–TP6072. The LOD scores, percentage of explained phenotypic variances and additive effects were 2.94, 23.5% and −5.17, and 3.31, 24%, and −5.15 for 2013 and 2014 seasons, respectively. An important QTL was also identified for SRL, namely QSRLIV-61.63, that was detected for both seasons with LOD scores, percentage of explained phenotypic variances and additive effects of 3.84, 16.8% and 0.83 and 3.63, 16.2% and 0.32, respectively, for 2013 and 2014.

Three QTLs were identified to be linked to chlorophyll content in which one was common for both seasons. The latter is the QTL QSPADVIII-72.15, which was detected with LOD scores, percentage of explained phenotypic variances and additive effects of respectively 3.98, 10.7% and −2.20 for 2013 season and 4.25, 13.1% and −2.20 for 2014 season.

Also, a QTL related to early vegetative vigor estimated by SV was detected for the 2013 experiment. This QTL, QSVVII4, was located on LG VII at position 4 cM, had a LOD score of 3.46, an additive effect of 0.29 and explained 14.9% of total phenotypic variance.

A QTL QWSI-22.53, related to drought tolerance as estimated by WS, is located at 22.53 cM position on LG I with a LOD score of 3.08 and 18.8% as percentage of explained phenotypic variance.

DISCUSSION

The genetic linkage map of lentil initially developed by Saha et al. (2010) using a ILL6002 × ILL5888 RIL population containing 139 markers and 14 linkage groups was enhanced by adding SNP co-dominant markers and AFLP dominant markers, thereby increasing marker density and total spanned length. The number of linkage groups was reduced to nine with a total number of 252 mapped markers covering 2022.8 cM compared to 1565.2 cM in the previous genetic map. Average distance between markers was reduced from 11.3 to 8 cM. Sharpe et al. (2013) reported a lentil map with seven linkage groups using SNP and SSR markers. 62.77% of markers from the Saha et al. (2010) linkage map were also mapped in the genetic map developed in our study. Several sets of markers from the previous genetic map were confirmed to be linked to each other in our map. For instance, all markers from LG 1 from the map of Saha et al. (2010) were also mapped in LG I of our map. Thirteen markers out of a total of 19 mapped in LG 2 were mapped in LG III and four in LG IV of our map. Nine markers from LG 3 were mapped in LG V of our map and all those from LG 4 except for two that ended up in LG VII of our enhanced map. All markers from LG 11 of the previous map (except two) were mapped in LG II. All markers of LG 13 and LG 14 were mapped in LG IX and LG VIII of our map, respectively. Our linkage groups could not be assigned per Sharpe et al. (2013), the best lentil linkage map with seven linkage groups likely corresponding to the seven chromosomes of the genome developed to date, due to lack of common markers. We used a combination of dominant and co-dominant markers to develop a linkage map with reduced gaps. Since SNP data were not available for the whole population, we added also dominant AFLP markers for map construction. In other studies, dominant markers were also used together with co-dominant ones for the development of linkage maps and QTL analysis to overcome different limits such as genetic marker availability and large gaps in linkage groups (Gaudet et al., 2007; De Keyser et al., 2010; Kaur et al., 2014; Muys et al., 2014; Ting et al., 2014). Although, maximum likelihood mapping algorithm often results in increased map length, it is considered to be more robust with missing data, genotyping errors and the use of markers with low information content (Lincoln and Lander, 1992; Van Ooijen, 2006; Cartwright et al., 2007; De Keyser et al., 2010). This algorithm uses multipoint analysis to approximate missing genotypes using nearby markers (De Keyser et al., 2010). Genetic linkage maps based on this approach giving the most likely marker order (De Keyser et al., 2010) were reported to be suitable for QTL mapping (Kim, 2007; De Keyser et al., 2010). Thus, we adopted this approach as the main objective of our study was to identify QTLs related to root and shoot traits. Furthermore, although we used dominant markers such as AFLPs known to result in longer map, our linkage groups did not have extreme lengths and the total map length of 2022.8 cM is among common reported values in similar studies on lentil. Duran and Perez De La Vega (2004) reported a genetic linkage map of 2172 cM length using SSR, AFLP, ISSR and RAPD markers. Gupta et al. (2012) used SSR, ISSR and RAPD markers to construct a map of 3843.4 cM length. Also, Kaur et al. (2014) used SSR and SNP markers to develop a map of 1178 cM length. Using predominantly SNP markers and few SSRs, Sharpe et al. (2013) constructed a shorter map of 834.7 cM length. More recently, Ates et al. (2016) developed a map spanning a total length of 4060.6 cM and composed of seven linkage groups using SSR and SNP markers to identify QTLs controlling genes for Selenium uptake in lentil.

High genetic variability, quantitative, continuous and normally distributed variation as well as high heritability estimate values of all studied traits were reported in Idrissi et al. (2015a).

In all, 18 QTLs were identified for root and shoot traits for both seasons under progressive drought-stressed treatments in the lentil RIL population ILL6002 × ILL5888. Among these QTLs, 12 were evidenced for both seasons. Aswaf and Blair (2012) reported a total of 15 putative QTLs for seven rooting pattern traits and four shoot traits under drought-stressed treatments in common bean (Phaseolus vulgaris L.). Varshney et al. (2014) reported drought tolerance-related root trait QTLs in chickpea (Cicer arietinum L.). In soybean (Glycine max L.), Manavalan et al. (2015) identified a QTL region controlling a number of root and shoot architectural traits. In lentil, to our knowledge, this is the first report on QTLs related to root and shoot traits associated with drought tolerance. Interestingly, QTL QRSratioIX−2.30 related to root-shoot ratio, an important trait for drought avoidance (Verslues et al., 2006), was confirmed to be present on LG IX at 2.30 cM position during the two seasons. Among detected QTLs, this QTL explained the highest percentage of phenotypic variance and was close to the co-dominant SNP marker TP6337 (C/T) and furthermore was flanked by the two SNP markers TP518 (A/G) and TP1280 (G/T). These markers are potentially important for their practical use for marker-assisted selection in breeding programs targeting drought tolerance. It should be pointed out that the same SNP markers were confirmed as being linked to root-shoot ratio when using only SNP markers on 92 RILs for linkage map construction and QTL mapping (data not shown).

A QTL-“hotspot” genomic region was identified on LG VII close to UBC34 RAPD marker and ME4XR16c SRAP marker, and was identified to be linked to the genetic control of a number of root and shoot traits for both seasons: DRW, LRN, RSA, DSW, and SL at 12 and 22 days after sowing. These traits were shown to be significantly correlated (Idrissi et al., 2015a). Similarly, a QTL-“hotspot” related to 12 root traits was reported by Varshney et al. (2014) in chickpea (Cicer arietinum L.). Although practical efficient use of the identified genomic region in the ILL6002 × ILL5888 lentil population for marker-assisted selection could be limited by the dominant character of the closest RAPD marker, SRAP markers identified close to this genomic region could be used for assisting in the selection for linked traits. SRAP markers targeting the coding regions of open-reading frames of the genome, considered as better than RAPDs and technically less challenging than AFLPs, are of potential interest for QTL mapping (Chen et al., 2007; Yuan et al., 2008; Zhang et al., 2009; Saha et al., 2010, 2013; Robarts and Wolfe, 2014). Furthermore, up to 20% of SRAP markers were found to be co-dominant (Li and Quiros, 2001). Dry root weight, reported to be associated with drought tolerance by Idrissi et al. (2015a) in lentil, and other root and shoot traits such as root surface area and dry shoot weight also associated with drought tolerance are linked to this “hotspot” genomic region.

QTL QLRNIII−98.64, related to LRN located at 98.64 cM position on LG III, was identified during both seasons explained 23.5 and 24% variations for 2013 and 2014, respectively. This QTL was close to SNP marker TP3371 (C/T) whereas its significant interval is between TP5093 (C/T) and TP6072 (A/G) SNP markers. Thus, the efficient use of these markers in breeding programs is possible for screening for higher LRN. High lateral root number was previously reported to be associated with drought tolerance and yield in lentil under drought stress (Sarker et al., 2005). Similarly, QTL QSRLIV−61.63, located at 61.63 cM on LG IV and related to SRL, was detected in both seasons with fairly high LOD scores of 3.84 and 3.63 for 2013 and 2014 respectively. This QTL, explaining 16.8% of phenotypic variance, was close to TP1873 (A/C) SNP marker (61.6 cM) and flanked by the two F7XEM6b SRAP (52.1 cM) and TP1035 (A/T) SNP markers (65 cM). Specific root length is considered an important root trait that can contribute to plant productivity under drought (Comas et al., 2013). Therefore, the use of these linked markers to screen lines with longer root length should be of potential interest. Three QTLs were identified for chlorophyll content as estimated by the SPAD value. Among them, QSPADI−158.76 is located at 158.76 cM on LG I close to AFLP marker PC3_208 and flanked by the two co-dominant SNP markers TP1954 (A/T) and TP5642 (A/T) that could be efficiently used in marker-assisted selection. Idrissi et al. (2015a) reported correlations of SPAD value of 0.46 and 0.48 with dry root biomass and drought tolerance, respectively, in the same mapping population used here.

A QTL QWSI−22.53 related to drought tolerance as estimated by the WS, located at 22.53 cM on LG I and explaining 18.8% of total phenotypic variance, is close to TP5779 (A/T) and flanked by TP6354 (C/T) and TP1655 (C/T) SNP markers, was identified during the 2013 season. After validation, these markers could be used for screening for drought tolerance. Wilting severity due to drought stress was reported to be correlated with relative water content in lentil (Idrissi et al., 2015b) indicating the importance of this parameter for the identification of drought tolerant cultivars. QTLs for drought tolerance as estimated by relative water content were reported for pea (Pisum sativum) by Iglesias-García et al. (2015).

A drought tolerance breeding strategy could be first based on laboratory screening of large collections of genetic material for the presence of the identified markers. Then, lines carrying alleles linked to QTLs of targeted traits could be evaluated under field conditions to finally identify drought-tolerant individuals. More focus should be on QTLs related to root-shoot ratio, LRN, SRL, and WS shown to be flanked by SNPs markers. However, the QTL related to WS needs further evaluation under different watering conditions and drought intensity to determine environments of expression of this QTL. This will allow to determine whether it is an adaptive or constitutive QTL.

It should be pointed out that results of QTL analysis using the second round map of JoinMap®4 program (Van Ooijen, 2006) obtained from regression mapping algorithm were closely similar to those obtained using maximum likelihood algorithm, although total lengths of the two maps were different (data not shown).

CONCLUSIONS

In this study, a total of 18 QTLs related to root and shoot traits associated with drought tolerance such as dry root biomass, LRN, root-shoot ratio, and specific root length were identified under progressive drought-stressed treatment. Interestingly, 12 of these QTLs were detected for both seasons, confirming their potential importance in conveying drought tolerance. DNA markers linked to these QTLs could be used for marker-assisted selection, thus making subsequent breeding efforts more reliable and efficient as the respective phenotyping-based methods are slow and labor-intensive, and affected by environment. Although, root characteristics are difficult to study as many environmental effects (especially soil characteristics) interact with genetic factors, our results provide significant information about QTLs related to root and shoot traits that could be used in marker-assisted breeding after validation.
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Polyamines Confer Salt Tolerance in Mung Bean (Vigna radiata L.) by Reducing Sodium Uptake, Improving Nutrient Homeostasis, Antioxidant Defense, and Methylglyoxal Detoxification Systems
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The physiological roles of PAs (putrescine, spermidine, and spermine) were investigated for their ability to confer salt tolerance (200 mM NaCl, 48 h) in mung bean seedlings (Vigna radiata L. cv. BARI Mung-2). Salt stress resulted in Na toxicity, decreased K, Ca, Mg, and Zn contents in roots and shoots, and disrupted antioxidant defense system which caused oxidative damage as indicated by increased lipid peroxidation, H2O2 content, [image: image] generation rate, and lipoxygenase activity. Salinity-induced methylglyoxal (MG) toxicity was also clearly evident. Salinity decreased leaf chlorophyll (chl) and relative water content (RWC). Supplementation of salt affected seedlings with exogenous PAs enhanced the contents of glutathione and ascorbate, increased activities of antioxidant enzymes (dehydroascorbate reductase, glutathione reductase, catalase, and glutathione peroxidase) and glyoxalase enzyme (glyoxalase II), which reduced salt-induced oxidative stress and MG toxicity, respectively. Exogenous PAs reduced cellular Na content and maintained nutrient homeostasis and modulated endogenous PAs levels in salt affected mung bean seedlings. The overall salt tolerance was reflected through improved tissue water and chl content, and better seedling growth.

Keywords: abiotic stress, salinity, polyamine, methylglyoxal, oxidative damage, ROS signaling

INTRODUCTION

Plants show susceptibility to various stresses under both wild and cultivated conditions. In many areas of the world, high concentrations of salt in the soil are commonly encountered phenomenon. Salinity is a complex stress that involves both ionic and osmotic components. Salt stress adversely affects plant development and productivity by generating ion toxicity, inducing nutritional deficiencies, creating osmotic stress and water deficits, and decreasing photosynthesis (Shabala and Munns, 2012).

Reactive oxygen species are partly reduced forms of oxygen and by-products of aerobic metabolism and stronger oxidants than molecular oxygen. ROS are overproduced under stress condition and can potentially damage the intracellular machinery. ROS may include free radicals such as superoxide anion ([image: image]) and hydroxyl radical (∙OH), as well as non-radical molecules like hydrogen peroxide (H2O2) and singlet oxygen (1O2). Plants can scavenge a certain amount of ROS generated as by-products of aerobic metabolism, but under stress conditions, including salt stress, the resulting photoinhibition often creates an imbalance between ROS generation and scavenging due to generation of excessive amount of ROS, thereby resulting in oxidative stress, causing peroxidation of lipids, oxidation of proteins, inhibition of enzyme activity, injury to nucleic acids, activation of programmed cell death (PCD) pathways, and eventually leading to death of the cells (Gill and Tuteja, 2010; Hasanuzzaman et al., 2013). The antioxidant defense machinery is a ROS scavenging system, which protects plants from oxidative damage. Efficient enzymatic (superoxide dismutase, SOD; catalase, CAT; ascorbate peroxidase, APX; glutathione reductase, GR; monodehydroascorbate reductase, MDHAR; dehydroascorbate reductase, DHAR; glutathione peroxidase, GPX; guaicol peroxidase, GOPX; and glutathione S-transferase, GST) and non-enzymatic (ascorbate, AsA; glutathione, GSH; phenolic compounds, alkaloids, non-protein amino acids, and α-tocopherols) components form an antioxidant defense system to protect overproduction of ROS and to prevent plant cells from experiencing oxidative damage (Gill and Tuteja, 2010).

Methylglyoxal (MG) is a transition-state intermediate product of the triose-phosphates of the glycolysis pathway in eukaryotic cells. High accumulation of MG is toxic and inhibits cell proliferation, causes degradation of proteins by modifying arginine, lycine, and cysteine residues, forms adducts with guanyl nucleotide in DNA, and inactivates antioxidant defense system, and causes oxidative stress (Yadav et al., 2005). The glyoxalase system comprises of two enzymes, gly I (glyoxalase I) and gly II (glyoxalase II), which catalyze the detoxification reaction of MG to D-lactate (Yadav et al., 2005). Although the glyoxalase enzymes have been extensively studied in microbial and animal systems (Thornalley, 1990), the biological significance of this pathway in plants and under stress condition is just beginning to be explored (Yadav et al., 2005).

The polyamines (PAs) are low-molecular-weight organic cations found in a wide range of organisms, where they perform diverse biological functions (Kusano et al., 2008). Putrescine (Put), spermidine (Spd), and spermine (Spm) are the most common PAs. The levels of PAs frequently increase during stress and they play roles in enhancing plant stress tolerance. Acting as molecular chaperones, PAs bind to negatively charged surfaces and protect membranes and biomolecules (Kusano et al., 2008). PAs may also act as ROS and free-radical scavengers and activate the antioxidant enzyme machinery which help to reduce oxidative stress and subsequent membrane injury and electrolyte leakage (Gill and Tuteja, 2010; Kubiś et al., 2014). PAs interact with some signaling molecules (Kusano et al., 2008). PAs have been confirmed to be unique polycationic metabolites involved in the direct blockage of a variety of cation and K+-selective channels, vacuolar-type channels, and ammonium channels (Dobrovinskaya et al., 1999). PAs restrict plasma membrane Na+ influx and NaCl-induced K+ efflux and shoot-to-root K+ recirculation (Shabala et al., 2007; Zhao et al., 2007). Despite their range of protective effects under stress condition, acute application of PAs can cause endogenous PAs catabolism in the apoplast, which is responsible for ROS-induced oxidative damage (Di Tomaso et al., 1989). The diversity of the physiological functions of PAs has made understanding the detailed mechanisms of the protective function of PAs in response to stress particularly challenging.

Salt stress tolerance is a polygenic trait. Some of the major traits affected by salinity include the maintenance of membrane transport activity and ionic homeostasis, compartmentalization of ions at the cellular and whole-plant level (which may include Na+ exclusion from root uptake, intra-cellular Na+ sequestration, cytosolic K+ retention), osmotic adjustment through synthesis of compatible solutes, oxidative stress tolerance, biomembrane protection, and MG toxicity tolerance (Yadav et al., 2005; Shabala and Munns, 2012; Rahman et al., 2016). Changes in ranges of biochemical pathways and the induction of hormones and signaling molecules activate stress responsive genes that impart salt stress tolerance (Adem et al., 2014). Polyamines have diverse mechanism to enhance salt tolerance. Under salt stress PAs proved to be efficient in modulating membrane integrity and ion transport processes, vacuolar ion channels, shoot, and root growth (Di Tomaso et al., 1989; Dobrovinskaya et al., 1999), photosynthesis (Kotzabasis et al., 1993; Duan et al., 2008; Shu et al., 2012), antioxidative responses (Sheokand et al., 2008; Ikbal et al., 2014); Na+ and nutrient influx/efflux (Shabala et al., 2007; Pottosin et al., 2012). However, the actual mechanism by which PAs modulate these physiological processes is not yet known. A few components of antioxidant system were studied in response to PAs modulation. Polyamine-induced MG detoxification process is unknown in plants. In the present study, we have investigated the roles of PAs in maintaining ionic and nutrient homeostasis, inducing osmotic adjustment, and protecting mung bean plant cells from oxidative damage and MG toxicity under salt stress. The results presented here provide new insight into the role of PAs in enhancing salt tolerance and mitigating salt stress-induced damage in mung bean seedlings by the coordinated action of PAs on ion homeostasis, antioxidant defense, and the glyoxalase system.

MATERIALS AND METHODS

Plant Materials, Growth Condition, and Stress Treatments

Mung bean (Vigna radiata L. cv. BARI Mung-2) seedlings were grown in petri dishes under the conditions: light, 350 μmol photon m-2 s-1; temperature, 25 ± 2°C; relative humidity, 65–70%; 10,000-fold diluted Hyponex solution (Hyponex, Japan) was applied as nutrient. Six-day-old seedlings (three sets) were exposed to salt stress (NaCl, 200 mM). Three sets of 5-day-old seedlings were grown with Put (0.2 mM), Spd (0.2 mM), and Spm (0.2 mM) solution as pre-treatment for 24 h. These pre-treated seedlings were then exposed to the same level of salt stress on day six. Control seedlings were grown with Hyponex solution. Another three sets of seedlings were grown with Put, Spd and Spm without any stress. Data were taken after 48 h. There were three replicates per treatment.

Measurement of Na and Mineral Nutrients Contents in Roots and Shoots

Root and shoot samples were oven-dried at 80°C for 48 h. Dried samples were ground and subjected to acid digestion in HNO3:HClO4 (5:1 v/v) mixture at 80°C. The Na, K, Ca, Mg, and Zn contents were measured using flame atomic absorption spectrophotometer.

Histochemical Detection of Hydrogen Peroxide and Superoxide

The H[image: image] and [image: image] were localized histochemically (Chen et al., 2010) by staining leaves with 1% 3,3-diaminobenzidine (DAB) and 0.1% nitroblue tetrazolium chloride (NBT) solution, respectively.

Lipid Peroxidation, H2O2 Content and [image: image] Generation Rate

The level of lipid peroxidation was measured by estimating (MDA, a product of lipid peroxidation) using TBA according to Heath and Packer (1968) with modifications (Hasanuzzaman et al., 2011). Hydrogen peroxide (H2O2) was assayed according to Yu et al. (2003) by extracting leaves in potassium-phosphate buffer (pH 6.5) (centrifuging at 11,500 × g), then adding it to a mixture of TiCl4 in 20% H2SO4 (v/v) and the resulting solution was measured spectrophotometrically at 410 nm. To measure rate of [image: image] generation leaves were homogenized in K–P buffer solution, centrifuged at 5000 × g. Supernatant was mixed with extraction buffer and hydroxylamine hydrochloride for incubation; then mixed with sulfanilamide and naphthylamine, incubated at 25°C. The absorbance was measured at 530 nm (Nahar et al., 2016).

Extraction and Measurement of Ascorbate and Glutathione

Leaves (0.5 g) were homogenized in 5% meta-phosphoric acid containing 1 mM EDTA (centrifuged at 11,500 × g) for 15 min at 4°C and the supernatant was collected for analysis of ascorbate and glutathione. Ascorbate content was determined following the method of Hasanuzzaman et al. (2011). To determine total ascorbate, the oxidized fraction was reduced by adding 0.1 M dithiothreitol for 1 h at room temperature and then read at 265 nm using 1.0 unit AO. Oxidized ascorbate (DHA) content was determined by subtracting reduced AsA from total AsA. The glutathione pool was assayed according to previously described methods (Yu et al., 2003) with modifications as described by Hasanuzzaman et al. (2011). Standard curves with known concentrations of GSH and GSSG were used. The content of GSH was calculated by subtracting GSSG from total GSH.

Protein Determination and Enzyme Extraction and Assays

The protein concentration was determined according to Bradford (1976). Leaves were homogenized with 50 mM K–P (potassium phosphate) buffer (pH 7.0) containing 100 mM KCl, 1 mM AsA, 5 mM β-mercaptoethanol, and 10% (w/v) glycerol, centrifuged at 11,500 × g and supernatants were used for enzyme activity assay. SOD (EC 1.15.1.1) activity (El-Shabrawi et al., 2010), CAT (EC: 1.11.1.6) activity (Hasanuzzaman et al., 2011), APX (EC: 1.11.1.11) (Nakano and Asada, 1981), MDHAR (EC: 1.6.5.4) (Hossain et al., 1984), DHAR (EC: 1.8.5.1) (Nakano and Asada, 1981), GR (EC: 1.6.4.2) (Hasanuzzaman et al., 2011), and GST (EC: 2.5.1.18) (Hossain et al., 2006) activities were measured following standard methodologies. GPX (EC: 1.11.1.9), Gly I (EC: 4.4.1.5), Gly II (EC: 3.1.2.6) activity was measured following Hasanuzzaman et al. (2011). LOX (EC 1.13.11.12) activity was estimated as described in Nahar et al. (2016).

Methylglyoxal Level

Leaves were homogenized in 5% perchloric acid and centrifuged at 11,000 × g, supernatant was decolorized, neutralized, MG content was estimation by adding sodium dihydrogen phosphate and N-acetyl-L-cysteine to a final volume of 1 mL. Formation of the product N-α-acetyl-S-(1-hydroxy-2-oxo-prop-1-yl)cysteine was recorded after 10 min at a wavelength of 288 nm (Wild et al., 2012).

Measurement of Free Polyamine Content

Endogenous free PAs were estimated according to Kotzabasis et al. (1993). In brief, leaf tissue (0.1 g) was homogenized in 1 mL of 5% (v/v) cold perchloric acid (PCA). The homogenates were kept at 2°C for 2 h and centrifuged at 15,000 × g for 20 min. The supernatant was collected and stored at 2°C. PA standards, free PAs were benzoylated. Briefly, 1 ml of 2N NaOH and 10 μl of benzoylchloride were added to 200 μl of the PA aliquots and vortexed for 30 s. After 20 min incubation at 25°C, 2 ml of saturated NaCl was added to stop the reaction. The benzoyl – PAs were gently mixed with 2 ml diethyl ether. After properly vortex, upper portion was taken and the ether phase was collected and evaporated to dryness in a water bath (60°C). The benzoyl-PAs were redissolved in 200 μl of 64% (v/v) methanol and analyzed by HPLC. A 20 μl of the benzoylated extract was injected into the C18 reverse phase HPLC column (4.6 mm × 100 mm, 5 μm particle size, Inertsil.ODS-3). The mobile phase was methanol and water in the ratio of 64:36, respectively, at a isocratic flow rate of 1.0 ml min-1 and peaks were detected with a UV detector at 254 nm. Three polyamine standards of Put, Spd and Spm were prepared at different concentrations for the production of standard curves. The final PAs content was expressed as μmol g-1 DW.

Leaf Relative Water Content

Leaf relative water content (RWC) of leaf was measured according to Barrs and Weatherley (1962). Fresh weight (FW), turgid weight (TW), and dry weight (DW) of leaves were measured, and RWC was calculated using the following formula: RWC (%) = [(FW–DW)/(TW–DW)] × 100.

Proline Content

Proline (Pro) was calculated according to Bates et al. (1973). Leaves were homogenized in 3% sulphosalicyclic acid and centrifuged at 11,500 × g. Supernatant was mixed with acid ninhydrin with glacial acetic acid and phosphoric acid. After incubating the mixture at 100°C for 1 h and cooling, toluene was added; chromophore containing toluene was read spectrophotometrically at 520 nm.

Chlorophyll Content

Leaf supernatant was extracted with 80% v/v acetone (centrifuging at 5,000× g), absorbances were taken with a UV-visible spectrophotometer at 663 and 645 nm for chl a and chl b, respectively, and chl content was calculated according to Arnon (1949).

Determination of Growth Parameters

Plant height and root length were measured from each set of seedlings. Ten randomly selected fresh seedlings from each treatment were dried at 80°C for 48 h, then weighed and considered as DW.

Statistical Analysis

All data obtained were subjected to analysis of variance (ANOVA) and the mean differences were compared by Tukey’s HSD (honest significant difference) test using XLSTAT v. 2015.1.01 software (Addinsoft, 2015). Differences at P ≤ 0.05 were considered significant.

RESULTS

Exogenous PAs Reduces Na Uptake

The protective role of PAs against salt stress was examined by determining the Na content in roots and shoots of the mung bean seedlings. As shown in Figures 1A,B, salt treatment resulted in a marked increase in Na contents in the roots and shoots when compared to control seedlings. However, the application of exogenous PAs significantly decreased Na level in root and shoot (Figures 1A,B).
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FIGURE 1. Effect of exogenous polyamines on Na uptake and nutrient homeostasis in mung bean seedlings under salt stress (NaCl, 200 mM). Root Na (A), shoot Na (B), root K (C), and shoot K (D) root Ca (E), shoot Ca (F), root Mg (G), shoot Mg (H), root Zn (I), and shoot Zn (J) contents. Here, Put, Spd, and Spm indicate putrescine (0.2 mM), spermidine (0.2 mM), and spermine (0.2 mM), respectively. Mean (±SD) was calculated from three replicates for each treatment. Bars with different letters are significantly different at P ≤ 0.05 applying Tukey’s HSD test.



Mineral Nutrient Contents Induced by Exogenous PAs under Salt Stress

The levels of K in the roots and shoots, decreased significantly under NaCl stress. However, the application of exogenous PAs significantly increased K level in the roots and shoots exposed to salt stress, in contrast to salt treatment without PAs (Figures 1C,D). Root and shoot Ca content decreased by 63 and 71%, respectively; Mg content by 24 and 39%, respectively; and Zn content by 48 and 21%, respectively in salt affected mung bean seedlings when compared to control seedlings. Exogenous supplementation of PAs together with the salt treatment increased Ca content in root and Mg content in roots and shoots, compared to the salt treatment alone. Polyamine application with salt stress slightly increased the Zn level in roots and shoots, but the difference was not statistically significant (Figures 1E–J).

Histochemical Detection of ROS

The accumulations of the ROS, H2O2, and [image: image], were detected by histochemical staining with DAB or NBT, respectively. Both H2O2 and [image: image] staining is clearly observed in leaves as brown patches and dark blue spots, respectively. Leaves of salt-treated mung bean seedlings had more prominent and frequent spots. Exogenous PAs reduced the numbers of spots due to H2O2 and [image: image] in the leaves of salt-treated plants (Figures 2A,B).
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FIGURE 2. Histochemical detection of ROS in leaves, content of ROS, LOX activity, and membrane lipid peroxidation in salt (NaCl, 200 mM) affected mung bean seedlings. DAB staining (A) of H2O2 and NBT staining (B) of [image: image] in leaves, H2O2 content (C), [image: image] generation rate (D), LOX activity (E), and MDA content (F). Here, Put, Spd, and Spm indicate putrescine (0.2 mM), spermidine (0.2 mM), and spermine (0.2 mM), respectively. Mean (±SD) was calculated from three replicates for each treatment. Bars with different letters are significantly different at P ≤ 0.05 applying Tukey’s HSD test.



Reactive Oxygen Species and Oxidative Stress Marker

Salt stress results in a ROS burst in mung bean seedlings. Thus, compared to control, high increases in H2O2 content and [image: image] generation rate were evident in salt-affected seedlings. The increase in MDA/lipid peroxidation, indicating damage to membranes, paralleled the accumulation of ROS (H2O2 and [image: image]) and the increased activity of lipid degrading enzymes/LOX (Figures 2C–F).

Exogenous PAs reduced ROS accumulation in the leaves. Put, Spd, and Spm supplementation during salt stress reduced H2O2 content by 23, 21, and 21%, respectively, and reduced [image: image] generation rate by 27, 27, and 20%, respectively (compared to salt affected seedlings without PA application). LOX activity was also decreased by PAs. Lipid peroxidation or MDA content was reduced by 26, 35, and 39% after Put, Spd, and Spm supplementation of salt-stressed plants (compared to salt treatment alone) (Figures 2C–F).

Non-enzymatic Antioxidants

Ascorbate content reduced under salt stress, whereas DHA content increased. Salt stress resulted in a decrease in AsA/DHA ratio (Figures 3A–C). Glutathione and GSSG contents increased, but the ratio of GSH/GSSG decreased in response to salt stress, when compared to the control seedlings (Figures 3D–F). Exogenous application of Put, Spd, and Spm decreased DHA content and increased content of AsA and the ratio of AsA/DHA (Figures 3A–C). Application of PAs also increased GSH content and decreased GSSG content, thereby increasing the ratio of GSH/GSSG (Figures 3D–F).
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FIGURE 3. Effect of exogenous polyamines on non-enzymatic antioxidants in mung bean seedlings under salt (NaCl, 200 mM) stress. Ascorbate (AsA) content (A), DHA content (B), AsA/DHA ratio (C), GSH content (D), GSSG content (E), and GSH/GSSG ratio (F). Here, Put, Spd, and Spm indicate putrescine (0.2 mM), spermidine (0.2 mM), and spermine (0.2 mM), respectively. Mean (±SD) was calculated from three replicates for each treatment. Bars with different letters are significantly different at P ≤ 0.05 applying Tukey’s HSD test.



Antioxidants Enzymes

The activity of SOD increased by 49% in plants under salt stress compared to control seedlings. Exogenous PAs application to the salt affected seedlings did not increase SOD activity further but maintained the same activity as seen in salt affected seedlings (Table 1). CAT activity decreased by 50% due to salt stress compared to control seedlings. Exogenous Put, Spd, and Spm restored and increased CAT activity in salt stressed mung bean seedlings (compared to seedlings treated with salt only) (Table 1).

TABLE 1. Effect of exogenous polyamines on antioxidant enzymes in salt (200 mM NaCl) affected mung bean seedlings.
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The activity of APX increased under salt stress (compared to control). In contrast to the control, salt affected mung bean seedlings showed reductions in MDHAR and DHAR activities. GR activity remained unchanged in salt stressed seedlings, compared to control plants. Activities of APX and MDHAR did not show further increases in response to the application of exogenous PAs with salt stress (when compared to plants treated with salt only). Exogenous PAs application with salt stress enhanced activities of DHAR and GR, when compared to plants exposed to the salt treatment alone (Table 1).

The activity of GST increased by 88% under salt stress compared to control plants. When compared to salt stress alone, the addition of PAs to salt stressed plants resulted in the same GST activity (Table 1). Salt stress did not significantly affect the GPX activity, when compared to control plants. In contrast, salt stressed seedlings supplemented with PAs showed higher GPX activity, when compared to plants treated with salt alone (Table 1).

Methylglyoxal Toxicity and Glyoxalase System

Methylglyoxal content increased by 109% under salt stress compared to control. Activity of Gly I remained unchanged but Gly II reduced by 33% in salt treated seedlings. However, salt affected seedlings supplemented with Put, Spd, and Spm showed enhanced Gly II activity and reduced MG contents (compared to salt stressed seedlings without any exogenous protectant) (Figures 4A–C).
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FIGURE 4. Effect of exogenous polyamines on glyoxalase enzymes and in reducing MG toxicity in mung bean seedlings subjected to salt (NaCl, 200 mM) stress. Activity of Gly I (A), activity of Gly II (B), and MG content (C). Here, Put, Spd, and Spm indicate putrescine (0.2 mM), spermidine (0.2 mM), and spermine (0.2 mM), respectively. Mean (±SD) was calculated from three replicates for each treatment. Bars with different letters are significantly different at P ≤ 0.05 applying Tukey’s HSD test.



Endogenous Free Polyamines Contents

Mung bean seedlings exposed to salt stress accumulated high levels of endogenous free Put, Spd, and Spm (compared to control). The highest increase was observed for Put content, which reduced the ratio of (Spd+Spm)/Put. Exogenous application of PAs to salt stressed seedlings did not change the Put content, but increased Spd and Spm contents, which restored and enhanced the ratio of (Spd+Spm)/Put (Figures 5A–D).
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FIGURE 5. Endogenous levels of free polyamines in salt (NaCl, 200 mM) affected mung bean seedlings induced by treatment with exogenous polyamines. Endogenous Put (A), Spd (B), and Spm (C) contents and the ratio of (Spd+Spm)/Put (D). Here, Put, Spd, and Spm indicate exogenous putrescine (0.2 mM), spermidine (0.2 mM), and spermine (0.2 mM), respectively. Mean (±SD) was calculated from three replicates for each treatment. Bars with different letters are significantly different at P ≤ 0.05, applying Tukey’s HSD test.



Leaf RWC and Pro Content

Tissue dehydration was a characteristic symptom of salt affected seedlings and was exhibited as a reduction in leaf RWC, when compared to control plants. Increases in the content of the cellular osmolyte Pro were associated with reduced RWC. Exogenous Put, Spd, and Spm addition to salt-stressed plants resulted in maintenance of the same level of Pro as seen in the salt-affected seedlings, but increased the leaf RWC (Table 2).

TABLE 2. Leaf (RWC, %), (Pro, μmol g-1 DW) content, chl a, chl b, and chl (a+b) contents (mg g-1 DW), plant height (cm), root length (cm), and DW (g seedling-1) of salt (200 mM NaCl) affected mung bean seedlings induced by exogenous polyamines.
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Photosynthetic Pigments

Salt stress treatment decreased the contents of photosynthetic pigments. Reductions in chl a, chl b, and total chl (a+b) contents under salt stress were 61, 36, and 54%, respectively. Exogenous PAs restored and increased content of chl (Table 2).

Seedling Growth and Development

Salt stress inhibited the growth of mung bean seedlings. A 17% reduction in plant height was noticed in salt affected mung bean seedlings, when compared to control seedlings. Root length of salt affected seedlings reduced by 23%, compared to control seedlings without salt stress. Reduction in these growth parameters resulted in a significant reduction in seedling DW. Exogenous Put, Spd, and Spm alleviated the adverse affects of salt stress and improved growth of seedlings, as indicated by the increased plant height, root length, and seedling DW (when compared to salt treatment alone) (Table 2).

DISCUSSION

Polyamines play multifunctional roles to improve plant physiology both under normal growth condition and under stress condition. Reduction of Na influx, modulation of ion transport processes (Di Tomaso et al., 1989; Dobrovinskaya et al., 1999), upregulation of antioxidant system and alleviation of oxidative stress, osmotic adjustment (Sheokand et al., 2008; Ikbal et al., 2014) and improvement of photosynthesis (Kotzabasis et al., 1993; Duan et al., 2008; Shu et al., 2012) are some vital functions of PAs improving salt tolerance in plants. However, in previously conducted experiment some physiological parameters were studied but the actual mechanism by which PAs modulates these physiological processes were not executed. A few components of antioxidant system were studied under salt stress in response to PAs. Polyamine-induced MG detoxification process is unexplained in plants. Present study mainly focuses on the antioxidant system and oxidative stress in detail. We execute the MG toxicity under salt stress and find out the roles of PAs to alleviate MG toxicity. We also investigate roles of PAs in reducing Na uptake, maintaining nutrient homeostasis, osmotic adjustment, plant water status, protecting photosynthetic pigments from salt damage and overall growth performance of mung bean seedlings.

An influx of Na+ into root epidermal cells through plasma membrane non-selective channels, followed by a depolarization and activation of the K+ efflux, are the immediate and primary responses of plants exposed to salt stress (Shabala et al., 2007; Zhao et al., 2007). Salt-affected mung bean seedlings showed a higher Na accumulation and reduced K level, (Figures 1A–D). Replacement of Na+ by K+, Na+ exclusion, and retention of intracellular K+ are all important salt tolerance mechanisms (Shabala et al., 2007). An increase in K and decrease in Na level in PAs-supplemented salt-affected seedlings (Figures 1A–D) indicated the influential roles of PAs in reducing Na toxicity. Zhao et al. (2007) revealed that PAs reduced Na uptake, increased K uptake and improved K+/Na+ homeostasis by regulating root ion channel activities, thereby enhancing salt tolerance in barley seedlings. Exogenously applied PAs inhibited non-selective cation channels and decreased NaCl-induced membrane depolarization and K+ efflux in pea mesophyll cells (Shabala et al., 2007).

Imbalances in nutrient homeostasis were another component of the salt-induced damage in mung bean seedlings. Depolarization of root plasma membrane, disruption of plasma membrane ion channels, replacement of nutrient by excess Na influx are reasons for reduction of nutrient uptake and imbalances in nutrient homeostasis under salt stress (Shabala et al., 2007; Zhao et al., 2007). Reductions in Ca, Mg, and Zn content in roots and shoots were clearly evident in the salt-stressed seedlings (Figures 1E–J). However, exogenous Put, Spd, or Spm alleviated the negative effects of salt stress by increasing the mineral nutrient levels (except for Zn content), when compared to salt stress only (Figures 1E–J). Pottosin et al. (2012) reported that PAs improve membrane transportation, regulate movement of cation/anion through membrane and maintained nutrient homeostasis. Further clarification of PAs-induced mineral homeostasis will add value to this research topic.

Under salt stress, imposition of ionic and osmotic stress interrupts the soil-plant water relationship and reduces plant water uptake, thereby causing physiological drought (Shabala and Munns, 2012). Salt stress-induced osmotic stress is one of the primary detrimental effects that induce expression of compatible solute associated genes, de novo synthesis of compatible solutes (Shabala and Munns, 2012; Adem et al., 2014). Similar physiological drought and osmotic stress was distinguished in salt affected mung bean seedlings as indicated by reduced leaf RWC and accumulation of Pro. Exogenous PAs application to salt-stressed plants maintained the Pro level at the same level as seen in the salt only treatment, but increased the leaf RWC (Table 2). Here, together with Pro, PAs were supposed to be involved in the regulation of other osmoprotectant molecules that maintained the tissue water content/leaf RWC at a high level (Duan et al., 2008; Adem et al., 2014; Kubiś et al., 2014).

Salt increases the activity of the chlorophyllase enzyme, making the pigment–protein complex unstable, while salt-induced ROS degrade photosynthetic pigments (Shu et al., 2012). Salt stress decreased leaf photosynthetic pigments, including chl a and total chl (a+b) (compared to control) and exogenous PAs supplementation to salt-stressed plants improved chl (a+b) content (Table 2). PAs rapidly enter the chloroplast, where they protect the photosynthetic apparatus from the adverse effects of stresses (He et al., 2002). The roles of PAs might therefore be the reduction of oxidative stress, maintenance of cellular pH, protection of pigment–protein complexes, protection of thylakoid membranes, regulation of chl biosynthesis and degradation pathways, and regulation of the enzymes related to those pathways. Supplementation of PAs relaxed salt stress effects and prevented chl degradation which restored and increased the contents of leaf chl (Li et al., 2014).

Inhibition of photosynthesis results in an over-reduction of the photosynthetic electron transport chain reactions, and it redirects photon energy into processes that promote the production of ROS and oxidative damage under salt stress (Sheokand et al., 2008; El-Shabrawi et al., 2010; Gill and Tuteja, 2010; Shabala and Munns, 2012). Salt stress creates ionic toxicity which inactivates the vital enzymes involved in major physiological processes, disrupted photosystem activity and mitochondrial electron transport chain causing imbalance between production and scavenging ROS, thereby amplify oxidative stress. Salt induced physiological drought, osmotic stress and stomatal closure are also responsible for ROS overproduction (Shabala and Munns, 2012). Mung bean plants exposed to salt stress showed higher accumulations of ROS, including H2O2 and [image: image], and showed higher LOX activity, which resulted in cellular oxidative damage, as reflected in increases in membrane lipid peroxidation or MDA levels (Figures 2C–F). Visual identification of H2O2 and [image: image], detected by histochemical staining (with DAB and NBT, respectively), also reflected a similar pattern of ROS generation under salt stress (Figures 2A,B). Exogenous application of PAs reduced LOX activity, contents and spots and of H2O2 and [image: image], and lipid peroxidation in mung bean seedlings (Figures 2A–F). In their study, Ikbal et al. (2014) reported that PAs biosynthesis was correlated with reduction spots of H2O2 and [image: image] in grapevine leaves. Reductions in LOX activity and reduced MDA contents under salt stress were also observed in previous studies (Nahar et al., 2015). PAs act as ROS and free-radical scavengers (Gill and Tuteja, 2010), enhance antioxidant machinery (Gill and Tuteja, 2010; Kubiś et al., 2014), PAs act as molecular chaperones and PAs bind to negatively charged surfaces and protect membranes and biomolecules (Kusano et al., 2008). Exogenous Put had a protective effect on salt-induced membrane damage in chick pea, where increased activities of antioxidant enzymes decreased ROS generation (Sheokand et al., 2008). Similar results were reported in grapevine plants where PAs biosynthesis increased significantly (Ikbal et al., 2014).

A balanced state of cellular ROS equilibrium is maintained by the interaction between enzymatic and non-enzymatic antioxidants which combat oxidative damage. Constitutes the first line enzymatic defense against ROS, SOD converts [image: image] to H2O2, and H2O2 is readily detoxified by CAT by through conversion of H2O2 to H2O and O2 (Gill and Tuteja, 2010). Mung bean seedlings showed increased SOD and decreased CAT activity, acutely increased [image: image] and H2O2 contents in salt-stressed seedlings, supported by previous studies (Nahar et al., 2016). PAs maintained same SOD and increased CAT activities (Table 1) in salt-stressed plants which overwhelmed overproduced [image: image] and H2O2 levels and improved leaf appearance by reducing damage spots (of [image: image] and H2O2) (Figures 2A,B; Table 1). APX, MDHAR, DHAR, and GR are the enzymes of the ascorbate-glutathione cycle which has major roles in ROS scavenging process and regenerating AsA and GSH. APX decomposes H2O2 via oxidation of AsA to DHA. Ascorbate reacts with [image: image], H2O2 to form MDHA or DHA. This reaction leads to DHA accumulation, which is harmful for plant cells. AsA is regenerated from DHA by MDHAR and DHAR, where NADPH and GSH are used as electron donors, respectively (Gill and Tuteja, 2010). Increased APX activity (Table 1) and DHA content (Figure 3B) and decreased AsA content (Figure 3A) decreased the AsA/DHA ratio (Figure 3C) of mung bean seedlings corroborating higher content of ROS. The increase in GSH level was not significant in salt-affected mung bean seedlings in the present study (compared to control), which showed increased ROS content and lipid peroxidation (Figure 2). Application of PAs increased activity of DHAR (Table 1), contents of AsA and AsA/DHA ratio, decreased DHA content (Figures 3A–C), increased the GR activity (enzyme involved in recycling of GSH) (Table 1), contents of GSH and GSH/GSSG ratio, decreased GSSG content (Figures 3D–F) which played major roles in the ROS (Figures 2D–F) detoxification process (Gill and Tuteja, 2010). Previous studies revealed the regulatory function of PAs in enhancing AsA-GSH cycle components and other antioxidant components that contributed to stress tolerance. Exogenous Spd application to salinized nutrient solution increased the antioxidant enzyme activities, including SOD, peroxidase (POD), and CAT, which alleviated salt-induced membrane damage and photosynthesis inhibition and promoted an increase in PAs content (Duan et al., 2008). Polyamine biosynthesis was correlated with enhanced APX, POD, SOD, and MDHAR activities, increased AsA content, decreased DHA levels, increased AsA/DHA ratio, increased GSH levels, decreased GSSG levels, and increased GSH/GSSG ratios in grapevine leaf tissues. Therefore, enhancement of PAs biosynthesis contributed to salt stress tolerance by upregulating ROS scavenging action and protecting the photosynthetic apparatus from oxidative damage (Ikbal et al., 2014). Using GSH as a substrate, GPX catalyzes the reduction of H2O2 and organic lipid hydroperoxides (Gill and Tuteja, 2010). GST conjugates GSH to a range of reactive aldehydes and xenobiotics to convert water-soluble and less toxic products. GSTs bear peroxidase activity, which reduces oxidative stress (Gill and Tuteja, 2010). The mung bean seedlings in this experiment showed a higher GPX and GST activity under salt stress, when compared to unstressed controls. GPX activity increased but GST activity did not increase further after PAs addition to salt-stressed plants, when compared to salt stress alone (Table 1). PAs have protective effects on proteins/antioxidant enzymes; PAs form complexes with SOD, GPX, and CAT for which these enzymes function more efficiently, compared with isolated enzymes (Li et al., 2014).

Methylglyoxal is a highly cytotoxic compound that causes protein and DNA degradation. MG disrupts the antioxidant machinery and act as mediator for [image: image] generation, causing an oxidative burst (Yadav et al., 2005). The mung bean seedlings had high MG content under salt stress. The glyoxalase system comprises of two enzymes, Gly I, and Gly II, which catalyze the detoxification reaction of MG to D-lactate. This detoxification process occurs mainly via two steps: Gly I converts MG to SLG utilizing GSH, while Gly II converts SLG to D-lactic acid, and regenerates GSH (Yadav et al., 2005). Exogenous Put, Spd, and Spm application enhanced Gly II activity and increased the contents of GSH, which reduced MG toxicity by reducing its content (Figures 4A–C and 5D). Glutathione homeostasis and enhanced glyoxalase system activity were the biomarkers for salt tolerance in a Pokkali cultivar of rice (El-Shabrawi et al., 2010). Hasanuzzaman et al. (2011) reported that enhanced salt tolerance in wheat seedlings was partly contributed by increased activities of Gly I and Gly II. Modulation of PAs and MG in polyethylene glycol-affected white spruce was reported by Kong et al. (1998). The glyoxalase system was studied mostly in animals and microbes but not extensively in plants. It can be considered in stress specific studies.

The ratio of free [(Spd + Spm)/Put] is considered more important than the individual contents of Put, Spd, and Spm. A high [(Spd + Spm)/Put] ratio is crucial for imparting plant stress tolerance (Duan et al., 2008; Yang et al., 2010). Decreases in free Spd and Spm and increases in free Put decreased the [(Spd + Spm)/Put] ratio (Figures 5A–D), which indicates increased susceptibility of mung bean plants to NaCl toxicity (Yang et al., 2010). Therefore, the increase in Spd and Spm contents and elevation of the [(Spd + Spm)/Put] free ratio by exogenous application PAs with salt stress (Figure 5D) was critical in improving NaCl tolerance, in agreement with other published results showing that modulation of PAs was correlated with an altered physiology and biochemistry toward development of plant stress tolerance (Duan et al., 2008; Yang et al., 2010).

Higher NaCl concentration in the soil primarily causes ionic and osmotic stress that interrupts water transportation and reduces stomatal conductance, the efficiency of photosystems, RuBisCo activity, CO2 assimilation, and photosynthesis, thereby reducing growth in salt-affected plants (Shu et al., 2012). In the present study, the overall tolerance was estimated by seedling growth and development. Exogenous application of PAs to salt-affected mung bean seedlings resulted in better seedling growth, as determined by their higher plant height, root length, and DW, when compared to salt-affected seedlings (Table 2) which is supported by previous findings. Exogenous Spd positively affected the photosynthetic and xanthophyll cycle in salt affected cucumber seedlings. Spermidine alleviated the salt-mediated decline in photosynthetic efficiency by enhancing the maximum quantum efficiency and actual efficiency of photosystem II (PSII), and improving the net photosynthetic rate, which improved overall growth performance of cucumber seedlings (Shu et al., 2012). Polyamine biosynthesis was correlated with oxidative stress protection of photosynthetic apparatus, enhancement of PSII quantum yield in grapevine plants that improved photosynthesis and plant growth (Ikbal et al., 2014).

CONCLUSION

In present study, salt stress created ionic and osmotic stress, disrupted biochemical processes, and altered PAs metabolism, resulted phytotoxicity in mung bean seedlings. High cellular Na content, imbalances in the mineral nutrients, oxidative damage, MG toxicity, and growth inhibition were the characteristic symptoms of salt stress affected mung bean seedlings. Polyamines played diversified roles in imparting salt stress tolerance in mung bean seedlings in the present study. The possible mechanism of PAs-induced salt stress tolerance has been presented in Figure 6. Exogenous PAs supplementation to salt-stressed mung bean plants modulated the endogenous levels of Put, Spd, and Spm and increased the (Spd+Spm)/Put ratio which might have regulatory roles in alteration of physiological features and stress defense mechanism of salt affected mung bean seedlings. Exogenous PAs application in mung bean seedlings increased content of AsA and AsA/DHA ratio, GSH content and GSH/GSSG ratio, enhanced activities of CAT, DHAR, GR, GPX which reduced ROS production, oxidative stress and subsequence membrane lipid peroxidation. PAs application in salt affected seedlings increased the content of GSH and activities of Gly I and Gly II enzymes which played vital roles in reducing MG toxicity. Reduction of ROS and MG by PAs were manifested through biomembrane and biomolecules protection and reduced oxidative damage in mung bean seedlings. Application of PAs prevented Na influx/toxicity and improved nutrient homeostasis in salt affected mung bean seedlings probably by regulating the plasma membrane ion channel. In salt affected mung bean seedlings, PAs increased Pro content which helped to increase leaf RWC, compared to salt stress alone. Osmoregulation and maintaining tissue water are vital for smooth running of physiological processes smoothly, stress recovery and tolerance which were imparted by PAs under salt stress. Preventing degradation, PAs improved potosynthetic pigment contents which might increase photosynthesis and growth of mung bean seedlings in present study.
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FIGURE 6. Mechanism of PAs-induced salt stress tolerance. In glyoxalase system, HA indicates hemithioacetal and SLG indicates S-D-lactoylglutathione.
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ABBREVIATIONS

AO, ascorbate oxidase; APX, ascorbate peroxidase; AsA, ascorbic acid (ascorbate); BSA, bovine serum albumin; CAT, catalase; CDNB, 1- chloro-2, 4-dinitrobenzene; chl, chlorophyll; DHA, dehydroascorbate; DHAR, dehydroascorbate reductase; DTNB, 5,5′-dithio-bis (2-nitrobenzoic acid); EDTA, ethylenediaminetetraacetic acid; Gly I, glyoxalase I; Gly II, glyoxalase II; GR, glutathione reductase; GSH, reduced glutathione; GSSG, oxidized glutathione; GPX, glutathione peroxidase; GST, glutathione S-transferase; LOX, Lipoxygenase; MDA, malondialdehyde; MDHA, monodehydroascorbate; MDHAR, monodehydroascorbate reductase; MG, methylglyoxal; NADPH, nicotinamide adenine dinucleotide phosphate; NTB, 2-nitro-5-thiobenzoic acid; Pro, Proline, ROS, reactive oxygen species; RWC, relative water content; SLG, S-D-lactoylglutathione; SOD, superoxide dismutase; TBA, thiobarbituric acid; TCA, trichloroacetic acid.
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Association mapping is a powerful approach for exploring the molecular genetic basis of complex quantitative traits. An alfalfa (Medicago sativa) association panel comprised of 336 genotypes from 75 alfalfa accessions represented by four to eight genotypes for each accession. Each genotype was genotyped using 85 simple sequence repeat (SSR) markers and phenotyped for five fiber-related traits in four different environments. A model-based structure analysis was used to group all genotypes into two groups. Most of the genotypes have a low relative kinship (<0.3), suggesting population stratification not be an issue for association analysis. Generally, the Q + K model exhibited the best performance to eliminate the false associated positives. In total, 124 marker-trait associations were predicted (p < 0.005). Among these, eight associations were predicted in two environments repeatedly and 20 markers were predicted to be associated with multiple traits. These trait-associated markers will greatly help marker-assisted breeding programs to improve fiber-related quality traits in alfalfa.
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INTRODUCTION

Alfalfa (Medicago sativa) is one of the most important forage crops in the world due to its high biomass and choice nutritional profiles and it provides reliable sources of protein and minerals to animals. The main objective, however, in many alfalfa quality breeding programs is to improve the digestibility (Buxton and Redfearn, 1997) for poor stem digestibility would cause major loss in animal feeding values (Mowat et al., 1965). A research indicated minor improvement in alfalfa stem digestibility would impact agriculture economically (Jung and Allen, 1995). In these sense, efforts in traditional breeding of improving the quality traits as well as yield, resistance, and agronomic traits are necessary. The feeding quality traits are usually quantitative, i.e., controlled by multiple genes. Understanding the genetic architecture of these traits on the molecular level is of necessity for efficient molecular breeding.

Currently, linkage analysis via QTL mapping, genome-wide association mapping (GWAS), and joint-mapping by combining linkage and association analysis (Ed Buckler's NAM population in maize) are the three main methods for dissecting complex quantitative traits. Compared with the traditional linkage analysis based on mapping populations, association mapping, has been proposed as an alternative powerful tool to overcome limitations of pedigree based QTL mapping for it has higher mapping resolution, reduced research time, and greater allele number (Zhu et al., 2008). By utilizing historical recombinations that break LDs (linkage disequilibrium), association mapping has been widely adopted for almost all major crop species for gene identification and QTL validation, as well as better understanding of the genetic basis of complex traits (Gupta et al., 2011; Jiang et al., 2014; Wei et al., 2014; Font i Forcada et al., 2015; Portis et al., 2015). Given the facts that the most forage plants have a short selection and breeding history, Li et al. (2011) performed a GWAS analysis to map the yield and stem composition in an alfalfa breeding population of 190 individuals based on 71 SSR markers, and identified only one SSR strongly associated with acid detergent fiber (ADF) and acid detergent lignin (ADL), respectively. In this study, the association analysis was conducted for five fiber-related traits using a panel of 336 alfalfa genotypes, partially derived from the alfalfa core collection set developed by Basigalup et al. (1995) plus some germplasm from China. The study aimed to identify desirable alleles which could show significant trait-marker associations for the improvement of digestibility in alfalfa.

MATERIALS AND METHODS

Plant Materials and Experimental Design

A total of 336 cultivated tetraploid alfalfa genotypes from 75 M. sativa subsp. sativa accessions were selected to construct the association mapping population (Table S1). Each accession was represented by four genotypes, except for the Chinese accessions represented by eight genotypes for each accession. Nine Chinese accessions were collected from National Herbage Germplasm Bank of China; two accessions from Syria, one from Libya, and one accession from Sudan provided by the Institute of Animal Science, Chinese Academy of Agricultural Science (Beijing, China); the rest 62 accessions were provided by USDA National Plant Germplasm System (NPGS). All genotypes were grown and clonally propagated. Field experiments were conducted at the experimental station at the Institute of Dry Farming, Hebei Academy of Agriculture, and Forestry Sciences (Hengshui, Hebei Province, 37°44′N; 115°42′E) in May 2012, and at the experimental station of Institute of Animal Science of CAAS (Changping, Beijing, 40°10′N; 116°13′E) in May 2014. The experiment at each location used a randomized completed block design with two replications, each of which contained six clones. Within each plot, each cloned plant was spaced by 30 cm and each row was spaced by 75 cm. The biomass above the ground were trimmed ~1 month after establishment and then regrew for the remainder of the season.

Phenotyping

Plants were tested under four environments (Hengshui, 2013, 2014, 2015; Changping, 2014, designed as 13HS, 14HS, 15HS, and 14CP, respectively). Plant leave tissue samples were ground and then passed through a 1-mm mesh screen (Cyclone Mill, UDY Mfg., Ft. Collins, CO). Aliquots of each sample were scanned by near-infrared reflectance spectroscopy. Measurements were obtained using a FOSS 5000 scanning monochromator (FOSS, Denmark) and recorded at 2-nm intervals between 1100 and 2500 nm. A subset of 100 samples was selected for the calibration of spectroscopy using chemical analyses. Coefficients of determination (R2) were 0.9317 for ADF, 0.9634 for neutral detergent fiber (NDF), 0.6769 for ADL, 0.4950 for NDF digestibility (in vitro 30 h, NDFD 30 h), and 0.9001 for NDFD 48 h.

Genotyping

Eighty-five polymorphisms SSR primers (Eujayl et al., 2004; Robins et al., 2007) were used for genotyping. DNA extraction, PCR amplification, electrophoresis, and SSR genotyping analysis were conducted according to the methods described by Qiang et al. (2015).

Data Analyses

Analysis of variance (ANOVA) of all phenotypic data based on the means of traits of each accession under four environments was conducted as model: Phen = genotypes + environments + e. where Phen as the phenotypic observation, genotypes as the genetic effect, environments as the effect of the four environments, and e as the residual. All analyses were performed using SAS 8.02 (SAS Institute, 1999). Broad-sense heritability (H2) was calculated as the genotypic variance divided by the total variance.

A kinship matrix was calculated using SPAGeDi software (Hardy and Vekemans, 2002).

The association between the phenotypes and markers was performed using Tassel v2.1 software (Bradbury et al., 2007). Three models were tested, namely the simple general linear model (GLM, Naive-model), the structured association model (GLM, Q model), and the mixed linear model (MLM, Q + K model) (Yu et al., 2006). The marker-trait association was considered as significant using a threshold of P < 0.005.

RESULTS

Phenotypic Variation

The descriptive parameters of the five measured traits under four environments were shown in Table 1. In summary, the ADF ranged from 20.59 to 42.85%, with an average of 31.22–33.63%; the NDF ranged from 25.08 to 53.06% with a mean of 36.72–42.89%; the NDFD 30 h alternated from 12.28 to 26.75% with an average of 16.68–23.81%; the NDFD 48 h ranged from 11.02 to 22.4% with an average of 15.47–17.55%; the ADL varied from 2.70 to 8.66% with an average of 4.26–6.56%. All the datasets showed a normal or nearly normal distribution (Figure S1). The broad-sense heritability of most traits was relatively high, ranging from 63% for NDF 30 h to 76% for NDF 48 h (Table 1), except for the heritability of ADL (45.1%), indicating the majority of studied traits were dominated by the genetic factors rather than the environmental variations. All five traits were significantly influenced by genotypes, environments and genotype × environments interactions (Table 1).

Table 1. Phenotypic variation for five traits in alfalfa in four environments.
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Population Structure and Relative Kinship

The genetic relationships among the genotypes were investigated using a model-based Bayesian clustering method on the 85 SSR marker genotyping data. Two populations were identified by STRUCTURE software using a Bayesian approach, corresponding to China, and the rest of the world as indicated by Qiang et al. (2015). The kinship was estimated based on the 85 SSR data on 336 alfalfa genotypes. About 51.8% of the pairwise kinship estimates were equal to 0, while 99.7% of the relative kinship estimates were < 0.2 in this alfalfa panel (Figure 1). These results indicated that most accessions have no or weak kinship with the other accessions in the panel, which might be due to the broad range collection of genotypes.
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FIGURE 1. Distribution of pairwise relative kinship estimates between 336 alfalfa genotypes. The height of the black bar represents the percentage of genotypes in different ranges of kinships.



Association Analysis

For all five fiber-related traits, association analyses were conducted to assess the performance of three different models (Table 2 and Figure 2). Generally, the observed P-value from GLM greatly deviated from the expected P-value, followed by the Q model, while the P-value from the Q + K model was close to the expected P-value (Table 2 and Figure 2). The result indicated that the false positives were well controlled in the MLM model in the study. Therefore, subsequent analyses were done based on the MLM model.

Table 2. Association summary for five fiber-related traits using three models in different environments.
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FIGURE 2. QQ plot of observed vs. expected P-values using three different models for five fiber-related traits. Cumulative distribution of P-values was computed from the SSR markers and phenotypes for the different association models. Data in environment 13HS of five traits was used in draw the QQ plot.



Using the Q + K model, a total of 124 significant marker-trait associations was predicted under at least one environment (Table S2). For ADF trait associations, six, one, four, and 12 alleles were predicted as significant in 13HS, 14CP, 14HS, and 15HS data sets, respectively, with the explained phenotypic variance (R2) ranging from 2.48 to 8.13% (Table S2). For ADL, five, one, seven, and six associated alleles were identified in four environments, respectively, with the R2 varied from 2.56 to 9.66%. For NDF, six, one, four, and nine significant associated alleles were identified in four environments, respectively, with the R2 from 2.76 to 8.28%. For NDF 30 h, eight, two, six, and eight significant associated alleles were identified in four environments, respectively, with the R2 from 2.52 to 6.98%. For NDF 48 h, eight, eight, three, and 10 significant associated alleles were detected in four environments, respectively, with the R2 from 2.63 to 9.32%. Among these associated alleles, eight alleles were repeatedly observed in two environments (Table 3). For example, allele m13_173 associated with ADF was detected both in 14HS and 15HS. The allele m561-216 was associated with ADL both in 13HS and 14HS. In addition, among these associated alleles, 20 alleles were commonly associated with multiple fiber-related traits (Table S2). For example, the allele m561_216 was associated with ADF, ADL, NDF, NDF30, and NDF 48 h.

Table 3. Summary of simple sequence repeat (SSR) alleles associated with fiber-related traits in at least two environments.
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The allele effect derived from significant marker-trait association was shown in Table S2. Among the markers associated with ADF, M115_183 had the most positive phenotypic effect (8.79), whereas m2_142 had the most negative phenotypic effect (−3.54). The alleles m215_182 and m2_142 had the most positive (9.95) and most negative (−4.11) phenotypic effect associated with NDF, respectively. For the NDFD 30 h, m190_205 had the most positive phenotypic effect (2.18), whereas m199_289 had the most negative phenotypic effect (−4.03). Among the alleles associated with NDFD 48 h, m225_203 had the most positive phenotypic effect (5.88), whereas m338_268 had the most negative phenotypic effect (−4.36). For the ADL, m53_131 had the most positive phenotypic effect (1.69), whereas m53_176 had the most negative phenotypic effect (−1.2). Also, m13, the individuals carrying the allele 170 bp had a lower ADL and NDFD 48 h than those carrying alleles 173 bp (Table S2). For m2, the individuals carrying the allele 136 bp had a lower NDFD48h than those carrying alleles 140 bp (Table S2). For m225, the individuals carrying the allele 191 bp had a lower NDFD48h than those carrying alleles 203 bp (Table S2). For m53, the individuals carrying the allele 176 bp had a lower ADL than those carrying alleles 131 bp (Table S2).

DISCUSSION

Association mapping has increasingly become a viable approach for the genetic dissection of quantitative traits. Due to the diverse geographical origins, the germplasm panel may contain either population structure or familial relatedness (Yu and Buckler, 2006). One of the limitations of association mapping studies is the easy detection of false positives associations caused by the existence of the genetic structure in the populations studied (Flint-Garcia et al., 2005). Several researches reported, in the structured association population, the mixed model (Q + K) showed a significant improvement in goodness of fit for traits (Flint-Garcia et al., 2005; Yu et al., 2006). In this panel, association analysis was conducted for five fiber-related traits in four environments using the GLM−simple model, the Q model, and the Q + K model. The alfalfa association populations used in this study contained population structure but no obvious familial relationships (Figure 1). The quantile–quantile (QQ) plots indicated that the Q + K model performed best for all five fiber-traits, It seems that the Q + K model was sufficient to minimize false-positive associations, especially for some traits not influenced by population structure, which was consistent with other model simulations and comparisons (Yu et al., 2006; Zhu et al., 2008). All the results indicate that model testing for quantitative traits is necessary for increasing the accuracy of association.

There was no previous study on alfalfa fiber trait mapping or association using molecular markers. A total of 124 alleles from 38 markers accounted for phenotypic variation with 2.46–9.66% were identified as associated with five fiber-related traits based on association analysis using the Q + K model (Table S2). These associated alleles were not consistent with the previous studies of Li et al. (2011) which may be explained by the different markers and different population used in the two studies. These was also observed in previous studies on linkage mapping and association mapping which found that different mapping populations detected different QTL regions (Agrama et al., 2007; Zhang et al., 2014).

Most of the loci that were associated with the five traits could only be identified in a specific environment, indicating that the fiber-related traits in the study are variously influenced by the environment. However, some stable associations were identified in our study, such as the allele m350_342 which located in chromosome 1 were repeatedly detected in two environments and associated with ADF, NDF, NDFN30h, and NDFD48h. Three markers, m115_183, m520_134, and m520_137, located in chromosome 7 were repeatedly detected in two environments and associated with NDFD48h. Markers with significant traits associated over multiple environments may indicate that the associated genes are more stably expressed (i.e., less environmental influence) (Ray et al., 2015). A low threshold, P < 0.005, was used to detect the marker-trait association due to the limited number of marker used in this study. If high-density DNA polymorphism datasets are used for association mapping, additional markers with high –Log (P-value) may be obtained.

Among these associated alleles, different distributed patterns were observed among eight chromosomes in alfalfa. Eight alleles from seven markers which associated all five traits were observed in the chromosome 1, while only one allele of one marker which associated two traits was observed in the chromosome 6 (Table S2). In the study, 20 markers were associated with more than one traits indicated these traits were correlative each other. Interestingly, the markers, m225, and m338, reportedly associated with yield (Li et al., 2011), was found associated with NDFD 30h and NDFD48h in this study, suggesting a correlation between these traits as assessed by the SSR or these traits are controlled by the same or neighboring regions in the genome. The explained phenotypic variance of all associated alleles ranged from 2.46 to 9.66%, with mean of 3.84%. The result indicated that the fiber-related traits were complex in nature, i.e., controlled by multiple genes without obvious major effects.

The present study is the first attempt in associating alfalfa fiber-related traits with the genotyping results derived from SSR markers using a diverse set of global collection of alfalfa genotypes. Our results demonstrated that this alfalfa panel is suitable for association mapping analysis targeting complex quantitative traits with optimal association models. The markers associated to the QTLs in the study can be effectively used in further alfalfa marker assisted breeding programmers for introgression of alleles into locally well adapted germplasm.
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Quinolizidine alkaloids (QAs) are toxic secondary metabolites found within the genus Lupinus, some species of which are commercially important grain legume crops including Lupinus angustifolius (narrow-leafed lupin, NLL), L. luteus (yellow lupin), L. albus (white lupin), and L. mutabilis (pearl lupin), with NLL grain being the most largely produced of the four species in Australia and worldwide. While QAs offer the plants protection against insect pests, the accumulation of QAs in lupin grain complicates its use for food purposes as QA levels must remain below the industry threshold (0.02%), which is often exceeded. It is not well understood what factors cause grain QA levels to exceed this threshold. Much of the early work on QA biosynthesis began in the 1970–1980s, with many QA chemical structures well-characterized and lupin cell cultures and enzyme assays employed to identify some biosynthetic enzymes and pathway intermediates. More recently, two genes associated with these enzymes have been characterized, however, the QA biosynthetic pathway remains only partially elucidated. Here, we review the research accomplished thus far concerning QAs in lupin and consider some possibilities for further elucidation and manipulation of the QA pathway in lupin crops, drawing on examples from model alkaloid species. One breeding strategy for lupin is to produce plants with high QAs in vegetative tissues while low in the grain in order to confer insect resistance to plants while keeping grain QA levels within industry regulations. With the knowledge achieved on alkaloid biosynthesis in other plant species in recent years, and the recent development of genomic and transcriptomic resources for NLL, there is considerable scope to facilitate advances in our knowledge of QAs, leading to the production of improved lupin crops.

Keywords: grain improvement, grain legume, lupin, Lupinus angustifolius, plant secondary metabolism, pulse, quinolizidine alkaloids

INTRODUCTION

Quinolizidine alkaloids (QAs) are secondary metabolites that occur mostly within the family Leguminosae and they can occur in the genus Lupinus, as well as in Baptisia, Thermopsis, Genista, Cytisus, Echinosophora, and Sophora (Ohmiya et al., 1995). Whilst QAs offer the plants protection against insect pests (Wink, 1992; Berlandier, 1996; Wang et al., 2000; Philippi et al., 2015), they cause a concern for the human consumption of lupin grain and lupin-based foods as high levels confer a bitter taste and may result in acute anticholinergic toxicity, characterized by symptoms such as blurry vision, headache, weakness, and nausea (Daverio et al., 2013). The lethal dose of QAs in children is estimated to be 11–25 mg total alkaloids kg-1 body weight, while no fatal poisonings have been reported in adults (Allen, 1998; Petterson et al., 1998).

Lupinus is a diverse genus, though only four species have been domesticated and are agriculturally significant: L. angustifolius (NLL), L. albus (white lupin), L. luteus (yellow lupin), and L. mutabilis (pearl lupin; Petterson et al., 1998). These species have been domesticated relatively recently (Cowling et al., 1998) and as a consequence of this, undesirable traits such as the accumulation of QAs remain. While the grain has been used traditionally as an animal feed, it has gained recognition as a health food; it is high in protein and fiber and possesses certain beneficial nutraceutical properties (Petterson et al., 1997; Duranti et al., 2008; Sweetingham et al., 2008). QAs complicate the use of the grain for higher-value food purposes as they must remain below the industry threshold of 0.02% in Australia and some European countries (Cowling et al., 1998; Boschin et al., 2008; Jansen et al., 2009). QA levels can vary considerably from year to year under field conditions, often exceeding this threshold (Cowling and Tarr, 2004). As such, an understanding of the QA biosynthetic pathway is essential in assisting lupin breeders and farmers to produce high-value crops consistently.

Quinolizidine alkaloid biosynthesis has been studied far less extensively than some economically important alkaloids in other plant species, for example nicotine in Nicotiana, MIAs in Catharanthus roseus, i.e., vinblastine and vincristine, and BIAs in Coptis japonica and Papaver somniferum, i.e., berberine and morphine, respectively, which represent model species for understanding alkaloid biosynthesis. The past couple of decades have resulted in the identification of many genes involved in alkaloid biosynthesis in these species including biosynthetic genes, transcription factors and transporters, and the identification of enzymes and pathway intermediates through the development of genomic, transcriptomic, proteomic, and metabolomic data sets (Dewey and Xie, 2013; Hagel and Facchini, 2013; Beaudoin and Facchini, 2014; Pan et al., 2016). In the case of QAs, while the chemistry has been well characterized with more than 170 structures identified (Wink, 1993), the QA biosynthetic pathway has only been partially elucidated and information on enzymes and genes involved in QA biosynthesis is limited. Here, we discuss what is currently known about QA biosynthesis in lupin, draw on examples from model alkaloid species, and suggest future directions and ways to improve QA biosynthesis in lupin to produce higher-value lupin crops.

QUINOLIZIDINE ALKALOIDS AND BIOSYNTHESIS

Quinolizidine alkaloids are so-called because of their quinolizidine ring structure and can be divided into major structural classes: lupanine, angustifoline, lupinine, sparteine, multiflorine, aphylline, anagyrine and cytisine, though the latter two are usually absent in lupins and more commonly found in Thermopsis, Sophora, Echinosophora, and Genista (Wink, 1987a; Ohmiya et al., 1995; Boschin and Resta, 2013). Each lupin species has a characteristic alkaloid profile (Table 1). Usually, only the presence of major QAs are reported—defined as individual QAs with levels ≥1% of total QAs—although many other QAs have been detected at trace levels in each of the lupin species (Wink et al., 1995). Of the major QAs in lupin grain, three of the four domesticated lupins share lupanine and 13α-hydroxylupanine. Each cultivated lupin species also has unique major QAs such as isolupanine and angustifoline for NLL, albine and multiflorine for L. albus, and lupinine for L. luteus (Table 1). The indole alkaloid gramine is also a major component in bitter L. luteus grain and the piperidine alkaloid ammodendrine is found in major quantities in L. mutabilis and minor quantities in L. luteus and L. albus grain (Wink et al., 1995; de Cortes Sánchez et al., 2005; Adhikari et al., 2012). QAs vary in their toxicity and their deterrence against insect pests. Sparteine and lupanine appear to be the two most toxic QAs to humans and laboratory animals (Allen, 1998; Petterson et al., 1998), with lupanine having the greatest impact on aphid survival, followed by indole alkaloid gramine, sparteine, lupinine, and 13α-hydroxylupanine and angustifoline having the least impact (Ridsdill-Smith et al., 2004).

TABLE 1. Major QAs (≥1%) identified in seed of lupin species.
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The biosynthesis of all QAs begins with the decarboxylation of L-lysine to form the intermediate cadaverine by a L/ODC such as the Lupinus angustifolius L/ODC (La-L/ODC; Leistner and Spenser, 1973; Bunsupa et al., 2012a) (Figure 1). Cadaverine then undergoes oxidative deamination, by a copper amine oxidase (CuAO), to yield 5-aminopentanal which is then spontaneously cyclized to Δ1-piperideine Schiff base (Leistner and Spenser, 1973; Golebiewski and Spenser, 1988; Bunsupa et al., 2012b). It has been suggested that in addition to these reactions, a series of reactions including Schiff base formations, aldol-type reactions, hydrolysis, oxidative deamination and coupling gives rise to the major structural QAs (e.g., lupanine and others; Dewick, 2002), with the diiminium cation proposed as an intermediate in the biosynthesis of tetracyclic alkaloids (e.g., lupanine, multiflorine, and sparteine; Fraser and Robins, 1984). These QAs can then be further modified by dehydrogenation, oxygenation, hydroxylation, glycosylation, or esterification to form a wide variety of structurally related QAs (Wink and Hartmann, 1982a; Saito et al., 1993; Ohmiya et al., 1995). The acyltransferase HMT/HLT forms acetylated products of 13α-hydroxylupanine and 13α-hydroxymultiflorine and a L. albus HMT/HLT (LaHMT/HLT) gene encoding this enzyme has been characterized (Saito et al., 1992; Suzuki et al., 1994; Okada et al., 2005). The acyltransferase ECT/EFT-LCT/LFT forms acetylated products of lupinine and epilupinine (Saito et al., 1992, 1993; Suzuki et al., 1994; Bunsupa et al., 2012b). L. angustifolius acyltransferase (LaAT) is suggested to be involved in the formation of QA esters, though its enzymatic function has not been confirmed (Bunsupa et al., 2011).
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FIGURE 1. Quinolizidine alkaloid biosynthetic pathway: all QAs are derived from lysine. Enzymes involved in the pathway are L/ODC, copper amine oxidase (CuAO), and two acyltransferases (ECT/EFT-LCT/LFT and HMT/HLT). Dotted lines represent uncharacterized enzyme reactions (adapted from Bunsupa et al., 2012b).



While only two genes have been identified in QA biosynthesis, the discovery of biosynthetic genes involved in the formation of other alkaloids may assist in identifying homologous genes in the QA pathway, for example, La-L/ODC was identified as a homolog of ODC, involved in the biosynthesis of a precursor for nicotine biosynthesis (Bunsupa et al., 2012a). Enzymes common in nicotine, MIA, BIA, as well as Amaryllidaceae alkaloid biosynthetic pathways include: methyltransferases, decarboxylases, oxidases, acyltransferases, cytochromes P450 (cP450s), oxidoreductases, demethylases, reductases, hydroxylases and coupling enzymes, and genes encoding many of these enzymes have been identified in Nicotiana, C. roseus, C. japonica, and P. somniferum (Bird et al., 2003; Dewey and Xie, 2013; Hagel and Facchini, 2013; Kilgore and Kutchan, 2016; Pan et al., 2016; Thamm et al., 2016). Many of these common types of enzymes are either known (i.e., decarboxylase, oxidase, and acyltransferases) or suggested (listed above) to play a role in QA biosynthesis. Transcriptome analysis has also identified several genes co-expressed with a putative Sophora flavescens L/ODC, encoding a major latex-like protein (MLP-like), a cP450, a ripening related protein and an uncharacterized protein (Han et al., 2015), which may also have roles in QA biosynthesis. MLP-like proteins may be involved in BIA biosynthesis, though their biological function is unkown, and the berberine bridge and berberine bridge-like enzymes catalyze oxidative reactions for the biosynthesis of BIAs and Nicotiana alkaloids (Facchini et al., 1996b; Samanani et al., 2004; Kajikawa et al., 2011), possibly having similar roles in QA biosynthesis. Cytochromes P450 have a role in hydroxylation reactions, as well as other reactions, in MIA and BIA biosynthesis (Pauli and Kutchan, 1998; Thamm et al., 2016) and may be involved in QA hydroxylation reactions in the synthesis of derivatives of major structural QAs (Figure 1).

LOCALIZATION OF QA BIOSYNTHESIS AND TRANSPORT OF QAs

There is strong evidence for the synthesis of QAs in aerial tissues of lupin as opposed to roots: lupin L/ODC is localized to chloroplasts (Wink and Hartmann, 1982b; Bunsupa et al., 2012a), La-L/ODC transcript level is highest in young leaves of bitter NLL, while barely detectable in mature leaves, cotyledons, hypocotyls and roots (Bunsupa et al., 2012a), cadaverine is incorporated into lupanine in aerial tissue but not in roots (Wink, 1987b) and grafting experiments in lupin, whereby high-QA lupin scions are grafted onto low-QA lupin roots and vice versa, show that shoots are more important than roots in determining overall plant QA content (Waller and Nowacki, 1978; Lee et al., 2007). The last step of lysine biosynthesis also takes place in the chloroplast (Mazelis et al., 1976; Wink and Hartmann, 1982b). Interestingly, Lycopodium clavatum L/ODC, with a role in biosynthesis of Lycopodium alkaloids which are also derived from lysine, is localized in the cytosol (Bunsupa et al., 2016) and perhaps the chloroplastic location of La-L/ODC increases its accessibility to lysine, rather than ornithine, as a substrate for the production of QAs.

The expression of LaHMT/HLT and HMT/HLT activity was associated with roots and hypocotyls of Lupinus plants (Saito et al., 1992; Okada et al., 2005), and the activity of both HMT/HLT and ECT/EFT-LCT/LFT was not associated with chloroplasts (Suzuki et al., 1996). This suggests that while the most important steps in the QA biosynthetic pathway take place in aerial tissues, it is possible that the entire pathway is not limited to such tissues. Once synthesized, QAs are then translocated to the reproductive organs via the phloem (Wink and Witte, 1984; Lee et al., 2007). The loading of QAs onto the phloem may be selective as lupin leaves have more diverse QA profiles than both grain and phloem exudates (Wink et al., 1995; Lee et al., 2007). No studies have yet investigated QA biosynthesis within seeds themselves. It has been estimated, based on measures of translocation of QAs and total QAs in reproductive tissues, that of the QAs that accumulate in seeds, half are synthesized within the seed and half are translocated (Lee et al., 2007).

The identification of sites of QA biosynthesis and transport processes is important for targeting the accumulation of QAs in grain. If QA biosynthesis within seeds themselves is not appreciable, this offers the means to target QA transport processes in order to reduce grain QA levels without compromising QA biosynthetic processes, which negatively affects plant fitness. In lupin, sweet (low QA) cultivars have considerably lower resistance to disease and predation compared to bitter (high QA) wild germplasm, increasing susceptibility to insect attack and transmission of aphid-borne viruses (Berlandier, 1996; Wang et al., 2000; Adhikari et al., 2012). In particular, sweet L. luteus varieties, which are valued because of their very high protein content, are susceptible to aphid attack and as such, are unsuccessful in Australia and resistance may be difficult to achieve with grain QA levels below 0.02% (Berlandier and Sweetingham, 2003; Adhikari, 2007). One concept for lupin breeding is to develop a ‘bitter/sweet’ phenotype—a plant that has sufficiently high QA levels in vegetative tissues to deter insect attack, but contains low QA levels in grain (Wink, 1990, 1994). For this, transporters involved in the translocation of QAs from source tissues to seeds must be identified.

Though several genes that are involved in the transport of nicotine, BIAs and a MIA precursor have been identified, no targets are yet identified which affect the alkaloid levels in source and sink tissues separately. In Nicotiana, nicotine is synthesized in roots and is usually transported to leaves via the xylem (Dawson, 1942; Baldwin, 1989). Transporters involved in the sequestration of nicotine into vacuoles belong to the multidrug and toxic compound extrusion (MATE) family (NtMATE1, NtMATE2, NtJAT1, NtJAT2; Morita et al., 2009; Shoji et al., 2009; Shitan et al., 2014) and a plasma membrane located, nicotine importer belongs to the purine uptake permease-like (PUP-like) family (NtNUP1; Hildreth et al., 2011). These nicotine transporters are mainly expressed in roots (NtMATE1, NtMATE2, NtNUP1), with NtJAT1 expressed in all tissues and NtJAT2 expressed almost exclusively in leaves and all are induced by methyl jasmonate (Morita et al., 2009; Shoji et al., 2009; Hildreth et al., 2011; Kato et al., 2014; Shitan et al., 2014). NtJAT1 may also function as a plasma membrane localized nicotine eﬄux transporter when produced in root tissue, suggesting that this transporter plays more than one key role in nicotine transport (Morita et al., 2009). Most of these MATE transporters also efficiently transport tropane alkaloids, with NtJAT1 and NtJAT2 additionally found to transport berberine, and NtNUP1 also transports vitamin B6 (Morita et al., 2009; Shoji et al., 2009; Hildreth et al., 2011; Shitan et al., 2014; Kato et al., 2015). Down-regulation of NtMATE1/MATE2 transcript levels in Nicotiana plants using RNA-interference (RNAi) did not affect alkaloid levels in the leaves or the roots, however, did increase sensitivity of the plant to exogenously applied nicotine (Shoji et al., 2009). Down-regulation of NtNUP1 reduced nicotine accumulation throughout the entire plant, however, root to shoot translocation was unaffected (Hildreth et al., 2011; Kato et al., 2014). Interestingly, NtNUP1 positively regulates the expression of a key transcription factor in the nicotine biosynthesis pathway, possibly explaining the reduced nicotine content in RNAi lines (Kato et al., 2014). It would be interesting to assess the effect of down-regulating NtJAT1 and NtJAT2, as these function as nicotine transporters in sink tissues (Morita et al., 2009; Shitan et al., 2014) and perhaps nicotine levels in leaf tissues may be reduced, while levels in roots may be increased or unaffected.

One Nicotiana species—N. alata—synthesizes nicotine in the roots but is unable to translocate it to the xylem for transport to the leaves (Pakdeechanuan et al., 2012). Genetic studies involving hybrids between N. alata and the closely related N. langsdorffii, which does accumulate nicotine in leaf tissue, indicate that more than one dominant locus is involved in blocking transport of nicotine from the root to the xylem (Pakdeechanuan et al., 2012). The expression of NtMATE1 and NtMATE2 is also observed in the root (Pakdeechanuan et al., 2012). The identification of those genes controlling the dominant loci blocking nicotine transport will further our understanding of the long-distance transport of plant alkaloids.

In C. japonica, berberine is transported from the lateral roots to the rhizome (Fujiwara et al., 1993). Three berberine transporters have been identified and belong to the ATP-binding cassette (ABC) family (CjABCB1/CjMDR1, CjABCB2, and CjABCB3), with CjABCB1 and CjABCB2 localized in the plasma membrane and expressed in the rhizome, possibly playing a role in the uptake of berberine in the rhizome (Shitan et al., 2003, 2013). In transgenic C. japonica, where CjABCB1 was suppressed, berberine accumulation in the root decreased (Shitan et al., 2005).

In C. roseus, catharanthine—which is coupled with vindoline to produce vinblastine and vincristine—is transported from the leaf epidermis to the leaf surface, resulting in spatial separation of catharanthine and vindoline (Roepke et al., 2010). An ABC transporter, CrTPT2, which is specifically expressed in the leaf epidermis, functions as a catharanthine exporter (Yu and De Luca, 2013). Virus induced gene silencing (VIGS) of the CrTPT2 in C. roseus resulted in reduced catharanthine levels on the leaf surface and caused an increased in catharanthine-vindoline dimers within leaves, demonstrating that altered transport of MIA intermediates may alter biosynthesis of MIAs (Yu and De Luca, 2013).

It is evident that altered expression of alkaloid transporters is able to alter the accumulation of alkaloids, whether that be through changes in transport processes and/or regulation of alkaloid biosynthesis itself. Candidate transporters for altering alkaloid accumulation processes would, however, need a high degree of specificity in recognizing the target alkaloids in order to not alter other transport processes in the plant, which may have undesirable consequences. In the case of QA transport in lupin, the transporters involved would include plasma membrane located exporters in cells of aerial tissue, membrane-localized transporters for entry onto the phloem, plasma membrane importers in cells of reproductive tissue, and vacuolar membrane importers in cells of both aerial and reproductive tissue, as alkaloids are often sequestered within vacuoles to avoid toxic effects within tissues (Yazaki et al., 2008). The transporters of most interest for lupin breeding would be those involved in the import of QAs into the grain from the phloem, as QA levels in aerial tissue and phloem sap would ideally be high to deter feeding of chewing and sap-sucking insects.

GENES CONTROLLING QA CONTENT IN LUPINS

Lupin ‘Low Alkaloid’ Domestication Genes

In addition to QA biosynthetic genes, major loci controlling QA content are known. All modern lupin cultivars display a significantly lower QA phenotype compared with wild varieties due to ‘low-alkaloid’ domestication genes, specific for each lupin species with most arising from natural mutation. Low-alkaloid mutants of NLL, L. luteus, L. albus, and L. mutabilis were first identified in Germany in the late 1920s to early 1930s from wild germplasm (von Sengbusch, 1942) and give insights into the regulation of QA biosynthesis.

Natural low alkaloid mutations in NLL (iucundus, esculentus, and depressus) and L. luteus (amoenus, dulcis, and liber) are recessive, segregating independently of one another and follow a simple Mendelian inheritance pattern of clear 1:3 segregation (von Sengbusch, 1942; Gustafsson and Gadd, 1965). A fourth NLL locus tantalus was later identified by x-ray induced mutation (Zachow, 1967). The locus iucundus appears to have been exclusively used for NLL breeding and dulcis for L. luteus breeding (Lamberts, 1955; Gustafsson and Gadd, 1965; Gladstones, 1970). Of various, presumed natural, recessive low-alkaloid mutations in L. albus, identified by several authors, pauper, mitis, reductus, exiguus, and nutricius are located at different loci (Harrison and Williams, 1982; Kurlovich, 2002). The pauper locus is the most effective mutation in reducing QA levels and is now almost exclusively used in breeding programs, though nutricius and exiguus have been used in certain cultivars (Gladstones, 1970; Harrison and Williams, 1982). Low alkaloid material of L. mutabilis identified in the 1930s was lost (von Sengbusch, 1942), and it was not until other natural low alkaloid mutants were reselected over several generations, that the first sweet variety with grain content less than 0.05% was developed in the early 1980s (von Baer and Gross, 1977, 1983; Clements et al., 2008). The cultivar Inti was then produced which has a QA content less than 0.02% (Gross et al., 1988). Crosses between Inti and bitter L. mutabilis revealed inheritance of the low alkaloid trait is recessive, though F2 segregation is slightly higher than 1:4, indicating that the low alkaloid phenotype in Inti is controlled by a major, as well as additional minor alleles (Clements et al., 2008). Of the low-alkaloid mutations identified in lupin, none eliminates QAs completely (Gustafsson and Gadd, 1965; Gladstones, 1970; Harrison and Williams, 1982).

For low-alkaloid loci dulcis and presumably pauper, the limiting step of the QA pathway may be the reaction from cadaverine to the major structural QAs, as lysine and cadaverine levels do not differ between sweet and bitter plants in L. luteus and L. albus, nor do enzymatic activities for QA acyltransferases (Saito et al., 1993). Sweet NLL harboring the iucundus locus appears to have lower levels of lysine than bitter wild NLL, suggesting a different function for this gene (Bunsupa et al., 2012a). While these species of lupin cannot be crossed, the identification of low alkaloid genes will assist in further elucidating the QA pathway and will allow homologous genes between species to be identified and targeted in breeding programs. Markers linked to low alkaloid loci iucundus and pauper have been developed to assist tracking these recessive loci (Lin et al., 2009; Li et al., 2011). Recently, dense mapping resources, an updated genetic map for NLL cv. Tanjil and genome annotation have further narrowed the candidate gene region of iucundus on NLL-07 (Hane et al., 2016).

Regulators of Alkaloid Biosynthesis

Jasmonic acid (JA) is a plant hormone regulating defense responses against environmental stresses and attack by pathogens and insects (Farmer et al., 2003) and is a well-known activator of alkaloid biosynthesis in Nicotiana, C. roseus and C. japonica; the expression of biosynthetic genes and alkaloid levels in nicotine, MIA and BIA biosynthesis, as well as previously mentioned Nicotiana and C. roseus alkaloid transporters, respond positively to JA treatment (Aerts et al., 1994; Pauli and Kutchan, 1998; Shoji et al., 2008, 2009; Morita et al., 2009; Yu and De Luca, 2013; Shitan et al., 2014; Gurkok et al., 2015; Kato et al., 2015). Many transcription factors regulating alkaloid biosynthesis, including basic Helix-Loop-Helix (bHLH), APELATA 2/Ethylene-Responsive Factor (AP2/ERF) and WRKY transcription factors identified in Nicotiana, C. roseus, and C. japonica, also show JA responsiveness (Menke et al., 1999; Chatel et al., 2003; Kato et al., 2007; Shoji et al., 2010; Todd et al., 2010; Suttipanta et al., 2011; Yamada et al., 2011; Van Moerkercke et al., 2015). These bHLH and AP2/ERF transcription factors regulate alkaloid biosynthesis by recognizing GCC-motif and G-box elements in the promoters of alkaloid biosynthetic genes in Nicotiana and C. roseus (Chatel et al., 2003; Shoji et al., 2010; De Boer et al., 2011), while a WRKY transcription factor binds to W-box elements in a C. roseus alkaloid biosynthetic gene promoter (Suttipanta et al., 2011). A C. roseus bHLH transcription factor can also bind to a G-box-like element in an AP2/ERF promoter which in turn promotes MIA biosynthesis (Zhang et al., 2011). As QA levels in lupin vegetative material is known to increase after wounding (Wink, 1983; Chludil et al., 2013), QA biosynthesis may be regulated by the JA pathway in similar ways to other alkaloids and it may be possible to identify similar candidate transcription factors regulating QA biosynthesis. More recently, microRNAs (miRNAs)—endogenous, small, non-coding RNAs which regulate gene expression by causing target mRNA degradation or translational repression (Naqvi et al., 2012)—have been identified which may regulate nicotine and BIA biosynthetic genes (Boke et al., 2015; Li et al., 2015). Nicotine biosynthesis can also be controlled by non-coding target mimicry (eTM)-mediated inhibition of its corresponding nicotine biosynthetic gene-targeting miRNA (Li et al., 2015). It will therefore be interesting to analyze the role of miRNAs in regulating QA biosynthesis in lupin. Putative miRNAs have been identified from L. albus phloem exudate (Rodriguez-Medina et al., 2011), and as additional lupin miRNA data sets become available, miRNAs regulating QA biosynthesis may be identified in order to better understand how the pathway is regulated.

ENVIRONMENTAL FACTORS AFFECTING QA PRODUCTION

There is a significant environmental impact on grain QA content in lupin, due to either regulation of QA biosynthesis or transport from source tissues to the seed, though this impact appears to be highly unpredictable, with QA levels poorly explained by environmental properties such as location and seasonal climate (Cowling and Tarr, 2004). Grain QA levels can often exceed industry limits, usually by a couple of fold, though concentrations up to 2120 mg/kg have been found in sweet NLL, exceeding the limit by more than 10 times (Cowling and Tarr, 2004; Reinhard et al., 2006). There is, therefore, a great need to better understand how QA biosynthesis and transport is affected by environmental factors.

Light regulates QA biosynthesis by affecting the conditions within the chloroplast, with L/ODC activated by reduced thioredoxin and a light-mediated shift in pH of the chloroplast stroma from pH 7 to 8 during the day (Wink and Hartmann, 1981). As such, QA biosynthesis displays a diurnal rhythm whereby leaf QA concentrations are higher during the day and lower during the night (Wink and Witte, 1984). As light conditions cannot be controlled in the field, this factor is likely of less concern to breeders and farmers. Drought conditions are thought to increase QA content in lupin and drought stress can increase alkaloid levels in Nicotiana, P. somniferum, and C. roseus (Waller and Nowacki, 1978; Szabó et al., 2003; Jaleel et al., 2007). The effect of drought on grain QA content in lupin is not clear, with the plant growth stage at which drought is imposed seeming to play a role in whether QA content increases or decreases, albeit marginally (Christiansen et al., 1997), however, the amount of rainfall is not strongly associated with seed QA content (Cowling and Tarr, 2004). Ambient temperature seems to have an important effect on QA content, with a small increase in mean temperature (3°C) having a marked increase in grain QA content in European NLL varieties (Jansen et al., 2009, 2015). Soil characteristics, such as soil pH and the type and amount of fertilizer used, also affect grain QA levels. Higher soil pH (6.7 and 7.1) results in lower QAs than lower soil pH (5.3 and 5.8; Jansen et al., 2012). Potassium deficiency increases QAs, while phosphorus deficiency reduces them, with a significant interaction between potassium and phosphorous on QA content (Gremigni et al., 2001, 2003). The growing system also has a small effect on grain QA content, with organic conditions resulting in lower QA content than conventional conditions (Jansen et al., 2015). The amplitude of the response of grain QA content to environmental factors is also dependent on genotype, with some NLL cultivars more variable in QA content than others (Gremigni et al., 2000; Cowling and Tarr, 2004; Jansen et al., 2015).

While a few studies have investigated the role of abiotic stresses on QA biosynthesis, there are currently no reports of the impact of biotic stresses on grain QA content. As QAs play a role in the protection of the plant from predators, it is thought that QA accumulation may increase as part of a defense response when the plant comes under attack. Mechanical wounding of lupin leaves and plants, which may mimic herbivore action, has increased QA accumulation in vegetative material (Wink, 1983; Chludil et al., 2013). Leaf damage also leads to an increase in nicotine biosynthesis in Nicotiana (Baldwin, 1989; Cane et al., 2005). In a field situation, however, the large-scale wounding of lupin crops is not likely. Of greater concern to lupin growers are insect pests such as aphids, which can cause significant yield losses (Berlandier and Sweetingham, 2003). While it is known that QAs are a feeding deterrent to aphids (Berlandier, 1996; Ridsdill-Smith et al., 2004; Adhikari et al., 2012; Philippi et al., 2015), how QA production, and QA content in lupin grain respond to aphid attack has not yet been investigated. Additionally, the attack of lupin plants by fungal pathogens may impact QA production as alkaloid biosynthetic genes in C. roseus and P. somniferum are induced by treatment with fungal elicitors (Pasquali et al., 1992; Facchini et al., 1996a). It is likely that many different factors impact on QA biosynthesis in a field situation, and those most important need to be identified in order to be able to grow a valuable lupin crop.

QA QUANTIFICATION METHODS

High or low grain QA phenotypes in lupin were first identified by a method similar to the still-employed Dragendorff test; the Dragendorff reagent reacts with high QA phenotypes (>0.5%), described as bitter, and low alkaloid phenotypes with no reaction are described as sweet (Harrison and Williams, 1982; Harborne, 1984). More accurate and nowadays the more common method of QA quantification is performed with gas-chromatography (sometimes gas-liquid chromatography) combined with a detector, usually a mass spectrometer. Most studies report on QA content in lupin grain and food products, though some studies also report on leaves and less commonly flowers, stems, roots and phloem sap (Gremigni et al., 2003; Cowling and Tarr, 2004; Reinhard et al., 2006; Lee et al., 2007; Resta et al., 2008; Hernández et al., 2011; Adhikari et al., 2012; Kamel et al., 2015). QA extraction is performed by leaching compounds from samples using an aqueous acidic solution, and then adjusting the solution to a basic pH for QA extraction with an organic solvent, usually dichloromethane (Wink et al., 1995; Ganzera et al., 2010). Wink et al. (1995) provide the most comprehensive spectral dataset for QAs, reporting Kovat’s indices and mass spectral data for 100 alkaloids found in different species of lupin. Many subsequent studies make use of this mass spectral data to identify QAs (Erdemoglu et al., 2007; Resta et al., 2008) as obtaining pure chemical standards of QAs is difficult as they are expensive and not readily available commercially. As a consequence, quantification has been based on relative concentrations of QAs (Erdemoglu et al., 2007; Chludil et al., 2009) or standard curves of major alkaloids (e.g., lupanine, gramine, or sparteine) or internal standards (e.g., caffeine, matrine) which are then applied to estimate concentrations of various other QAs (Muzquiz et al., 1994; Resta et al., 2008). Isolation of reference QAs from lupin tissue is also possible (Brooke et al., 1996; Wang et al., 2000; Reinhard et al., 2006) and has been used to quantify major QAs in NLL grain (Priddis, 1983; Harris and Wilson, 1988). Limit of detection (LOD) and limit of quantification (LOQ) values for the identification and quantification of QAs are not often reported, but for those that are, LODs range from 1 to 30.5 μg/mL and LOQs range from 3 to 87 μg/mL (Table 2) (Boschin et al., 2008; Resta et al., 2008; Ganzera et al., 2010). Despite many reports of quantification of QAs, many studies rely on relative QA quantifications or quantification for certain major QAs in mainly seed material of cultivated lupin species. In addition to the few major QAs, the presence of many minor QAs has been established in lupin leaf and grain (Wink et al., 1995) and levels of these may need further evaluation. Particularly in the case of cultivated NLL, which has a narrow genetic base and for which wild germplasm is often used as a source of genetic variation in pre-breeding material (Cowling et al., 2009; Berger et al., 2012, 2013), additional levels of minor QAs which are not being monitored may be inadvertently introduced by such breeding practices. There is, therefore, a need for an improved and more thorough methodology for the detection and quantification of QAs in lupin grain as well as other tissue types, for monitoring grain QA levels for food safety and to further facilitate the understanding of QA biosynthesis and accumulation.

TABLE 2. Limit of detection (LOD) and limit of quantification (LOQ) values for measurement of quinolizidine alkaloids by gas-chromatography mass-spectrometry (GC-MS) or capillary-electrophoresis mass-spectrometry (CE-MS) in lupin grain and lupin-based foods.
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FUTURE PROSPECTS

There is now a realistic opportunity for further elucidating the QA biosynthetic pathway in lupin grain crops and tackling the problem of QA accumulation for an emerging human health food. Recently developed genetic and genomic resources for NLL will greatly facilitate the identification of genes involved in this pathway, including the generation of a comprehensive NLL genome sequence (Hane et al., 2016), transcriptomic data sets for various NLL tissue types as well as three other cultivated lupin species (Parra-González et al., 2012; O’Rourke et al., 2013; Secco et al., 2014; Wang et al., 2014; Foley et al., 2015; Kamphuis et al., 2015), and dense genetic maps for NLL and L. albus (Croxford et al., 2008; Nelson et al., 2010; Yang et al., 2013; Kroc et al., 2014; Kamphuis et al., 2015). The remarkable progress in the elucidation of alkaloid biosynthetic pathways in model species in recent years, using a combination of genetic maps, genomic and transcriptomic resources, technical advances in enzymology, next generation sequencing, metabolite profiling and methodology for validating candidate genes with roles in alkaloid biosynthesis (i.e., RNAi or VIGS; Hagel and Facchini, 2013; Gurkok et al., 2015; Wang and Bennetzen, 2015; Kilgore and Kutchan, 2016; Pan et al., 2016), serves as a strong basis for understanding QA biosynthesis. Genetic and genomic resources can now be utilized in lupin to identify transcriptome-based candidate genes involved in QA biosynthesis and transport by comparative analysis between high and low QA varieties and plant tissue types or transcriptomic profiling analyzing QA-induced plants. The function of candidate genes may be studied by genetic transformation of lupin, the primary method being Agrobacterium tumefaciens-mediated transformation of wounded seedling shoot apical meristems to generate transgenic shoots (Pigeaire et al., 1997). While transformation efficiencies are low due to low survival and chimeric nature of T0 plants, this method has been successful in generating transgenic NLL (Molvig et al., 1997; Pigeaire et al., 1997; Wijayanto et al., 2009; Tabe et al., 2010; Atkins et al., 2011; Barker et al., 2016), L. luteus (Li et al., 2000; Pniewski et al., 2006), and L. mutabilis (Babaoglu et al., 2000; Polowick et al., 2014) to confer various traits, with recent modifications improving this transformation method for NLL (Nguyen et al., 2016a,b). For L. albus, however, A. tumefaciens-mediated transformation has been unsuccessful and as such hairy root transformation using A. rhizogenes (Uhde-Stone et al., 2005; Sbabou et al., 2010; Cheng et al., 2011) and VIGS using the Peanut stunt virus vector (Yamagishi et al., 2015) have been used to study gene function in this species. Metabolite profiling is an additional resource that could be enhanced in lupins to provide a valuable understanding of how the QA pathway interacts with other metabolic pathways in the plant, especially under abiotic and biotic stresses. This would be useful in understanding the effect of environmental and genotypic interactions on QA biosynthesis. The metabolite profiling of genetically diverse wild NLL accessions that will be used to introgress novel traits into pre-breeding lines would also be of interest as the level of genetic variation in QA content and composition in wild NLL is unclear and accessions which may introduce QAs which are currently not monitored for, need to be identified.

A better understanding of the genes involved in QA production and transport will allow for the management of QA grain content in various ways. For NLL, the first approach would be to focus on introgressing recessive alleles other than the iucundus locus (e.g., esculentus, depressus, and tantalus) into new varieties with the hypothesis that stacking these could reduce the QA content further and well-below the 0.02% threshold for use as a product for human consumption. A second approach would be to use various reverse-genetics approaches to identify genes involved in the biosynthesis, regulation or transport of QAs in order to reduce QA biosynthesis or transport to the grain. As most reduced QA content in lupins are the result of spontaneous mutations, and low QA loci are simply inherited and thus major genes controlling the pathway, it may be possible to find complete knock out mutants in QA biosynthetic genes as none of the current low QA mutations remove the QA phenotype completely. The targeting of QA transporter genes may also allow the QA content in foliar tissue to remain at high levels, but reduce or nullify the transport of QAs to the seed thereby still providing strong protection of the foliar tissue to insect predation, yet producing grain suitable for human consumption. A third approach would be the use of CRISPR/Cas9 to edit genes involved in QA regulation, synthesis or transport, thereby reducing grain QA content. The use of this technology will depend on whether its products are classified as genetically modified in the regulatory systems of different countries. In Australia, where the majority of the world’s lupin grain is produced, current legislation would class this as genetically modified, and CRISPR/Cas9 is therefore a less desirable approach for the improvement of lupin crops.

In stark contrast to most other crop species, lupins are only very recently domesticated and modern varieties have a narrow genetic base. The excellent genetic and genomic resources available for lupin now offer significant opportunities to ensure grain QA levels remain below the industry limit to improve the quality of this high protein grain legume.
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Transcriptome Analysis of a New Peanut Seed Coat Mutant for the Physiological Regulatory Mechanism Involved in Seed Coat Cracking and Pigmentation
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Seed-coat cracking and undesirable color of seed coat highly affects external appearance and commercial value of peanuts (Arachis hypogaea L.). With an objective to find genetic solution to the above problems, a peanut mutant with cracking and brown colored seed coat (testa) was identified from an EMS treated mutant population and designated as “peanut seed coat crack and brown color mutant line (pscb).” The seed coat weight of the mutant was almost twice of the wild type, and the germination time was significantly shorter than wild type. Further, the mutant had lower level of lignin, anthocyanin, proanthocyanidin content, and highly increased level of melanin content as compared to wild type. Using RNA-Seq, we examined the seed coat transcriptome in three stages of seed development in the wild type and the pscb mutant. The RNA-Seq analysis revealed presence of highly differentially expressed phenylpropanoid and flavonoid pathway genes in all the three seed development stages, especially at 40 days after flowering (DAF40). Also, the expression of polyphenol oxidases and peroxidase were found to be activated significantly especially in the late seed developmental stage. The genome-wide comparative study of the expression profiles revealed 62 differentially expressed genes common across all the three stages. By analyzing the expression patterns and the sequences of the common differentially expressed genes of the three stages, three candidate genes namely c36498_g1 (CCoAOMT1), c40902_g2 (kinesin), and c33560_g1 (MYB3) were identified responsible for seed-coat cracking and brown color phenotype. Therefore, this study not only provided candidate genes but also provided greater insights and molecular genetic control of peanut seed-coat cracking and color variation. The information generated in this study will facilitate further identification of causal gene and diagnostic markers for breeding improved peanut varieties with smooth and desirable seed coat color.

Keywords: peanut (Arachis hypogaea), seed-coat cracking, pigmentation, RNA-seq, flavonoid pathway

INTRODUCTION

A typical peanut (Arachis hypogaea L.) seed has three parts i.e., seed coat (also known as testa), embryo and endosperm. Seed coat is the outer protective layer of seed and one of its major role is to provide protection to embryo and endosperm from external factors such as infection of insects, bacteria, fungi and virus, mechanical injuries, and even desiccation of the seed. In legumes including peanut, the seed coat, and endosperm develop first, followed by the embryo (Weber et al., 2005). Rapid cotyledon growth sometimes may not adequately match the expansion of the seed coat leading to formation of cracks in seed coat (Agarwal and Menon, 1974). In other words, the seed-coat cracking (SC) results from the separation of epidermal (palisade cells) and hypodermal tissues leading to exposure of the underlying parenchyma tissues (Wolf and Baker, 1972). The most adverse effect of SC is that seeds become more vulnerable to storage problems and field microorganisms, leading to seed rotting or pre- and post-emergence damping under high humid conditions. Although the reason for the physical separation of palisade and hypodermal cells is not well-known, genetic and environmental factors have been implicated for SC in other crops such as soybean (Stewart and Wentz, 1930; Woodworth and Williams, 1938; Liu, 1949; Schlub and Schmitthenner, 1978; Duke et al., 1983, 1986) and watermelon (Hafez et al., 1981). The seed coat cracks in soybean were linked to physiological and ultimate structure of the cell wall (Kour et al., 2014).

Lignin is a complex and heterogeneous polymer that constitutes one of the major components of the secondary wall of xylem cells and fibers (Mellerowicz et al., 2001). Lignification confers not only the mechanical support and optimizes transport of water and solutes along vascular system but also protects against pathogens (Boerjan et al., 2003). Lignin is the second most abundant biological product in nature, and is formed by oxidative polymerization of three main constituents, namely monolignols p-coumaryl, coniferyl, and sinapyl alcohols through the phenylpropanoid pathway. Once incorporated in the lignin polymer, these precursors are known as p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) subunits, respectively (Anterola and Lewis, 2002; Boerjan et al., 2003). Lignins together with anthocyanins, flavonols and proanthocyanidins constitute the main group of plant phenylpropanoids (Fornalé et al., 2010).

The seed coat color varies in different species and genotypes and even at different seed developmental stages. Flavonoids are the major secondary metabolites influencing seed coat color in plants and represent a highly diverse group of plant aromatic secondary metabolites. The major forms of flavonoids include anthocyanins (red to purple pigments), flavonols (colorless to pale yellow pigments), and proanthocyanidins (PAs), also known as condensed tannins (colorless pigments that brown with oxidation). These flavonoids are present in varied proportions and quantity in different plant species, organs, developmental stages and environmental conditions. The PAs, oligomers of flavan-3-ol units, have received particular attention due to their abundance in seed coats (Dixon et al., 2005). The mechanism of seed coat pigmentation was well-studied in model plants such as Arabidopsis wherein the flavonols and proanthocyanidins derivatives were found responsible for the pigmentation pattern of seeds in addition to their involvement in a wide range of biological functions (Shirley et al., 1995). In the mature testa, flavonoids were detected in both the endothelium and the three crushed parenchymal layers just above the endothelium (Debeaujon et al., 2000). PAs have been shown to accumulate exclusively in the endothelium layer (Devic et al., 1999).

In recent years, several efforts were made for elucidating the flavonoid biosynthetic pathway from the molecular genetics point of view (Winkel-Shirley, 2001; Tanaka et al., 2008). Mutants affecting flavonoid synthesis were isolated in a variety of plant species based on alterations in flower and seed pigmentation. Recent studies conducted in Arabidopsis helped in developing some understanding on regulation and subcellular organization of the flavonoid pathway (Winkel-Shirley, 2001). The same study also indicated that the genetic loci for both structural and regulatory genes were scattered across the Arabidopsis genome and were identified largely on the basis of mutations that abolish or reduce pigmentation in the seed coat. The major functional and regulatory genes in flavonoid metabolism include PAL, C4H, 4CL, CHS(TT4), CHI(TT5), F3H(TT6), F3′H(TT7), DRF(TT3), ANS(LODX\TT18), LAR/LCR, BAN(ANR), TT12, TT19(GST), TT10, FLS, and AHA10 etc. (Chapple et al., 1994; Winkel-Shirley, 2001; Abrahams et al., 2003). Regulatory proteins controlling flavonoid biosynthesis were also characterized e.g., MYB–bHLH–WDR (MBW) complex was found to be involved in biosynthesis of PAs and anthocyanins (Baudry et al., 2006; Lepiniec et al., 2006) and the R2R3-MYBs PRODUCTION OF FLAVONOL GLYCOSIDE (PFG1/MYB12, PFG2/MYB11, and PFG3/MYB111) positively regulated flavonol biosynthesis in root and the aerial parts (Dubos et al., 2010; Stracke et al., 2010a,b), whereas single repeat small MYBs CAPRICE (CPC) or MYBL2 was found to be involved in negatively regulating anthocyanin synthesis (Dubos et al., 2008; Zhu et al., 2009).

In peanut, previous studies mainly focused on identifying the antioxidant of seed coat and the extraction pigments (Wang et al., 2007; Ballard et al., 2009; Zhang et al., 2013; de Camargo et al., 2014; Ma et al., 2014). These studies showed that peanut seed coat with different colors were composed of different pigment composition. However, none of the above mentioned studies provided any information on peanut seed-coat cracking and pigmentation mechanism. In this study, we first identified a spontaneous seed coat-cracking and seed color mutant from Zhonghua16, designated as “pscb,” and then employed RNA-seq approach to develop better understanding of the mechanism of seed coat-cracking and brown color development in seed coat of peanut.

MATERIALS AND METHODS

Plant Materials and RNA Isolation

The seed coat crack and brown testa mutant pscb was isolated from an ethyl methanesulfonate (EMS)-mutated population originated from an improved peanut cultivar, Zhonghua 16, with high yield and high oil content. All plants were planted in the experimental farm at the Oil Crops Research Institute (OCRI) in Wuhan.

The wild type (WT) and pscb mutant (M6 generation) were planted in the same field (Wuhan, China). Seed coat samples were taken at 20, 40, and 60 days after flowering (DAF) from 10 different plants in 2014. Twelve representative seeds were sampled from each seedling at each developmental stage of both the wild type and the mutant. Three biological replicates were designed. The testa separated from the sample seeds was sliced. The sliced WT and the pscb mutant testa samples were then frozen rapidly in liquid nitrogen and kept at −80°C, and were later used for extracting the RNA using the Tiangen RNA extraction kit (category number DP432).

Seed Water Uptake and Germination Assays

Seeds used for permeability study were harvested in 2014. For the WT and pscb materials, 30 seeds were tested with three replicates. The seeds were weighed, immersed in tap water for each specific time, removed from the water, blotted with cellulose tissue, weighed again, and kept again into the water. Seeds were weighed at the intervals of 30-min and 60-min during the first 8 h; at 60-min intervals during the last 6 h; and a final measurement at 24 h. The rate of water uptake was calculated by expressing it as weight increase (g) per gram seed weight (initial).

For the seed germination test, seeds were incubated in petri dishes (9 cm diameter) over two layers of medium-speed qualitative filter papers. A total of 20 seeds were placed in each petri dish and added 12 ml of sterile water. Complete experiment was performed in three replications. The seeds were incubated in a 25°C incubator with darkness. Germination was determined based on the radicle breaking through the seed coat. The germination percentage was calculated and recorded at different time points.

Tissue Preparation and Light Microscopy Observations

Peanut seeds were harvested at 20, 30, 40, 50, and 60 DAF and immediately were fixed for 24 h at 4°C in a fixation solution containing 5% acetic acid, 5% formaldehyde, and 50% ethanol. Following fixation, seeds were dehydrated at 60 min intervals through a 20% step-graded series of ethanol-water mixtures, and ended at 100% ethanol. Then, the seeds were processed at 60 min intervals through a 30% step-graded series of ethanol-TBA (tert-butyl alcohol) mixtures, and ended at 100% TBA. Seeds were subsequently infiltrated over a 24 h period with saturated paraffin-TBA mixtures, and then embedded for 48 h period in paraffin. Blocks were completely polymerized at 4°C. Semi-thin (5–8 μm thick) sections were cut with a microtome blade KD-P (Zhejiang Jinhua Kedi Instrumental Equipment CO., LTD, China) and viewed under a stereo microscope (SZX12, Olympus, Japan). Sections were stained with TBO and observed with a Nikon ECLIPSE TI-SR microscope (Nikon Instruments, Japan).

Quantification of Lignin, Anthocyanin, Proanthocyanidin, and Phytomelanin Content

The lignin content was analyzed following Kirk and Obst (1988) and Hoebler et al. (1989), and the extraction of anthocyanins was performed as per Pang et al. (2009). For PA analysis, 0.5–0.75 g of ground samples were extracted using extraction solution containing 5 mL of 70% acetone/0.5% acetic acid. The samples were vortexed and then sonicated at room temperature for 1 h. Following centrifugation at 2500 g for 10 min, the residues were re-extracted twice following the same above mentioned procedure. The pooled supernatants were then extracted three times using chloroform, once with hexane. The supernatants (containing soluble PAs) and residues (containing insoluble PAs) from each sample were freeze dried separately and were then suspended in extraction solution. Total soluble PA content was determined using Spectrophotometer after reaction with DMACA reagent (0.2% [w/v] DMACA in methanol-3 N HCl) at 640 nm, with (+)-catechin as standard.

For quantification of insoluble PAs, 2 mL of butanol-HCl (95:5, v/v) was added to the dried residues and the mixtures were sonicated at room temperature for 1 h, followed by centrifugation at 2500 g for 10 min. The absorption of the supernatants was measured at 550 nm. The samples were then boiled for 1 h and cooled to room temperature, and were measured again. The values were recorded by subtracting the first value from the second. Absorbance values were converted into PA equivalents using a standard curve generated with procyanidin B1 (Indofine). The extraction and characterization of phytomelanins of mature seeds were described in detail by Park et al. (2007). The phytomelanin pigments were extracted from 1 g seeds in 5 mL of 0.5 M NaOH for 1 h. The extracts were purified, and were diluted 20 times with 0.5 M NaOH, and the dilutions were subjected to absorbance measurement at 280 nm using an Ultrospec EPOCH (BioTek, China).

RNA-Seq, Data Processing, and Gene Annotation

According to the mutant seed coat color and crack phenotype, the WT and pscb mutant seed coat were harvested at DAF20, DAF40, and DAF60 followed by RNA sequencing using Illumina HiSeqTM2500 platform at the Novogene company (Beijing) in 2014. Briefly, 3 μg of the total RNA of each sample was used to enrich the mRNA and to construct cDNA libraries. High quality reads (clean reads) were obtained by removing low-quality reads with ambiguous nucleotides, and cutting the adaptor sequences. Transcripts were assembled using Trinity (Grabherr et al., 2011) while gene expression levels were calculated using RPKM (reads per kb per million reads) method of RSEM (Li and Dewey, 2011). Gene function was annotated based on multiple databases namely Nr (NCBI non-redundant protein sequences), Nt (NCBI non-redundant nucleotide sequences), Pfam (Protein family), KOG/COG (Clusters of Orthologous Groups of proteins), Swiss-Prot (A manually annotated and reviewed protein sequence database), KO (KEGG Ortholog database), and GO (Gene Ontology). The GO enrichment analysis of the differentially expressed genes (DEGs) was implemented by the GOseq R packages based Wallenius non-central hyper-geometric distribution (Young et al., 2010), which can adjust for gene length bias in DEGs. KOBAS (Mao et al., 2005) was used to perform KEGG pathway enrichment for the differential expression genes. Picard–tools (v1.41) and samtools (v0.1.18) were used to sort, remove duplicated reads and merge the bam alignment results of each sample.

qRT-PCR Analysis

The reverse transcriptions were performed using an Invitrogen SuperScript Reagent Kit. The primer was designed using the Oligo6 software. For RT-PCR, the SYBR® Premix ExTaq™ (TAKARA) was used on a Bio-Rad IQ5 real-time PCR detection system (Bio-Rad, Hercules, CA). Gene expression was analyzed for samples at 20, 40, and 60 DAF of WT and mutant. All reactions for each gene were performed in triplicate. The relative expression level of each gene among samples was calculated using the 2−ΔΔCt method with normalization to the internal reference actin gene. The parameters of thermal cycle were 95°C for 30 s, followed by 40 cycles of 95°C for 10 s and 50–56°C for 25 s at a volume of 20 μl.

RESULTS

Phenotypic Variation between Seed Coat of Wild and Mutant Genotypes

A peanut mutant with cracked and brown color seed coat named pscb was identified from a mutant population treated with 1.0% EMS in the background of an elite peanut cultivar Zhonghua16 (WT). In M3 generation, the ratio of pscb mutant and the normal plants was 1:3 (69 pscb and 206 normal). Although there was no difference in the seed coat of WT and the pscb mutant at the early stage, however, few tiny brown points appeared in the seed coat of the pscb mutant at the stage of DAF40 when the seed coat of WT turned pink gradually. Interestingly, the seed coat of pscb turned totally brown while the WT were still in pink at DAF60. It was observed that the seed coat developed cracks when plants reached their physiological maturity and seeds were fully developed. At stage DAF60, seed coat cracks became more evident and wide (Figure 1). It is important to mention that cracks only appeared in the outer layer of the seed coat and not in the inner integument (Figure 1). The seed coat cracks in mutant appeared in all the growing conditions (3 years in Wuhan and 3 years in Zhanjiang) in varied intensities i.e., from a minute or invisible crack to several wide cracks. We observed that the mature seed coat of pscb mutant was much thicker than the WT. In addition, the seed coat of pscb mutant had 190% higher fresh weight and 150% higher dry weight than that of WT.
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FIGURE 1. Phenotypic characterization of peanut seed coat development in pscb mutant and WT. (A) Phenotypic characterization of peanut seed coat development in pscb mutant and WT. (B) Fresh and dry weight of matured seed coat of pscb mutant and WT. ***Means significant differences.



The seed coat (testa) of higher plants protects the embryo against adverse environmental conditions including germination control through dormancy imposition and by limiting the detrimental activity of physical and biological agents during seed storage. We subsequently speculated that there may be significant differences between WT and pscb mutant in seed water uptake and germination. To test this hypothesis, the water uptake and germination experiments were carried out in the WT and the pscb mutant. After keeping seeds immersed in water for 0.5 h, the pscb mutant absorbed 11.19% of the seed dry weight water while it was only 7.87% in wild type. The water absorption in pscb mutant was recorded 14.75, 17.69, 21.16, 24.37, 27.75, 38.94, 42.32, 44.06, 54.12, 54.12, and 54.12% at time interval of 1, 1.5, 2, 2.5, 3.5, 4.5, 5.5, 6.5, 7.5, 18.5, 19.5, and 20.5 h, respectively. While at each paired time points, the water absorbed by the wild type was 1.58–6.43% lower than that in pscb mutant (Figure 2A). After absorption of enough water, the seeds of pscb mutant and wild type were transferred to a 25°C incubator. The germination rate of wild type was 29.40% as compared to only 15.4% observed in pscb mutant, the differences enlarged till 24 h and 36 h and then narrowed at 48 h. Till 60 h, all the seeds germinated (Figure 2B) and only the length of bacon differed between wild type and pscb mutant (Figure 2C), In other words, the results showed that the pscb mutant had faster water uptake efficiency and delayed germination compared to WT.
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FIGURE 2. Water uptake efficiency and germination in pscb mutant and WT. (A) Water uptake efficiency of pscb mutant and WT. (B) Germination time of pscb mutant and WT. (C) The radicals elongated faster in WT when compared with pscb mutant.



Estimation of Lignin, Anthocyanin, and Proanthocyanidin Contents

It is well-known fact that the seed crack is related to physiological and ultimate structure of the cell wall. Since the lignin in the early stages of peanut seed coat is extremely low in quantity to detect, we analyzed the lignin content of the mature seed coat of the pscb mutant and the WT. The results showed that the lignin content in pscb mutant was 40.2% less as compared to WT (from 19.38 to 7.79 mg/g FW; Figure 3A). The pscb mutant showed brown seed coat color from DAF40, indicating change in the seed coat pigments. Direct measurement of anthocyanins and PAs content confirmed significant difference between pscb mutant and WT seed coat extracts (Figures 3B,D). The anthocyanins content was obviously lower i.e., 9.9 μg/g FW in pscb mutant as compared to WT i.e., 231 μg/g FW (Figure 3B). To quantify PAs accumulation, we extracted soluble and insoluble (non-extractable) PAs separately. Soluble PAs content in WT was 0.415 μg/g FW whereas the level of soluble PAs in pscb mutant was almost undetectable i.e., mere 0.0076 μg/g FW (Figure 3C). Measurement of insoluble PAs based on butanol-HCl hydrolysis showed that pscb mutant had less non-extractable PAs (Figure 3D).
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FIGURE 3. The pscb mutant has decreased lignin, anthocyanin, and Proanthocyanidin content. (A) Lignin content of matured seed coat in pscb mutant and WT. (B) Anthocyanin levels from pscb mutant and WT matured seed coat. (C) Soluble PA levels of pscb mutant and WT seed coat. (D) In-soluble PA content from pscb mutant and WT matured seed coat. FW, Fresh weight. (E,F) Changes of proanthocyanidins and phenolic compounds during seed coat development of pscb mutant and WT. (e1–e5) Detection and localization of proanthocyanidin and phenolic compounds in seed coat development in pscb mutant. Bars = 500 μm. (f1–f5) Detection and localization of proanthocyanidin and phenolic compounds in seed coat development in WT. Bars = 500 μm. Black arrows, accumulation site for polymeric phenolic compounds. ***Means significant differences.



To determine the cellular distribution of polyphenol compounds in developing seeds of pscb mutant and WT seed coat, a histochemical analysis was performed in the seed coat harvested at different developmental stages. TBO (toluidine blue O) staining of transverse sections of developing seeds revealed that at early seed development stages (DAF20 and DAF30), staining was similar in pscb mutant and WT (Figures 3e-1, e-2, f-1, f-2). At 40DAF, WT stained more intensely than the pscb mutant in the outer layer of the testa, indicating that more polymeric phenolic compounds had accumulated in WT (Figures 3e-3, f-3). The distribution of polymeric phenolic compounds was significantly different at the two late seed development stages (Figures 3e-4, e-5, f-4, f-5).

Seed Coat Transcriptome Differences between pscb Mutant and WT during Seed Coat Development

In order to understand the mechanism of seed coat development, we selected RNA samples of seed coat from three seed developmental stages i.e., DAF20, DAF40, and DAF60 showing different seed coat phenotype to perform the transcriptome analysis. The sequence data was deposited in the BioProject database of National Center for Biotechnology Information under the accession number PRJNA324725. One of the primary goals of transcriptome sequencing was to compare the gene expression levels in pscb mutant and WT. In this study, we used a stringent value of FDR ≤0.001 and fold change ≥2 as the threshold to judge the significant differences in the gene expression. A total of 5726 genes were found differently expressed between pscb mutant and WT (Table S1). Of these, 255 genes expressed at DAF20, 5443 genes at DAF40, and 341 genes at DAF60 (Figure 4). At DAF20, the number of up-regulated genes was more than the down-regulated genes (165:90). At DAF40, there was not much difference in the number of up-regulated and the down-regulated genes (2544:2899). At DAF60, the number of up-regulated genes was half of the number of the down-regulated genes (110:231). It was important to note that the number of DEGs increased significantly at the stage of DAF40, which was the vigorous growth stage during seed development (Figure 4).
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FIGURE 4. Number of DEGs between pscb mutant and WT at DAF20, DAF40, and DAF60.



To gain insights into the functional categories that were altered between pscb and WT (Zhonghua16), GO categories were assigned to the DEGs. Further, GO enrichment analysis of the DEGs in different developmental stages between the pscb mutant and WT (Zhonghua16) was performed for different developmental stages. Interestingly, no GO terms were enriched at DAF20, however, several significantly enriched terms in the biological process, molecular function, and cellular component categories were identified at DAF40 and DAF60 (Table 1). ADP binding (GO: 0043531), structural constituent of cell wall (GO: 0005199), plant-type cell wall organization or biogenesis (GO: 0071669), plant-type cell wall organization (GO: 0009664), and external encapsulating structure organization (GO: 0045229) were dominant terms at DAF60 in comparisons to DAF40. At DAF40, seed coat gets brown phenotype in the pscb mutant, indicating the difference between cell wall organizations might play an important role in the phenotype differentiation. At the DAF60, the main GO terms were related to fatty acid synthase and oxidoreductase activity (Table 1), including 3-oxoacyl-[acyl-carrier-protein] synthase activity (GO: 0004315), fatty acid synthase activity (GO: 0004312), fatty acid synthase complex (GO: 0005835), transferase activity, transferring acyl groups other than amino-acyl groups (GO: 0016747) etc. KEGG pathway analysis assigned the differential genes to 37, 287, and 46 metabolic pathways in three different developmental stages of pscb and Zhonghua 16. The complete list of metabolic pathways is provided in Table S2. Table 2 lists the metabolic/biological pathways in common of pscb compared with WT. Notably, among the 16 common KEGGs, 6 were involved in Tyrosine, Tryptophan, and Phenylalanine metabolism (Table 2).


Table 1. Functional categorization of genes with significant transcriptional differences between pscb mutant and WT.
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Table 2. KEGG pathways in common of pscb mutant compared with WT at DAF20, DAF40, and DAF60.
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Verification of Differentially Expressed Genes during Seed Coat Development in pscb Mutant and WT

Transcriptional regulation revealed by RNA-seq data was confirmed in a biologically independent experiment using the quantitative reverse transcription PCR. A total of 17 genes related to cell wall organization were selected to design gene-specific primers (Table S3) for real time PCR analysis (Figure 5). A linear regression analysis showed an overall correlation coefficient of R = 0.622, which indicated a good correlation between transcript abundance assayed by real-time PCR and the transcription profile revealed by RNA-seq data (Figure 5B).
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FIGURE 5. qRT-PCR validation of differential expression. (A) Transcript levels of 17 genes, which were involved in plant cell wall organization (B) Comparison between the gene expression ratios obtained from RNA-seq data and qRT-PCR. The RNA-seq log2 value of the expression ratio (y-axis) has been plotted against the developmental stages (x-axis).



The pscb Mutant Seed Coat Accumulates Phytomelanin Through Higher Level of Polyphenol Oxidases and Peroxidase Expression

Various methods were used to solubilize and characterize the molecule(s) imparting the seed coat color that contribute to the brown pigmentation in pscb mutant seed. Compounds comprised of anthocyanins and proanthocyanidin were eliminated as candidates since their contents in pscb mutant were much lower than WT. Both bleach and peroxide were capable of removing the brown testa color of the pscb mutant seed coat. The intransigent nature of the dark compound, particularly its stability under acid hydrolysis and its susceptibility to the two treatments mentioned above, were reported as hallmarks of melanin, a class of chemically resistant phenolic polymers.

WT and pscb seed coat, when hydrolyzed with NaOH, produced little or no precipitate when the hydrolysates were subsequently acidified to pH 2. Contrasted with hydrolysates, both the pscb and WT seed coat produced abundant precipitates upon acidification. Furthermore, the precipitates could be resolubilized in NaOH or in dimethyl sulfoxide (DMSO), consistent with the hypothesis that the black pigment was melanic in nature, means both the WT and pscb seed coat had melanin constituents. The melanin content in pscb was 64.3 mg/g FW as compared to WT i.e., 27.6 mg/g FW (Figure 6A). Among the DEGs of three different stages of pscb and WT, there were nine polyphenol oxidases (PPOD) (Figure 6B, Table S4) and 24 peroxidases (POD) (Figure 6C, Figure S2, Table S4) obviously increased during the late developmental stages especially at DAF60 when compared with the WT. Most of the PPOD and POD showed different expression patterns among the developing process between pscb mutant and WT. In the pscb mutant, these genes had higher expression level during the seed coat development, while these genes either declined or remained stable in WT.
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FIGURE 6. The pscb mutant testa accumulates phytomelanin through higher level of peroxidase and polyphenol oxidase expression. (A) Phytomelanin contents in pscb mutant and WT matured seed coat. The phytomelanin content was expressed as the mg g-1 fresh weight of seed coat. (B) Heatmaps represent the expression level of nine peroxidases in pscb mutant and WT seed coat of DAF20, DAF40, and DAF60. (C) Heatmaps represent the expression level of 24 polyphenol oxidase in pscb mutant and WT seed coat of DAF20, DAF40, and DAF60.The gene expression was scaled using Z-score of FPKM in the heatmap.



Transcriptional Regulation of ABA and Ethylene Signal Transduction Related Genes during Peanut Seed Coat Development

The KEGG analysis of the RNA-seq data indicated significant change in the expression of ABA and ethylene signal transduction related genes in peanut seed coat, especially the genes of ABA signal transduction pathways. Previous study showed that ABA and ethylene in the maturation process play important roles, and between them there was a very close interaction. To better understand the transcriptional regulation of ABA and ethylene-related genes in peanut seed coat development, genes related to ABA and ethylene signal transduction were analyzed in the three different developing stages of WT and pscb mutant seed coat. At the early developing stage (DAF20), there was no DEG related to ABA and ethylene signal transduction. However, at DAF40, there were 13 DEGs in the ABA signal transduction between the pscb mutant and WT, including seven PYR/PYL family abscisic acid receptors (down-regulated), five PP2C (three down-regulated and two up-regulated), and two SnRK2 proteins (one up-regulated and one down regulated) (Table S5), showing that the ABA signal transduction was weakened in the mutant. The analysis of ethylene transduction related genes revealed a differential regulation between pscb mutant and wild type. The overall expression patterns of the genes in ethylene signal transduction were almost the same which were increased or kept invariant in WT and down-regulated in pscb mutant (Table S5). Such as ethylene-responsive transcription factor 1 (c31399_g2), the expression level stabilized around 2 (2.68, 1.96, 2.51) FPRK in WT of three stages, while in pscb mutant, declined from 1.32 to 0.12 FPRK.

Candidate Genes Related to Peanut Crack and Brown Seed Coat in pscb

In order to identify candidate genes controlling seed-coat cracking and seed color, we analyzed common DEGs between WT and pscb mutant from the three different developmental stages. The above analysis resulted in identification of 62 unigenes in WT and pscb mutant (Figure S1, Table S6). Among the common DEGs, we found three putative candidate genes (c36498_g1:CCoAOMT1, c40902_g2:kinesin, and c33560_g1:MYB3), which were significantly down-regulated in the pscb (Table S6). In the seed coat of wild type, the FPRK value of c36498_g1 gene decreased from 10.96 (DAF20) to 3.38 (DAF40) and then to 8.59. In case of the pscb mutant, the FPRK value of c36498_g1 gene declined from 0.58 (DAF20) to 0.24 (DAF40) and then to 0.03 (DAF60). The expression of c40902_g2 gene in WT went up gradually from 5.31 (DAF20) to 7.29 (DAF40) and then 18.04 (DAF60). In contrast, the expression level of c40902_g2 in pscb mutant went down from 0.38 (DAF20) to 0.34 (DAF40) and then to 0.17 (DAF60). Very few reads of c33560_g1 gene were detected in pscb mutant, the FPRK were 0.08 (DAF20), 0.07 (DAF40), and 0 (DAF60), while in case of wild type, the FPRK value changed from 5.00 (DAF20) to 2.67 (DAF40) and then 2.77 (DAF60). C36498_g1 was a caffeoyl-CoA O-methyltransferase which was reported in Phenylalanine metabolism. The CCoAOMT1 gene from maize, medicago, jute, poplar, Zinnia elegans, Arabidopsis, and loblolly pine were involved in lignin biosynthesis and cell wall organization (Ye et al., 1994, 2001; Ye and Varner, 1995; Goujon et al., 2003; Zhou et al., 2010; Wagner et al., 2011; Li et al., 2013; Zhang et al., 2014). C40902_g2 encode a kinesin-4-like protein, and kinesin protein were reported functioned in cell wall organization (Zhong et al., 2002; Zhang et al., 2010; Fujikura et al., 2014; Kong et al., 2015). c33560_g1 was an R2R3-Myb transcription factor encoding gene. Previous studies showed R2R3-Myb factor worked combined with other transcription factors together to regulate flavonoids and phenylalanine metabolism further regulate the proanthocyanidin biosynthesis (Baudry et al., 2006; Quattrocchio et al., 2006). These genes that might lead to the brown seed color and crack seed coat phenotype need to be confirmed in further functional genomics studies.

DISCUSSION

The conventional understanding of the role of the seed coat is that it provides a protective layer for the developing zygote. It also acts as channel for transmitting environmental cues to the interior of the seed which helps seed to adjust its metabolism in response to changes in its external environment (Radchuk and Borisjuk, 2014). In peanut, flavonoid, and phenylpropanoid biosynthesis pathways were reported to be related with aflatoxin resistance (Garcia et al., 2013; Wang et al., 2016). Therefore, the research on seed coat cracking and pigmentation/color will not only help in understanding and improving the peanut seed quality, it will also help in understanding the genetic control for few seed borne diseases such as aflatoxin contamination. In the present study, RNA-seq was used to investigate the differences in the transcriptome between the three different stages of pscb mutant and its WT. Thousands of genes that were differently regulated during the three stages of seed coat development were identified by transcriptomic profiling.

Seed Coat Pigmentation was Redirected in pscb Mutant between Anthocyanin, Proanthocyanidin, Melanin, and Lignin

Flavonoids are the secondary metabolites that accumulate in plants and promote seed and pollen dispersal by contributing to color formation in fruits and flowers (Winkel-Shirley, 2001). Previously, researchers showed that epicatechin derivatives (Marinova et al., 2007; Zhao and Dixon, 2009) and a PA monomer (Holton and Cornish, 1995; Grotewold, 2006) are important flavonols in the synthesis of the seed coat of Arabidopsis and Medicago. Originally when we first observed the pscb mutant, we thought the pigmentation must be markedly enhanced when compared with WT for the sight of deeper color. However, compounds comprised of anthocyanins and lignins were eliminated as candidates, in contrast the production of anthocyanins and proanthocyanidins was reduced in the pscb mutant seed coats. We noticed that both bleach and peroxide were capable of removing the dark testa color of the pscb mutant seed and the dark compound was stable under acid hydrolysis, these features were reported as hallmarks of melanin (Fogarty and Tobin, 1996; Sava et al., 2001), a class of chemically resistant phenolic polymers. Melanin, was reported as black pigments, especially in the seed coat of composite, morning glory and many oilseed Brassica species (Park et al., 2007; Park and Hoshino, 2012; Yu, 2013). Surprisingly, the melanin content in the pscb mutant was more than twice as compared to WT. The seed coat crack and brown color might be contributing for the inhibition of flavonoid and lignin metabolism pathway, and the accumulation of the upper component of the aromatic amino acid converted to be melanin and compensating for the disadvantages of the lower anthocyanin and proanthocyanidin content.

Potential Mechanisms Underlying Seed Coat Color and Crack in Peanut

Flavonoids are plant secondary metabolites derived from the phenylpropanoid pathway. The flavonoid pathway in Arabidopsis has been characterized mainly using the mutants. Twenty-three genes have already been identified at the molecular level corresponding to several enzymes (CHS, CHI, F3H, F3'H, DFR, LDOX, FLS, ANR, LACCASE), transports (TT12, TT19, AHA10), and regulatory factors (TT1, TT2, TT8, TT16, TTG1, TTG2, PAP1, GL3, ANL2, FUSCA3, KAN4) (Baxter et al., 2005; Li et al., 2010). The transcriptome data generated in this study showed that the F3H, F3′H, DFR, and ANR were suppressed in the stage of DAF40. These results suggested that DAF 40 was the key growth stage for the anthocyanins and proanthocyanidins accumulation. Further, F3H, F3′H, DFR, and ANR are the key genes underlying differences in seed coat pigmentation in pscb mutant and WT.

Melanin production resulting in black pigmentation proceeds by one of two pathways in plants. The first leads to compounds of the allomelanin variety deviating in the shikimic acid pathway at β-coumarate before the flavonoids (Goodwin and Mercer, 1983). The second produces eumelanin from Tyr via oxidation of DL-dioxy-Phe and is divorced from the shikimate pathway altogether. Polymerization of melanic compounds produces peroxide (Blois, 1978) and trapped free radicals that should lead to an up-regulation of PRX activity and an EPR signal, respectively. The transcriptome analysis revealed that many structural genes which are involved in the phenylalanine metabolism were found down-regulated in the pscb mutant (Figure 7) in addition to decrease of the lignin, anthocyanin, and proanthocyanidin content. In contrast, there were also nine polyphenol oxidases and 24 peroxidases obviously increased at the late developmental stages especially at DAF60 when compared with the WT.
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FIGURE 7. Phenylalanine metabolism was down-regulated in pscb mutant seed coat. PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate-CoA ligase; CCR, cinnamoyl-CoA reductase; CAD, cinnamyl alcohol dehydrogenase; HCT, hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl transferase; C3H, 4-coumarate 3-hydroxylase; COMT, caffeic acid o-methyltransferase; CCoAOMT, caffeoyl-CoA o-methyltransferase; F5H, ferulate-5-hydroxylase. CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3′H, flavonoid 3′-hydroxylase; FLS, flavonol synthase; UGTs, UDP sugar glycosyltransferases; DFR, dihydroflavonol reductase.



It has already been reported that the down regulation of C3H, 4CL1, F5H, or COMT enzymes in A. thaliana affects the final lignin composition (Chapple et al., 1994; Lee et al., 1997; Meyer et al., 1998; Franke et al., 2002; Goujon et al., 2003). The repression of this set of genes in transgenic plant leads to a 70% reduction in the total lignin content and resulted in severe phenotypic effects. We recently described that the lignin content in the pscb mutant decreased by 60%, this strong reduction in lignin content can be related with the down regulation of genes involved in lignin synthesis pathway such as CAD, F5H, or COMT. The above results indicate that the synthesis mechanism of lignin in peanut is similar to other plants.

Previous study hold the idea that lignin is related to PA due to common steps in the phenylpropanoid pathway. The low lignin is found strongly associated with the unpigmented seed coat trait as lignin is usually accumulated within the cell wall whereas PA is usually accumulated in endoplasmic reticulum vesicles or in the plant vacuole. Lignin variability may influence seed coat pigment extractability, owing to the position of the highly lignified palisade cells adjacent to the inner integument in the seed coat, where pigment is initially deposited (Marles and Gruber, 2004). Here, our result showed that the anthocyanins, proanthocyanidins, and the lignin content were reduced while the melanin content was enhanced, indicating new regulation mechanism may exist in peanut seed coat.

Regulation Mechanisms Underlying the Biosynthesis of Seed Coat Pigment in Peanut

Plant hormone and transcription factors play an important role in plant seed development. Through the analysis of the RNA-seq data, we found that hormone-related genes in the pscb mutant seed coat during seed development changed greatly when compared with WT especially the ABA and ethylene signal transduction pathway. Plant hormone ABA has been suggested to play a role in fruit anthocyanin biosynthesis (Shen et al., 2014; Li et al., 2015). Our transcriptome data showed that all the seven ABA receptor PYR/PYL genes, which presented in the KEGG “plant hormone signal transduction,” were obviously down regulated in the pscb mutant indicating the ABA signal transduction might be strongly suppressed in the mutant leading to the lower anthocyanin and proanthocyanidin content. Ethylene is required for the onset of accumulation of anthocyanins (Chervin et al., 2004). In this study, one ETR1, three EBF1, two EIN3, and two ERF1 involved in ethylene signal transduction were down regulated at DAF40 in pscb mutant. Further, the three EBF1 and two ERF1 were also down-regulated in the stage of DAF60, which strongly demonstrate that the ethylene signaling was suppressed in the mutant. MYB transcription factors have been well-reported in the regulation of plant pigmentation in different species (Appelhagen et al., 2011; Liu et al., 2014; An et al., 2015; Cavallini et al., 2015; Yoshida et al., 2015). Through analysis of the common DEGs of the three different stages, we identified a R2R3-MYB transcription factor (c33560_g1), with extremely low expression in the stages of DAF20 and DAF40 and none expression in the late stage of DAF60 in pscb mutant. By blasting the protein sequence of c33560_g1 in The Arabidopsis Information Resource (TAIR), AT1G22640 (MYB3) showed the highest similarity, while AT1G22640 was reported as an MYB-type transcription factor (MYB3) that represses phenylpropanoid biosynthesis gene expression (Rowan et al., 2009). The MdMYB3, the homolog in apple, was similarly identified as regulator of anthocyanin biosynthesis and flower development (Vimolmangkang et al., 2013), indicating the potential function of c33560_g1 in peanut seed coat pigmentation.

In the present study, the ABA pathway, ethylene pathway, and the R2R3-MYB transcription factor (c33560_g1) were all different between pscb mutant and WT and were selected as important candidate for the format of the cracking and brown seed coat phenotype. We hypothesize that the R2R3-MYB transcription factor (c33560_g1), ABA and ethylene signaling pathways interact cooperatively to suppress the anthocyanin, proanthocyanidin, and lignin synthesis related pathways' genes to influence the anthocyanin, proanthocyanidin and lignin level. Simultaneously, the enhanced expression of POD and PPOD encoding genes further regulate seed coat pigmentation (Figure 8). The above does not prove the interaction relationship of the three factors responsible for seed-coat cracking and brown seed color trait of pscb mutant and requires further detailed study.
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FIGURE 8. Summary of some biological pathways involved in peanut seed coat pigmentation and crack formation. Red boxes indicate genes/proteins that were upregulated in pscb mutant compared with WT; green boxes indicate genes/proteins that were downregulated in pscb mutant compared with WT, 1-aminocyclopropane-1-carboxylate oxidase; ETR, ethylene receptor; EBF, EIN3-binding F-box protein; ERF1, ethylene-responsive transcription factor; PYR/PYL, abscisic acid receptor; PP2C, protein phosphatase 2C; SnRK2, serine/threonine-protein kinase SRK2; POD, peroxidase; PPOD, polyphenol oxidase; IR, interaction.
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Although the Early Soybean Production System (ESPS) in the Midsouthern USA increased seed yield under irrigated and non-irrigated conditions, heat stress and drought still lead to poor seed quality in heat sensitive soybean cultivars. Our breeding goal was to identify breeding lines that possess high germination, nutritional quality, and yield potential under high heat and dryland production conditions. Our hypothesis was that breeding lines derived from exotic germplasm might possess physiological and genetic traits allowing for higher seed germinability under high heat conditions. In a 2-year field experiment, breeding lines derived from exotic soybean accessions, previously selected for adaptability to the ESPS in maturity groups (MG) III and IV, were grown under non-irrigated conditions. Results showed that three exotic breeding lines had consistently superior germination across 2 years. These lines had a mean germination percentage of >80%. Two (25-1-1-4-1-1 and 34-3-1-2-4-1) out of the three lines with ≥80% germination in both years maintained high seed protein, oleic acid, N, P, K, B, Cu, and Mo in both years. Significant (P < 0.05) positive correlations were found between germination and oleic acid and with K and Cu in both years. Significant negative correlations were found between germination and linoleic acid, Ca, and hard seed in both years. There were positive correlations between germination and N, P, B, Mo, and palmitic acid only in 2013. A negative correlation was found between germination and green seed damage and linolenic acid in 2013 only. Seed wrinkling was significantly negatively correlated with germination in 2012 only. A lower content of Ca in the seed of high germinability genotypes may explain the lower rates of hard seed in those lines, which could lead to higher germination. Many of the differences in yield, germination, diseases, and seed composition between years are likely due to heat and rainfall differences between years. The results also showed the potential roles of seed minerals, especially K, Ca, B, Cu, and Mo, in maintaining high seed quality. The knowledge gained from this research will help breeders to select for soybean with high seed nutritional qualities and high germinability.

Keywords: soybean nutrition, seed composition, mineral nutrition, seed protein, seed oil, germination, seed diseases

INTRODUCTION

The development of the Early Soybean Production System (ESPS) in the Midsouthern resulted in higher yield under irrigated and non-irrigated conditions (Heatherly, 1999). However, high heat and drought in the ESPS are still major environmental stress factors, resulting in poor seed quality (Mengistu and Heatherly, 2006; Smith et al., 2008; Mengistu et al., 2009, 2010) and yield reduction for heat sensitive soybeans, especially under dryland conditions. In addition, early-maturing cultivars grown in the Midsouth USA are often exposed to higher temperature, rainfall, and relative humidity, resulting in high seed infection (TeKrony et al., 1980, 1984) from pathogens such as Phomopsis spp. (Kmetz et al., 1974, 1978, 1979), reduction of seed quality (low viability, moldy seed, and reduced emergence; Kmetz et al., 1978; TeKrony et al., 1980), and lower market grade and reduced quality of meal and oil (Hepperly and Sinclair, 1978).

Previous research showed that high temperature and high humidity promote the development of seed with substandard germination and poor seed quality due to diseases such as Phomopsis longicolla Hobbs (Thomison et al., 1990; Tekrony et al., 1996; Mengistu and Heatherly, 2006), seed coat wrinkling (Franca-Neto et al., 1988); seed coat shriveling (Franca-Neto et al., 1993; Spears et al., 1997), weathering (Keith and Delouche, 1999), and hard seed (impermeable seed coat; Gibson and Mullen, 1996; Spears et al., 1997; Kebede et al., 2014). Identifying soybean lines with heat-tolerance under dryland conditions could be an effective way to further optimize seed yield and maintain high seed quality (viability, germination, vigor, and composition).

Germinability (germination and vigor) is an important trait for seed producers, and seed composition (seed protein, oil, fatty acids, and mineral nutrition) is important for seed consumers. For example, in Mississippi the minimum germination rate required for certified seed is 80%, and seed lots with less than a 60% germination rate are illegal to sell (Keith and Delouche, 1999). High germination is essential for adequate stand establishment and successful crop production. Previous research reported that the ancestors of modern soybean cultivars in the USA lack high germinability (Smith et al., 2008). Without the introgression of new genetic diversity from exotic germplasm into the breeding gene pool used by commercial seed companies, the new cultivars of the future may also lack high germinability. Smith et al. (2008) identified soybean germplasm accessions with high seed germinability for seed produced under high temperature environments in the ESPS of the Midsouthern USA. They reported that 63 accessions were identified as having a mean standard field germination of ≥90% as well as < 10% hard seededness, P. longicolla infection and wrinkled seed coat. They were able to identify genotypes with seed traits that can be used in a breeding program to develop cultivars with high seed germinability for use under high temperature production environments such as in ESPS. Salmeron et al. (2014) studied maturity group choices for early and late planting dates under Midsouthern environments using eight locations in 2012 and 10 locations in 2013, four planting dates and 16 cultivars of maturity MG III through VI. They showed that MG IV and V cultivars had higher average yield in early-planting systems, but late MG III to late MG IV cultivars had higher yield in late-planting. It was explained that the main characteristic of the better yielders, for example MG IV cultivars, was that the cultivars were more stable across different environments for early and late planting, and that there was a reduced risk for low yield (Salmeron et al., 2014).

Seed composition is another critical quality trait because soybean seed is a major source of protein and oil (saturated fatty acids such as palmitic and stearic, and unsaturated fatty acids such as oleic, linoleic, and linolenic; Wilson, 2004). Also, soybean seed contains macro- and micro-minerals (Sale and Campbell, 1980; Bellaloui et al., 2015). Comparative studies of soybean seed quality among producing countries showed that US soybeans and soybean meal have lower protein contents than Brazil but higher protein than Argentina (Karr-Lilienthal et al., 2004; Thakur and Hurburgh, 2007), affecting the global competitive market of US soybean. On the other hand, US soybeans had the highest concentration of total essential amino acids, making US soybeans superior in protein quality compared to Brazilian and Chinese cultivars (Grieshop and Fahey, 2001; Karr-Lilienthal et al., 2004; Oltmans-Deardorff et al., 2013). A study of 105 soybean genotypes indicated that US cultivars had on average 41.3% protein and 19.9% oil content on the seed dry mass; however, Japanese and South Korean cultivars contained on average 44.5% protein and 18.1% oil (Shi et al., 2010). This difference is due to different genetic backgrounds (Shi et al., 2010), water availability (Rotundo and Westgate, 2009; Rotundo et al., 2014), temperature (Dornbos and Mullen, 1992; Piper and Boote, 1999; Bellaloui et al., 2009a), and soil fertility (Nakasathien et al., 2000; Ray et al., 2006; Bellaloui et al., 2009b). Therefore, improvement of soybean seed composition for protein and oil content has been critical for almost a decade (Durham, 2003). To address soybean seed composition quality, the United Soybean Board initiated the Better Bean Initiative (BBI) and its Technology Utilization Center (TUC) to improve soybean composition and to keep U.S. soybeans competitive in the world market.

One of the goals of the Better Bean Initiative, launched in 2000, was to modify the ratios of fatty acids (high oleic and low linolenic) in oil processing because high oleic and low linolenic acids contribute to the oxidative stability of the oil and improved shelf-life. It was suggested that the most desirable phenotype for soybean oil is <7% saturates (palmitic and stearic acids), >55% oleic acid, and <3% linolenic acid (Lee et al., 2009). These oils would have multiple uses as edible and processed oils (Wilson, 2004). Therefore, it is useful and critical to soybean breeders to have information on the fatty acid composition of new soybean lines.

To date, little has been done on developing high heat tolerant soybean genotypes with high seed quality characteristics under high heat, high humidity, and drought environments such as in the ESPS in the Midsouthern USA. Therefore, the objective of the current research was to evaluate previously developed breeding lines derived from exotic germplasm for yield, geminability, and seed nutritional value under the production environment of the ESPS without relying on irrigation. Further, we wanted to investigate possible physiological, genotypic, and environmental factors contributing to high germinability under dryland production.

MATERIALS AND METHODS

Description of Experimental Breeding Lines

The seven breeding lines and nine check cultivars evaluated in this study are shown in Table 1. Breeding lines 04025-41, 25-1-1-4-1-1, and 34-3-1-2-4-1 were derived from PI 587982A, which was identified by Smith et al. (2008) to have high germinability. The other parent for each of the above three lines was DT98-9102, DT98-9102, and DT97-4290 (Paris et al., 2006), respectively. Breeding line 24-2-1-2-1-2 was derived from DT98-9102 × PI 603756. The latter PI was also identified by Smith et al. (2008) as having high germinability. Each of the above breeding lines is considered to have 50% exotic parentage. Breeding lines LG03-4561-14 and LG03-4561-19 are sister lines from the same F2 plant developed by R.L. Nelson and adaptively selected by J.R. Smith for the ESPS. These two lines have 19% exotic parentage derived from PIs 68508 and 445837. Their immediate parents are LG99-5106 and LG97-9226. Breeding line LG04-1459-6 is derived from S32-Z3 × LG00-3056, but has 25% exotic parentage from PIs 361064, 407710, 189930, and 68600. Two public cultivars from Illinois were included in the study; Dwight (Nickell et al., 1998) and LD00-3309 (Diers et al., 2006). Five commercial cultivars (AG3803, AG3905, AG4403, AG4903, and AG5606) developed by the Monsanto Corporation were included, along with one cultivar developed by Hornbeck Seed Company (C4926) and one cultivar developed by Delta King seed company (DK4866). The genotypes used here were categorized into three groups: (1) breeding lines derived from exotic parental accessions and previously identified to have high germinability under irrigation in the ESPS (04025-41, 25-1-1-4-1-1, 34-3-1-2-4-1, and 24-2-1-2-1-2; all 50% exotic); (2) cultivars (checks); and (3) breeding lines derived from exotic parental accessions and previously identified to have high yield potential under irrigation in the ESPS [(LG03-4561-14 and LG03-4561-19, 19% exotic); (LG04-1459-6, 25% exotic)].


Table 1. The 16 soybean genotypes grown under dryland conditions in a 2-year field experiment.
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Field Management and Growth Conditions

The experiments were machine planted on 13 April 2012 and 30 April 2013 at the Jamie Whitten Delta States Research Center in Stoneville, MS, USA. The experimental design in each year was a randomized complete block design with three replications. Experimental units were 4-row plots with a 0.91 m row spacing. Plots were 5.79 m long at planting, but end trimmed to 4.88 m long after R1 (beginning bloom; all reproductive stages according to Fehr and Caviness, 1977) and before R6 (full seed-fill). The middle two rows of each plot were harvested with a small plot combine shortly after R8 (full maturity) and weighed as an estimate of seed yield based on 9% moisture. All estimates of seed characteristics (composition, damage, disease, and germinability) were made on this seed for each plot. A field design was implemented so that all plots were accessible for direct combine harvest whenever they were ready for harvest. As such, even though the maturity groups (MG) ranged from II to V, all plots were timely harvested by the combine as they matured. That is to say, the experiment was not harvested as a group of plots after the last plot matured, but rather over an extended period shortly after each plot arrived at harvest maturity. Timely harvest of each plot was implemented to reduce any potential effect of seed weathering bias. All plots were grown under dry land conditions, with no supplemental irrigation to relieve any drought stress.

Beginning bloom (R1) and full maturity (R8) were recorded for each plot. After R8 and before harvest, plant height and lodging were recorded. Size of harvested seed was estimated as g per 100 seed.

Soil Minerals, N, S, and C Analysis

Nutrients in the soil were analyzed at the University of Georgia's Soil, Plant, and Water Laboratory in Athens, GA. Concentrations of minerals were analyzed on a 5 g soil: 20 ml Mehlich-1 solution and the concentrations were determined using inductively coupled plasma spectrometry (Thermo Jarrell-Ash Model 61E ICP and Thermo Jarrell-Ash Autosampler 300). Soil N, S, and C were determined based on the Pregl-Dumas method (Dumas, 1831; Holmes, 1963; Childs and Henner, 1970) using a C/N/S elemental analyzer having thermal conductivity cells (LECOCNS-2000 elemental analyzer, LECO Corporation, St. Joseph, MI, USA). Briefly, a 0.25 g sample of soil was combusted in an oxygen atmosphere at 1350°C, converting elemental N, S, and C into N2, SO2, and CO2. The gases were then passed through infrared cells and N, S, and C were determined by the elemental analyzer. Average composite random soil samples (four random composite samples across the field), taken at the beginning of the vegetative stage, showed no nutrient deficiency in the soil. The soil texture (clay soil) was in percentage (%) sand = 18, silt = 33.6, and clay = 48.4 with C = 1.4%, N = 0.14%, and organic matter = 1.9%. Nutrient contents were (mg/kg) B = 2.9, Cu = 15.2, Zn = 68.7; and (g/kg) Ca = 5.4, Fe = 21.3, K = 2.7, Mg = 3.5, P = 0.35, and S = 0.21. Leaf analyses did not show any nutrient deficiency (data not shown).

Seed Minerals, N, S, and C Analysis

In all seed analyses, dried seed samples were ground to pass through a 1 mm sieve using a Laboratory Mill 3600 (Perten, Springfield, IL, USA) and ground dried samples were used for analysis. The grinding of all samples in this study was performed under room temperature conditions. Nutrient contents in samples were determined by digesting a 0.6 g ground sample in HNO3 in a microwave digestion system and nutrients were estimated using inductively coupled plasma spectrometry (Thermo Jarrell-Ash Model 61E ICP and Thermo Jarrell-Ash Autosampler 300; Bellaloui et al., 2011, 2014). Measurements of N, C, and S were conducted on a 0.25 g sample. The samples were combusted, and the percentages of C, N, and S were determined using the C/N/S elemental analyzer (Bellaloui et al., 2011, 2014).

Seed Analysis for Protein, Oil, and Fatty Acids

Dried seed samples were ground to pass through a 1 mm sieve using a Laboratory Mill 3600 (Perten, Springfield, IL, USA) as described above. Protein, oil, and fatty acids in mature seeds were analyzed according to the detailed methods reported by Bellaloui et al. (2009a, 2010, 2014). Briefly, a 25 g ground sample was analyzed for protein, oil, and fatty acids by near infrared reflectance (Wilcox and Shibles, 2001; Bellaloui et al., 2009a, 2010) using a diode array feed analyzer AD 7200 (Perten, Springfield, IL, USA). The calibration equation was developed by the University of Minnesota using Perten's Thermo Galactic Grams PLS IQ software using conventional chemical protocols with AOAC methods (AOAC, 1990a,b). Protein and oil were expressed on a dry weight basis (Wilcox and Shibles, 2001; Boydak et al., 2002; Bellaloui et al., 2010, 2014). Fatty acid contents (palmitic, stearic, oleic, linoleic, and linolenic acids) were determined on an oil basis (Bellaloui et al., 2009a, 2014).

Boron Determination

The concentration of boron in seeds were measured using the azomethine-H method described by Lohse (1982) and Dordas et al. (2007). Briefly, seed samples were ground to pass through a 1 mm sieve using a Laboratory Mill 3600 (Perten, Springfield, IL, USA) as described above. A ground sample of 1.0 g was ashed at 500°C, extracted with 20 ml of 2 M HCl at 90°C for 10 min, and then a 2 ml sample of the filtered mixture was added to 4 ml of buffer solution (containing 25% ammonium acetate, 1.5% EDTA, and 12.5% acetic acid). A volume of 4 ml of fresh azomethine-H solution (0.45% azomethine-H and 1% of ascorbic acid; John et al., 1975) was then added. Boron concentration was determined in seeds by a Beckman Coulter DU 800 spectrophotometer (Beckman Coulter, Inc., Brea, CA, USA) at 420 nm (Bellaloui et al., 2014).

Iron Determination

The Fe concentration in seeds was measured according to Bandemer and Schaible (1944) and Loeppert and Inskeep (1996). Seed samples were ground using a Laboratory Mill 3600 (Perten, Springfield, IL, USA) as described above, and samples were then acid digested and extracted, with the resulting reduced ferrous Fe reacting with 1,10-phenanthroline as described by Bellaloui et al. (2011, 2014). Briefly, samples of 2 g of ground sample were acid digested, and the soluble constituents were dissolved in 2 M of HCl. A volume of 4 ml of an aliquot containing 1–20 μg of iron of the sample solution was transferred into a 25 ml volumetric flask and diluted to 5 ml using 0.4 M HCl. A volume of 1 ml of Quinol solution was added to the 5 ml diluted sample solution and mixed. A volume of 3 ml of the phenanthroline solution and 5 ml of the tri-sodium citrate solution (8% w/v) was added. Distilled water was then added to dilute the solution to 25 ml and then incubated at room temperature for 4 h. Phenanthroline reagent solution of 0.25% (w/v) in 25% (v/v) ethanol and quinol solution (1% w/v) was prepared. Concentrations ranging from 0.0 to 4 μg ml−1 of Fe in 0.4 M HCl were prepared for the standard curve. The concentration of Fe was determined by a Beckman Coulter DU 800 spectrophotometer at an absorbance of 510 nm.

Phosphorus Determination

The concentration of P in seed was determined by the yellow phosphor-vanado-molybdate complex method according to Cavell (1955). The detailed description of the method was previously reported by Bellaloui et al. (2009a, 2014). Briefly, seed samples were ground using a Laboratory Mill 3600 (Perten, Springfield, IL, USA) as described above, and a sample of 2 g of ground seed samples was ashed at 500°C, and then 10 ml of 6 M HCl were added. The samples were then placed in a water bath at 100°C until the solution evaporated to dryness. After P was extracted with 2 ml of 36% v/v HCl under heat and filtration, 5 ml of 5M HCl and 5 ml of ammonium molybdate–ammonium metavanadate reagent were added to 5 ml of the filtrate. Ammonium molybdate–ammonium metavanadate was prepared by dissolving 25 g of ammonium molybdate and 1.25 g of ammonium metavanadate in 500 ml of distilled water. A standard curve was produced by preparing a standard solution of phosphorus in a range of concentrations from 0 to 50 μg ml−1 using dihydrogen orthophosphates. The measurement of P concentration was conducted using a Beckman Coulter DU 800 spectrophotometer at an absorbance of 400 nm.

Seed Germination, Seed Vigor, Hard Seed Coat, and Seed Damage Evaluations

Seed assays for standard germination and hard seed were conducted on 200 seeds per plot by the State Seed Testing Laboratory, Mississippi State, MS following the protocol of the Association of Official Seed Analysts (2001). An assay for seed vigor (accelerated-aging germination test) was also conducted by the State Seed Laboratory on a 42 g sample of seed from each plot following standard procedures (Association of Official Seed Analysts, 2002).

Visual ratings of seed coat wrinkling were taken as described by Smith et al. (2008). In short, ratings were taken from seed harvested from each plot as the percentage of visibly wrinkled seed coat surfaces per total visible seed coat surface area. The same visual rating system was used to estimate green seed damage [(Federal Grain Inspection Service (FGIS), 2013)]. Damage ratings (Grain inspection handbook Book II Soybean, 2013) were made for total seed damage for each plot by certified grain inspectors at MidSouth Grain Inspection Service (Stoneville, MS) using a random 125 g sample from each plot.

Fungus Identification and Evaluation

Twenty-five seeds from each plot were disinfected in 0.25% NaOCl for 60 s, blotted dry, plated on acidified potato dextrose agar (APDA; Difco Laboratories, Detroit, MI), and incubated for 7 days at 24°C. Cercospora kukuchii was identifiable when cultured on APDA by purple coloration produced on media and the color of the seed coat whereas P. longicolla needed further steps to confirm and validate its identity. Identification of P. longicolla was based on a single-monoconidial isolate where 10 individual cultures obtained from a monoconidial isolate were evaluated for cultural characteristics (Hobbs et al., 1985; Kulik and Sinclair, 1999; Mengistu et al., 2009, 2007). Each isolate was examined for sporulation, dimensions of conidia, pattern of stroma, and the presence or absence of beta conidia and perithecia (Hobbs et al., 1985; Barnett and Hunter, 1998; Kulik and Sinclair, 1999).

Experimental Design and Statistical Analysis

The experimental design was a randomized complete block with three replicates (Rep). Analysis of variance was performed using PROC MIXED in SAS [Statistical Analysis System, Copyright 2002–2010, Cary, NC, USA; Windows Version 6.1.7601 (SAS Institute, 2002–2010)]. Year and genotype were modeled as fixed effects. Rep within year was considered as a random effect. Residuals of the random effect factor were shown as covariance parameters in the tables. The residuals refer to Restricted Maximum Residual Likelihood (REML) values, which reflect the total variance of the random parameters in the model. Means were separated by Fisher's protected LSD (0.05). The level of significance of ≤ 0.05 was used in all measured parameters. Correlation was performed by using Prism (version 6.05) GraphPad Software, La Jolla, CA 920371. The correlation was conducted based on the mean values of measured variables.

RESULTS

Weather Components

The weather in the Midsouth is characterized by high heat and drought during the growing season in addition to other abiotic and biotic stress factors such as high humidity and diseases such as charcoal rot and phomopsis seed decay. Based on the weather data for 2012 and 2013 (MSUCares, 2016), the month of July in 2013 showed a higher water deficit than in 2012 (−161 mm in 2013 vs. −86 mm in 2012; Figures 1A,B). The month of July is an important growing period that coincides generally with the seed-fill stage, especially for early-maturing soybean genotypes. Also, the daily rainfall (Figures 2A,B) showed that 2012 received higher rainfall during June and July compared to 2013, but 2013 received more rainfall during August and September than in 2012, indicating differences in rainfall pattern, which may benefit soybean growth and yield for some genotypes as opposed to others due to differences in maturities. The monthly temperature data showed that 2012 was hotter in May through July than in 2013 (Figures 3A,B), although the pattern of temperature during the growing season was different (Figures 2A,B). In addition, R8 dates among genotypes ranged from 44 days in 2012 to 40 days in 2013, potentially exposing different genotypes to different rainfall and temperature environments in each year. The later planting date in 2013, causing all genotypes to mature later that year, created a potential difference with 2012 for the environment in which each genotype matured.
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FIGURE 1. Rainfall (mm), pan evaporation (mm), and water deficit (mm) during the growing season in 2012 (A) and 2013 (B). The experiment was conducted in 2012 and 2013 at the Jamie Whitten Delta States Research Center, Stoneville, MS.
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FIGURE 2. Continuous pattern of air temperature (°C) and rainfall (mm) during the growing season in 2012 (A) and 2013 (B). The experiment was conducted in 2012 and 2013 at the Jamie Whitten Delta States Research Center, Stoneville, MS.
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FIGURE 3. Air temperature (°C) during the growing season in 2012 (A) and 2013 (B). The experiment was conducted in 2012 and 2013 at the Jamie Whitten Delta States Research Center, Stoneville, MS.



Analysis of Variance

ANOVA showed that year and genotype were the main source of variability (Table 2). Although year × genotype interactions showed significant effects for some seed quality components, the F-values were generally low compared with those of main effect factors, except for total seed damage and seed diseases (Table 2). The year × genotype interactions are probably due to yearly changes in rainfall (Figures 1A,B) and heat (Figures 2A,B, 3A,B). No significant effects of year, genotype, and their interaction were observed for Fusarium. Cercospora was not affected by genotype or year × genotype interactions. Since year × genotype was significant for some seed quality components and not for others, we analyzed the data by year to consider the environmental effects (rainfall and temperature).


Table 2. Analysis of variance results for soybean seed yield, seed composition, seed quality, and seed disease measures for 16 soybean genotypes grown under dryland conditions in a 2-year field experiment at Stoneville, MS in 2012 and 2013.
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Seed Germinability, Yield, and Composition (Protein, Oil, and Fatty Acids)

Yield showed significant differences between years. Yield in 2012 was higher than in 2013, except for AG5606 (Table 3), which had an 8.6% increase in 2013. For the other genotypes, the difference in yield between years ranged from a 12.7 to a 58.8% decrease in 2013 over 2012 (Table 3). Two breeding lines (one MS and one IL breeding line) were more stable for yield, with each line having < 15% difference in yield between years (Table 3). The MS breeding line, 25-1-1-4-1-1, yielded higher than all other breeding lines and higher than all cultivars except AG3803, AG3905, and DK4866 in 2013, the more stressful year. Although 2013 was generally cooler than 2012 (Figures 2A,B, 3A,B), rainfall was more uniform during the growing season in 2012 than in 2013 and also more rainfall occurred in July through August (seed-fill stage) in 2012 (Figures 1A,B). It appears that the higher yield in 2012 was likely due to rainfall uniformity and higher rainfall during the seed-fill stage. However, this cannot be generalized, as the higher yield of AG5606 (8.6% higher) in 2013 may be due to its longer maturity (Table 1), which may have better utilized the August and September rains occurring in that year.


Table 3. Percentage differences in yield (kg/ha), germination (%), and phomopsis (%) between 2012 and 2013 in each genotype.
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Three genotypes (25-1-1-4-1-1, 34-3-1-2-4-1, and LG04-1459-6, had germination rates of ≥80% in both years (Table 3). The protein content of the first two genotypes was significantly higher in both years (>40%) than that of all nine cultivars (Table 4). However, LG04-1459-6 had the lowest protein level (36.1% in 2012 and 34.7% in 2013; Table 4) of any genotype tested. This apparent inconsistency between protein and germination is further indicated by the non-significant correlations between germination and protein and oil levels (Table 5). This may indicate that protein level per se may not be important for high germination. It may also coincidentally reflect a naturally occurring high protein level in PI 587982A, the parent of both of the above two lines with both high germination and high protein. The association of high germinability and high protein likely needs further study. Among the highest oleic levels in the trial was in AG4403 (32.7% in 2012 and 27.7% in 2013), which had moderate germination percentages of 70.7% in 2012 and 78.0% in 2013. This may indicate that oleic acid level does not have a strong association with germination. Generally, the accumulation of protein and oleic acid was higher in 2012 than in 2013. However, the accumulation of palmitic and linoleic acid was higher only in 2013 (Table 4).


Table 4. Soybean seed composition constituents (protein, oil, and fatty acids, %) of breeding lines and cultivars under dryland conditions.
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Table 5. Correlation between germination and seed quality components in 16 soybean genotypes grown under dryland conditions in a 2-year field experiment.
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Seed Germinability and Seed Macro- and Micro-Nutrients

Germination ranged from a 13.1% decrease in 2013 over 2012 for LD00-3309 to a 43% increase for AG3905 (Table 3). Except for LD00-3309 and AG5606, germination was higher in 2013 than in 2012. For example, in 2012 only three genotypes (25-1-1-4-1-1, 34-3-1-2-4-1, and LG04-1459-6) had germinations ≥80%, while in 2013 the number doubled and included 25-1-1-4-1-1, 34-3-1-2-4-1, LG04-1459-6, 04025-41, 24-2-1-2-1-2, and LG03-4561-14. The former three were ≥80% in 2012 and in 2013, while the latter three went from germinations of 57, 60, and 71% in 2012 to 82, 83, and 91% in 2013, respectively. The higher germinations for most genotypes in 2013 could be due to the cooler temperature during the seed-fill period, especially between July and early August in 2013 (Figures 2A,B, 3A,B). Temperature data showed that the maximum and minimum air temperatures in 2013 were lower than in 2012 during May through July. For example, in June the maximum temperatures were 31.7 vs. 30.4°C, respectively in 2012 and 2013. In July the maximum temperatures were 33.7 vs. 31.4°C, respectively in 2012 and 2013. The same pattern was shown for the minimum temperatures (Figures 2A,B). It was interesting that although germination was generally higher in 2013 for most genotypes, yield was generally higher in 2012. For most lines, the environment that produced the highest yield was not the one that produced the highest seed germination.

Seed content of macro-nutrients P and N were significantly higher in two of the genotypes with ≥80% germination in both years (25-1-1-4-1-1and 34-3-1-2-4-1) than in the other genotypes, except for 04025-41 and 24-2-1-2-1-2, which performed similar to the above two high germinability genotypes (Table 6). Seed K was significantly higher in 25-1-1-4-1-1 and 34-3-1-2-4-1 than in the rest of the genotypes, except 04025-41, 24-2-1-2-1-2, LG04-1459-6, and AG5606. Calcium content was significantly lower in two of the genotypes with ≥80% germination in both years (25-1-1-4-1-1 and 34-3-1-2-4-1). The same was true for 04025-41 and 24-2-1-2-1-2, which performed similar to the above two high germinability genotypes for macro- and micro-nutrient content. There was no consistent trend for Mg, C, and S. Accumulation of Ca, P, C, N, and S in 2012 was almost always higher than in 2013 (Table 6). Seed content of micro-nutrients B, Cu, and Mo was significantly higher in two of the genotypes with ≥80% germination (25-1-1-4-1-1 and 34-3-1-2-4-1) in both years than in the other genotypes. Again, genotypes 04025-41 (germination rate of 57.3% in 2012 and 81.7% in 2013) and 24-2-1-2-1-2 (germination rate of 70.7% in 2012 and 91.3% in 2013), tended to perform similarly to the above two high germinability genotypes with respect to B, Cu, and Mo. Nutrients Fe, Mn, and Zn had no clear consistent trend between genotypes. The accumulation of B, Cu, Fe, Mo, and Zn was almost always higher in 2013 than in 2012 (Table 7). There were significant correlations (P ≤ 0.05) between germination and Ca, Cu, and K in both years and for P, B, Mo, and N only in 2013 (Table 5). The lower nutrients (protein and macro-nutrients) in LG04-1459-6 in spite of its ≥80% germination in both years, could be due to the difference of parental lines between LG04-1459-6 in one hand, and 25-1-1-4-1-1 and 34-3-1-2-4-1 on the other hand.


Table 6. Soybean seed macro-nutrients (%) in breeding lines and cultivars under dryland conditions.
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Table 7. Soybean seed micro-nutrient concentrations (mg/kg) in breeding lines and cultivars under two dryland environments.
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Seed Germinability, Plant and Seed Physical Characteristics, and Fungal Infection

Beginning bloom (R1), harvest date, and full maturity (R8) were reached later in 2013 than in 2012 (Table 1). This was probably mostly due to the later planting date in 2013 (30 April compared to 13 April in 2012), but may also have been influenced by rainfall and temperature differences between years. For example, rainfall and temperature amounts and patterns were different in each year (Figures 1–3). Even though R8 was reached later in 2013, over all genotypes, the time from R1 to R8 was longer in 2012 than in 2013 (ranging from 1 to 18 days longer with an average of 8 days longer). However, there was no significant (P > 0.05) correlation between the time from R1 to R8 and seed yield in either 2012 or 2013. Also, there was no significant (P > 0.05) correlation between the time from R1 to R8 and seed germination in 2012 but there was in 2013 (R = 0.45; P = 0.0043). Cause and effect relationship (regression) between the time from R1 to R8 and seed yield showed no significant effects (Figure 4).
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FIGURE 4. Relationship between days after planting (time from beginning of flowering, R1, to full maturity stage, R8) and seed yield. The graph shows that there was no significant relationship between the time from R1 to R8 and seed yield in either 2012 or 2013.



Correlation between Germination and Seed Quality Components

There was a positive correlation between germination and oleic acid and a negative correlation between germination and linoleic acid in both years (Table 5). There was a negative correlation between germination and linolenic acid and a positive correlation between germination and palmitic acid in 2013 only. A positive correlation between germination and K and Cu was observed in both years, but positive correlations between germination and B and germination and Mo were shown in 2013 only. A negative correlation was shown between germination and Ca and germination and hard seed in both years (Table 5).

DISCUSSION

Seed Germinability, Yield, and Composition

The mechanisms of how seed protein or oleic acid affects germination are still lacking. For example, LeVan et al. (2008) studied the effect of seed composition and seed moisture on germination under a controlled environment and under field conditions and concluded that seed composition may play an important role in imbibitional injury at low seed moisture content. They reported that there was a quadratic relationship between seed protein content and seed germination at different levels of seed moisture, but this relationship was inconclusive for seed oil content and seed germination. They suggested that further research was needed to evaluate the relationship between fatty acids and seed germination. Recently, Chebrolu et al. (2016) studied the effects of three temperature regimes (28/22°C, 36/24°C, and 42/26°C day/night) on heat tolerant line 04025-1-1-4-1-1 (same as 25-1-1-4-1-1 in the current study) and heat-sensitive line DT97-4290 under growth chamber conditions. The germination of seeds of the sensitive genotype had a 50% reduction at 36°C and was completely inhibited at 42°C. By comparison, the tolerant genotype was unaffected at 36/24°C, but had only 25% germination at 42°C. They also found that the heat sensitive genotype accumulated more seed oil at high temperature (42°C), but it did not differ at 28 or 36°C. Protein content of the heat tolerant genotype, as indicated by nitrogen content, did not differ among temperatures (28, 36, and 42°C). Compared with the heat sensitive genotype, the tolerant genotype accumulated more protein at 36 and 42°C, but no difference was observed between genotypes at 28°C. This may indicate reduction in protein synthesis or protein degradation in the heat sensitive genotype under high heat, compared to the heat tolerant genotype, which maintained similar protein levels at all temperatures. Similarly, 25-1-1-4-1-1 had nearly identical protein levels with AG4903 at four locations in the 2011 Uniform Soybean Test—Southern States, Preliminary Maturity Group IV-S-Late (Gillen and Shelton, 2011), but under the likely more heat stressful conditions of the ESPS, 25-1-1-4-1-1 had significantly higher protein content (43.3 and 40.1% for 2012 and 2013, respectively) than AG4903 (38.9 and 37.2%, respectively) in the current study (Table 4).

In the study of Chebrolu et al. (2016), seed oil was higher in the heat sensitive genotype than in the heat tolerant genotype at 42°C, but it was not different between genotypes at 28 or 36°C. They concluded that the higher levels of metabolites such as tocopherols, flavonoids, phenylpropanoids, and ascorbate precursors in the heat tolerant genotype at both temperatures could partially be responsible for the observed heat tolerance in 25-1-1-4-1-1. Our results are partially in agreement, as oil was not correlated with germination, and the daily high temperature in the field was about 36°C, but did not reach 42°C as in the study of Chebrolu et al. (2016). Further research is needed to evaluate the relationship between fatty acids and seed germination, as the relation between oil and germination is still inconsistent (LeVan et al., 2008). The change in seed composition constituents in 2012 and 2013 is in agreement with previous research indicating that temperature was considered a contributing factor to the variability of seed composition, and the increase or decrease of seed oil or protein concentration was associated with the range of temperatures under which soybean seeds mature (Bellaloui et al., 2009a). In our study, 2013 was drier than 2012, especially in July (coinciding with seed-fill for the early maturing genotypes (Figures 1A,B). Furthermore, 2012 was warmer than 2013 (Figures 2A,B). Therefore, the patterns of both rainfall and temperature were different in each year (Figures 2A,B, 3A,B). Hence, it is likely that most of the changes in seed constituents between years were due to drought (Lamoine et al., 2013; Andrade et al., 2016) and heat (LeVan et al., 2008; Chebrolu et al., 2016).

Seed Germinability and Seed Macro- and Micro-Nutrients

Previous research showed that PI 587982A and PI 603723 (genotypes with high seed germination under high temperatures) had higher germination rates and lower hard seed compared to the poor seed germination genotypes PI 80480, PI 84976-1, DSR-3100 RR STS, and Pella 86 (Bellaloui et al., 2012b). Orazaly et al. (2014) observed that Ca content in the seed coat had an effect on water absorption. Other studies found Ca to be negatively correlated with water absorption (Saio et al., 1973; Saio, 1976) and positively correlated with hard seed (Zhang et al., 2009), and that low water absorbance resulted in hard seed and low germination rate. Low Ca and hard seed are important because they affect the texture of soybean natto (Mullin and Xu, 2001), are positively correlated with cooked seed hardness, and are influenced by environmental factors such as temperature and soil type (Chen et al., 2001). The role of Ca in hard seed resides in the important role of Ca in the cell membrane and its contribution to cell wall thickness due to a calcium oxalate cell layer in the cell wall (Webb, 1999). In the current study, Ca was found to be significantly (P < 0.05) negatively correlated with germination in both years (R = −0.76 and −0.61 in 2012 and 2013, respectively; Table 5). However, Ca was significantly (P < 0.01) positively correlated with hardseededness (R = 0.81 and 0.68 in 2012 and 2013, respectively).

The significantly higher K, P, N, B, Cu, and Mo content in seeds of 25-1-1-4-1-1 and 34-3-1-2-4-1, compared to all other genotypes with = 80% germination in both years, indicates that these nutrients might be important for germination. If this is true, maintaining higher levels of these nutrients in soil and seed could contribute to germination and overall seed health. Bishnoi et al. (2007) studied the effects of Ca and P on soybean seed production and quality and found that the application of Ca at 100 and P at 90 kg/ha significantly improved soybean seed yield and quality (germination and vigor), but seed quality decreased due to weathering and diseases if harvest was delayed (Bellaloui et al., 2012a). Bishnoi et al. (2007) also found that seed quality (viability and germination %) was enhanced with application of Ca at 100 and P at 90 kg/ha in comparison to plots without application. The positive response of soybean to Ca application in the study of Bishnoi et al. (2007) could be due to Ca deficiency in the soil or reduced Ca supply, as reduced Ca supply to the plant may reduce seed Ca concentration, resulting in poorer seed germination (Keiser and Mullen, 1993). The genotypes used in the current study were different from those used by Bishnoi et al. (2007), which may partially explain the apparent differences in the effect of Ca between the current study and that of Bishnoi et al. (2007).

The significant role of macro-nutrients such as N, P, K, S, and Ca and micro-nutrients such as Fe, Zn, and B to plant growth, development, yield, and quality has been well-documented (Mengel and Kirkby, 1982; Marschner, 1995; Samarah and Mullen, 2004). For example, Haq and Mallarino (2005) reported that N, P, K, and other nutrients can affect several physiological processes that, in turn, could affect grain yield and protein or oil content. Different levels of seed nutrients among genotypes could be due to genotypic background differences and to their different responses to environment, especially drought and heat. It was previously reported that the content of seed micro- and macro-nutrients was found to be influenced by environment and genotype (Zhang et al., 1996; Haq and Mallarino, 2005; Bellaloui et al., 2011, 2015).

Seed Germinability, Plant and Seed Physical Characteristics, and Fungal Infection

Seed physical characteristics (quality) and seed diseases are shown in Tables 8, 9, respectively. The response of genotypes for hard seed differed in each year, indicating the contribution of both genotypic and environmental factors to this trait. In terms of environment, 2013 produced a higher level of hardseededness than 2012 for most genotypes. In terms of genotypic effect, the four breeding lines derived from PIs 587982A and 603756 (the MS breeding lines) averaged < 1% hard seed in both 2012 and 2013, whereas the level of hard seed of the nine cultivars ranged from 1.3 to 17.0% in 2012 and from 4.0 to 27.7% in 2013 (Table 8). Clearly, there was a major genotypic effect. Recently, a major single recessive gene (isc) for permeable seed coat was identified in PI 587982A (Kebede et al., 2014), whose permeable seed coat effect can be observed in the PI 587982A-derived lines 04025-41, 25-1-1-4-1-1, and 34-3-1-2-4-1 (Table 8).


Table 8. Soybean seed quality components (%) in breeding lines and cultivars under two dryland environments.
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Table 9. Soybean seed diseases (infection %) in breeding lines and cultivars under two dryland environments.
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Total seed damage is the official total measure of grain damage as prescribed by the United States Federal Grain Inspection Service (FGIS). It includes grain damage due to multiple factors, including mold, heat, green seed, stink bug, etc. Grain elevators assess discounts on the value of grain produced by soybean producers based on FGIS standards. This can result in a loss of revenue to producers when they sell their grain. A common level of grain damage that could result in discounting at grain elevators is the 2% level, meaning that damage >2% would result in discounting of payments to producers. In the current study, one Illinois-derived breeding line (LG04-1459-6) had damage >2% (2.1%) in 1 year (2013; Table 8). All other lines had total grain damage of < 2% in 2012 and 2013 and so would not have been assessed damage charges under the conditions of this study.

Seed coat wrinkling is a type of seed damage that is measured by FGIS standards, but is not discounted by elevators. Even so, it has been shown to be negatively correlated with seed germination and seed vigor (Smith et al., 2008). As with many physical seed characteristics, it is influenced by both environment and genotype. In the current study, most genotypes showed higher wrinkling in 2012 than in 2013 (Table 8), indicating an effect due to environment. Recent studies have also shown a genetic effect involved in the level of seed coat wrinkling. Kebede et al. (2013) identified a major single dominant gene (Wri) in PI 567743 that controls the level of seed coat wrinkling observed in high heat environments, such as the ESPS. The two MS breeding lines (25-1-1-4-1-1 and 34-3-1-2-4-1) derived from PI 587982A had significantly lower levels of seed coat wrinkling than all other lines tested in both years. For example, cultivar C4926 had wrinkling scores of 50 and 40% in 2012 and 2013, respectively, whereas 25-1-1-4-1-1 had wrinkling scores of 13.3 and 3.3% in those years, respectively (Table 8). Over all genotypes there was a significant negative correlation between germination and wrinkling in 2012 (R = −0.69; P = 0.01) but not in 2013 (P > 0.05) the year with less wrinkling (Table 5).

Green seed damage is assessed by FGIS standards, but in that system there must be a minimum intensity of green before it is reported as damage. Generally, an intensity of light green is not reported as damaged by FGIS standards. The green seed damage estimates for the current study reported any level of green observed. Light green and dark green shades were recorded equally as green seed damage. Green seed damage in soybean is known to be caused by rapid dry down of maturing seed, where the normal degradation of chlorophyll is inhibited (Adams et al., 1983). Hence, any stress (drought, hard freeze, and high heat) that does not allow for the normal slow dehydration and chlorophyll degradation of the seed will promote green seed damage. Rapid dry down of maturing seed, and its resulting green seed damage, is harmful to soybean germination (Green et al., 1965) because it does not allow for the production of the germination-specific enzymes malate synthase and isocitrate lyase (Adams et al., 1983). Hence, environment has a large effect on the level of green seed damage (Green et al., 1965; Adams et al., 1983). In spite of the large potential effect of environment, there was no year effect in the current study (Table 2). Yet, there was a significant year × genotype interaction (Table 2), indicating that some genotypes responded differently to specific within-year environments. This is understandable, given that the 16 genotypes ranged in maturity from MG II to V and experienced maturation under different environmental conditions. For example, MG III AG3905 had 50% green seed damage in 2012, but 26.7% green seed damage in 2013 (Table 8). The earlier planting date (13 April) affected an earlier harvest in 2012 and may have promoted higher green seed damage, as suggested in the study of Green et al. (1965). However, MG IV C4926 matured during different environments in both years and had only 3.3% green seed damage in 2012, but 26.7% in 2013 (Table 8). Green seed damage had a highly significant genotype component in this study (Table 2), indicating that genotypes do not respond the same to the same stress. This can be observed in comparisons between AG3803 and AG3905. Both had similar maturation (Table 1) environments in each year, but AG3803 had no green seed, while AG3905 had high levels, as noted above (Table 8). Likewise, high-germination breeding line 34-3-1-2-4-1 had no green seed damage in either year (Table 8). High-germination breeding line 25-1-1-4-1-1 had 0 and 10% green seed damage in 2012 and 2013, respectively, compared to 3.3 and 26.7% green seed damage for C4926 in 2012 and 2013, respectively (Table 8). Over all genotypes there was not a significant (P > 0.05) negative correlation between germination and green seed damage in 2012 but there was in 2013 (R = −0.60; P < 0.05), the more stressful year (Table 5). More research is needed on the inheritance of tolerance to green seed damage in soybean.

The infection for C. kukuchii and Fusarium spp. was generally low (Table 9). An important exception was the significantly higher level of Fusarium spp. observed on 25-1-1-4-1-1 (25.3%) in 2012 (Table 9). This moderately high level of infection, together with the 9% P. longicolla infection (Tables 3, 9) may have negatively affected the percent germination of 25-1-1-4-1-1 (87.3%) in 2012 (Table 3), as the germination of 25-1-1-4-1-1 was 94.3 in 2013, when its level of Fusarium was only 2.7% and its level of P. longicolla was zero (Table 9). It may seem suprising that these higher levels of fungal infection appeared to have had an insignificant effect on the FGIS total seed damage of 25-1-1-4-1-1, which was 0.77 in 2012 and 0.23 in 2013 (Table 8). But it is frequently observed that seed which appears to have no visible sign of disease will be found to be infested with P. longicolla or Fusarium spp when plated onto media. FGIS damage ratings are totally visual.

Phomopsis longicolla infection (Tables 3, 9) was higher in 2012 than in 2013 and significant differences were found among the lines for P. longicolla infestation in 2012. The higher infection in 2012 is most likely due to higher rainfall in 2012 during seed-fill (from August through mid-September), as well as a more positive rain distribution pattern across the growing season (Figures 1, 2). Though germination and P. longicolla levels were not significantly correlated (data not shown) it was observed that the 2012 germination of breeding lines 04025-412 and 24-2-1-2-1-2 (57.3 and 70.7%, respectively) were probably negatively impacted by their high P. longicolla levels (20 and 28%, respectively) in 2012 as their germination levels in 2013 were much higher (81.7 and 91.3%, respectively).

In some US states, such as Mississippi, the minimum germination for certification is 80% (Keith and Delouche, 1999). Therefore we further evaluated traits based on germination levels of at least 80% within a given environment (year). Comparison of quality components between genotypes with ≥80% and those with < 80% germination identified differences between groups for germination, AA, and Ca in both 2012 and 2013, whereas flowering date, hardseededness, seed coat wrinkling, palmitic acid, N, P, K, B, Cu, and Mo were only significant in 1 year (all in 2013; Table 10). Those traits significantly different only 2013 were probably a result of weather differences between years. The lower Ca was associated with the high-germination group in both years is likely very meaningful (Tables 5, 10) and should be investigated in greater detail. Also of interest is what variables were not different between germination groups in this comparison. Differences in seed yield, seed size, maturity, and total seed damage were not significant in either year between high and low germination groups. This may indicate that genotypes with high germinability could be either low yielding or high yielding, and could be of multiple maturities. Hence, selection for high yield with high germination, and of multiple maturities, should be possible.


Table 10. Difference between lines with <80% germination and those with < 80% germination for plant and seed characteristics.
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Previous research on seed germination, accelerated aging, hard seed, wrinkling, and diseases (phomopsis and charcoal rot) showed that the high germinating genotypes had the lowest hard seed and seed wrinkling percentages (Smith et al., 2008; Mengistu et al., 2009, 2010). For example, Smith et al. (2008) evaluated seed quality characteristics for 513 soybean lines (486 accessions, 24 ancestors, and cultivars Stalwart, Croton 3.9, and Stressland) with maturity groups ranging from 000 to MG V under field conditions in the early soybean production system at Stoneville, MS, in 2002 and 2003. They found significant (P = 0.01) negative correlations between standard germination and hard seed, wrinkled seed, phomopsis, and seed weight. Similar results were found for seed germination and hard seed by Bellaloui et al. (2012b). Also, it was found that Phomopsis longicolla Hobbs caused substandard germination (Mengistu and Heatherly, 2006; Smith et al., 2008; TeKrony et al., 1984), and high temperature with wet and dry conditions increased seed coat wrinkling, reducing seed germination (Franca-Neto et al., 1993).

Mengistu et al. (2009) evaluated soybean genotypes of different maturities for seed quality characteristics (seed germination, seed phomopsis infection, hard seed) under different irrigation regimes (non-irrigated, irrigated pre-flowering, and irrigated after flowering). They found that soybean genotypes with higher germination rates had lower phomopsis seed infection, lower hard seed rate, and the germination rate and seed phomopsis infection depended on irrigation type. Therefore, as already noted above, the effect of seed diseases on germination appears to be dependent on genotypic response to the pathogen, severity and threshold of infection, and environmental factors (drought and temperature) and their interactions. Therefore, further research including a larger number of genotypes with higher levels of infestation may show different results.

The causes of poor seed quality in the ESPS were suggested to be related to temperature, soil moisture, and disease infection during the periods from the beginning of seed-fill to full maturity and pre-harvesting, leading to hard seed and low seed viability and vigor (TeKrony et al., 1980; Roy et al., 1994). The differences in hard seed of soybean genotypes have been attributed to genetic variation (Kilen and Hartwig, 1978; Kebede et al., 2014) and environmental conditions (Smith et al., 2008; Mengistu et al., 2009), and may play an important role in preventing phomopsis infection. Hard seed can be considered an undesirable trait, as it lowers seed germination and negatively impacts processing soybean to soy food, which leads to poor quality and adverse cost factors (Mullin and Xu, 2001). The hard seed trait is related to moisture impermeability and seed coat character. The hard seed trait has also been considered a positive trait. Roy et al. (1994) evaluated seed infection in soybean cultivar Forrest (susceptible to infection and with permeable seed coat) and D67-5677-1 (a breeding line with impermeable seed coat). They found that after injecting Phomopsis longicolla conidia into the seed cavities of pods that high levels of seed infection occurred in Forrest, but not in the hard seed genotype D67-5677-1. They reported that genotypes D67-5677-1, D86-4629, D86-4565, and D86-4669 (hard seed lines) all expressed resistance to naturally occurring infection by Phomopsis during 8 years of evaluations (Roy et al., 1994). They also indicated that impermeable seeds and level of seed infection with Phomopsis were negatively correlated. They concluded that although seed coat impermeability per se conferred resistance to phomopsis, other research suggested that impermeability alone did not account for the resistance, as much lower correlations were obtained between seed coat impermeability and phomopsis seed infection when a larger number of hard seed genotypes were used (Roy et al., 1994). Clearly, further research is needed to determine the relative contribution of the hard seed trait to disease resistance and seed quality using a larger number of genotypes with more severe disease infection under the stress environmental factors of high heat and water deficit conditions.

Correlation between Germination and Seed Quality Components

Previous research reported the possible involvement of seed composition constituent levels in germination. For example, LeVan et al. (2008) suggested a quadratic relationship between seed protein content and standard seed germination, and found that the variability in seed protein content did not change the quadratic relationship between seed protein content and seed germination. However, they also found that the relationship between seed oil content and seed germination was not conclusive, which was partially supported by our results in that there was no correlation found between germination and protein or oil. Previous research on minerals showed that high germinability breeding lines correlated with seed soluble and structural B (Bellaloui et al., 2008). In this work, B was positively associated with germination in 2013 (r = 0.54), but not in 2012 (Table 5). Calcium content in the seed coat was found to be positively correlated with hard seed (Zhang et al., 2009), and influenced by environmental factors such as temperature and soil type (Chen et al., 2001). Smith et al. (2008) evaluated 513 soybean lines and found a significant (P = 0.01) negative correlation between standard germination and hard seed (R = −0.40), wrinkled seed (R = −0.53), phomopsis seed infection (R = −0.56), and seed weight (R = −0.21), in agreement with our finding for hard seed and wrinkled seed, but not for phomopsis seed infection and seed weight. The lack of correlation of disease infection and seed weight with germination in our experiment could be due to genotype differences as well as environmental factors, especially heat and drought, which may have reduced the incidence of disease. Soybean lines in the current experiment were grown under dryland conditions, differing from those of Smith et al. (2008), where irrigation was applied to alleviate water stress. The severity of diseases such as Phomopsis infection to plants was reported to be influenced by environment, involved altered seed composition constituents (Bradley et al., 2002; Bellaloui et al., 2012b), and was affected by temperature, rain/irrigation, genotype, and crop management (Mengistu et al., 2010; Bellaloui et al., 2012a). Research available on the relationship between germination and seed composition constituents is still limited and further research is needed to evaluate the relationship between fatty acids and seed germination (LeVan et al., 2008).

Overall Important Discussion Points

This study involved soybean genotypes from three distinct germplasm pools; the nine cultivars typify the current pool available to producers, the three breeding lines from the Illinois exotic pool were derived from PIs 68508, 445837, 361064, 407710, 189930, and 68600 and previously selected for high yield potential, and the four breeding lines from the Mississippi exotic pool were derived from PIs 587982A and 603756 and previously selected for high germinability under heat stress. Given the distinct nature of the three germplasm pools, some inter-pool comparisons are in order. First, there was no significant difference between the three pools for seed yield or total seed damage in either year (Table 11). The high germinability (MS) pool had significantly lower seed size than the other two pools in 2013, but not in 2012 (Table 11). The MS pool had lower hard seed and higher germination and AA than the cultivar pool in both years (Table 11). There was less seed wrinkling in the MS pool than in the cultivar pool only in 2013, but the MS pool had lower green seed damage than the other two pools in both years (Table 11). In terms of seed constituents, the MS pool had higher protein than the other two pools in both years, while having lower Ca than the cultivar pool in both years (Table 11). The MS pool had higher oleic acid than the other two pools only in 2012 (Table 11). Given the increasing world-wide demand for high quality protein meal, and given the increased likelihood of global warming, the differences between pools for protein content are striking (Tables 4, 11). During the breeding process, the four lines in the high germinability MS pool were never selected for protein content. Rather, they were repeatedly selected in a pedigree breeding protocol that tested only seed germination from the F2 through F5 generations. Yet, as can be observed in Table 4, their protein contents are significantly and substantially higher than any other line in either of the other germplasm pools. That all four lines have high protein content is likely due to more than just chance. The potential association between protein content and high germinability needs further investigation.


Table 11. Inter-pool comparisons in the three germplasm pools [(cultivars, Mississippi (MS) exotic breeding lines, Illinoi (IL) exotic breeding lines)].
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A trait of high interest to producers in a dryland system is the maturity that will maximum yield. A later maturity may have the potential to utilize more sunlight and maximize more of the growing season, but an earlier maturity might better utilize early season rains and avoid late season droughts. The current research provides two different non-irrigated years (environments) to suggest an answer. It is interesting that neither the earliest (MG II, Dwight) nor latest (MG V, AG5606) maturity extreme gave the best return for yield (Table 3). In both years, the highest yielding lines were late IIIs to mid-to-late IVs. In 2012, for the 13 April planting date, the three highest yielding lines matured from 13 August (AG3905, 3797 kg/ha) to 14 August (LG04-1459-6, 3775 kg/ha) to 26 August (DK4866, 4122 kg/ha; Tables 1, 3). For the 30 April planting date in 2013, the three highest yielding lines matured from 24 August (AG3803, 2865 kg/ha and AG3905, 2670 kg/ha) to 7 September (DK4866, 2428 kg/ha; Tables 1, 3). Late MG III AG3905 and mid MG IV DK4866 were included in the highest yielding three lines in each year. In the most stressful year (2013), the late IIIs (AG3803 and AG3905) were the highest yielding. However, in the less stressful year (2012), the IVs (DK4866 and LG04-1459-6) were the highest yielding (Table 3). It might therefore make sense for producers utilizing a dryland production system to plant a strategic mix of both late IIIs and IVs.

CONCLUSIONS

This research demonstrated that two genotypes (25-1-1-4-1-1 and 34-3-1-2-4-1) with ≥80% germinability showed higher seed protein content, although there was no correlation shown between germination and protein across all genotypes. Compared with the checks, seed of two genotypes with ≥80% germinability (25-1-1-4-1-1 and 34-3-1-2-4-1) maintained significantly higher levels of N, P, B, Cu, and Mo, reflecting the possible roles of these nutrients for seed germination and their overall beneficial effects on seed health. The line 25-1-1-4-1-1 will be released as germplasm in 2017 and planned to be given to a public entity by Material Transfer Agreement (MTA); the line 34-3-1-2-4-1 was given to an industry entity by MTA and will be considered for release in the future. These two lines represent the first stage of incorporating high germination traits into cultivars for soybean producers. The correlation between germination and some minerals such as B and Mo in 1 year only may reflect the different responses of nutrients to the growing environment, in our case, drought and high temperature. Seed geminability could partially be affected by hard seed and Ca level, as high geminability genotypes showed lower hard seed and lower Ca content compared to other genotypes. The general low levels of seed infection in most of the genotypes may indicate that these genotypes have some tolerance to these diseases, but more likely it is indicative of dryland growing conditions, where non-irrigated production systems are likely to have fewer seed diseases. In the water stress year (2013), a high germinability genotype (4025-1-1-4-1-1) showed moderately high yield (the fourth highest yielding genotype that year), which may indicate that it has drought stress tolerance. Further, research is needed to select for both high germination and high yield under drought and heat stress. This research will be beneficial to soybean breeders selecting for soybean seed with high seed nutritional values and high germination under dryland conditions.
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Two isoforms of starch phosphorylase (PHO; EC 2.4.1.1), plastidic PHO1 and cytosolic PHO2, have been found in all plants studied to date. Another starch phosphorylase-like gene, PHO3, which is an ortholog of Chlamydomonas PHOB, has been detected in some plant lineages. In this study, we identified three PHO isoform (LjPHO) genes in the Lotus japonicus genome. Expression of the LjPHO3 gene was observed in all tissues tested in L. japonicus, and the LjPHO3 protein was located in the chloroplast. Overexpression of LjPHO3 in L. japonicus resulted in a drastic decline in starch granule sizes and starch content in leaves. The LjPHO3 overexpression transgenic seedlings were smaller, and showed decreased pollen fertility and seed set rate. Our results suggest that LjPHO3 may participate in transitory starch metabolism in L. japonicus leaves, but its catalytic properties remain to be studied.

Keywords: starch phosphorylase, gene expression, starch metabolism, pollen fertility, Lotus japonicus L.

INTRODUCTION

Starch phosphorylase (α-glucan phosphorylase, PHO; EC 2.4.1.1) catalyzes the reversible transfer of glucosyl units from glucose-1-phosphate to the non-reducing ends of α-1,4-D-glucan chains with the release of phosphate. Two major forms of PHO, the plastidic PHO1 or PHOL (which has a low affinity for glycogen) and the cytosolic PHO2 or PHOH (high glycogen affinity), have been observed across all the higher plants (Wirtz et al., 1980; Kruger and ap Rees, 1983). PHO1 has an additional 78–80 amino acid region (L78 domain) near the middle of the GT1_Glycogen_Phosphorylase domain. The L78 domain in PHO1 has a PEST region which serves as a signal for degradation in sweet potato (Chen et al., 2002; Lin et al., 2012). Mori et al. (1993) suggested that L78 domain in potato PHO1 lowered the affinity of the enzyme for large, branched substrates. Removal of the L70/L80 domain in rice PHO1 did not significantly alter the catalytic and regulatory properties of PHO1 but did affect heat stability (Hwang et al., 2016).

In Arabidopsis, mutants lacking PHS1 (plastidic PHO1) have normal patterns of diurnal starch metabolism and no significant changes in starch structure, indicating that this enzyme is not essential for starch synthesis (SS) or degradation. However, the plants display increased sensitivity to drought stress and there is local accumulation of starch around stress-induced lesions (Zeeman et al., 2004). Genetic studies support a role for the PHS1 protein in transitory starch degradation (Malinova et al., 2014). In rice, the loss of PHO1 leads to a reduction in endosperm starch content and shrunken seeds when plants are grown at 20°C, though not when they are grown at 30°C (Satoh et al., 2008). The cytosolic starch phosphorylase PHO2 may be involved, together with the cytosolic transglucosidase DPE2, in the metabolism of cytosolic maltose and heteroglycans formed by starch degradation in leaves (Fettke et al., 2006; Lu et al., 2006). In potato, altered levels of PHO2 mainly affect the molecular properties of the heteroglycans (Fettke et al., 2005). In Chlamydomonas reinhardtii, mutation in STA4, which encodes the PHOB protein, results in a significant reduction in starch content, the formation of abnormally shaped starch granules containing chain-length modified amylopectin and increased relative amounts of amylase under N-deficiency conditions (Dauvillée et al., 2006). These changes in starch content and structure indicate that PHOB plays a significant role during storage SS.

The ever-growing databases of genomic DNA sequences from “model” and “non-model” plants offer greatly enhanced opportunities to detect previously unknown gene families in higher plants. After comparing gene families involved in starch biosynthetic pathways in Jatropha curcas L. with those in Arabidopsis and other plants, we found that J. curcas L. and some dicots have an ACT domain-containing starch phosphorylase isoform (PHOA or PHO3) which had not previously been reported in higher plants. Phylogenetic analysis suggested that the putative PHO3 proteins form a new subclade with PHOB proteins from the green algae Ostreococcus lucimarinus and C. reinhardtii (Wu et al., 2015). In the study presented here we explored the function of the PHO3 gene in Lotus japonicus. Our results revealed that the PHO3 protein was located in the chloroplast, and overexpression of the PHO3 gene decreased starch accumulation in leaves and influenced plant growth and fertility in L. japonicus. The results presented here represent the first data on the function of the PHO3 protein subfamily in higher plants.

MATERIALS AND METHODS

Plant Growth and Bacterial Strains

Lotus japonicus genotype ‘MG-20’ was used as the wild-type control for phenotypic and genotypic analysis. Seeds were scarified for 10 min in sulfuric acid and planted in vermiculite irrigated with Broughton and Dilworth (B&D) nutrient solution without nitrogen. After planting, seedlings were inoculated with Mesorhizobium loti MAFF303099. For testing, all plants were grown in a growth chamber (day/night cycles of 18 h/6 h; temperature 22°C/20°C). For harvesting seeds, seedlings were planted in peat–vermiculite inoculated with M. loti MAFF303099 and irrigated with B&D nutrient solution without nitrogen.

Sequence Retrieval and Analysis

Sequences of PHO proteins were retrieved from GenBank1. Arabidopsis PHO proteins were used as queries in BLAST searches against the L. japonicus genome database2. Conserved motifs in PHO proteins were analyzed using the NCBI’s CDD database3 (Marchler-Bauer et al., 2015). The plastid transit peptide cleavage site of the PHO proteins was predicted using the program TargetP Server v1.014 (Emanuelsson et al., 1999). For phylogenetic analysis, multiple sequence alignments of PHO amino acid sequences were performed using ClustalW. The tree was constructed using the neighbor-joining (NJ) method and 100 bootstraps in order to group putative full-length PHO amino acid sequences, and the results were displayed with Mega software version 4 (Tamura et al., 2007).

Plasmid Constructs and Plant Transformation

For construction of the overexpression vector, full length LjPHOA cDNA was amplified by RT-PCR using the primers given in Supplementary Table S1. After digestion by restriction enzymes, the cDNA fragments were cloned into the Kpn I/Xba I sites of pCAMBIA 1302 behind the 35S promoter. The resulting construct was introduced into Agrobacterium tumefaciens strain AGL1 by the freeze–thaw procedure. Transformation of L. japonicus was carried out according to the method described by Chen et al. (2014).

For subcellular location analysis, the complete coding sequences with the exception of the stop codon were amplified by PCR with the primers given in Supplementary Table S1. After digested by restriction enzymes, the cDNA fragments were cloned into the Bam HI/Xho I sites of pSAT-EYFP-N1 upstream of the EYFP gene. Protoplasts of Arabidopsis were isolated and transformed according to the method described by Yoo et al. (2007).

For protein expression in Escherichia coli, three fragments, P1 (Δ41PHO), P2 (Δ183PHO), and P3 (complete CDS) were amplified by PCR with the primers given in Supplementary Table S1. The PCR products were digested and introduced into the pGEX-KG vector at the sites of Xba I/Xho I (P1and P3) or Nco I/Xho I (P2) on the 3’-terminus of the GST gene (without stop codon).

Expression of LjPHO in E. coli

Cultures of E. coli strain Rosetta containing pGEX-KG (native plasmid), P1, P2, and P3 were grown in Luria–Bertani medium. Overnight cultures were inoculated into fresh medium at a 1:100 dilution and grown at 37°C until the A600 was 0.6. IPTG was added to 0.5 mM and the cultures were grown for 8 h at 22°C. Cells were collected from 400 mL cultures by centrifugation, suspended in one-twentieth culture volume of sonication buffer (50 mM Tris–acetate, pH 7.5, 10 mM EDTA, and 5 mM DTT), and broken by sonication. Lysates were cleared by centrifugation at 10,000 × g for 10 min, and the supernatants (crude enzyme extracts) were used for subsequent analyses. The proteins were separated by 7.5% SDS-PAGE. Gels were stained with Coomassie Brilliant Blue R-250 (Jiang et al., 2003).

The recombinant proteins were purified using the GST⋅BINDTM Resin (Novagen®, cat. No. 70541)5 following the manufacturer’s instructions. GST-LjPHO3 recombinant protein fractions were selected after SDS-PAGE analysis and pooled together. The proteins were precipitated by slowly added two volumes of saturated ammonium sulfate solution pre-chilled at 4°C. After precipitation by centrifugation, the pellet was resuspended with 1 ml of 25 mM HEPES-NaOH buffer (pH 7.0; containing 10% glycerol). The protein solution dialyzed against 3 × 400 mL of the 25 mM HEPES-NaOH buffer at 4°C for 24 h. After clarification by centrifugation the pure enzyme preparation was stored at -80°C until used for analysis. For enzyme assay, both crude enzyme extracts and purified recombinant proteins were tested, respectively (Zeeman et al., 2004). The phosphorylase b from rabbit muscle (P6635, sigma) was used as a positive control to ensure the reaction system for the activity determination was adopted.

RNA Isolation and qRT-PCR

Samples used for expression analysis were: leaves, roots, stems, and nodules from 3-week-old seedlings; whole unexpanded flowers; young siliques 1–1.5 cm in length; and developing seeds 15–20 days after flowering. Total RNA was extracted from tissues of L. japonicus using an RNeasy Plant Mini Kit (QIAGEN)6 following the manufacturer’s instructions, and the isolated RNA was treated with RNase-free DNase I (Roche)7. First-strand cDNA was synthesized from 2 μg RNA using M-MLV reverse transcriptase (Promega8) according to the manufacturer’s instructions. Primer pairs for the PHO genes were designed by the Primer3 software9. Pairs of primers are selected which can give specific DNA amplification by PCR. Ubiquitin (GenBank accession No. AFK37806) was used as a reference gene. The primers are given in Supplementary Table S1. QRT-PCR was performed on a Mini Option real-time PCR system (LightCycler 480). Cycling conditions were as follows: 95°C for 30 s, 95°C for 5 s, 60°C for 20 s, and 72°C for 20 s. The reaction was performed for 40 cycles. The experiment was performed with three biological replicates and average values are presented (Chen et al., 2014).

Laser Scanning Confocal Microscopy and Electron Microscopy

Fluorescence images were recorded with a laser scanning confocal microscope (LSM510 META, Zeiss10). eYFP fluorescence was imaged at an excitation wavelength of 514 nm (30% power), and the emission wavelength of 527 nm. Chlorophyll fluorescence was imaged at an excitation wavelength of 543 nm, and the emission wavelength of 562 nm.

To obtain ultra-thin sections, leaf four or five from the top of the main branch in 10-week seedlings was fixed in 2.5% glutaraldehyde and 2% paraformaldehyde, then dehydrated in an ethanol series and embedded in Spurr resin. Ultra-thin sections (0.1 μm) were stained with 2% uranyl acetate for 1 h and 6% lead citrate for 20 min and observed with an electron microscope (JEM-1010, Jeol11; Jiang et al., 2007).

Analysis of Starch and Soluble Sugars

Leaves (100 mg fresh weight, hand-homogenized using liquid nitrogen) were extracted three times with 1 ml of ethanol (80% v/v) for 10 min at 80°C. The supernatant after each extraction was recovered by centrifugation. After the last extraction, the pellet was washed with 0.5 ml of 80% ethanol. All supernatants were transferred to a test tube and the combined volume was adjusted to 5 ml with 80% ethanol. Soluble sugar content was determined by a colorimetric method with a sulfuric acid-phenol reagent using a sucrose standard curve (DuBois et al., 1951). The remaining ethanol-insoluble residue was extracted twice by suspension in 1 ml purified water and incubation at 100°C for 30 min; the supernatants were recovered by centrifugation. The supernatants were transferred to a test tube and the combined volume was adjusted to 5 ml with purified water. The starch content was measured by a colorimetric method using an iodine solution and calculated according to a potato starch standard curve.

Preparation of Enzymes from Leaves and Enzyme Measurements

All procedures were performed at 0-4°C. Fresh leaves (100 mg) were hand-homogenized with a glass homogenizer in 500 μL of solution containing 100 mM HEPES-NaOH (pH 7.5), 1 mM EDTA, 5 mM DTT, 10 mM MgCl2, 20 mM KCl, and 10% (v/v) glycerol. The homogenate was centrifuged at 12, 000 × g for 10 min, and the pellet was washed (250 μL × 2) with the same buffer. The resulting supernatants were used for the preparation of enzymes.

The ADP-glucose pyrophosphorylase (AGPase) assay was carried out according to the method described by Nishi et al. (2001). The SS and branching enzyme (BE) assay was according to the method described by Jiang et al. (2003). The starch phosphorolysis activity of starch phosphorylase was assayed using a continuous assay in the direction of Glc-1-P formation, coupled to the production of NADH (Zeeman et al., 2004). The SS activity of starch phosphorylase was detected on native glycogen-containing zymograms (Dauvillée et al., 2006).

Observation of Pollen Morphology and Germination

For the observation of pollen morphology and fertility, pollen grains were harvested from fully expanded flowers. After staining with iodine–potassium iodide solution, pollen was viewed with a bright-field microscope. To test the pollen germination rate, pollen grains were dispersed in a solution of 10% sucrose, 0.01% H3BO3, 0.05% Ca(NO3)2⋅4H2O. After incubating at 37°C for 30 min, germinated pollen grains were viewed with a bright-field microscope.

RESULTS

Identification and Characterization of the Putative Starch Phosphorylase Genes in the L. japonicus Genome

TBLASTN searches of the L. japonicus genome12 using the amino acid sequences of Arabidopsis PHO proteins revealed four putative PHO genes. The L. japonicus PHO genes were designated LjPHO1;1 (Lj2g3v1079510), LjPHO1;2 (Lj0g3v0360239), LjPHO2 (LjB08M07.90.r, database build 2.5), and LjPHO3 (Lj6g3v2006830), respectively, on the basis of the unrooted NJ-tree (Supplementary Figure S1) constructed from PHO proteins of selected plants. Alignment of the genomic DNA sequences with the cDNA sequences reveals that the LjPHO genes contain 15–20 exons separated by 14–19 introns within their coding domain sequences (Supplementary Table S2). LjPHO2 contains two additional introns in its 5’ untranslated region. All LjPHO proteins contain the GT1_Glycogen_Phosphorylase domain (cd04300). LjPHO1 and LjPHO3, but not LjPHO2, contain a putative plastid-targeting peptide region (TP) as predicted by ChloroP 1.113 (Figure 1A). LjPHO3 contains an ACT domain (cl09141) in the N-terminal region. The two LjPHO1 proteins have the L78 region near the middle of the GT1 domain; this region does not exist in the LjPHO2 and LjPHO3 proteins (Supplementary Figure S2).
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FIGURE 1. PHO genes detected in the Lotus japonicus genome. (A) Comparison of the domains found within the predicted amino acid sequences of PHO proteins; (B) Expression analysis of the putative PHO genes. QRT-PCR of total RNA samples was used to measure putative PHO gene expression. Relative expression was normalized to the reference gene ubiquitin (internal control). Bars show means ± SD of three biological replicates.



The expression levels of transcripts encoded by the LjPHO genes were measured by qRT-PCR in only one developmental stage, including leaf, root, stem, and nodule of 3-week-old plants, and flower, pod and seed of 10-week-old plants of L. japonicus MG-20. The results showed that the LjPHO2 gene was expressed at the highest level in leaves, while LiPHO1;2 was expressed weakly in roots, seeds, and nodules. The expression levels of LjPHO1;1 and LjPHO3 differed little among the tissues tested (Figure 1B).

The biochemical characteristics and biological functions of PHO1 and PHO2 proteins have been investigated in many plants. The present study focused on analysis of the function of the LjPHO3 gene in L. japonicus.

Plastid Localization and Expression of LjPHO3 in E. coli

To confirm the plastid localization of LjPHO3, as predicted by ChloroP 1.1, we examined the localization of LjPHO3-eYFP by laser scanning confocal microscopy. In P35S:LjPHO3-eYFP cells, eYFP fluorescence largely overlapped with the red fluorescence resulting from chlorophyll within chloroplasts (Figure 2A). This result suggested that LjPHO3 should be located in plastids. The strong fluorescent spots (Figure 2A) suggested the LjPHO3 proteins could also be deposited into protein bodies in the Arabidopsis cells.
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FIGURE 2. Chloroplast localization of LjPHO3-eYFP and expression of LjPHO3 in Escherichia coli. (A) Chloroplast localization of LjPHO3-eYFP. Protoplasts prepared from Arabidopsis leaves were used for gene transformation and observed by confocal laser scanning microscopy. Bar = 20 μm; (B) Simplified graphical representation of expression of truncated LjPHO3 genes in E. coli; (C) SDS-PAGE of bacterially expressed LjPHO3 proteins. E. coli Rosetta was transformed with the native plasmid pGEX-KG or with reconstructed sequences (P1, P2, and P3), lyzed, and the lysate was analyzed for PHO activity. A protein standard ladder (marker) is indicated on the right. The gel was stained with Coomassie Brilliant Blue R-250 dye; (D) Starch phosphorolysis activity assay. Assays of the starch phosphorolysis activity of PHO were carried out at 28°C, using oyster glycogen as substrate. The data represent averages of three replicates with mean standard deviations. (Duncan test: ∗P < 0.05; ∗∗P < 0.01.)



LjPHO3 was cloned and expressed in E. coli Rosetta to determine whether this PHO gene encoded an authentic PHO enzyme. The recombinant forms of PHO3 so produced include P1 (Δ41PHO, deletion of the putative TP domain sequences), P2 (Δ183PHO, in which the putative TP domain and ACT domain sequences were deleted), and P3 (the full length coding domain; Figure 2B). After induction of expression by IPTG, starch phosphorolysis activities of the total soluble protein in E. coli cells that contained recombinant P3 (full length) were on average 2.5-fold greater than the basal activity in E. coli cells containing the native plasmid (Figures 2C,D). To further study the enzymatic characteristics of LjPHO3, we purified the recombinant PHO3 proteins of P1 and P3 using the GST⋅BINDTM Resin. Unfortunately, neither starch phosphorolysis nor SS activity could be detected for any of the purified recombinant PHO3 proteins.

Overexpression of the LjPHO3 Gene Decreased Starch Accumulation in L. japonicus Leaves

To investigate the function of PHO3 in L. japonicus, the gene was overexpressed in the MG-20 variety under the control of the CaMV 35S promoter. Three independent overexpression of LjPHO3 transgenic lines (LjPHO3-OE1, 2, and 3) were established for use in these experiments (Figure 3A). Changes in the levels of LjPHO3 transcripts were analyzed by qRT-PCR (Figure 3B).
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FIGURE 3. Phenotype of transgenic plants carrying LjPHO3 overexpression constructs. MG-20, wild-type L. japonicus; OE1, OE2, and OE3, three different transgenic lines. (A) Ten-week-old seedlings grown in a growth chamber; (B) Expression analysis of the LjPHO3 gene in leaves of 4-week-old seedlings. Values represent means of n = 6 ± SD (Duncan test: ∗P < 0.05; ∗∗P < 0.01); (C) Accumulation of starch in leaves of 10-week old seedlings. Leaves were heated in 80% (v/v) aqueous ethanol to remove pigments before staining with iodine (Lugol’s solution). EOL, end of light; EOD, end of dark; (D) Electron microscopic observation of starch granules; (E) Average length and width of starch granules (SGs). Over 500 SGs were measured for each line (Supplementary Figure S3). Values represent means of n ≥ 500 ± SD. (Duncan test: ∗P < 0.05; ∗∗P < 0.01.)



Because of the predicted roles of PHO proteins in starch and oligosaccharide synthesis and/or degradation, we first measured the starch content in leaves of 10-week-old seedlings. The results showed that LjPHO3-OE leaves have an observable decrease in amounts of starch at both the end of the light period (EOL) and the end of the dark period (EOD; Figure 3C). Electron microscopic observation indicated that the starch granules at EOL were both shorter and narrower in LjPHO3-OE leaves than in wild-type leaves (Figures 3D,E; Supplementary Figure S3B).

A quantitative assay indicated that the starch content of LjPHO3-OE leaves was about 30% less than that of wild-type leaves (Figure 4A). On the other hand, the soluble sugar content was higher in LjPHO3-OE leaves than in wild-type leaves (Figure 4B). Next, we tested the activities of PHO and three SS enzymes in LjPHO3-OE and wild-type leaves. The results showed that the LjPHO3-OE leaves have higher PHO starch phosphorolysis activity and SS activity, but lower AGPase activity, than the wild-type leaves (Figures 4C–E). No significant difference in BE activity (Figure 4F), nor changes in zymogram bands corresponding to PHO SS activity (Supplementary Figure S3C), were observed between the LjPHO3-OE and wild-type leaves.
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FIGURE 4. Differences in biochemical indexes between wild-type leaves and LjPHO3-OE leaves. MG-20, wild-type L. japonicus; OE1, OE2, and OE3, three different transgenic lines. The leaves were taken from 10-week-old seedlings grown in a growth chamber. (A,B) Starch and soluble sugar contents. EOL, end of light; EOD, end of dark; (C) Starch phosphorolysis activity of PHO; (D–F) Activities of ADP-Glucose pyrophosphorylase (AGPase), (D) Starch synthase (SS), (E) Starch branching enzyme (BE), (F) The data represent averages of three biological replicates with mean standard deviations. (Duncan test: ∗P < 0.05; ∗∗P < 0.01.)



Overexpression of the LjPHO3 Gene Influences the Growth of L. japonicus Plants

Seeds of the LjPHO3-OE and wild-type lines were germinated, inoculated with M. loti MAFF303099, and grown on a vermiculite mixture for 4 weeks in a growth chamber (Figure 5A). The LjPHO3-OE seedlings were small with relatively shorter shoots and roots, and had fewer nodules, as compared to the wild-type seedlings (Figure 5B). At a later stage (10 weeks) under the greenhouse conditions, LjPHO3-OE seedlings were also small in comparison to the wild-type plants (Figure 5C), but there was no significant difference in flowering time. Their siliques were shorter, but their seeds were larger and heavier than those of wild-type plants (Supplementary Figure S4).
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FIGURE 5. Differences in plant size and nodule number between wild-type and LjPHO3-OE seedlings. MG-20, wild-type L. japonicus; OE1, OE2, and OE3, three different transgenic lines. (A) Four-week-old seedlings grown in a growth chamber; (B) Differences in shoot height, main root length, and nodule number between wild-type and LjPHO3-OE seedlings. The data represent averages of 30–40 seedlings with mean standard deviations (Duncan test: ∗P < 0.05; ∗∗P < 0.01.); (C) Ten-week-old seedlings grown in a greenhouse under natural daylight.



To study the influence of nitrogen on growth and starch accumulation in these plants, LjPHO3-OE and wild-type plants were germinated and grown on vermiculite (irrigated with Broughton and Dilworth nutrient solution containing 0, 5, and 10 mM KNO3, respectively) in transparent containers in a growth chamber. After 4 weeks, we observed that the LjPHO3-OE seedlings were small compared to the wild-type seedlings, especially under N-deficiency conditions (Figures 6A–C). The LjPHO3-OE leaves also had lower starch content (Figure 6D), but higher soluble sugar content (Figure 6E), than wild-type leaves under all three N-supply conditions.
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FIGURE 6. Analysis of the effect of different levels of N-supply on the growth of LjPHO3-OE seedlings. MG-20, wild-type L. japonicus; OE1, OE2, and OE3, three different transgenic lines. (A) Four-week-old seedlings grown under different N-supply conditions (0, 5, and 10 mM KNO3, respectively); (B,C) Shoot height (B) and main root length (C) of seedlings grown under different N-supply conditions; (D,E) Starch (D) and soluble sugar (E) contents of leaves at the end of the light period. The data represent averages of three biological replicates with mean standard deviations. (Duncan test: ∗P < 0.05; ∗∗P < 0.01.)



Overexpression of the LjPHO3 Gene Decreased Pollen Fertility in L. japonicus

Compared to the wild-type, LjPHO3-OE plants displayed a 75% reduction in rate of seed set (Figures 7A,B). Wild-type pollen grains were round with ample cytoplasm, whereas many pollen grains from LjPHO3-OE plants were shrunken, irregular, and wizened, with scant cytoplasm (Figure 7C). The proportion of pollen grains from wild-type plants that became dark blue upon iodine staining was close to 100%, while the proportion from LjPHO3-OE plants was around 60% (Figure 7D). After incubation on medium for 30 min at 37°C, the germination rate of pollen from LjPHO3-OE plants was around 60%, whereas the rate of germination for wild-type pollen was about 97% (Figures 7E,F). It is clear that overexpression of LjPHO3 substantially reduces pollen fertility in L. japonicus.
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FIGURE 7. Fertility changes in LjPHO3-OE plants. MG-20, wild-type L. japonicus; OE1, OE2, and OE3, three different transgenic lines. (A) Silique filling stage and seeds; (B) Rate of seed set. The data represent averages of over 50 siliques with mean standard deviations (Duncan test: ∗P < 0.05; ∗∗P < 0.01.); (C) Morphology of pollen grains; (D) Stainability of pollen by iodine–potassium iodide solution; (E) In vitro pollen germination test. Scale bar = 20 μm; (F) Pollen germination rate. For each plant line, pollen grains from 5 to 6 anthers of each of 6 to 8 plants were analyzed. (Duncan test: ∗P < 0.05; ∗∗P < 0.01.) Scale bar = 20 μm.



DISCUSSION

Plastids are descended from a cyanobacterial symbiosis and starch metabolism genes probably coevolved following at least two rounds of whole genome duplication during the early period of plant evolution (Deschamps et al., 2008). It is therefore possible in principle for any plant lineage to have retained three isoforms of each starch metabolism protein. Only two starch phosphorylase isoforms, the plastidic starch phosphorylase (PHO1/PHOL) and the cytosolic starch phosphorylase (PHO2/PHOH), have previously been reported in higher plants (Deschamps et al., 2008). We detected a new starch phosphorylase family protein in some plants, which form a new subclade together with two PHO genes from the green algae O. lucimarinus and C. reinhardtii (PHOB/STA4) on the phylogenetic tree (Wu et al., 2015). In this study, we observed that the PHO3 gene was present in the genome of L. japonicus (Supplementary Figure S1) and it participates in transitory starch metabolism in L. japonicus leaves. These results indicate the PHO3 gene should be lost in some plant linkages during their evolution. The loss of genes encoding other SS enzymes was also observed in some plants. For examples, cruciferae plants such as Arabidopsis and Brassica rapa don’t have the gene encoding BE I isoform in their genomes (Dumez et al., 2006). Many plants lost the gene encoding SS VI isoform although its biological function is unknown (Wu et al., 2015). In these plants, the biological functions of these genes may be lost, or replaced by other genes during their evolution.

The PHOB/STA4 protein is located in the plastid in C. reinhardtii (Dauvillée et al., 2006). In Arabidopsis protoplasts, eYFP fluorescence of LjPHO3-eYFP largely overlapped with the red chlorophyll fluorescence within chloroplasts (Figure 2A), which indicates that LjPHO3 is also a plastidic protein. Although the crude enzyme extract from E. coli cells containing the recombinant LjPHO3 protein showed higher starch phosphorolysis activity (Figure 2C), purified recombinant LjPHO3 proteins did not show any SS or starch phosphorolysis activities using the substrates glucose-1-phosphate, and/or maltose, maltotriose, maltoheptaose, glycogen, amylopectin, and amylose. The catalytic properties of the LjPHO3 protein therefore remain to be determined.

In C. reinhardtii, the sta4 mutants were found as mutants expressing a conditional low-starch high-amylose phenotype only in conditions of high polysaccharide synthesis (Libessart et al., 1995; Dauvillée et al., 2006). The authors speculated that the role of PHOB might be indirect through its involvement in a multienzyme complex (such as the BE–phosphorylase complex) selectively active during starch biosynthesis under high carbon flux (Dauvillée et al., 2006). The majority of ACT domain-containing proteins appears to interact with amino acids and is involved in some aspect of regulation of amino acid metabolism (Grant, 2006). So, it could not exclude the possibility that one or more amino acids may be involved in the regulation of the activity of PHOB in starch turnover in C. reinhardtii.

Like the C. reinhardtii PHOB/STA4, the LjPHO3 protein has an ACT domain [cl09141] in the N-terminus, but it lacks the L78 domain which is present in PHO1 proteins (Figure 1A; Supplementary Figure S2). In this study, we observed that the LjPHO3 proteins appeared to play a negative role in starch accumulation in L. japonicus leaves. Overexpression of LjPHO3 in L. japonicus resulted in a significant decrease in amounts of starch and sizes of starch granules but an increased amount of soluble sugars in leaves of the transgenic plants (Figures 3C and 4A,B; Supplementary Figure S3). This effect was not affected by nitrogen supplying levels (Figures 6D,E), but the growth of LjPHO3-OE seedlings was seriously retarded under N-deficiency conditions (Figure 6A). These results implied that the increased activity of phosphorylase (Figure 4C) increased the phosphorolysis of the transitory starches in the LjPHO3-OE leaves. The increase of SS activity (Figure 4E) may be induced by the elevated content of sugars in LjPHO3-OE leaves (Figure 4B). In rice and Arabidopsis, the expression levels of SS genes, but not AGPase genes those function in leaves have been reported to be upregulated by higher sugars in leaves (Dian et al., 2003, 2005; Niittylä et al., 2004; Akihiro et al., 2005). Reduction in starch accumulation may elevate sugar export from chloroplasts further led to the increase of Pi content in chloroplasts. In leaves of higher plants, the activity of AGPase is mainly modified at protein level, such as regulated by 3-phosphoglycerate (activator) and inorganic orthophosphate (inhibitor), and also redox modification (Ballicora et al., 2004). The reduction of AGPase activity in LjPHO3-OE leaves (Figure 4D) may be due to changes in Pi content and sugar (-P) pool in chloroplasts. The detail changes in photosynthetic parameters, sugar/sugar-P composition and other compounds between the wild-type and transgenic leaves remained to be determined next. It has been reported that transitory starch is produced in the chloroplast of leaves during the day, and degrades to support metabolism and growth at night in many plants (Smith and Stitt, 2007; Vriet et al., 2010). In consequence, the functional transitory starch turnover is crucial for normal growth of plants. The smaller size of LjPHO3-OE seedlings may be due to an insufficiency of sugars supplied by the leaves at night (Figures 5A,C and 6A). The reduction in pollen fertility (Figure 7) may be due to the decreased in deposition of starch in developing pollen grains of LjPHO3-OE plants. Alternatively, it may be because of the insufficient amount of sugars supplied by the leaves. As a result of so many of the pollen grains being sterile, seed set was reduced in LjPHO3-OE plants (Figure 7).

Considering the phenotype of the overexpression lines it was logical to test the effect of LjPHO3 knock-down. Two different approaches were used, including RNA interference lines (MG-20) and two LTR retrotransposon insertion lines (Gifu; DK02: No.30006161 and DK07: No.30056666 from the LORE1 insertion mutant resource14). Sadly, LjPHO3 expression was not reduced significantly in the interference lines and those plants did not exhibit related phenotypes. Furthermore, the two tested insertion lines, were not knock-out mutants, as full length transcript cDNA was detected in homozygote plants (data not shown). It would be interesting to test the newly available insertion lines to conclude on the effect of LjPHO3 knock-out.

Starch synthesis or starch degradation? The plastidial PHO1 may play different physiological role between species, growing conditions and tissues, and one or more unknown factors were involved in regulating the action (Zeeman et al., 2004; Satoh et al., 2008; Lin et al., 2012; Streb and Zeeman, 2012; Malinova et al., 2014). The same assumption could also apply to the physiological role of the PHO3 protein. In C. reinhardtii, PHOB/PHO3 may play a role in storage starch biosynthesis in conditions of nitrogen starvation (Dauvillée et al., 2006). In L. japonicus, PHO3 should participate in starch degradation in leaves based on the present results. On the other hand, overexpression of the LjPHO3 gene in rice did not significantly affect the starch content of either leaves or endosperms, or the rate of seed set rate in transgenic rice plants (data not shown). These results imply that one or more additional factor (s) in L. japonicus plants are required for the PHO3 protein to be active in regulating starch accumulation. They could also explain why the purified recombinant PHO3 proteins showed no SS or starch phosphorolysis activity in vitro.

CONCLUSION

Lotus japonicus has a gene encoding the PHO3 isoform. The LjPHO3 protein lacks the L78 domain but has an ACT domain, and it is located in the chloroplast. Overexpression of LjPHO3 in L. japonicus results in a reduction in starch content in leaves. The reduction in starch deposition has a major impact on plant growth, pollen fertility, and rate of seed set rate in the transgenic plants. However, the catalytic properties of the LjPHO3 protein remain to be further studied. To our knowledge, the results presented here represent the first data on the function of the PHO3 protein subfamily in higher plants.

AUTHOR CONTRIBUTIONS

The research was designed by HJ, GW, YC, ML, and PW. The experiments were performed by SQ, YT, and the data were analyzed by SQ. The manuscript was written by SQ.

ACKNOWLEDGMENT

This work was supported by the National Natural Science Foundation of China (31070227) and the Externa1 Cooperation Program of BIC, Chinese Academy of Sciences (151644KYSB20130054).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fpls.2016.01315
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FIGURE S2 | Comparison of the deduced amino acid sequences of PHO proteins from Lotus japonicus and Chlamydomonas. Conserved amino acids are indicated by shaded squares.

FIGURE S3 | Phenotype of starch granules and starch phosphorylase isoforms in wild-type leaves and LjPHO3-OE leaves. (A) Electron microscopic observation of starch granules. More chloroplasts lacked starch granules in LjPHO3-OE plants than in wild-type plants; (B) Distribution of the lengths and widths of measured starch granules; (C) Zymogram analysis of starch synthesis activities of the PHO enzymes. Soluble proteins from crude extracts of leaves were subjected to native PAGE [7.5% (w/v) acrylamide slab gel containing 0.5% (w/v) oyster glycogen] and stained to reveal phosphorylase isoforms.

FIGURE S4 | Differences in silique length and seed size between MG-20 and LjPHO3-OE seedlings. (A) and (B) Difference in siliques length between MG-20 and LjPHO3-OE seedlings; (C) Seed size; (D) The 1000-seed weight. Values represent means of n = 6 ± SD. (Duncan test: ∗P < 0.05; ∗∗P < 0.01.)

FOOTNOTES

1 http://www.ncbi.nlm.nih.gov/

2 http://www.kazusa.or.jp/lotus/blast.html

3 http://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi

4 http://www.cbs.dtu.dk/services/TargetP/

5 http://www.merckmillipore.com/

6 http://www.qiagen.com

7 http://www.roche.com

8 http://au.promega.com

9 http://primer3.ut.ee/

10 http://www.zeiss.com/

11 http://www.jeol.com

12 http://www.kazusa.or.jp/lotus/blast.html

13 www.cbs.dtu.dk/services/ChloroP/

14 http://lotus.au.dk

REFERENCES

Akihiro, T., Mizuno, K., and Fujimura, T. (2005). Gene expression of ADP-glucose pyrophosphorylase and starch contents in rice cultured cells are cooperatively regulated by sucrose and ABA. Plant Cell Physiol. 46, 937–946. doi: 10.1093/pcp/pci101

Ballicora, M. A., Iglesias, A. A., and Preiss, J. (2004). ADP-Glucose pyrophosphorylase: a regulatory enzyme for plant starch synthesis. Photosynth. Res. 79, 1–24. doi: 10.1023/B:PRES.0000011916.67519.58

Chen, H. M., Chang, S. C., Wu, C. C., Cuo, T. S., Wu, J. S., and Juang, R. H. (2002). Regulation of the catalytic behaviour of L-form starch phosphorylase from sweet potato roots by proteolysis. Physiol. Plant 114, 506–515. doi: 10.1034/j.1399-3054.2002.1140402.x

Chen, Y. P., Chen, W., Li, X. L., Jiang, H. W., Wu, P. Z., Xia, K. F., et al. (2014). Knockdown of LjIPT3 influences nodule development in Lotus japonicus. Plant Cell Physiol. 55, 183–193. doi: 10.1093/pcp/pct171

Dauvillée, D., Chochois, V., Steup, M., Haebel, S., Eckermann, N., Ritte, G., et al. (2006). Plastidial phosphorylase is required for normal starch synthesis in Chlamydomonas reinhardtii. Plant J. 48, 274–285. doi: 10.1111/j.1365-313X.2006.02870.x

Deschamps, P., Moreau, H., Worden, A. Z., Dauvillée, D., and Ball, S. G. (2008). Early gene duplication within Chloroplastida and its correspondence with relocation of starch metabolism to chloroplasts. Genetics 178, 2373–2387. doi: 10.1534/genetics.108.087205

Dian, W., Jiang, H., Chen, Q., Liu, F., and Wu, P. (2003). Cloning and characterization of the granule-bound starch synthase II gene in rice, gene expression is regulated by the nitrogen level, sugar and circadian rhythm. Planta 218, 261–268. doi: 10.1007/s00425-003-1101-9

Dian, W., Jiang, H., and Wu, P. (2005). Evolution and expression analysis of starch synthase III and IV in rice. J. Exp. Bot. 56, 623–632. doi: 10.1093/jxb/eri065

DuBois, M., Gilles, K., Hamilton, J. K., Rebers, P. A., and Smith, F. (1951). A colorimetric method for the determination of sugars. Nature 168, 167–167. doi: 10.1038/168167a0

Dumez, S., Wattebled, F., Dauvillee, D., Delvalle, D., Planchot, V., Ball, S. G., et al. (2006). Mutants of Arabidopsis lacking starch branching enzyme II substitute plastidial starch synthesis by cytoplasmic maltose accumulation. Plant Cell 18, 2694–2709. doi: 10.1105/tpc.105.037671

Emanuelsson, O., Nielsen, H., and von Heijne, G. (1999). ChloroP, a neural network-based method for predicting chloroplast transit peptides and their cleavage sites. Protein Sci. 8, 978–984. doi: 10.1110/ps.8.5.978

Fettke, J., Chia, T., Eckermann, N., Smith, A., and Steup, M. (2006). A transglucosidase necessary for starch degradation and maltose metabolism in leaves at night acts on cytosolic heteroglycans (SHG). Plant J. 46, 668–684. doi: 10.1111/j.1365-313X.2006.02732.x

Fettke, J., Poeste, S., Eckermann, N., Tiessen, A., Pauly, M., Geigenberger, P., et al. (2005). Analysis of cytosolic heteroglycans from leaves of transgenic potato (Solanum tuberosum L.) plants that under- or overexpress the Pho 2 phosphorylase isozyme. Plant Cell Physiol. 46, 1987–2004. doi: 10.1093/pcp/pci214

Grant, G. A. (2006). The ACT domain: a small molecule binding domain and its role as a common regulatory element. J. Biol. Chem. 281, 33825–33829. doi: 10.1074/jbc.R600024200

Hwang, S. K., Singh, S., Cakir, B., Satoh, H., and Okita, T. W. (2016). The plastidial starch phosphorylase from rice endosperm: catalytic properties at low temperature. Planta 243, 999–1009. doi: 10.1007/s00425-015-2461-7

Jiang, H., Dian, W., and Wu, P. (2003). Effect of high temperature on fine structure of amylopectin in rice endosperm by reducing the activity of the starch branching enzyme. Phytochemistry 63, 53–59. doi: 10.1016/S0031-9422(03)00005-0

Jiang, H. W., Li, M. R., Liang, N. T., Yan, H. B., Wei, Y. B., Xu, X. L., et al. (2007). Molecular cloning and function analysis of the stay green gene in rice. Plant J. 52, 197–209. doi: 10.1111/j.1365-313X.2007.03221.x

Kruger, N. J., and ap Rees, T. (1983). Properties of α-glucan phosphorylase from pea chloroplasts. Phytochemistry 22, 1891–1898. doi: 10.1016/0031-9422(83)80007-7

Libessart, N., Maddelein, M. L., Koornhuyse, N., Decq, A., Delrue, B., Mouille, G., et al. (1995). Storage, photosynthesis, and growth: the conditional nature of mutations affecting starch synthesis and structure in Chlamydomonas. Plant Cell 7, 1117–1127. doi: 10.1105/tpc.7.8.1117

Lin, Y. C., Chen, H. M., Chou, I. M., Chen, A. N., Chen, C. P., Young, G. H., et al. (2012). Plastidial starch phosphorylase in sweet potato roots is proteolytically modified by protein-protein interaction with the 20S proteasome. PLoS ONE 7:e35336. doi: 10.1371/journal.pone.0035336

Lu, Y., Steichen, J. M., Yao, J., and Sharkey, T. D. (2006). The role of cytosolic alpha-glucan phosphorylase in maltose metabolism and the comparison of amylomaltase in Arabidopsis and Escherichia coli. Plant Physiol. 142, 878–889. doi: 10.1104/pp.106.086850

Malinova, I., Mahlow, S., Alseekh, S., Orawetz, T., Fernie, A. R., Baumann, O., et al. (2014). Double knockout mutants of Arabidopsis grown under normal conditions reveal that the plastidial phosphorylase isozyme participates in transitory starch metabolism. Plant Physiol. 164, 907–921. doi: 10.1104/pp.113.227843

Marchler-Bauer, A., Derbyshire, M. K., Gonzales, N. R., Lu, S., Chitsaz, F., Geer, L. Y., et al. (2015). CDD, NCBI’s conserved domain database. Nucleic Acids Res. 43, D222–D226. doi: 10.1093/nar/gku1221

Mori, H., Tanizawa, K., and Fukui, T. (1993). A chimeric alpha-glucan phosphorylase of plant type L and H isozymes. Functional role of 78-residue insertion in type L isozyme. J. Biol. Chem. 268, 5574–5581.

Niittylä, T., Messerli, G., Trevisan, M., Chen, J., Smith, A. M., and Zeeman, S. C. (2004). A previously unknown maltose transporter essential for starch degradation in leaves. Science 303, 87–89. doi: 10.1126/science.1091811

Nishi, A., Nakamura, Y., Tanaka, N., and Satoh, H. (2001). Biochemical and genetic analysis of the effects of amylose-extender mutation in rice endosperm. Plant Physiol. 127, 459–472. doi: 10.1104/pp.010127

Satoh, H., Shibahara, K., Tokunaga, T., Nishi, A., Tasaki, M., Hwang, S. K., et al. (2008). Mutation of the plastidial α-glucan phosphorylase gene in rice affects the synthesis and structure of starch in the endosperm. Plant Cell 20, 1833–1849. doi: 10.1105/tpc.107.054007

Smith, A. M., and Stitt, M. (2007). Coordination of carbon supply and plant growth. Plant Cell Environ. 30, 1126–1149. doi: 10.1111/j.1365-3040.2007.01708.x

Streb, S., and Zeeman, S. C. (2012). Starch metabolism in Arabidopsis. Arabidopsis Book 10:e0160. doi: 10.1199/tab.0160

Tamura, K., Dudley, J., Nei, M., and Kumar, S. (2007). MEGA4, molecular evolutionary genetics analysis (MEGA) software version 4.0. Mol. Biol. Evol. 24, 1596–1599. doi: 10.1093/molbev/msm092

Vriet, C., Welham, T., Brachmann, A., Pike, M., Pike, J., Perry, J., et al. (2010). A Suite of Lotus japonicus starch mutants reveals both conserved and novel features of starch metabolism. Plant Physiol. 154, 643–655. doi: 10.1104/pp.110.161844

Wirtz, W., Stitt, M., and Heldt, H. W. (1980). Enzymic determination of metabolites in the subcellular compartments of spinach protoplasts. Plant Physiol. 66, 187–193. doi: 10.1104/pp.66.1.187

Wu, P. Z., Zhou, C. P., Cheng, S. F., Wu, Z. Y., Lu, W. J., Han, J., et al. (2015). Integrated genome sequence and linkage map of physic nut (Jatropha curcas L.), a biodiesel plant. Plant J. 81, 810–821. doi: 10.1111/tpj.12761

Yoo, S. D., Cho, Y. H., and Sheen, J. (2007). Arabidopsis mesophyll protoplasts: a versatile cell system for transient gene expression analysis. Nat. Protoc. 2, 1565–1572. doi: 10.1038/nprot.2007.199

Zeeman, S. C., Thorneycroft, D., Schupp, N., Chapple, A., Weck, M., Dunstan, H., et al. (2004). Plastidial α-glucan phosphorylase is not required for starch degradation in Arabidopsis leaves but has a role in the tolerance of abiotic stress. Plant Physiol. 135, 849–858. doi: 10.1104/pp.103.032631

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The reviewer AT and handling Editor declared their shared affiliation, and the handling Editor states that the process nevertheless met the standards of a fair and objective review.

Copyright © 2016 Qin, Tang, Chen, Wu, Li, Wu and Jiang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







	 
	ORIGINAL RESEARCH
published: 27 March 2017
doi: 10.3389/fpls.2017.00390





[image: image]

Arbuscular Mycorrhiza Stimulates Biological Nitrogen Fixation in Two Medicago spp. through Improved Phosphorus Acquisition

David Püschel1,2*, Martina Janoušková1, Alena Voříšková1, Hana Gryndlerová2, Miroslav Vosátka1 and Jan Jansa2

1Department of Mycorrhizal Symbioses, Institute of Botany, Czech Academy of Sciences, Průhonice, Czechia

2Laboratory of Fungal Biology, Institute of Microbiology, Czech Academy of Sciences, Prague, Czechia

Edited by:
Nicolas Rispail, Consejo Superior de Investigaciones Científicas (CSIC), Spain

Reviewed by:
Iver Jakobsen, University of Copenhagen, Denmark
Stephan Unger, Bielefeld University, Germany

*Correspondence: David Püschel, david.puschel@ibot.cas.cz

Specialty section: This article was submitted to Crop Science and Horticulture, a section of the journal Frontiers in Plant Science

Received: 29 November 2016
Accepted: 07 March 2017
Published: 27 March 2017

Citation: Püschel D, Janoušková M, Voříšková A, Gryndlerová H, Vosátka M and Jansa J (2017) Arbuscular Mycorrhiza Stimulates Biological Nitrogen Fixation in Two Medicago spp. through Improved Phosphorus Acquisition. Front. Plant Sci. 8:390. doi: 10.3389/fpls.2017.00390

Legumes establish root symbioses with rhizobia that provide plants with nitrogen (N) through biological N fixation (BNF), as well as with arbuscular mycorrhizal (AM) fungi that mediate improved plant phosphorus (P) uptake. Such complex relationships complicate our understanding of nutrient acquisition by legumes and how they reward their symbiotic partners with carbon along gradients of environmental conditions. In order to disentangle the interplay between BNF and AM symbioses in two Medicago species (Medicago truncatula and M. sativa) along a P-fertilization gradient, we conducted a pot experiment where the rhizobia-treated plants were either inoculated or not inoculated with AM fungus Rhizophagus irregularis ‘PH5’ and grown in two nutrient-poor substrates subjected to one of three different P-supply levels. Throughout the experiment, all plants were fertilized with 15N-enriched liquid N-fertilizer to allow for assessment of BNF efficiency in terms of the fraction of N in the plants derived from the BNF (%NBNF). We hypothesized (1) higher %NBNF coinciding with higher P supply, and (2) higher %NBNF in mycorrhizal as compared to non-mycorrhizal plants under P deficiency due to mycorrhiza-mediated improvement in P nutrition. We found a strongly positive correlation between total plant P content and %NBNF, clearly documenting the importance of plant P nutrition for BNF efficiency. The AM symbiosis generally improved P uptake by plants and considerably stimulated the efficiency of BNF under low P availability (below 10 mg kg-1 water extractable P). Under high P availability (above 10 mg kg-1 water extractable P), the AM symbiosis brought no further benefits to the plants with respect to P nutrition even as the effects of P availability on N acquisition via BNF were further modulated by the environmental context (plant and substrate combinations). As a response to elevated P availability in the substrate, the extent of root length colonization by AM fungi was reduced, the turning points occurring at about 8 and 10 mg kg-1 water extractable P for M. sativa and M. truncatula, respectively. Our results indicated competition for limited C resource between the two kinds of microsymbionts and thus degradation of AM symbiotic functioning under ample P supply.

Keywords: legumes, root symbioses, rhizobia, arbuscular mycorrhiza, nitrogen acquisition, phosphorus uptake, competition, synergies

INTRODUCTION

Legumes form two different types of root symbioses with soil microorganisms. Rhizobial symbiosis, exclusive to legumes, is established with soil diazotrophic bacteria that induce formation of nodules in host plants’ roots. Rhizobia fix atmospheric dinitrogen (N2) and provide it to the plants in the ammonium form that can easily be assimilated by the plant. Biological nitrogen fixation (BNF) thus contributes significantly to the nitrogen (N) budget of legumes. Its share in total N uptake by the plants is estimated to reach as high as 65–95% (Bolger et al., 1995). Arbuscular mycorrhizal (AM) symbiosis is by far more widespread among plant taxa. This association is established between the majority of terrestrial vascular plants and AM fungi from the phylum Glomeromycota (Smith and Read, 2008). AM fungi colonize plant roots and then their hyphae radiate into the surrounding soil, creating extensive networks of mycelium reaching to soil volume up to two orders of magnitude greater than what is accessible by plants alone (Raven and Edwards, 2001) and thus well beyond the depletion zone of the roots of poorly mobile nutrients such as phosphorus (P). The pivotal role of AM symbiosis occurs in enhancing plants’ uptake of such poorly mobile nutrients as P and/or zinc (Jansa et al., 2003a, 2011; Kiers et al., 2011).

In both rhizobial and AM symbioses, plants reward their microbial partners with photosynthetically assimilated carbon (C). The flows of C, N, and P in plants hosting both symbionts thus becomes rather complex (Figure 1). Each symbiosis may consume around 3–20% of recently fixed C to maintain the growth and activity and to build up energy reserves of the participating microbes (Jakobsen and Rosendahl, 1990; Kaschuk et al., 2009; Slavíková et al., 2016). The plants can partly compensate for C needs of their symbionts by increased CO2 assimilation (Paul and Kucey, 1981), either due to C sink stimulation or indirectly through the nutritional benefits received from the symbioses (Kaschuk et al., 2009; Řezáčová et al., 2017).
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FIGURE 1. Schematic representation of increasing complexity of carbon (C), nitrogen (N), and phosphorus (P) flows in a model leguminous plant growing either without any symbiosis (A), with only rhizobial symbionts mediating the biological nitrogen fixation (BNF) (B), or with both rhizobial and mycorrhizal symbioses established (C). Rhizobial nodules are shown as yellow circles on the roots, whereas the hyphae of arbuscular mycorrhizal (AM) fungi are represented by blue lines radiating from the roots. White arrows indicate plant acquisition pathways, gray arrows reallocation, and black arrows loss of C, N, and P, respectively.



Although the functioning of either of these symbioses alone has been studied in depth through past decades, their interaction remains insufficiently explored. Synergistic effects on plants of rhizobial and mycorrhizal symbioses have been described (e.g., Kaschuk et al., 2010; Larimer et al., 2014; van der Heijden et al., 2016), but the interaction of the two symbionts may also reduce plant growth (e.g., Bethlenfalvay et al., 1982; Ballhorn et al., 2016). As pointed out in a review by Larimer et al. (2010), there is a need for more experimental studies relating the interaction of the symbionts to abiotic conditions because nutrient availability and other environmental factors may influence the outcome. For example, Saia et al. (2014) observed that AM symbiosis enhanced BNF and total plant biomass under drought stress but not under water-sufficient conditions. Ballhorn et al. (2016) reported interactive effects of AM and rhizobial symbioses depending on light availability. Surprisingly, however, there is only limited and inconclusive information on how the interaction of the two symbionts changes along the P-availability gradients (see Bethlenfalvay et al., 1982; Larimer et al., 2014).

Maintenance of rhizobial symbiosis imposes great P demand on the host plants (Jakobsen, 1985). This is because nodules have high sink-strength for P, probably due to considerable nitrogenase demand for ATP and because P concentration in microbial tissue is substantially higher than in plant cells (Jakobsen, 1985). Under low P availability to the plants, the efficiency of BNF thus often decreases (Kleinert et al., 2014). This effect is thought to be merely indirect, through intensifying P deficiency of the host plant and, as a consequence, impairing the photosynthetic capacity of the host plant, and not directly affecting nodule formation or function (Jakobsen, 1985). As AM fungi usually improve their host plants’ P status under low P availability, AM symbiosis is expected to support rhizobial activity and increase BNF. At high P availability, AM symbiosis usually does not further improve the host plant’s P budget (Smith and Read, 2008) and is therefore unlikely to increase BNF through improved P nutrition. In contrast, the host plant may become C-limited under P-sufficient conditions (Johnson et al., 1997) with the consequence that synergy of the two symbionts changes to antagonism as the two compete for C as the system-limiting resource (Bethlenfalvay et al., 1982; Reinhard et al., 1993).

To achieve a better understanding of the role of P availability in the functional interplay between rhizobial and mycorrhizal symbioses, a factorial pot experiment with two soil types and three P-fertilization levels was conducted using mycorrhizal and non-mycorrhizal individuals of the species Medicago truncatula and M. sativa inoculated with their compatible rhizobia. The plants were grown in substrates differing in pH and P availability, and fertilized with 15N-labeled ammonium nitrate to allow assessment of BNF contribution to the plants’ N uptake. We hypothesized that (1) the efficiency of BNF would positively correlate with P nutrition of the plants, and (2) under low P availability in the substrate, mycorrhizal plants would acquire relatively more N from BNF than would non-mycorrhizal plants due to the functional synergy between the two symbioses.

MATERIALS AND METHODS

Experimental Design

In a greenhouse pot experiment, two model plant species, M. truncatula and M. sativa, were planted in two different substrates amended or not with mineral P-fertilizer to reach three levels of P availability for each of the substrates. All plants were inoculated with rhizobia compatible with the respective host plant species. Half of the plants were further inoculated with AM fungal isolate Rhizophagus irregularis ‘PH5,’ whereas the other plants grew without the AM fungus. The experiment was conducted in a fully factorial experimental design with five biological replicates per treatment, and thus it comprised 120 pots.

Substrate and Initial P-Fertilization

A mixture (1:1, v:v) of autoclaved (at 121°C for 30 min) quartz sand (grain size < 4 mm) and autoclaved zeolite (grain size 1–2.5 mm; Zeopol s.r.o., Břeclav, Czech Republic)1 provided the basis of the substrate used in this study. To this sand–zeolite mixture, 10% (of final volume) of γ-irradiated (>25 kGy) soil was added. Two soils of different origins and with different physicochemical properties were used. The first soil originated from Litoměřice, Czech Republic (GPS coordinates 50.532°N, 14.110°E) and the second soil was obtained from Tänikon, Switzerland (47.489°N, 8.919°E). The two soils differed in pH and calcium content and thus were assumed to have different P saturation kinetics, effectively resulting in a 6-point P-availability gradient obtained as a combination of 2 substrates and 3 P-supply levels (see Table 1 for selected physicochemical properties of the different substrates).

TABLE 1. Selected physico-chemical properties of sand–zeolite (1:1, v:v) substrates with 10% volumetric content of either Tänikon (Tän) or Litoměřice (LT) soil, and supplemented with either 0, 10, or 40 mg of P per pot (P0, P10, and P40, respectively).
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The substrates (further referred to as “LT” or “Tän” substrate depending on the identity of the soil component) were filled into tall, 2 L plastic pots (11 cm × 11 cm × 20 cm). First, the bottom third of each pot’s volume was filled. Prior to filling the upper two thirds of the pots, the respective volume of the substrate was subjected to initial fertilization and/or mycorrhizal inoculation, as required by the specific experimental treatment (details described below).

To prevent plant growth limitation due to lack of potassium (K), magnesium (Mg), and/or calcium (Ca), these nutrients were uniformly added into all pots as initial fertilization of the substrate. The doses of 60 mg of K, 30 mg of Mg, and 30 mg of Ca (per pot) were provided by means of two separate nutrient solutions that were prepared by dissolving either 13.372 g of K2SO4 together with 30.423 g of MgSO4⋅7H2O, or 11.005 g of CaCl2⋅2H2O per 1 L of distilled water. Both solutions were applied in doses of 10 mL per pot and thoroughly mixed into the upper two thirds of the substrate filled into each pot.

The gradient of P supply comprised three levels, hereafter referred to as “P0,” “P10,” and “P40,” with either 0, 10, or 40 mg of P added to the pots (Table 1). This was achieved by applying one of two P solutions, prepared by dissolving either 11.563 or 46.251 g of Na2HPO4⋅12H2O per 1 L of distilled water. The 10 mL dose of the respective P solution or distilled water in case of P0 level was applied and mixed into the upper two thirds of the substrate filled into each pot simultaneously with the application of cations as described earlier. For P availability measured in the different substrates, please see Table 1.

Mycorrhizal Inoculation

Sixty pots were inoculated with the AM fungal isolate R. irregularis ‘PH5.’ The isolate is maintained in the AM fungal collection of the Department of Mycorrhizal Symbioses (Institute of Botany, Czech Academy of Sciences, Průhonice, Czech Republic) in sand–zeolite–LT soil (2:2:1, v:v:v) mixture. The AM fungal inoculum cultures, established with Zea mays as the initial and Desmodium sp. as the follow-up, long-term host plant, were 16 months old when used as inoculum source. Inspection under a stereomicroscope had confirmed very abundant intraradical and extraradical sporulation of R. irregularis, as well as an absence of contamination by other AM fungal morphospecies. To prepare the AM fungal inoculum, the host plants’ shoots were removed and the roots were cut into ca 0.5 cm pieces and mixed back into the substrate. The material was subsequently dried at room temperature for 1 week. After thorough homogenization by mixing, the complex AM fungal inoculum (substrate+roots) was weighed into 50 g aliquots, stored temporarily in plastic bags, and then mixed into the upper two thirds of the substrate filled into each mycorrhiza-inoculated pot. This was done simultaneously with the application of cations and P (if applicable) described earlier.

To obtain an appropriate control (non-mycorrhizal, NM) treatment, a “mock” inoculum was produced in exactly the same manner as described above but using NM cultures: the same host plants were grown in the same substrate and under the same conditions as the AM fungal inoculum, but without the AM fungi. Visual inspection of the mock-inoculum cultures under a stereomicroscope confirmed the absence of AM fungal spores and/or mycelium clumps. The mock inoculum was processed and applied into the experimental pots in exactly the same manner as was the AM fungal inoculum (see above).

Plants and Rhizobia

The seeds of M. truncatula J5 and M. sativa cv. Vlasta were surface-sterilized (10% sodium hypochlorite; 10 min) and thereafter rinsed with sterilized tap water. The plants were germinated on moist filter paper in sterilized glass Petri dishes. Those seedlings with developed cotyledon leaves were transplanted into the pots, four seedlings per pot. During transplantation, the plants were inoculated with their compatible rhizobia. M. truncatula was inoculated with Sinorhizobium meliloti strain LT10, indigenous to LT soil, which was previously selected amongst several rhizobium strains isolated from the Litoměřice field site as the most beneficial rhizobium compatible with M. truncatula (unpublished observation). M. sativa was inoculated with strain 740 (Rhizobial collection, Crop Research Institute, Prague, Czech Republic), which had been recommended for M. sativa plants by Lenka Kabátová (Crop Research Institute, Prague, Czech Republic, personal communication). Both of the bacterial strains were grown in TY liquid medium (Somasegaran and Hoben, 1994) on a shaker at 24°C for 3 days. The bacteria were washed with 0.5% (w:v) aqueous MgSO4 solution and the suspension was then adjusted to the optical density of 0.7 at 600 nm (which corresponded to approximately 2 × 109 cells mL-1). One mL of this suspension was applied to each planting pit of individual seedlings during planting. After 1 week, the plants were thinned to two plants per pot.

Additionally, two control pots were established, one with LT and the other with Tän substrate, both of which were added with the AM fungal inoculum and fertilized with 40 mg P per pot. These pots were then planted with an isogenic mutant TRV25 (Morandi et al., 2005) of M. truncatula with suppressed ability to form both mycorrhizal and rhizobial symbioses. The plants were treated with the LT10 rhizobial strain as were the other experimental pots planted with M. truncatula. These pots were important for estimating the amount of N taken up from the substrate by P-sufficient plants in the absence of BNF. Due to spatial limitations and low availability of seeds of the mutant plant genotype, such control treatment could not have been established for each P-supply level and in a fully replicated manner.

Plant Cultivation and 15N Labeling

The experiment was begun at the end of September and conducted for 9 weeks in a heated greenhouse (where temperature did not drop below 18°C at night). Natural light was supplemented with 400 W metal halide lamps set to 14 h photoperiod such that the photosynthetically active radiation flux at plant level ranged between 370 μmol⋅m-2⋅s-1 at midday and a minimum of 85 μmol⋅m-2⋅s-1 at dawn or dusk. The positions of the pots were fully randomized. The plants were watered with 25, 50, or 100 mL of distilled water per day (all pots received always the same amount of water that progressively increased with plant age).

The plants were regularly fertilized with N provided as NH4NO3 solution. N-fertilization was first applied in the 3rd week after planting (to prevent potential suppression of nodulation at early stages of plant development) and then repeated weekly, thus totaling six applications per pot. With each application, the plants were provided with 20 mg of N per pot (1.14 g of NH4NO3 was dissolved per 1 L of distilled water, and 50 mL of this solution were applied per pot).

To distinguish N uptake by plants via the root/mycorrhizal and the BNF pathways, the ammonium nitrate applied in the pots was enriched with 15NH415NO3 (>98% 15N; Cambridge Isotope Laboratories, Inc., Andover, MA, USA) to reach δ 15N = +4491‰, corresponding to fractional abundance of 15N of 0.01979 (calculated value using isotopic abundance of the unlabeled and 15N-enriched ammonium nitrate and their molar ratio in the liquid fertilizer).

Harvest and Sampling

The shoots were cut at the substrate surface level, pooled per pot, dried at 65°C to constant weight and weighed to obtain shoot dry weight (SDW). The compact root system with substrate was removed from the pot and the roots were shaken off to remove most of the substrate.

The roots were then carefully washed of the remaining substrate with water. Mycorrhizal colonization was assessed on roots sampled throughout the zone originally laying approximately in the 4–8 cm depth. The sampled roots were cut into ca 1 cm pieces, immersed into 10% KOH and then stained using the modified method of Koske and Gemma (1989). In brief, the roots were first macerated in 10% KOH (overnight at room temperature, then 50 min at 90°C), washed with tap water, neutralized in 2% lactic acid (20 min at 90°C), and stained with 0.05% Trypan blue in LG (lactic acid–glycerol–water, 1:1:1, v:v:v) for 30 min at 90°C plus overnight at room temperature. The next day, roots were washed with tap water and further stored in LG. Colonization was evaluated microscopically using an Olympus SZX12 dissecting microscope at 100× magnification and quantified according to the gridline intersection method (Giovannetti and Mosse, 1980) while observing at least 100 intersections per sample.

The remaining roots were also weighed fresh and then reweighed after drying at 65°C to constant weight. Root dry weight (RDW) of the entire root system per pot was then calculated. Plants’ total dry weight (TDW) was calculated as the sum of SDW and RDW. To compare plants’ growth response to inoculation in different substrate treatments, mycorrhizal growth response (MGR) of individual mycorrhizal pots was calculated from the TDW values according to the equation MGR = (M - NMmean)/NMmean × 100% (Gange and Ayres, 1999), where M is the TDW recorded for a given mycorrhizal pot and NMmean is the mean TDW of pots in the corresponding NM treatment (i.e., the same substrate and P level).

Elemental Analyses

Prior to analyses of P and N concentrations in plant tissues, the dried samples of shoots and roots were ground to powder using a ball mill (MM200, Retsch, Haan, Germany). To determine the P concentration in plant tissues, milled samples of shoots and roots (100 mg each) were incinerated in a muffle furnace at 550°C for 12 h. The resulting ash was combined with 1 mL of concentrated (69%) HNO3 and briefly heated to 250°C on a hot plate. The materials was then transferred to volumetric flasks through a filter paper and brought up to 50 mL with ultrapure (18 MΩ) water. Phosphorus concentration in the extracts was then measured by colorimetry at 610 nm using a Pharmacia LKB Ultrospec III spectrophotometer by the malachite green method (Ohno and Zibilske, 1991).

The N concentrations and N isotopic composition in shoots and roots were measured using a Flash EA 2000 elemental analyzer coupled with a Delta V Advantage isotope ratio mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).

Total N and P contents were calculated from SDW and RDW data and the concentrations of the corresponding elements in shoot and root biomass, respectively. Additionally, mycorrhizal P-uptake response (MPR) and mycorrhizal N-uptake response (MNR) were calculated from the P contents of the plants (shoots and roots combined) similarly as described above for the MGR.

Calculation of BNF Efficiency

Assuming very similar isotopic composition of aerial N2 and total N in the potting substrates (fractional abundance of 15N in those two pools being 0.00364 and 0.00368, respectively, with the latter being the grand mean of 12 measurements of the two potting substrates amended with different levels of P before the experiment), the fraction of plant N derived from the 15N-labeled fertilizer (Ndff) was calculated separately for the shoots (NdffS) and the roots (NdffR) as follows:
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where 15N-AT%S and 15N-AT%R represent isotopic composition of N in the shoots and roots expressed as 15N atom percent, respectively, and were measured by isotope ratio mass spectrometry.

From these values, efficiency of the BNF was calculated, here defined as the fraction of the plant N derived from biological N fixation (%NBNF) as follows:
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This calculation effectively ignored the contribution of seed N (likely to be very small due to the small seed size of the two experimental plant species) as well as the contribution of N contained in the components of the potting substrates. This simplification was necessary because we had not established replicated non-fixing controls for each and every combination of the potting substrate and P amendment to experimentally measure N acquisition from the differentially P-amended substrates by non-fixing plants. Inasmuch as we have experimental evidence that the substrate contribution to N acquisition by the plants is generally not very large, the simplifications described above are justifiable. Indeed, the measured contribution of substrate N to N uptake of the asymbiotic M. truncatula mutants supplied with the highest P level (and assuming this saturated their P demand) reached only 12.0 or 11.2 mg N for the LT and Tän substrates, respectively. This was only about 19 and 18% of their total N content when grown in the LT and Tän substrates, respectively, meaning the plants relied to a large extent for their N supply on N uptake from the liquid fertilizer (which was the only remaining N source for these plants lacking BNF as well as AM symbiosis). If extrapolated to our symbiotic experimental plants, N acquisition from the substrates would only cover about 12% of their N budget. The actual values were most likely even lower than that 12% of the plant N budget due to the functional BNF.

Statistical Analyses

The data were analyzed using STATISTICA 12 (StatSoft Inc., USA). None of the presented data deviated significantly from the normal distribution and thus the data sets were not transformed for the statistical analyses. Data for two pots were removed from the subsequent statistical analyses: one pot from the NM treatment whose roots were colonized heavily by AM fungi (i.e., due to contamination) and one mycorrhizal pot with unusually high P content in the plant (more than twice the average of the treatment). Therefore, at least four biological replicates were retained per each treatment combination and five were included in most of them. The data were first subjected to general linear model analyses using the factors “plant,” “substrate,” and “AM fungal inoculation” as categorical predictors and “P addition” as continuous predictor in order to determine the contributions of individual factors and/or their interactions to explaining the variability in the data set (Supplementary Table S1). Individual parameters were analyzed by t-test to find differences between mycorrhizal and NM plants in every combination of substrate and fertilizer. A t-test also was used to analyze general differences in mycorrhizal colonization, MGR, MPR, and MNR between M. truncatula and M. sativa plants. The differences in mycorrhizal colonization, MGR, and MPR between P-fertilization treatments were analyzed with ANOVA followed by Tukey’s HSD test for separating the means. Correlation analyses between plant P nutrition and %NBNF were carried out using a linear regression model. The slopes of regression lines for mycorrhizal and non-mycorrhizal plants were further compared in Statgraphics Plus 3.1 (Statistical Graphics Corp., USA).

RESULTS

Development of the Symbiotic Microorganisms

All plants, excluding the two pots planted with the TRV25 mutant of M. truncatula, had nodules well developed in their root systems. The roots of all mycorrhizal plants were also highly (>65% of the root length) colonized with AM fungi (Figure 2), whereas those of NM and the mutant plants remained free of AM fungal colonization (data not shown). Mycorrhizal M. truncatula plants had their roots colonized to a significantly greater extent than did the M. sativa plants (87% vs. 77% of root length, respectively; t-test, p < 0.0001). The levels of mycorrhizal colonization were generally significantly lower in the P40 treatment compared to the less-fertilized treatments (Figures 2A,B), the exception being for M. truncatula in LT substrate (Figure 2B).
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FIGURE 2. Mycorrhizal colonization of plants inoculated with Rhizophagus irregularis ‘PH5’ affected by the addition of 0, 10, or 40 mg pot-1 of phosphorus (P0, P10, and P40, respectively). The results are shown either for the whole data set (A), or separately for Medicago truncatula or M. sativa plants grown in sand–zeolite substrate with 10% of either Litoměřice or Tänikon soil (LT or Tän substrate, respectively) (B). Colonization is expressed as percentage of root length occupied by mycorrhizal fungal structures such as hyphae, arbuscules, and/or vesicles. Means ± standard errors are shown (n = 19 or 20 for A, n = 4 or 5 for B). Different letters indicate significant differences between different P levels within each plant–substrate combination according to Tukey’s HSD test (p < 0.05); ns, p ≥ 0.05. The roots of control non-mycorrhizal plants remained free of mycorrhizal fungal structures (data not shown).



Plant Growth and Mycorrhizal P Uptake

In general, the plants responded to the presence of AM fungi in terms of their biomass either positively (M. truncatula, except for the P40 treatment in both substrates) or else no significant effect was recorded. No case of significant negative effect of AM symbiosis on plants’ TDW was found within the individual treatments (Figure 3A). The calculation of MGR nevertheless did show negative values in some cases, and particularly for the P40 treatments (Figures 4A,B). MGR of plants, analyzed for the whole data set covering four combinations of plant species and substrates, was significantly negatively correlated with the increasing P inputs (R2 = 0.1663, p = 0.013). This general trend was driven, however, by a very strong correlation (R2 = 0.901, p < 0.0001) recorded for M. truncatula planted in Tän substrate, whereas correlations for the other plant–substrate combinations were not significant (data in Figure 4B). Highly significant differences in MGR were found between M. truncatula and M. sativa plant species, the former responding much more strongly to mycorrhiza than the later (t-test, p < 0.0001).
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FIGURE 3. Total plant dry weight (TDW) (A), total phosphorus (P) content (B), total nitrogen (N) content (C), and fraction of plant N derived from biological N fixation (%NBNF) (D) of mycorrhizal (dark columns) or non-mycorrhizal (light columns) M. truncatula or M. sativa plants grown in sand–zeolite substrate with 10% of either Litoměřice or Tänikon soil (LT or Tän substrate, respectively). The substrate was amended with 0, 10, or 40 mg pot-1 of phosphorus (P0, P10, and P40, respectively). Bars represent means ± standard errors (n = 4 or 5). Asterisks indicate significant differences between mycorrhizal and non-mycorrhizal plants according to t-test (∗0.01 ≤p < 0.05, ∗∗0.001 ≤p < 0.01, ∗∗∗p < 0.001; ns, p ≥ 0.05).
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FIGURE 4. Mycorrhizal growth response (MGR) and mycorrhizal phosphorus-uptake response (MPR) of plants along a phosphorus fertilization gradient consisting of three input levels (0, 10, and 40 mg P added per pot; P0, P10, and P40, respectively). The results are shown either for the whole data set (A,C), or separately for M. truncatula or M. sativa plants grown in sand–zeolite substrate with 10% of either Litoměřice or Tänikon soil (LT or Tän substrate, respectively). Means ± standard errors are shown (n = 19 or 20 for A and C, n = 4 or 5 for B and D). Different letters indicate significant differences between different P levels within each plant–substrate combination according to Tukey’s HSD test (p < 0.05); ns, p ≥ 0.05.



Mycorrhizal symbiosis significantly increased P uptake by both Medicago species in all substrate and fertilization treatments, except for the P40 treatment in Tän substrate (Figure 3B). MPR was significantly higher in M. truncatula plants than in M. sativa plants (t-test, p = 0.0413). A strong negative correlation (R2 = 0.4566, p < 0.0001) between MPR and P-fertilization was found for the whole data set (Figure 4C). Individual plant–substrate combinations followed this trend (Figure 4D). Only in the case of M. truncatula planted in LT substrate was the correlation not significant (data in Figure 4D).

Biological Nitrogen Fixation

With the exception of the P40 treatment in Tän substrate, mycorrhizal symbiosis increased total plant N content and %NBNF in all M. truncatula plants (Figures 3C,D). In M. sativa plants, by contrast, the presence of AM fungus had no effect whatsoever on N content (Figure 3C), but it increased %NBNF in the LT substrate irrespective of the P input level (Figure 3D). Also, highly significant differences in MNR (t-test, p < 0.0001) evidenced the more important role of mycorrhiza in N acquisition by M. truncatula plants than by M. sativa plants.

The %NBNF was strongly and positively correlated with P content in plant biomass. This was manifest not only for the data set as a whole (Figure 5A), but it was confirmed also when smaller data sets were tested separately (Figures 5B–D). While in the case of M. truncatula plants the slopes of regression lines for mycorrhizal and NM plants differed significantly (p = 0.005), and with the regression line for NM plants being steeper than that for mycorrhizal plants (Figure 5C), in the case of M. sativa plants the slopes of the regression lines for mycorrhizal and NM plants were not statistically different (Figure 5D). Likewise, the slopes of regression lines for mycorrhizal and NM plants pooled across the two plant species (Figure 5B) did not differ significantly (p > 0.05).
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FIGURE 5. Correlation between total phosphorus (P) content of the plants and percentage of nitrogen (N) derived from BNF. Shown either for the whole data set (A), for the data set split into mycorrhizal (M) and non-mycorrhizal (NM) plants of both species (B), or further separately for M. truncatula (C) or M. sativa (D) plants. Equations along with associated R2- and p-values are provided for each of the linear regression models. Statistical significance (p-) values were derived from a goodness-of-fit test of the linear regression models.



DISCUSSION

Using two different substrates and three levels of P supply allowed establishing a wide range of experimental conditions (P availabilities) for examining the symbiotic functioning of Medicago spp. along a P-fertilization gradient. The two Medicago species differed in their response to AM symbiosis, with M. truncatula being substantially more responsive to mycorrhiza formation than M. sativa in terms of growth, P acquisition, as well as N uptake. The two soils employed in this study as substrate components caused the P-sorption kinetics to differ between the two substrates (Table 1). Presumably, P was more efficiently immobilized in the calcareous LT soil with pH 7.88 (Püschel et al., 2016) than in the acidic Tän Luvisol with pH 6.2 (Jansa et al., 2003b). If the Tän substrate was fertilized with 40 mg kg-1 P, the water extractable P levels exceeded 10 mg kg-1, thereby resulting in P-sufficient conditions even for the NM plants (Table 1 and Figure 3).

Are BNF and Plant P Nutrition Related?

Considering the high P demand of the symbiotic BNF (Divito and Sadras, 2014), we had hypothesized that leguminous plants better supplied with P would, consequently, also show higher %NBNF. Not only was this hypothesis clearly confirmed for both Medicago species in association with their own compatible rhizobia, this general trend was also valid for both mycorrhizal and NM plants (Figure 5). These results confirmed previous observations (Ankomah et al., 1996; Vadez et al., 1999; Kuang et al., 2005) made with different leguminous plant species, although the range of environmental conditions (such as P availabilities) was usually more restricted in the previously published case studies than in our current research. Duplication of BNF efficiency due to massive P-fertilization in a mixed clover–grass sward was previously reported from a mesocosm experiment by Edwards et al. (2006). That study indirectly confirmed that the increase of BNF efficiency from 25 to 50% observed in our study due to removal of P limitation for the plants – either through AM symbiosis establishment or P-fertilization – is comparable to the effects observed under other (field-relevant) settings.

We also had expected to observe functional synergy between the two root symbionts (Barea et al., 2005), particularly if the plants were exposed to P deficiency. Our experimental evidence fully supports this second hypothesis for M. truncatula plants but only partly so for M. sativa plants. In the case of M. truncatula, mycorrhizal plants in all treatments with low P availability (i.e., below 10 mg kg-1) had significantly higher %NBNF than did their respective non-mycorrhizal counterparts. This was not the same, however, for M. sativa plants. Although AM symbiosis still provided M. sativa plants with more P in exactly the same combinations of substrate and fertilization as in the case of M. truncatula plants, this advantage was reflected in higher %NBNF in LT substrate only but not in any of the P treatments within the Tän substrate (Figure 3). This indicates that different functional traits of plants, the rhizobia, or the interaction between the two can respond to the outer environment in a context-specific manner. It seems, in fact, that M. sativa with its rhizobia particularly liked the Tän substrate, as it maintained BNF levels high in this substrate irrespective of the P-supply levels.

Under ample P supply, mycorrhizal benefits in terms of improved plant P acquisition were reduced or vanished completely (Figures 3, 4). This is consistent with the general consensus that mineral fertilization may render root symbionts dispensable (Morgan et al., 2005). Yet, the efficiency of BNF did not necessarily follow the same trend. Careful inspection of the regression lines plotted in Figure 5 reveals that there were different slopes of regression lines describing how P content of M. truncatula related to the %NBNF of the same plants (p = 0.005). A similar observation (though only marginally significant, with p = 0.088) was made also for the data set as a whole, but the slopes were not significantly different between mycorrhizal and non-mycorrhizal plants of M. sativa (p = 0.30). These results indicate that, at least in the case of M. truncatula (Figure 5C), to achieve the same BNF efficiency, mycorrhizal plants had to have substantially greater P content than did the NM plants, and the maximum %NBNF values were achieved with greater difficulty or more slowly for the mycorrhizal as compared to the NM plants. These results indicate that with increasing P supply, the AM fungi and rhizobia increasingly competed for another limiting resource (at least in M. truncatula that also showed greater root colonization levels than did M. sativa). It is conceivable, based on the evidence of previous research, that the elusive limiting resource for BNF under sufficient P supply is the plant C (Morgan et al., 2005; Mortimer et al., 2009). If the metabolic energy to fix atmospheric N2 is in short supply due to significant mycorrhizal C sink, which could be as high as 20% of the gross photosynthetic production (Jakobsen and Rosendahl, 1990), the benefits conferred to the host by rhizobia are actually hampered by the AM fungi. Although we do not have unequivocal evidence to show that this is happening, it is highly plausible, based also on previous experimental evidence showing additivity of C costs of the two microsymbionts in tripartite root symbioses (Paul and Kucey, 1981; Mortimer et al., 2008; Millar and Ballhorn, 2013; Ballhorn et al., 2016). Under high P availability or low light conditions, the coexistence of two root symbionts becomes a burden for the plant host (Ballhorn et al., 2016). Indirect support for this theory can be observed in the suppression of root colonization by AM fungus in most of the plant–substrate treatments with increasing P-fertilization (Figure 2), which is consistent with the preferential allocation hypothesis (Bever, 2015).

Relatives, Yet Functionally Different

Although using two different species of the genus Medicago yielded strong evidence here for a common underlying mechanism with respect to the functional interactions between mycorrhizal symbiosis and the BNF along a P-availability gradient, there were also some notable differences. One important issue that needs to be emphasized here is that both the plant and the rhizobial genotypes differed for the two plant species treatments. This was intentionally established in this manner to achieve the highest functional compatibility of the plant–bacterial partners. Thus, we were actually comparing two plant–rhizobial (biological) systems rather than two plant species per se.

Non-mycorrhizal M. sativa plants cultivated in the Tän substrate yielded surprisingly high %NBNF despite that their P content under low P supply was significantly smaller than that of their mycorrhizal counterparts (Figure 3). It is possible that the rhizobia associated with M. sativa were either less P-demanding, more P-efficient, or generally more adapted to specific conditions of Tän substrate than were the bacterium used to inoculate M. truncatula. Such differences have been described previously and have been argued to be the result of plant–bacterial coevolution (Garau et al., 2005). Interestingly, the N contents and biomass of mycorrhizal and NM M. sativa plants were surprisingly similar in all substrate treatments, even though the BNF efficiency and P uptake obviously varied markedly (Figure 3). We therefore assume that M. sativa might actually better compensate for the missing symbiotic benefits through more dynamic root traits such as greater plasticity of root branching (Lynch, 2007; Nibau et al., 2008) and/or root exudation (Rao et al., 2016). Inasmuch as these traits were not recorded in our study, however, this remains a matter of speculation, although it does point to possible mechanisms accounting for why different plants vary in their response and/or dependency on mycorrhizal and other symbioses (Linderman and Davis, 2004; Jakobsen et al., 2005).

CONCLUSION

Working with a large environmental (P availability) gradient established by using two different kinds of substrates in combination with three levels of mineral P inputs, we show here that AM symbiosis clearly promotes BNF efficiency, particularly in the case of low P supply. This effect was most likely mediated by improved P acquisition of the mycorrhizal as compared to the NM plants under conditions of low P. With increasing P inputs, however, the costs of the AM symbiosis (at least in the more heavily colonized M. truncatula) become more and more apparent, resulting in a lower P use efficiency (or in luxurious P uptake) of the mycorrhizal plants as compared to the NM plants and without concomitant increases in plant biomass production. Based upon Liebig’s law of the minimum (Johnson et al., 2015), therefore, we conclude that there was strong competition between the symbionts and the plants for another resource, thereby preventing the occurrence of a significant positive growth response in the plants at higher P-supply levels. Most likely, this competition was for carbon (Ballhorn et al., 2016). In response to sufficient (or even luxurious) P supply at higher P-fertilization levels, mycorrhizal root colonization levels were reduced. Although this was in accordance with previous reports (Treseder, 2004), this obviously was not effective enough to counteract the C drain to the AM fungus, at least not in the M. truncatula. Although general reduction of root colonization at higher P-fertilization levels was true for both Medicago species (each in association with its compatible rhizobia), notable differences were observed between the two plant species. These could be due either to the plants or the rhizobial strains used and reflect such factors as inherent tolerance of the particular rhizobia to deviation from their pH optima, different architecture of the root systems, differential efficiency of plant genotypes in mineral nutrient use and/or redistribution, root exudation patterns, or other mechanisms. Disentangling these factors would require further experimental efforts, and particularly with respect to quantifying the C costs of the two root symbioses under a range of environmental conditions.
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Southwest of China is one of the major soybean (Glycine max L.) production regions in China with low availability of soil phosphorus (P). Whereas little information is available on P-efficient soybean genotypes in this region, even though using P-efficient soybean genotypes is a sustainable P management strategy for enhancing yield and P use efficiency. To assess the genetic variation on P use efficiency, 274 soybean genotypes were employed to compare the yields and P acquisition potentials in the field. Additionally, 10 representational genotypes (5 P-efficient genotypes and 5 P-inefficient genotypes) were grown in hydroponic media containing low P treatment (0.05 mM L−1) and high P treatment (0.25 mM L−1) to further investigate P assimilation characteristics and the related mechanisms of P-efficient soybean genotypes. In the field trial, the models described the relationships between yield and seed P concentration (R2 = 0.85), shoot P accumulation (R2 = 0.84), HI (R2 = 0.82) well. The yield, seed P concentration and shoot P accumulation ranged from 5.5 to 36.0 g plant−1, from 0.045 to 0.93% and from 0.065 to 0.278 mg plant−1, respectively. In the hydroponic trial, P-efficient genotypes under low P treatment showed significantly better plant growth, P accumulation and root: shoot ratio than P-inefficient genotypes. Simultaneously, total root length, specific root length, root surface area and root volume of P-efficient were significantly greater than P-inefficient under low P treatment. Higher rate of organic acid exudation and acid phosphatase activities was observed in the P-efficient soybean genotypes under low P condition when compared to the P-inefficient soybean genotypes. It indicated that significant genetic variation for P use efficiency existed in this region, and the P-efficient soybean genotypes, especially E311 and E141, demonstrated great tolerance to P deficiency, which could be potential materials using in improving production and P use efficiency in low availability of soil P region.

Keywords: Glycine max, phosphorus, yield, root morphology, organic acids, acid phosphatase

INTRODUCTION

Low phosphorus (P) availability existed in many soils as inherent P deficiency and/ or P strongly bound to soil particles. Crop production generally relies on regular application of P fertilizer, as P is one of the essential nutrients for crop growth. During the period of 1960–2008, the total grain output of China increased 4.4-fold from 110 to 483 million tons (FAO, 2011), which paid a price of 91-fold P increase (Zhang et al., 2012). Generally, only 15–20% of P can be taken up by crops in the season of application (Zhang et al., 2008). The remaining P is only partially available to crops, while most of them are bound to Al/Fe oxides in acidic soils or to Ca carbonate in alkaline soil and accumulate in soil (Li et al., 2011). Thus, although soil total P concentration ranges from 0.2 g P kg−1 to 3.0 g P kg−1, less than 1% of the total P is available for crop growth (Otani and Ae, 1996). In fact, P fertilizer is derived from mind phosphate rock, which is a finite resource and is slowly depleting (Cordell et al., 2009). Based on this, Chinese government recently encourages the farmers to decrease chemical fertilizer input in soil, conversely excavating soil P biological availability for improving P use efficiency. More and more attentions were paid on the efficient utilization of P resources (Cordell et al., 2009).

Southwest of China located at the upstream of the Yangtze River and almost the arable field on the hilly landscape with the slow economic development. Besides less P input, tremendous soil erosion by intensive cultivation and rainfall result in soil P deficiency in this region (Zhang et al., 2004; Lin et al., 2009). In 1980, the national average for soil Olsen-P was 7.4 mg kg−1. In 2006, the increase of soil Olsen P occurred in all agroecological regions of China. The soil Olsen P in the middle-lower Yangtze plain, in the North China Plain and in the South China was 17.5, 20.7, and 25.4 mg kg−1, respectively (Li et al., 2011). However, in 2012, the average of soil Olsen P in Sichuan province was only 16.0 mg kg−1. Therefore, excavating soil P biological availability for improving productivity and P use efficiency is vital in the Southwest of China as high risk of P leaching and low P input existed in this area.

Utilization of P-efficient crops has been proved as an effective way to improve P use efficiency. Nutrient-efficient plants are defined as plants which could produce higher yields per nutrient applied or absorbed more compared with other plants grown in similar agroecological conditions (Fageria et al., 2008). Plant root plays the dominant role in increasing in soil P bioavailability and plant P acquisition, and the physiological traits of root can adapt in response to P deficiency. A fine root system includes high length, volume, biomass, specific root length, which is benefit for exploring greater P availability by occupying huge soil volume (Wang et al., 2010). Root exudates, like organic acids and phosphatase enzymes, may also enhance P acquisition by plants. Exudation of organic acids into the rhizosphere successfully increased P availability by mobilizing conservative mineral P and organic P (Po) source, and thus improved plant P acquisition (Dinkelaker et al., 1989). Another typical response of P-efficient genotypes to P deficiency is increasing phosphatase or phytase exudation to mineralize Po (Hayes et al., 2000). Following the development of technology, genetic engineering was used in changing plant physiological and biochemical parameters to improve P use efficiency. Over-expression of organic acids and phytase or acid phosphatase genes lead to significantly increasing in exudation from roots, and therefore enhance plant P acquisition (Koyama et al., 2000; Delhaize et al., 2009; Wasaki et al., 2009). However, most of these results lacked the application in practical production, and improving P use efficiency through genetic improvement is difficult in short time. So the screening of P-efficient plants in the natural conditions is trustworthy and efficacious pathway for pursuing high grain yield and alleviating the conflicts between the depleting P resource and food demand.

Soybean (Glycine max L.) not only is an essential source of protein, oil and micronutrients in human and animal diets, but also possesses a pivotal ecological function in cropping system. For instance, improving soil P availability (Xia et al., 2013), nitrogen fixation (Salvagiotti et al., 2008), soil carbon sequestration (Cong et al., 2015) and decreasing soil disease (Gao et al., 2014) for themselves and neighboring. Soybean is widely cultivated all over the world and its cultivation history in China at least 3000 years (Hymowitz, 1970). P-efficient soybean genotypes had been found in South and Northeast of China, and produced a high yield in low P condition (Zhao et al., 2004; Pan et al., 2008). However, soybean is a narrow-adaption crop. Little information was found about P-efficient soybean genotypes in southwest of China, even though where is one of the four major soybean production region in China. Maize/soybean relay strip intercropping system is a dominant cropping system in southwest of China, which makes a weighty contribution in improving crop productions and resources utilization efficiency (Liu et al., 2015). However, soybean in this system undergoes serious shading stress by maize during the common growth stage, which results decreases in yield compared to sole soybean (Yang et al., 2014). P-efficient crops showed more tolerant to low light and P deficiency condition (Wissuwa et al., 2005). Therefore, P-efficient soybean genotypes would be potential materials in improving production and P use efficiency in low light and/ or low P availability agricultural region.

Modern varieties were selected under high input conditions on breeding stations, which may not have the capable of high nutrient use efficiency, because genes controlling traits of benefit under lower soil fertility were lost as they conveyed no advantage under very high soil fertility (Wissuwa et al., 2009). Traditional genotypes showed higher P use efficiency compared with modern varieties when grown in an unfertilized and highly P-fixing soil (Wissuwa and Ae, 2001). In present study, 274 soybean genotypes were collected from Southwest of China with low availability of soil P (Li et al., 2011), and most of these soybean genotypes are traditionally. The objectives of this study were to screening P-efficient soybean genotypes and ascertaining the factors leading to the differences between P-efficient and P-inefficient soybean genotypes. Thus, yield, characteristics of P accumulation, root morphology, activities of Apase and organic acid exudation rate of the P-efficient and P-inefficient soybean genotypes were investigated.

MATERIALS AND METHODS

Plant Material

Two hundred and seventy-four soybean genotypes (Glycine max L.) (Table S1) were collected from Sichuan Province, Yunnan Province, Guizhou Province, Hubei Province, Chongqin City, and Guangxi Zhuang Autonomous Region in the southwest of China (Figure 1). Most of these soybeans are traditional genotype and the gene pool was not domesticated by artificial direct or indirect purpose.
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FIGURE 1. Map of the Southwest of China (include the province of Sichuan, Yunnan, Guizhou, Chongqing, Hubei, Guangxi) showing the sampling sites. The numbers in the parentheses represents numbers of soybean genotypes collected from the same city. Circularity, P-efficient soybean genotypes sampling sites, triangle, P-inefficient soybean genotypes sampling sites in the hydroponic experiment respectively. ☆, Beijing, the capital of China. The position of Southwest of China is shown in the inset. The two maps were created using DIVA-GIS 10.0 software, and the Circularity, Triangle sites were added according to GPS records.



Field Experiment

The field experiment was conducted in 2015 at the experimental station of Sichuan Agricultural University in Ya'an, Sichuan Province, China (29°58′N, 102°58′E) with an altitude of 600 m above sea level. Annual mean temperature is 15.4°C with a maximum and minimum temperature of 25.4° and 6.1°C, respectively. The frost-free period is 294 days, annual precipitation is 1500 mm and potential evaporation is 838 mm. Annual sunshine is 1019 h and total solar radiation averages is 3750 MJ m−2 year−1. The experimental soil is classified as Purple soil (Luvic Xerosols).

The 274 soybean genotypes were planted in a randomized block design with 3 replicates. Each block consisted of 274 plots with the dimension of 1.5 × 4.0 m2. Every plot consisted of three plant rows, and the rows spacing is 50 cm. Density of soybean was about 11 plants m−2. Soybean was sown on early June and harvested on late October in 2015. In the last season, maize had been sown in this field, and the soil properties at the start of this study were pH (water) 6.4, organic matter concentration 30.1 g kg−1, total N 1.80 g kg−1, available N 110 mg kg−1, Olsen-P 17.4 mg kg−1, exchangeable K 91 mg kg−1, and Cation Exchange Capacity 22.0 cmol kg−1 of dry soil in the top 20 cm soil layer. During the growth period, all the plots were well irrigated and weeded manually with no fertilizer input.

Shoot dry matter (DM) of soybean was measured at maturity. 10 plants of soybean were sampled from the middle row of each plot. All samples were dried in an oven at 70°C and then ground for further chemical measurements. The samples were wet-digested with concentrated H2SO4 and H2O2 (30%) for P determination following the vanadomolybdate method (Page, 1982). Shoot P uptake was calculated as P concentration multiplying with shoot biomass. The harvest index (HI) was calculated as dividing the yield by the shoot biomass. Grain yield of soybean came from harvesting the remaining parts of the plot after shoot sampling.

The linear- plateau model was used to analyze the relationship between yield and HI. The linear-plateau model is defined by Equations (1) and (2) as:
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where y is HI; a is the intercept parameter; b is the slope parameter; x is the yield (g/plant); c is the critical yield, which is the interception point of the two linear segments; and Yp is the plateau value which is often 90% of the maximum HI. Equation (1) can be interpreted as the region during which the HI responds to yield increasing and Equation (2) to the plateau region where increase of yield does not come from the increase of HI.

Hydroponic P Efficient Assays

Based on yield and P accumulation of soybean genotypes in the field trial (Table S2), E14, E64, E141, E295, E311 and D55, E108, E150, E277-1, E283 representing the P-efficient, P-inefficient genotypes were used to evaluate tolerance of P deficiency in hydroponic experiment, respectively. Seeds were surface-sterilized as described by Vincent (1970), placed on sterile Whatman filter paper, and germinated in sterile water in pot filled with quartz sand until taproots were 3-4 cm long. The seedlings were transferred to a 24 liter container (0.58 × 0.28 × 0.15 m3) filled with half-strength modified Hoagland solution (0.75 mM K2SO4, 2 mM Ca (NO3)2, 0.65 mM MgSO4, 0.1 mM KCl, 0.2 mM KH2PO4, 0.1 mM Fe(III)NaEDTA, 10 uM H3BO3, 1 uM MnSO4, 0.1 uM CuSO4, 1 uM ZnSO4, 0.09 uM (NH4)6Mo7O24), each container with 25 soybean plants. The experiment was designed as a complete randomized with two P treatment levels (0.05 and 0.25 mM P L−1) and six replicates. Plants were grown in a greenhouse from 14th February to 16th March in 2016 with an average temperature of 25/20°C (day/night), relative humidity 75%, average daytime photosynthetically active radiation between 800 and 1000 mmol m−2 s−1 and photoperiod of 14 h day/10 h night. The solution was well aerated and renewed every 5 days and pH maintained at 5.4–5.5 with daily regulation. The plants were harvested at stem elongation stage (30 days after sowing) for testing the physiological and root morphology index below. Plants show higher root secretion rate at stem elongation stage than later in growth period, when the amount of fixed C allocated to roots and rhizosphere (Gregory and Atwell, 1991).

Organic Acids in Root Exudates

For root exudation collection, three replicates of each genotype were washed absolutely with running tap water followed by distilled water and then placed separately in 100 ml glass test tube filled with deionized water and covered with black plastic to prevent light degradation of exudations. The exudate was collected for 6 h, and the details before high performance liquid chromatography (HPLC) analysis refers the method of Dong et al. (2004). Organic acids were analyzed by HPLC (Agilent 1100, Agilent, USA) after Libert and Franceschi (1987) with modifications (Yu et al., 2002). A Hypsil (Hypsil, Dalian, China) C18 column (5 uM, 4.6 × 250 mm) was used as the static phase and the mobile phase was a solution containing 0.5% KH2PO4 and 0.5 mM tetrabutylammonium hydrogen sulfate (TBA) buffered at pH 2.0 with orthophosphoric acid. The flow rate was 1 ml min−1 and detection wavelength was 220 nm.

Determination of Biomass and Root Morphology

After exudate collection, soybean plants immediately divided into shoots and roots. Shoots were dried in an oven at 70°C until constant weight. Roots were placed in clear plastic bags filled with 50% ethanol and stored in a refrigerator. Washed roots were gently arranged with minimum overlap using tweezers in a plexiglass tray full with water, and scanned using an Epson perfection V700 photo, Japan. Images were analyzed using WinRhizo (Version 2007d, Regent Instrument Inc., Canada) to estimate total root length, root surface area, and root volume. Several images of one root were analyzed in more detail to determine the root morphology. Roots were dried in an oven at 70°C until constant weight after imaging. Specific root (cm g−1 DW) length was referring to the method of Pang et al. (2010).

Analysis of Root APase Activity

After harvest, fresh roots of three replicates were washed absolutely with running tap water and distilled water, and froze immediately in liquid nitrogen, then stored at −80°C. 0.3 g root tissues were ground with a mortar and pestled with 5 mL of 15 mM 2-morpholinoethanesulfonic acid, monohydrate (MES) buffer (pH 5.5, 0.5 mM CaCl2 H2O, 1 mM EDTA). The extracts were centrifuged at 4°C for 20 min at 10,000 rpm to obtain the supernatants which were used for the determination of enzyme activity.

P-nitrophenyl phosphate disodium salt hexahydrate (pNPP) was used as substrate to determinate APase activity. At first, 0.5 ml enzyme extract with a total volume of 4 ml containing 15 mM MES buffer and 10 mM pNPP was incubated at 37°C for 30 min. Subsequently, an equal volume of 0.25 M NaOH was added to terminate reaction immediately. APase activity was measured from the release of p-nitrophenol (pNP) and expressed as pNP μg g−1 fresh weight (FW) min−1, and pNP was determined spectrophotometrically using a UV spectrophotometer (model UN-2600A, UNICO) at 412 nm relatively to standard solutions (Sharma and Sahi, 2005).

Analysis of Tissue P Concentration

P concentration of root and shoot was analyzed following the vanadomolybdate method (Page, 1982). Shoot and root P accumulation was calculated by multiplying P concentration with the DW, respectively.

The ratio of root P accumulation: shoot P accumulation is a typical index for plant response to P deficiency. Generally, plant response to P deficiency is the increase in root: shoot ratio, which might be due to preferential assimilate P distribution to the roots (Vance et al., 2003).

Statistical Analysis

Data from 3 replicates were sorted out by Excel (Microsoft) software packages. Regression equations were developed for the relationships between yield and seeds P concentration, shoot P uptake, HI. The liner-plateau model was analyzed by the SAS 9.1.3 software (SAS Institute Inc., USA). The liner model was analyzed by the SPSS 19.0 software. Significant difference of shoot, root dry matter and P accumulation, root length, root surface area, root volume, specific root length, activities of APase and organic acid exudation rate between soybean genotypes and P treatments were analyzed by analysis of variance (ANOVA) and mean values were compared by least significant difference (LSD) multiple comparison using the SPSS19.0 software (SPSS Institute Inc., USA).

RESULTS

Field Study

Grain Yield, Dry Matter Accumulation and P Acquisition Variable in Soybean Genotypes

Significant variation existed in grain yield among the 274 soybean genotypes in field experiment (Table S2). Average yield of 274 soybean genotypes ranging from 5.6 to 36.0 g plant−1 was 16.5 g plant−1. Seed P concentration and shoot P accumulation showed significant response to yield. Moreover, the linear-plateau model described the relationship between yield and HI well (R2 = 0.82) (Figure 2).
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FIGURE 2. Relationship between soybean yield and seeds P concentration (A), shoot P uptake (B), HI (C). Date are mean of three replicates. The horizontal dotted line in figures (A–C) means soybean seeds P content, shoot P uptake and HI among the genotypes, respectively. The vertical dotted lines in figures (A–C) were representing the soybean yield of Nandou 12 in Sichuan province (20 g plant−1).



To further compare the partitions of seed P concentration, shoot P accumulation, HI among different soybean varieties, pooled grain yields were divided into two yield categories: <20 g plant−1 (low yield, LY) (the number of soybean genotypes, n = 206, mean yield: 13.6 g plant−1), ≥20 g plant−1 (high yield, HY) (the number of soybean genotypes, n = 68, mean yield: 25.3 g plant−1). 20 g plant−1 is the yield of Nandou 12, which is Sichuanses summer soybean cultivar with the largest acreage, and the line is also the standard for choose HY soybean genotypes. Pooled seed P concentration, shoot P uptake and HI were divided into two groups below or above the mean line (Figure 2). We delimit the P-efficient soybean genotypes with high yield, shoot P accumulation, HI and seed P concentration simultaneously. On the contrary, the P-inefficient genotypes may be with low yield, shoot P accumulation, HI and seed P concentration. There are 27, 66, and 39 soybean genotypes with high (above the mean line) seed P concentration, shoot P accumulation and HI in HY category, respectively (Figure 2). However, only 16 genotypes possessed high yield, seed P concentration, shoot P accumulation and HI simultaneously. Otherwise, 99, 161, and 171 soybean genotypes possessed low (below the mean line) seed P concentration, shoot P accumulation and HI in LY category, respectively. Considering some genotypes from same site may be with same genetic background, so represent (P-efficient, P-inefficient) soybean genotypes with a large distance scale between each other were chosen. E14, E64, E141, E295, and E311 were chosen to represent the P-efficient soybean genotypes and D55, E108, E150, E277-1 and E283 were chosen to represent the P-inefficient soybean genotypes.

Hydroponic Study

Effect of P Supply on Dry Matter Accumulation

The biomass of soybean genotypes reduced by 6.1~35.1% in low P treatment compared to in high P treatment (Figure 3). Low P level reduced plant biomass by 19.8% averaged the 10 soybean genotypes, but affected the two groups of phenotypes differently. The average shoot biomass, root biomass of P-efficient soybean genotypes was 49.4 and 54.1% higher than that of the P-inefficient genotypes in low P treatment, respectively (Figures 3C,D). Significant difference for shoot and/ or root was also observed among the genotypes in P-efficient and P-inefficient group. The root and shoot biomass of E141, E295, and E311 significantly higher than E14 and E64 in low P condition (Figure 3C). The root biomass of E150 is the highest in P-inefficient group in low P level (Figure 3D).
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FIGURE 3. Root and shoot dry weight of soybean genotypes, grown in high and low P conditions in greenhouse. Data are mean of three replicates ± SE. (A) Biomass of P-efficient soybean genotypes in high P condition. (B) Biomass of P-inefficient soybean genotypes in high P condition. (C) Biomass of P-efficient soybean genotypes in low P condition. (D) Biomass of P-efficient soybean genotypes in low P condition. Different letters on each column of shoot or root are significantly difference at the 5% level by LSD among soybean genotypes.



P Accumulation and Distribution

Low P level reduced P accumulation of soybean genotypes by 32.3~55.8% compared to in high P condition. Averaged P accumulation of 10 soybean genotypes reduced by 46.5% in low P level compare to in high P level (Figure 4). The average shoot P accumulation and root P accumulation of 5 P-efficient soybean genotypes was 17.3 and 22.2% higher than that of P-inefficient genotypes in low P condition, respectively (Figures 4C,D). P accumulation of E311 were 7.5 and 16.9 mg plant−1 in low and high P level respectively, and were 1.4, 1.7 and 1.6, 1.9-folds greater than that of the E64 and E14 grown in media supplied with low and high P concentration, respectively (Figures 4A,C). Shoot P accumulation of E150 was highest among D55, E108, E277-1 and E283, but root P accumulation of the 5 soybean genotypes have no obviously difference (Figures 4B,D).
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FIGURE 4. Root and shoot P accumulation of soybean genotypes, grown in high and low P conditions in greenhouse. Data are mean of three replicates ± SE. (A) P accumulation of P-efficient soybean genotypes in high P condition. (B) P accumulation of P-inefficient soybean genotypes in high P condition. (C) P accumulation of P-efficient soybean genotypes in low P condition. (D) P accumulation of P-efficient soybean genotypes in low P condition. Different letters on each column of shoot or root are significantly difference at the 5% level by LSD among soybean genotypes.



As shown in Table 1, the ratio of root P accumulation: shoot P accumulation of P-efficient soybean genotypes in low P condition was much high than in high P condition. However, the ratio of the P-inefficient genotypes in low and high P conditions showed narrow difference. For instance, the ratios of E141 and E311 in low P condition were 30.8%, 32.9% and 30.0%, 50.8% higher than in high P level, respectively. But the ratio of E150 in low P condition was 30.0%, and higher than in high P level 9.7%. Low P condition increased the root: shoot ratios of soybean genotypes, but P-efficient soybean genotypes preferentially assimilate P distributed in root.


Table 1. P distribution between root and shoot of soybean genotypes grown in low and high P conditions in greenhouse.
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Root Morphology

Low P reduced root length, root surface area and root volume of soybean genotypes compared with in high P level (Table 2). However, P-efficient soybean genotypes had greater root length, surface area and root volume than P-inefficient genotypes in low and high P condition (Table 2). E141 possessed the highest root length, surface area and root volume in high P level, but those root morphology index decreased by 47.8, 51.2, and 56.4% in the low P level, respectively. On the contrary, root length, root surface area and root volume of E311 in low P level just decreased by 17.4, 16.4, and 2.3% compared with in high P level, respectively (Table 2). Low P level reduced specific root length of P-inefficient soybean genotypes compared with in high P level, except for E283. But, E64, E141, and E311 reached a higher specific root length (9837, 9381, and 10063 m g−1 DW, respectively) in low P level than in high P level (Table 2).


Table 2. Root morphology of soybean genotypes grown in low and high P conditions in greenhouse.
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Activities of APase

APase activity of root significantly increased in low P level compared to in high P condition (Figure 5). The root APase activities of P-efficient soybean genotypes ranged from 27.8 to 54.21 pNP ug (g FW)−1 min−1, and the average was 42.1 pNP ug (g FW)−1 min−1 in low P level (Figure 5A). The corresponding data of P-inefficient soybean genotypes ranging from 20.29 to 33.09 pNP ug (g FW)−1 min−1 was averaged by 24.1 pNP ug (g FW)−1 min−1 in low P level (Figure 5B). The maximum APase activities of E311 and E141 reached 52.15 and 54.21 pNP ug (g FW)−1 min−1 in low P level, respectively, and were 1.2~2.3-fold higher than others (Figure 5A). D55 and E277-1 showed higher APase activities in low P condition than the E108, E150, and E283 in high P level (Figure 5B).
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FIGURE 5. Activities of APase in roots of soybean genotypes grown in high and low P conditions in greenhouse. Data are mean of three replicates ± SE. (A) Root APase activities of P-efficient soybean genotypes. (B) Root APase activities of P-inefficient soybean genotypes. Different letters on each column are significantly different among soybean genotypes at the 5% level by LSD. *Indicates significantly different (p < 0.05) between high and low P level.



Organic Acid Exudation

Root exudation of malate was greatly motivated in both P-efficient and P-inefficient soybean genotypes by P deficiency (Table 3). The maximum malate exudation rate of 114.6 and 134.8 mg plant−1 h−1 were found in E311 and E141 in low P level, respectively. Citrate and oxalate exudation of P-efficient and P-inefficient soybean genotypes increased in low P condition. P-efficient soybean genotypes sustained a higher rate of citrate and oxalate efflux than P-inefficient genotypes in low P level. The tartrate efflux was activated by P deficiency and hereditary character. E141 and E311 maintained a high rate of malate, citrate, tartrate, and oxalate excretion, especially in P deficiency condition. Indicating that organic acid exudation by soybean roots was in response to P starvation and genotypes. E150 maintained a high rate of malate, citrate and oxalate excretion than the other four soybean P-efficient genotypes in low P condition. On the contrary, E277-1 and E283 maintained a high rate of tartaric excretion than D55, E108 and E150 in low P level (Table 3).


Table 3. Organic acids exudation rate of soybean genotypes grown in low and high P conditions in greenhouse (mg plant−1 h−1).
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DISCUSSION

Genetic Variations Existed for Grain Yield and P Accumulation in the Southwest of China

To screen P-efficient soybean genotypes for achieving high yield and improving P use efficiency, 274 soybean genotypes were collected from Southwest of China (Figure 1). Besides low availability of soil P, low P use efficiency partly resulted from the behavior of fertilizer P application by farmers, who often input more P than crops need (Vitousek et al., 2009). The remaining P accumulation in the soil is easily eroded with soil by rainfall (Zhang et al., 2012). To sustainably improve crop production and fertilizer P used efficiency through exploiting the biological P potential in the soil, employing the P-efficient genotypes is an efficacious strategy (Li et al., 2011). In this study, grain yield, shoot P accumulation, seed P concentration and harvest index (HI) of 274 soybean genotypes were analyzed in Purple soil with a suitable soil P concentration (initial Olsen-P concentration was 17.4 mg kg−1). The results showed that seed P concentration was diluted and shoot P accumulation improved following increasing yield (Figure 2). The 274 soybean genotypes were originated from a large span area with low availability of soil P (Figure 1), which differed substantially in grain yield and P accumulation potentials (Figure 2). The yield of 274 soybean genotypes ranged from 5.5 to 36.0 g plant−1. The seed P concentration and shoot P accumulation ranged from 0.045 to 0.93% and 0.065 mg plant−1 to 0.278 mg plant−1, respectably (Figure 2). It suggested that genetic variations existing in the 274 soybean genotypes, and which provide a potential for assessment P-efficient soybean genotypes (Pan et al., 2008). Such substantial genotypic variation in response to different P use efficiency was also detected for a considerable number of soybean genotypes in South and Northeast of China (Zhao et al., 2004; Pan et al., 2008). In the field study, based on the stand enumerated before 5 P-efficient and 5 P-inefficient soybean genotypes were chosen (Figure 2). Obviously, the evidence mentioned above to proving the soybean genotypes with different P use efficiency is not enough, much more work should be provided to support the results as root physiological, chemical characteristics. Hydroponic study is a fine pathway to check plant root characteristics as it is pellucid and efficient by short plant growth period.

Biomass and P Accumulation of Soybean Genotypes

Crop P efficiency was defined as the ability to produce biomass or yield under certain available P supply conditions (Wissuwa et al., 2009), and further explained the capability of P uptake from the media and tolerance in P insufficient conditions (Wissuwa and Ae, 2001; Wissuwa et al., 2005; Wang et al., 2010). In the hydroponic experiment, P-efficient genotypes exhibited better adaptability and tolerance than the P-inefficient genotypes grown in low P solution (Figure 3C). Especially E141 and E311, showed significantly greater biomass than that of P-inefficient genotypes in low P level (Figure 3). These results corresponded well with previous studies which showed that the P-efficient plant genotypes demonstrated greater biomass compared to the P-inefficient when grown in low P condition. Some scholars had reported that P-efficient plants of soybean (Zhao et al., 2004), rice (Oryza sativa L.) (Wissuwa and Ae, 2001; Mori et al., 2016), maize (Zea mays L.) (Zhang, 2012), and Brassica napus (Zhang et al., 2009) showed significantly biomass ascendancy compared with P-inefficient plants in P shortage conditions.

Early studies suggested that P-efficient plants preferential distribution P to roots for improving the tolerance to P deficiency and stimulate root growth and P uptake (Wissuwa et al., 2005). In present study, much more P distribution to roots of P-efficient soybean genotypes in low P condition may be an adaptation involved in increasing the tolerance to P deficiency (Table 1). Tolerant plants have been more efficient in P uptake per root size and the additional P then drove further root growth, assuming that low P availability affected root biomass accumulation directly (Wissuwa et al., 2005). In this study, P accumulation of E141 and E311 was higher than the other genotypes in low P solution (Figure 4C). Some scholars reported that P-efficient soybean genotypes are able to obtain sufficient P from acid red soil and alkaline soil under P lack conditions (Zhao et al., 2004; Pan et al., 2008), and other P-efficient plant species also showed positively P accumulation grown in P lack conditions, like maize (Liu et al., 2004), wheat (Triticum aestivum L.) (Fageria and Baligar, 1999) and rice (Mori et al., 2016). It indicated that the P-efficient soybean genotypes (especially E141 and E311) demonstrate great capability on P absorption and accumulation potentials.

Root Physiological Adaptation Concerned in Stimulate P Assimilation

Root physiological adaptations play important roles in enhancing soil P bioavailability and crop P use efficiency (Shen et al., 2011). These adaptation mechanisms mainly include altering root morphology to enhance P absorption (Wissuwa, 2003), facilitating organic acids exudation into the rhizosphere to increase P availability by mobilizing sparingly soluble mineral P and organic P sources (Johnson et al., 1996), and promoting phosphatase exudation to mineralize Po (Li et al., 2012). Root morphological traits closely linked with P acquisition ability of plants (Pang et al., 2010), and fine root morphology is propitious to maximize P assimilation. P-efficient soybeans showed high parameters of root length, root surface area and root volume than the P-inefficient in present study (Table 2). The specific root length of E311 increased by 48.6% compared with that in high P level (Table 2). It indicated that penurious P availability has negative effects on root morphology, however the less reduction of those root morphology parameters of P-efficient genotypes seems to be the results of excellent tolerance and adaptation. It reported that P-efficient plant genotypes altered root morphology to adapt low P conditions, and then assimilated more P than P-inefficient genotypes (Fita et al., 2011). There was great possibility for plants in improving soil P excavation and utilization by increasing root length, root surface area, root volume and specific root length(Vance et al., 2003), which result in a large total amount of P and dry matter accumulation (Zhang et al., 2013).

Besides root morphology, exudation of APase to improve P bioavailability is another important root physiological adaptation. As we know, exudation of APase by roots increased under P deficiency condition, and plant roots with high APase activities have great potential to utilize soil Po (Hayes et al., 2000; Lung and Lim, 2006). In this study, the results corresponded well with earlier researches that P shortage conditions stimulate the APase activity of soybean genotypes, especially the P-efficient soybean genotypes (Figure 5). Po comprises 30–80% of the total P in most agricultural soils (Dalai, 1977), it can be released through mineralization processes mediated by enzymes activity. The P-efficient plant species generally had high enzymes activity in root extracts when grown in P lack or high Po media. For instance, maize, lupin and chickpea showed high APase activities when grown in P deficiency conditions (Wasaki et al., 2003; Li et al., 2004), Gulf, Marshall Ryegrass and P. hydropiper had greater APase activities when grown in phytate-sufficient media (Sharma and Sahi, 2011; Huang et al., 2012). In our results, the APase activities of E311 and E141 were significantly higher (1.2~2.3-folds) than others in low P level (Figure 5C), suggesting that they demonstrated great capabilities of activation and utilization soil P. Besides, transgenic expression of APase gene in P-efficient genotypes was another path for great dry matter and P accumulation. It reported that over-expressed AtPAP15 in soybean and GmPAP4 in Arabidopsis significantly increased dry matter and P accumulation compared to the wild type when grown in media with Po (Wang et al., 2009; Kong et al., 2014). Above all, APase activity was a symbol of efficient mineralization and utilization soil P by plants.

Root exudation of organic acids into the rhizosphere had been proposed to improve soil P availability and plant P accumulation (Dinkelaker et al., 1989; Johnson et al., 1996). Exudation of organic acids is also an important root physiological adaptation to P deficiency. A 2-fold increase in exudation of citrate was observed under P starvation in alfalfa (Lipton et al., 1987). Dong et al. (2004) also reported that oxalate and malate exudation of soybean plants was found to markedly increase in response to P deficiency. In present study, low P condition stimulates exudation of malate, citrate, tartrate and oxalate acid, especially in the P-efficient soybean genotypes (Table 3). The average exudation rate of malate, citrate, tartrate and oxalate acid in the P-efficient soybean genotypes increased by 2.24, 1.40, 2.98, and 2.54 folds compared to the P-inefficient genotypes under P starvation, respectively. Particularly, E141 and E311 exhibited high organic acid exudation potentials (Table 3). These results were in agreement with Dong et al. (2004), who reported that a considerable amount of organic acid exudation in P-efficient soybean genotypes contributed to P accumulation under P starvation condition. Adequate evidences demonstrated that root exudation of organic acids into the soil rhizosphere contributed to higher P acquisition. Exudation of malate in P-efficient faba bean enhanced P acquisition in the alkaline soil (Rose et al., 2010). Barley (Hordeum vulgare L.) genotypes expressing the TaALMT1 gene from wheat improved P uptake per unit root length from an acid soil (Delhaize et al., 2009).

CONCLUSION

Field study provided evidence that P use efficiency difference exist in 274 soybean genotypes. The hydroponic study suggested that the P-efficient genotypes are more tolerant to P deficiency, and exhibited fine root morphology and physiological adaptations. In conclusion, our results demonstrated that genotypic variation on P use efficiency existed in yield, P accumulation potentials and root physiological characteristics in the Southwest of China by field and hydroponic experiments. We suggested that P-efficient soybean genotypes, like E311 and E141, with fine root morphology, high level of root APase activities and exudation of organic acids rate could be potential materials in breeding and improving the production and P use efficiency in intensive agricultural region with low soil P availability. Interestingly, P-inefficient genotype E150 gained low yield in the field but showed fine root morphology and physiological adaptations in the hydroponic experiment, further studies are needed to probe the reason of this phenomenon.
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Iron deficiency is a major problem in both developing and developed countries, and much of this can be attributed to insufficient dietary intake. Over the past decades several measures, such as supplementation and food fortification, have helped to alleviate this problem. However, their associated costs limit their accessibility and effectiveness, particularly amongst the financially constrained. A more affordable and sustainable option that can be implemented alongside existing measures is biofortification. To date, much work has been invested into staples like cereals and root crops—this has culminated in the successful generation of high iron-accumulating lines in rice and pearl millet. More recently, pulses have gained attention as targets for biofortification. Being secondary staples rich in protein, they are a nutritional complement to the traditional starchy staples. Despite the relative youth of this interest, considerable advances have already been made concerning the biofortification of pulses. Several studies have been conducted in bean, chickpea, lentil, and pea to assess existing germplasm for high iron-accumulating traits. However, little is known about the molecular workings behind these traits, particularly in a leguminous context, and biofortification via genetic modification (GM) remains to be attempted. This review examines the current state of the iron biofortification in pulses, particularly chickpea. The challenges concerning biofortification in pulses are also discussed. Specifically, the potential application of transgenic technology is explored, with focus on the genes that have been successfully used in biofortification efforts in rice.

Keywords: pulse biofortification, iron, genetic modification, crop improvement, chickpea

INTRODUCTION

The current world population stands at an estimated 7.3 billion (United Nations, 2015) and is projected to increase by 2 billion over the next four decades. Concomitant to this growth is the challenge of providing sustenance amidst dwindling resources. Currently food production is adequate at approximately four billion metric tons per annum, yet in spite of this, about 870 million people still suffer from chronic malnutrition due to factors like unequal distribution, wastage and poor diets (FAO, 2012; IMECHE, 2013).

Malnutrition, as defined by the World Health Organization (WHO), is “the cellular disparity amid the supply of energy, nutrients and the body's demand for them to ascertain maintenance, growth and specific functions” (Batool et al., 2013). It refers to both the insufficient and excessive intake of nutrients (both macro and micro) and as such covers not only food shortage but also obesity. Undernourishment can be classified categories: protein-energy malnutrition and micronutrient deficiency. As the names suggest, the former refers to inadequate calorie or protein intake while the latter to the lack of essential micronutrients such as vitamin A, iodine, zinc, and iron (Batool et al., 2013).

While both pose significant risks to health and negatively affect overall productivity and quality of life, micronutrient deficiency, also known “hidden hunger,” is perhaps the more pervasive and lethal due to the lack of visible effects. It is consequently more difficult to identify and tackle, and afflicts both developing and developed nations.

Among the various kinds of micronutrient deficiencies, iron deficiency is the most prevalent, afflicting more than two billion individuals worldwide (WHO, 2008). It has been identified as the greatest contributor to anemia, accounting for 66.2% of cases globally (Alvarez-Uria et al., 2014). The extent of its impact is such that the terms are used interchangeably and the prevalence of anemia is used as a measure for the more specific iron deficiency anemia (IDA) (WHO, 2001). IDA can be attributed to three main factors—increased iron requirement (e.g., growth and pregnancy), poor absorption, and inadequate dietary intake. The recommended values for daily iron intake varies depending on the gender and developmental stage (Table 1), and insufficient intake impedes the formation of biologically important compounds, most notably heme, resulting in anemia. Symptoms include fatigue, loss of energy, and dizziness, all of which diminish the work capacity of the individual. Iron deficiency also results in poor pregnancy outcomes and impediment of physical and cognitive development, thereby increasing the risk of morbidity in children (WHO, 2008).


Table 1. Recommended Dietary Allowances (RDAs) for iron (Trumbo et al., 2001).

[image: image]



This presents a problem of great economic and social significance, particularly in developing countries where approximately 50% of pregnant women and 40% of preschool children suffer from IDA (WHO, 2008). The consequences manifest not only in the form of lives lost, but also in a rising generation of individuals afflicted with developmental complications. The significance of this issue has been understood by various governments, and through both nutrition and non-nutrition based interventions, considerable progress has been made in reducing IDA, particularly in South Asia, East Asia, Southeast Asia, and Eastern sub-Saharan Africa (Kassebaum, 2016). However, while a global decrease in the prevalence of severe anemia cases was observed between 1990 and 2013, the number of mild to moderate cases has increased (Table 2), and a prevalence rate below 10% has yet to be seen in any country (Kassebaum, 2016).


Table 2. Prevalence of anemia between 1990 and 2013 (Kassebaum, 2016).
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Out of the three major risk factors contributing to IDA, the issue of dietary intake is the most feasible to address on a large scale. Efforts to remedy the problem include changes in policy, education, and food-based strategies. The latter can, in turn, come in various forms such as dietary diversification, food fortification, and supplementation, the definitions and examples of which are illustrated in Table 3. More specific details and an overview of the strategies can be found in the published guidelines by the WHO and FAO (2006).


Table 3. The main food-based strategies to combat iron deficiency (WHO and FAO, 2006).
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To summarize, each strategy has its own unique advantages and several studies have proven their effectiveness in alleviating IDA (Baltussen et al., 2004; Gera et al., 2012; Rao et al., 2013). While that efficacy may vary across different temporal and spatial scales, the strategies can be used in concert to greater effect. For instance, dietary diversification can still be used where supplementation or food fortification strategies may not due to lack of suitable infrastructure or distribution networks. However, it in turn, is subject to local environmental conditions and resource availability.

Concerning the aforementioned strategies and their application, the issue of accessibility has been noted to be a major limitation (WHO and FAO, 2006). With the food fortification and supplementation schemes in particular, the recurring costs associated with processing and distribution can be prohibitive and beneficiaries are limited to those who can afford it. Such measures are therefore unfeasible for the low-income demographics that, incidentally, have the greatest need. The challenge then is to develop a sustainable, cost-effective means to deliver the required nutrients to the vulnerable parties.

One such means is biofortification, which can generally be defined as the enhancement of nutritional quality in the edible portions of food crops during plant growth (HarvestPlus, 2015b; WHO, 2016). Given that the process of plant nutrient accumulation is a complex interplay between genetics, environmental and management factors, the precise definition of the term “biofortification” may vary depending on the scope of the means (HarvestPlus, 2015b; WHO, 2016). For the purpose of this review which focuses on the genetic aspect, the term “biofortification” shall be used to refer solely to the generation of self-fortifying plants, to the exclusion of agronomic interventions. Such agronomic interventions include fertilizer application or bacterial inoculation, which can be used in conjunction with biofortified crops. Fertilizer application has been demonstrated to increase iron accumulation, though the degree of which varies between studies (Pahlavan-Rad and Pessarakli, 2009; Cakmak et al., 2010; Zhang et al., 2010; Aciksoz et al., 2011). The use of bacterial inoculation on the other hand, has been met with some success, though the choice of strains used may depend on the environmental conditions (Mishra et al., 2011; Rana et al., 2012; Sharma et al., 2013).

BIOFORTIFICATION AS A MEANS OF ALLEVIATING GLOBAL IRON DEFICIENCY

Biofortification emerged within the last two decades as an approach to combat micronutrient deficiency. While it cannot be considered a cure-all to micronutrient deficiency, it alleviates the problem by complementing existing strategies like the aforementioned ones of dietary diversification, fortification, and supplementation. With the one-time cost of development thoroughly compensated by the long term benefits, biofortification presents a sustainable means of delivering the needed micronutrients across large spatial and temporal scales (Nestel et al., 2006; Horton et al., 2008; De Moura et al., 2014; HarvestPlus, 2015b). Biofortified crops are typically generated via selection of micronutrient accumulating traits, and there are a few means through which this can be achieved. Amongst these, one that has existed since the advent of agriculture is conventional breeding. Traditionally a long-term process requiring much investment of time and effort, advances in technology and molecular biology has since shortened the process and increased its precision when targeting specific traits. Several quantitative trait loci (QTLs) for iron accumulation have been identified in rice (Norton et al., 2010; Anuradha et al., 2012), wheat (Xu et al., 2012), maize (Jin et al., 2013), pearl millet (Kumar et al., 2016), cowpea (Santos and Boiteux, 2015), and bean (Blair et al., 2009, 2010, 2016). Already, several crops have been developed through conventional breeding under the HarvestPlus program, the most notable of which are iron biofortified pearl millet, rice and beans. The success of these biofortified crops has been demonstrated in several feeding trials. Consumption of biofortified pearl millet improved iron adsorption and iron stores in women and children (Cercamondi et al., 2013; Kodkany et al., 2013; Finkelstein et al., 2015), while biofortified rice have been found to help maintain the iron stores of non-anemic women (Haas et al., 2005). Increased iron absorption was also observed in biofortified bean meals (Petry et al., 2014, 2016). Collectively, meta-analysis of these trials indicated such biofortified crops to be particularly beneficial to iron deficient individuals (Finkelstein et al., 2017).

Despite its effectiveness, the extent to which biofortification can be done through conventional breeding is limited to the diversity in the gene pool and fertility of the species. In cases where such limitations prevail, genetic modification (GM) provides an alternative pathway. In this method, the genetic material of the host is altered in a manner that does not occur naturally. This may take the form of overexpression of a native gene, such as the OsNAS gene family in rice (Johnson et al., 2011), or expression of a foreign gene from an external source, such as the algal FEA1 gene in cassava (Ihemere et al., 2012). A major advantage of GM is its specificity—select genes, and thus related traits, can be introduced without linkage drag that is associated with unfavorable agronomic traits. Depending on the gene combinations used, increases in iron content of up to 7.5-fold have been reported using GM technology (Trijatmiko et al., 2016).

Even with this advantage however, the release of GM food crops is controversial due to public and political concerns for environmental and human safety. Many of such concerns are directed toward herbicide-resistant GM crops. Conversely, the current direction of GM focuses more on functional foods and is more subtle, leaning toward a cis-genic rather than transgenic approach. Recent years have also seen the rapid rise of genome editing techniques—these are more specific than GM, being capable of targeting specific genome locations for modification whilst also being integration-free. In genome editing, artificial nucleases are used for targeted gene integration or deletion. Four systems have developed—meganucleases, zinc finger nucleases (ZFN), transcription factor nucleases (TALENs), and clustered regularly interspaced short palindromic repeats (CRISPR-CAS) (Sander and Joung, 2014; Bortesi and Fischer, 2015). These have been tested in a wide range of species including crops like rice and wheat, though it has yet to be applied for biofortification purposes.

To date, starchy staples that contain little micronutrients like cereals, root crops, and banana have the primary targets for iron biofortification (Namanya, 2011; HarvestPlus, 2015a; Banana21, 2016). The advantages of such targets is that they form the bulk of local diets and given proper processing, have a long shelf-life, allowing for efficient delivery of the biofortified micronutrient over a large spatial and temporal scale. A wealth of information has been generated concerning these crops as a consequence of extensive focus. Biofortification works using GM in particular, have largely concentrated on major graminaceous crops like rice, wheat, and maize. In contrast, existing studies in non-graminaceous plants were conducted mainly in model species like tobacco or Arabidopsis for characterization purposes. While not as extensive, some work has also been conducted in crop species like banana (Matovu, 2016), cassava (Narayanan et al., 2015) lettuce (Goto et al., 2000), and soybean (Vasconcelos et al., 2006). Given the physiological differences between the non-graminaceous and graminaceous plants, it is difficult to extrapolate the effectiveness of iron biofortification approaches in the latter to the former. As it stands, there remains much to be explored in terms of iron biofortification of non-graminaceous crops.

IRON METABOLISM IN PLANTS

Prior to attempting any biofortification strategies, the significance of iron in the plants and the underlying mechanisms governing its metabolism must first be understood. Iron is the fourth most common element in the Earth's crust and can exist in a wide range of oxidation states, of which the most common are the ferrous (Fe2+) and ferric (Fe3+) forms. By virtue of its high redox potential, it forms a key component of biological processes involving electron exchange such as DNA synthesis, oxygen transport, cellular respiration, and photosynthesis, where it participates in the form of a cofactor in iron complexes. Examples of such complexes include hemoglobin, DNA helicases, and catalase.

For all its biological significance however, iron metabolic pathways can be summarized with the imagery of a precarious transfer of a radioactive material between containment facilities. Biologically, free iron may result from iron overload and/or insufficient sequestration capacity of the organism (Pietrangelo, 2003). Left alone, free Fe2+ catalyzes the formation of hydroxyl (·OH) radicals through the Fenton reaction, and the process repeats when Fe2+ is regenerated from the resultant Fe3+ through reduction by the superoxide radical ([image: image]) (Haber and Weiss, 1934). The summation of this self-perpetuating reaction is known as the Haber-Weiss reaction:

[image: image]

Reactive oxygen species (ROS) generated as a consequence of this reaction can react with cellular components to cause oxidative damage (Kehrer, 2000; Aisen et al., 2001; Papanikolaou and Pantopoulos, 2005; Jeong and Guerinot, 2009; Kobayashi and Nishizawa, 2012); however on the other hand, they also serve as important signaling molecules and are an integral part of the stress response (Apel and Hirt, 2004). The fine line between cytotoxicity and biological function, and the intimate association between iron and ROS production, highlights the significance of proper regulation of iron metabolic pathways.

Given that iron nutrition and metabolism in plants has been extensively reviewed over the years (see Table 5), this review will provide only a brief overview of the topic. Iron metabolic pathways can be divided into three main processes: uptake, translocation and storage. Despite its abundance iron has poor solubility under aerobic conditions, particularly in high pH and calcareous soils, necessitating its solubilization before uptake can occur. This process is mostly accomplished via root exudates, the composition of which varies in response to the plant's physiological state and needs. In response to iron deficiency, the plant triggers the production of factors that directly or indirectly aid iron solubilization. Enhanced concentration of glutamate, ribitol, and glucose were observed in the root exudates of iron-deficient maize, which were suggested to attract and support siderophore-producing bacterial communities to aid iron solubilization (Carvalhais et al., 2011). Notable increases were also observed in the production of organic acids like malate and citrate, which increase the availability of iron through dissolution of insoluble iron compounds (Jones et al., 1996; Sánchez-Rodríguez et al., 2014).

In addition to the aforementioned means, different plant species have adopted specific approaches toward solubilize and acquire iron. These were first categorized as Strategy I and Strategy II by Römheld and Marschner (1986) and later studies have served to cement this grouping. As the topic of iron metabolism has been extensively reviewed over the years (see Thomine and Lanquar, 2011; Kobayashi and Nishizawa, 2012; Brumbarova et al., 2015), the following sub-sections will only provide a brief overview of the process.

Strategy I Uptake Mechanism

Strategy I is a reduction-based strategy used predominantly by non-graminaceous species, which includes all plants except grasses. Under iron deficiency, proton extrusion occurs through the action of H+-ATPases (HA), resulting in the acidification of the rhizosphere and reduction of insoluble iron (Rabotti and Zocchi, 1994; Dell'Orto et al., 2000; Santi et al., 2005; Santi and Schmidt, 2009). Phenolic compounds may also be secreted to facilitate iron uptake (Rodríguez-Celma et al., 2013). Iron and iron chelates are then reduced at the root surface by ferric-chelate reductase oxidase (FRO), which reduces Fe3+ chelates to Fe2+ by transferring electrons across the plasma membrane (Robinson et al., 1999; Waters et al., 2002). FRO is a family of membrane-bound metalloreductases that transfer electrons from cytosolic NADPH across membranes to electron-accepting substrates on the other side. In addition to facilitating acquisition of iron from the soil, this capability is also utilized in localizations where iron reduction is required for transport and/or assimilation, such as in the mesophyll (Brüggemann et al., 1993), reproductive tissues (Waters et al., 2002; Li et al., 2004a), and chloroplast membranes (Jeong and Connolly, 2009).

Following reduction at the root surface, the resulting Fe(II) ions are absorbed across the plasma membrane via the iron-regulated transporter (IRT) (Eide et al., 1996; Vert et al., 2002). IRT is a member of the zinc-regulated transporter, iron-regulated transporter-like protein (ZIP) family that functions as membrane-bound uptake transporter for Zn and Fe (Lin et al., 2009). In Arabidopsis and tomato, IRT1 has been identified as responsible for uptake from the soil (Bereczky et al., 2003; Vert et al., 2009), with loss of function producing a severely stunted and chlorotic phenotype (Varotto et al., 2002; Vert et al., 2002). Co-regulated with IRT1 is the AtIRT2 homolog, which facilitates subcellular transport of iron and localizes to vesicle membranes instead of plasma membranes (Vert et al., 2009).

Both FRO and IRT activity is regulated in response to iron concentrations and increases in response to iron deficiency (Robinson et al., 1999; Connolly et al., 2003; Vert et al., 2003). Enhanced ferric reduction in particular, has been considered a hallmark indicator of iron deficiency (Römheld and Marschner, 1981; Higuchi et al., 1995) and increased capacity for FRO activity confers increased tolerance to low iron (Connolly et al., 2003; Peng et al., 2015).

Strategy II Uptake Mechanism

Unlike Strategy I, Strategy II is used by graminaceous plants (grasses) and revolves around the use of the mugineic acid (MA) family phytosiderophores in iron acquisition. The MA biosynthetic pathway starts with the conversion of three units of S-adenosylmethionine (SAM) into nicotianamine (NA) by nicotianamine synthase (NAS) (Higuchi et al., 1994, 1999). NA is converted to a 3′ keto-intermediate by nicotianamine aminotransferase (NAAT), before being reduced to deoxymugeneic acid (DMA) by deoxymugeneic acid synthase (DMAS) (Kanazawa et al., 1994; Bashir et al., 2006). DMA can subsequently be converted to other MAs through a series of hydroxylations (Mori and Nishizawa, 1989; Ma and Nomoto, 1993), increasing levels of which improves the affinity for Fe3+ and chelate stability under acidic conditions (von Wirén et al., 2000). Synthesized MAs are secreted into the soil through the phytosiderophore efflux transporter TOM1 (Nozoye et al., 2011) and the resulting ferric complexes are then taken up by the roots through specialized transporters like YELLOW STRIPE 1 (YS1) and YELLOW STRIPE 1-like (YSL) (Curie et al., 2001; Murata et al., 2006; Inoue et al., 2009; Kobayashi and Nishizawa, 2012). The resulting Fe(III)-phytosiderophore complex is subsequently taken up via specialized transporters and transported throughout the plant (Kawai et al., 2001). Unlike the reduction-based approach used in Strategy I, phytosiderophore uptake is not limited by high pH, thereby conferring an advantage where such conditions are present (Römheld and Marschner, 1986).

Translocation and Storage

Following acquisition into the root symplast, iron is transported across the root to the vascular tissue and subsequently to the rest of the plant. The translocation process itself is a multi-step process, involving symplastic movement across the Casparian strip and to the desired site; the loading, unloading and transport through the vascular tissue; as well as remobilization from source tissue (Kim and Guerinot, 2007).

During transport, iron is maintained as a chelated complex with ascorbate, citrate or NA (Brown and Chaney, 1971; Stephan and Scholz, 1993; Pich et al., 1994; Grillet et al., 2014). With graminaceous plants, iron may also be complexed to DMA or MAs for transport (Koike et al., 2004; Ishimaru et al., 2010). Such complexes are pH-dependent, as are their interactions with other iron chelators (von Wirén et al., 1999). NA for instance, chelates both Fe(II) and Fe(III) at a higher pH but will preferentially bind for the former at pH 7.0. When bound to Fe(III) at equilibrium, the NA complex dominates at pH 7.0–9.0 while the structurally similar DMA complex dominates at pH 3.0–6.0. Citrate removes iron from NA at pH 5.5; and it must be converted to Fe(III)-citrate even if Fe(II) is the major form in which Fe is loaded into xylem.

As with the uptake process, non-graminaceous plants seem to rely on reduction-based strategy while graminaceous plants utilize a chelation-based one in which Fe(III) undergoes little or no change in redox state. The use of both strategies may be present in a single species, of which the only known example is rice (Ishimaru et al., 2006). This combination may represent an adaptation to the submerged conditions in which rice and its wild relatives grow, where iron is more readily available in ferrous than ferric form. Whether a similar occurrence may be found in other species remains to be seen, though orthologs of genes associated with Strategy I have also been found in other graminaceous species. An example of this is ZmIRT1 from maize, which was purported to be involved in both uptake and translocation, particularly to the seeds (Li et al., 2015). It should be noted that while differences between both strategies primarily affect the uptake process, the involvement of molecular components in the translocation process has further implications for the overall physiology of the plant.

Upon reaching the sink tissue, iron is reallocated as a cofactor in various complexes, or bound to the iron storage molecule ferritin and stored in the apoplastic space and vacuoles (Briat and Lobréaux, 1997). Subsequent translocation and remobilization may occur in response to developmental and physiological needs, such as during iron deficiency (Waters and Troupe, 2012), seed filling (Hocking and Pate, 1977; Burton et al., 1998; Garnett and Graham, 2005), senescence (Shi et al., 2012; Maillard et al., 2015), and nodulation (Strozycki et al., 2007).

PULSES AS A VEHICLE FOR BIOFORTIFICATION

Aside from the starchy staples, another group of crops has been targeted for biofortification, albeit to a lesser degree. Pulses, as defined by the FAO (1994), are leguminous crops harvested solely for dry grain. While this term encompasses most grain legumes, soybean and peanut are excluded from this classification, because they are traditionally viewed as oilseed crops (Pulse Australia, 2016b).

Like cereals, pulses have a long history of cultivation and have been a significant constituent in human diets since around 10,000 BC (Fuller et al., 2001; Caracuta et al., 2015). As a crop, pulses present two main benefits, both of which are complementary to cereals. The first is their agronomic characteristics. By virtue of their nitrogen fixing properties, pulses are often grown as an intercrop or as a mixed crop to replenish soil nitrogen levels, thereby reducing the need for fertilizers. Cultivation with pulse crops have also been shown to increase the uptake of nitrogen, sulfur, and phosphorus by cereals, resulting in an enhanced yield and grain quality (Li et al., 2003, 2004b; Agegnehu et al., 2006; Banik et al., 2006; Gooding et al., 2007). Yield stability is also increased (Rao and Willey, 1980).

The second benefit of pulses is their nutritional density. Pulses are a rich source of carbohydrates and fiber. Their most prominent feature however, is their high protein content of 21–26% and an amino acid profile complementary to that of cereals, being rich in lysine, leucine, and arginine (Phillips, 1993; Iqbal et al., 2006; Pulse Canada, 2016). Their excellence as a vegetarian source of protein and affordability in contrast to livestock products has earned them the famous moniker of “poor man's meat.” Pulses are also rich in micronutrients like folate, thiamine, riboflavin, niacin, calcium, magnesium, iron, and zinc (Phillips, 1993; Iqbal et al., 2006; Jukanti et al., 2012). Other than contributing to macro- and micronutritional needs, several health benefits have been associated with inclusion of pulses in the diet. Their low glycemic index (GI) has been linked to the management of diabetes and diabetes-related diseases (Rizkalla et al., 2002; Sievenpiper et al., 2009) while bioactive components have been investigated for their health potential—e.g., lectins for their immunomodulatory effect, protease inhibitors for anti-inflammatory effects, and angiotensin I-converting enzyme (ACE) inhibitory peptides for their anti-hypertensive properties (Rochfort and Panozzo, 2007; Roy et al., 2010).

Despite their agronomic and nutritional benefits, pulses have not received the same amount of attention or development as the main starchy staples. Between 1961 and 2014, pulse yield and production values increased by 42.3 and 90.4%, respectively, a small fraction compared to the increase of 187.2 and 219.4% in cereals (FAO, 2016b). Much of this disparity can be attributed to developments made during the Green Revolution, in which the focus on productivity and protein-calorie malnutrition led to the shift from cultivation of traditional micronutrient-rich crops to the more productive and profitable starchy cereals (Pinstrup-Andersen and Hazell, 1985; Pingali, 2012). Poor policy and diversion of land to cereal cultivation has led to a reduction in pulse supply, effectively driving prices up and decreasing consumption per capita (Kennedy and Bouis, 1993; Kataki, 2002; Akibode and Maredia, 2012).

As highlighted in the special feature on pulses in the 2014 Food Outlook (FAO, 2014), recent years have seen several key changes in pulse production and trade. Asia remains the region with the highest pulse production, with India continuing as the largest pulse producing country, contributing at least 20% toward global pulse production (Figure 1 and Table 4). Production in other regions except Europe has also increased, fueled by domestic and international demand. In contrast to these countries is China, whose production has decreased due to a number of factors such as population increase and decreasing availability of arable land. Despite the shift in preference for animal-based products and protein that accompanies growing affluence, India and China remain major importers, consuming approximately 40% of the world's pulse production as food, and 30% as feed. Much of this is provided by major exporters like Canada and Australia. With other major producers like Myanmar and Brazil, pulse consumption is primarily domestic.
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FIGURE 1. Average pulse production by region (FAO, 2016a).




Table 4. Growth in production of major pulse producers (FAO, 2014, 2016b).
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Table 5. List of general reviews on iron nutrition and metabolism.
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Pulse production, consumption, and trade are expected to increase alongside population growth, particularly with increasing promotion from government campaigns (Akibode and Maredia, 2012) and the declaration of 2016 as the “International Year of Pulses” by the UN General Assembly. Increasing awareness and concern over nutritional composition of food, particularly by food manufacturers, has attracted greater interest in pulses, which will likely translate into further support and development of the pulse industry (FAO, 2014).

CHALLENGES OF PULSE BIOFORTIFICATION

Concerning the biofortification of pulses however, there are some challenges. While pulses are a diverse group featuring a wide variety of species and cultivars, this has presented itself as a double-edged sword. The genetic richness is a treasure trove that lends itself to crop improvement, but has simultaneously resulted in a lack of a concerted global effort at development. Development has also thus far has been focused on yield, disease tolerance, and macronutrient quality, with little to no emphasis on other nutritional aspects. However, this has changed over the past decade with the growing interest in micronutrient content. Increasing numbers of genotypes and cultivars being assayed for their iron and zinc composition (Ray et al., 2014; Thavarajah et al., 2014; Santos and Boiteux, 2015; Blair et al., 2016). Concerning outputs however, there has been little published work on pulse biofortification, with even fewer examples of biofortified pulses. Currently the only known example of a biofortified pulse is the high iron common bean generated from the HarvestPlus breeding program; to date, several varieties have been produced with improvements in iron content ranging from 47 to 94% (Katsvairo, 2015).

Another challenge with pulse biofortification is the bioavailability of iron. Bioavailability, as defined by Carpenter and Mahoney (1992), is the “proportion of a nutrient present in food that the body is able to absorb and utilize by incorporation into physiologically functional pools.” It is a complex and multifaceted issue subject to a range of physiological and physiochemical factors such as those illustrated in Table 6. In humans, iron uptake occurs in the duodenum and upper jejunum in the intestinal tract. Regulation is done via absorption rather than excretion, and occurs in response to iron status and rate of erythropoiesis (Wheby et al., 1964; Bothwell, 1995). Under normal conditions, absorption is inversely correlated to the state of the body's iron stores with increased uptake by the intestinal mucosal cells as iron stores are depleted (Walters et al., 1975).


Table 6. Factors affecting bioavailability of some trace elements (House, 1999).
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For uptake to occur however, the mineral must be in a form absorbable by the mucosal cells. Dietary iron can be classified as heme or non-heme based on its attachment to heme proteins or lack thereof. Both form separate pools in the gastrointestinal tract and undergo different absorption pathways (Björn-Rasmussen et al., 1974). Compared to its heme counterpart, non-heme iron is the predominant form found in plants and has a lower bioavailability and is particularly susceptible to the influence of dietary factors (Björn-Rasmussen et al., 1974). This is of especial significance in pulses due to the abundance of naturally occurring inhibitors which bind to iron and prevent uptake. Examples of such inhibitors include phytic acid, polyphenols, tannins, and fiber (Sandberg, 2002; Ghavidel and Prakash, 2007; Thavarajah et al., 2014).

Phytic acid (PA), also known as inositol hexaphosphate or IP6, has been identified as a one of the major inhibitors of iron bioavailability. PA serves as the principal form of phosphorus storage in seeds, where it is present as a phytate salt of mineral cations like potassium, magnesium, calcium, manganese, and zinc. Depending on the species, cultivar and conditions of growth, it may constitute 40–84% of total seed phosphorus (Lolas et al., 1976; Griffiths and Thomas, 1981; Ravindran et al., 1994). Amongst the inositol polyphosphates, the lower inositol phosphates IP2, IP3, and IP4 play a minor role in inhibiting iron bioavailability (Sandberg et al., 1989, 1999). The main inhibitors are IP6 and IP5, which are capable of reducing iron solubility by 38.8 and 33%, respectively, through the formation of insoluble complexes (Sandberg et al., 1989).

The impact of PA on biofortification efforts can be illustrated using the example of the biofortified beans. Despite their higher iron content, feeding trials conducted in Rwanda have indicated iron bioavailability of biofortified beans was similar, if not lower, than that of the unfortified beans (Petry et al., 2012, 2014). As a result, while the total of iron absorbed from the biofortified beans was higher than the unfortified beans, it was considerably less than expected. As a means to improve the effectiveness of biofortification, the reduction in PA concentration was recommended by the authors (Petry et al., 2012, 2014).

This recommendation has been applied in several cereal crops (Larson et al., 1998, 2000; Raboy et al., 2000; Guttieri et al., 2004) and more recently in bean (Campion et al., 2009). The effectiveness of the low-phytic acid bean lines is currently inconclusive however, as bioavailability assessments have yielded conflicting results due to differences in experimental design (Petry et al., 2013, 2016). Poor cooking quality was also observed in the low-phytic acid seeds, which may have contributed the adverse gastrointestinal side-effects in the participants in one of the studies (Petry et al., 2016). The relationship between phytic acid and cooking quality have been alluded to in other studies on lentil and bean (Kon and Sanchuck, 1981; Bhatty and Slinkard, 1989). Interestingly, no such effect was reported in low-phytic acid maize lines (Mendoza et al., 1998); whether this is a legume-specific issue remains to be confirmed. Aside from influencing cooking quality, phytic acid is also known to have antioxidant properties and protective effects against heart disease and cancer (Sharma, 1986; Nelson et al., 1988; Vucenik and Shamsuddin, 2003). It is unknown if reduction in phytic acid content would affect such properties. Similarly, the subsequent long-term effect on human health is unknown.

For all the challenges presented in this section however, there is much potential to be explored in pulse biofortification. Much of the existing knowledge concerning this area is limited to the work done on the iron biofortified bean. That has proven to be a successful means of alleviating iron deficiency, promising much for other pulses.

CHICKPEA AS A TARGET FOR BIOFORTIFICATION

Chickpea (Cicer arietinum) is an important pulse crop that has been cultivated by humans since the Stone Age. As of 2009, it is the second most important pulse crop in the world after the common bean, having overtaken peas as the pulse crop with the second highest global production values. Global production has climbed steadily since 2008 to exceed 14.2 million tons in 2014, of which approximately 96% is grown in developing countries (FAO, 2016b). India in particular, has historically been the largest producer and consumer of chickpea; in 2013 alone it contributed approximately 65 and 33% to total chickpea production and import, respectively (FAO, 2016b). In terms of consumption, it is difficult to obtain precise statistics due to the lack of available data. However, based on calculations using production and trade values, the global average for chickpea consumption was estimated to be around 1.3 kg/year per person between 2006 and 2008, with South Asia and the Middle East-North Africa regions being the biggest consumers at 4.25 kg/person and 2.11 kg/person per year, respectively (Akibode and Maredia, 2012). The demand is predicted to grow, particularly in Africa and Asia, due to population increase and increasing support from the governments in encouraging pulse consumption (Rao et al., 2010; Akibode and Maredia, 2012). This increase in demand is not limited to those regions; in the USA for instance, net domestic use of chickpea nearly doubled from 199.6 g in 2010 to 322.1 g in 2014 (Wells, 2016).

Most of the chickpea in the global market can be classified into two main types which are primarily distinguishable by their seed morphology, specific aspects of which influence their end-use. The first type is the kabuli, also known as garbanzos. Kabuli seeds are large and round, weighing approximately 400 mg per seed (Pulse Australia, 2016a). The seed coat is thin and light-colored, ranging from shades of white to cream and the seeds are typically consumed whole or made into hummus (Gaur et al., 2015; Pulse Australia, 2016a). Kabuli cultivation areas are mostly located in Southern Europe, Northern Africa, Afghanistan, Pakistan, Chile, and India (Gaur et al., 2015).

The second type is the desi, which forms the bulk of the international export market (Rao et al., 2010). Desi seeds are small, wrinkled, and angular, with an approximate weight of 120 mg per seed (Pulse Australia, 2016a). The seed coat is also 1.2 to 3 times thicker than the kabuli (Umaid et al., 1984; Wood et al., 2011) and can be found in a greater variety of colors ranging from brown to yellow, as well as orange, black and green. Desi seeds are commonly dehulled and split to obtain the cotyledons, which are then known as chana dhal and can in turn be milled to flour, known as besan or gram flour.

As a food crop, chickpea can be utilized in a variety of ways. Green pods, immature seeds and young leaves can be consumed as a vegetable while the stover and pod husks can be used as animal feed (Ibrikci et al., 2003; Yadav et al., 2007). The primary commodity however, is the dried mature seed which can be used as animal feed or for human consumption. With the latter, the long history of consumption in various regions such as India, the Middle East, and Europe has given rise to a diversity of dishes in which chickpea can be utilized. Chickpeas are consumed on their own or with other foods; seeds may be eaten whole, hulled, or ground into flour from which other products may be derived. Preparation for consumption can be by various processing methods such as soaking, sprouting, fermenting, boiling, steaming, roasting, extrusion, and puffing (Yadav et al., 2007), all of which exert different effects on the overall nutritional quality (Poltronieri et al., 2000; Sebastiá et al., 2001; Ghavidel and Prakash, 2007; Hemalatha et al., 2007a).

Much like other pulses, the nutritional qualities of chickpea have long been recognized and documented. In addition to high protein content (20–22%), chickpeas are also rich in micronutrients like folate, magnesium, zinc, and iron (USDA, 2013). Studies conducted by different authors have found iron content to range from 2.4 to 11 mg/100 g (e.g., USDA1; Meiners et al., 1976; Wood and Grusak, 2007). Likewise, various studies have reported differing values for phytic acid and other antinutrients (e.g., Chitra et al., 1995; Ghavidel and Prakash, 2007; Hemalatha et al., 2007b), indicating a possible effect of genotype and environmental factors on overall iron bioavailability. When measured as dialyzable iron generated from a simulated gastrointestinal digest, bioavailability has been found to vary widely across different studies, ranging from about 6 to 25% (Chitra et al., 1997; Ghavidel and Prakash, 2007; Hemalatha et al., 2007b). The reason behind this disparity is as yet unclear, though analytical procedures and variations in samples have been suggested as a possible cause (Platel and Srinivasan, 2016). Given the multifaceted nature of nutrient bioavailability, the values obtained are at best relative.

Regardless of processing methods and culinary adjustments, the composition of the starting material is vital. As demonstrated by Petry et al. (2012), enhancement of iron content alone does not necessarily translate into an improved iron status of the consumer, particularly when there is a concurrent enhancement in phytate content. Both the iron content and overall composition of the grain itself should therefore be considered in biofortification strategies. However, in light of the lack of information concerning bioavailability, it would be prudent for biofortification efforts to first target total seed iron content before progressing to bioavailability. Considerable progress has been made to that end, particularly with the growing interest in chickpea as a target for iron biofortification. While a concerted global effort has yet to materialize, pockets of development have emerged with India and Canada at the forefront. To date, the chickpea genome has been sequenced (Varshney et al., 2013). Chickpea populations in those countries have also been screened for genetic diversity and iron accumulation traits, allowing for identification of the associated QTLs (Diapari et al., 2014; Upadhyaya et al., 2016). In terms of biofortification via GM, no work has been done yet. It is however, a viable option—while chickpea can be considered a recalcitrant species, successful transformation protocols have been established (Sarmah et al., 2004; Indurker et al., 2010). Such work would also provide insight into the physiological workings; this in turn can inform later biofortification efforts by identifying specific traits or mechanisms which can be targeted by breeding or GM.

Given the relative youth of this endeavor to biofortify chickpea for iron, no biofortification targets have yet been set. As stated by Bouis and Welch (2010), several variables need be considered in the setting of such targets. The challenge lies primarily in the lack of information concerning the different variables in chickpea. Unlike the common bean which serves as a staple, chickpea is a secondary staple and depending on the type and cultivar, may be processed into various forms for consumption (Yadav et al., 2007). This would in turn affect iron content and bioavailability. Consequently, the consumption profile for chickpea is expected to be lower and potentially more varied compared to the common bean, particularly across different age and cultural demographics. Until more detailed and specific information concerning chickpea is obtained, only general assumptions may be made. In the interim however, efforts can be made to understand and engineer for increased iron content.

POTENTIAL APPROACHES TO ENGINEERING FOR ENHANCED IRON CONTENT IN CHICKPEA

In the interest of iron biofortification, five rate-limiting steps to grain iron accumulation have been identified by Sperotto et al. (2012): (1) uptake from soil, (2) xylem loading in roots, (3) phloem transport from leaves, (4) unloading for grain filling, and (5) grain sink strength. These steps can be classified into the three main processes of uptake, translocation, and storage. Genes associated with these processes have been identified as promising candidates for iron biofortification, and over the past decade several of them have been applied to different plant species.

Rice—A Case Study

Amongst these, rice can be considered the flagship for transgenic iron biofortification. Since rice is a grain crop, the lessons learnt may, in part, be transferrable to chickpea. As illustrated in the review by Masuda et al. (2013a), several gene combinations targeting the uptake, translocation, storage or any combination of the three processes have been attempted to differing levels of success. Of the combinations investigated thus far, those containing NAS and ferritin (FER) have yielded the most promising results. Individually, NAS and FER have been demonstrated to enhance iron accumulation. Overexpression of the former for instance, increased iron content in polished grains by four-fold (Johnson et al., 2011), while overexpression of a soy homolog of the latter produced up to a 3.7-fold increase (Vasconcelos et al., 2003). Similar results have been obtained when combined with other genes involved in iron transport or MAs synthesis. Approximately three-fold increase was obtained from overexpression of the rice yellow stripe like-2 (YSL2), barley NAS1, and soybean FER genes (Masuda et al., 2012). A four-fold increase was obtained from overexpressing soybean FER in conjunction with barley NAS1, two NAAT genes and a mugineic acid synthase gene (Masuda et al., 2013b).

The best results however, were achieved simply by using just the NAS-FER combination. Constitutive expression of Arabidopsis NAS1 together with barley FER and a fungal phytase, both under the regulation of a rice seed storage globulin promoter, enhanced iron accumulation in rice endosperm by up to six times (Wirth et al., 2009). More recently, up to 7.5-fold increase in iron content was obtained from transgenic rice through constitutive overexpression of OsNAS2 and seed-specific expression of soybean FER (Trijatmiko et al., 2016). The enhancement was not limited to total iron content alone, as iron bioavailability was similarly improved. This was demonstrated in studies with Caco-2 cell cultures, where the amount of iron absorbed from the transgenic lines was more than double that of the controls, even in the absence of any bioavailability enhancers (Trijatmiko et al., 2016).

Tailoring a GM Approach to Chickpea

Whether a similar feat may be emulated in other species is yet unknown as the NAS-FER gene combination has only been applied in rice. In this case, the success of the NAS-FER gene combination may be attributed to the unique role of NA in the non-graminaceous system. In it, NA, by virtue of its in role in the synthesis of DMA and MAs, is directly involved in the uptake and translocation processes (Wang et al., 2013). Through combination with FER, it allows for the simultaneous targeting of all three major processes of iron metabolism, thereby overcoming the rate-limiting steps listed by Sperotto et al. (2012). Incidentally, the issue of bioavailability is also resolved—NA is a known enhancer of iron bioavailability (Zheng et al., 2010), while ferritin has a bioavailability equivalent to that of ferrous sulfate which is used in iron supplements (Davila-Hicks et al., 2004; Lönnerdal et al., 2006).

Based on these observations, there is reason to believe that application of the NAS-FER approach to other graminaceous species will yield similar outcomes to rice. The effect however, may be limited in non-graminaceous crops like chickpea due to the absence of the MAs biosynthetic pathway, which diminishes the contribution of NAS to the uptake process. Such is evident when comparing the results of NAS overexpression in graminaceous and non-graminaceous species, where greater enhancement in iron content was observed in the former (Masuda et al., 2009; Johnson et al., 2011) than the latter (Douchkov et al., 2005; Cassin et al., 2009). In any case, prior studies in model species like Arabidopsis and tobacco have confirmed the individual effect of each gene (Van Wuytswinkel et al., 1999; Douchkov et al., 2005; Cassin et al., 2009); should the NAS-FER approach be applied to chickpea, some enhancement of seed iron content can still be expected. Similarly, iron bioavailability can increase, though the extent is difficult to predict given the higher levels of inhibitors in chickpeas compared to rice (Hemalatha et al., 2007b).

At the moment these are speculations—with the existing transgenic research concentrated on cereals, there is little precedent for reliable extrapolation to a leguminous crop. Nonetheless, two main principles can be drawn from the success of the NAS-FER strategy in rice, and that is (1) the simultaneous targeting of multiple rate-limiting steps, and 2) targeting of bioavailability in addition to iron content.

Targeting Multiple Rate-Limiting Steps

One of the main challenges to engineering for iron accumulation in chickpea is the lack of specific knowledge on iron homeostasis in chickpea. Even amongst closely related members of non-Gramineae, interspecies variation exists as different mechanisms or components may be favored. Such is evident when comparing studies on QTLS and iron accumulation traits—differing suites of associated genes have been found in soybean (Ning et al., 2015) and chickpea (Upadhyaya et al., 2016).

Examination of such genes may yield potential candidates for use in GM biofortification. Drawing from the example of NAS in rice, selection of such candidate genes can be based on their involvement in both uptake and translocation processes, though extra emphasis should be placed on the former. As mentioned by Sperotto et al. (2012), the ability to access soil iron under differing environmental conditions is the first major bottleneck to iron accumulation in plants, with poor uptake capacity typically associated with susceptibility to iron deficiency (Mahmoudi et al., 2007; Waters and Troupe, 2012).

Several genes fitting such criteria can be found in the list by Upadhyaya et al. (2016), and key examples include transporters like IRT, FRO, YSL, NRAMP (natural resistance-associated macrophage protein), and zinc-regulated transporter, iron-regulated transporter-like protein (ZIP). As these are involved in both uptake and translocation (Vert et al., 2002; Lanquar et al., 2005; Vasconcelos et al., 2006), targeting them may, theoretically, allow for two processes to be simultaneously enhanced. Constitutive overexpression of AtFRO2 in soybean for instance, was found to increase both iron uptake and leaf iron content (Vasconcelos et al., 2006). However, this effect may be dependent on the homolog used as each may serve specific functions. Within FRO family in Arabidopsis for instance, AtFRO2 is expressed in the roots and facilitates uptake during iron deficiency (Connolly et al., 2003), while FRO7 is expressed in the chloroplasts where it contributes to iron supply (Jeong et al., 2008).

A potential pitfall to such an approach is the inherent regulatory mechanisms. Unlike NAS, which appears to be amenable to manipulation with little to no side-effects (Pianelli et al., 2005; Johnson et al., 2011; Lee et al., 2012), transporters like IRT and FRO appear to be regulated by mechanisms which are less forgiving to interference. In Arabidopsis overexpressing AtIRT1 or AtFRO2, no increase in root reduction or protein levels was observed under iron-sufficient conditions due to post-transcriptional regulation (Connolly et al., 2002, 2003). However, no such impediment was noted when the maize homolog, ZmIRT1, was overexpressed, with transgenic lines having significantly higher seed iron contents compared to the wild-type (Li et al., 2015). This discrepancy was attributed to the low homology between the ZmIRT1 and the native IRT genes, which may in turn point to a means of bypassing post-transcriptional regulation.

Aside from enhancing uptake and translocation, sink strength may also be targeted. As far as GM biofortification efforts go, this has traditionally been done using FER. The application in chickpea appears to be highly feasible as amongst the fifteen genes associated with seed iron accumulation in chickpea, two were identified as ferritins. Strong constitutive FER overexpression however, carries the risk of excessive iron sequestration, resulting in manifestation iron deficiency symptoms (Van Wuytswinkel et al., 1999). This may be avoided through seed-specific expression, particularly in the cotyledons which are the main products. Much like the NAS-FER approach in rice, a multigenic approach combining FER with one of the aforementioned transporters may also be used. This will also allow for simultaneous targeting of all three major processes of iron metabolism, thereby overcoming the bottlenecks described by Sperotto et al. (2012). Theoretically, such a multigenic approach may also translate to higher levels of iron accumulation through synergy between the transgenes. Such was observed in rice, where the NAS-FER combination produced a synergistic effect (Wirth et al., 2009; Trijatmiko et al., 2016), resulting in higher seed iron contents compared to the monogenic NAS approach (Masuda et al., 2009; Johnson et al., 2011; Lee et al., 2011).

Targeting Bioavailability

As previously mentioned, the use of FER has the added benefit of enhancing iron bioavailability in addition to total iron content. Concerning the enhancement of bioavailability however, the use of FER is but one means. Other options may include targeting the concentrations of inhibitors or enhancers. The former has already been attempted in maize and rice through the overexpression of phytase, and increases in bioavailability have been reported (Lucca et al., 2001; Drakakaki et al., 2005; Wirth et al., 2009). While promising, the actual effect on human health is unknown as the assays were done using in vitro methods. Given that no negative consequences were observed from the addition of exogenous phytase to food (Hurrell et al., 2003), it is likely that the detrimental effects observed with low-phytate beans (Petry et al., 2016) may be avoided.

Concerning bioavailability enhancers, some work has already been done in the form of NAS-overexpressing crops and the results discussed in the above sections (Johnson et al., 2011; Trijatmiko et al., 2016). An alternative candidate is ascorbic acid, a potent enhancer occurring naturally in plants which has been demonstrated to prevent the inhibitory effects of phytate and polyphenols (Hallberg et al., 1989; Siegenberg et al., 1991). However, while promising, ascorbic acid is also infamous for its thermal instability (Van den Broeck et al., 1998; Munyaka et al., 2010), with cooking generally resulting in degradation (Sood and Malhotra, 2002; Moriyama and Oba, 2008). It's effectiveness in a transgenic biofortification strategy is therefore questionable given the processing requirements of a grain crop like chickpea.

SUMMARY AND IMPLICATIONS

In summary, iron deficiency is a global health problem which may be alleviated through the use of biofortified crops. Transgenic biofortification efforts, as well as most studies on iron metabolism, thus far have largely been directed at cereal crops like rice. As members of the Gramineae family, their molecular biology and physiology differ significantly from their non-graminaceous counterparts. Consequently, biofortification strategies successfully applied in a graminaceous species like rice may behave differently in a non-graminaceous species. The extent of this difference is currently unclear as studies have primarily been performed in model species like Arabidopsis and tobacco primarily for gene characterization. There is a need to tailor specific biofortification strategies for use in non-graminaceous species. This is particularly so for important secondary staples like pulses—population growth as well as environmental pressures has increased the demand for affordable, water-efficient sources of protein. As the second most important pulse crop in the world, chickpea stands in a unique position to meet this need. It is widely consumed in the Asian and African regions where population growth, as well as the incidence of iron deficiency, is highest. The iron biofortification of chickpea can therefore serve as a sustainable means to alleviate the public health burden where it is heaviest.

While some breeding work is currently underway, there has been no recorded attempts to biofortify chickpea via a GM approach. However, the avenue to do so is available, given the establishment of successful transformation protocols. Valuable lessons can be learnt from the success of the GM biofortified rice and applied to the formulation of biofortification strategies for pulse crops like chickpea. Existing QTL and trait analysis have identified several candidate genes which may be used to enhance iron content and/or bioavailability, opening up new doors for further exploration.
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Multiple genes and transcription factors are involved in the uptake and translocation of iron in plants from soil. The sequence information about iron uptake and translocation related genes is largely unknown in lentil (Lens culinaris Medik.). This study was designed to develop iron metabolism related molecular markers for Ferritin-1, BHLH-1 (Basic helix loop helix), or FER-like transcription factor protein and IRT-1 (Iron related transporter) genes using genome synteny with barrel medic (Medicago truncatula). The second objective of this study was to analyze differential gene expression under excess iron over time (2 h, 8 h, 24 h). Specific molecular markers were developed for iron metabolism related genes (Ferritin-1, BHLH-1, IRT-1) and validated in lentil. Gene specific markers for Ferritin-1 and IRT-1 were used for quantitative PCR (qPCR) studies based on their amplification efficiency. Significant differential expression of Ferritin-1 and IRT-1 was observed under excess iron conditions through qPCR based gene expression analysis. Regulation of iron uptake and translocation in lentil needs further characterization. Greater emphasis should be given to development of conditions simulating field conditions under external iron supply and considering adult plant physiology.
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INTRODUCTION

Iron (Fe) uptake in plants is a complex physiological process governed by homeostatic mechanisms in the plant. Homeostatic mechanisms involve absorption, translocation and redistribution of Fe within the plant system at a particular concentration (10-9–10-4 mol/l) (Römheld and Schaaf, 2004). Lower iron concentration leads to Fe-deficiency symptoms including chlorosis and necrosis in leaves and ultimately loss in biomass as well as grain yield. Higher concentrations of Fe within the plant system results in generation of free radical species which damage various cellular components by interacting with protein, lipid, carbohydrates and even with DNA. According to Welch and Graham (2004), there are four different barriers controlling homeostatic mechanisms of mineral uptake in plants; (A) the root-soil interphase known as the rhizosphere, (B) root-cell plasma membrane, (C) translocation to edible plant organs (grains/tubers), and (D) bioavailability of minerals.

Ferritin is an iron-carrying protein in plants and has a multimeric (24-mer) cage-like structure that carries up to 4500 atoms of Fe within its core (Crichton et al., 1978; Wade et al., 1993). The ferritin protein is highly conserved within the animal and plant kingdom (Ragland et al., 1990). Ferritin meets the metabolic need for iron when required by the metabolome as well as prevents any kind of oxidative stress (Harrison et al., 1998). Plant ferritin subunit sequences share between 39 and 49% similarity with mammalian ferritin sequences (Briat et al., 2009). This similarity increases when comparisons are made within the plant kingdom or among close plant families. Iron homeostasis is important due to the minute balance that exists between iron deficiency and toxicity and that affects plant physiology. Impaired plant physiology ultimately affects crop yield. Ferritin regulates iron homeostasis to prevent interaction of iron with other cellular components which may result in generation of free radicals during oxidative stress. In plants, ferritin consists of a single kind of subunit and ferritin bound Fe is highly bioavailable (Kalgaonkar and Lonnerdal, 2008).

Lentil (Lens culinaris Medik.) is a eudicot plant and uses strategy I where ferric iron is reduced at the rhizosphere and absorbed as ferrous iron by the root. Monocot plants use a different strategy to uptake iron from the soil (strategy II). The uptake of iron is mediated through phytosiderophores and the ferric iron enters the plant system through root in case of monocot plants (strategy II). In Arabidopsis thaliana, reduction of ferric Fe is accomplished by Fe reductase FRO2 (ferric reductase oxidase-2; Robinson et al., 1999). This was the first report of cloning and gene function elucidation of any major iron metabolism related gene in plants. Uptake of ferrous Fe into the root is carried out by the metal transporter IRT1 (iron-regulated transporter; Eide et al., 1996; Vert et al., 2002). The basic helix-loop-helix (BHLH) transcription factor family in plants is a ubiquitous regulator and is highly conserved, regulating different types of genes during transcription (Heim et al., 2003). The BHLH transcription factor or FIT (FER-like Fe deficiency-induced transcription factor) is reported to be responsible for high-level expression of FRO2 and IRT-1 (Colangelo and Guerinot, 2004; Jakoby et al., 2004; Yuan et al., 2005). It is pertinent to mention that iron uptake, translocation and storage is a complex pathway and multiple genes or gene families are involved. However, from crop breeding point of view breeders always need a high-throughput and less time consuming techniques to identify few potential genotypes in a large set of germplasms. These three genes were targeted in lentil with a long-term objective in mind to develop an assay to find lentil genotypes which better perform under excess iron supply. The results of this experiment would give an initial thrust to such objectivities in lentil where limited amount of sequence information is available till date.

Development of gene specific markers and their utilization in understanding metabolic pathways are important genomic goals to achieve in any crop species for their effective utilization in genetic studies or molecular breeding applications per se. Availability of specific DNA markers for iron metabolism related genes in lentil are not available. The objectives of the study were to, (1) develop gene (Ferritin-1, BHLH-1, and IRT-1) specific molecular markers in lentil and (2) analyze their gene expression under excess iron over time.

MATERIALS AND METHODS

Plant Materials and Treatments

‘CDC Redberry’ (Vandenberg et al., 2006) seedlings were raised in the laboratory and fresh tissue was collected for DNA and RNA extraction. Seeds were germinated on wet filter paper in an incubator maintained at 25°C. Seedlings were transferred to 50 mL tubes containing distilled water for hydroponic growth with 16:8 h light: dark cycle and at 25°C for eight days after germination. After complete development of the first true leaf (of growth), treatments were applied 18–21 days after germination and included: (1) iron deficient condition (control with distilled water), (2) excess iron condition (addition of 500 μM of Fe-EDTA, 150 mM of sodium citrate, and 75 μM FeSO4) (Lobréaux et al., 1995). Treatments were applied for 24 h and samples were collected 2, 8, and 24 h after treatment. Three biological replications were included for each treatment.

Development of Markers

Full length coding sequences (CDS) for three ferritin genes (ferritin-1, ferritin-2, ferritin-3) for Medicago truncatula were acquired from the NCBI (National Center for Biological Information) nucleotide database on 15 April 2015. The complete coding sequence of Ferritin-2 mRNA (NCBI reference sequence: XM_003616637.1) of M. truncatula was downloaded in FASTA format and used to perform a nucleotide BLAST search against CDC Redberry 454 contig sequences in the Knowpulse database1. The contig sequence with the highest bit score and lowest e-value and, therefore, having the highest similarity with the query sequence (M. truncatula Ferritin-2) was identified. The contig sequence was downloaded from the Knowpulse database and Primer-BLAST2 was used to design primer pairs using default parameters (Table 1). One primer pair (FerrClo5) used for the development of qPCR compatible primers for the Ferritin gene in lentil. In addition, one primer pair specific to a lentil BHLH (Basic Helix Loop Helix) transcription factor or FER-like transcription factor gene sequence (Sen Gupta et al., 2016) was synthesized. Primers were also designed for the iron-related transporter gene based on the IRT1 mRNA coding sequence (CDS) (LegumeIP database reference no. IMGA[Medtr8g105030.1] of M. truncatula for the amplification of lentil IRT-1 in the qPCR experiment. The amplicon of the ferritin gene as well as the BHLH transcription factor gene were beyond the range of optimum product size (>250 bp) for qPCR experiments and thus were gel purified using a gel purification kit (IBI, MIDSCI, St. Louis, MO, USA) (Vogelstein and Gillespie, 1979) following manufacturer’s instructions and sequenced using the Sanger sequencing method (Etonbiosciences Inc., San Diego, CA, USA). The gene sequences were aligned with the respective M. truncatula mRNA sequences (Ferritin-2 and BHLH transcription factor gene, respectively) and primers were designed for qPCR experiments based on the putative exonic sequences, their sequence identity, gap, and the desired product size using Primer3 software2. Based on these sequences one primer pair for Ferritin-1 and another primer pair for the BHLH-1 transcription factor were designed for qPCR. Primers for IRT-1 were directly used in qPCR and were within the qPCR compatible product size range (<100 bp amplicon size).

TABLE 1. Nucleotide BLAST results of Medicago truncatula ferritin-2 gene sequence (NCBI reference no. XM_003616637.1) with CDC Redberry 454 contig sequences in Knowpulse database showing bit score, percent identity, and e-value (http://knowpulse.usask.ca).
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Isolation of RNA and Synthesis of Complementary DNA

Total RNA was extracted from 100 mg of fresh leaves of individual treatments using the QIAGEN® RNeasy Mini Kit (QIAGEN, Valencia, CA, USA) according to manufacturer instructions. The quality of the RNA extracts were determined by the spectrophotometer Nano-Drop (ND-1000) (NanoDrop Technologies, Welmington, DE, USA). To check the integrity of the RNA, the samples were stained, separated and visualized by electrophoresis in a 1% agarose gel. Details about the quality of the RNA samples can be found in Supplementary Table S1. The first strand of cDNA was synthesized from 1 μg of total RNA in a 20 μL reaction using SuperScript III First Strand Synthesis Supermix RT-PCR Kit (Invitrogen, USA). The cDNAs were diluted to 2 ng μL-1.

Quantitative PCR

Three primer pairs were used for gene expression analysis, Ferritin1 (developed using PCR based cloning and sequencing), BHLH1 (developed using PCR based cloning and sequencing) and IRT1 (primer designed based on M. truncatula IRT1 gene sequence). Expression levels of mRNA were evaluated in a SYBR Green dye using an Applied Biosystems 7500 Fast Real-Time PCR System (Applied Biosystems, USA). PCR amplifications were carried out in triplicate in 20 μL reactions containing Maxima SYBR Green mixer (Fermentas, USA), 250 nM of each primer and 4 ng of cDNA. On each plate, the reference genes (GADPH and Actin) and negative controls were included. Amplification conditions were 50°C for 2 min, 95°C for 10 min, 40 cycles at 95°C for 15 s, 60°C for 1 min. The calibration curves for each primer pair were plotted using five serial dilutions of the cDNA in water. To verify the specificity of amplification a dissociation curve analysis step was added to the qPCR amplification protocol. Amplification efficiency, slope and R2 value were determined for each primer pair. Amplification efficiencies were calculated as E = (10-1/slope–1) × 100.

Statistical Analysis of Gene Expression Analysis

Cycle threshold (CT) values were determined using SDS software (Applied Biosystems, USA). Gene expression data were analyzed using the CT values and amplification efficiency values using method 2-ΔΔCT (Livak and Schmittgen, 2001). Geometric means of reference genes were used to normalize the CT values of the individual samples. The program REST 2009—Relative Expression Software Tool (Pfaffl, 2001) was used to determine if the differences between the treatments were statistically significant (P < 0.05).

RESULTS

Development of Markers for Ferritin-1, BHLH-1, and IRT-1 Genes

After performing BLASTn analysis using ferritin-2 mRNA sequence of Medicago truncatula in the KnowPulse database (University of Saskatchewan, Canada) one contig sequence was identified, LcRBContig00605, based on BIT score (700), sequence identity (91%), and e-value (0) (Table 1). BLASTn results using other plant species resulted in identification of this contig sequence (LcRBContig00605) (data not shown). Optimum PCR conditions for the designed primers (FerrClo5) in an ABI 7500 thermocylcer were established: 94°C for 5 minutes, followed by 30 cycles of 94°C for 1 min, 60°C for 1 m, 72°C for 1 min followed by a final elongation step of 72°C for 5 min. The amplified DNA fragment was gel purified and sequenced using Sanger’s method to obtain a 390 bp sequence. Alignment of the partial genomic DNA sequence with the M. truncatula ferritin-2 mRNA sequence (NCBI reference sequence: XM_003616637.1) showed a 92 bp sequence overlap with no gap (Figure 1). This potential exonic sequence was used to design primers (Ferritin-1) using Primer-BLAST (Table 2).
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FIGURE 1. Sequence alignment between Medicago truncatula ferritin-2 full length CDS (NCBI reference no. XM_003616637.1) and lentil Ferritin-1 partial genomic sequence using the MultAlin tool (Corpet, 1988) with default parameter values. The overlapping potential exonic region (95 bp) is marked in blue and red color.



TABLE 2. Sequence and Tm (melting temperature) for primers designed based on the CDC Redberry contig (LcRBContig00605) for the Ferritin-1 gene in lentil.
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Primer pairs developed in a previous study (Sen Gupta et al., 2016) were used to amplify the BHLH-1 gene in CDC Redberry genomic DNA. Optimum PCR conditions for BHLH-1 primer pairs in an ABI 7500 thermocylcer were established: 94°C for 5 min, followed by 30 cycles of 94°C for 1 min, 60°C for 1 min, 72°C for 1 min followed by a final elongation step of 72°C for 5 min. The amplified fragment sequenced by Sanger’s sequencing method and A 490 bp sequence was obtained. This sequence was aligned with M. truncatula BHLH mRNA sequence (NCBI reference number XM_003606283.1) and based on the alignment (Figure 2) a 75 bp sequence with no gap (potential exonic sequence) was used to design qPCR compatible primers for BHLH-1 in lentil using Primer-BLAST.
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FIGURE 2. Sequence alignment between M. truncatula BHLH full length CDS (NCBI reference number XM_003606283.1) and lentil BHLH-1 partial genomic sequence using the MultAlin (Corpet, 1988) with default parameter values. The overlapping potential exonic region (72 bp) is marked in blue and red color.



Using a M. truncatula iron regulated transporter gene mRNA sequence [LegumeIP database reference no. IMGA(Medtr8g105030.1)] primer pairs (IRT1) were designed for the qPCR study.

Dissociation curve analysis of the three pairs of primers (Ferritin-1, BHLH-1, IRT-1) showed specific amplification (Figure 3). Amplification efficiency of the designed primer pairs and reference genes (GADPH, Actin) were found to be >90% with the exception of BHLH-1 primer pairs (Table 3). Slope values ranged from –0.02 to –3.55 and R2 values ranged between 0.0034 and 0.9972.


[image: image]

FIGURE 3. (A) Dissociation curve for Ferritin-1 primer pairs. Derivative plotted in Y-axis is the negative of the rate of change in fluorescence as a fraction of temperature and temperature is plotted on the X-axis. (B) Dissociation curve for BHLH-1 primer pairs. Derivative plotted in Y-axis is the negative of the rate of change in fluorescence as a fraction of temperature and temperature is plotted on the X-axis. (C). Dissociation curve for IRT-1 primer pairs. Derivative plotted in Y-axis is the negative of the rate of change in fluorescence as a fraction of temperature and temperature is plotted on the X-axis.



TABLE 3. Amplification statistics for one Ferritin-1, one BHLH-1, one IRT-1 gene specific primer pairs, and one primer pair for each reference gene (GADPH, Actin).
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Expression Analysis of Ferritin-1 and IRT-1 Genes

Using the 2-ΔΔCT method (Livak and Schmittgen, 2001), changes in gene transcripts were calculated for the treated samples (under excess iron condition) compared to the control treatments (iron-deficient condition) (Table 4). The changes in gene transcript levels for Ferritin-1 and IRT-1 genes were not significantly different for the shoot tissue (Table 5). A 2.72-fold increase in Ferritin-1 gene transcripts was observed in root tissue after 2 h of iron treatment (P < 0.05) (Table 5). Similarly, a 3.6-fold increase in IRT-1 gene transcripts was observed (P < 0.05) (Table 5).

TABLE 4. Differentially expressed Ferritin-1 and IRT-1 genes in CDC Redberry shoot and root tissues over time (2, 8 and 24 h) in three replicates under excess iron.
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TABLE 5. Significance of differential expression of samples over time (TC) in excess iron in relation to control samples in shoot and root tissue of CDC Redberry genotype.
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DISCUSSION

Iron uptake from the soil and translocation within the plant is a complex physiological process. It involves multiple genes and transcription factors. The magnitude of mRNA transcript synthesis under excess iron conditions for iron metabolism related genes (Ferritin-1, BHLH-1, IRT-1) in lentil was evaluated in this study. Two genes, Ferritin-1 and IRT-1, were quantitatively assayed for differential gene expression as they exhibited amplification efficiency of >90 percent (Udvardi et al., 2008).

Dissociation curve analysis (Figure 3) which is the dsDNA melting curve analysis (Udvardi et al., 2008) added at the end of PCR run showed the specificity for single amplicon amplification and expected melting temperature for the individual primer pairs. All of the three primer pairs exhibited a typical single peak with expected melting temperatures (Figure 3). Gene expression quantification values (CT values) were normalized using geometric means of CT values of the two reference genes (GADPH, Actin) (Vandesompele et al., 2002). Actin and GADPH were used in studies in lentil, pea and common bean exhibiting stability of expression across tissues and plant parts (Saha and Vandemark, 2012, 2013, DeLaat et al., 2014). The objective behind the normalization of qPCR data was to remove the sampling error, which may arise due to RNA quantity and quality differences across samples.

In this study, we developed gene-specific molecular markers for three genes (Ferritin-1, BHLH-1, IRT-1) in lentil. Primers for Ferritin-1and IRT-1 were used in differential gene expression analysis. Partial genomic DNA sequences of Ferritin-1 and BHLH-1 were submitted to the NCBI database. These sequences are available to clone full length genomic sequences of each gene in lentil. The partial genomic DNA sequence BHLH-1 gene can be further analyzed and used to develop qPCR compatible primers for this gene. It can be hypothesized from the comparative genomic synteny of lentil with M. truncatula (Phan et al., 2007) that a ferritin gene family does exist in lentil and other ferritin genes in M. truncatula (ferritin-1 and ferritin-3) could be used to develop molecular markers for the respective ferritin genes in lentil. In addition, once the lentil whole genome sequence is released cloning and characterization of ferritin and other iron metabolism related genes will be easier.

In gene expression analysis under excess iron it was observed that only samples with 2 h excess iron treatments exhibited significant differential gene expression (Table 5) for both genes (Ferritin-1 and IRT-1) in root tissues. The absence of such kinetics in gene expression change for samples that were given 8 or 24 h excess iron treatments across the tissues was observed. The possible reason could be the different iron homeostasis mechanisms in lentil compared to other plant species studied under similar conditions. Development of an assay to find out the reason behind such variation could first start with the standardization of external iron treatments in lentil. In common bean by applying identical excess iron concentration (Lobréaux et al., 1995) in leaf tissue similar kinetics of differential gene expression of ferritin genes (PvFer1, PvFer2, and PvFer1) were observed (DeLaat et al., 2014). Out of the three genotypes (IAC-Diplomata, Carioca, and BAT 477) used there had been significant genotypic differences of ferritin gene expression for two ferritin genes (PvFer1, PvFer2) (DeLaat et al., 2014). There were no significant differences among the treatments (control with distilled water, osmotic shock causing polyethylene glycol (PEG) treated, excess iron treated, PEG + excess iron treated) for any of the ferritin genes (DeLaat et al., 2014). The interaction between time and treatment was only significant for the PvFer2 and interaction between time and cultivar was significant for the PvFer3 ferritin gene (DeLaat et al., 2014). In most of the treatments ferritin genes were up regulated, however, there were treatments where PvFer1 and PvFer3 were down regulated (DeLaat et al., 2014) over time. The above-mentioned facts for common bean ferritin genes support the results we obtained in the case of Ferritin-1 and IRT-1 genes under identical conditions. Further, the gene expression levels for iron metabolism related genes were low in lentil as evident by the high CT values. Number of biological replications may be increased to improve power of the test. The difference between seedling and adult plant physiology should be taken into consideration in future experiments. In summary, gene specific markers were developed for three iron metabolism related genes (Ferritin-1, BHLH-1, IRT-1) in lentil using PCR based cloning and significant differential expression was observed for Ferritin-1 and IRT-1 genes at the transcriptional level.
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Plant hemoglobins (Hbs) are found in nodules of legumes and actinorhizal plants but also in non-symbiotic organs of monocots and dicots. Non-symbiotic Hbs (nsHbs) have been classified into two phylogenetic groups. Class 1 nsHbs show an extremely high O2 affinity and are induced by hypoxia and nitric oxide (NO), whereas class 2 nsHbs have moderate O2 affinity and are induced by cold and cytokinins. The functions of nsHbs are still unclear, but some of them rely on the capacity of hemes to bind diatomic ligands and catalyze the NO dioxygenase (NOD) reaction (oxyferrous Hb + NO → ferric Hb + nitrate). Moreover, NO may nitrosylate Cys residues of proteins. It is therefore important to determine the ligand binding properties of the hemes and the role of Cys residues. Here, we have addressed these issues with the two class 1 nsHbs (LjGlb1-1 and LjGlb1-2) and the single class 2 nsHb (LjGlb2) of Lotus japonicus, which is a model legume used to facilitate the transfer of genetic and biochemical information into crops. We have employed carbon monoxide (CO) as a model ligand and resonance Raman, laser flash photolysis, and stopped-flow spectroscopies to unveil major differences in the heme environments and ligand binding kinetics of the three proteins, which suggest non-redundant functions. In the deoxyferrous state, LjGlb1-1 is partially hexacoordinate, whereas LjGlb1-2 shows complete hexacoordination (behaving like class 2 nsHbs) and LjGlb2 is mostly pentacoordinate (unlike other class 2 nsHbs). LjGlb1-1 binds CO very strongly by stabilizing it through hydrogen bonding, but LjGlb1-2 and LjGlb2 show lower CO stabilization. The changes in CO stabilization would explain the different affinities of the three proteins for gaseous ligands. These affinities are determined by the dissociation rates and follow the order LjGlb1-1 > LjGlb1-2 > LjGlb2. Mutations LjGlb1-1 C78S and LjGlb1-2 C79S caused important alterations in protein dynamics and stability, indicating a structural role of those Cys residues, whereas mutation LjGlb1-1 C8S had a smaller effect. The three proteins and their mutant derivatives exhibited similarly high rates of NO consumption, which were due to NOD activity of the hemes and not to nitrosylation of Cys residues.
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INTRODUCTION

The first plant hemoglobins (Hbs) were discovered in the root nodules of legumes and accordingly designated leghemoglobins (Appleby, 1984). The discovery of Hbs was subsequently extended not only to the nodules of Parasponia and actinorhizal plants (Tjepkema et al., 1986; Bogusz et al., 1988), but also to non-symbiotic tissues of monocots (Taylor et al., 1994; Arredondo-Peter et al., 1997), legumes (Andersson et al., 1996), and Arabidopsis thaliana (Trevaskis et al., 1997). Phylogenetic analyses showed that these non-symbiotic Hbs (nsHbs) belong to two distinct clades, termed class 1 and class 2 (Smagghe et al., 2009). Class 1 nsHbs have an extremely high O2 affinity and are induced by hypoxia (Trevaskis et al., 1997; Smagghe et al., 2009) and by exposure to nitrate, nitrite, or nitric oxide (NO) (Sasakura et al., 2006). These proteins may play a role in plant survival by increasing the energy status of the cells under hypoxic conditions (Igamberdiev and Hill, 2004). The underlying molecular mechanism is thought to be the Hb/NO cycle, in which the NO dioxygenase (NOD) activity of Hb plays a critical role (Igamberdiev and Hill, 2004). In this reaction, the oxyferrous Hb dioxygenates NO to yield nitrate and ferric Hb. The NOD activities of a few class 1 nsHbs, including A. thaliana Hb1 (AtGlb1), have been measured in vitro (Perazzolli et al., 2004; Igamberdiev et al., 2006; Smagghe et al., 2008). However, AtGlb1 may be also nitrosylated by NO on Cys residues and this might affect its function (Perazzolli et al., 2004). Class 2 nsHbs have a moderate O2 affinity and are induced by low temperature and cytokinins but not by hypoxia (Hunt et al., 2001).

At the molecular level, the control of hemeprotein function is tightly coupled to the structure and ligand-binding dynamics of the heme pocket. For plant Hbs, early studies on the heme properties have been focused on leghemoglobins (Appleby et al., 1976; Rousseau et al., 1983), although more recently some information has become available about the hemes of nsHbs (Das et al., 1999; Ioanitescu et al., 2005; Abbruzzetti et al., 2007; Bruno et al., 2007a). Class 1 and class 2 Hbs and some animal globins, such as neuroglobin and cytoglobin, are hexacoordinate because, in the absence of exogenous ligands, they have the fifth (proximal) and sixth (distal) positions of the heme iron coordinated to His residues; in contrast, leghemoglobins and mammalian Hb and myoglobin (Mb) are pentacoordinate because the fifth position of the heme iron is coordinated to a His residue but the sixth position is open for ligand binding (Kakar et al., 2010). Interestingly, a system of hydrophobic cavities, capable of transiently stocking reactants and/or products, was proposed to be central to sustain the turnover of NOD activity in class 1 nsHbs (Spyrakis et al., 2011; Abbruzzetti et al., 2013), as may occur for Mb (Brunori, 2001) and neuroglobin (Uzan et al., 2004; Brunori et al., 2005).

Legumes are important in agriculture for two main reasons: they are a source of protein for animal and human nutrition, and they can establish nitrogen-fixing symbioses with soil rhizobia, allowing to minimize the supply of contaminant and costly nitrogen fertilizers. Besides leghemoglobins, whose expression is restricted to nodules, legumes contain nsHbs in leaves, roots, and nodules (Andersson et al., 1996; Bustos-Sanmamed et al., 2011). In fact, some of these nsHbs have important functions in the onset of symbiosis (Fukudome et al., 2016) and exhibit high expression in nodules compared with other plant organs (Bustos-Sanmamed et al., 2011). In this work, we have studied the nsHbs of Lotus japonicus, a model legume for classical and molecular genetics (Handberg and Stougaard, 1992). We have selected L. japonicus instead of A. thaliana as plant material because the information gained about the nsHbs of the former species will help define their role in symbiosis and will facilitate translational genomics to crop legumes. More specifically, the use of L. japonicus has allowed us to compare herein the biochemical properties of two class 1 nsHbs (LjGlb1-1 and LjGlb1-2) and a class 2 nsHb (LjGlb2) that greatly differ in their expression profiles in plant tissues (Bustos-Sanmamed et al., 2011) and in their O2 affinities (Sainz et al., 2013). These previous results from one of our laboratories prompted us to investigate the heme environment properties of LjGlbs, as well as the contribution of their Cys residues to protein stability and ligand binding kinetics. To accomplish these objectives, we have performed a detailed spectroscopic study of the wild-type and the mutated proteins and have measured their NOD activities.

MATERIALS AND METHODS

Protein Purification and Identification of Disulfide Bond

The three nsHbs of L. japonicus were cloned into the Champion pET200/D-TOPO expression vector (Invitrogen) and expressed with an N-terminal poly-His tag in Escherichia coli BL21 Star (DE3) cells (Invitrogen) or C41(DE3) cells (Lucigen; Middleton, MI, USA) following conventional protocols (Sainz et al., 2013). The mutated versions of LjGlb1-1 C8S, LjGlb1-1 C78S, LjGlb1-2 C79S, and LjGlb2 C65S were obtained by PCR-based single-site substitutions using appropriate primers (Mutagenex; Somerset, NJ, USA). The DNA constructs were entirely sequenced and the amino acid substitutions (Supplementary Figure S1) were verified by matrix-assisted laser desorption and ionization time-of-flight (MALDI-TOF) mass spectrometry analysis of the trypsinized protein using a 4800 TOF/TOF instrument (AB Sciex; Framingham, MA, USA). The proteins were purified using ammonium sulfate fractionation, metal-affinity chromatography, and anion-exchange chromatography, as reported earlier (Sainz et al., 2013). Purification of LjGlb1-1 was carried out in the presence of 200 mM NaCl to avoid precipitation of the dimeric form. The presence of LjGlb1-1 homodimer was demonstrated by fast protein liquid chromatography (FPLC) and mass spectrometry. For FPLC, the purified protein (10 mg) was loaded on a gel filtration column (Superdex 200 HR 10/30) coupled to an ÄKTA FPLC chromatography system (GE Healthcare Life Sciences), and was eluted with 50 mM potassium phosphate (pH 7.0) containing 150 mM NaCl at a flow rate of 0.5 ml min-1. The void volume was calculated with dextran blue (0.1 mg ml-1) and the column was calibrated with cytochrome c (12.4 kDa), Mb (17 kDa), ovalbumin (44.3 kDa), and bovine serum albumin (66 kDa). For molecular mass determinations, the purified protein was diluted 1:50 with 0.2% trifluoroacetic acid and analyzed by MALDI-TOF mass spectrometry. Calibration was performed with a mixture of albumin, trypsinogen, and protein A (mass range between 22,306 and 66,431 Da), and the accuracy was ±50 Da at 40 kDa.

Resonance Raman Spectroscopy

Resonance Raman (RR) spectra were acquired using a Dilor XY-800 spectrometer in low-dispersion mode using a liquid N2-cooled CCD detector. The excitation source was a Spectra Physics (Mountain View, CA, USA) BeamLok 2060 Kr+ laser operating at 413.1 nm. The spectra were recorded at room temperature and the protein solutions were magnetically stirred at 500 rpm in order to avoid local heating and photochemical decomposition. The slit width used during the experiments was 200 μm. In general, 12–15 spectra were acquired with an integration time of 150–180 s each. Spikes due to cosmic rays were removed by omitting the highest and lowest data points for each frequency and by averaging the remaining values. Typical sample concentrations were in the order of 40–60 μM.

Ligand Binding Kinetics

Laser flash photolysis (LFP) experiments were performed at 20°C using a laser photolysis system (Edinburgh Instruments LP920, UK) equipped with a frequency-doubled, Q-switched Nd:YAG laser (Quanta-Ray, Spectra Physics). The carbon monoxide (CO)–ferrous Hb complexes were prepared in sealed 4 × 10 mm quartz cuvettes with 1 ml of 100 mM potassium phosphate buffer (pH 7.0) containing 1 mM EDTA. In the case of LjGlb1-1 this buffer was supplemented with 200 mM NaCl to improve protein stability. The buffer was equilibrated with mixtures of CO and N2 in different ratios to obtain CO concentrations of 50–800 μM by using a gas mixer (High-Tech System; Bronkhorst, The Netherlands). Saturated sodium dithionite solution (10 μl) was added and the protein was injected to a final concentration of ∼4 μM. Formation of the CO–ferrous Hb complex was verified by UV/visible absorption spectroscopy. Recombination of the photo-dissociated CO-ligand was monitored at 417 nm.

Stopped Flow Experiments

Stopped flow measurements were performed in 100 mM degassed potassium phosphate buffer (pH 7.0) and 1 mM EDTA at 20°C, by using a thermostated stopped flow apparatus (Applied Photophysics; Salisbury, UK). Sodium dithionite was added to both the protein solution and the CO solutions to a final concentration of 10 mM. Measurements were carried out during 2 s at 414 nm with 4 μM of protein solution that was mixed with different CO concentrations. Analysis was performed by using Origin software.

Nitric Oxide Dioxygenase Activities

NOD activities were assayed by following the disappearance of NO (Igamberdiev et al., 2006) with a selective electrode (ISO-NOP) coupled to a free radical analyzer (TBR4100), both from World Precision Instruments (Sarasota, FL, USA). The proteins were converted to the oxyferrous form by reduction with a trace of dithionite and rapid oxygenation through NAP-5 mini-columns (GE Healthcare Life Sciences). NOD activities were measured with diethylamine NONOate (DEA) and S-nitrosoglutathione (GSNO) as NO donors. DEA was purchased from Sigma and was freshly prepared for each assay. GSNO was synthesized by mixing 1 mM of acidified nitrite and 1 mM glutathione; the solution was rapidly neutralized and GSNO was quantified, aliquoted, and stored at -80°C protected from light (Smagghe et al., 2008). Concentrations of DEA and GSNO were standardized just prior to the assays by using extinction coefficients of 8 mM-1 cm-1 at 250 nm and 0.85 mM-1 cm-1 at 335 nm, respectively.

For the assay, DEA (20 μM) or GSNO (1 mM) was added to a final volume of ∼4 ml of 50 mM potassium phosphate buffer (pH 7.5) containing 50 μM diethylenetriaminepentaacetic acid. The solution was gently stirred at 24°C until NO concentration became stable (∼6 μM with DEA and ∼2 μM with GSNO after ∼4 min). The oxyferrous Hb (1 μM; 30–60 μl) was added, while stirring, so that the final volume of the reaction mixture was exactly 4 ml, and the decrease in NO concentration was measured. The time between the preparation of oxyferrous Hbs and the assays of NOD activity was always <5 min. The corresponding ferric globins lacked NOD activity and were employed as negative controls. The NO electrode was calibrated for each set of measurements by following the manufacturer’s instructions.

RESULTS

Purification of nsHbs and Identification of Disulfide Bond

Recombinant LjGlbs, and the mutant derivatives LjGlb1-1 C8S, LjGlb1-1 C78S, and LjGlb1-2 C79S, were highly purified and the protein preparations usually exhibited Soret/A280 ratios >2.8. Unfortunately, we were unable to produce the LjGlb2 C65S at enough yield for kinetic and structural studies because of the instability of the protein. We found that LjGlb1-2 and LjGlb2 are monomeric proteins. However, LjGlb1-1 was present both as a monomer and dimer when purified in the presence of 200 mM NaCl, whereas only the monomer was found when the salt was omitted during purification. The homodimer was formed by a disulfide bond, as revealed by FPLC and mass spectrometry analysis in the absence and presence of dithiothreitol (Supplementary Figure S2). The disulfide bridge involves Cys8 because the LjGlb1-1 C78S mutant is still able to form a dimer that disappears upon addition of dithiothreitol (data not shown). Interestingly, barley Hb1 is a homodimer having a disulfide bond through its unique residue and hence the protein is stable without salt (Duff et al., 1997; Bykova et al., 2006), whereas rice Hb1 is also a homodimer but does not appear to form disulfide bridges (Goodman and Hargrove, 2001). We found that the dimer of LjGlb1-1 precipitated if salt was omitted during purification and the spectroscopic studies of the wild-type LjGlb1-1 and its mutated forms were therefore performed in buffer supplemented with 200 mM NaCl.

Resonance Raman Spectroscopy

Earlier work has shown that RR spectroscopy is most useful to identify different oxidation and ligation states of the globins and to study in detail the stabilization of heme ligands by the amino acid residues in the heme pocket (Hu et al., 1996). Accordingly, we have used RR to compare the heme environments in the wild-type and mutant LjGlbs.

The RR spectra were obtained in the high-frequency region (1300–1650 cm-1), which contains marker bands for the oxidation, coordination, and spin state of the heme iron, as well as in the low-frequency region (200–700 cm-1), which contains several in-plane and out-of-plane vibrational modes of the heme. Figure 1 shows the RR spectra of all the wild-type proteins and their mutated versions in their deoxyferrous form. All RR spectra show marker bands ν4 at 1361–1363 cm-1 and ν3 at 1493–1496 cm-1, which are characteristic for a hexacoordinate low-spin (6cLS) ferrous form. Additionally, a second ν3 band is seen at 1467–1475 cm-1, which indicates the presence of a pentacoordinate high-spin (5cHS) ferrous form. This band has a substantially larger intensity for LjGlb2 relative to LjGlb1-1 and LjGlb1-2. Although the intensities of the two ν3 marker bands seem to be similar for LjGlb1-1 and LjGlb1-2, the population of the pentacoordinate (5c) ferrous heme is nevertheless smaller than that of the hexacoordinate (6c) ferrous heme. Indeed, the intrinsic intensity of the ν3 marker band of 5c heme is much higher than that of 6c heme (Das et al., 1999), which makes it difficult to get accurate relative populations out of the RR spectra. This is confirmed by the optical absorption spectra that were shown in earlier work (Sainz et al., 2013), which indicated that in the ferrous forms of LjGlb1-1 and LjGlb1-2, a mixture between 5cHS and 6cLS is observed, with the latter being the dominant species. On the contrary, in the ferrous form of LjGlb2, the 5cHS species prevails over the 6cLS species, in line with earlier absorption measurements (Sainz et al., 2013). Taken together, the RR and UV/visible spectra reveal that, for LjGlb1-1 and LjGlb1-2, a 5cHS form is present as a minor fraction, whereas this constitutes the most abundant fraction in LjGlb2. The equilibrium between the 5cHS and 6cLS species, evidenced by the spectroscopic data, is confirmed by the distal His binding constants reported in Table 1. The high-frequency region of the RR spectra of the deoxyferrous form of both LjGlb1-1 and LjGlb1-2 is similar to that found for barley Hb1 (Das et al., 1999), tomato Hb1 (Ioanitescu et al., 2005), and AtGlb2 (Bruno et al., 2007a), which all have a bis-histidyl coordination of the heme. This is in contrast with LjGlb2, which has a mixed 5cHS–6cLS state in the ferrous form and is more similar to AtGlb1 (Bruno et al., 2007a). Mutation of Cys to Ser alters the relative intensity ratio of the ν3 marker bands for LjGlb1-1 (Figures 1A–C). More specifically, the relative fraction of 5cHS increases for LjGlb1-1 C8S and decreases for LjGlb1-1 C78S when compared to the wild-type protein. Overlay of the RR spectra of LjGlb1-2 and LjGlb1-2 C79S shows a small decrease in the 5cHS contribution in the mutant (Figures 1D,E).


[image: image]

FIGURE 1. RR spectra of LjGlbs in the deoxyferrous state. The spectra correspond to (A) LjGlb1-1, (B) LjGlb1-1 C8S, (C) LjGlb1-1 C78S, (D) LjGlb1-2, (E) LjGlb1-2 C79S, and (F) LjGlb2. All the spectra were recorded with a laser power of 12 mW.



TABLE 1. Rate constants of LjGlbs and their mutated derivatives.
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The low-frequency region (200–730 cm-1) of the RR spectra contains a number of bending modes from the vinyl and propionate substituents of the heme group. The propionate bending mode [δ(Cβ - Cc - Cd)] appears at 382–384 cm-1. For comparison, this mode is found at 380 cm-1 in ferrous barley Hb (Das et al., 1999) and tomato Hb (Ioanitescu et al., 2005). It is possible to use this mode to quantify the strength of the interaction between the heme propionate groups and nearby amino acid residues; a higher Raman shift for the propionate bending mode indicates a stronger interaction (Cerda-Colon et al., 1998). This interaction seems to be similar for all studied LjGlbs. When compared with ferrous barley and tomato Hbs, the interaction seems stronger for the LjGlbs. The vinyl bending modes [δ(Cβ - Ca - Cb)] are seen as a single line at 428–432 cm-1 (LjGlb1-1 and LjGlb1-2) and 422 cm-1 (LjGlb2). This indicates a stronger interaction of the vinyl group with surrounding amino acid residues for both class 1 Hbs. In barley Hb the vinyl bending modes were found at 425 cm-1. The overlap of both bending modes of the vinyl groups indicates a relaxed heme configuration. The γ7 pyrrole bending mode, which is associated with a heme out-of-plane distortion, is only visible for LjGlb2 at 316 cm-1 (Figure 1F), in line with the relative high fraction of 5cHS heme in this protein. Both LjGlb1-1 and LjGlb1-2 lack out-of-plane modes γ6, γ7, γ12, and γ21, which is typical for a bis-histidyl coordination. This indicates, together with the overlap of both bending modes of the vinyl groups, that for the class 1 nsHbs, the heme is in a relaxed state with the heme iron almost completely in the porphyrin plane. Finally, the νFe-His stretching mode (228 cm-1) is only visible for LjGlb2 in the deoxyferrous state. This is in agreement with the presence of the 5cHS form, since the Fe-His stretching mode is generally not observed for bis-histidyl coordinated globins. The value of νFe-His of LjGlb2 is somewhat higher than that observed for barley Hb (219 cm-1) but still typical for globins (Das et al., 1999).

Figure 2 shows the RR spectra of the ferrous 12/13CO-ligated forms of the globins and their mutated forms. In addition, Supplementary Figure S3 includes a comparison of the RR spectra of the ferrous CO-ligated forms of all proteins recorded with low (1 mW) and high (35–165 mW) laser power. Upon increasing the laser power, partial photolysis occurs which is apparent from the shift of the ν4 frequency from the CO-ligated (∼1375 cm-1) to the ferrous (∼1362 cm-1) state. Because of this photolysis, a general decrease in intensity of the Fe-CO stretching modes (νFe-CO) is expected. We clearly see a spectral change in the 450-600 cm-1 region, where the Fe-CO stretching modes occur. Further assignment of these bands is corroborated by comparing the RR spectra of the 12CO- and 13CO-ligated globins (Figure 2). The use of 13CO induces a downward shift in the νFe-CO modes of ∼3 cm-1, whereas the Fe-CO bending mode (δFe-CO) mode shifts from 582–589 cm-1 to 564–569 cm-1. This can be better seen in the difference spectrum (12CO–13CO) (Figure 2; red spectra).
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FIGURE 2. RR spectra of LjGlbs and of their mutant derivatives in the ferrous CO-ligated form. The figure shows the spectra of (A) LjGlb1-1, (B) LjGlb1-1 C8S, (C) LjGlb1-1 C78S, (D) LjGlb1-2, (E) LjGlb1-2 C79S, and (F) LjGlb2. The upper (blue), middle (black), and lower (red) spectra correspond to the 12CO form, the 13CO form, and the difference spectra, respectively. All spectra were recorded with a laser power of 1 mW.



The νFe-CO modes are sensitive to interactions of the CO ligand with nearby amino acid residues. Whereas Fe-CO stretching modes around 490–495 cm-1 indicate an open heme pocket in which the CO interacts only weakly with the surrounding amino acids, higher νFe-CO modes are due to a closed heme pocket in which a positively charged amino acid residue is stabilizing the CO group (Spiro and Wasbotten, 2005; Bruno et al., 2007a). In general, the higher the mode, the stronger the CO ligand will be hydrogen bonded and interact with the positively charged residue. For LjGlb1-1 and its C8S and C78S mutants, the νFe-CO modes were found at ∼533–536 cm-1, with δFe-CO at 587–589 cm-1 (Figures 2A–C and Supplementary Figure S3a–c). This indicates a very strong interaction of the CO ligand, which is not affected by the mutations. In contrast, the νFe-CO mode is at 519 cm-1 for wild-type LjGlb1-2, but at 492 cm-1 for its C79S mutant (Figures 2D,E and Supplementary Figure S3d,e). In this case, the mutation induces a switch from a closed to an open heme pocket. Consistent with this, the Fe-CO bending mode is clearly visible for the closed configuration (∼586 cm-1) of the wild-type protein, but it is hardly observed for the open heme pocket of the mutant (Figure 2E). Finally, the νFe-CO mode of LjGlb2 at 508 cm-1 (Figure 2F and Supplementary Figure S3f) is similar to that observed for CO-ligated vertebrate Mbs, where the CO stabilization occurs through the His(E7) residue. The interaction of bound CO with the surrounding amino acid residues is thus weaker in class 2 than in class 1 Hbs, in line with the occurrence of a dominant fraction of 5cHS form in the deoxyferrous state of LjGlb2 (Figure 1F).

Ligand Binding Kinetics

As evidenced from the RR experiments (Supplementary Figure S3), the Fe-CO bond in hemeproteins is photolabile. LFP exploits this property to photodissociate the ligand with a short (nanosecond) laser pulse and monitor rebinding through the concomitant absorption changes. Photodissociated ligands can either be rebound by the heme from temporary docking sites within the protein matrix (geminate rebinding) or migrate to the solvent and be rebound at later times (bimolecular rebinding) (Abbruzzetti et al., 2006). The CO rebinding kinetics of LjGlb1-1, LjGlb1-2, and LjGlb2 were examined by LFP (Figure 3). For LjGlb1-1, a geminate phase was observed in the nanosecond range, which accounts for ∼10% of the rebinding and is well described by a single exponential relaxation (Figure 3A). On longer time scales, the progress curve for LjGlb1-1 is dominated by a large microsecond to millisecond phase with two easily recognizable kinetic steps (Figure 3A). The faster of these two steps has a clear bimolecular nature as demonstrated by the response of the kinetics to ligand concentration. When [CO] is decreased, the apparent rate of the faster step becomes lower, as expected for a diffusion-mediated bimolecular reaction. Accordingly, this step is identified as the reaction between CO and the LjGlb1-1 5c species. On the other hand, the amplitude of the slower step becomes higher when [CO] is decreased, whereas the apparent decay rate is unaffected. This is consistent with the transient formation of the bis-histidyl 6c species, which is observed when the distal His(E7) is coordinated to the sixth coordination site at the heme Fe, made available by the photolysis of the parent CO adduct. At lower [CO], the slower bimolecular rebinding to the 5c heme allows for a more efficient relaxation toward the bis-histidyl 6c species, thus resulting in a larger accumulation of this intermediate. Eventually, His(E7) will be displaced by CO, with a rate which is independent of [CO] and coincides with the His dissociation rate.
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FIGURE 3. Ligand-rebinding kinetics of LjGlbs and their mutant derivatives. The figure shows CO-rebinding kinetics of the globins after photolysis at 532 nm and 20°C. The kinetics are reported as fractions of deoxy molecules and were calculated from the normalized absorption changes at 417 nm. All protein were used at a final concentration of 4 μM. (A) LjGlb1-1. [CO] = 800 μM (black), 300 μM (green), 200 μM (cyan), 100 μM (blue), and 50 μM (red). (B) LjGlb1-1 C8S. [CO] = 800 μM (black), 300 μM (green), and 100 μM (blue). Red solid lines are the best fits with a three-exponential decay function. (C) LjGlb1-1 C8S (red) and LjGlb1-1 C78S (green). [CO] = 200 μM. For comparison the rebinding kinetics to LjGlb1-1 at the same [CO] is also displayed (cyan). (D) LjGlb1-2 (black and gray) and LjGlb1-2 C79S (red and magenta). [CO] = 200 μM (black and red) and 800 μM (gray and magenta). (E) LjGlb2. [CO] = 800 μM (black), 300 μM (green), and 100 μM (blue). Red solid lines are the best fits with a four-exponential decay function.



The overall kinetics is well described by the sum of three exponential decays, corresponding to the kinetic phases described above, and which are, in order of increasing lifetime: geminate rebinding, bimolecular binding to 5c species, and decay of bis-histidyl 6c species.
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The above scheme summarizes the relevant kinetic steps and the corresponding microscopic rate constants. After photodissociation with a photon of energy hν, the ligand can be rebound geminately from positions located within the protein matrix (Hb:CO) with rate k-1, or escape to the solvent (Hbp + CO) with rate k2. Ligands can be rebound from the solvent with rate k-2. On the same time scale, the distal His can coordinate the Fe atom by forming a bis-histidyl hexacoordinate species Hbh with rate kon,H. This species eventually decays with rate koff,H.

The bimolecular CO rebinding rate to the 5c protein, kon,CO, is related to microscopic rate constants according to this equation:
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The fitting, performed on a set of rebinding traces comprising five different CO concentrations, afforded to calculate apparent rates for each process. As expected, no difference in amplitude or apparent rate was observed for the geminate phase. On the contrary, the apparent rate for the bimolecular reaction between CO and the 5c heme increases linearly with [CO], and from the slope we could estimate the kon,CO for the process (Table 1). The slowest process affords an estimate for the koff,H rate. The two Cys residues of LjGlb1-1 appear to play a role in the overall structure and dynamics of the protein, with functional consequences on the heme ligand-binding kinetics (Figures 3B,C). Moreover, the C8S and C78S mutations induce very different effects on the overall CO rebinding kinetics. The C8S mutant is characterized by a smaller geminate amplitude (4%) with a minor decrease in the corresponding rate. The kon,CO and the koff,H are not substantially affected, whereas the extent of 6c species becomes a bit smaller, indicating a lower binding rate for His(E7). On the contrary, the C78S mutation leads to larger geminate recombination (13%), faster kon,CO, and slower koff,H. The larger accumulation of bis-histidyl species also indicates a larger kon,H. The changes in geminate recombination of the C8S and C78S mutants suggest that the egression pathway is affected by mutations at these two residues, albeit in the opposite direction.

The CO rebinding kinetics of LjGlb1-2 (Figure 3D) shares some similarity to that of LjGlb1-1, with a nanosecond geminate recombination followed by a biphasic kinetics. Thus, it is possible to recognize a bimolecular step corresponding to CO rebinding to a 5c species and a slower step associated with the decay of the bis-histidyl species. However, amplitudes and rates are dramatically different from the ones determined for LjGlb1-1. Geminate rebinding to LjGlb1-2 is a prominent process accounting for ∼30% of the kinetics, with an apparent rate which is not substantially different from that determined for LjGlb1-1. A minor contribution from a second transient in the bimolecular phase is detected in all traces for LjGlb1-2. Given the small amplitude and the irregular trend, it is ascribed to an impurity and neglected in the current analysis. The apparent rates for the bimolecular phase are clearly higher for this globin, as can be easily appreciated by visual inspection of the traces corresponding to the same [CO] (compare Figures 3A,D). The decay of the bis-histidyl species also appears faster than for LjGlb1-1. The kinetics are well reproduced by a sum of three exponential decays at all investigated values of [CO]. The fitting parameters reported in Table 1 reflect the above qualitative description. The amplitude of geminate rebinding for LjGlb1-2 increases to ∼30%, indicating that for photodissociated ligands it is more difficult to reach the solvent than in the case of LjGlb1-1. A much higher value for kon,CO is observed, in keeping with the higher geminate rebinding, and the decay of the bis-histidyl species is also a faster process. The C79S mutation has profound consequences on the rebinding kinetics (Figure 3D), with higher geminate rebinding, faster bimolecular rebinding, and accumulation of a much higher population of the bis-histidyl 6c species. Accordingly, the marker band of 5cHS in the RR spectrum decreased for this mutant (Figure 1E). Table 1 shows that the amplitude of geminate rebinding increases to 46%, and that kon,CO undergoes a twofold increase. The decay rate of the bis-histidyl 6c species is not substantially affected. Because this species is accumulated in higher yield, it is expected that the on-rate for the process will be higher.

The progress curve for CO rebinding to LjGlb2 shows the general kinetic pattern already highlighted for the class 1 nsHbs previously discussed, and is well described by a sum of exponential decays (Figure 3E). However, unlike the other globins described in this work, two exponential decays are needed to properly account for the bimolecular phase, a fact that may arise from two conformations coexisting in equilibrium. Their kon,CO values differ by about twofold (Table 1). Although the long time tail of the rebinding kinetics is barely appreciable in the plot of Figure 3E, this kinetic phase has the typical features of the decay of bis-histidyl 6c species. The small amount of this intermediate is indicative of a very low, but not negligible, binding rate for the distal His.

Stopped flow, rapid mixing experiments were conducted with all nsHbs to determine the kon,H and koff,H rates. When deoxyferrous Hb solutions are mixed with a solution equilibrated with CO, the exogenous ligand is bound by the protein in a bimolecular reaction. In the 6c proteins like nsHbs, however, the endogenous ligand His(E7) must first dissociate from the heme so that the diatomic gas is able to bind to the heme. At high enough [CO], this step becomes rate limiting. For Hbs that are only partly hexacoordinated (in which a fraction of 5c species is present at equilibrium), binding of CO in the rapid mixing experiments is a biexponential process described by the following equation:
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In this equation, ΔAobs is the observed parameter for binding; kon,CO is the bimolecular rate constant for CO binding to the 5c species; kobs is the observed rate constant for binding following mixing; FP and FH are the fractions of protein in the 5c and 6c states; and AT is the total change in absorbance expected for the reaction, determined independently from ligand-free and ligand-bound absorbance spectra (Smagghe et al., 2006). The equation that describes the apparent rate kobs for these kinetics is as follows (Trent et al., 2001):
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Figure 4A shows the progress curves for CO binding to LjGlb1-1 at several values of [CO], along with fits using double exponential relaxations. Figure 4B reports the [CO] dependence of the apparent rate constant associated with CO binding to the 6c species. Like other 6c globins, a typical trend is observed for the slow kinetic phase, where the apparent rate constant reaches a saturating value at high [CO] (Smagghe et al., 2006). This limiting value corresponds to the koff,H rate. For all the proteins, the trend of the rates kobs with [CO] is well described by Eq. 2, where kon,H and koff,H are held as free parameters, whereas the value of kon,CO, determined from flash photolysis, is held as a fixed parameter. The retrieved parameters for LjGlb1-1 and the other proteins are reported in Table 1.
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FIGURE 4. Kinetics of CO binding to LjGlb1-1 observed after stopped-flow rapid mixing. (A) Absorbance changes at 414 nm following rapid mixing of deoxyferrous LjGlb1-1 in CO-equilibrated buffer. Final [CO] after mixing was 100 μM (black), 200 μM (red), 300 μM (green), 400 μM (blue), and 500 μM (cyan). Red solid curves are the best fits with double exponential relaxations. (B) Observed rate constants for the slow kinetic phase of LjGlb1-1 as a function of [CO]. The rates of the fast kinetic phase exhibit a linear trend with slope kon,CO (not shown in the figure). The red solid line is the best fit of the data with Eq. 2.



Figure 5A compares the expected values for kobs using the model gas CO for several nsHbs. It is quite clear that, due to the combination of rates kon,CO, kon,H, and koff,H, LjGlb1-2 binds CO with higher rate than LjGlb1-1 in these conditions. The kobs values for LjGlb1-2 and its C79S mutant (Figure 5B) are quite similar. On the contrary, a fivefold decrease in the rate is observed for the C78S mutant of LjGlb1-1, which suggests a critical role of this residue in determining the rate constants relevant for kobs. In contrast, the effect of the C8S mutation appears to be negligible.


[image: image]

FIGURE 5. Apparent binding rates of CO to several plant nsHbs. (A) Comparison of apparent rates (kobs) determined from the values of kon,CO, kon,H, and koff,H reported in the literature. [CO] = 10 μM. Abbreviations and references: rice Hb1 (rHb1a; Arredondo-Peter et al., 1997; Bisht et al., 2011), rice Hb1 (rHb1b; Smagghe et al., 2006), maize Hb1 (mHb1a; Smagghe et al., 2006), maize Hb1b (mHb1b; Smagghe et al., 2006), barley Hb1 (bHb1; Duff et al., 1997), Arabidopsis thaliana Glb1 (AtGlb1; Bruno et al., 2007a; Smagghe et al., 2009), tomato Hb1 (tHb1; Ioanitescu et al., 2005; Smagghe et al., 2009), soybean Hb1 (sHb1; Smagghe et al., 2009). Values of LjGlb1-1 and LjGlb1-2 (marked with asterisks) were obtained for this work. For rice and maize, values of two different class 1 Hbs, termed “a” and “b,” are provided. (B) Comparison of kobs values of LjGlb1-1, LjGlb1-2, and their mutant derivatives.



The values of the equilibrium constants (KH) for the binding of the distal His(E7) to the hemes of the three LjGlbs are shown in Table 1. The KH of LjGlb1-1 demonstrates that a fraction of 5c species is present at equilibrium. This is in keeping with the presence of a small intensity, second ν3 band observed at 1467–1475 cm-1 in the RR spectrum (Figure 1A), indicating the presence of a 5cHS ferrous form. The LjGlb1-1 C8S mutation slightly shifts the equilibrium toward the 5cHS species. The opposite effect is observed for the LjGlb1-1 C78S mutant. The weak second ν3 band observed at 1467–1475 cm-1 appears to behave consistently (Figures 1B,C). The KH of LjGlb1-2 clearly indicates that the unliganded ferrous form of the protein is mostly present as the bis-histidyl 6c species, as anticipated by the absorption spectra (Sainz et al., 2013) and the RR spectra (Figure 1). The LjGlb1-2 C79S mutation results in heterogeneous kinetics in the time range where the bis-histidyl species is formed and decays, where two exponential decays are needed to account for the measured time course of CO binding. Plotting the two rate constants as a function of [CO] and fitting their trend using Eq. 2 allows to retrieve the kon,H and koff,H values reported in Table 1. For both conformations, these rates result in stronger hexacoordination than observed for the wild-type protein. The reason for the presence of the two species is as yet unclear. Finally, the KH of LjGlb2 is quite low, indicating a substantially lower stability of the bis-histidyl 6c species. Consistently, RR spectra of LjGlb2 (Figure 1) show a remarkably high population of 5cHS species, and the absorption spectra clearly show a mixture of 5c and 6c species (Sainz et al., 2013).

Nitric Oxide Dioxygenase Activities

Because both class 1 and class 2 nsHbs are able to scavenge NO in vitro and in vivo (Perazzolli et al., 2004; Igamberdiev et al., 2006; Hebelstrup and Jensen, 2008; Smagghe et al., 2008), we measured NOD activities of LjGlbs, as well as of some of their mutated forms, to identify possible differences among the proteins and to determine whether Cys residues play a role in NO scavenging activity. To this end, we used a well-known artificial NO donor (DEA) and a physiological NO donor (GSNO). At the concentrations employed, both compounds released NO linearly for ∼4 min, at which time NO concentration stabilized. The oxyferrous Hbs were then added and the initial rate of NO consumption was measured and expressed on the basis of hemeprotein concentration (Figure 6). The decrease in NO concentration was due to NOD activity mediated by the hemes and was unrelated to scavenging by Cys residues because the respective ferric Hbs had no activity. We found that wild-type LjGlb1-1, LjGlb1-2, and LjGlb2 exhibited similar NOD activities regardless of the NO donor. Also, there were no major differences of NOD activity between the wild-type and the mutated proteins, although the LjGlb1-1 mutants displayed higher NOD activity than the wild-type LjGlb1-1. The cause for this minor, yet significant, increase is uncertain because it did not occur in LjGlb1-2 C79S (Figure 6), which again indicates that the Cys residues are not involved in NO scavenging.
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FIGURE 6. NOD activities of LjGlbs and some of their mutated forms. The activities were measured with DEA or GSNO as NO donors. Values are means ± SE of at two to three independent protein preparations. Means denoted by the same letter were not statistically different (P < 0.05) based on the Duncan’s multiple range test.



DISCUSSION

In this work, the electronic and ligand binding properties of the heme environments of the three nsHbs of L. japonicus were examined by combining several spectroscopies and assaying the NOD activities of the proteins. The comparisons between LjGlb1-1 and LjGlb1-2, as well as between class 1 and class 2 nsHbs, were facilitated by using mutated proteins, which enabled us to determine the effect of Cys residues on protein stability and ligand affinity. This type of studies on plant nsHbs is scarce, yet important to understand protein function.

Although the general behavior of the two class 1 nsHbs is similar, the details of their distal pocket and the ligand rebinding kinetics show significant differences. For LjGlb1-1, the geminate phase of ligand binding is comparable to that of other class 1 nsHbs. Thus, the CO rebinding to rice Hb1 is characterized by ∼10% geminate rebinding that occurs with a nearly mono-exponential kinetics. Similarly, the geminate rebinding to AtGlb1 is a process with a comparable amplitude, but a slightly more complex kinetics that is well described by a bi-exponential relaxation (Abbruzzetti et al., 2006). In AtGlb1 the bi-exponential nature of the kinetics was interpreted as a result of the migration of the photodissociated ligand to nearby cavities, from which the ligand is rebound at later times with different rates (Abbruzzetti et al., 2007; Bruno et al., 2007a). Both the equilibrium binding constants and the binding rates to hemeproteins are profoundly influenced by structural properties of the active site, including the presence of temporary docking sites within the protein matrix, and tunnels connecting the interior of the protein with the solvent. The strong interaction of the CO ligand with the distal His residue observed for LjGlb1-1 and its C8S and C78S mutants, for which the νFe-CO modes were found at ∼533–536 cm-1 and δFe-CO at 587–589 cm-1 (Figure 2 and Supplementary Figure S3), may be taken as the main reason for the high affinity of this protein for diatomic gases, because this interaction is expected to decrease substantially the ligand dissociation rate constant. Notably, the same values (535 cm-1) were found for barley Hb1 (Das et al., 1999) and AtGlb1 (Bruno et al., 2007a). The KH value of LjGlb1-1 is consistent with those of other class 1 nsHbs (Supplementary Figure S4A). It is interesting to note that while kon,H and koff,H show a large variability across the class 1 nsHbs, these rate constants appear to be strongly correlated (r = 0.87; Supplementary Figure S4B). The slope provides a KH of 1.6 ± 0.2, a value that implies partial hexacoordination for the equilibrium, ligand-free deoxyferrous species. A similar average value of 1.7 ± 0.2, estimated from the analysis of several class 1 nsHbs, was reported earlier (Smagghe et al., 2009). The reasons for the correlation may be ascribed to the dynamics of the different proteins and may involve an enthalpy–entropy compensation. The transition from the bis-histidyl hexacoordination to pentacoordination implies conformational changes of the protein. Central to this conformational change is the peculiar translation of helix E along its axis. The flexibility of the CD and EF loop regions in class 1 nsHbs allows the piston motion of the E-helix that accompanies dissociation of the distal His and subsequent ligand binding. This flexibility, along with the unfavorable interaction of Phe(B10) with the coordinated distal His, promotes reversible hexacoordination (Hoy et al., 2007).

LjGlb1-2 is clearly an outlier with respect to CO binding rate, His binding and dissociation rates, and KH values, which are much higher than the typical values observed for class 1 nsHbs. The amplitude of geminate rebinding for LjGlb1-2 is much larger than the typical values reported for other class 1 nsHbs and, in fact, it is similar to the amplitude observed for AtGlb2 (Bruno et al., 2007a,b). Likewise, the kon,CO of LjGlb1-2 resembles the values of class 2 nsHbs rather than those of class 1 nsHbs (Supplementary Figure S5). The distal pocket of LjGlb1-2 is quite closed, with νFe-CO mode at 519 cm-1, suggestive of a strong interaction with distal pocket residues, but this interaction is less strong than for LjGlb1-1. Unlike the case of LjGlb1-1, the presence of a closed distal pocket in LjGlb1-2 does not impair geminate recombination, which occurs with a remarkably large amplitude (∼30%), probably due to the weaker interaction. The νFe-CO mode undergoes a dramatic change for the LjGlb1-2 C79S mutant, shifting to 492 cm-1 (Figure 2E), a value indicative of an open heme pocket. Consistently, the amplitude of the geminate recombination becomes ∼50%, showing that the barrier encountered by the ligand is further decreased. For LjGlb2, the νFe-CO mode is similar to that observed for CO-ligated mammalian Mbs at neutral pH (Sage et al., 1991). The prevalence of the 5c heme in the deoxy LjGlb2 seems to indicate that, for this globin, the heme-pocket region is indeed more Mb-like.

Plant nsHbs contain Phe(B10) and His(E7) in their distal pockets (Arredondo-Peter et al., 1997; Hoy et al., 2007). These residues are crucial for protein function because they strongly modulate ligand binding to the heme. The distal His residue in LjGlb1-1 and LjGlb1-2 may also impose a barrier to rebinding and favor ligand escape to the solvent through the protein matrix, thus resulting in small amplitude geminate rebinding. The LjGlb1-1 C8S and C78S mutations do not change substantially the distal pocket interactions of the bound CO, whereas the geminate recombination is changed, suggesting that the distal pocket is somehow perturbed. However, the two mutations appear to lead to opposite effects, as was also the case for the KH values.

The measurements of NOD activities complemented our spectroscopic studies because NO is a typical ligand of plant and animal Hbs (Brunori et al., 2005; Igamberdiev et al., 2006; Smagghe et al., 2008). Our results demonstrate that both class 1 and class 2 nsHbs are able to scavenge NO at similarly high rates (Figure 6), comparable to those reported for other Hbs using a different assay system (Smagghe et al., 2008). The initial rates of NO consumption measured here are due to genuine NOD activity catalyzed by the hemes and not to Cys nitrosylation because ferric Hbs had no activity and because the wild-type and mutant proteins displayed similar NOD activities. These observations are consistent with the finding that barley Hb1 and its single Cys mutant also showed similar NOD activities (Bykova et al., 2006) and with the proposal that NOD activities are widespread amongst plant and animal Hbs (Smagghe et al., 2008; Gardner, 2012). Interestingly, the NOD activity of LjGlb1-1 would provide the only way, to our knowledge, for this protein to remove bound O2 because it has an extremely high O2 affinity (KO2 = 50 pM) due to a very slow dissociation rate (koff = 0.004 s-1) (Sainz et al., 2013). Because NOD activity yields ferric Hb, enzymatic and/or non-enzymatic systems are required to regenerate oxyferrous Hb and sustain NOD activity in vivo. These may include free flavins and flavoproteins (Becana and Klucas, 1992; Igamberdiev et al., 2006; Sanz-Luque et al., 2015). Further studies on the identification of ferric Hb reducing mechanisms shall shed light on this controversial issue (Smagghe et al., 2008).

Our results may be useful for agrobiotechnological applications and for legume researchers in general because they reveal distinct biochemical properties not only between class 1 and class 2 nsHbs, but also between the two members of the same class. The differences in CO binding kinetics found in this work, along with the large variations in O2 affinities and expression profiles reported earlier (Sainz et al., 2013), strongly suggest that the three proteins perform non-redundant functions. Overexpression of LjGlb1-1 increases the symbiotic performance of L. japonicus (Shimoda et al., 2009) and, conversely, the knocked-out line shows alterations in the infection process and produces fewer nodules than the wild-type line (Fukudome et al., 2016). Consequently, transgenic approaches aimed at increasing the content of each of the three nsHbs, or of a combination of them, in the model legume L. japonicus (first stage) and in a crop legume with comparable nsHbs, such as soybean or common bean (second stage), are likely to result in outperformance of plants, at least under symbiotic conditions. Likewise, the three genes may be successfully implemented in plant breeding programs because overexpression of class 1 nsHbs improves survival of hypoxic stress in A. thaliana (Hunt et al., 2002) and maize (Mira et al., 2016), and therefore have the potential of conferring tolerance to abiotic stresses.

CONCLUSION

Spectroscopic analyses of LjGlbs reveal major differences between the two phylogenetic classes of nsHbs and also between the two members of the same class, strongly suggesting that the three globins perform non-redundant functions. Specifically, the degree of binding of the distal His(E7) to the heme iron in the deoxyferrous state greatly differs among the LjGlbs studied here. Whereas the equilibrium constant for His binding (KH) of LjGlb1-1 is in line with those determined for other class 1 nsHbs (Smagghe et al., 2009), LjGlb1-2 behaves more like class 2 nsHbs, showing complete bis-histidyl hexacoordination in the deoxyferrous state. Moreover, LjGlb2 is an atypical class 2 nsHb because it is mostly pentacoordinate in the deoxyferrous form. Upon CO ligation, the bound CO is very strongly stabilized by hydrogen bonding to nearby amino acid residues, probably His(E7), in LjGlb1-1 and its C8S and C78S mutants, but the stabilization is less strong in LjGlb1-2 and LjGlb2. In the latter, the CO is similarly stabilized as in mammalian Mbs and Hbs, which are also pentacoordinate globins. The LjGlb1-1 C8S and C78S mutations caused changes in CO geminate recombination, indicating perturbations of the heme environment. Remarkably, the LjGlb1-2 C79S mutation removes the CO stabilization and gives rise to an open heme pocket. The CO stabilizations of the three globins are consistent with their O2 affinities (Sainz et al., 2013), following the order LjGlb1-1 > LjGlb1-2 > LjGlb2. Considering that the stronger the stabilization, the higher the affinity, we conclude that the affinities for diatomic ligands are essentially determined by the dissociation rate constants (koff). In contrast to the differences observed for CO binding and geminate recombination, the NOD activities of the three nsHbs were rather similar, which leads us to conclude that the activities are an intrinsic property of the hemes and that the small variations seen in the mutated proteins are due to alterations in the heme environment and not to direct NO scavenging by Cys residues.
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Photoperiod is one of the major environmental factors determining time to flower initiation and first flower appearance in plants. In chickpea, photoperiod sensitivity, expressed as delayed to flower under short days (SD) as compared to long days (LD), may change with the growth stage of the crop. Photoperiod-sensitive and -insensitive phases were identified by experiments in which individual plants were reciprocally transferred in a time series from LD to SD and vice versa in growth chambers. Eight chickpea accessions with differing degrees of photoperiod sensitivity were grown in two separate chambers, one of which was adjusted to LD (16 h light/8 h dark) and the other adjusted to SD (10 h light/14 h dark), with temperatures of 22/16°C (12 h light/12 h dark) in both chambers. The accessions included day-neutral (ICCV 96029 and FLIP 98-142C), intermediate (ICC 15294, ICC 8621, ILC 1687, and ICC 8855), and photoperiod-sensitive (CDC Corinne and CDC Frontier) responses. Control plants were grown continuously under the respective photoperiods. Reciprocal transfers of plants between the SD and LD photoperiod treatments were made at seven time points after sowing, customized for each accession based on previous data. Photoperiod sensitivity was detected in intermediate and photoperiod-sensitive accessions. For the day-neutral accession, ICCV 96029, there was no significant difference in the number of days to flowering of the plants grown under SD and LD as well as subsequent transfers. In photoperiod-sensitive accessions, three different phenological phases were identified: a photoperiod-insensitive pre-inductive phase, a photoperiod-sensitive inductive phase, and a photoperiod-insensitive post-inductive phase. The photoperiod-sensitive phase extends after flower initiation to full flower development. Results from this research will help to develop cultivars with shorter pre-inductive photoperiod-insensitive and photoperiod-sensitive phases to fit to regions with short growing seasons.

Keywords: adaptation, flowering, photoperiod-insensitive phase, long days, short days

INTRODUCTION

In western Canada, the short crop growing season available for chickpea (110–120 days) often coincides with end-of-season frost resulting in severe losses in grain yield and quality (Warkentin et al., 2003). In order to maximize crop yield through agronomic management or plant breeding, the phenology of the crop must be well matched to the resources and constraints of the production environment (Summerfield et al., 1996; Levy and Dean, 1998; Warkentin et al., 2003). All flowering plants undergo several developmental transitions during their life cycle which can be divided into three major physiological developmental phases: a vegetative phase, from emergence to flower initiation, the reproductive phase, from floral initiation to anthesis, and physiological maturity, from anthesis to seed filling (Ritchie, 1991; Ritchie et al., 1998). The vegetative growth phase is comprised of the basic vegetative phase and the photoperiod-sensitive phase (Vergara and Chang, 1985).

The transition from the vegetative to reproductive phase is a major developmental switch in the plant’s life cycle (Levy and Dean, 1998). This transition is crucial for survival because plants normally time the onset of flowering to suitable environmental conditions. Many plant species have evolved the ability to initiate flowering in response to environmental factors such as changes in photoperiod and temperature. The beginning stage of flowering commands the start of the seed-set period, and, thus, is a key stage in yield formation (Lejeune-Hénaut et al., 1999; Putterill et al., 2004). Flower development and the seed-set stages are greatly impeded by stress such as drought and frost, so flowering and seed development must be completed during favorable growing conditions. Timely flowering and maturity in relation to the available growing season in a particular location are essential for high yield potential from annual crops (Bunting, 1975). Understanding the photoperiod-sensitive phase of a photoperiodic plant would allow better crop management strategy to either promote early flowering to reduce crop duration time, or to intentionally delay flowering (Warner, 2009).

In experiments on rice (Oryza sativa L.), where transfers were made between long days (LD) and short days (SD) and vice versa, the photoperiod-sensitive phase was flanked by two photoperiod-insensitive phases (Yin, 2008). In wheat (Triticum aestivum L.), a LD plant, the full pre-anthesis period was found to be divided into three sub-phases: from sowing to the terminal spikelet, from terminal spikelet initiation to heading, and from heading to anthesis indicating stage-dependence of plant responsiveness to temperature (Slafer and Rawson, 1995). In this crop, the flowering response was affected by temperature throughout their life cycles (Slafer and Rawson, 1994). In SD crop species such as cowpea (Vigna unguiculata L. Walp.) and soybean (Glycine max L. Merr.), there was a temperature-dependent critical photoperiod phase. Beyond the critical point, time to flowering was solely a function of mean temperature (Hadley et al., 1984). Maize (Zea mays L.) is also sensitive to photoperiod during tassel initiation (Kiniry et al., 1983). In rice and soybean, the photoperiod influence even extends for some time beyond the phase of floral initiation (Collinson et al., 1992; Ellis et al., 1992).

Earlier studies on wheat reported that exposure to long photoperiod significantly reduced the time to heading (Slafer and Rawson, 1994, 1997). Estimation of phasic development is crucial for accurate modeling of plant development and yield components, as well as for evaluating cultivar adaptation and scheduling cultural practices (Shaykewich, 1995). Quantitative models to determine the developmental phases in different plants were developed using different parameters and plant materials. Flower development phases were quantified using four parameters; a1 (the photoperiod-insensitive pre-inductive phase), Is (the photoperiod-sensitive inductive phase in LD and SD), and a3 the photoperiod-insensitive post-inductive phases in LD and SD (Ellis et al., 1992). Similarly, photoperiod-sensitive inductive phases in LD and SD were denoted as I2L and I2S, respectively, by following the procedure developed by Yin (2008).

Short-day does not delay flowering in a LD plant if exposure is restricted to the photoperiod-insensitive pre-inductive phase or the photoperiod-insensitive phase of flower development. However, time to flower is delayed if the plant is exposed to SD during the photoperiod-sensitive phase. Similarly, LD will only hasten flowering in LD plants if the plants are exposed to the photoperiod when they are at the photoperiod-sensitive stage as summarized by Adams et al. (2001, 2003). The duration of the photoperiod-sensitive phases can be determined by examining data on the time to first flower opening of plants transferred between SD and LD at different times (Wang et al., 1997; Yin et al., 1997; Adams et al., 2001). Chickpea is inherently considered as a LD plant (Soltani et al., 2004). Chickpea accessions with day neutral, intermediate, and highly sensitive response to photoperiod were recently reported by Daba et al. (2015). Little is known about the duration of the photoperiod-sensitive and -insensitive phases in chickpea. Therefore, the reciprocal transfer technique was used to quantify and identify the timing and duration of the photoperiod-sensitive phase and the time of floral initiation in chickpea. The objectives of this research were to determine the timing and duration of the photoperiod-sensitive and photoperiod-insensitive phase in selected chickpea accessions representative of different maturity classes, and to establish whether photoperiod sensitivity ends at floral initiation or extends into the phase of flower development.

MATERIALS AND METHODS

Accessions Evaluated

Eight diverse chickpea accessions namely: ICCV 96029 (S1), FLIP 98-142C (S2), ICC 15294 (I1), ICC 8621 (I2), ILC 1687 (I3), and ICC 8855 (I4), CDC Corinne (S1), and CDC Frontier (S2) collected from the gene banks of the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), India and the International Center for Agricultural Research in the Dry Areas (ICARDA), together with cultivars developed at the Crop Development Centre, University of Saskatchewan were used in this research (Table 1). These eight genotypes are referred to as ‘accessions’ throughout this paper.

TABLE 1. Market class, origin, and potential photoperiod sensitivity group of chickpea accessions used in the determination of photoperiod sensitivity phase by reciprocally transferring plants from LD to SD.
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The accessions were grown in two separate growth chambers: one of the chambers was adjusted to SD of 10 h light period (SD) and the other chamber was adjusted to LD of 16 h light period (LD). The chambers were maintained at day/night temperatures of 22/16°C (12/12 h). The 12/12 h cycle was used to avoid confounding effects of asynchrony between thermal and photoperiod factors (Roberts et al., 1985; Yin, 2008). Both growth chambers were equipped with inflorescent light bulbs with total light irradiance of 370 μmol m-2s-1 at just above the plant canopy.

Three seeds of each accession were planted in 3.8 L pots containing Sunshine mix #4 (Sun Gro, Seba Beach, AB, Canada). Seedlings were thinned to two plants per pot 2 weeks after sowing or after full emergence of the seedlings. Starting from 1 week after crop emergence, the plants were watered every 2–3 days based on the growth stage and water use of each accession. Once a week a quick release fertilizer (20 N:20 P2O5:20 K2O) prepared at a concentration of 3 g L-1 was applied at a rate of 100 ml per pot starting 1 week after emergence.

A total of three pots with two plants per pot were assigned for each treatment. Each transfer treatment, therefore, contained a total of six plants. A total of six pots were also assigned as a control for each accession. Within the growth chambers, a total of 27 pots, for each of the seven transfers and the control pots for each accession were completely randomized. Control plants were continuously grown at LD and SD (Table 2 and Figure 1). Transfer times for these accessions were customized based on their differences in the number of days to flowering under short compared to LD (Daba et al., 2015). Once plants had been transferred, they were continuously maintained in the new chamber under either LD or SD. The entire experiment was carried out in two runs (two time replicates).

TABLE 2. Chickpea accessions used in the determination of photoperiod-sensitivity phase and days from sowing to transfer (tc) for plants moved from LD to SD and vice versa.
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FIGURE 1. Chickpea accessions used in the determination of photoperiod sensitivity phase and days from sowing to transfer for plants moved from LD to SD and vice versa. Control plants of each accession were continuously grown under LD and SD.



Data Collection and Analysis

Flower Bud Initiation and Full Flower Opening

First flower bud initiation stage and full open flower appearance (corolla visible) were recorded for each accession. Samples of flower buds were carefully collected from each control and transferred plants in both photoperiod treatments. The stipules were dissected using blades to expose the shoot apex and newly initiated phytomers and a node subtending a leaf primordium, and an auxiliary vegetative or reproductive bud and were evaluated under the microscope. In cases of the death of the first initiated buds, the subsequently formed buds were dissected. Upon seeing fully developed anthers bound by a fully developed calyx, the flower bud initiation stages (as the number of days to flower bud initiation from days of seeding) were declared. Days to first flowering for the transfer and control plants in LD and SD were recorded when a fully opened flower appeared on each plant. Days to flower bud initiation and first flowering of the control plants in short and LD photoperiods were used for comparison.

Identification of Slope Coefficients, y-Intercepts and Hinges

Segmented linear regression analysis was conducted for each accession in order to determine the differences in the photoperiod-sensitive and photoperiod-insensitive phases in the chickpea accessions reciprocally transferred from LD to SD. The hypothetical response of the time from sowing to first flowering for plants transferred from a SD to a LD and from a LD to a SD regime at various time intervals from seeding to first flowering were illustrated in Figure 2. Control plants continuously grown under SD are indicated by point A, and those grown under LD are indicated by point E. The intersection point of linear segments AB and CB representing the first hinge point for transfer from LD to SD, whereas the intersection point between linear segments of EF and FG represented the first hinge for transfers from SD to LD. Accordingly, the first hinge was calculated as a function of days of transfer from seeding to days to flowering from seeding where the increase or decrease in the slope between the linear segments occurred.
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FIGURE 2. Schematic representation of the hypothetical response of the time from sowing to first flowering for plants transferred from a SD to a LD (a solid line) and from a LD to a SD regime (a dotted line) at various time intervals from seeding to first flowering. The first and second hinges for LD (Hinge 1_LD and Hinge 2_LD) were identified at the hinge point at the intersection of line segments of EF and GF. Similarly, the first and second hinges for SD (Hinge 1_SD and Hinge 2_SD) were identified as a hinge point at the intersection of lines AB and CB. The duration of the photoperiod-sensitive inductive phase (durations I2s and I2L in short and LD, respectively) was included between a photoperiod-insensitive pre-inductive and a photoperiod-insensitive post-inductive phase. The three sub-phases under the SD conditions are indicated by the linear segments ‘AB,’ ‘BC,’ and ‘CD,’ respectively, and those under the LD conditions are indicated by linear segments ‘EF,’ ‘FG,’ and ‘GH,’ respectively (Ellis et al., 1992; Adams et al., 2001, 2003; Yin, 2008).



The two-phase or piecewise regression (hinged regression) has been described by Breiman (1993) and used by Dunnigan et al. (1997), and Kenesei and Abonyi (2013). The individual linear segments were then used to determine the photoperiod-sensitive and -insensitive phases in chickpea accessions following a procedure described by Wang et al. (1997). The intersection of the two linear equations, the hinge, was positioned to identify the changes in slope coefficients and y-intercepts using simultaneous equations for each part of the regression models (Figure 3). The models were interactively congregated in PROC MODEL of SAS version 9.3 (SAS Institute Inc., 2009; SAS Institute Inc., Cary, NC, USA). Hinged regression analyses were conducted for each accession to determine the parameters (a1, b1, a2, b2, hinge 1, a22, b22, a3, b3, and hinge 2) where a and b represent intercept and slope coefficients of the respective segments of the modeled line. To test if regression intercept and slope coefficient varied among accessions, analyses of variance were conducted using PROC GLM of SAS version 9.3 (SAS Institute Inc., 2009; SAS Institute Inc., Cary, NC, USA).
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FIGURE 3. Diagrammatic representation for linear regression equations used in the determination of hinge 1 and hinge 2 in accessions transferred from (A) LD to SD, and (B) from SD to LD. For plants transferred from LD to SD (A). AB – The photoperiod-insensitive pre-inductive phase, BC – The photoperiod-sensitive inductive phase, CD – The photoperiod-insensitive post-inductive phase. For plants transferred from SD to LD (B). EF – The photoperiod-insensitive pre-inductive phase, FG – The photoperiod-sensitive inductive phase, GH – The photoperiod-insensitive post-inductive phase.



Identification of Photoperiod-Sensitive and Photoperiod-Insensitive Phases

Data on days to flowering for the transfer and control plants (Figure 4) were analyzed using PROC NON-LINEAR of SAS version 9.3 (SAS Institute Inc., 2009; SAS Institute Inc., Cary, NC, USA). Initially, separate data analyses were conducted for each time replicate. There was no significant difference between the results of the two time replicates. Homogeneity of variance for each time replicate was validated using Levene’s Test. Thus, a combined data analysis was conducted using the average data of the replications in both time replicates for each accession transferred from LD to SD and vice versa, and the control plants.
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FIGURE 4. The effect of transferring the plants at varying intervals from LD to SD (solid line) and SD to LD (dashed line) on the number of days to first flower opening for each of day neutral (ICCV 96029, FLIP 98-142C), intermediate (ICC 15294, ICC 8621, ILC 1687, and ICC 8855) and photoperiod-sensitive (CDC Corinne and CDC Frontier) accessions.



The time to flower in the eight chickpea accessions in the successive photoperiod-transfer and control treatments were modeled against the time to transfer after seeding following the procedure of Yin (2008) as illustrated in Figure 2, which combines data from transfers of LD to SD and short to LD in a single curve fitting procedure.

In the analysis, fL was assigned as the duration from sowing to flowering for the LD and can be written as: fL = I1L + I2L + I3L; where: I1L is the first sub-phase, a photoperiod-insensitive pre-inductive phase; I2L is the second sub-phase, a photoperiod-sensitive inductive phase; I3L is the third sub-phase, a photoperiod-insensitive post-inductive phase under LD conditions (Yin, 2008). Similarly fS was assigned as the duration from sowing to flowering for the SD and the expression can be written as: fL = I1S + I2S + I3S; where: I1S is the first sub-phase a photoperiod-insensitive pre-inductive phase; I2S is the second sub-phase a photoperiod-sensitive phase; I3S is the third sub-phase, a photoperiod-insensitive post-inductive phase under SD conditions.

RESULTS

Flower Bud Initiation and Full Flower Opening

The average number of days to flowering was lower for control plants grown continuously under LD compared to those under SD (Table 3). In the photoperiod-sensitive accessions, [CDC Corinne (S1) and CDC Frontier (S2)], flowering time was delayed by 45 and 38 days, respectively, under SD compared to LD. Delay in flowering of the four accessions with intermediate response to photoperiod [ICC 15294 (I1), ICC 8621 (I2), ILC1867 (I3), and ICC 8855 (I4)] ranged from 17 to 42 days under SD compared to LD. Flowering in the day-neutral accessions, [ICCV 96029 (N1) and FLIP 98-142C (N2)], was delayed by 1 and 10 days, respectively, under SD as compared to LD.

TABLE 3. Average number of days from seeding to first flower bud initiation and the number of days to flower under long and SD photoperiod conditions over two time replicates of the experiment.
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Slope Coefficients, y-Intercepts and Hinges

The slope coefficients, y-intercepts and the first and second hinges as determined by the simultaneous linear equations are listed in (Table 4). There were significant differences among the chickpea accessions for the second hinge, intercepts (a1, a22, and a3) and slope coefficients (b1, b2, and b22; P ≤ 0.0001). However, the difference among the accessions for the first hinge, the initial intercept (a2), and the slope coefficients (b3) of the simultaneous equations were not significant (Table 5).

TABLE 4. Means comparison of the hinge 1, a1, b1, a2, b2, hinge 2, and a22, b22, a3, and b3 for eight chickpea accessions evaluated in a reciprocal transfer experiment from LD (16 h light) and SD (10 h light) photoperiod conditions over two time replicates.
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TABLE 5. Analysis of variance for a1, b1, a2, b2, hinge 1, a22, b22, a3, b3, and hinge 2 of the eight chickpea accessions used in the photoperiod-sensitive and -insensitive phase determination using reciprocal transfers between SD (10 h light) and LD (16 h light) photoperiod conditions over two time replicates.
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In our analysis, the first hinge corresponds to a beginning of change in time from seeding to first flowering against time from seeding to transfer. The photoperiod-sensitive accessions had the highest values of both the first and second hinge values. The intermediate accessions had intermediate values of both first and second hinges. The values of the first and second hinges for the day-neutral accession, ICCV 96029 (N1) were identified to be 0. The identified hinges facilitated determination of photoperiod-sensitive phase in chickpea accessions. The difference between hinge 1 and hinge 2 was considered as the photoperiod-sensitive phase. Accordingly, in CDC Frontier (S2), a photoperiod-sensitive accession, the first hinge and second hinge were 16 and 47 days, respectively. Based on the difference between the first and the second hinges, 31 days was considered as the length of the photoperiod-sensitive phase of this accession. Similarly, CDC Corinne (S1) and ICC 15294 (I1) each had the first hinge value of 20 days. The values of the second hinge for these two accessions were 42 and 45 days, respectively. The duration of photoperiod sensitivity of these accessions based on the difference between the second and first hinge were 22 and 25 days, respectively. For other intermediate accessions, the values of the first hinge were 9 to 10 days. The second hinge for these accessions was 19 days. Thus the duration of the photoperiod-sensitive phase ranged from 15 to 26 days.

Linear Regression

The slope coefficient values of the accessions were negative for transfers from long to SD ranging from –0.40 to –1.00 (Table 6). On the other hand, the slope values of the accessions transferred from short to LD were positive ranging from 0.05 to 0.95. The slopes for ICCV 96029 (N1) transferred from LD to SD and from SD to LD were 0 and 0.05, respectively.

TABLE 6. Hinge regression for the eight chickpea accessions evaluated in the reciprocal transfer from LD to SD.
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Photoperiod-Sensitive and Photoperiod-Insensitive Phases in Chickpea Accessions

The reciprocal transfer model fitted the data with R2-values among the accessions ranging from 0.74 to 0.99 (Table 7). Three developmental phases were identified in all the accessions except ICCV 96029 (N1).

TABLE 7. Duration in days of each of the three developmental phases (I1L, I1S, I2L, I2S, and I3L and I3S) ± SE from seeding to first flower appearance in eight chickpea accessions under LD and SD conditions.
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Photoperiod-Insensitive Pre-inductive Phase

In the photoperiod-sensitive accessions, a photoperiod-insensitive pre-inductive phase of 15–19 days was observed under LD, and 17–20 days under SD. These values ranged from 9 to 13 days in the intermediate accessions under LD and from 13 to 18 days under SD. In ICCV 96029 (N1), the values of the photoperiod-insensitive pre-inductive phase were 22 and 23 days under long and SD, respectively. This value ranged between 18 and 20 days under long and SD, respectively, in FLIP 98-142C (N2).

Photoperiod-Sensitive Inductive Phase

The two photoperiod-sensitive accessions, [CDC Corinne (S1) and S2 (CDC Frontier (S2)] had higher values for the photoperiod-sensitive inductive phase under SD compared to LD. In these accessions, the photoperiod-sensitive inductive phase under LD ranged from 17 to 38 days, and were 49 to 77 under SD. In the accessions with intermediate ICC 15294 (I1), ICC8621 (I2), ILC1867 (I3), and ICC 8855 (I4) response to photoperiod the photoperiod-sensitive inductive phase under LD ranged from 12 to 19 days, and was 25 to 43 under SD.

For ICCV 96029 (N1), the values of the photoperiod-sensitive inductive phase under LD and SD were 0.1 and 0.0, respectively. In FLIP98-142C (N2), another photoperiod-insensitive accession, the range of the photoperiod-sensitive inductive phase under LD and SD was 7 and 15 days, respectively. In the highly photoperiod-sensitive accessions, the photoperiod-insensitive post-inductive phase ranged between 13 and 20 days under LD, and between 4 and 29 days under SD, respectively. In the intermediate accessions, this phase ranged between 5 and 20 days under LD, and between 15 and 23 days under SD. The photoperiod-insensitive accessions had a similar range for the photoperiod-insensitive post-inductive phase of 5–6 days in long as well as in SD.

Photoperiod-Insensitive Post-inductive Phase

In the highly photoperiod-sensitive accessions, the photoperiod-insensitive post-inductive phases were between 13 and 20 days under LD and between 4 and 29 days under SD, respectively. In the intermediate accessions, the values of this phase ranges between 5 and 20 days under LD and between 15 and 23 days under SD. The photoperiod-insensitive accessions had similar range of photoperiod-insensitive post-inductive phases of 5 to 6 days in long as well as SD.

DISCUSSION

When control plants in the respective chambers were compared, the plants under LD flowered earlier than those under SD. Early transfer of plants from either long to SD chambers or vice versa had no effect on the flowering response of the plants. Differences in the number of days to flower between SD and LD control plants were wider compared to the number of days to flower bud initiation. This indicated that day to full flower opening was delayed by short photoperiods after flower bud initiation. Wallace et al. (1993) reported that time to initiation of flower buds could not be used to differentiate the insensitive and sensitive genotypes in soybean.

The slope coefficients of the flowering responses under non-optimal photoperiods provided an estimate of photoperiod sensitivity (Major, 1980). In our study, the absolute values of the slopes for the photoperiod-sensitive and intermediates were greater than the day-neutral ones. (ICCV 96029 (N1) specifically had slopes of 0 and 0.05 for transfers from LD to SD and SD to LD, respectively. Both values were not significantly different from 0, supporting the previous report (Daba et al., 2015) that this accession is day-neutral under a mean temperature of 19°C combined with either 10 or 16 h photoperiod.

The hinge regression function technique was exploited to identify photoperiod-sensitive and -insensitive phases in the chickpea accessions. The hinge technique was very efficient in differentiating between photoperiod-sensitive and -insensitive phases in the photoperiod-sensitive and intermediate accessions. The actual data used to determine the photoperiod sensitivity in most plants seldom resemble the idealized schematic diagram similar to the response of FLIP 98-142C (N2) and CDC Frontier (S2) in our research. Hinge regression functions are applied most importantly in multivariate regression and classifications. In our study, the advantage of the hinge regression function was evident in the day-neutral accession ICC V96029 (N1) for which the first and second hinges were 0 and 1, respectively, indicating the absence of a significant change in the flowering response, and confirming that ICCV 96029 is day-neutral under our experimental conditions.

Chickpea, therefore, has three flowering induction phases: a photoperiod-insensitive pre-inductive phase, a photoperiod-sensitive inductive phase, and photoperiod-insensitive post-inductive phase. An inverse relationship between photoperiod sensitivity phase and photoperiod was identified, i.e., a longer photoperiod-sensitive phase was observed under SD, and a shorter photoperiod-sensitive phase was observed under LD. Variability in the length of the photoperiod-insensitive pre-inductive phase was observed among the photoperiod-sensitive, intermediate, and day-neutral chickpea accessions. A shorter duration of photoperiod-insensitive pre-inductive phase was detected compared to the photoperiod-sensitive phase in intermediate accessions. During the photoperiod-insensitive pre-inductive phase, plants were not responsive to changes in the photoperiod. In many crops, a minimum vegetative period, known as the basic vegetative phase, is required during which there is no response to photoperiod (Vergara and Chang, 1985).

The two high yielding accessions developed and released by the Crop Development Centre, University of Saskatchewan [CDC Corinne (S1) and CDC Frontier (S2)] (Warkentin et al., 2005; Tar’an et al., 2009) had the longest time to flowering, as well as longer duration of photoperiod sensitivity phases under LD and SD. Daba et al. (2015, 2016) reported that ICCV 96029 (N1) and FLIP98-142C (N2) flowered the earliest; ICC 15294 (I1), ICC 8621 (I2), ILC 1867 (I3), and ICC 8855 (I4) flowered intermediate and CDC Frontier (S2) and CDC Corinne (S1) flowered the latest under a combination of temperature and photoperiod in the growth chamber conditions.

Efforts to develop early flowering cultivars adapted to the short growing season of western Canada could exploit ICCV 96029 (N1) and FLIP 98-142C (N2), which have a minimal photoperiod-sensitive phase. This strategy was also recommended by Kumar and Abbo (2001). Photoperiod-insensitivity contributed a significant share for chickpea adaptation to low latitude during early domestication (Siddique et al., 2003; Rubio et al., 2004). In chickpea, the number of biological days from emergence to flowering should match the latitude locations based on photoperiod sensitivity (Vadez et al., 2013). Early flowering and maturity in photoperiod-insensitive genotypes in bean has helped to attain higher harvest index compared to the photoperiod-sensitive genotypes (Yourstone et al., 1993).

CONCLUSION

The phenology of chickpea accessions from emergence to first flowering can be divided into three phases: (1) a photoperiod-insensitive pre-inductive phase, (2) a photoperiod-sensitive inductive phase, and (3) a photoperiod-insensitive post-inductive phase. The duration of the photoperiod-insensitive pre-inductive phase was shorter than that of the photoperiod-sensitive inductive phase in chickpea. Photoperiod sensitivity commenced on different days after emergence in different accessions. The photoperiod-sensitive inductive phase extended beyond flowering bud initiation and full flower opening to the stage of full flower development. Flower bud initiation and full flower opening appeared to be sensitive to photoperiod at different times after emergence for different chickpea accessions. Time to flower bud initiation as well as time to full flower opening differentiated photoperiod-insensitive and photoperiod-sensitive accessions. In the cool short seasons of Western Canada, chickpea accessions with a shorter duration both the pre-inductive photoperiod-insensitive and photoperiod-sensitive inductive phases are desirable for adaptation. The day-neutral accessions such as ICCV 96029 and FLIP98-142C are used for developing cultivars fit to the tropics, subtropics, and the Mediterranean regions characterized by short growing seasons delimited by increasing temperatures and reduced soil moisture where short crop duration is desired.
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Understanding environmental responses of pulse crop species and their wild relatives will play an important role in developing genetic strategies for crop improvement in response to changes in climate. This study examined how cultivated lentil and wild Lens germplasm responded to different light environments, specifically differences in red/far-red ratio (R/FR) and photosynthetically active radiation (PAR). Three genotypes of each the seven Lens species were grown in environmentally controlled growth chambers equipped to provide light treatments consisting of different R/FR ratios and PAR values. Our results showed that overall, days to flower of Lens genotypes were mainly influenced by the R/FR induced light quality change but not by the PAR related light intensity change. The cultivated lentil (L. culinaris) showed consistent, accelerated flowering in response to the low R/FR light environment together with three wild lentil genotypes (L. orientalis IG 72611, L. tomentosus IG 72830, and L. ervoides IG 72815) while most wild lentil genotypes had reduced responses and flowering time was not significantly affected. The longest shoot length, longest internode length, and largest leaflet area were observed under the low R/FR low PAR environment for both cultivated and wild lentils. The distinctly different responses between flowering time and elongation under low R/FR conditions among wild Lens genotypes suggests discrete pathways controlling flowering and elongation, which are both components of shade avoidance responses. The yield and above-ground biomass of Lens genotypes were the highest under high R/FR high PAR conditions, intermediate under low R/FR low PAR conditions, and lowest under high R/FR low PAR light conditions. Three L. lamottei genotypes (IG 110809, IG 110810, and IG 110813) and one L. ervoides genotype (IG 72646) were less sensitive in their time to flower responses while maintaining similar yield, biomass, and harvest index across all three light environments; these are indications of better adaptability toward changes in light environment.

Keywords: lentil, red/far-red ratio, photosynthetically active radiation, photomorphogenesis, photosynthesis

INTRODUCTION

Light is essential for plant growth and development. It is a source of energy for photosynthesis and provides information for regulation of growth and development (Smith, 1982). Light is necessary for the adaptation of plants to specific environments. Information based on light quality induces a collective photomorphogenetic response (Quail, 2002), which is controlled by several photoreceptors including blue-light absorbing phototropin and cryptochrome and the red and far-red light absorbing phytochrome family (Rockwell et al., 2006; Möglich et al., 2010). Among these photoreceptors, phytochromes play a key role in photomorphogenesis and control about 10% of the plant transcriptome (Quail, 2002). Phytochromes exists in two forms, the red-light absorbing Pr, which absorbs maximally at 660 nm and is generally considered to be biologically inactive, while the far-red light absorbing Pfr, which absorbs maximally at 730 nm and is biologically active (Franklin and Whitelam, 2005). Absorption of light by either Pr or Pfr results in phototransformation between these two forms, which drives the on/off switching of the successive signaling pathway (Han et al., 2007).

Green plants selectively absorb blue and red wavelengths through chlorophyll and carotenoid photosynthetic pigments. The radiation reflected by green leaves is relatively enriched in the far-red spectrum (Smith and Whitelam, 1997). A resulting decrease in red/far-red (R/FR) ratio in the surrounding environment is sensed by the phytochromes, thereby signaling the presence of neighboring plants as potential competition. This leads to enhanced stem elongation and accelerated transition to flowering, which are features of the shade avoidance response (SAR) (Whitelam and Devlin, 1997). A reduction in light intensity usually triggers a similar SAR (Ballare et al., 1991). Under natural conditions, the SAR allows plants to compete with neighboring vegetation for limited resources (Schmitt et al., 2003). For crop species, however, SAR could lead to decreased yield if plants spend resources on vegetative growth at the expense of reproductive development (Board, 2000; Kebrom and Brutnell, 2007; Casal, 2013). Stem elongation often leads to lodging, as observed by Gong et al. (2015) in soybean (Glycine max), and genotypes displaying reduced SAR are suggested to have improved performance at higher plant densities (Kebrom and Brutnell, 2007; Gong et al., 2015).

A close relationship between light intensity and plant growth and yield has been described for many plant species, including legumes (Bethlenfalvay and Phillips, 1977; Baligar et al., 2008; Mielke and Schaffer, 2010). The literature contains a few reports on flowering and growth of legume species in response to light quality changes (Board, 2000; Heraut-Bron et al., 2000; Gong et al., 2015), but little published information exists on the interactive effects of light intensity and light quality.

Lentil (Lens culinaris Medik.) is a quantitative long-day species (Summerfield et al., 1985). Lentil plays a significant role in supporting environmentally sustainable agriculture through its nitrogen fixation ability, and is internationally recognized as part of the solution to global food and nutritional insecurity. The genus Lens has seven species that originated around the Mediterranean and into the Middle East and the domesticated lentil is L. culinaris (Cubero et al., 2009). The other six wild species within the genus Lens are L. culinaris, L. orientalis, L. tomentosus, L. odemensis, L. lamottei, L. ervoides, and L. nigricans (Wong et al., 2015). Resistance to biotic or abiotic stresses that are lacking in cultivated lentil have been identified in wild relatives (Tullu et al., 2006, 2010; Fiala et al., 2009; Podder et al., 2012; Vail et al., 2012) and this genetic resource is considered to have great value for future genetic improvement.

Growth and development of cultivated lentil was significantly affected when standard lighting (fluorescent and incandescent bulbs) was replaced with high efficiency and high output fluorescent bulbs in our controlled environment growth chambers. Flowering of cultivated lentil was delayed by up to 30 days (Mobini et al., 2012, 2016; Yuan et al., 2015) but some wild germplasm seemed unaffected. The new light system affected both light quality (increased R/FR) and light intensity [increased photosynthetically active radiation (PAR)]. As a first step to gaining an understanding of the genetic basis of light responses in genus Lens, we used a collection of wild and cultivated Lens germplasm to characterize the flowering and growth responses to changes in R/FR and PAR. The hypothesis was that flowering and growth development in Lens germplasm could be different due to the differences in R/FR and PAR and if so, these genotypes would represent key genetic resources for developing lentil cultivars with better adaptation to variable light environments.

MATERIALS AND METHODS

Plant Materials

Three genotypes of each of the seven Lens species were selected from germplasm currently in use in the breeding program at the Crop Development Centre (CDC), University of Saskatchewan (USASK) (Table 1). Prior to planting, seeds of all genotypes were stored at -20°C for 1 week and then scarified to improve imbibition and germination. Square 10-cm pots were filled with growth medium consisting of 50% Sunshine® Mix #3 and 50% Sunshine® Mix #4 (Sun Gro Horticulture Canada, Ltd, Seba Beach, AB, Canada1). Two seeds were sown in each pot and thinned to a single plant after emergence. Each repeat had four pots (replicates) per genotype and the experiment was repeated once. All plants were grown and maintained in controlled growth cabinets set at 22°C/16 h day and 16°C/8 h night for both repeats.

TABLE 1. Lentil species and genotypes used in light experiments.1
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Light Environment and Growing Conditions

Two Conviron GR48 walk-in plant growth chambers and one Conviron PGV36 walk-in plant growth chamber were used in the experiment. The light properties of the three growing environments are described in Table 2. Spectral distribution and characteristics of the light treatments used in the experiment are shown in Figure 1. The high R/FR was the natural ratio of the renovated light system in the growth chambers fitted with T5 841 High Output Fluorescence bulbs (Philips, Andover, MA, USA). The low R/FR environment was fitted with evenly spaced infrared bulbs (Model FLR48T5NIR-HO, DN Lighting, Co. Ltd, Hiratsuka City, Japan) to replace the T5 841 fluorescent bulbs in the light bank. The high PAR condition was the natural light intensity of the renovated light system while the low PAR condition was reached by adjusting the height of the light bank. The spectral photon flux and PAR of each light treatment was measured using a spectroradiometer (Apogee Instruments, Model PS-300, Logan, UT, USA). The R and FR values were calculated using the spectral photon flux at 650–670 and 720–740 nm, respectively (Smith, 1982).

TABLE 2. Light properties of the three growing environments used in the current experiment.
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FIGURE 1. Spectral distribution and characteristics of the light treatments used to compare the effect of light quality and quantity on lentil growth and development. The upper inset shows an enlarged version of the 640–800 nm region.



Data Collection and Analysis

Lentil development stages were based on Erskine et al. (1990) with minor modifications to suit the wild lentil species. Days to flower were calculated based on days from emergence to R1 (one open flower at any node), and the node number of the first open flower was recorded. Leaflet area was measured using the leaflets produced at the R1 flowering node using a flatbed scanner (Epson Perfection V700 Photo Scanner, Epson Canada, Markham, ON, Canada) and WinFOLIATM software (Regent Instruments, Inc., Québec City, QC, Canada). Lentil plants produce one leaf per node, but have 5–15 leaflets per leaf depending on species and genotype. Five fully expanded leaflets beginning from the base of the leaf at the R1 flowering node from four plants (replicates) were removed from the plants and kept in Petri-dishes on top of ice and leaflet area was immediately measured. Shoot length and node number were recorded when the plants reached R5 (one mature pod at any node), at which point mesh bags were placed around the plants to collect seeds at maturity. Average internode length was calculated using node number at R5 divided by shoot length. The time from sowing to harvest was kept at 110 days, which corresponds to the regular growing period for field grown lentil in Western Canada. Above-ground plant materials were harvested separately for each plant and dried in the dryer. Above-ground biomass was recorded when plant materials were totally dried. Yield (seed production per plant) was recorded after threshing. Harvest index was calculated using the yield divided by the above-ground biomass. Data were collected from two repeats (four reps each), except for leaflet analysis, above-ground biomass, and harvest index which were recorded for the second repeat only. The General Mixed Model Procedure (PROC MIXED) in SAS (SAS Institute, Inc., Cary, NC, USA) was used to determine the effects of genotype, light treatment, and their interaction on observed traits. Paired comparisons were performed using Tukey’s honestly significant test, with p-values ≤ 0.05 considered significant.

RESULTS

Overall Growth and Development in Lens Genotypes Subjected to Different Light Environments

Growth and development of each genotype varied among light environments. The light environment did not alter the time to emergence but affected the development time from VE (emergence) to R1 and from R1 to R5 in some genotypes (figure shown in Supplementary Materials). Typically, high R/FR delayed the development from VE to R1, while low PAR delayed the development from R1 to R5, if there was an effect. One extreme case was L. ervoides IG 72815, for which a mean 35-day difference from the VE to R5 stage was found between the low R/FR low PAR environment and the high R/FR low PAR environment. Of the three L. nigricans genotypes, two did not reach R1 under any light environment, while L. nigricans IG 72555 flowered after 94 days in the low R/FR low PAR environment. Therefore, these three genotypes were not included in further data analyses.

Flowering in Lens Genotypes to Changes in Light Environment

Days to flower (DTF) were significantly influenced by the genotype, the light environment, and the interaction between them (Table 3). Overall, significant differences were noted between low R/FR and high R/FR environments, while no difference in DTF was detected between low PAR and high PAR when grown under high R/FR conditions (Figure 2). Days to flower in cultivated lentil genotypes (L. culinaris: Eston, CDC Greenstar, and CDC QG-2) were all significantly (p ≤ 0.05) affected by the R/FR induced light quality change but not the PAR related light intensity change. Days to flower in wild lentil species was affected less by changes in either light quality or light intensity; the exceptions were L. orientalis IG 72611, L. tomentosus IG 72830, and L. ervoides IG 72815 for which flowering was significantly (p ≤ 0.05) delayed under the high R/FR environment like the cultivated lentil.

TABLE 3. Results of the two-way ANOVA for growth characteristics of Lens genotypes grown under three different light regimes (treatment).
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FIGURE 2. Days to flower for three genotypes of each of six Lens species grown in light environments differing in red/far-red ratio (R/FR) and PAR. Mean ± SE is from two repeats (eight replicates) and represents all Lens genotypes grown in the specific light environment. Different letters represent significant differences among treatments (Tukey’s test at p ≤ 0.05). Heat map is generated using the in-house developed computer program and the monochrome color coding system was used with the color from lighter to darker represented the values from lower to higher.



Shoot Length, Internode Length, and Leaflet Area of Lens Genotypes to Changes in Light Environment

Both shoot length and internode length of Lens genotypes were significantly influenced by genotype, the light environment, and the interaction between them, except for the genotype × treatment interaction on internode length (Table 3). Significant differences were noted among species for shoot length and internode length and these differences were more distinct under low R/FR conditions (Figure 3). Low R/FR light resulted in significantly longer shoot and internode length compared to the high R/FR environment (p ≤ 0.05, Figure 3). Under high R/FR condition, high PAR resulted in significant longer shoots and internodes compared to low PAR (p ≤ 0.05, Figure 3). Overall, wild lentils had similar treatment responses compared to cultivated lentil for these characteristics.
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FIGURE 3. Shoot length, internode length, and leaflet area for three genotypes of each of six Lens species grown in light environments differing in red/far-red ratio (R/FR) and photosynthetically active radiation (PAR). Mean ± SE is from two repeats (eight replicates) for shoot length and internode length while one repeat (five replicates) for leaflet area and represents all Lens genotypes grown in the specific light environment. Different letters represent significant differences among treatments (Tukey’s test at p ≤ 0.05). Heat map is generated using the in-house developed computer program and the monochrome color coding system was used for each trait with the color from lighter to darker represented the values from lower to higher.



Leaflet area at the R1 node had the same trend as shoot and internode length, being significantly influenced by genotype, the light environment, and the interaction between them (Table 3). The largest leaflet area resulted from growth in the low R/FR low PAR environment (p ≤ 0.05; Figure 3), except for L. culinaris CDC Greenstar for which a high R/FR environment with a high PAR resulted in larger leaflet area compared to a low R/FR with low PAR.

Yield, above Ground Biomass, and Harvest Index of Lens Genotypes to Changes in Light Environment

Both yield and above-ground biomass of Lens genotypes were significantly influenced by the different light treatments and both traits showed similar trends across the different treatments (Table 3 and Figure 4). Overall, Lens genotypes had the highest yield and above-ground biomass under the high R/FR high PAR condition, while the low R/FR low PAR was intermediate and the high R/FR low PAR had the lowest (p ≤ 0.05, Figure 4). However, the yields of some wild lentil genotypes, including three L. lamottei genotypes (IG 110809, IG 110810, and IG 110813) and L. ervoides IG 72646, were not significantly different across all light treatments (p ≤ 0.05). The yields of genotypes L. orientalis IG 72611 and L. ervoides IG 72815 under the high R/FR condition were not representative of the true yields because the experiments were stopped at 110 days after sowing. The flowering time of these two genotypes were significantly delayed under the high R/FR environment, which therefore delayed both pod setting and maturity. For L. odemensis IG 72760, late emergence combined with a low PAR reduced seed yield.
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FIGURE 4. Yield, above-ground biomass, and harvest index for three genotypes of each of six Lens species grown in light environments differing in red/far-red ratio (R/FR) and PAR. Mean ± SE is from two repeats (eight replicates) for yield and one repeat (four replicates) for above-ground biomass and harvest index and it represents all Lens genotypes grown in the specific light environment. Different letters represent significant differences among treatments (Tukey’s test at p ≤ 0.05). Heat map is generated using the in-house developed computer program and the monochrome color coding system was used for each trait with the color from lighter to darker represented the values from lower to higher.



The harvest index of Lens genotypes was significantly influenced by genotype, light environment, and the interaction between them (Table 3). Overall, the harvest indices of Lens genotypes were not significantly different (p ≤ 0.05) under low R/FR low PAR and high R/FR high PAR conditions, whereas the high R/FR low PAR condition resulted in a significant decrease (p ≤ 0.05, Figure 4). However, harvest indices of all three L. lamottei genotypes (IG 110809, IG 110810, and IG 110813), L. ervoides IG 72646, and L. tomentosus IG 72805 were not significantly different across all three light treatments (p ≤ 0.05). The harvest indices of L. orientalis IG 72611 and L. ervoides IG 72815 under the high R/FR condition were not representative of the true harvest indices because the experiments were stopped at 110 days after sowing and the delayed flowering of these two genotypes affected the yields as mentioned previously, therefore affected the harvest indices. The harvest index of L. odemensis IG 72760 was also not representative of the true harvest index due to affected yield from late emergence and low PAR as mentioned in previous yield section.

DISCUSSION

Flowering Initiation of Lens Genotypes is Mainly Influenced by R/FR Related Light Quality Change

Plants depend on the acquisition of light energy for their survival, and competition for light is a characteristic of plant communities. Responses to changes in light quality and intensity enables plants to adapt and optimize their subsequent growth and development. A natural light environment under a canopy has a low R/FR ratio since plants absorb most of the visible light (from 400 to 700 nm) but reflect most of the FR light (Smith, 1982, 1994). A low R/FR ratio reflected from the surrounding vegetation may create a signal to plants of potential competition for light and, therefore, they initiate escape or SARs (Ballare et al., 1990). If the reduced R/FR ratio signal persists and the plant is unable to overcome competing vegetation by growth extension, flowering is accelerated, thereby promoting seed set and enhancing the probability of reproductive success (Halliday et al., 1994; Smith and Whitelam, 1997).

The current study tested seven species of Lens and demonstrated that only the cultivated lentil (L. culinaris) showed consistent responses to the low R/FR light treatment and this low R/FR light quality promoted early flowering. Most wild lentil genotypes exhibited reduced responses toward the light quality changes and flowering times were not significantly affected. Three wild lentil genotypes (L. orientalis IG 72611, L. tomentosus IG 72830, and L. ervoides IG 72815) had similar flowering responses to the cultivated lentil. However, a genotyping-by-sequencing (GBS) study of the genus Lens (Wong et al., 2015) concluded that these three lines fall outside the cluster of other members of those species and may be natural hybrids. This hints at the possibility of transferring the genes controlling the response from one species to another.

A general model for red and far-red light absorbing phytochrome action is that phytochromes perceive light, enter the nucleus, and then interact with transcriptional regulators to regulate gene transcription (Chen et al., 2004; Lorrain et al., 2006; Han et al., 2007). Five members of the phytochrome family were discovered in Arabidopsis, named phy A to phy E (Sharrock and Quail, 1989; Clack et al., 1994), which have differential photosensory and physiological roles in controlling plant growth and development (Smith and Whitelam, 1990; Whitelam and Devlin, 1997; Franklin and Quail, 2010). Some of the phytochrome functions elucidated through analysis of Arabidopsis mutants demonstrated that the suppression of flowering under a high R/FR ratio is mediated predominantly by phy B, with redundancy roles for phy D and phy E (Whitelam and Smith, 1991; Halliday et al., 1994; Devlin et al., 1999; Franklin et al., 2003). Genetically distinct signaling pathway segments among the phytochrome family members were also identified (Li et al., 2011). Various studies report that phytochrome genes and flowering genes are well-conserved between Arabidopsis and legumes at the level of sequence and physiological function (Hecht et al., 2005; Ueoka-Nakanishi et al., 2011; Wu et al., 2011). Therefore, we suspect that differences in genes of the red and far-red light absorbing phytochrome family and its signaling pathway may also play a direct and important role with respect to the different flowering responses within Lens genotypes. Through the domestication process, the variant(s) that make a plant more sensitive to R/FR may have been retained.

The spectral distribution in terms of R/FR ratio of daylight is broadly constant at a specific latitude but varies considerably with geographical location (Smith, 1982). Maloof et al. (2001) reported a correlation between light response and latitude of origin regarding the hypocotyl lengths in 141 Arabidopsis thaliana accessions, but no connection regarding the longitude. However, this may not be the case in current study where Lens nigricans was the only wild lentil species that showed a large response to change in light environment (no sign of flowering even 110 days after sowing) yet the latitude of origin for L. nigricans is well within the range of other Lens species. Previous experience (Saha, unpublished) and results from the current study suggest that favorable flowering conditions for L. nigricans may be the low R/FR high PAR condition, which was not assessed here due to limitations of the available lighting systems. A quaternary gene pool placement proposed by Wong et al. (2015) might explain the distinctly different responses of the L. nigricans group to the different light quality treatments compared to the other Lens species. This species might also have evolved to feature an extended juvenile phase.

Vegetative Growth in Lens Genotypes was Mainly Affected by Light Quality with an Interaction of Light Intensity and Controlled by Discrete Pathways from Flowering

The strategy of low R/FR induced shade avoidance used by many plants is to promote growth extension in an attempt to harvest more available light (Runkle and Heins, 2001) and, therefore, the most dramatic SAR is the stimulation of elongation (Devlin et al., 1996; Morelli and Ruberti, 2000). This was clearly shown in our current study. Shoot length and internode length were the longest under the low R/FR environment in all Lens genotypes. Reductions in light intensity usually trigger SARs similar to those under a low R/FR condition (Ballare et al., 1991). In our study, however, we found that high PAR stimulated shoot and internode elongation in Lens genotypes in comparison to low PAR under the high R/FR environment, which might be due to the high assimilation rate and high source/sink ratio that occur in the high PAR environment. Evers et al. (2011) observed a similar result, where a high PAR condition promoted branch growth in Arabidopsis. Overall, our results show that a low R/FR environment promotes shoot and internode elongation in Lens genotypes and high PAR also contributes to elongation. To expand or elongate an organ, as found in a SAR, plants must have a coupling mechanism to process cell division, cell elongation, and cell differentiation. The combined action of plant hormones including gibberellin and auxin play an important role in coordinating the response (Morelli and Ruberti, 2000; Franklin, 2008). The distinctly different responses in flowering time and elongation under low R/FR conditions in the wild lentil species but not in the cultivated lentil suggest discrete pathways control flowering and elongation, both of which are components of the SAR. Separate signaling mechanisms were reported to operate downstream of phytochromes to regulate elongation and flowering responses to low R/FR in Arabidopsis (Franklin, 2008).

In the current study, leaflet area increased overall under the low R/FR environment, although with some exceptions. Baldissera et al. (2014) reported that shaded alfalfa plants have larger leaves; however, those of wild-type Arabidopsis seedlings display a leaf size decrease in response to low R/FR (Devlin et al., 1999). Increased leaf area under a low PAR environment has been observed in various plant species (Kremer and Kropff, 1999; James and Bell, 2000; Liao et al., 2006), and the common assumption is that increased leaf area will help increase light interception. Moreover, plant leaves grown under high PAR have lower photosynthetic pigment content than leaves grown under low PAR (Mielke and Schaffer, 2010). Under light deficit conditions, plants set a series of compensatory mechanisms, such as incremental increase of the photosynthetic pigment content, change of the leaf angle toward the light source, or an increase in leaf area, to achieve higher light absorption efficiency. The latter might be the case in most Lens genotypes in a low R/FR environment.

Reproductive Growth in Lens Genotypes was Mainly Affected by Light Intensity with an Interaction of Light Quality

Light is the main source of energy for carbon assimilation and growth in plants, therefore yield and biomass reductions occur under reduced light intensity (Baligar et al., 2006; Polthanee et al., 2011). In our study, the overall yield and above-ground biomass were highest under the high PAR environment, which indicates reproductive growth in Lens genotypes is mainly affected by light intensity. Low R/FR induced SARs involve a marked redirection of assimilates toward elongation and away from structures dedicated to resource acquisition and storage in natural conditions that limit water and nutrient resources (Smith and Whitelam, 1997). For crop species, a SAR could lead to decreased yield if plants expend resources on vegetative growth at the expense of reproductive development (Kebrom and Brutnell, 2007; Casal, 2013). In the low R/FR indoor settings of our study, the SARs were clear in most Lens genotypes, resulting in reduced yield even though plants had sufficient water and nutrients. The L. lamottei group and L. ervoides IG 72646, however, maintained comparable yield, biomass, and harvest index under all three light environments, which may indicate better adaptation to changes in light environment. Maloof et al. (2001) reported natural variation in light sensitivity across a diverse set of A. thaliana accessions, and Hancock et al. (2011) detected and identified PAR-adaptive alleles in A. thaliana using a genome-wide scan. Identification of these light-adaptive alleles would further help on understanding of the genetic basis of light responses in lentil; such work is currently under way in our group.

CONCLUSION

Differences in light quality and intensity will affect the growth and development patterns of Lens plants, although some species are less affected than others. The high R/FR ratio created by fluorescent bulbs is not uncommon in controlled environment growth chambers. The results suggest that caution should be exercised in controlled environment growth chambers because the spectral property of the artificial light sources could severely delay the flowering of some crops, such as lentil, and thereby cause mismatch and delay for indoor breeding cycles. The identification of some Lens species that were less sensitive to R/FR related light quality and PAR related light intensity change may indicate a better adaptability toward changes in light environment. These varied responses might represent a source of genetic diversity that could be deployed in cultivated lentil to allow it to better handle sub-optimal light environments. Overall, increased understanding of light responses will help improve our ability to develop cultivars that have better adaptation to variable light environments.
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The phytohormone auxin plays a critical role in regulation of plant growth and development as well as plant responses to abiotic stresses. This is mainly achieved through its uneven distribution in plant via a polar auxin transport process. Auxin transporters are major players in polar auxin transport. The AUXIN RESISTENT 1/LIKE AUX1 (AUX/LAX) auxin influx carriers belong to the amino acid permease family of proton-driven transporters and function in the uptake of indole-3-acetic acid (IAA). In this study, genome-wide comprehensive analysis of the soybean AUX/LAX (GmLAX) gene family, including phylogenic relationships, chromosome localization, and gene structure, was carried out. A total of 15 GmLAX genes, including seven duplicated gene pairs, were identified in the soybean genome. They were distributed on 10 chromosomes. Despite their higher percentage identities at the protein level, GmLAXs exhibited versatile tissue-specific expression patterns, indicating coordinated functioning during plant growth and development. Most GmLAXs were responsive to drought and dehydration stresses and auxin and abscisic acid (ABA) stimuli, in a tissue- and/or time point- sensitive mode. Several GmLAX members were involved in responding to salt stress. Sequence analysis revealed that promoters of GmLAXs contained different combinations of stress-related cis-regulatory elements. These studies suggest that the soybean GmLAXs were under control of a very complex regulatory network, responding to various internal and external signals. This study helps to identity candidate GmLAXs for further analysis of their roles in soybean development and adaption to adverse environments.

Keywords: soybean, auxin transporter, GmLAX, abiotic stress, drought, salinity, dehydration, abscisic acid

INTRODUCTION

The first discovered plant hormone, auxin (Went, 1926), is a key regulator of many aspects of plant growth and development, including embryogenesis, organogenesis, vascular tissue formation, and root and shoot tropisms (Petrasek and Friml, 2009; Swarup and Péret, 2012). In addition, auxin plays an important role in temporal coordination of plants' responses to abiotic stresses (Ha et al., 2013; Min et al., 2014). Auxin is mostly synthesized in developing parts of plants such as the shoot apex and developing leaves and seeds (Ljun et al., 2002). From its places of synthesis, auxin is transported throughout whole plant body where various developmental or responsive events occur, such as lateral root formation, apical dominance, leaf and flower development, and tropic growth in response to light and gravity (Petrasek and Friml, 2009).

The global distribution of auxin over the plant body was achieved by two distinct transportation pathways: long-distance, fast, non-polar transport through phloem, and slow, cell-to-cell polar transport (Michniewicz et al., 2007). The polar transport of auxin from cell to cell is mediated through the orchestration of auxin influx and efflux carriers, including AUXIN RESISTENT 1/LIKE AUX1 (AUX/LAX) influx carriers (Swarup et al., 2004, 2008), PIN-FORMED (PIN) efflux carriers (Petrasek et al., 2006), and P-GLYCOPROTEIN (PGP) proteins (Cho et al., 2007; Cho and Cho, 2013). PIN proteins are typically polar-localized on either the plasma membrane or endoplasmic reticulum (ER), which enable them to lead the directions of auxin flow. AUX/LAXs encode multimembrane-spanning transmembrane proteins, and function in auxin uptake and intercellular auxin flow. They share similarities with amino acid transporters and form a plant-specific subclass within the amino acid/auxin permease super family (Young et al., 1999; Péret et al., 2012).

In Arabidopsis, AUX/LAX influx carriers include four members, AUX1 and LAX1-3. Despite their high-similarity in sequences and conservation in biochemical function, each member of the AUX/LAX family exhibits distinct spatiotemporal expression patterns and works either independently or coordinately in various developmental events (Péret et al., 2012; Swarup and Péret, 2012). AUX1, working together with the auxin efflux carrier PIN2 and AXR4 (required for the correct localization of AUX1 protein), plays a key role in root gravitropism (Swarup et al., 2001, 2005; Dharmasiri et al., 2006; Péret et al., 2012). Interestingly, though expressed in neighboring non-hair cells (but not in root hair cells), AUX1 can regulate root hair development and maintain root hair polarity by working together with PIN2 (Grebe et al., 2002; Jones et al., 2009). LAX2 is essential for vascular development in cotyledon (Péret et al., 2012), and all AUX/LAX influx carriers control vascular patterning and xylem differentiation in plant (Fàbregas et al., 2015). LAX3 and AUX1 coordinately regulates lateral root (LR) development, with the former in LR emergence step and the latter in LR initiation step, respectively (Marchant et al., 2002; Swarup et al., 2008). In the zone competent for LR formation, positive feedback regulation of AUX1 and down-regulation of PIN3 and PIN7 enhances the local auxin maxima, which leads to LR initiation and regulates longitudinal spacing of LRs (Laskowski et al., 2008). However, it was found that, though controlling normal LR frequency, AUX1 and PIN transporters were not involved in mechanical curvature-elicited LR formation, where a Ca2-dependent signaling pathway was suggested to operate in parallel with and possibly interact with the auxin-dependent pathway (Richter et al., 2009). Evidence showed that phyllotactic patterning occurred through the teamwork of all AUX/LAX genes (Stieger et al., 2002; Bainbridge et al., 2008; Swarup and Péret, 2012). In addition, AUX/LAX genes were also implicated in apical hook development (Vandenbussche et al., 2010) and embryonic root cell organization and plant embryogenesis (Ugartechea-Chirino et al., 2010; Robert et al., 2015).

A growing body of evidence has demonstrate that AUX/LAX auxin transporters play roles in plant adaptation to variable environmental conditions. AUX/LAX genes were involved in biotic interactions, both pathogenic and symbiotic, such as nodule formation in Casuarina glauca (Péret et al., 2007) and cyst nematode infection in Arabidopsis (Lee et al., 2011). In cotton, transcript profiling analysis revealed that two AUX/LAX auxin influx genes were significantly induced in anther by high-temperature stress in a high-temperature tolerant line, but not in a high-temperature sensitive line (Min et al., 2014). OsAUX1, which controls lateral root initiation, primary root and root hair elongation in rice (Yu et al., 2015; Zhao et al., 2015), was responsive to Cd stress (Yu et al., 2015), as well as to alkaline stress-mediated inhibition of root elongation (Li et al., 2015b). In Arabidopsis, AUX1 and PIN2 can protect LR formation under iron stress (Li et al., 2015a). Some members of the AUX/LAX gene family in sorghum and maize were in response to hormonal and abiotic stress treatments at transcriptional level (Shen et al., 2010; Yue et al., 2015).

Despite the remarkable progress in the model plant Arabidopsis, little is known about the auxin influx carriers in soybean. Soybean is one of the most economically important crops, being a major source of plant protein and oil as well as other beneficial chemicals for human (Chai et al., 2015). Understanding the role of soybean auxin influx carriers in plant growth, development, and response to environmental cues will help to facilitate our crop breeding process in order to increase soybean yield. Therefore, presented here is comprehensive information about soybean auxin influx carriers pertaining to their identification, chromosomal distribution, gene structure, tissue expression pattern, transcriptional response to auxin and abiotic stress, and promoter cis-regulatory element analysis, which could be useful for further study.

MATERIALS AND METHODS

Identification of the AUX/LAX Auxin Influx Carriers in Soybean and other Legumes

Putative AUX/LAX auxin influx carriers in soybean, common bean (Phaseolus vulgaris), and Medicago truncatula were identified by BLAST searches against the corresponding reference genomes at Phytozome v10.3 (http://phytozome.jgi.doe.gov/pz/portal.html) using the full-length protein sequences of all four Arabidopsis thaliana AUX/LAXs (AtAUX1 and AtLAX1-3) as queries. Following the same approach, putative LjLAX members were found from the Lotus japonicus genome assembly build 2.5 (http://www.kazusa.or.jp/lotus/).

Phylogenetic Analysis and Chromosomal Mapping of GmLAXs

Full-length protein sequences of AUX/LAXs from soybean, common bean, Medicago truncatula, Lotus japonicus, Arabidopsis, rice, maize, and sorghum were downloaded from Phytozome v10.3 website. Multiple-sequence alignments of the full-length protein sequences of AUX/LAXs were performed using Clustal Omega (McWilliam et al., 2013), and the alignment result of AUX/LAXs was provided in Supplementary File 1. The phylogenetic tree was then constructed by using the maximum likelihood method with a bootstrap analysis of 1000 replicates and the JTT with Freqs. (+F) Substitution Model using MEGA 5.2 (Tamura et al., 2011). Identification numbers of all AUX/LAXs protein sequences used in the phylogenetic analysis were listed in Supplementary Table S1.

Chromosomal distribution of GmLAXs was drawn from top to bottom on soybean chromosomes according to the position of genes in genome annotation. The circular map showing synteny blocks of soybean chromosomes was made using the online software SyMAP (Soderlund et al., 2011). Gene pairs with over 90% and highest nucleotide sequence identities were considered as duplicated genes, which were analyzed by the Lasergene v7.1 (DNASTAR, Madison, USA).

Gene Structure, Protein Profile, and Promoter Analysis

Gene structures of GmLAXs were constructed by comparing the coding sequences with their corresponding genomic sequences using Gene Structure Display Server (GSDS) software (Guo et al., 2007). Transmembrane domains of GmLAXs were analyzed and visualized using TMHMM2 (Krogh et al., 2001). Protein subcellular localization was predicted by WoLF PSORT (Horton et al., 2007). Other protein profiles of GmLAXs, such as protein length, molecular weight (MW) and isoelectric point (PI), were analyzed by Lasergene v7.1. Promoter sequences of 2000 base pairs upstream from the putative translation start site (ATG) of GmLAXs were downloaded from the Phytozome (v10.3) website. Stress-related cis-regulatory elements (Yamaguchi-Shinozaki and Shinozaki, 2005; Mochida et al., 2009; Naika et al., 2013) were analyzed following the same method (Chai et al., 2015).

Plant Growth, Treatment, and Tissue Collection

The soybean cultivar Williams 82 was used for all treatments. Plants were grown in 4- gallon pots containing a 3:1 mixture of turface and sand in growth chamber under the condition of 28/20°C day/night temperature, 14/10 h light/dark photoperiod, 800 μmol m−2 s−1 light intensity and 60% humidity. Abiotic stress and hormone treatments, and tissue collection were carried out as previously described (Tran et al., 2009; Chai et al., 2015; Wang et al., 2015). For mild and moderate drought treatments, the leaf water potentials were −7 bar and −13 bar, respectively, and they each had their own well-watered controls. Likewise, the IAA (50 μM) and ABA (150 μM) treatments had their own mock controls at each time point. The salt (250 mM NaCl) and dehydration treatments at all-time points shared the same non-treatment controls. Samples were collected in biological triplicates, frozen immediately in liquid nitrogen, and kept at −80°C until use.

RNA Isolation, Primer Designing, and qRT-PCR

RNA isolation, primer designing, qRT-PCR reactions, and data analyses were performed as previously described (Chai et al., 2015). Primer specificity was confirmed by blasting each primer sequence against the soybean genome and by electrophoresis. Three biological and two technical replications were used in all qPCR experiments. The soybean ubiquitin gene (Glyma.20G141600) was used as an internal standard for all qRT-PCR analysis. Quantitative PCR data were analyzed by using the comparative CT method (Schmittgen and Livak, 2008) in Microsoft Excel 2013, and statistical significance of fold change of gene expression (treatment/non-treatment control) was assessed by ANOVA and/or Student's t-test analysis. The primers used for qPCR analyses are provided in Supplementary Table S2.

RESULTS

Genome-Wide Identification of AUX/LAX Genes from Soybean and other Legumes

In order to explore the entire AUX/LAX gene family in soybean, BLAST searches against the soybean genome database (Glycine max Wm82.a2.v1) were conducted by using the Arabidopsis AUX/LAXs full-length protein sequences as queries. A total of 15 soybean GmLAXs were identified, which were designated as GmLAX1 through GmLAX15 according to their top-to-bottom positions on chromosomes from 1 to 18 (Supplementary Table S3), respectively. Using the same method, seven PvLAXs from common bean (Phaseolus vulgaris v1.0), five MtLAXs from Medicago truncatula (Mt4.0v1), and two LjLAXs from Lotus japonicus (genome assembly build 2.5) were identified. The soybean AUX/LAX gene family is expanded compared with other plant species. The number of AUX/LAXs is four in Arabidopsis (Péret et al., 2012), and five each in maize (Yue et al., 2015), rice (Shen et al., 2010; Zhao et al., 2015), and sorghum (Shen et al., 2010), respectively.

Phylogenetic Relationship of GmLAXs

Understanding the evolutionary relationships between GmLAXs and homologs from other plant species could be helpful in assessing their potential functions. Full-length protein sequences of 48 AUX/LAX genes from eight plant species, including four legumes (soybean, common bean, Medicago truncatula, and Lotus japonicus), three grasses (rice, maize and sorghum), and Arabidopsis, were used to construct the phylogenetic tree (Figure 1). The 48 AUX/LAX proteins were divided into five groups: I (AtAUX1-like, 10 members), II (AtLAX1-like, 7 members), III (legume-specific, 7 members), IV (AtLAX2-like, 15 members) and V (AtLAX3-like, 9 members). AUX/LAXs from the four legumes (or those from the three grasses) showed a very close phylogenetic relationship; while AUX/LAXs from the legumes and those from the grasses were evolved independently. The legume AUX/LAXs were classified into groups I, III, IV and V; while AUX/LAXs from the three grasses fell into groups II, IV, and V. There are five GmLAXs in the dicot-specific group I, four in the legume-specific group III, and four and two in group IV and V, respectively. The soybean GmLAXs showed the closest evolutionary relationships to the common bean PvLAXs. No AtLAX1 orthologs were found in soybean or other legumes.
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FIGURE 1. Phylogenetic relationships of the AUX/LAX auxin influx carriers from eight plant species. Protein sequences of 48 AUX/LAX auxin influx carriers from soybean, common bean, Medicago truncatula, Lotus japonicus, rice, maize, sorghum, and Arabidopsis (Supplementary Table S1) were used to construct the phylogenetic tree by the Maximum Likelihood method through MEGA 5.2 (Tamura et al., 2011). They were classified into five groups (I–V). The Arabidopsis AtGAT1 (AT1G08230.2), an H+-driven, high affinity gamma-aminobutyric acid transporter, was used as outgroup. The soybean GmLAXs were shown in bold font.



Chromosomal Distribution, Gene Structure, and Protein Profiles

The 15 GmLAXs were unevenly distributed on 10 out of the 20 soybean chromosomes (Figure 2), with two GmLAXs each on chromosomes 3, 4, 6, 11, and 18, and one each on chromosomes 1, 2, 7, 12, and 14. The soybean genome has undergone two rounds of whole-genome duplication during its evolution (Schmutz et al., 2010), so it would be interesting to see whether gene duplication occurred in the GmLAX gene family. Analysis of nucleotide and amino acid identities of GmLAXs revealed seven pair of duplicated genes, which shared over 95% identity at both the nucleotide and amino acid levels (Supplementary Table S4). Duplicated GmLAXs existed in the form of sister pairs in the phylogenetic tree (Figure 1), and they were linked together by lines in Figure 2A. The seven pairs of GmLAXs were all located in the duplication blocks on chromosomes (Figure 2B), indicating that they were formed during the most recent round of whole-genome duplication event.
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FIGURE 2. Chromosomal distribution of the soybean GmLAXs. (A) Chromosomal locations of GmLAXs were shown from top to bottom on corresponding chromosomes (Glycine max Wm82.a2.v1). Duplicated genes are linked by gray lines. (B) A circular map of soybean chromosomes was drawn by SyMAP (http://www.symapdb.org/), showing the soybean AUX/LAXs localization in synteny blocks.



All genes in the GmLAX family contained a conserved gene structure: eight exons and seven introns (Figure 3). GmLAX gene size varied greatly among members, mainly due to variations in intron sizes. Notably, duplicated genes or genes with closer evolutionary relationships had similar gene sizes. The encoded GmLAX proteins are of similar size, ranging from 465 to 506 amino acids. They shared other similar profiles, such as molecular weight and isoelectric point (Supplementary Table S3). Protein topology analysis revealed that all GmLAXs have a conserved core motif, which was composed of 10 transmembrane spanning domains (Supplementary Figure S1). Most of the GmLAXs were predicted to be plasma membrane-localized; while GmLAX2, 6, and 8 might be targeted to cytoplasm, and GmLAX13 targeted to both plasma membrane and cytoplasm (Supplementary Table S3).
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FIGURE 3. Phylogenetic relationships (A) and gene structures (B) of GmLAXs. The phylogenetic analysis was carried out using MEGA 5.2 (Tamura et al., 2011). Gene exon-intron structures were made using the Gene Structure Display Server (Guo et al., 2007).



Tissue/Organ-Specific Expression of GmLAXs

Gene functions are closely associated with where and how they are expressed. Transcript profiles of GmLAXs in seven tissues/organs (shoot apical meristem, flower, green pod, leaf, root, root tip, and nodule) were collected from soybean RNA-Seq data (Figure 4A, Libault et al., 2010). Gene expression patterns in root, stem, mature leaf, immature leaf, flower, pod, and seed at 14 and 21 days after flowering were studied using qRT-PCR (Figure 4B). Overall, the soybean GmLAXs showed very dynamic expression patterns. GmLAX5 and GmLAX7 were expressed at very low levels in almost all tissues. By contrast, GmLAX3 and GmLAX9 were expressed highly in most tissues. While for most GmLAXs, expressions were higher in some tissues/organs, but much lower or even barely detectable in others. For example, transcripts of GmLAX10 and GmLAX12 were higher in shoot apical meristem, root tip, and immature leaf, lower in root, stem, flower, and developing seeds, and almost undetectable in mature leaf, young pod and nodule. Another interesting scenario was that some duplicated genes, such as GmLAX10 and GmLAX12, and GmLAX9 and GmLAX15, exhibited similar expression patterns, but the expression levels in some tissues were quite different (Figure 4B).
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FIGURE 4. Tissue/organ expression profiles of GmLAXs. (A) Expression of 15 GmLAXs in shoot apical meristem, flower, green pod, leaf, root, root tip, and nodule. RNA-Seq data (Libault et al., 2010) are shown as a heat map. (B) GmLAXs gene expression in root, stem, mature leaf, immature leaf, flower, pod, and seed at 14 and 21 days after flowering was analyzed by qRT-PCR. Relative expression values of GmLAXs were multiplied by 1000 and visualized as a heat map. All heat maps in this study were made by using the BAR Heatmapper (http://bar.utoronto.ca/ntools/cgi-bin/ntools_heatmapper.cgi).



Expression Profiles of GmLAXs under Abiotic Stresses

Soybean is one of the most drought and salinity sensitive crops. Its yield is significantly influenced by these abiotic stresses. In order to explore whether any GmLAX genes are involved in abiotic stress response, expressions of GmLAXs were investigated under drought, salinity, and dehydration using qRT-PCR (Figure 5A). Twelve GmLAXs were responsive to drought stresses. Under mild drought stress, six GmLAXs were transcriptionally regulated, with most of them (four out of six) being up-regulated in either shoot or root. While upon moderate drought stress, all 10 responsive GmLAXs were down-regulated, with two specifically in shoot, six solely in root, and two in both shoot and root. The response of GmLAXs to drought stresses was in a tissue-specific and stress magnitude-specific mode (Figure 5B). For example, seven GmLAXs were responsive to only one drought stress treatment (mild or moderate) and in only one tissue (shoot or root). In some cases, the same gene was differentially regulated in different tissues. For instance, GmLAX9 and GmLAX15 were both up-regulated in shoots by mild drought stress but were down-regulated in roots by moderate drought stress (Figure 5A).
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FIGURE 5. Differential expression of GmLAXs in response to drought, salt, and dehydration. (A) Fold changes of GmLAXs gene expressions in shoots and roots under mild drought stress (−7 bar) and moderate drought stress (−13 bar) treatments, and in whole seedlings under salt (250 mM NaCl) and dehydration stress treatments. Data showed the means of three biological repeats in qRT-PCR analysis. Asterisks indicated fold changes (absolute value) ≥2 and P < 0.05 (Student's t-test). (B) Venn diagram analysis of data in (A). MS-L, mild drought stress-shoots; MS-R, mild drought stress-roots; SS-L, moderate drought stress-shoots; SS-R, moderate drought stress-roots; S-1 h, salt 1 h; S-5 h, salt 5 h; S-10 h, salt 10 h; S-24 h, salt 24 h; D-1 h, dehydration 1 h; D-5 h, dehydration 5 h; D-10 h, dehydration 10 h.



Quantitative-PCR analysis revealed that six GmLAXs were differentially expressed under salinity conditions and all of them were down-regulated (Figure 5). However, thirteen GmLAXs were down-regulated by dehydration. Of the 15 GmLAXs, three genes, i.e., GmLAX11, 2, and 13, were involved in responses to all three abiotic stresses, eight were exclusively responsive to drought and dehydration stresses, and two were specifically regulated by salt and dehydration stresses (Figure 5B). Only one gene was specifically responsive to salt stress, one to drought stress, and none of the 15 GmLAXs were dehydration-specific.

Expression Profiles of GmLAXs upon IAA and ABA Treatment

Auxin is primarily regarded as a hormone that regulates plant growth and development, and also an effective regulator of auxin carrier expression (Shen et al., 2010; Yue et al., 2015). As a stress hormone, ABA is involved in abiotic and biotic stress responses, and significant interactions between auxin and ABA signaling pathways have been well documented (Suzuki et al., 2001; Jain and Khurana, 2009; Anderson et al., 2012; Chen et al., 2014). In order to investigate whether the soybean GmLAXs were regulated by ABA and auxin, expression profiles of GmLAXs under treatments of these two hormones were analyzed by qRT-PCR (Figure 6A).
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FIGURE 6. Expression profiles of GmLAXs upon auxin and ABA treatments. (A) Fold changes of GmLAXs gene expression in shoots and roots under ABA (150 μM) and IAA (50 μM) treatments. Data showed the means of biological triplicates in qRT-PCR analysis. Asterisks indicated absolute fold changes (absolute value) ≥2 and P < 0.05 (Student's t-test). (B) Venn diagram analysis of data in (A). Summary of GmLAXs gene expression in shoots and roots under IAA and ABA treatments at all four time points.



Twelve GmLAXs were differentially regulated by auxin at the transcriptional level, with four specifically in shoot, two in root, and six in both root and shoot (Figure 6). The auxin-responsive genes in root were mostly up-regulated, but most of those in shoot were down-regulated. Interestingly, expressions of GmLAX10, 12, and 13 were mostly induced in both shoot and root within 5 h after auxin treatment. GmLAX3, 9, and 15 were depressed by auxin in shoot, but up-regulated in root (Figure 6A).

Upon ABA treatment, 12 GmLAXs were differentially expressed, with two exclusively in shoot, four in root, and six in both tissues (Figure 6). Notably, most of the ABA-responsive GmLAXs were only responsive at certain time point(s) after ABA treatment, and most of the ABA-responsive genes in root were up-regulated. Expressions of GmLAX3, 10, and 12 were induced by ABA in both shoots and roots (Figure 6A). Most interestingly, in both shoot and root, most auxin-responsive genes were also regulated by ABA (Figure 6B).

Analysis of Stress-Related Cis-regulatory Elements in the Promoters of GmLAXs

The versatile expression profiles of soybean GmLAX genes in different tissues/organs and in response to abiotic stresses and hormonal stimuli prompted us to explore cis-regulatory elements in their promoter sequences. A total of 17 stress-related cis-regulatory elements were found at variable numbers within the 2-kb promoter sequences of GmLAXs (Supplementary Table S5). Of them, the WRKY binding site (W-box: TTGACY) existed in all promoters of the 15 GmLAXs, with one to four sites at each promoter. Several other transcription factor binding sites, including the MYB box1 to 4, EE (Evening element), AuxRE (ARFs binding site), MYCR/NAC, and ABRE (ABA responsive element) were found in most of the GmLAX promoters at variable numbers.

DISCUSSION

Auxin is actively involved in various plant developmental processes (Petrasek and Friml, 2009; Swarup and Péret, 2012), as well as in plant responses to biotic and abiotic stresses (Kazan, 2013; Rahman, 2013). Control of these biological processes via auxin was achieved through its uneven distribution in plant, which was mainly mediated by coordinated actions of auxin influx and efflux transporters of three gene families: AUX/LAX, PIN, and PGP (Swarup and Péret, 2012). In this study, the soybean AUX/LAX gene family was identified genome-wide and their expression profiles were analyzed.

GmLAXs Are Putative Auxin Influx Transporters in Soybean

In the present study, a total of 15 members (GmLAX1 through GmLAX15) of the soybean AUX/LAX gene family were identified. The number of LAX genes in soybean is much larger than those from other plant species: three times the number of LAX genes in rice, maize, sorghum, or Medicago truncatula, and around twice the number in common bean (Figure 1). Although the absolute number of auxin influx transporter genes in soybean is much larger than those in other legume relatives, the ratio of LAX gene number to each genome size is comparable, indicating the expanded GmLAX gene family might be due to whole-genome duplication events during soybean evolution (Schmutz et al., 2010). This was further supported by gene duplication analysis and phylogenetic analysis (Figures 1, 2, and Supplementary Table S4), revealing seven pair of duplicated genes. The 48 AUX/LAXs from eight plant species were divided into five groups based on their phylogenetic relationships (Figure 1). The soybean GmLAXs in groups I, III, IV, and V might have experienced three, two, two and one round of duplication, respectively. However, the absence of legume LAXs from group II and the absence of grass LAXs from group I and III indicates gene loss from their ancestors during evolution.

Despite variance in gene and protein length, all GmLAXs exhibit a much conserved exon-intron organization with eight exons and seven introns (Figure 3). The gene structure of LAXs from other plants was less conserved compared to soybean (Stieger et al., 2002; Swarup et al., 2004, 2008; Kleine-Vehn et al., 2006; Bainbridge et al., 2008; Shen et al., 2010; Ugartechea-Chirino et al., 2010; Yue et al., 2015). Furthermore, all GmLAXs exhibited a conserved core motif with 10 transmembrane spanning domains (Supplementary Figure S1), suggesting that little has been changed in the protein structure of GmLAXs during evolution, probably due to its functional importance.

In spite of the significant conservation in gene and protein structure, expressions of GmLAXs at the transcription level among tissues/organs varied greatly (Figure 4). The high percent identity of duplicated genes at the protein level indicated that they might have conserved protein function as their Arabidopsis orthologs (Supplementary Table S1 and Figure 1). The tissue-specific expression profile analysis indicated that some duplicated gene pairs might play redundant roles in some tissues, such as GmLAX10 and GmLAX12 in shoot apical meristem, GmLAX6 and GmLAX8 in root tip, and GmLAX11 and GmLAX14 in developing seed, whereas only one copy of the duplicates might have function in some tissues, for instance GmLAX3 in mature leaf, and GmLAX9 in developing seed (Figures 1, 4). In Arabidopsis, all four AUX/LAX genes encode functional auxin influx carriers, but they have non-redundant and complementary expression profiles and play distinct functions: AtAUX1 functioning in root gravitropism (Swarup et al., 2001), LAX2 in vascular development and phyllotactic patterning by working together with LAX1 (Péret et al., 2012; Swarup and Péret, 2012), and LAX2 and LAX3 coordinately regulating lateral root development (Swarup et al., 2008). The soybean LAXs orthologs might play similar or very different roles during soybean development due to their versatile expression patterns. For example, the nine soybean AUX1 (Arabidopsis) orthologs, which forms two sub-groups in the phylogenetic relationship analysis, with one sub-group containing GmLAX1, 3, 4, 9, and 15, and the other GmLAX11, 14, 2, and 13, exhibit very different tissue expression profiles between members within the same sub-group or from different sub-groups (Figures 1, 4). Further detailed cell-type specific expression pattern analysis of GmLAXs in different tissues/organs and during different developmental processes will help to determine their specific gene functions.

GmLAXs Were Responsive to Abiotic Stresses, and Auxin and ABA Hormonal Signals

Under abiotic stresses such as drought and salinity, plants usually first adaptively decrease growth rate before growth stops or death occurs. The uneven distribution of auxin, which is mainly mediated via auxin transporters, plays a key role in plants' adaptation to adverse conditions by adjusting growth rate. Crosstalk between auxin and biotic and abiotic stress signaling has been reported in some plant species (Ghanashyam and Jain, 2009; Jain and Khurana, 2009). In soybean, genome-wide transcriptome analyses showed that many hormone-related genes were differentially expressed in leaf and root under water deficit conditions (Le et al., 2012; Song et al., 2016). Most members of the soybean PIN gene family were responsive to various abiotic stresses and phytohormone stimuli (Wang et al., 2015). However, the precise molecular mechanism regarding regulation of auxin transport and distribution, which were achieved by coordination of different auxin transporters, is largely unknown in soybean. In this study, responses of GmLAXs, putative auxin influx carriers in soybean, to abiotic stresses and hormone signals, including auxin and ABA, were investigated (Figures 5, 6). Most GmLAXs were down-regulated by drought and dehydration, while only six GmLAXs were responsive to salt stress, and all of them were down-regulated. Decreased expression levels of GmLAXs might reflect down-regulation of auxin up-taking and/or transport, which might result in decreased or ceased growth of soybean sink tissues. This could at least partially explain the lower biomass and yield of soybean under abiotic stresses (Liu et al., 2003). The expression patterns of GmLAXs under abiotic stresses were different from those of the maize AUX/LAXs, which were up-regulated by salt and drought stresses in shoots, but were repressed in the roots (Yue et al., 2015). Interestingly, the sorghum SbLAXs exhibited irregular expression patterns in response to drought and salt (Shen et al., 2010). These studies suggested that the three plant species might have different mechanisms in responding to these unfavorable environments.

Auxin and ABA are two of the most important plant hormones, regulating plant growth and plant responses to environmental stresses, in both independent and coordinated manners. Most recently, several reports have indicated that auxin might mediate plant's adaptions to its adverse environment (Kazan, 2013; Rahman, 2013). Evidence suggests that auxin transporters may play important roles during this process (Shen et al., 2010; Habets and Offringa, 2014; Yue et al., 2015). In Arabidopsis, ABA regulates root elongation through the activities of auxin and ethylene, likely operating in a linear pathway in this process (Thole et al., 2014), and ethylene inhibits root elongation through AUX1 and auxin biosynthesis-related genes during alkaline stress (Li et al., 2015b). In soybean, auxin accumulation and distribution in the root altered upon abiotic stress and hormonal treatments, and some GmPIN genes likely contribute to auxin redistribution under these conditions (Wang et al., 2015). Therefore, auxin transporters might at least partially mediate the crosstalk between auxin, ABA and abiotic stresses. Our study revealed that many soybean GmLAXs were transcriptionally responsive to auxin and ABA stimuli (Figure 6). Interestingly, expressions of GmLAX10 and 12 were induced by auxin and ABA in both root and shoot. The versatile expression responses of GmLAXs to the two hormones and abiotic stresses imply that these genes were under control of a very complex regulatory network. This was further supported by our analysis of stress-related cis-regulatory elements in promoters of GmLAXs (Supplementary Table S5). In response to various internal and external signals, the soybean GmLAXs might be actively involved in regulation of auxin distribution, thereby leading to plant growth adjustment and adaption to environmental stress conditions, by working together with other auxin transporters, such as PINs and PGPs.

Our study provides basic information on the soybean GmLAX gene family, and advances our knowledge on how these soybean auxin influx carriers function at the transcriptional level during plant development and adaption to adverse environments. This will help to identify candidates for further investigation and accelerate the research on abiotic stress tolerance mechanisms and development of soybean with improved plant performance.
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GmAGL1, a MADS-Box Gene from Soybean, Is Involved in Floral Organ Identity and Fruit Dehiscence
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MADS-domain proteins are important transcription factors involved in many aspects of plant reproductive development. In this study, a MADS-box gene, Glycine max AGAMOUS-LIKE1 (GmAGL1), was isolated from soybean flower. The transcript of GmAGL1 was expressed in flowers and pods of different stages in soybean and was highly expressed in carpels. GmAGL1 is a nucleus-localized transcription factor and can interact directly with SEP-like proteins in soybean flowers. Ectopic overexpression of GmAGL1 resulted in the absence of petals in Arabidopsis. Moreover, morphological changes in the valves were observed in 35S:GmAGL1 Arabidopsis fruits that dehisced before the seeds reached full maturity. GmAGL1 was found to be sufficient to activate the expression of Arabidopsis ALC, IND, STK, SEP1, and SEP3. Therefore, our data suggest that GmAGL1 may play important roles in both floral organ identity and fruit dehiscence.

Keywords: AGAMOUS-LIKE1, soybean, fruit dehiscence, floral organ identity genes, protein interactions

INTRODUCTION

Angiosperms, or flowering plants, are the most diverse and numerous groups of plants. Despite their diversity, the most remarkable features distinguishing them from gymnosperms are their flowers and the production of fruits that contain seeds. Most flowers are composed of four types of floral organs with external sterile organs (sepals and petals) surrounding the reproductive structures (stamens and carpels) located in the center (Robles and Pelaz, 2005). The fertilized carpels give rise to the fruits, which protect the developing seeds and ultimately disperse the mature seeds into the environment. The vast majority of crops in the world are angiosperms, therefore, the regulation of flower and fruit development directly affects the economic benefits in agricultural production. Understanding the genetic factors regulating flower and fruit patterning may help to improve crop breeding.

Flower development has been the subject of intensive study for over the past 20 years. These studies led to the establishment of the well-known ABCDE model that explained the genetic regulation of floral organ identity determination. This model proposes that five classes of genes (A, B, C, D, and E) act in a combinatorial way to specify the distinct floral organs (Theissen and Saedler, 2001). The A+E protein complex determines sepals, the A+B+E complex specifies petals, the B+C+E complex specifies stamens, the C+E complex specifies carpels and the D+E complex determines the ovules (Colombo et al., 1995; Theissen and Saedler, 2001). In Arabidopsis, the class A genes are APETALA1/2 (AP1/2) (Mandel et al., 1992; Jofuku et al., 1994); the class B genes are AP3 (Jack et al., 1992) and PISTILLATA (PI) (Goto and Meyerowitz, 1994); the class C gene is AGAMOUS (AG) (Yanofsky et al., 1990); the class D genes are SEEDSTICK (STK) and SHATTERPROOF1/2 (SHP1/2) (Favaro et al., 2003); and the class E genes are SEPALLATA1/2/3/4 (SEP1/2/3/4) (Pelaz et al., 2000). Interestingly, all of these floral organ identity genes except AP2 belong to the MADS-box gene family. Moreover, orthologs of these genes have been found in many other species, such as other eudicots, monocots, and even in gymnosperms (Robles and Pelaz, 2005; Arora et al., 2007; Katahata et al., 2014).

The genetic networks controlling fruit patterning are well-characterized in many plants (White, 2002; Xue et al., 2012; Karlova et al., 2014). In the model plant Arabidopsis, the fruit is a dry pod derived from two fused carpels called a silique. During dry fruit development, one main process is the differentiation of tissues required for dehiscence (Robles and Pelaz, 2005). Many genes related to fruit dehiscence have been identified. The MADS-box transcription factors SHP1 and SHP2 (previously named AGL1 and AGL5) are the primary regulators of dry fruit dehiscence (Liljegren et al., 2000). Although SHP genes have been shown to specify carpel identity in a transcriptional complex (Favaro et al., 2003), they are best known for their functions in the differentiation of the dehiscence zone and the lignification of adjacent cells (Liljegren et al., 2000). Mutations in the SHP genes lead to indehiscent fruits, thus, inhibiting the seed dispersal process. SHP genes act at the top of the genetic regulatory hierarchy in valve margin formation and positively regulate INDEHISCENT (IND) and ALCATRAZ (ALC), which are two bHLH transcription factors also required for correct valve margin development (Rajani and Sundaresan, 2001; Liljegren et al., 2004). The expression of SHP1, SHP2, IND, and ALC in the valve margins is negatively controlled by FRUITFUL (FUL). As a MADS-box transcription factor, FUL is responsible for both ovary growth and valve cell differentiation (Ferrandiz et al., 2000; Liljegren et al., 2004).

Soybean (Glycine max [L.] Merr.) is an economically important global crop and it is now the main source of vegetable oil and protein. The development of flowers and pods directly affects seed yield and quality. Additionally, soybean is a self-pollinated crop, the anther and stigma of which are enclosed by the wing flap and keel. This floral morphology causes difficulties in cross-pollination and prevents crossing within or between individuals, which is unfavorable for soybean hybrid breeding (Huang et al., 2014). Therefore, genetic modification of the perianth is a priority in soybean hybrid breeding. The studies on MADS-box genes related to floral morphology will facilitate the production of valuable plant materials that have potential applications in soybean hybrid breeding. Based on a previous study on gene expression analysis by Affymetrix Gene Chip (Huang et al., 2009), a Glycine max AGAMOUS-LIKE1 gene (Probe ID: Gma.11881.1.A1_at) was found to predominantly accumulate in soybean flowers and pods, indicating its role in floral organs and fruit development (Ma et al., 1991; Flanagan et al., 1996). We isolated GmAGL1 from soybean flower and characterized its spatial and temporal expression patterns. As a MADS domain protein, GmAGL1 is a nucleus-localized transcription factor and functions in a multimeric complex with SEP-like proteins. GmAGL1 was sufficient to activate the expression of ALC, IND, STK, SEP1, and SEP3 in Arabidopsis. The ectopic overexpression of GmAGL1 resulted in an abnormal floral organ identity in Arabidopsis, in which the petals were completely absent. Moreover, morphological changes in the valves were observed in 35S:GmAGL1 fruits that dehisced before the seeds reached full maturity.

MATERIALS AND METHODS

Plant Materials and Growth

Soybean plants (cv. Jackson) were grown under field conditions in Nanjing Agricultural University, China. Young leaves, roots, stems and shoot apical meristems (SAMs) were collected at the third euphylis expanding stage. Flowers were harvested at different stages from tiny buds to mature flowers. Four types of floral organs were obtained from mature flowers. The developing pods were harvested at 5, 10, 20, 30, and 40 DAF (day after flowering). Seeds at 20 DAF were dissected to collect the seed coat, embryo and cotyledon under a dissection microscope with surgical blades and tweezers. All of these samples were lyophilized and stored at -80°C until used.

Arabidopsis thaliana, ecotype Columbia-0, was used for GmAGL1 ectopic expression experiments. All plants were grown in a growth room at 22°C with 16 h light/8 h dark.

Isolation of GmAGL1 Gene by RACE

Based on the sequence information from NCBI1, the fragment (GenBank accession No: AW433203) was found to have an incomplete ORF. The rapid amplification of cDNA using the end (RACE) technique was employed to identify both the 3′- and 5′-ends of GmAGL1 cDNA with a SMARTTM RACE cDNA Amplification Kit (Clontech, USA). The 3′-end was amplified from flower cDNA by two nested PCR reactions, using the gene specific primer 3′-GSP (5′-GAGAAAGCACAACAACGGCAACAG-3′) for the first round PCR and another gene specific primer 3′-NGSP (5′-GCGAGTCAACCATACCTCCA-3′) for nested PCR. For 5′-end amplification, the two primers used were 5′-GSP (5′-TGGAGGTATGGTTGACTCGCACA-3′) and 5′-NGSP (5′-CCGTTGTTGTGCTTTCTCGTGTTC-3′). All the PCR products were gel purified, cloned into pGEM®-T easy vectors (Promega, USA) and sequenced (Invitrogen, Shanghai). According to the RACE results, the primer pair (sense: 5′-GCATAACACCAAAGAACTAC-3′ and anti-sense: 5′-TCACGAAACATAGGACGATT-3′) was used to isolate the intact ORF of GmAGL1 by RT-PCR.

Sequence and Phylogenetic Analysis

The ORF of GmAGL1 and its deduced protein sequence were analyzed by BioXM (ver 2.6). Conserved domains were analyzed by SMART2. The sequences of another published MADS-box genes were obtained from NCBI using BLASTP3. Multiple alignments were conducted with ClustalX 2.0 and viewed with GeneDOC. Sequences selected for the phylogenetic analysis were GmAGL1, the ABCDE classes of MADS-box proteins from Arabidopsis and previously reported AG homologs from several species. The accession numbers of the protein sequences are listed in Supplementary S2. The ML (Maximum Likelihood) phylogenetic tree was constructed using MEGA 6.0 with the following parameters: bootstrap method with 1,000 replications, “Jones-Taylor-Thornton (JTT)” as the substitution model, “complete deletion” for gaps/missing data treatment and other parameters with a default value.

Gene Expression Analysis

Total RNA was isolated using an RNA Plant Extraction Kit (TIANGEN, China) and reverse transcribed by AMV reverse transcriptase (Takara, Japan) as described in the manufacturer’s instructions. GmAGL1 specific primers were synthesized as follows: sense: 5′-GCTGAACACGAGAAAGCACA-3′; anti-sense: 5′-GGCACTCTCCTTCACGAAAC-3′. Semi-quantitative RT-PCR assay was performed as previously described (Huang et al., 2006). Real-time PCR was carried out with a Bio-RAD iQ5 real-time PCR system (Bio-Rad, USA) using SYBR® Green Real-time PCR Master Mix QPK-201 (Toyobo Japan). The Tubulin gene (GenBank accession No: AY907703) was quantified to normalize the amount of total transcript. The relative expression of GmAGL1 was calculated according to the method of 2-ΔΔCt (Livak and Schmittgen, 2001).

For the expression analysis of MADS-box genes in transgenic Arabidopsis, total RNA was prepared from the flowers of the wild-type and 35S:GmAGL1 plants. The Arabidopsis TIP4 gene was used as an internal control. The primers for each MADS-box gene are shown in Supplementary Table S2.

Subcellular Localization of GmAGL1

The coding region of GmAGL1 was amplified with a sense primer (5′-CTAGTCTAGAATGGAATTTCCCAACGAAGC-3′) containing an Xba I site and an anti-sense primer (5′-CGCGGATCCGACAAGTTGAAGAGCAGTCTGGTC-3′) containing a BamH I site. The PCR product was correctly inserted into the Xba I and BamH I sites of vector pAN580, generating a GmAGL1:GFP in-frame fusion protein. This construct was then introduced into Arabidopsis leaf protoplasts via PEG-mediated transformation. The protoplasts were incubated under weak light for 12 h to 16 h and observed with a LSM 700 exciter confocal laser scanning microscope (Carl Zeiss). The excitation wavelength used for GFP was 488 nm.

Ectopic Expression in Arabidopsis

The plant overexpression vector pMDC32 was used for Arabidopsis transformation and contained a double 35S CaMV promoter. The GmAGL1 ORF from the start to stop codons was cloned into pMDC32 by GatewayTM Technology (Invitrogen Shanghai). Col-0 plants were transformed with this construct by Agrobacterium tumefaciens using the floral dip method. Transgenic seeds were germinated on solid MS medium containing 20 μg/mL Hygromycin B. Resistant seedlings were transferred to soil and further analyzed by PCR and qRT-PCR.

Scanning Electron Microscopy

Fruits from wild-type and 35S:GmAGL1 Arabidopsis plants were vacuum infiltrated with 4% glutaraldehyde in 25 mM phosphate buffer (pH 7.0) for 10 min and fixed with fresh solution for 16 h at 4°C, washed subsequently in 25 mM phosphate buffer (pH 7.0) and incubated for 4 h in 1% osmic acid. Samples were dehydrated gradually in an ethanol series of 30, 50, 70, 80, 95, and 100% and then critical point dried in liquid CO2. Dried samples were covered with gold in a Nanotech sputter coater and examined with a scanning electron microscope (Philips SEM-505).

Yeast Two-Hybrid Assay

To screen the GmAGL1 interaction proteins in vivo, the yeast two-hybrid (Y2H) screen of the soybean cDNA library was performed by the ProQuestTM Two-Hybrid System (Invitrogen). The coding region of GmAGL1 was recombined in a pDEST32 vector that carried a GAL4 DNA-binding domain to generate the bait construct. The Y2H cDNA library prepared from soybean flowers was used as prey and co-transformed with the bait into MaV203 yeast competent cells according to the manufacturer’s protocol. Transformants were then cultured on SC-Leu-Trp-His-master plates supplemented with 40 mM of 3-aminotriazole (3-AT). The positive clones were verified by retransformation.

Bimolecular Fluorescence Complementation (BiFC)

The coding sequences for GmAGL1, GmSEP1 (GenBank accession No: DQ159905) (Huang et al., 2009) and GmSEP3 (GenBank accession No: AJ878424) (Huang et al., 2014), were cloned into vector pUC-SPYCE (C-YFP, 156–239 amino acid) to generate the C-terminal in-frame fusions with C-YFP, whereas GmAGL1 coding sequences were introduced into pUC-SPYNE (N-YFP, 1–155 amino acid) to form N-terminal in-frame fusions with N-YFP. The plasmids were co-transformed into onion epidermal cells to verify the interaction between proteins by gold particle bombardment, with a concentration ratio of 1: 1. Two days after bombardment, imaging of co-expressed YFP fragment signals was examined with a confocal fluorescence microscope. The primers used for bimolecular fluorescence complementation (BiFC) are shown in Supplementary Table S3.

RESULTS

Isolation and Sequence Analysis of AGAMOUS-LIKE1 from Soybean

The complete GmAGL1 including 729 bp of ORF (GenBank accession No: KY321171) was isolated from soybean flower cDNA by RT-PCR and sequenced (Supplementary S1). GmAGL1 encodes a predicted protein of 242 amino acids with a calculated molecular mass of 27.90 kDa and a pI of 9.55. GmAGL1 contained the conserved domains that characterize MADS-box proteins: MADS domain, I domain and K domain (Figure 1). Although the C-terminal region was highly divergent, there were two short conserved motifs: the AG motifs I and II (Figure 1). Alignment analysis of amino acid sequences showed that GmAGL1 shared 86% identity with M8 (Pisum sativum, AAX69070) and 84% identity with LjAGL1 (Lotus japonicus, AAX13305). Compared with other well-known MADS-box proteins, GmAGL1 was 72% identical to SHP1/2 of Arabidopsis (Liljegren et al., 2000) and 78% identical to PPERSHP of Peach (Tani et al., 2007).
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FIGURE 1. Sequence alignment and phylogenetic analysis of GmAGL1. (A) Clustal X alignment of the deduced amino acid sequence of GmAGL1 and other AG proteins: AG (AEE84111), SHP1 (AEE79829), SHP2 (AAU82070) and PLE (AAB25101). The highly conserved region, MADS domain, is double-underlined. The K domain is underlined. The AG motifs I and II are boxed at the C terminus. ▲ marks the bipartite NLS. (B) Phylogenetic relationships of ABCDE class proteins in Arabidopsis and AG proteins in another species. The phylogenetic tree was generated from full-length amino acid sequences by MEGA 6 using the Maximum Likelihood method. Am (Antirrhinum majus), At (Arabidopsis thaliana), Ce (Cymbidium ensifolium), Gh (Gerbera hybrid), Gm (Glycine max), Lj (Lotus japonicus), Mmon (Medicago monspeliaca), Mpol (Medicago polyceratia), Nt (Nicotiana tabacum), Ph (Petunia hybrida), Pp (Prunus persica), Prt (Prunus triloba), Ps (Pisum sativum), Si (Solanum lycopersicum), and Vv (Vitis vinifera). AGL63 was used as an outgroup. The accession numbers of the protein sequences are listed in Supplementary S2.



To determine the evolutionary relationship of GmAGL1 with other known ABCDE class proteins from Arabidopsis, we used the overall amino acid sequences were used for phylogenetic analysis. GmAGL1 is located in the AGAMOUS (AG) subfamily that comprises the conserved euAG and PLENA (PLE) lineages in core eudicots (Figure 1) (Kramer et al., 2004). GmAGL1 was highly homologous to PLE proteins in legumes and Arabidopsis, suggesting that it belonged to PLE lineage and may function as a class D gene in the ABCDE model.

Expression Patterns of the GmAGL1 during Reproductive Growth

GmAGL1 is specifically expressed in flowers and pods of different stages (Figures 2C–F), but not in roots, stems, and leaves (Figure 2A). Its expression was detected at early stages and increased gradually with the process of flower and pod development (Figures 2C–F). In floral organs, GmAGL1 transcripts showed strong expression in carpels and less expression in sepals (Figure 2B). In the developing seed, GmAGL1 was exclusively expressed in the seed coat, which was derived from ovule integument after fertilization (Supplementary Figure S1). The gene expression profile indicates that GmAGL1 may play important roles in carpel and pod development.
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FIGURE 2. Real-time PCR analysis of GmAGL1 expression in different organs and at different developmental stages. (A) Gene expression profile of GmAGL1 in vegetative organs, flowers and pods. (B) Expression profile of GmAGL1 in floral organs. (C) Expression profile of GmAGL1 in developing pods at the five developmental stages (1–5) illustrated in (E). (D) Expression profile of GmAGL1 in developing flowers at the four developmental stages (1–4) illustrated in (F). The error bars represent SD based on three replicates.



Nuclear Localization of GmAGL1

Because the highly conserved MADS domain contains a putative nuclear localization signal (NLS) (Immink et al., 2002), GmAGL1 was predicted to be localized in the nucleus (Figure 1). To confirm the localization in plant cells, GmAGL1 was fused with GFP, under the control of a 35S promoter, and transiently expressed in Arabidopsis protoplasts. Confocal green fluorescence imaging revealed that GmAGL1–GFP fusion protein was located in the nucleus, whereas free GFPs, 35S:GFP, were distributed throughout the whole cell (Figure 3).
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FIGURE 3. Subcellular localization of GmAGL1. GmAGL1-GFP fusion proteins were driven by CaMV 35S promoter and transiently expressed in Arabidopsis leaf protoplasts. Photographs were obtained with a confocal microscope. (A–C) are images of 35S:GFP as controls; (D–F) are images of GmAGL1-GFP. The arrow shows the location of GmAGL1. Scale bars = 8 μm.



Phenotypic Changes in GmAGL1 Ectopic Expression Lines

To characterize the function of GmAGL1 further, we examined transgenic Arabidopsis plants that were constitutively expressed GmAGL1 under the control of the cauliflower mosaic virus 35S promoter (35S:GmAGL1). The overexpression of GmAGL1 significantly affected the development of the transgenic Arabidopsis, which flowered substantially earlier than the flowers of wild-type plants (Figure 4A). The number of leaves produced in the transgenic lines at bolting was significantly different from that in the wild-type plants. The transgenic lines produced on average 9 leaves before flowering, whereas wild-type plants produced approximately 17 leaves (Figure 4B). Flowers from plants highly expressing GmAGL1 showed an abnormal morphology, in which all the petals were absent (Figures 5A–D). After fertilization, the senescence and abscission of sepals were significantly delayed in transgenic plants, and green unabscised sepals were observed even in the matured siliques (Figure 5E).
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FIGURE 4. Early flowering in 35S:GmAGL1 transgenic Arabidopsis plants. (A) Image of wild-type plants (WT) and transgenic plants (35S:GmAGL1) overexpressing GmAGL1 at 6 weeks after germination. (B) Comparison of leaf numbers at bolting between 35S: GmAGL1 and WT plants. Values correspond to the average leaf numbers at bolting. Error bars represent the standard deviation. An asterisk indicates a significant difference (t-test, P < 0.01) between transgenic and wild-type plants.
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FIGURE 5. Abnormal morphology of flowers and siliques in 35S:GmAGL1 transgenic Arabidopsis plants. (A,B) The wild-type flowers at anthesis showing four petals surrounding the stamen and stigma. (C,D) 35S:GmAGL1 flowers. Note the complete absence of petals. (E) The siliques from three 35S:GmAGL1 lines (1–3) are short and yellowish-green with unabscised sepals, compared to those from wild-type (WT). (F) The closer view of the siliques. (G) The silique of 35S:GmAGL1 dehisced before the valves turned yellow and the seeds reach full maturity, which was much earlier than in wild-type (WT).



Moreover, phenotypic differences between the developing fruits of 35S:GmAGL1 and wild-type plants were also observed. 35S:GmAGL1 fruits were shorter in length and appeared yellowish-green compared to the long and dark green color of wild-type fruits (Figure 5E). The valve margins of 35S:GmAGL1 fruits were more remarkable than those of wild-type fruits (Figure 5F). To gain a clear observation, scanning electron microscopy was used to examine the morphological changes in the fruits. The outer epidermis of 35S:GmAGL1 fruit valves differed from that of wild-type fruit valves. The valve margins were significantly wider and thinner compared to wild-type fruits (Figures 6A–D). The microscopic cross section of the transgenic siliques cracking are showed a less condensed structure and reduced thickness (Figures 6E–H). In the premature fruits, dehiscence occurred in the valve regions while the seeds were still fresh and green, resulting in early seed dispersal (Figure 5G). These gain-of-function analyses suggest that GmAGL1 has a direct role in promoting valve development and regulating fruit elongation and dehiscence.
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FIGURE 6. Scanning electron micrograph of 35S:GmAGL1 transgenic Arabidopsis silique. (A–D) The epidermal cells morphology in silique of wild-type and 35S:GmAGL1. (E–H) The cross sections cellular structures in siliques of wild-type and 35S:GmAGL1 plants. Arrows mark the dehiscence zones. Scale bar = 100 μm.



Expression Analysis of Genes in Transgenic Arabidopsis

GmAGL1 was localized to the nuclear compartments of plant cells, indicating that it might regulate gene expression as a transcription factor. Based on the function of GmAGL1, as revealed by its constitutive expression, we studied the expression of five genes involved in flowering and fruit development in the 35S:GmAGL1 flowers. It was observed that the Arabidopsis homologs of the fruit dehiscence related genes, ALC, IND and STK, showed more accumulation in 35S:GmAGL1 compared to wild-type plants (Figure 7). As will be described later in the Y2H screen, GmAGL1 interacted with SEP homologs. The expression levels of both SEP1 and SEP3 were increased in the 35S:GmAGL1 Arabidopsis (Figure 7). These results suggested that GmAGL1 might directly regulate the expression of these genes to control flower development and fruit dehiscence.


[image: image]

FIGURE 7. Real-time PCR analysis of flowering and fruit dehiscence related gene expression in 35S:GmAGL1 transgenic Arabidopsis flowers. The TIP4 gene was used as an internal control. The primers for quantitative RT-PCR are shown in Supplementary Table S2. The error bars represent SD based on three replicates.



Screening of GmAGL1 Interaction Proteins in Flowers

We applied a GAL4-based experiment to screen for the proteins that interact directly with GmAGL1. As shown in Supplementary Figure S2, the yeast cells containing BD-GmAGL1 could not grow on the SC-Leu-Try-His+40 mM 3AT medium, nor could the negative self-activation control. This suggests that GmAGL1 exhibits no transactivation activity and can be used as bait to perform a Y2H screen. As a result, we identified four proteins as interacting proteins of GmAGL1, which were named Interaction Protein 1 to Interaction Protein 4 (IP1∼4) (Supplementary Table S1). Two of these were SEP1-like proteins (IP1/3), one was a SEP3-like protein (IP2), and one was a putative CHUP1 protein (IP4). IP1 (Glyma18g50900), IP2 (Glyma08g11120), and IP3 (Glyma08g27670) were highly similar to homologs of SEP in the MADS-box gene family. This result suggests that GmAGL1 and SEP-like proteins in soybean can interact in specific manners and form macromolecular complexes to regulate flower and fruit development.

GmAGL1 Interacts with Soybean SEP Homologs in the Nucleus

The interactions between GmAGL1 and SEP homologs were further confirmed in vivo by BiFC assay. Two SEP functional homologs studied in soybean (Huang et al., 2009, 2014) were inserted into pUC-SPYCE (GmSEP1/3-C-YFP). Using particle bombardment, GmAGL1-N-YFP and GmSEP1/3-C-YFP were co-transformed into onion epidermal cells. Fluorescence confocal microscopy showed that BiFC signals were present in the nuclear compartments of transformed cells (Figure 8). GmAGL1-N-YFP and pUC-SPYCE, pUC-SPYNE and GmSEP1/3-C-YFP, pUC-SPYNE and pUC-SPYCE – as negative controls – were separately bombarded into onion epidermal cells, after which no fluorescence was detected (Supplementary Figure S3). These experiments demonstrated that GmAGL1 interacted with soybean SEP homologs in the nucleus.
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FIGURE 8. Bimolecular fluorescence complementation (BiFC) analysis of GmAGL1 interactions in planta. Fluorescence was observed in the nuclear compartment of onion epidermal cells and results from complementation of the N-terminal part of the YFP fused with GmAGL1 (GmAGL1-N-YFP) with the C-terminal part of the YFP fused with soybean SEP homologs (GmSEP1/3-C-YFP). No fluorescence was observed when GmAGL1-N-YFP was co-expressed with GmAGL1-C-YFP. Bright-field images, YFP epifluorescence images and overlay images of the same cells are shown. Scale bar = 100 μm.



GmAGL1 Cannot Form Homodimers

The BIFC system was also used to detect whether GmAGL1 can form homodimers. Full-length GmAGL1 sequences were inserted into pUC-SPYNE and pUC-SPYCE to construct the recombinant plasmids GmAGL1-N-YFP and GmAGL1-C-YFP, respectively, where GmAGL1 was in-frame fused with the N-terminus and C-terminus of YFP. GmAGL1-N-YFP and GmAGL1-C-YFP were co-expressed in onion epidermal cells through particle bombardment, but no YFP signals were found (Figure 8). These results indicated that GmAGL1 did not interact with itself in plant cells, i.e., GmAGL1 cannot form homodimers.

DISCUSSION

The MADS-box transcription factor family is a large family that controls flower and fruit patterning in plants. To date, many members of this family have been identified and extensively studied in different plant species. However, much less is known about their functions in the developmental processes of soybean (Huang et al., 2014). In a previous study, genome wide expression profiles of soybean genes were investigated by Affymetrix Gene Chip in roots, leaves, flowers and pods (Huang et al., 2009). Some MADS-box genes were found to be primarily expressed in both flowers and pods. The roles of these genes are still not clear and require further functional analysis. In this study, we functionally characterized a soybean MADS-box gene, GmAGL1.

GmAGL1 is a MIKCc type MADS-box protein encoded by genomic DNA, as it possesses a modular structure where the MADS (M) domain is followed by an intervening (I), a keratin (K) and a C-terminal (C) domain (Theissen et al., 1996; Kaufmann et al., 2005). Two short regions of high conservation, the AG motifs I and II, were identified in the variable C domain. These two motifs are conserved in the AG subfamily (Kramer et al., 2004). Ectopic expression of an AG protein lacking the C-terminal produced ag-like flowers in transgenic Arabidopsis, indicating that these AG motifs are required for the correct function of AG proteins in plant development (Mizukami et al., 1996). Phylogenetic analyses also showed that GmAGL1 was clustered into the AG subfamily and closely allied with the PLE lineage. Members of the AG subfamily have been characterized from angiosperms as master regulators of stamen, carpel and ovule identities. They play important roles after fertilization in the developing fruits and seeds. These studies also demonstrated that AG-like genes retain functional conservation within flowering plants (Dreni and Kater, 2014). The functional conservation of AG homologs suggests that GmAGL1 might have central roles in regulating soybean floral organ identity and pod development.

Previous results showed that GmAGL1 was exclusively expressed in flowers and pods. We found that GmAGL1 was specifically expressed in carpels, pod walls and seed coats, but only weak expression was seen in sepals. The transcript was detected at all stages of flower and pod development. The expression pattern of GmAGL1 was similar to that observed for other AG-like genes. For instance, the transcript of PPERSHP was detected primarily in carpels and accumulated throughout fruit development from full anthesis until fruit harvest (Tani et al., 2007). AGL1 was preferentially expressed in particular regions of the gynoecium and ovule, only during and after floral development (Flanagan et al., 1996). The spatial and temporal expression profiles of AG-like genes are closely aligned with their conserved functions in carpel and pod development.

Consistent with a role as a transcription factor, GmAGL1 was localized in the nucleus and contained putative DNA-binding domain in the N-terminus. Nevertheless, none of the putative motifs related to transcriptional activation were found in the conserved domain analysis of GmAGL1. The full length of GmAGL1 also exhibited inactivity in the self-activation test in the Y2H system. Thus far, the ability of transactivation has not been described in AGL1 proteins. Interestingly, the proteins that directly interact with GmAGL1 were obtained from a soybean flower cDNA library by a yeast two-hybrid screen. It was also reported that AP1 and SEP3 added transcriptional activator activity to PI–AP3 and AG by the formation of complexes (Honma and Goto, 2001). Therefore, we predict that GmAGL1 might allow transcriptional regulation of target genes as an activator in a combinatorial way by interacting with other factors.

It is well-known that MADS domain proteins do not exert their functions as monomers, but rather they form multimeric protein complexes with other proteins (de Folter et al., 2005; Immink et al., 2010). In this study, a screen of a cDNA expression library with the yeast two-hybrid GAL4 system was performed to unravel the protein–protein interaction network for GmAGL1. As a result, three putative MADS-box transcription factors were identified as GmAGL1 interaction partners from soybean flowers. Interestingly, all these proteins belonged to the SEP subfamily, indicating that the function of GmAGL1 in promoting carpel identity may be based on a biochemical interaction with SEP proteins. In Arabidopsis, three SEP factors, SEP1, SEP2 and SEP3, which are closely related and functionally redundant, were necessary to determine the identities of petals, stamens, and carpels (Pelaz et al., 2000). In addition, protein-protein interaction studies have revealed that MADS-box proteins are dependent for their function of floral organ identity on the interaction with SEP proteins (Honma and Goto, 2001). These findings contributed to the proposal of the genetic ABCDE model for flower development, which demonstrated that the members of SEP proteins (E-class) act as bridges allowing the formation of higher order complexes (Theissen and Saedler, 2001). The study also showed that the complexes composed of AGL1 and SEP homologous proteins are probably able to promote carpel identity in the absence of AG and AP2 (Favaro et al., 2003).

To investigate the biological function in planta, we overexpressed GmAGL1 in transgenic Arabidopsis. We observed flowers with abnormal morphology wherein the petals were absent. The senescence and abscission of sepals were delayed in the developing transgenic siliques. These observations suggested that GmAGL1 may have a similar activity to the C function gene AG, whose overexpression caused homeotic conversion of perianth organs by suppressing A function genes (Mizukami and Ma, 1995). In Arabidopsis, SHP1/2 have retained the ability to substitute for AG activity, as the flowers constitutively expressing SHP1 or SHP2 showed a phenotype similar to those constitutively expressing AG (Liljegren et al., 2000). The introduction of 35S:SHP2 into ag mutants was sufficient to rescue stamen and carpel development (Pinyopich et al., 2003). Many studies have shown that the overexpression of AG-like genes would alter floral organ identities in the two perianth whorls (Liljegren et al., 2000; Boss et al., 2001; Vrebalov et al., 2009; Gimenez et al., 2010). In addition, GmAGL1 interacted with soybean SEP-like proteins and promoted SEP expression in Arabidopsis. SEP-like proteins are necessary to determine the identities of petals, stamens and carpels (Pelaz et al., 2000; Huang et al., 2014). GmAGL1 might interfere with the activity of petal specification genes through competition for interacting partners.

In general, fruits are derived directly from the carpels. Therefore, any mutation that affects carpel development has an effect on fruit development. GmAGL1 is also important for fruit development. The overexpression of GmAGL1 in Arabidopsis, which has a dry dehiscent fruit similar to the soybean pod, resulted in striking phenotypic effects in the 35S:GmAGL1 lines fruits, which were short, yellowish-green and early dehiscent. Microscopy revealed that valve margins were more visibly constricted in the developing transgenic fruits, which led to the dehiscence of valves before the seeds reach full maturity. In Arabidopsis, there has been significant progress in the molecular mechanisms of fruit dehiscence. ALC and IND encode two bHLH transcription factors related to Arabidopsis pod shatter, which is regulated by SHP in the genetic regulatory hierarchy (Rajani and Sundaresan, 2001; Liljegren et al., 2004). STK is a D-type MADS-box gene that is required for normal development of the funiculus, an umbilical-cord-like structure that connects the developing seed to the fruit, and for dispersal of the seeds when the fruit matures (Pinyopich et al., 2003). As expected, the overexpression of GmAGL1 activated the expression of native ALC, IND and STK, which might be the molecular mechanism for the phenotypic effects of transgenic Arabidopsis. The functional studies of other AG-like genes gave very similar results, not only in Arabidopsis (Liljegren et al., 2000) but also in tobacco (Fourquin and Ferrandiz, 2012) and tomato (Gimenez et al., 2010), suggesting that AG-like genes may play a prominent role late in fruit development and dehiscence that is generally conserved in other eudicots. Pod dehiscence is a major cause of yield loss in mechanical harvesting of soybeans, especially in several countries in tropical and sub-tropical regions (Tiwari and Bhatia, 1995). Our results indicate that further analysis of the molecular network underlying fruit dehiscence may contribute to the potential genetic manipulation of pod shattering in soybean plants.
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Yellow lupine (Lupinus luteus L., Taper c.), a member of the legume family (Fabaceae L.), has an enormous practical importance. Its excessive flower and pod abscission represents an economic drawback, as proper flower and seed formation and development is crucial for the plant's productivity. Generative organ detachment takes place at the basis of the pedicels, within a specialized group of cells collectively known as the abscission zone (AZ). During plant growth these cells become competent to respond to specific signals that trigger separation and lead to the abolition of cell wall adhesion. Little is known about the molecular network controlling the yellow lupine organ abscission. The aim of our study was to establish the divergences and similarities in transcriptional networks in the pods, flowers and flower pedicels abscised or maintained on the plant, and to identify genes playing key roles in generative organ abscission in yellow lupine. Based on de novo transcriptome assembly, we identified 166,473 unigenes representing 219,514 assembled unique transcripts from flowers, flower pedicels and pods undergoing abscission and from control organs. Comparison of the cDNA libraries from dropped and control organs helped in identifying 1,343, 2,933 and 1,491 differentially expressed genes (DEGs) in the flowers, flower pedicels and pods, respectively. In DEG analyses, we focused on genes involved in phytohormonal regulation, cell wall functioning and metabolic pathways. Our results indicate that auxin, ethylene and gibberellins are some of the main factors engaged in generative organ abscission. Identified 28 DEGs common for all library comparisons are involved in cell wall functioning, protein metabolism, water homeostasis and stress response. Interestingly, among the common DEGs we also found an miR169 precursor, which is the first evidence of micro RNA engaged in abscission. A KEGG pathway enrichment analysis revealed that the identified DEGs were predominantly involved in carbohydrate and amino acid metabolism, but some other pathways were also targeted. This study represents the first comprehensive transcriptome-based characterization of organ abscission in L. luteus and provides a valuable data source not only for understanding the abscission signaling pathway in yellow lupine, but also for further research aimed at improving crop yields.

Keywords: yellow lupine, RNA-Seq, DEGs, flower, pod, abscission, microRNA

INTRODUCTION

Yellow lupine (Lupinus luteus L.), similarly to other members of the Fabaceae family (Fabaceae L.), has an enormous practical importance. Lupine seeds contain a high storage protein level, which is why it is used as feedstock for the production of high-protein animal feed. Its symbiosis with nitrogen-fixing bacteria which support its growth and development makes this plant a natural fertilizer enriching the soil with nitrogen (Prusiński, 2007). As flower and seed formation and development in crops is crucial for their productivity, flower and pod abscission becomes a factor that reduces benefits from growing lupines (Van Steveninck, 1958, 1959; Prusiński, 2007; Wilmowicz et al., 2016). On the other hand, a moderate abscission level is an agronomically desirable characteristic, since an excessive number of fruits is inversely proportional to their quality (Dokoozlian and Peacock, 2001). In order to be able to closely control the process, full knowledge of the molecular mechanisms behind generative organ development and the signaling pathways leading to organ abscission in particular plants is required.

Abscission is the process of shedding vegetative or reproductive organs by a plant in response to developmental, hormonal, and environmental cues. This process occurs at a special layer of cells called the abscission zone (AZ), and consists in cell separation enabled by hydrolytic enzymes. Plants can abscise buds, branches, petioles, leaves, flowers and fruits, while this process can be affected by environmental factors such as temperature, light quality, disease, water stress, and nutrition (Ascough et al., 2005; Estornell et al., 2013). The abscission of plant organs is associated with changes in the auxin gradient across the AZ, which is affected by ethylene (ET). It occurs when the auxin level below the AZ is higher than its concentration above that zone (Roberts et al., 2002; Meir et al., 2010). There are four key steps in abscission: (1) the establishment of the AZ, (2) the acquisition of the competence to respond to abscission signals, (3) the activation of organ abscission, and (4) the formation of a protective layer (Kim, 2014). It has been found that before and during peduncle abscission the expression of multiple regulatory genes changes (Kim et al., 2016), and that this variation affects a number of transcription factors associated with auxin and ethylene pathways (Sundaresan et al., 2016). However, it is not only auxin and ethylene that are involved in organ dropping. Recent studies on jasmonate signaling pathway mutants coronatine insensitive1(coi1) and jasmonate-ZIM domain(jazz) showed that these hormones, too, take part in regulating flower abscission in Nicotiana attenuate (Oh et al., 2013). In A. thaliana, several genes associated with the process of organ separation were identified, these being: BLADE ON PETIOLE (BOP) (McKim et al., 2008), HAESA (HAE) (Jinn et al., 2000), HAESA-LIKE2 (HSL2) (Stenvik et al., 2008), CAST AWAY (CST), NEVERSHED (NEV), EVERSHED (EVR), INFLORESCENCE DEFICIENT IN ABSCISSION (IDA). The first of them is responsible for AZ formation, the second one for AZ functioning, and the last one for the final stage of organ separation. Late abscission stages are associated with the activity of many cell wall modifying enzymes, such as: polygalacturonases (PGs) (González-Carranza et al., 2002), xyloglucan endotransglucosylases/hydrolases (XTH) (Singh et al., 2011), β-1,4-glucanases/cellulases (EGL, CEL) (del Campillo and Bennett, 1996), and expansins (EXP) (Belfield et al., 2005; reviewed by Kim, 2014). Recently, BOP expression (Frankowski et al., 2015) and the influence of abscisic acid (ABA) on the ethylene (ET) biosynthesis pathway (Wilmowicz et al., 2016) in the abscission zone of yellow lupine's generative organs have been described, but more detailed information about the molecular mechanisms underlying the plant organ abscission is still needed.

Next-generation sequencing (NGS), for example by using the Illumina platform, has become an efficient and powerful approach for functional genomic research, especially when working with non-model plants (Unamba et al., 2015). Recently, RNA-Seq has been widely used for global gene expression profile analyses of plant response to a variety of biotic and abiotic stresses, such as salt (Zhou et al., 2016) or cold (Wang et al., 2015). It has also been used to study the abscission of soybean leaves (Kim et al., 2015, 2016), tomato flowers (Sundaresan et al., 2016) and apple fruits (Ferrero et al., 2015).

In this study, we explored complex expression changes during flower and pod abscission in de novo assembled transcriptome datasets generated from six different libraries from three organ types of L. luteus cv. Taper. We aimed to isolate the unique transcripts and unigenes from flowers, flower pedicels and pods that undergo abscission and those that do not, and to identify the differentially-regulated genes (DEGs) involved in abscission. The main objective of our research was to improve our understanding of the molecular mechanism of generative organ abscission in yellow lupine and to find the common genes (a potential target for crop improvement) regulating this process.

MATERIALS AND METHODS

Details of the experimental design and RNA Seq data analysis pipeline are summarized in Figure 1.
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FIGURE 1. Flowchart representing pipeline for RNA-seq experiments analysis conducted in the study. FAB vs. FNAB-abscising flowers and non-abscising flowers, FPAB vs. FPNAB-abscising flower pedicels and non-abscising flower pedicels, PAB vs. PNAB-abscising pods and non-abscising pods.



Plant Material

For RNA-Seq analyses, different organs (flowers, pods and flower pedicels) from the yellow lupine (L. luteus) cultivar Taper cultivated in the growth chamber as previously described (Frankowski et al., 2015) were collected (Figure 2). From 54-day-old plants, whole fully opened flowers in stage 7 (Frankowski et al., 2015) with no signs of abscission (non-abscising flowers FNAB) were harvested (Figure 2D). Subsequently, their entire pedicels with an inactive abscission zone AZ located at the base of the flower pedicel (Figures 2D,F) were detached and collected as a separate sample (non-abscising flower pedicels FPNAB). From plants of the same age (54 days old), whole fully opened flowers with dehydrated petals (abscising flowers FAB) were harvested (Figure 2E). As above, their yellow and dehydrated pedicels with an active AZ (Figures 2E,G) were detached and collected as a separate sample (abscising flower pedicels FPAB). From 75 days-old plants pods with pedicels containing an inactive AZ (non-abscising pods PNAB) were harvested separately from the pods with an active AZ (abscising pods PAB) (Figures 2H–K). Following the harvest, the plant material was immediately frozen in liquid nitrogen and stored at −80°C until the RNA isolation procedures could be started.
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FIGURE 2. Generative organs of Lupinus luteus cv. Taper. Inflorescence development (A–C). Developing and abscising flowers, (D,E), respectively. Localization of harvested flower pedicels and abscission zones (AZ) indicated by squares and arrows, respectively. Cross-section view of developing and abscising flower pedicels after Phloroglucinol–HCl staining, (F,G), respectively. View of developing and abscising pods, (H,I), respectively. Cross-section view of developing and abscising pod pedicels after Phloroglucinol–HCl staining, (J,K), respectively. Black line −1 cm bar for (A–E, H,I), 600 nm bar for (F,G,J,K).



To confirm localization and activation of AZ in harvested samples, we cut longitudinally five randomly taken flower and pod pedicels from each variant and stained them with phloroglucinol-HCl (Figures 2F,G,J,K) according to Tadeo and Primo-Millo (1990). We applied a saturated solution of phloroglucinol (Sigma-Aldrich) in 20% HCl directly to samples. Then images were taken using CX31 microscope (Olympus, Japan), SC50 camera and Olympus cellSens Entry 1.14 software (Olympus, Japan).

cDNA Library Construction and Illumina Sequencing

Total RNA was isolated using the ISOLATE II RNA Plant Kit (Bioline, UK), following the manufacturer's protocol. The concentration and purity were measured with the ND-1000 spectrophotometer (NanoDrop, USA) before proceeding with further analyses. The integrity and quality of total RNA was evaluated using the Bioanalyzer 2100 (Agilent 2100 Technologies, USA) and agarose gel electrophoresis. Two independent isolations were performed from at least 5 plants (25 flowers, pedicels or pods) for each variant. For further procedures we used RNA samples with RNA integrity number (RIN) >8: two for both variants of pedicels (2 FPAB and 2 FPNAB) and one each for abscissive and nonabscissive flowers and pods (1 FAB, 1 FNAB, 1 PAB, 1 PNAB). Both the cDNA library construction, and the transcriptome sequencing performed on the HiSeq 2000 platform (Illumina Inc., USA), were carried out by Genomed (Poland). The sequence data generated in this study has been deposited at NCBI, the Sequence Read Archive (SRA) database under the accession number PRJNA285604 (BioProject), with the experiment accession number SRX1069734.

Raw Sequence Processing and De novo Assembly

The strategy used for data processing and differential gene expression analysis is presented in Figure 1. The preliminary sequence analysis, including adapter removal and low quality overhang deletion was, performed using Trimmomatic software (Fragkostefanakis et al., 2012). Trimmomatic settings were optimized for paired-end reads. After adapter removal and filtering out low quality reads, sequences shorter than 30 nt were discarded. The remaining sequences were analyzed using Trinity software (Grabherr et al., 2011) in accordance with the RNA-Seq analysis protocol published in Nature Protocols (Haas et al., 2013). At first, assembly based on Lupinus angustifolius (available at NCBI ID: 11024) (Yang et al., 2013) was considered, but due to the poor quality of its genome (191 thousands contigs) the idea was abandoned. De novo transcriptome assembly was performed using Trinity (Grabherr et al., 2011). The reference transcript assembly was obtained by joining individual reads into consensus sequences, which was then followed by the grouping of similar contigs into clusters using de Brujin graphs. Based on these graphs, genes and their isoforms (single or multiple) were obtained. Among the 219,514 reference sequences obtained (with a mean length of 418 bp), 166,477 genes were discovered. Each isoform has been given an id number consisting of the cluster number (c), the number of genes within the given cluster (g) and the isoform number (i). For example, c10_g3_i1 is the first isoform of the third gene in the tenth cluster. The final results were indexed in the R environment (R Development Core Team, 2008).

Identification of Differentially Expressed Genes

Reads from each separate sample were mapped as a collection of reference transcripts using the Bowtie aligner, and the quantity of each transcript in the sample was estimated using RSEM (part of the Trinity package) (Haas et al., 2013), using default settings for paired reads. The expression level was estimated at both unigene and isoform levels. Expression was described in three different ways: (1) the expected count: the number of reads per unigene, (2) TPM: the number of reads per unigene normalized to the library size (Transcripts Per Million), and (3) FPKM: the number of reads per unigene normalized to the library size and transcript length (Fragments Per Kilobase Of Exon Per Million Fragments Mapped).

Gene expression comparisons were performed using EBSeq software from the Bioconductor package (Leng and Kendziorski, 2015). This analysis was performed at the unigene level using the “expected count” expression type data. The following comparisons were made: FAB vs. FNAB, FPAB vs. FPNAB and PAB vs. PNAB. The obtained files were then filtered, leaving only those records where PPDE (Posterior Probability of Differential Expression) was less than 0.05 and Log2FC >2.

The sequence of each differentially expressed gene (DEG) was translated to the protein sequence, and then UniProt database (UniProt Consortium, 2015) was searched for sequences of similar proteins, and the best-matching protein was selected. If the protein ortholog could not be found, the unigene was assigned a “no hit” tag or left empty.

Analysis of Enriched KEGG Pathways for DEGs

An analysis of overrepresented KEGG pathways (Kanehisa and Goto, 2000; Kanehisa et al., 2016) was performed using plantGSEA software, but due to the small number of statistically significant hits (data not shown) we decided to repeat the analysis using a different tool. Unfortunately, in the case of plants most of the popular tools cannot be used. We decided to perform the analysis manually, creating a series of Python scripts. The first step was to find proteins of a length of at least 30 amino-acids in the studied sequences, and for each gene only the longest protein was picked. The protein was not required to contain a start or stop codon, which was a reasonable assumption considering the fact that the investigated transcripts were much shorter (774 nt on average, compared to 1,557 nt in A. thaliana transcripts). Afterwards, we used the KAAS server (http://www.genome.jp/kaas-bin/kaas_main), which allowed us to assign orthologous groups from the KEGG database to the proteins and peptides that we had found. We used the following parameters: (i) the search method: BLAST, (ii) the species: A. thaliana, G. max, V. vinifera, S. lycopersicum, O. sativa, (iii) the method for finding potential homologs: SBH (single-directional best hit). Afterwards, we downloaded KEGG pathways for Glycine max (gmx) based on the KAAS server and on the obtained results, and performed an analysis of overrepresented KEGG pathways in the examined collection of genes (DEGs). For the purpose of this testing, the accurate Fisher test and FDR correction were used.

Pre-miR169 Identification

DEGs common for all of the compared transcriptomes that showed no homology to proteins were analyzed in respect of non-coding RNAs. The Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1990) in the miRBase web database (ftp://mirbase.org/pub/mirbase/12.0/) was used to search for pre-miRNA and mature miRNA homologous sequences in these DEGs. The c125095_g1_i1 unigene has shown strong similarity to mature and stem-loop sequences of miR169 from various plant species. The unigene sequence was analyzed using Search miRBase Web software (Griffiths-Jones, 2004; Griffiths-Jones et al., 2006, 2008; Kozomara and Griffiths-Jones, 2011, 2014). RNAstructure software (http://rna.urmc.rochester.edu/RNAstructureWeb) was used to compute the secondary structure of the c125095_g1_i1 unigene sequence.

Quantitative Real-Time RT-PCR Analysis

A quantitative real-time RT- PCR (RT-qPCR) analysis was used to validate RNA-Seq results. For cDNA synthesis, 1 μg of total RNA was reverse-transcribed using the TranscriptMe Kit (DNA Gdansk, Poland). The synthesized cDNA samples were diluted 5 times prior to the qPCR. The qPCR was conducted using the KAPA Probe Fast Universal qPCR Kit (KAPA Biosystems, South Africa) following the manufacturer's protocol. Each reaction was prepared in a total volume of 20 μl consisting of 10 μl of 2 × KAPA Probe Fast qPCR Master Mix, 0.2 μM of each primer, 0.1 μM of a specific UPL probe and 5 μl of diluted cDNA. The real time qPCR was carried out on the LightCycler480 (Roche, Switzerland) under the following conditions: 95°C for 10 min, 45 cycles of 95°C for 10 s, 58°C for 30 s, and 72°C for 1 s. For each variant there were two biological and three technical replicates. LlActin was used as the reference gene. Primers and UPL (Universal Probe Library) probes used in the qPCR were designed using ProbeFinder version 2.48 (Roche, Switzerland) and are listed in Table S1. The data were analyzed using LightCycler480 software (Roche, Switzerland).

RESULTS

RNA-Seq and De novo Transcriptome Assembly

In order to obtain an insight into the process of generative organ abscission in yellow lupine we constructed transcriptome libraries: for flowers (FAB), flower pedicels (FPAB) and pods (PAB) undergoing abscission (with an active AZ), and the same for organs that did not fall (FNAB, FPNAB, PNAB). In order to verify whether AZ is active or inactive in chosen stage of flower and pod development, we analyzed their lignification pattern in pedicels by phloroglucinol staining—just before accomplishment of abscission, lignin accumulates within AZ (Clements and Atkins, 2001). In pedicels of not falling flowers and pods we observed no staining within AZ (only vascular bundles were stained), while organs undergoing abscission showed positive color reaction (Figures 2F,G,J,K). Because of similarities in flower and pod AZ structure, we decided to perform RNA-Seq analysis only for flower pedicels.

The HiSeq 2000 platform (Ilumina) generated from 56,784,288 to 46,619,042 raw reads in each library, which accounted for an average of 6.96 Gb raw data for each sample. About 98% of the raw reads were of high quality and, after Trimmomatic was run, about 80% of them were ultimately mapped (Table S2). The data were deposited in the National Center for Biotechnology Information's (NCBI) Short Read Archive (SRA) database under the accession number PRJNA285604.

After de novo transcriptome assembly using Trinity software a set of 219,514 sequences of unique transcripts of a minimal length of 201 bp, including 166,473 different unigenes (the statistics of this process is summarized in Table 1), was obtained. Figure 3 shows the size distribution of the assembled transcripts, with the average size being 774 bp.


Table 1. Statistics of the sequencing and assembly.
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FIGURE 3. The length distribution of the assembled transcripts.



Identification of DEGs in AB vs. NAB Flowers, Flower Pedicels, and Pods

In order to investigate molecular changes occurring during organ abscission in yellow lupine we compared transcriptomes of FAB vs. FNAB, FPAB vs. FPNAB PAB vs. PNAB transcriptomes. Literature data indicate, that hormonal changes and reorganization of cell wall structure play the most important role in organ abscission (Ascough et al., 2005; Corbacho et al., 2013; Estornell et al., 2013; Kim et al., 2015; Sundaresan et al., 2016) therefore in an analysis of the identified differentially expressed genes (DEGs) we focused on cell wall modification enzymes and hormone metabolism. We also took into account other DEGs that may be involved in organ fate. Finally, we identified DEGs that are common for all library comparisons.

A bioinformatics analysis with EBseq of the transcriptomes revealed that during generative organ abscission in yellow lupine 5989 unigenes were either up- or down-regulated (PPDE < 0.05, FC > 2). The number of DEGs varied between library comparisons: 1343 in flowers (FAB vs. FNAB), 4.5% of which (293) were strongly affected (log2 ratio over 5); 2933 in flower pedicels (FPAB vs. FPNAB), 9.5% of which (308) were strongly affected; 1491 in pods (PAB vs. PNAB), 11.6% of which (128) were strongly affected (Figure 4A and Table S3). In abscising flowers, more unigenes were up-regulated (1018) than down-regulated (325), while in the flower pedicels and in the pods the trend was opposite: more unigenes were down-regulated (1,712 and 1,126, respectively) than up-regulated (1,221 and 365, respectively) (Figure 4A). The number of unique DEGs was the highest in the flower pedicels (2,503), being two times lower in the pods (1,283) and the lowest in the flowers (923). Flowers and pedicels shared 307, pedicels and pods 95, and pods and flowers 85 DEGs. Only 28 DEGs were common for all library comparisons (Figure 4B).
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FIGURE 4. Regulated characteristics of differentially expressed unigenes (DEGs) in each comparison. (A) Three comparisons of L. luteus abscising flowers and non-abscising flowers (FAB vs. FNAB), abscising flower pedicels and non-abscising flower pedicels (FPAB vs. FPNAB), and abscising pods and non-abscising pods (PAB vs. PNAB) are shown. (B) Venn diagram showing the amounts of common and unique DEGs for the compared transcriptome libraries.



DEGs Involved in Cell Wall Metabolism in Abscising and Maintained Generative Organs of Lupine

In abscising flowers, flower pedicels and pods, genes encoding in cell wall hydrolyzing enzymes were mostly up-regulated.

In abscising flowers, 27 DEGs were involved in cell wall metabolism. These unigenes showed similarity to EXPANSINS EXP (3 DEGs), XYLOGLUCAN ENDOTRANSGLUCOSYLASE / HYDROLASES XTH (1), ENDOGLUCANASES / CELLULASES EGL/CELL (2), POLYGALACTURONASES PG (5), BETA-GALACTOSIDASES BGal (4), PECTINESTERASES PME (10), PECTIN ACETYLESTERASES PAE (1), and PECTATE LYASES PEC (1). Most of them (22 DEGs) were up-regulated, and only 5 down-regulated in FNAB (Table 2 and Table S4).


Table 2. Differential expression patterns of cell wall-related genes in comparison of libraries FAB vs. FNAB, FPAB vs. FPNAB, and PAB vs. PNAB.
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Numerous DEGs (113) were involved in cell wall metabolism in the flower pedicels. The identified unigenes showed similarity to EXP (11 DEGs), XTH (18), EGL/CELL (7), PG (25), BGal (20), PME (20), PAE (4), and PEC (8). Most of them (81) were up-regulated, and only 32 down-regulated in FPNAB (Table 2 and Table S4).

In abscising pods, 76 DEGs were involved in cell wall metabolism. The identified unigenes showed similarity to EXP (5 DEGs), XTH (5 DEGs), EGL (3 DEGs), PG (10 DEGs), BGal (2 DEGs), PME (41 DEGs), PAE (2 DEGs), and PEC (8 DEGs). Most of them (69 DEGs) were down-regulated, and only 7 up-regulated in PNAB (Table 2 and Table S4).

Differential Regulation of Genes Involved in Hormone Signaling in Compared Generative Organs

We observed differences in expression of genes involved in distribution and sensitivity to phytohormones during abscission of generative organs.

Auxin

Plants adopt different strategies to change the distribution pattern of active form of auxin across the tissues. Our study on yellow lupine revealed, that in generative organs undergoing abscission, following molecular mechanisms take place: (i) decrease in expression of auxin biosynthesis enzymes (like in FAB), (ii) and/or decrease in expression of its catabolism enzymes (like in FAB, PFAB), (iii) decrease in expression of enzymes that release auxin from its conjugates (like in PAB), (iv) increase (like in FPAB) and/or decrease in (like in FAB, FPAB) expression of its transport proteins. This resulted in complex changes in expression of genes involved in auxin signal transduction in all studied tissues.

In abscising flowers, 11 DEGs were involved in auxin (IAA) signaling (Table 3 and Table S5). Two enzymes up-regulated in FNAB ensure the right level of the active form of this phytohormone: YUCCA8 (c61021_g1), a key enzyme in IAA biosynthesis (Won et al., 2011), and 2-oxoglutarate-dependent dioxygenase (DAO) (c134360_g1), which is essential for auxin catabolism and the maintenance of auxin homeostasis in reproductive organs (Zhao et al., 2013). Only one unigene in this library comparison was responsible for auxin transport, TORNADO 2 (c39845_g1) (Cnops, 2006), and it was up-regulated in FNAB. There were 8 DEGs involved in auxin signal transduction, three of which were down-regulated. Two DEGs displayed similarity to auxin response factor ARF4 (c62886_g4) and ARF7 (c61288_g4), and were up- and down-regulated, respectively.


Table 3. Differential expression patterns of plant hormone metabolism and signaling-related genes in comparison of libraries FAB vs. FNAB.
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Among DEGs identified in all library comparisons, most of the unigenes associated with auxin signaling (44) were differently expressed in the pedicels of flowers (Table 4 and Table S6). In the datasets for pedicels of the falling and the control flowers we found two DEGs responsible for auxin break-down: DAO (c134360_g1), essential for IAA oxidation, and indole-3-acetate O-methyltransferase 1 (c33445_g1), involved in methylation of the free carboxyl end of IAA. Both of them were over-expressed in FPNAB. Three of the four DEGs encoding transport proteins, namely auxin transporter-like protein LAX4 (c61059_g4) and LAX5 (c61634_g1, c11165_g1), were up-regulated in FPNAB. In this dataset we found two small auxin upregulated RNAs (SAURs), namely an up-regulated AGR7 (c50003_g2) and a down-regulated AGR2 (c59673_g5) in FPNAB. The list of DEGs identified in the pedicels was rich in genes encoding elements of auxin signal transduction. Two of the DEGs encoded receptors, namely a down-regulated F-box protein SKP2A (c54931_g4) and an up-regulated auxin-binding protein ABP19a (c58059_g1, c110842_g1, c52095_g1), three other DEGs encoded down-regulated ARF4 (c62886_g2), ARF7 (c128482_g1, c30002_g1) and ARF19 (c60211_g6), while as many as 15 DEGs encoded up- or down-regulated Auxin/Indole-3-Acetic Acid (AUX/IAA) proteins.


Table 4. Differential expression patterns of plant hormone metabolism and signaling-related genes in comparison of libraries FPAB vs. FPNAB.
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Among the genes differentially expressed in the abscising and non-abscising pods (Table 5 and Table S7) we found one that encoded IAA-amino acid hydrolase ILL2 (c28519_g1) that catalyzes the hydrolysis of IAA conjugates and releases the active form of this hormone (LeClere et al., 2002) and was up-regulated in PNAB. Genes encoding auxin receptors TRANSPORT INHIBITOR RESPONSE 1 (TIR1) (c85345_g1), F-box protein SKP2A (c54931_g4) and auxin-binding protein ABP19a (c52095_g1, c58059_g1) were down-regulated. Simultaneously, two SAURs were down-regulated and one AUX/IAA was up-regulated in this dataset. Interestingly, two ARFs (5 DEGs), i.e., ARF2 (c52420_g3, c52420_g4, c52420_g1) and ARF4 (c62886_g7, c62886_g2), were significantly up-regulated in PNAB.


Table 5. Differential expression patterns of plant hormone metabolism and signaling-related genes in comparison of libraries PAB vs. PNAB.
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Ethylene

We observed differences in expression of ethylene (ET) biosynthesis genes in flower pedicels and pods and of genes involved in ethylene signal transduction in all studied organs.

In flowers we found 3 DEGs involved in ET signal transduction, among them up-regulated Mitogen-activated protein kinase 6 (c65488_g1), earlier proven to be involved in leaf senescence (Zhou et al., 2009) (Table 3 and Table S5).

In the flower pedicels, 17 of the identified DEGs were involved in ET metabolism. Three unigenes encoding ET biosynthesis enzyme 1-aminocyclopropane-1-carboxylate oxidase (ACO) 1 (c60801_g4, c60409_g3, c140425_g1) were down-regulated in FPNAB. Eight of the fourteen genes encoding elements of ET signal transduction were up-regulated (Table 4 and Table S6).

In pods all DEGs attributed to ethylene biosynthesis encoding 1-aminocyclopropane-1-carboxylate synthase 1 (ACS1) (c60313_g3, c58986_g1) and ACS7 (c107301_g1) and to signal transduction encoding ethylene-responsive transcription factor 3 (ERF3) (c18833_g1) and ERF1A (c81001_g1) were less intensively expressed in PNAB (Table 5 and Table S7).

Gibberellin

We observed differences in expression of genes involved in gibberellin (GA) (i) biosynthesis: they were down-regulated in FAB and PAB, and mostly down-regulated in PFAB, except for the enzyme that catalyzes the transformation of direct precursor to GA active form (ii) catabolism: they were up-regulated in FAB and FPAB, and down-regulated in PAB (iii) signal transduction: they were down-regulated in FAB and up-regulated in PAB, and (iv) genes controlled by this hormone (down-regulated in FPAB).

As regards gibberelin eight DEGs in flowers were involved in GA signaling (Table 3 and Table S5). Two of them encode gibberellin 2-beta-dioxygenase 1 (GA2OX1) (c57884_g1, c25173_g1), which is engaged in GA catabolism and were down-regulated in FNAB. The rest of them were up-regulated and included genes encoding enzymes responsible for GA biosynthesis: ent-kaurenoic acid oxidase 2 (KAO2) (c78744_g1), gibberellin 20 oxidase 2 (GA20OX2) (c54588_g2), GA20OX1 (c54588_g1); and for signal transduction: GAI (c49118_g1), gibberellin-regulated protein 12 (c59846_g1), and 14 (c48197_g2).

In flower pedices we found four DEGs engaged in GA biosynthesis (Table 4 and Table S6). Three of them, namely GA20OX2 (c54588_g2), GA20OX1 (c54588_g1), and KAO2 (c60896_g9), were up-regulated, while the remaining one, LE (c24709_g1), was down-regulated in FPNAB. Three DEGs encoding the GA2OX1 enzyme (c25173_g1, c57884_g1, c49763_g3) responsible for hydroxylation of the active form of GA (Martin et al., 1999), were down-regulated. Also, four DEGs similar to gibberellin-regulated proteins were up-regulated in FPNAB.

All 9 DEGs attributed to GA biosynthesis were much more intensively expressed in PNAB (Table 5 and Table S7). For example, the c59646_g2 unigene, GA20OX2 with log2FC = 12.88, was the most up-regulated DEG in PNAB. Only one DEG involved in GA catabolism encoding GA2OX1 (c49763_g2) was up-regulated on a moderate level. DEGs involved in GA response encoding GA signal transduction transcription factor GAMYB (c40131_g1, c60985_g11) were significantly down-regulated in PNAB.

Abscisic Acid

We observed differences in expression of genes involved in abscisic acid (ABA) catabolism (they were down-regulated in FPAB and PAB), and signal transduction (they were up-regulated in FAB and FPAB).

Two DEGs down-regulated in FNAB were involved in ABA signaling (Table 3 and Table S5). That DEGs indicate similarity to PYL2 (c35977_g2 and c35977_g3) that are responsible for ABA perception (Yin et al., 2009).

Among the DEGs found in the flower pedicels and recognized as involved in ABA signaling (Table 4 and Table S6), PYL1 (2 DEGs), SAPK2 (1 DEG), SAPK8 (1 DEG) and PP2CA (4 DEGs) were down-regulated in FPNAB. Simultaneously, abscisic acid 8'-hydroxylase 4 CYP707A4 (c61127_g1) engaged in ABA break-down was up-regulated.

Additionally, ABA catabolism-related gene encoding abscisic acid 8′-hydroxylase 1 (CYP707A1) (c40794_g1) that catalyzes the first step of ABA degradation was up-regulated in PNAB (Table 5 and Table S7).

Jasmonate

We observed differences in expression of genes involved in jasmonate (JA) biosynthesis (they were down-regulated in FAB) and signal transduction (they were up-regulated in FAB, FPAB and down-regulated in PAB).

We found three DEGs associated with JA metabolism in flowers. Two of them were up-regulated in FNAB, and these were chloroplastic LIPOXYGENASE 6 (LOX6) (c92415_g1) and JASMONATE O-METHYLTRANSFERASE (c121732_g1) that were involved in jasmonic acid (JA) and ester methyl jasmonate (JaMe) biosynthesis, respectively. The other one was more frequently expressed in FAB, namely TIFY10A (c52719_g1) engaged in JA signal transduction (Table 3 and Table S5).

Three DEGs encoding chloroplastic JA biosynthesis enzymes, namely LINOLEATE 9S-LIPOXYGENASE 5, LOX2 (c45959_g2, c57820_g1) and allene oxide synthase CYP74A (c92570_g1) were down-regulated in FPNAB (Table 4 and Table S6).

In contrast, DEGs associated with JA biosynthesis were all up-regulated in PNAB. The DEGs associated with JA biosynthesis, i.e., JASMONATE O-METHYLTRANSFERASE (c43486_g2), LOX1 (c92206_g1, c70262_g1) and LOX4 (c61214_g3), were up-regulated in PNAB (Table 5 and Table S7).

Brassinosteroid

Brassinosteroid (BR) signaling decreased in abscising flowers and their pedicels. In flower pedicels there were complex differences in expression of BR biosynthesis enzymes.

Two genes involved in BR signal transduction and one engaged in response to this hormone were significantly down-regulated in flowers (Table 3 and Table S5).

Among the 8 DEGs in the flower pedicels recognized as involved in brasinosteroid (BR) signaling, all the three involved in signal transduction were up-regulated in FPNAB (Table 4 and Table S6). The expression profile of DEGs putatively encoding BR biosynthesis enzymes was more complex: some of them were up- and others were down-regulated. Unigenes encoding the same protein, cytochrome P450 85A (CYP85A), and belonging to the same cluster were differentially expressed: c54957_g3 and c54957_g2 were up-regulated, while c54957_g1 was down-regulated in FPNAB. Other DEGs putatively encoding BR biosynthesis enzymes, namely 3-epi-6-deoxocathasterone 23-monooxygenase CYP90D1 (c51134_g1) and CYP85A1 (c57767_g3), were up- and down-regulated in FPNAB, respectively.

In pods there was not find any unigene related to BR metabolism.

Cytokinin

We observed differences in expression of genes involved in cytokinin (CK) (i) biosynthesis: they were down-regulated in FPAB, (ii) catabolism: they were down-regulated in FAB and either down- and up-regulated in FPAB, and (iii) signal transduction: they were down-regulated in FPAB.

In FAB vs. FNAB transcriptome comparison we found one DEG related to CK metabolism the gene encoding cytokinin hydroxylase CYP735A1 (c59901_g1) involved in CK catabolism (Table 3 and Table S5).

In flower pedicels (Table 4 and Table S6), among the 9 DEGs related to cytokinin (CK), two genes encoding enzymes that catalyze the final steps of CK biosynthesis, cytokinin riboside 5′-monophosphate phosphoribohydrolases LOG1 (c62014_g7) and LOG3 (c44862_g1) (Kuroha et al., 2009), were significantly up-regulated in FPNAB. Also, genes encoding cytokinin dehydrogenases that catalyze CK oxidation to a biologically inactive form displayed differential expression: two of them, CKX5 (c62634_g1) and CKX3 (c55747_g3, c55747_g1), were up-regulated, while the other two, namely CKX1 (c50912_g1, c50912_g4) and CKX9 (c108053_g1), were down-regulated in FPNAB. We found only one DEG assigned to cytokinin signal transduction representing the CK receptor, namely histidine kinase AHK4 (c49543_g4), and it was up-regulated in FPNAB.

In pods there was not find any unigene related to CK metabolism.

Salicylic Acid

Expression of genes involved in salicylic acid (SA) signal transduction was down-regulated in abscising flowers, and in other studied organs these differences were more complex.

One gene participating in salicylic acid signal transduction, namely pathogenesis-related protein PR-1 (c16844_g1), was up-regulated in FNAB (Table 3 and Table S5).

Among the DEGs identified in the flower pedicels as involved in salicylic acid signaling we found five unigenes (encoding 4 proteins) showing similarity to elements of signal transduction: one up-regulated pathogenesis-related protein PR1 (c16844_g1) and three down-regulated ones in FPNAB: transcription factor TGA1 (c8716_g1 and c53737_g2), Salicylic Acid-Binding Protein 2 (c93153_g1), and PRB1 (c33973_g2) (Table 4 and Table S6).

One of the six DEGs attributed to SA-related genes and belonging to PR1 gene family were over-expressed in PNAB, while the remaining five were down-regulated (Table 5 and Table S7).

Stigolactone

In flowers and pods transcriptome comparisons we found one DEG associated with strigolactone signal transduction (up-regulated in FNAB and PNAB), strigolactone esterase DAD2 (c47746_g1) that binds and hydrolyzes mobile strigolactones initiating SCF-mediated strigolactone signal transduction (Hamiaux et al., 2012) (Tables 3, 5, Tables S5, S7).

Characterization of Other DEGs Probably Related to Generative Organ Abscission

Characterization of DEGs from Abscised Flowers and Control

Among DEGs in flowers we also found genes encoding proteins directly involved in protection against reactive oxygen species (ROS) (Table S8), namely peroxidase 12 (c95461_g1, log2FC = 4.2) and peroxidase 10 (c108985_g1, log2FC = −4.6), as well as enzymes belonging to the carotenoid biosynthesis pathway, namely chloroplastic carotenoid cleavage dioxygenase 4 (c63538_g3, log2FC = 4.9), chloroplastic or chromoplastic zeta-carotene desaturase (c23470_g1, log2FC = 4.5) and chloroplastic beta-carotene hydroxylase 2 (c47712_g2, log2FC = 3.9).

The flowers that are dropped and those that are maintained on the plant also differ in respect of the genes involved in proper fertilization (Table S8). Some DEGs, such as NUCLEAR FUSION DEFECTIVE 4 (NDF4) (c41239_g1) encoding a protein required for fusion of polar nuclei during female gametophyte development and karyogamy during fertilization (Portereiko et al., 2006), or POLLENLESS3 (c47977_g1) which is essential for male fertility, especially for microspore and pollen grain production (Glover et al., 1998), were less abundantly expressed in FAB.

Characterization of Other DEGs from Flower Pedicels with Active AZ and Control

As it was in the case of flowers, we found DEGs encoding elements engaged in protection against ROS, and these were 18 different peroxidases (10 up- and 8 down-regulated) and chloroplastic beta-carotene 3-hydroxylase (c57645_g2, log2FC = −2.7) (Table S9).

Additionally, one of the most intensively expressed DEGs in the flower pedicels with an active AZ showed similarity to vacuolar processing enzyme VPE (8 unigenes, log2FC from −2.69 to −7.09), an executor of plant PCD (Programmed Cell Death) (Hatsugai et al., 2004) (Table S9). VPE is a cysteine protease that cleaves a peptide bond at the C-terminal side of asparagine and aspartic acid (Wang et al., 2009) and plays an essential role in the regulation of the lytic system of plants during their defensive and developmental processes (Hara-Nishimura et al., 2005).

In the flower pedicels, we identified several transcription factors specific for soybean leaf and flower abscission (Kim et al., 2016), such as NAC (29 DEGs), WRKY (12 DEGs) and AIL/PLETHORA (PLT) (3 and 2 DEGs respectively) which were up-regulated in FPAB (Table S9).

Interestingly, transcripts of 12 DEGs encoding aquaporins belonging to tonoplast intrinsic protein (TIP) and plasma membrane intrinsic protein (PIP) gene families were more accumulated in the pedicels of non-abscising flowers (Table S9).

Characterization of Other DEGs from Abscising and Maintained Pods of Lupine

Similarly to the case of flowers and flower pedicels, we found DEGs encoding 8 different peroxidases, 3 up- and 5 down-regulated, but no enzyme belonging to the carotenoid biosynthesis pathway (Table S10).

Other DEGs with a known homology, apart from the one that was the most up-regulated in the pods (gibberellin 20 oxidase), were those that showed similarity to genes encoding arabinogalactan proteins, i.e., PISTIL-SPECIFIC EXTENSIN-LIKE protein (c33p206_g1, log2FC = 9.5) and FASCICLIN-LIKE ARABINOGALACTAN PROTEIN 10 (FLA) (c141625_g1, log2FC = 8.8) (Table S10). In tomato these types of protein are preferentially expressed in immature white fruits (Fragkostefanakis et al., 2012).

During data interpretation special attention was paid to the AGL62 Agamous-like MADS-box protein (c59718_g1, log2FC = 8.6) (Table S10). The AGL62 suppresses cellularization during endosperm development in Arabidopsis (Kang et al., 2008).

Another DEG that could play a role in pod abscission or development is transcription factor MYC4 (c96574_g1, log2FC = 5,25; Table S10). Recent studies showed that MYC4 together with MYC2 and MYC3 are involved in regulating seed production in a JA-dependent manner (Qi et al., 2015).

By analyzing the same dataset we discovered, that in the pods undergoing abscission (PAB) as many as 26 unigenes related to calcium transport, homeostasis and response were over-expressed (log2FC varied from −2.86 to −4.68). This set of genes encompassed putative calcium-transporting ATPase (1 DEG), calcium-dependent protein kinases (6 DEGs), probable calcium-binding proteins (12 DEGs), cation/calcium exchanger (1 DEG) and calmodulin-like proteins (6 DEGs) (Table S10).

Common DEGs Identified for Comparisons of Maintained and Abscised Flowers, Flower Pedicels and Pods

We identified 28 DEGs that are common for all library comparisons. Almost all of them were regulated in the same direction in the flowers, flower pedicels and pods: 25 DEGs were down-regulated and two up-regulated in all comparisons. The only exception was TIP2:1 (c84944_g1), which was over-expressed in FPNAB and less expressed in FNAP and PNAB (Table 6 and Table S11).


Table 6. List and annotation of common DEGs identified in all three comparison of libraries FAB vs. FNAB, FPAB vs. FPNAB, PAB vs. PNAB.
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Among the common DEGs, there were representatives of factors involved in cell wall reorganization (ENDOGLUCANASE 11, EGL11), water transport (TIP2;1), stress response (for exp. ZAT12, HSF24, RCI2B, INPP5A, SPX, MYB4, or SIB2) and calcium signaling (ACA13). One from common DEGs showing similarity to QUIRKY (QKY) encoding a predicted membrane-bound protein.

Among the common DEGs, seven unigenes showed no homology to the protein sequence. A further analysis of these sequences revealed that the c125095_g1 DEG showed similarity to pre-miR169e from Glycine max (gma-MIR169e) (Figure 5). This unigene was down-regulated in all cases (Table 6 and Table S11).
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FIGURE 5. Identification of the Lupinus luteus miR169e precursor. Alignment of the nucleotide sequence of the c125095g1_i1 unigene with mature miR169d, -e, -f, and -g from A. thaliana (A) and the miR169 precursors from other plant species shows the highest homology (B). miRBase Accession Nos from top to bottom: MIMAT0000908, MIMAT0000909, MIMAT0000910, MIMAT0000911, MI0016576, MI0026086, MI0021629. (C) Secondary stem-loop structures of the pre-miR169e of yellow lupine. Localization of mature miR169 is shown on the stem of the precursor sequence.



RT-qPCR Validation of RNA-Seq Analysis

In order to confirm the differential expression profiles of the DEGs identified by the RNA-Seq analysis we selected 11 candidates from the set of DEGs common for three library pairs. These were 2 up-regulated and 8 down-regulated DEGs. The RT-qPCR-derived expression patterns of these DEGs fitted well with these determined by the RNA-Seq analysis (Figure S1).

The Enriched Pathways (KEGG) Analysis of DEGs from Compared Generative Organ Libraries

In order to categorize the biological functions of the identified DEGs, we performed a KEGG pathway enrichment analysis (Kanehisa and Goto, 2000; Kanehisa et al., 2016).

KEGG Pathway Analysis of DEGs from FAB vs. FNAB Comparison

In the flowers, 416 (including 353 up- and 63 down-regulated) DEGs were mapped to 40 KEGG pathways (p-value < 0.05) (Table S12). Most of the pathways (32 KEGGs) were part of the major category of “metabolism,” while the others were classified as “genetic information processing” (6 KEGGs), “environmental information processing” (1 KEGG) or “cellular processes” (1 KEGG) (Figure S2A).

Pathways with most numerous DEGs were mapped to the “global/overview maps” category that included “metabolic pathways” [gmx01100] (98 DEGs), “biosynthesis of secondary metabolites” [gmx01110] (68 DEGs) and “biosynthesis of antibiotics” groups [gmx01130] (29 DEGs) (Figure 6 and Figure S2A).
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FIGURE 6. Comparison of the number of up- and down-regulated DEGs identified in FAB vs. FNAB library comparison in the KEGG pathways.



Within the “metabolism” category, 10 general pathways were distinguished, among which the most enriched ones were classified as “carbohydrate metabolism” [gmx00040, gmx00500, gmx00520] (36 DEGs),” “amino acid metabolism” [gmx00400, gmx00350, gmx00290, gmx00360, gmx00330, gmx00280, gmx00380] (33 DEGs) and “metabolism of terpenoids and polyketides” [gmx00900, gmx00902, gmx00904, gmx00909, gmx00903, gmx00908, gmx00906] (30 DEGs) (Figure 6 and Figure S2B).

KEGG Pathway Analysis of DEGs from FPAB vs. FPNAB Comparison

In the flower pedicels, 715 (including 277 up- and 438 down-regulated) DEGs were mapped to 63 KEGG pathways (p-value < 0.05) (Table S13). Most of the pathways (52 KEGGs) were part of the “metabolism” network, and the other ones are classified as “environmental information processing” (3 KEGGs), “cellular processes” (2 KEGGs), “genetic information processing” (1 KEGG) and “organismal systems” (1 KEGG) (Figure S3A).

Pathways with most numerous DEGs were mapped to “metabolic pathways” [gmx01100] (154 DEGs) and “biosynthesis of secondary metabolites” [gmx01130] (113 DEGs) from the “global/overview maps” category, and “plant hormone signal transduction” [gmx04075] (40 DEGs) from the “environmental information processing” category (Figure 7 and Figure S3A).
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FIGURE 7. Comparison of the number of up- and down-regulated DEGs identified in FPAB vs. FPNAB library comparison in the KEGG pathways.



Within the “metabolism” category, we distinguished 9 general pathways, among which the most enriched ones were classified as “amino acid metabolism” [gmx00360, gmx00350, gmx00270, gmx00290, gmx00340, gmx00280, gmx00260, gmx00330, gmx00250, gmx00310] (83 DEGs), “carbohydrate metabolism” [gmx00500, gmx00040, gmx00562, gmx00520] (67 DEGs) and “lipid metabolism” [gmx00062, gmx01040, gmx00073, gmx00564, gmx00565, gmx01212, gmx00592, gmx00591, gmx00061, gmx00590] (66 DEGs) (Figure 7, Figure S3B).

KEGG Pathway Analysis of DEGs from PAB vs. PNAB Comparison

In the pods, 508 (including 114 up- and 394 down-regulated) DEGs were mapped to 30 KEGG pathways (p-value < 0.05) (Table S14). Most of the pathways (22 KEGGs) were part of the “metabolism” network, and the other ones were classified as “genetic information processing” (2 KEGGs), “environmental information processing” (1 KEGG) and “organismal system” (1 KEGG) (Figure S4A).

Pathways with most numerous DEGs were mapped to “metabolic pathways” [gmx01100] (133 DEGs) and “biosynthesis of secondary metabolites” [gmx01130] (67 DEGs) from the “global/overview maps” category, and “pentose and glucuronate interconversions” [gmx00040] (50 DEGs) from the “metabolism” category (Figure 8, Figure S4A).
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FIGURE 8. Comparison of the number of up- and down-regulated DEGs identified in PAB vs. PNAB library comparison in the KEGG pathways.



Within the “metabolism” category, we distinguished 7 general pathways, among which the most enriched ones were classified as “carbohydrate metabolism” [gmx00040, gmx00500, gmx00053, gmx006562, gmx00052, gmx00010, gmx00520] (134 DEGs), “amino acid metabolism” [gmx00350, gmx00330, gmx00360, gmx00270] (40 DEGs) and “biosynthesis of other secondary metabolites” [gmx00950, gmx00970, gmx00960, gmx00940] (23 DEGs) (Figure 8, Figure S4B).

DISCUSSION

The process of flower abscission in yellow lupine was investigated already in late 1950s. Those studies demonstrated a significant influence of the flower's location in the inflorescence (Van Steveninck, 1959), the application of various substances, i.e., IAA and TIBA (2,3,5-triiodobenzoic acid, IAA transport inhibitor), and defoliation (Van Steveninck, 1958, 1959) on the degree of flower abortion. Lately, this issue has been revived since it became possible to study flower abscission in L. luteus at the molecular level, and several papers have been published (Frankowski et al., 2015; Wilmowicz et al., 2016).

This study represents the first deep-sequencing analysis performed in yellow lupine and focused on flower and fruit abscission. Our analyses allow us to investigate not only genes involved in the molecular mechanism of abscission (in pedicels), but also to compare organs that do and do not drop off the plant, which provides an opportunity to describe the probable causes of abscission. According study conducted on other plant species (Ascough et al., 2005; Corbacho et al., 2013; Estornell et al., 2013; Kim et al., 2015; Sundaresan et al., 2016) we analyzed obtained DEGs with special attention paid to the genes related to hormone and cell wall functioning, and we performed metabolic pathway analyses.

Transcriptomic Changes Related to Flower and Pod Abscission in Yellow Lupine

Cell Wall Related DEGs Are Associated with Organ Abscission but Also with Their Development

A number of genes regulate the functioning of the plant cell wall. Changes in their expression are associated with aging (Vetten and Huber, 1990; Han et al., 2016), organ abscission (Kim et al., 2015; Roongsattham et al., 2016), development and maturation of fruits (Brummell et al., 2004; Han et al., 2016; Song et al., 2016; Giné-Bordonaba et al., 2017), and organ growth and development (Gunawardena et al., 2007).

Our RNA-Seq analyses of L. luteus generative organs showed bidirectional changes in the expression of the cell wall-related genes, probably associated not only with the ongoing process of abscission but also with progressive development of the organs that are not dropped (Table 2). In a flower transcriptome comparison, we identified 27 DEGs involved in cell wall function. Most of them were up-regulated in FNAB, and only 5 were down-regulated. This is probably related to the inhibition and continuation of growth in flowers being dropped and those remaining on the plant, respectively. This supposition is supported by two facts: (1) non-abscision lupine flowers at this stage of development showed the first signs of ovary growth (data not shown) and (2) pollination in tomato developing flower caused increase in the transcript levels of cell expansion-related genes like SlEXPA5, SlPEC, and SlXTH1 (Vriezen et al., 2007; de Jong et al., 2011). Our results confirm our hypothesis that the abscising flowers are not fertilized, probably because they stopped developing properly even before pollination. In contrast, FNAB at this stage of development showed the first signs of ovary growth that required up-regulation of some cell wall modification-related genes. We strongly believe, that the lack of fertilization is caused by cues triggered from mature flowers on the first whorl and axillary flowers, that elicit modification of expression of specific genes during development of immature flowers. Verification of this hypothesis and identification of these cues need further study.

In our study, the samples were collected at the step of abscission activation (Kim, 2014) (visible lignin accumulation in AZ, Figures 2G,K), where biochemical changes in the cell walls within the AZ are crucial. Many studies (e.g., del Campillo et al., 1988; Lashbrook and Cai, 2008; Roongsattham et al., 2012; Estornell et al., 2013; Tsuchiya et al., 2015) indicate the importance of PG, CEL, XTH, and EXP genes in organ abscission. Our RNA-Seq analyses showed that in flower pedicels many genes that encoded enzymes responsible for cell wall and middle lamella degradation and remodeling factors, which are the main targets at the late abscission stages, were differently expressed. These included EXP, XTH, EDG/CEL, PG, BGal, PME, PAE, PEC genes (Table 2 and Table S4), which were previously demonstrated to be highly expressed in the AZs of a large number of abscising organs (Lashbrook et al., 1994; del Campillo and Bennett, 1996; Cho and Cosgrove, 2000; Taylor and Whitelaw, 2001; Roberts et al., 2002; Ogawa et al., 2009; Meir et al., 2010). However, Tucker et al. (2007) discovered that in the soybean leaf AZ most of the cell wall-related genes displayed increased expression, while some of them showed no change or were down-regulated (e g., EXP1, PG6, PG7, PG16, and CEL11). The authors suggested that different gene products may play very specialized roles in cell wall modifications and down-regulation of some of them may be necessary for the optimal functioning of the others (Tucker et al., 2007). In our case, the identified DEGs showed diverse expression patterns (they were either up- or down-regulated), which may be also related to the fact that we constructed the libraries by taking whole flower pedicels containing not only AZ cells, but also a large number of remaining stalk cells. Additionally, we compared pedicels of growing flowers. The identified DEGs may also be associated with continuation of flower development, which involves the strengthening of pedicels, a further development of vascular bundles, etc. However, active AZ-specific genes (Estornell et al., 2013), namely CEL1 (c33456_g1), QRT2 (c56936_g4), XTH2 (c48301_g1), and BGAL1 (c59734_g1), were highly expressed in FPAB (Table S4) which indicate that in L. luteus organ abscission process are involved similar cell wall modification enzymes as in other plant species.

Pods are shed at the early stages of development (at a length of approximately 1 cm) (Figure 2) (Van Steveninck, 1958), and their location in the inflorescence does not inevitably determine their fate. Pods fall off from higher whorls, but some also from the lowest ones, where most of the pods remain on the plant. They probably compete in some way—the first pod to set has the best chance of achieving full development, while the last one to do so is dropped. Presumably, the signal from older pods causes developmental arrest of younger ones and induce organ abscission. A similar regulation mechanism of shedding fruits is suggested in apple (Botton et al., 2011). In pods of lupine studied here, 76 DEGs were attributed to cell wall metabolism and most of them were over-expressed in the abscising pods that indicate extensive degradation of cell wall structure in these organs (Table 2 and Table S4).

Hormonal Metabolism and Signaling—Related Genes Involved in Lupine Organ Abscission

Plant hormones are involved in regulating all developmental processes in plants (Arteca, 1996) and a large body of evidence indicates that hormones are the critical regulators of organ abscission (for a review see: Kim, 2014; Sawicki et al., 2015). Our analyses of DEGs showed that in yellow lupine genes involved in the auxin and gibberellins metabolism and action presented greatest expression changes, followed by changes in the expression of genes related to the functioning of ABA and ethylene. There were also differences in JA, CK, BR, SA, and STK metabolism.

Organs Abscission in Yellow Lupine is Associated with Intensive Changing of Auxin Catabolism and Signaling

Our RNA-Seq analyses indicate that the process of generative organ abscission in yellow lupine is associated with significant changes of auxin balance at the level of catabolism, perception, transport, and response to the phytohormone. The expression of genes encoding auxin biosynthetic enzymes does not differ between the generative organs of L. luteus that are shed and those that are not (except for one unigene in flowers). Closer look at the DEGs designed as involved in regulation of auxin availability (metabolism and conjugation) and transport suggest, that during organ abscission there is a huge rebuilding of auxin patterning. In falling flowers this is achieved by inhibition of synthesis, but also break-down and transport of this hormone. In pedicels of falling flowers the pattern probably changes by decreased auxin catabolism and changed transport. In falling pods auxin is probably less available because it is conjugated with proteins. Or it is rather released from conjugates in non-abscission pods.

In the flowers, we identified 11 DEGs involved in auxin signaling (Table 3 and Table S5). Flowers that remain on the plant over-express gene encoding key enzyme in IAA biosynthesisYUCCA8 and DAO, essential for auxin catabolism and maintenance of auxin homeostasis in reproductive organs (Zhao et al., 2013; Panoli et al., 2015). Analyses of auxin biosynthesis mutants (Cheng et al., 2006) indicate that localized IAA synthesis is critical for proper gynoecium morphogenesis in A. thaliana (for a review see: Hawkins and Liu, 2014). Up-regulation of YUCCA8 in FNAP suggests that IAA biosynthesis is also required for proper flower development in yellow lupine. Pollen grains of the Arabidopsis dao mutant did not germinate neither in vitro nor in vivo on the wild-type stigma, and no seeds were produced, which indicates that DAO plays a role in regulating anther dehiscence and pollen grain development (Zhao et al., 2013). This suggests that in falling lupine flowers, where DAO in less expressed, pollen grains germinate less effectively and in consequence fertilization does not occur, which is the cause of flower abscission. The gene encoding basipetal auxin transporter TORNADO 2 (TRN2) was up-regulated in FNAB. In Arabidopsis the auxin pattern resulting from TRN2 activity enables growth and organ organization by cell differentiation (Cnops et al., 2000; Cnops, 2006). Our finding indicate that flower abscission is correlated with inhibition of IAA biosynthesis in one area and simultaneous inhibition of IAA break-down in the other area, and suppression of its transport. This may be caused by cues sent by older flowers, but further study is needed to verify this hypothesis and find possible countermeasures, to increase the number of maintained flowers on the plant. Among the many DEGs analyzed in the flower transcriptomes comparison, two DEGs interpreted as related to IAA signal transduction are worth mentioning: ARF4 and ARF7, up and down-regulated in FNAP, respectively (Table S5). An analysis of tomato SlARF7 indicate that transcript level of this gene decreased after pollination and transgenic plants with decreased SlARF7 expression formed parthenocarpic fruits (de Jong et al., 2009). In our RNA-Seq analysis, the ARF7 mRNA level was higher in the abscising flowers, thus supporting our hypothesis that abscising flowers of L. luteus are unfertilizated. DEGs presenting similarity to ARF4 are present in all comparisons. In the flowers, ARF4 is over-expressed in FNAB. There is no clear evidence that ARF4 is involved in organ abscission. As genetic analyses indicate, ARF4 have functions in leaf and floral organ patterning and specify abaxial cell identity (Pekker et al., 2005). In tomato, SlARF4 expression is high in flowers and young fruits, and decreases during fruit maturation and ripening (Sagar et al., 2013a,b). We suggest that ARF4 in yellow lupine could be associated with auxin regulation of development by way of symmetric cell division and organ polarity control.

Ethylene and auxin (IAA) are important regulators of abscission and the balance between these phytohormones determines where and when separation takes place (Ascough et al., 2005; Estornell et al., 2013). Most of the unigenes associated with auxin signaling found in this study were identified in the pedicels of flowers (44 out of 70) (Table 4 and Table S6). Two of these DEGs are responsible for auxin break-down: DAO, essential for IAA oxidation, and IAMT1, involved in formation of MeIAA. MeIAA demonstrates a different activity, as it more easily forms conjugates with proteins and carbohydrates and as a nonpolar molecule probably diffuses through membranes (Qin et al., 2005). Both DEGs were up-regulated in FPNAB. Three of the four DEGs encoding auxin transport proteins were up-regulated in FPNAB, which presumably resulted in a change in auxin distribution. LAX4 and LAX5, encoding the auxin influx carrier (Bainbridge et al., 2008; Petrášek and Friml, 2009; Vanneste and Friml, 2009) proteins were over-expressed in lupine FPNAB. Auxin efflux transporter BIG that controls elongation of pedicels and stem internodes through auxin action in Arabidopsis (Gil et al., 2001; Yamaguchi et al., 2007) showed a contrary tendency. Also, the expression of the gene encoding PINOID, a kinase that phosphorylates PINs thus leading to their internalization into cells (Petrášek and Friml, 2009), was reduced. We conclude that in FPAB: (i) IAA break-down was reduced, (ii) the amount of its form that could diffuse out of cells was lower, (iii) auxin influx was enhanced and efflux was inhibited, (iv) and polar auxin transport was reduced. This is consistent with literature data that in poplar leaves prior to cell separation during abscission, an auxin maximum in AZ is formed (Jin et al., 2015) and that reduction of polar auxin transport increases sensitivity of the tissue to ET, which stimulates production of hydrolytic enzymes resulting in organ detachment (Estornell et al., 2013). This indicates, that in yellow lupine the mechanism of organ abscission is similar to that of other plants.

The list of DEGs identified in the pedicels was rich in genes encoding other elements of auxin signal transduction: two encoded down- and up-regulated receptors (F-box protein SKP2A and auxin-binding protein ABP19a, respectively), three encoded down-regulated auxin response factors (ARF4, ARF7 and ARF19), and as many as 15 encoded up- or down-regulated AUX/IAA proteins (Table 4 and Table S6). In Arabidopsis, SKP2A is an F-box protein that binds auxin and connects its signaling with cell division (Jurado et al., 2010). Over-expression of SKP2A in pedicels of abscising flowers in yellow lupine is probably associated with the auxin-dependent regulation of cell division in the AZ. ABP receptors are known to regulate many processes. Upon auxin binding, they restrict internalization of PINs by inhibiting clathrin-mediated endocytosis (Robert et al., 2010; Grones et al., 2015), thus they are involved in regulating polar auxin transport (Effendi et al., 2011). They also regulate the expression of genes encoding cell wall remodeling proteins, such as EXP, XTH and pectin (Paque et al., 2014). This suggests that during the growth of the pedicel of a flower remaining on the plant, ABP may be engaged in the regulation of cell growth and PIN-mediated auxin patterning. Among auxin-related DEGs in flower pedicels we also found ARF4 (one DEG up-, another down-regulated in FPNAB), ARF7 and ARF19 (both down-regulated in FPNAB). As mentioned before, ARF4 is probably involved in regulating polar cell division and cell wall modification. Genetic analysis of Arabidopsis mutants suggests that ARF7 and ARF19 are involved in abscission of floral organs (Estornell et al., 2013). In NGS data analysis of the abscission zone in tomato flowers and leaves ARF19 was also over-expressed in the AZ, while in soybean leaf abscission only ARF8 expression changes were observed (Kim et al., 2016). Our results indicate that ARF7 and ARF19 can be associated with flower abscission in lupine, but the mechanism of how these genes regulate abscission needs to be clarified.

In the falling pods we observed reduced amounts of ILR1-like 2 (IAA-amino acid hydrolase) transcripts responsible for IAA conjugation to amino acids (LeClere et al., 2002) and increased DEGs encoding auxin receptors such as TIR1, ABP19, and SKP2A (Table 5 and Table S7). This indicates an increase in free auxin concentrations and a growth of the sensitivity to IAA in these organs. The amount of transcripts encoding ARF2 and ARF4 in PNAB is higher than in PAB. It is suggested that ARF2 is a general repressor of auxin-regulated cell division (Ellis et al., 2005; Okushima et al., 2005) and plays an important role in growth of the ovule before fertilization that determines the final size of the seed (Schruff et al., 2005). Therefore, ARF4 and ARF2 may participate in the regulation of cell division in the developing pods of yellow lupine.

Ethylene

In the flower, we found only three DEGs involved in ethylene (ET) signal transduction, which suggests that in this organ ethylene did not play any primary role in abscission regulation (Table 3 and Table S5).

This was not the case, however, in the flower pedicels, as here 17 of the identified DEGs were involved in ethylene metabolism (Table 4 and Table S6). Three unigenes encoding the ET biosynthesis enzyme ACO1 were down-regulated in FPNAB. This confirms the outcome of study suggesting that in L. luteus, flowering abortion evoked by ABA resulted from its stimulatory effect on the expression of two main ET biosynthesis genes LlACS and LlACO, the ACC content and, consequently, the increase in that phytohormone production (Wilmowicz et al., 2016). As mentioned above, ethylene accumulation causes auxin transport inhibition and organ abscission. The same takes place in yellow lupine pedicels, as an increase in the expression of ET biosynthesis genes correlates with decrease in the expression of genes associated with auxin transport in the pedicels of abscising flowers. Additionally, fourteen genes encoding elements of ET signal transduction were up- or down-regulated in FPAB (Table 4 and Table S6). In RNA-Seq analysis of another plant species many genes related to different steps of the ethylene signaling transduction pathway were expressed in the tomato AZs both after flower removal (FAZ) and leaf deblading (LAZ) (Sundaresan et al., 2016). Also, EIN3 and the genes from ERF family were over-expressed in the tomato flower and leaf AZs (Sundaresan et al., 2016) and in the FPAB of yellow lupine too.

In the pods, all the DEGs attributed to ethylene biosynthesis (ACS1 and ACS7) and signal transduction (ERF3 and ERF1A) were less expressed in PNAB, which indicated that in the abscising pods ET was accumulated in larger amounts (Table 5 and Table S7). Ethylene plays a major role in regulating the expression of cell wall-associated genes encoding PGs (Sitrit and Bennett, 1998; Hiwasa et al., 2004), EXPs (Rose et al., 1997; Hiwasa et al., 2003) and BGals (Karakurt and Huber, 2004; Nishiyama et al., 2007). Therefore, we suggest that an extensive up-regulation of cell wall-related DEGs in the abscising pods could, to some extent, be the result of an increased ethylene biosynthesis in these organs.

Gibberellin Biosynthesis Is Induced in Organs Maintained on Plant

Gibberellins are hormones involved in cell expansion, fruit set and growth (Katsumi and Ishida, 1991; Serrani et al., 2007). In contrast to auxin, GA biosynthesis was mainly altered in the tested samples. Changes also occurred at the level of signal transduction and catabolism, but to a minor extent.

The large number of identified genes related to gibberellin metabolism and signaling indicates the importance of GA in lupine flower fate. By comparing the gene expression between the flowers falling off and control, we found 7 DEGs involved in GA functioning. One of them, GA2OX1 engaged in GA catabolism, was down-regulated, while the others—responsible for its biosynthesis (KAO2, GA20OX2, GA20OX1) and signal transduction (GAI, GASA12, and GASA14)—were up-regulated in FNAB (Table 3 and Table S5). The mRNA levels of GA biosynthesis genes rise after pollination in tomato (Rebers et al., 1999; Serrani et al., 2007). In addition, the transcript level of SlGA2ox2 was found to be lower, that results in higher levels of GA in active form (Serrani et al., 2008). In A. thaliana and P. sativum, auxin probably acts as a signal from successfully fertilized ovules that, in turn, stimulates GA biosynthesis and triggers fruit development (Ozga and Reinecke, 2003; Dorcey et al., 2009). Our RNA-Seq analysis shows that probably a similar scenario occurs in yellow lupine.

Similarly to the flowers, in the pedicels of lupine flowers GA biosynthesis was induced in FPNAB (Table 4 and Table S6). This suggests that in this part of non-abscising flowers the GA signaling pathway was also induced.

Our RNA-Seq analysis shows that GA plays an essential role in retaining the pods on the plant (Table 5 and Table S7). The transcription level of GA biosynthesis genes was already higher in FNAB, and the difference even rose in PNAB. All the 10 DEGs attributed to GA biosynthesis were strongly expressed in PNAB, including GA20OX2 which was the most up-regulated DEG in the developing pods. At the same time, this up-regulation in PNAB means that in the abscising pods lower GA biosynthesis was ceasing their development. Interestingly, DEGs involved in GA signal transduction (mainly GAMYB) were significantly over-expressed in the pods being dropped. GAMYB is known as a regulator of flower induction (Gocal et al., 1999) and α-amylase activation in the aleurone layer of the seeds (Gómez-Cadenas et al., 2001; Kaneko et al., 2002). There is no evidence of their function in fruit abscission or development. Only one study demonstrates that in the seeds of A. thaliana, GAMYB-like genes are able to promote—but are not essential for—the progression of PCD in the aleurone layer (Alonso-Peral et al., 2010). GA also regulates exine formation and PCD of tapetal cells and the direct activation of CYP703A3 by GAMYB is crucial for exine formation (Aya et al., 2009). Probably, GAMYB is involved in PCD induction during lupine pod abscission.

Involvement of Other Hormones in Lupine Organs Abscission

There is still little understanding of the participation of other plant hormones in cutting off generative organs. Our study aims to fill this gap.

Our RNA-Seq analysis revealed that ABA receptor PYL2 was over-expressed in the abscising flowers and flower pedicels (Tables S5, S6). In the flower pedicels, other DEGs recognized as involved in abscisic acid signaling, such as SAPK2, SAPK8, and PP2CA, were also down-regulated in FPNAB. Simultaneously, CYP707A4 engaged in ABA break-down was up-regulated. These data suggested that in the abscising flowers and flower pedicels ABA signaling pathways were being activated. In the pods of L. luteus, ABA catabolism gene CYP707A1 was up-regulated in PNAB, which means that in the abscising pods this gene was less expressed, and ABA accumulation occurred. In apple, before fruits abscission a chronological increase in the level of ABA and ACC also takes place (Gómez-Cadenas et al., 2000). Additionally, ABI3 involved in ABA signal transduction was more expressed in PNAB. ABI3 has been demonstrated to directly induce the expression of storage protein genes (Ezcurra et al., 1999; Reidt et al., 2000; Kroj et al., 2003; Braybrook et al., 2006; Wang and Perry, 2013).

Among the DEGs in the flowers, we identified unigenes that showed homology to jasmonic acid (JA) and ester methyl jasmonate (JaMe) biosynthesis genes (Table S5). A similar situation took place in the pods. DEGs connected with JA biosynthesis were all up-regulated in PNAB (Table 5 and Table S7), which suggests stimulation of metabolism of these hormones in the pods that were continuing to develop. In contrast, in the pedicels of non-abscising flowers, JA biosynthesis was decreased (Table 4 and Table S6). Mutations in JA biosynthesis genes in A. thaliana causes male sterility due to delayed anther development and shortened filaments (reviews in Wasternack, 2007; Browse, 2009). Additionally, it was shown that JA is also required for proper development of tomato embryo (Goetz et al., 2012). This again confirms our hypothesis that flowers undergoing abscission are not fertilized and in falling pods embryo development is stopped.

Cytokinins are involved in the regulation of cell division and expansion (Skoog et al., 1965) and CK effect on abscission is thought to be mediated by ethylene (Sipes and Einset, 1983; Grossmann, 1991; Cin et al., 2007). In the pedicels of non-abscising flowers (Table 4 and Table S6), more expressed were those DEGs that showed similarity to: CK receptor AHK4, two genes encoding cytokinin biosynthesis enzymes LOG1 and LOG3, and two genes CKX5 and CKX3 encoding enzymes that catalyze CK oxidation to biologically inactive forms (Galuszka et al., 2007). In the pedicels of flowers undergoing abscission two other forms, namely CKX1 and CKX9, were up-regulated. In Arabidopsis roots, CKX proteins show diverse subcellular and tissue-specific localization that suggests specific developmental and physiological functions of each gene (Werner et al., 2003). Opposite changes in the expression of CKX genes in the flower pedicels of L. luteus may be associated with the fact, that different processes regulated by CK occur in various cell compartments and tissues but more study is need to clarify the role of CK in organ abscission in lupine.

Brassinosteroids are endogenous plant hormones essential for the proper regulation of multiple physiological processes required for proper plant growth and development (Clouse and Sasse, 1998; Krishna, 2003; Sasse, 2003; Clouse, 2011). In FPNAB, 8 DEGs were recognized as involved in BR signaling, which suggests that BRs play an important role in the pedicels of the developing flowers (Table 4 and Table S6). Three DEGs involved in signal transduction (Cyclin-D3) were up-regulated in FPNAB, which indicates more intensive cell division in the growing pedicels. DEGs putatively encoding BR biosynthesis enzymes were up- and others down-regulated. BR biosynthesis can be conducted via many alternative pathways which interweave at many nodes and form a sort of metabolic grid (see KEGG map00905; Shimada et al., 2001). In the flower pedicels, some alternative routes are up-regulated, which probably leads to changes not only in BR concentrations, but also in BR composition. BR promote cell expansion through regulation of expression of the genes involved in cell wall modifications, cellulose biosynthesis, ion and water transport, and cytoskeleton rearrangements (Clouse and Sasse, 1998; Schumacher et al., 1999; Morillon et al., 2001; Vert et al., 2005; Kim and Wang, 2010). These findings correlate with our RNA-Seq analysis results; apart from many up-regulated cell wall-related DEGs, 12 DEGs showing similarity to aquaporins were also up-regulated in FPNAB (Table S6).

In the flower pedicels and pods, we identified five and six DEGs (indicating similarity to TGA, SABP2, and PR1) interpreted as SA-related (Tables 4, 5, Tables S6, S7), respectively. This situation is common during organ abscission. For example, in tomato, transcription factor TGA was expressed in FAZ and LAZ (Sundaresan et al., 2016). The transcription of several genes coding for pathogenesis-related (PR) proteins increased concomitantly with the onset of flower abscission of Sambucus nigra (Coupe et al., 1997).

The expression of the DAD2 gene (another name: DR14/DWARF14) encoding the receptor of SL is differential in the flowers and pods (Tables 3, 5, Tables S5, S7). DR14 protein could work as an intercellular signaling molecule to fine-tune SL function (Kameoka et al., 2016). Recently, a hypothesis in which SL may indirectly influence seed size has been created. SL mutants show enhanced shoot branching and delayed leaf senescence, so they may have reduced nutrient remobilization resulting in a reduction in seed production. These findings indicate that SLs may affect the grain crop yield through leaf senescence and shoot branching regulation (Yamada and Umehara, 2015). We suggest that the increased transcription of the DAD2 gene in the non-abscising flowers and pods can be linked to the nutrients mobilization.

Other Factors Probably Involved in Generative Organ Abscission of Yellow Lupine

Transcription Factors Involved in Generative Organ Abscission

Some transcription factors (TFs) characteristic for soybean leaf and flower abscission processes, such as NAC, WRKY, and AIL/PLETHORA (PLT) (Kim et al., 2016), were also up-regulated in FPAB of lupine (Table S9). Among the DEGs, there were AIL/PLT (3 and 2 unigenes respectively), NAC (29) and WRKY (12). For example, DEG c60377_g2 with log2FC = −8.08, a putative ortholog of NAC transcription factor 29, also called NAP (NAC-LIKE, ACTIVATED BY AP3/PI), is closely associated with the senescence process of Arabidopsis rosette leaves and, possibly, in other plant species (Guo and Gan, 2006; Zhang and Gan, 2012). The expression of ANAC019, ANAC055, and ANAC072 was induced by drought, high salinity, and abscisic acid (Tran et al., 2004). NAC055 and NAC072 were also over-expressed in the FPAB of lupine (Table S9). These results are consistent with previous studies showing up-regulation of this type of TF genes in the flower AZ of tomato (Sundaresan et al., 2016), and the fruit AZ during abscission of mature melon and olive fruit (Corbacho et al., 2013; Gil-Amado and Gomez-Jimenez, 2013). Another transcription factor, namely MYB108, was up-regulated in FAB, as well. This protein contributes to the regulation of stamen maturation and male fertility in response to jasmonate signaling in A. thaliana (Mandaokar and Browse, 2008).

Some TFs were more expressed in organs continuing development. For example, the bHLH TF, MYC4 is up-regulated in PNAB (Table S9).The maximum expression of MYC2, MYC3, and MYC4 in A. thaliana coincided with the developmental stages during which seed storage reserves accumulated, suggesting these genes may affect the accumulation of seed storage reserves (Gao et al., 2016). Over-expression of MYC4 in the developing pods of yellow lupine suggests that storage reserves accumulated in seeds.

PCD and ROS Are Associated with Abscission Process

Organs that completed the abscission, undergo changes that resemble the canonical plant PCD (van Doorn et al., 2011), among others, the stimulation of nucleases and reactive oxygen species (ROS) (Farage-Barhom et al., 2008; Sakamoto et al., 2008a; Meir et al., 2010; Bar-Dror et al., 2011). In tomato, the overexpression of antiapoptotic proteins and inhibition of a PCD-associated ribonuclease trigger abscission (Lers et al., 2006; Bar-Dror et al., 2011), whereas in pepper, ROS inhibitors prevent abscission suppressing H2O2 production (Sakamoto et al., 2008b).

Our results confirm these findings. Among the DEGs from all the compared libraries we identified numerous genes encoding proteins directly involved in protection against reactive oxygen species, such as peroxidase, as well as enzymes belonging to the carotenoid biosynthesis pathway, such as CCD4, ZDS, and beta-carotene hydroxylase (Tables S8–S10). Also, 16 DEGs displaying similarity to various nucleases were more expressed in FPAB (Table S9). Additionally, one of the most intensively expressed DEGs in the flower pedicels with an active AZ showed similarity to the vacuolar processing enzyme VPE, an executor of plant PCD (Hatsugai et al., 2004). VPE is a cysteine protease that cleaves a peptide bond at the C-terminal side of asparagine and aspartic acid (Wang et al., 2009) and plays an essential role in the regulation of the lytic system of plants during the processes of defense and development (Hara-Nishimura et al., 2005).

Water Transport Plays an Important Role Especially in the Developing Organs

Our RNA-Seq analysis revealed that water transport played an important role especially in the developing organs. Aquaporin TIP2;1 was one of the common DEGs for all our study libraries. Additionally, transcripts of 12 DEGs encoding aquaporins belonging to the tonoplast intrinsic protein (TIP) and plasma membrane intrinsic protein (PIP) gene families were more accumulated in the pedicels of non-abscising flowers (Table S9).There were also 6 (5 up-regulated) and 5 (4 down-regulated) DEGs presenting similarity to genes encoding aquaporins in the flowers and pods, respectively (Tables S8, S10). TIP1 and TIP2 are preferentially associated with the large lytic vacuoles and vacuoles accumulating vegetative storage proteins, respectively (Gattolin et al., 2009). Moreover, intensive expression of TIP and PIP genes during cell expansion has been observed in numerous plant species (e.g., O'Brien et al., 2002; Liu et al., 2008; Saito et al., 2015). Up-regulation of aquaporin genes in L. luteus FNAB and FPNAB is probably associated with cell expansion. On the other hand, in the pods, beside TIP2;1, other DEGs belong to the NIP aquaporin family (that are involved in transport of water, but also other molecules; Dean et al., 1999; Liu et al., 2003; Wallace and Roberts, 2005; Takano et al., 2006; Choi and Roberts, 2007; Mitani-Ueno et al., 2011) were over-expressed in PAB (Table S10). This was probably associated with the processes of nutrient reutilization.

Calcium Signaling Pathway Plays an Important Role in Yellow Lupine Pod Abscission

Calcium (Ca2+) is crucial for numerous biological functions. In addition to its key roles in ensuring cell wall and membrane system structural integrity, it has been shown to act as an intracellular regulator in many aspects of plant growth and development, including stress responses (White and Broadley, 2003; Ranty et al., 2006), cell division and elongation, and fruit growth (Hepler, 2005). Recent RNA-Seq analyses of apple fruit abscission revealed that Ca2+ deficiency due to the down-regulation of genes encoding transporters of this cation could be a signal for the degeneration of the lateral apple fruits (Ferrero et al., 2015). In contrast, our study the abscising pods demonstrated over-expression of 26 unigenes associated with calcium transport, homeostasis and response (Table S10). Among them there were: a putative calcium-transporting ATPase, a calcium-dependent protein kinase, a probable calcium-binding protein, a cation/calcium exchanger and a calmodulin-like protein. This suggests that the Ca2+ signaling pathway plays an important role in yellow lupine pod abscission, although there is a need for further research in order to clarify which physiological processes these changes are associated with.

Fertilization Probably Did Not Occur in Abscising Flowers

In addition to the cell-wall related, MYB108 and other mentioned genes, there were more unigenes associated with pollination that were differentially expressed between the developing flowers and the abscising ones. In the abscising flowers, we detected more mRNA of MS5, a gene essential for male fertility, especially for microspora and pollen grain production (Glover et al., 1998), and involved in regulating cell division after male meiosis I and II to facilitate meiotic exit and transition to G1 (Ross et al., 1997; Bulankova et al., 2010) (Table S8). Another gene, NFD4, encoding a protein required for polar nuclear fusion during female gametophyte development and karyogamy during fertilization (Portereiko et al., 2006), was also less expressed in FAB. This confirms the hypothesis that shed flowers are unfertilized.

Analysis of DEGs Common for All Comparisons Confirms Known Data but Also Reveals MIR169 Is Involved in Generative Organ Abscission

Our analyses of DEGs common for all comparisons allowed determination of which changes were universally associated with the processes of generative organ abscission. By that means we distinguished 28 unigenes with different expression in all of the libraries compared. 25 of them were down-regulated, 2 were up-regulated in all comparisons, and only one—mainly TIP2;1—was up-regulated in the FPNAB, unlike the other samples (Table 6, Table S11).

Among the common DEGs, there were representatives of factors involved in the already discussed issues such as cell wall reorganization (EGL11) and water transport (aquaporin TIP2;1). The EG45-like domain containing protein (PNP-A) also has a systemic role in H2O and solute homeostasis (Ludidi et al., 2002). Numerous common DEGs are involved in stress response, among them ZAT12, HSF24, RCI2B, 5INPP5A, SPX3, MYB4, or SIB2. ZAT12 play a central role in reactive oxygen and abiotic stress signaling in Arabidopsis (Davletova et al., 2005). SIB2, Arabidopsis sigma factor binding proteins, is an activator of the WRKY33 transcription factor in plant defense (Lai et al., 2011). RCI2B and RCI2A are two developmentally- and stress-regulated cold-inducible genes of Arabidopsis encoding highly conserved hydrophobic proteins expressed during the first stages of seed development and germination, in vascular bundles, pollen, and guard cells (Medina et al., 2001).

The presence of the DEG encoding the putative calcium-transporting ATPase 13 (ACA13), the enzyme catalyzing the hydrolysis of ATP coupled with the translocation of calcium from the cytosol out of the cell or into organelles (Iwano et al., 2014), confirmed that calcium signaling plays an important role in organ abscission. Interestingly, among common DEGs we identified one showing similarity to QKY encoding a predicted membrane-bound protein. By analogy to animal proteins with related domain topology, QKY is speculated to be involved in Ca2+-dependent signaling and membrane trafficking. QKY interacts with receptor-like kinase STRUBBELIG (SUB) at plasmodesm (PD) to promote tissue morphogenesis, for example integument initiation and outgrowth during ovule development (Fulton et al., 2009; Vaddepalli et al., 2014). Our RNA-Seq findings indicate that cell-cell communication via QKY was an important factor determining organ fate.

Surprisingly, none of the common DEGs were associated with hormone metabolism or signaling. This was probably due to the fact that although the significant changes in hormone-related genes occurred in all of the tested samples, they were specific to a particular organ. However, the DEGs from the same cluster but with others gene number (c62886_g2, c62886_g7, c62886_g4) indicating similarity to ARF4 proteins were presented in all comparisons (Tables S8–S10).

Our analysis revealed similarity of the common DEG c125095_g1 to the miR169e precursor of Glycine max (gma-MIR169e) (Figure 5). MicroRNAs (miRNA) are small noncoding RNAs that control development, stress responses and hormone signaling or metabolism, in both animals and plants, by post-transcriptional regulation of gene expression (Bartel, 2009; Voinnet, 2009). In plants, 21 nt miRNAs are processed from long stem-loop precursor RNAs. The mature miRNA is incorporated into the RNA induced silencing complex (RISC) (Schott et al., 2012) to guide post-transcriptional gene silencing (PTGS) of complementary mRNA by cleavage and/or inhibition of translation (Brodersen and Voinnet, 2009). A sequence analysis revealed that the transcript of unigene c125095_g1 sequence forms the hairpin characteristic for pre-miRNAs, wherein the stem was the sequence of the mature molecule of miR169e (Figure 5), thus indicating that it may be a source of functional mature miRNA. MiR169 has been identified in many plant species (Sunkar and Jagadeeswaran, 2008) and their isoforms are involved in regulation various processes during development (Gonzalez-Ibeas et al., 2011) and in response to biotic (Singh et al., 2012) or abiotic stresses (Zhou et al., 2010; Licausi et al., 2011; Zhao et al., 2011). In plants, the main targets of miR169 are genes that encode the subunit A of Nuclear Factor Y (Rhoades et al., 2002). In plants, NF-Y TFs have been linked to development (Lotan et al., 1998; Combier et al., 2006; Wenkel et al., 2006), signaling (Warpeha et al., 2007), stress responses (Nelson et al., 2007; Li et al., 2008; Liu and Howell, 2010; Zhao et al., 2011), carbohydrate metabolism and cell wall modification (Leyva-González et al., 2012). Among yellow lupine DEGs no NF-YA transcripts were found, although this may be related to the fact that miR169 may regulate the expression of its target genes also by inhibiting translation, which cannot be detected using RNA-Seq. Further study is needed to identify the processes regulated by miR169 in yellow lupine.

Several DEGs that we identified, such as ARF2, ARF4 or GAMYBA were also regulated by the regulatory sRNAs - miR390, ta-siARF (Marin et al., 2010) and miR159 (Alonso-Peral et al., 2010), respectively. These findings shed new light on possible regulation of organ abscission by non-coding RNAs.

RT-qPCR Validation of RNA-Seq Results

In order to validate the results obtained via RNA-Seq analyses, we assessed the trends in expression of 11 chosen genes which displayed significantly different transcription level in all of the compared transcriptomes, using RT-qPCR. The results of the expression analysis of these genes supported the validity of our RNA-Seq (Figure S1).

Metabolic Changes Associated with the Processes of Generative Organ Abscission in Lupine

KEGG is a highly integrated database providing information on the biological systems and their relationships at the molecular, cellular and organism levels, particularly via the KEGG pathway maps (Kanehisa et al., 2007). An analysis of KEGG metabolic pathways, which was performed using the identified DEGs, allows for a global analysis of the metabolic changes that occur during abscission, both in pedicels with an AZ and the abscising organs. The identified DEGs were grouped into 4 major pathways from the KEGG pathway database (Figures S2A, S3A, S4A): “metabolism,” “genetic information processing,” “environmental information processing” and “organismal systems.” As “metabolism” appeared to be one of the most significant and highly represented categories in our study we ran an in-depth analysis of it, which is presented in Figures S2B, S3B, S4B.

Our analysis of enriched KEGG pathways from all the comparisons indicates that some metabolic pathways were modulated in all the cases, while some seemed to be characteristic for specific plant organs. “Carbohydrate metabolism” and “amino acid metabolism” were common enriched pathway categories for the DEGs from all the comparisons made. This suggests that these metabolism categories were a major target of changes during the abscission of generative organs in yellow lupine. It is worth mentioning that to the “Pentose and glucuronate interconversions” pathway from the “carbohydrate metabolism” category belong i.e., cell-wall related PME and PAE. This explains the path's strong enrichment in all library comparisons, and especially in the pods (Figures 6–8).

The KEGG pathways which were enriched particularly in FNAB were “Terpenoid backbone biosynthesis” from the “Metabolism of terpenoids and polyketides” category (Figure 6). Terpenoids, also known as isoprenoids, are a large class of natural products consisting of isoprene (C5) units. In higher plants, isoprenoids participate in a wide variety of biological functions. Specific examples include photosynthetic pigments (chlorophylls and carotenoids) or hormones (ABA, GA, CK, and BR). The enrichment of these KEGG pathways in the flower could be associated with hormone biosynthesis. Other groups of up-regulated DEGs in FNAB belonged to the “Genetic Information Processing” category, and particularly to the “Replication and repair” and “Translation” pathways (38 DEGs) (Figure 6 and Figure S2A). The fact that, apart from these pathways, amino acid biosynthesis and metabolism and nucleotide metabolism pathways were enriched, too, indicates that cell division and intensive de novo protein synthesis were induced in FNAB or from the other side these processes are inhibited in FAB.

Other pathways from the KEGG metabolism category in which DEGs identified in flower pedicels were indexed fell under the “Environmental Information Processing” heading, and included the “Plant hormone signal transduction pathway,” which confirmed the importance of changes in hormonal balance in the studied pedicels (Figure 7). This could be associated with the “Inositol phosphate metabolism” pathway that was over-represented in FPAB. We found that DEGs showing similarity to, inter alia, non-specific phospholipase C (NPC), belonged to this pathway. NPCs play important roles in many processes as phospholipid-to-galactosyl DAG exchange, growth and development associated with hormone signaling and stress responses (reviewed in: Pokotylo et al., 2013). The same phospholipases were included in the “Ether lipid metabolism” and “Glycerophospholipid metabolism” pathways that were strongly up-regulated in the abscising flower pedicels. In contrast, the “Biosynthesis of unsaturated fatty acid” and “Fatty acid metabolism” pathways that are probably associated with cell membrane functioning were enriched in the flowers that continued to develop.

In the pods, the “Plant-pathogen interaction” pathway from the “organismal systems” major category was strongly enriched due to high numbers of up-regulated DEGs related to PR1, calcium-related genes and WRKY in PAB (Figure 8). Another pathway enriched in the abscising pods was “Phosphatidylinositol signaling system,” which include DEGs encoding calmodulines and phospholipase A and C. In PAB, within the “amino acid metabolism” category we found DEGs showing similarity to enzymes involved in protein degradation, such as Cysteine proteinase (e.g., c134689_g1, c73956_g1, Table S10) (Martínez et al., 2012) or Proline dehydrogenase (e.g., c60845_g3, c53844_g2, Table S10) (Funck et al., 2010; Monteoliva et al., 2014), which confirmed our DEGs analysis indicating a strong induction of degradation processes in PAB. Only one pathway, “diterpenoid biosynthesis” related to GA biosynthesis, was clearly enriched in PNAB, which fits well to our analysis of hormone-related DEGs in the pods.

CONCLUSIONS AND FUTURE PERSPECTIVES

In our work we analyzed global gene expression in the flowers, flower pedicels, and pods collected from L. luteus with the purpose of elucidating the molecular mechanisms and metabolic pathways involved in physiological abscission, and assessing the role of generative organs in this process.

As it might be expected, the process is regulated comprehensively and leads to the modification of gene expression, consequently causing hormonal, metabolic, and structural changes. The expression of certain genes changes in all of the compared libraries, while that of others is modified specifically in particular organs.

We propose a model, in which (Figure 9), unfertilized flowers of L. luteus induce the process of falling off and the activation of the AZ in the flower pedicel. In the fertilized flowers, changes related to further development and pod formation occur. The pedicels of these flowers also undergo structural modifications associated with the transport of water and nutrients and the maintenance of the growing fruit. The fate of the formed pods depends upon the sequence of establishing and the environmental conditions. Under unfavorable conditions growth is arrested, nutrient reutilization processes are activated, and cell wall degradation and PCD processes are launched. In all the cases, changes occurred in respect to the expression of a number of genes associated with the functioning of the cell walls, hormones and the metabolism of sugars and amino acids. Also, differences in the metabolism of hormones in the pedicels, as well as the signaling system and stress response in the pods, were observed. The observed increased MIR169 expression in all of the abscising organs was a new discovery.


[image: image]

FIGURE 9. Diagram showing the complex changes in yellow lupine abscising generative organs and organs continuing their development on the basis of the obtained results.



This study provides promising advances in our understanding of generative organ abscission that may ultimately lead to improved control of L. luteus flower and pod set. In order to establish a more precise model and identify the abscission signal trigger, further studies are necessary. Further research is needed also to resolve whether here described changes in generative organs initiate before or after AZ activation, and whether they are the cause or result of abscission. Nevertheless, our study represents an important step in elucidating the biological pathways engaged in generative organ abscission, and more research is being conducted in order to unravel new genes and functions involved in this process.
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Soybean (Glycine max Merr.) is the world’s most widely grown legume and provides an important source of protein and oil. Improvement of seed quality requires deep insights into the genetic regulation of seed development. The endosperm serves as a temporary source of nutrients that are transported from maternal to filial tissues, and it also generates signals for proper embryo formation. Endosperm cell death is associated with the processes of nutrient transfer and embryo expansion. The bHLH domain transcription factor AtZHOUPI (AtZOU) plays a key role in both the lysis of the transient endosperm and the formation of embryo cuticle in Arabidopsis thaliana. There are two copies of soybean GmZOU (GmZOU-1 and GmZOU-2), which fall into the same phylogenetic clade as AtZOU. These two copies share the same transcription orientation and are the result of tandem duplication. The expression of GmZOUs is limited to the endosperm, where it peaks during the heart embryo stage. When the exogenous GmZOU-1 and GmZOU-2 were expressed in the zou-4 mutant of Arabidopsis, only GmZOU-1 partially complemented the zou mutant phenotype, as indicated by endosperm breakdown and embryo cuticle formation in the transgenic lines. This research confirmed that the GmZOU-1 is a ZOU ortholog that may be responsible for endosperm breakdown and embryo cuticle formation in soybean.

Keywords: seed development, endosperm breakdown, transcription factor, GmZOU, soybean

INTRODUCTION

Soybean is a major global economic crop and a source of carbohydrates, protein, oil, and other nutrients for humans and animals (Hou et al., 2009). Improvements of the production and seed quality of soybean require a thorough understanding of the underlying processes governing seed growth and development. However, most of the research performed on soybean have focused on various biochemical pathways for producing seed storage products based on known enzymatic steps, and less attention has been given on the relationship between seed development and storage product metabolic programs, e.g., coordination of different seed compartments pertaining to resource channeling and storage product accumulation, and as such, the regulatory and dynamic aspects of the network are still poorly understood.

In dicotyledonous species, the endosperm plays important roles in metabolite production, transport, and accumulation in the embryo (Melkus et al., 2009). The endosperm in Brassicaceae is believed to participate in the flux control of nutrients delivered by the vascular tissues of the parental plants to the embryo (Abbadi and Leckband, 2011). The soluble metabolites are temporarily stored in the endosperm vacuole with the concentration developmentally controlled, and influence metabolite accumulation in embryo (Melkus et al., 2009). The endosperm is also involved in lipid, sugar, amino acid, and organic acid metabolism (Schwender and Ohlrogge, 2002; Hill et al., 2003), and in mineral acquisition and storage (Otegui et al., 2002). In addition to nutrient transport and metabolism, the endosperm also plays a role in controlling the sizes of the embryo and seed, although the precise mechanism is still unknown (Luo et al., 2005).

Endosperm development in most angiosperms is of the nuclear type and is characterized by four phases: syncytial, cellularization, differentiation, and death (Olsen, 2004). After cellularization, the embryo surrounding region (ESR) of the endosperm cell starts to breakdown, thereby freeing the nutrients that fuel the embryo and in turn create space for embryo expansion (Ingram, 2010). In dicotyledons such as Arabidopsis and soybean, the endosperm undergoes programmed cell death with complete autolysis, leaving a single cell layer of endosperm tissue surrounding the dormant embryo (Ingram, 2010). The endosperm death stage, which represents the beginning of the maturation stage, refers to a process involving nutrient transfer and storage in the embryo, as well as the generation of developmental signals that are transmitted to the young embryo (Berger, 2003; Sharma et al., 2003; Berger et al., 2006; Baud et al., 2008). During this stage, the sucrose transporter AtSUC5 is induced in the ESR region and plays an important yet transient role in the transport of nutrients to the embryo (Baud et al., 2005). In pea and Vicia spp. seeds, a change from a predominantly hexose to sucrose content in the endosperm induces a change of gene expression in favor of storage product accumulation (Hill et al., 2003). SBT1.1, a subtilase gene, is specifically expressed in the endosperm of Medicago truncatula and Pisum sativum seeds to control embryo growth (D’Erfurth et al., 2012). The endosperm degradation stage is a transition process that influences seed development and metabolite accumulation.

The ZOUPI (ZOU) gene is a unique and highly conserved bHLH transcription factor that is exclusively expressed in the ESR and controls both endosperm breakdown and embryonic cuticle formation during Arabidopsis seed development (Kondou et al., 2008; Yang et al., 2008). In zou/rge1 mutants, ESR cell death is compromised, and the endosperm persists in the mature seeds with heart shaped embryo. In addition the defect in the embryonic cuticle of zou mutants lead to splits in the cotyledon epidermis after germination. The ZOU gene is also specifically expressed in the maize endosperm, influencing ESR breakdown and embryonic and seed development (Grimault et al., 2015). The conserved function of the ZOU gene in both Arabidopsis and maize indicates that it plays an important role in the communication between endosperm breakdown and embryo development.

In order to investigate the regulating pathway of endosperm breakdown and the communication between endosperm and embryo in soybean, we identified a ZOU ortholog gene, which complements the Arabidopsis zou mutant phenotype allowing the recovery of endosperm breakdown and embryo cuticle formation.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Soybean plants [G. max (L.) Merrill] (Williams 82) were grown under natural conditions in the field at the Agricultural Experiment Station of Northeast Institute of Geography and Agroecology, Chinese Academy of Sciences, Changchun, China. The Arabidopsis zou mutant zou-4 (Col-0 background) allele was obtained from the Gabi-Kat collection of T-DNA inserts (Rosso et al., 2003) and corresponded to GABI_584D09. Arabidopsis seeds were surface-sterilized, vernalized at 4°C for 3 days, and then allowed to germinate and grow on plant growth medium in the growth chamber maintained under a 16-h light/8-h dark (22–18°C) photoperiod. Soil-grown plants were also maintained under the same conditions.

GmZOU Cloning by RT-PCR

Total RNA was isolated from soybean developing seeds under normal growth conditions using a Plant Total RNA Extraction Kit (Bioteke Corporation) and first strand cDNA was prepared from 0.5 μg of total RNA primed with an oligo-dT primer using an AMV reverse transcription system (Takara) according to the manufacturer’s instructions. The genes were cloned using PrimeSTAR HS DNA Polymerase (Takara). Two PCR primers, OL0085 and OL0086, were designed to amplify the GmZOU-1 gene. A 937-bp PCR fragment was amplified, and the PCR reactions were performed as follows: 98°C for 3 min and then 30 cycles of 98°C for 10 s, 55°C for 15 s, and 72°C for 1 min. Primers OL0087 and OL0088 were designed to amplify the GmZOU-2 gene. A 830-bp PCR fragment was amplified and the PCR reactions were performed as follows: 98°C for 3 min and then 30 cycles of 98°C for 10 s, 55°C for 15 s, and 72°C for 50 s. 3′ A overhangs were attached to the PCR fragments by using EasyTaq (TransGenBiotech) before their cloning into a pMD18-T vector (Takara).

Phylogenetic Analysis

The ZOU protein sequences from different species with similarities to AtZOU were mined from Phytozome V111 and GenBank (National Institutes of Health genetic sequence database). The amino acid sequences were aligned using CLUSTALW (Thompson et al., 1994). We limited the boundaries of the sequences. In total, 21 sequences (Supplementary Dataset 1) were analyzed. Phylogenetic reconstruction of the ZOU genes was performed using the neighbor-joining (NJ) method (Saitou and Nei, 1987). The bootstrap consensus tree inferred from 1,000 replicates was used to represent the evolutionary history of the analyzed taxa (Felsenstein, 1985). Branches corresponding to partitions reproduced in less than 50% bootstrap replicates were collapsed. The percentage of replicate trees in which the associated taxa were clustered together in the bootstrap test (1,000 replicates) was shown next to the branches (Felsenstein, 1985). The tree was drawn to scale, with branch lengths in the same units as those of the evolutionary distances that were used to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction method and are in the units of the number of amino acid substitutions per site. All positions containing alignment gaps and missing data were eliminated only in pairwise sequence comparisons (pairwise deletion option). A total of 451 positions were included in the final dataset. Phylogenetic analyses were conducted using MEGA4 (Tamura et al., 2007).

Quantitative Gene Expression Analysis

In soybean, total RNA was extracted from different tissues, including root, stem, leaf, inflorescence, unopened flower, opened flower, and seeds at 5 DAP (globular stage), 9 DAP (early heart stage), 12 DAP (late heart stage), and 16 DAP (cotyledon stage; Jones and Vodkin, 2013). To obtain the endosperm and embryo separately from soybean seeds, the seeds were dissected transversely (slightly out of the middle toward the micropylar end) using forceps and a microtome blade (Leica). The embryo was picked out by forceps and the endosperm was separated with integument using a scalpel knife under the stereo microscope (Olympus SZX7), and material was flash frozen in liquid nitrogen. In Arabidopsis, total RNA was extracted from siliques with seeds developing to the heart stage (about 5 DAP). The total RNA was treated with DNase I (Takara) according to the manufacturer’s instructions. RNA concentrations were determined by using a Nanodrop Spectrophotometer (NanoDrop Technologies). First-strand cDNA was prepared from 0.5 μg of total RNA primed with oligo-dT primer using an AMV reverse transcription system (Takara). PCR reactions were prepared using SYBR Premix EX Taq (Takara) and each 25 μl reaction was triplicated (technical replicates) and for each experiment three biological replicates (i.e., independent plant samples or different plants in the same transgenic line) were made. According to the manufacturer’s protocol, the following program was used: 10 min at 95°C, followed by 40 cycles of 95°C for 10 s and 60°C for 1 min. The products were quantified using a Bio-Rad DNA Engine Opticon 2 real-time PCR machine and an associated software to assay SYBR green fluorescence. Expression levels were calculated using ACTIN11 (Soybean), which is a commonly used reference gene with stable expression in different tissues (Hu et al., 2009), and EIF4A1 (Arabidopsis) in developing seed as described (Yang et al., 2008; Xing et al., 2013; Grimault et al., 2015). The primers used are listed in Supplementary Table S1.

Vector Construction and Plant Transformation

To construct the pAtZOU::GmZOU-1 and pAtZOU::GmZOU-2 expression vectors, cloned GmZOU-1 and GmZOU-2 CDS in pMD18-T vectors in the correct orientation were digested with SalI and SmaI and cloned into the vector pRT101 that was digested by XhoI and HincII, thereby constructing the vectors ZYH051 and ZYH052. ZYH051 and ZYH052 were then digested with PstI, and the gene fragments were separately cloned into a binary vector pCAMBIA1300 to construct the vectors, ZYH053 and ZYH054. A 1.6-kb region upstream from the AtZOU start codon was amplified by PCR (as described earlier) using primers ZOUSALIF and ZOUSALIR and subcloned into vector pSC-B (Stratagene). The vector containing AtZOU promoter was digested with SalI, and the promoter fragment was then cloned into the binary vectors ZYH053 and ZYH054, thereby constructing the pAtZOU::GmZOU-1 and pAtZOU::GmZOU-2 expression vectors ZYH055 and ZYH056. All recombinant plasmids identified from individual Escherichia coli colonies were verified by sequencing, the expression vectors described above were introduced into Agrobacterium tumefaciens GV3101 independently for plant transformation. Plant transformations were conducted according to Clough and Bent (1998). Plants were dipped twice in a solution of 10% sucrose, 0.5 × MS salts, and 0.05% silwet L-77 solution containing GV3101 Agrobacterium cells that were grown for 48 h.

Selection of Transformed Plants

Seeds from the transformed plants were screened on MS agar (Sigma) containing 2% sucrose, 20 mg L-1 hygromycin (Roche) and 100 mg L-1 cefotaxime (Sangong). Resistant plants were transferred to pots with soil and perlite (3:1 v/v) and grown to maturity in a growth chamber. Hygromycin-resistant plants were screened for the presence of the transgene by PCR using soybean GmZOUs-specific primers (above). Seeds were harvested and sown on MS agar containing 2% sucrose, 20 mg L-1 hygromycin to obtain homozygous plants. Homozygous plants were transferred to soil and were grown for seed production. Seeds from these homozygous plants were used in the subsequent experiments.

Toluidine Blue Staining

The Toluidine Blue (TB) test was carried out following published procedures (Tanaka et al., 2004; Xing et al., 2013). Seeds were spread uniformly on 15-cm plates containing 1 × MS Basal Salts (Sigma), 0.3% sucrose, and 0.4% Phytagel (Sigma; pH 5.8). Stratification was conducted at 4°C for 3 days before transferring plates to a growth chamber for 7 days. Lids were removed and plates were immediately flooded with the staining solution [0.05% (w/v) TB + 0.4% (v/v) Tween-20] for 2 min. The staining solution was poured off, and the plates were immediately rinsed gently by flooding under a running tap until the water cleared (1–2 min). Seedlings were photographed, or harvested for TB quantification. To harvest, seedlings were removed individually from plates and both roots and any adhering seed coats (both of which stain darkly with TB) were completely removed before plunging the hypocotyl and cotyledons into 1 ml of 80% ethanol. Seedlings were incubated with continuous shaking for 2 h, until all blue color and chlorophyll had been removed from cotyledons. The resulting liquid was analyzed using a spectrophotometer.

Seed Clearing

To visualize and stage the developing seeds, siliques were opened with needles. The seeds were then cleared overnight in modified Hoyer’s solution (chloral hydrate: water: glycerol in proportions 8 g : 2 mL : 1 mL) and visualized under DIC optics using a Nikon Eclipse E600 microscope.

RESULTS

GmZOU Genes Cloned from Developing Seeds of Soybean

To identify the ZOU homologs in soybean, the TBLASTN program was used to query the deduced amino acid sequences of gene models from the soybean genomic sequence database (Phytozome) with that of AtZOU. The two highest scores were obtained for the genes models Glyma.02G103200 and Glyma.02G103100, and the corresponding genes were designated as GmZOU-1 and GmZOU-2, respectively. Alignment of the amino acid sequences of the GmZOU-1 and GmZOU-2 with that of AtZOU revealed the presence of a basic helix-loop-helix (bHLH) DNA-binding domain (pfam00010) and a conserved C-terminal domain (Figure 1A). Phylogenetic analysis of the all 480 bHLH family proteins in soybean and the AtZOU protein showed that both GmZOUs were in the same phylogenetic clade with AtZOU (Supplementary Figure S1).
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FIGURE 1. Identification of ZOU homologs in soybean. (A) Alignment of amino acid sequences of the AtZOU gene with GmZOU-1 (Glyma.02G103200) and GmZOU-2 (Glyma.02G103100). Identical amino acids are indicated by white letters against a black background and the conserved bHLH domain (pfam00010) was remarked by red line. (B) A syntenic block of soybean and Arabidopsis thaliana sequence assemblies surrounding the Arabidopsis ZOU gene. Solid black lines connect homolog gene pairs and are indicate by the same color. White arrows represent genes with no syntenic homolog(s) in the particular genomic region. The ZOUPI tandem duplicates were detected in soybean (GmZOU-1 and GmZOU-2).



The two copies of GmZOUs identified in soybean were located on Gm02: 9,795,987–9,799,196 (Accession Number Glyma.02G103200) and Gm02: 9,784,634–9,786,935 (Accession Number Glyma.02G103100), which is adjacent to the chromosome with the same transcription orientation. The chromosome fragment in soybean chromosome 2 containing 13 genes around the GmZOUs was aligned with the chromosome fragment containing AtZOU from the Arabidopsis genome. There were five genes in this selected Arabidopsis chromosome region that corresponded to seven homologs in this soybean chromosomal segment that contained two genes that were tandemly duplicated. In addition, these homologs showed synteny, as indicated by the same order and orientation (Figure 1B). The two chromosomal regions showed similar evolutionary origin, and the two copies of GmZOUs were the result of tandem gene duplication.

Phylogenetic Analysis of GmZOUs

To identify the phylogenetic relationships and functional conservation of different species during evolution, the homolog of the ZOU gene in other species, including A. thaliana, salt cress (Thellungiella halophila), soybean (Glycine max), lucerne (M. truncatula), poplar (Populus trichocarpa), cassava (Manihot esculenta), rice (Oryza sativa), corn (Zea mays), sorghum (Sorghum bicolor), pine (Pinus taeda), spruce (Picea sitchensis), selaginella (Selaginella moellendorffii), and moss (Physcomitrella patens), were downloaded and filtered. Only full-length sequences and those with at least 30% similarity with the AtZOU gene were included in the analysis. A total of 21 sequences were selected and used in the subsequent NJ phylogenetic analysis. A strict consensus tree was also generated (Figure 2).


[image: image]

FIGURE 2. Phylogenetic analysis of ZOU. A Neighbor-joining tree of ZOU homologs from Arabidopsis (A. thaliana, At), salt cress (T. halophila, Thhalv), soybean (G. max, Glyma), lucerne (M. truncatula, Medtr), poplar (P. trichocarpa, Potri), cassava (M. esculenta, cassava), rice (O. sativa, Os), corn (Z. mays, GRMZM), sorghum (S. bicolor, Sb), pine (P. taeda, Pt), spruce (P. sitchensis, Ps), selaginella (S. moellendorffii, Smo), and moss (P. patens, Pp). Bootstrapping values are indicated where the local bootstrap probability of each branch is >50.



The phylogenetic tree showed that ZOU is widely conserved in plants. Within angiosperms, ZOU was found in both plants that develop persistent endosperm and plants that do not as well as in seeded plants lacking endosperm (e.g., P. sitchensis, a gymnosperm). It was also found in more basal vascular plant groups, such as the moss (e.g., P. patens) and ferns (e.g., S. moellendorffii), which lack seeds altogether. Besides that the ZOU genes in gymnosperms such as P. sitchensis and P. taeda had a closer relationship with dicotyledonous species compared to monocotyledonous species. This may be related to the specific function of the ZOU gene, which regulated the degeneration of maternal material during gametogenesis. In monocotyledonous species, the gametogenesis evolved in a specific manner wherein the maternally derived nutrients are stored in the endosperm until seed germination. Although ZOU in monocotyledonous species, like AtZOU is involved in the local lysis of endosperm to allow embryo growth, the bulk of persistent endosperm implies some functional alterations. Recently the potential functional specificity of ZmZOU unique to monocotyledon had also been shown in maize (Grimault et al., 2015).

Expression Profiles of GmZOUs in Vegetatives

The expression profiles of the GmZOUs in both vegetative and reproductive soybean organs, including roots, stems, leaves, inflorescences, unopened flowers, opened flowers and developing seeds with embryos in different stages were examined by qPCR analysis. The results showed that both GmZOUs were highly expressed in developing seeds and preferentially at the heart stage. GmZOU-2 was also detected in the inflorescences, unopened flowers, and opened flowers (Figure 3A).
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FIGURE 3. Expression analyses of GmZOU-1 and GmZOU-2 in soybean. (A) The expression of GmZOUs in different tissues, including the root, stem, leaf, inflorescence, unopened flower, opened flower, and seeds at different DAP, as detected by qPCR analysis. (B) qPCR analysis of GmZOUs expression on dissected seed compartments. The embryo and endosperm were separately isolated from developing seeds at late heart stage or cotyledon stage. For each stage at least 20 seeds were selected with three biological replicates. Scale bars: 1 mm.



In order to study the spatial-specific expression pattern of GmZOUs in developing seeds, gene expression analysis had been carried out on dissected seed compartments. The embryo and endosperm were separately isolated from developing seeds at late heart stage or cotyledon stage. In order to prevent contamination, the expression of embryo specific genes (Glyma03g03500 and Glyma14g35560) and endosperm specific genes (Glyma07g02220 and Glyma08g21890; Danzer et al., 2015) was also checked in these dissected seed compartments (Supplementary Figure S2). Upon verification, GmZOUs expression was detected by qPCR analysis. The results showed that both of GmZOUs were highly expressed in endosperm whereas no expression was detected in embryo (Figure 3B). The similar expression pattern with AtZOU implied functional conservation of GmZOUs in seed development.

The Expression of GmZOUs in the Arabidopsis zou Mutant Facilitates the Recovery of the Mutant Seed Phenotype

To confirm that GmZOUs are involved in endosperm breakdown, expression vectors with GmZOU-1 and GmZOU-2 under the control of the AtZOU promoter (AtZOUpro-GmZOUs) were separately transformed into Atzou-4 mutants. After resistance screening, presence of exogenous AtZOU promoter-driven GmZOU-1 or GmZOU-2 constructs was checked in the transgenic lines containing the T-DNA insertions. The Atzou-4 mutant background of the GmZOU-1 and GmZOU-2 transgenic lines was then confirmed by PCR analysis based on the T-DNA insertion site. Furthermore, the expression of exogenous GmZOUs was also detected by qPCR (Figure 4E). Background identification and exogenous GmZOUs expression analysis identified a total of four GmZOU-1 transgenic lines and four GmZOU-2 transgenic lines, which were then used in the subsequent analysis. Among these transgenic lines, the mature seeds in the GmZOU-1 transgenic lines rescued the Atzou-4 shriveled seed phenotype into wild-type-like or malformed seeds (Figures 4A,C), whereas the mature seeds in the GmZOU-2 transgenic lines showed no distinct phenotypic differences from that of Atzou-4 mutant seeds (Figures 4B,D).
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FIGURE 4. GmZOUs expressed in Arabidopsis zou-4 mutant. (A–D) Seed phenotype of GmZOU-1 and GmZOU-2 transgenic lines. The seeds from Col-0 are full, with the embryo showing a perfectly bent shape (A) and from zou-4 are abnormal with a shriveled seed phenotype (B). In GmZOU-1 transgenic lines, the seeds showed a wild-type-like or malformed seed phenotype (C), whereas the seeds in the GmZOU-2 transgenic lines showed the shriveled seed phenotype, similar to that in the Atzou-4 mutant (D). Scale bars: 1 mm. (E) qPCR analysis of the GmZOUs expression in transgenic lines. Four independent lines from each were selected for examining the exogenous GmZOUs expression, which was quantified relative to AtZOU expression in Col-0 wild type seeds at the heart stage. The un-transformed Atzou-4 mutants were selected as a negative control.



To study the embryo and endosperm growth in these transgenic lines, the developing seeds at about 10–12 days after pollination (DAP) were observed. The Col-0 wild-type embryos were in the mature stage showing a completely bent embryo, and the endosperm had already undergone complete breakdown with only one cell layer surrounding the embryo (Figures 5A,F); the embryo growth in Atzou-4 mutant was restricted at the heart/torpedo shaped embryo, and the endosperm failed to undergo a breakdown, with cellularized endosperm persisting (Figures 5B,G). The seeds of the GmZOU-2 transgenic lines showed similar features as that of the Atzou-4 mutant, with an embryo arrested in the heart/torpedo stage andx showing a sustained cellularized endosperm (Figures 5E,J). On the contrary, the embryo of the GmZOU-1 transgenic lines showed elongated and bending, with the semi-bent embryo almost occupying the entire embryonic sac (Figures 5C,D); and the endosperm showed breakdown in GmZOU-1 transgenic lines resulting in a reduction in the amount of persistent endosperm compared with Atzou-4 mutant (Figures 5H,I). The findings of seed development observation confirmed that the GmZOU-1 partially recovered embryo expansion and endosperm breakdown in Atzou-4 mutants, whereas GmZOU-2 did not influence Atzou-4 mutant seed development.
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FIGURE 5. Evaluation of seed development and detection of the embryo cuticle. (A–E) The seeds at 12 DAP were cleared and observed by DIC microscopy. The embryo in Col-0 showed complete bending, occupying the entire seed cavity (A) and arrested in the heart/torpedo stage in the Atzou-4 mutant (B). In GmZOU-1 transgenic seeds, the semi-bent and larger embryo occupied the seed (C,D), and the embryo in the GmZOU-2 transgenic seeds was the same as that in the Atzou-4 mutant (E). Scale bars: 100 μm. (F–J) Embryonic and endosperm development was detected by paraffin sectioning at about 10 DAP. The wild-type seeds were in the mature stage, showing a completely bent embryo and only one cell layer of endosperm surrounding the embryo (F); the Atzou-4 mutant embryos were arrested in the heart stage and their cellularized endosperm remained intact (G). In GmZOU-1 transgenic seeds, the endosperm showed breakdown and the embryo expanded to later stages. Furthermore, the expanded embryo still exhibited non-uniform development based on the amount of residual endosperm (H,I). In the GmZOU-2 transgenic seeds, the embryo and endosperm remained arrested, similar to that in the Atzou-4 mutant (J). Scale bars: 100 μm in (F) and 50 μm in (G–J). (K,L) GmZOU-1 partially recovered the cuticle deficiency in Atzou-4. The seedlings of Col-0, Atzou-4, and the GmZOUs transgenic lines at about 7 days after germination were stained with TB. The GmZOU-1 transgenic seedlings were weakly stained, whereas the GmZOU-2 transgenic seedlings showed strong staining similar to that in the Atzou-4 mutants (K). TB uptake in these lines was quantified spectrophotometrically, showing similar results to that of microscopy analysis. Error bars represent s.d. among three biological replicates, each containing 20 seedlings (L). Scale bars: 5 mm.



Furthermore, we also studied the embryonic cuticle in the transgenic lines as the cuticle integrity in zou was not intact with breaks in epidermal. TB, a hydrophilic dye, was used to detect the hydrophobic cuticle and epidermal defection (Tanaka et al., 2004). The seedlings of Col-0, Atzou-4, and the GmZOUs transgenic lines at about 7 days after germination were stained with TB and visualized under a dissecting microscope. Cotyledons of the Atzou-4 mutants showed strong staining, while the cotyledons of Col-0 wild-type had no visible permeability to TB. The transgenic GmZOU-2 cotyledons also showed strong staining similar to that in the Atzou-4 mutants, whereas the GmZOU-1 transgenic lines were weakly stained (Figure 5K). To further investigate this phenotype, TB uptake by seedlings was quantified by using a spectrophotometer. The results were similar to that of microscopy analysis (Figure 5L). These findings indicate that the GmZOU-1 transgenic plants also partially rescued cuticle formation, whereas GmZOU-2 did not.

GmZOU-1 Recovered the Expression of Presumed ZOU Target Genes

The expression of presumed ZOU target genes, including ALE1. At3g06890. At5g03820, and At4g33600 (Kondou et al., 2008; Yang et al., 2008; Xing et al., 2013) were detected in the GmZOUs transgenic lines (Figure 6). The ZOU target genes At3g06890 and At4g33600 showed almost full recovery in the GmZOU-1 transgenic lines. The mRNA levels of the putative direct target ALE1 (Yang et al., 2008; Xing et al., 2013) increased sevenfold and threefold in the GmZOU-1 transgenic lines compared with levels observed in untransformed Atzou-4 mutants but reached only 30 and 13%, respectively, of the level observed in Col-0. Similarly, the expression of target gene At5g03820 in the GmZOU-1 transgenic lines reached only 17 and 9.3%, respectively, relative to that in Col-0. On the other hand, the expression of these target genes did not differ in the GmZOU-2 transgenic lines compared to that in the Atzou-4 mutant.
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FIGURE 6. The expression of AtZOU regulated genes in Col-0, Atzou-4, GmZOU-1, and GmZOU-2 transgenic lines as detected by qPCR. The expression of ALE1. At3g06890, At5g03820, and At4g33600, which are the AtZOU presumed target genes, decreased in the Atzou-4 mutant and showed partial recovery in the GmZOU-1 transgenic lines, but not in the GmZOU-2 transgenic lines.



These results showed that the downregulated genes in the Atzou-4 mutant underwent partial recovery in the GmZOU-1 transgenic lines, whereas these did not change in the GmZOU-2 transgenic lines. In the GmZOU-1 transgenic lines, the partially recovered expression of these target genes explained the observed partial recovery of the Atzou-4 mutant phenotype. The less efficient recovery of the ZOU target genes such as ALE1 and At5g03820 implied that part of the ZOU target genes requires higher expression levels or complete ZOU function. Nonetheless, our data confirmed that GmZOU-1 is a functional ortholog of AtZOU because both soybean and Arabidopsis ZOU induced the upregulation of ZOU presumed target genes, which have been associated with endosperm breakdown and embryo cuticle development.

DISCUSSION

GmZOU-1 Is the ZOU Ortholog in Soybean

Searching the soybean genomic sequence database identified two AtZOU homologs in soybean, which were then further confirmed by sequence alignment and chromosome synteny analysis. The results also confirmed that the AtZOU homologs resulted from tandem duplication. To confirm functional conservation, the GmZOUs were expressed in Arabidopsis Atzou-4 mutants and only GmZOU-1 could complement the Atzou-4 mutant phenotype with endosperm breakdown, embryo expansion, and cuticle formation. Additionally, the homologs showed expression patterns that were similar to that of AtZOU, which indicated that GmZOU-1 is the ZOU ortholog in soybean. GmZOU-1 only partially complemented the Atzou-4 mutant, which was indicative of species specificity or functional diversity during evolution.

GmZOU-2 Is Derived from Gene Duplication and Lost Function during the Course of Evolution

GmZOU-1 (Glyma.02G103200) and GmZOU-2 (Glyma. 02G103100) resulted from tandem duplication with the same transcription orientation. Sequence alignment indicated that GmZOU-1 consisted of a classical bHLH DNA binding domain at the N terminus and a conserved functional domain at the C terminus compared to AtZOU. By contrast GmZOU-2 only had the conserved function domain, whereas the bHLH domain had lost the conserved amino acids which may influence its DNA binding capability. Transgenic analysis indicated that GmZOU-2 did not influence the Atzou-4 mutant in terms of embryonic arrest at the heart stage, sustaining the endosperm, and cuticle formation deficiency. Additionally, considering its less specific expression pattern, we concluded that GmZOU-2 is the product of gene duplication and may have lost its original function during the course of evolution.

Cuticle Deficiency and Arrested Endosperm Breakdown Result in Embryonic Malformation in GmZOU-1 Transgenic Lines

The cuticularization of juxtaposed surfaces has been shown to be extremely important in defining organ boundaries. Mutants with compromised cuticles often show extensive organ fusions (Kurdyukov et al., 2006; Xing et al., 2013). In the GmZOU-1 transgenic lines, ALE1 expression was partially recovered, and TB staining showed that the cuticle layer of the embryonic cotyledons did not show complete recovery. The embryo with the defective cuticle readily fused with the endosperm, similar to that observed in other embryo cuticle-deficient mutants such as ale1. gso1/gso2, and zou (Tanaka et al., 2001; Tsuwamoto et al., 2008; Yang et al., 2008). We inferred that the observed organ fusion suppressed embryo expansion. The combination of organ fusion in the embryo and the arrest of endosperm degradation restricted embryonic development, which resulted in the reverse bending of the embryo and a severe malformation phenotype (Figure 5). These mechanisms may explain the development of malformed embryos in the GmZOU-1 transgenic seeds.
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A great variety of legume species are used for forage production and grown in multi-species grasslands. Despite their close phylogenetic relationship, they display a broad range of morphologies that markedly affect their competitive abilities and persistence in mixtures. Little is yet known about the component traits that control the deployment of plant architecture in most of these species. During the present study, we compared the patterns of shoot organogenesis and shoot organ growth in contrasting forage species belonging to the four morphogenetic groups previously identified in herbaceous legumes (i.e., stolon-formers, rhizome-formers, crown-formers tolerant to defoliation and crown-formers intolerant to defoliation). To achieve this, three greenhouse experiments were carried out using plant species from each group (namely alfalfa, birdsfoot trefoil, sainfoin, kura clover, red clover, and white clover) which were grown at low density under non-limiting water and soil nutrient availability. The potential morphogenesis of shoots characterized under these conditions showed that all the species shared a number of common morphogenetic features. All complied with a generalized classification of shoot axes into three types (main axis, primary and secondary axes). A common quantitative framework for vegetative growth and development involved: (i) the regular development of all shoot axes in thermal time and a deterministic branching pattern in the absence of stress; (ii) a temporal coordination of organ growth at the phytomer level that was highly conserved irrespective of phytomer position, and (iii) an identical allometry determining the surface area of all the leaves. The species differed in their architecture as a consequence of the values taken by component traits of morphogenesis. Assessing the relationships between the traits studied showed that these species were distinct from each other along two main PCA axes which explained 68% of total variance: the first axis captured a trade-off between maximum leaf size and the ability to produce numerous phytomers, while the second distinguished morphogenetic strategies reliant on either petiole or internode expansion to achieve space colonization. The consequences of this quantitative framework are discussed, along with its possible applications regarding plant phenotyping and modeling.

Keywords: forage legumes, morphogenesis, branching, architecture, leaf area, growth habit, competitive ability

INTRODUCTION

Numerous forage legumes contribute to temperate grasslands and help to supply high-quality protein-rich feed for ruminants, while reducing the need for nitrogen fertilizers (Suter et al., 2015; Vertès et al., 2015), preserving water quality (Owens et al., 1994; Russelle et al., 2001) and mitigating greenhouse gas emissions (Jensen et al., 2012). Most of these legume species are grown in a mixture with perennial grasses in order to take advantage of the ecological and nutritional complementarities of the two functional groups (Nyfeler et al., 2011; Gaba et al., 2015). However, a long-acknowledged problem of multi-species grasslands is the lack of persistence of the legume component over time and a less predictable forage quality when compared with pure grasses or annual forages (Beuselinck et al., 1994; Schwinning and Parsons, 1996). Competition for resources and crop management have been shown to be of considerable importance to regulating the proportion of legumes in grassland communities (Sheaffer, 1989; Beuselinck et al., 1994), but little is known about the mechanisms by which a legume species prevails within a particular community or environment. To date, the search for combinations of traits predictive of legume performance in a mixture has been limited to a few widely-grown mixtures (e.g., white clover-perennial ryegrass or alfalfa-tall fescue: Davies, 2001; Annicchiarico et al., 2015; Maamouri et al., 2015), and only a few studies have sought to explore the role of the diversity of plant forms using multi-trait approaches (e.g., Fort et al., 2015 on root traits; Kraft et al., 2015).

The legume family presents spectacular morphological and life-history trait diversity (Lewis et al., 2005; LPWG, 2013). Considering the temperate herbaceous genus only, a remarkable range of plant structures and pedoclimatic adaptations has been reported (Forde et al., 1989; Scott et al., 1989). The morphogenesis of shoots determines plant architecture and light capture (Valladares and Niinemets, 2007), which are critical to inferring the outcome of competition for light (Caldwell, 1987). It also determines the position of shoot meristems and contributes to how different species tolerate grazing and mowing (Briske, 1996; Smith et al., 2000). Differences in leaf surface area, plant height and other architectural features that affect the spatial distribution of leaves (e.g., phenology, branching patterns, dimensions of spacing organs, etc.) have been shown to be drivers of competitive success in grass-legume mixtures (Louarn et al., 2012; Barillot et al., 2014). However, little is known about the elementary traits that promote leaf area expansion and height increments in most herbaceous species, especially regarding the temporal aspects of morphogenesis. Unlike grasses, for which a regular developmental scheme was identified and mobilized a long time ago to compare species and genotypes (Simon and Lemaire, 1987; Lafarge and Durand, 2013), no obvious pattern has emerged from comparisons of shoots from crown-, stolon- and rhizome-forming legumes used for forage production (Forde et al., 1989; Thomas, 2003; Figure 1).
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FIGURE 1. Diagrammatic representation of the vegetative development of forage legumes from different morphogenetic groups (left) and images of the corresponding species tested (right).



As parts of a modular organism, the common feature of all plant shoots is that they are built from elementary subunits called phytomers (White, 1979). Shoot morphogenesis thus arises from the initiation of new phytomers by shoot meristems, from the expansive growth of the individual organs produced and from the differentiation of support tissues. Like many other dicotyledonous plants (Seleznyova et al., 2002; Lebon et al., 2006), forage legumes are characterized by shoots with complex and highly branched structures (e.g., white clover: Thomas, 1987; Gautier et al., 2000; Thomas et al., 2014; red clover: Taylor and Quesenberry, 1996). Considerable variability of shoot development is usually observed in dense stands (Gosse et al., 1988; Van Minnebruggen et al., 2015). However, architectural and developmental analyses have proved to be powerful tools to classify shoot types and quantify branching and potential shoot development in different species and varieties, based on stochastic (Costes and Guédon, 2002; Louarn et al., 2007) and deterministic (Turc and Lecoeur, 1997) approaches. Although, using different methods, regular organogenetic patterns have been found in alfalfa (Baldissera et al., 2014), red clover (Van Minnebruggen et al., 2014), and Medicago truncatula (Moreau et al., 2006), suggesting that a generalized description could be envisioned for these species.

Similarly, the complexity of plant growth, distributed between individual organs that all vary in size and shape, has been shown to be driven by a number of common determinants. For instance, the temporal sequences of organ growth generally appear to be coordinated at a supra-organ level. In grasses, changes to the phases of leaf growth are triggered by emergence of the previous leaves (Skinner and Nelson, 1994; Fournier et al., 2005; Louarn et al., 2010). In many other species, stable thermal time calendars of development have been reported at the plant and phytomer levels in the absence of stress (Granier et al., 2002; Lecoeur, 2010; Demotes-Mainard et al., 2013). Furthermore, the ultimate sizes attained by organs are highly heritable traits (Annicchiarico et al., 1999), which present relatively conserved ontogenic patterns along the stem under controlled conditions (Ross, 1981). Overall, organogenetic and expansive growth characteristics define and—by their ongoing interactions constrain—the shoot morphogenesis of any particular plant genotype. Trade-offs very often occur (e.g., in grasses between leaf growth and tillering; Nelson, 2000; Barre et al., 2015), which therefore makes it worthwhile analysing these two aspects of morphogenesis together.

In order to facilitate the future characterization of shoot morphogenesis in different legume species and cultivars, this paper was designed to: (i) analyse the elementary traits controlling plant leaf area and height in a selection of six herbaceous species, contrasting in terms of their growth habits and architectures, (ii) challenge the existence of a common framework for vegetative development under non-limiting growing conditions, and (iii) assess the relationships between the traits studied and the concomitant occurrence of trait values which might indicate ontogenic trade-offs in the morphogenesis of shoots.

MATERIALS AND METHODS

Plant Materials and Growing Conditions

Three experiments were carried out in a greenhouse at INRA Lusignan, France (46°26′ N, 0°07′ E). The two first took place from February to April in 2014 and 2015, whereas the third experiment was carried out from November 2016 to February 2017. Plants of alfalfa (Medicago sativa L. cv. Timbale; hereinafter referred to as A), white clover (Trifolium repens L. cv. Giga; WC), red clover (Trifolium pratense L. cv. Formica; RC), and sainfoin (Onobrychis viciifolia Scop. cv. Canto; SF) were studied during the two first experiments. In addition, plants of birdsfoot trefoil (Lotus corniculatus L. cv. Leo; BT) and kura clover (Trifolium ambiguum cv. Sevanskij; KC) were grown in the second and third years. Overall, the six species selected covered a wide range of shoot growth habits and the four morphogenetic groups previously reported among perennial herbaceous legumes from temperate areas (Forde et al., 1989; Thomas, 2003; Figure 1) and adapted to contrasting ecological niches (Scott et al., 1989).

In each experiment, seeds from each species were germinated for 48 h in Petri dishes at 25°C in the dark. In addition, clones propagated from rhizome cuttings were selected on 2-years-old plants and used for TK in the third experiment. The seedlings were planted 0.3 m × 1 m apart in custom-built 10 L boxes containing sterile potting mix, sand and brown soil (1:1:1, v/v/v). For each species, the plants were grown in isolation (3.3 plant.m−2) until the end of the vegetative stage, according to a randomized block design with four (Exp. 1 and 2) to five (Exp. 3) replicates by species. Irrigation and fertilization were provided throughout the experiments with a drip system 5 cm distant from the plants that delivered 300 mL.d−1 of complete nutrient solution (Gastal and Saugier, 1986). The nitrogen concentration of the solution (8 mM) was non-limiting for growth and prevented the nodulation of roots in all the legume species. The greenhouse was heated and a photoperiod of 16 h was maintained by means of 400-Watt HQI lamps (Supplementary Table S1).

Plant Measurements

To analyse the temporal development of photosynthetic surfaces and their spatial distributions in each species, the organogenesis and expansion of shoot organs were measured for all the plants for a period of about 70 days. The terminology used to refer to the different shoot axes was based on the architectural descriptions of alfalfa and white clover (Moulia et al., 2000; Baldissera et al., 2014) and is summarized in Supplementary Figure S1A.

The numbers of axes and numbers of phytomers on the different axes were counted weekly. A decimal scale was used to account for phytomers with unfolded leaves (Maître et al., 1985). Furthermore, several groups of three consecutive phytomers were selected for daily growth measurements on both primary and secondary axes. Ranks 5, 6, 7 and 11, 12, 13 were followed on the main axis. Ranks 3, 4, 5 were characterized on primary axes and branches. The length of each organ (i.e., leaflet, petiole, internode in all species; stipule in birdsfoot trefoil; Supplementary Figure S1B) was measured every day with a ruler until no further growth was noted over 4 consecutive days.

At the end of each experiment, the final length and width of each mature organ along the primary axes was measured. In experiments 1 and 2, a sub-sample of phytomers was used in each species to determine the leaf area of individual organs. Leaves and stipules of various sizes and positions were scanned (Konica Minolta C352/C300, Konica Minolta Sensing, Osaka, Japan) and their area was measured by image analysis (ImageJ software, http://rsbweb.nih.gov/ij/). The height of plants, the total plant leaf area and the total dry weight of plants were also measured.

Meteorological Measurements and Thermal Time Calculations

Relative humidity was measured using a capacitive hygrometer (HMP35A Vaisala, Oy, Helsinki, Finland) and air temperature with copper-constantan thermocouples placed in a ventilated radiation shield at the center of the greenhouse. Photosynthetic photon flux density (PPFD) was also measured by means of PPFD sensors placed above each experimental bloc within the greenhouse. All data were stored in a datalogger (CR10X, Campbell Scientific Ltd.), with measurements taken every 30 s and an average calculated over 15 min. The data are summarized for each experiment in Supplementary Table S1.

Thermal time (TT) was calculated as the integral of a non-linear beta function of temperature (T) as proposed by Zaka et al. (2017):
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The equation has three parameters: the minimum (Tmin) and maximum (Tmax) temperatures at which development occurs and q, a shape parameter. In addition, Tref accounts for a fixed reference temperature (20°C) and Tbase (5°C) for a common base temperature used to scale time units from equivalent days at the reference temperature into degree days (°Cd). The parameters used for the different species were derived from the literature and are presented in Supplementary Table S2.

Data Analysis

All calculations and statistical tests were performed using R software (version 3.1.2; R Development Core Team, 2014). Rates of leaf appearance were calculated for each axis with three or more unfolded leaves by linear regression between thermal time and the number of visible phytomers. Phyllochrons were calculated as the reciprocal of the leaf appearance rate.

The temporal growth of plant organs was analyzed using a three-parameter logistic function (Equation 3) fitted to the time series of organ growth measurements:

[image: image]

where the s and t50 parameters represent the steepness and time delay at mid-organ expansion and Lmax the final organ length. By convention, all the organs within a phytomer were analyzed with respect to the leaf appearance (i.e., t50 of leaflets = 0) and time was expressed in phyllochrons to aggregate growth series from axes with different developmental rates. The duration of organ expansion between 5 and 95% of its final dimension (d95) was derived for each organ from the s parameter as follow:

[image: image]

For each phytomer, branching probability was calculated at a given date as the ratio between the number of branches with an outburst at this position and the total number of plants in the treatment. The relationship between branching probability and phytomer position was characterized on the main and primary axes using a logistic function similar to Equation 3.

Significant differences between the means of plant traits were tested by performing analyses of variance (“aov” procedure). Analyses of covariance (ANCOVA, lm procedure) were used to test simultaneously for the effects of continuous and categorical variables and to compare the slopes and intercepts of linear relationships. Principal component analysis (PCA) was performed to assess the relationships between shoot morphogenetic parameters using the ade4 package (13 parameters, 50 individuals).

RESULTS

Organogenesis on the Main Axis

New phytomers appeared on the main axis at a constant rate during the vegetative phase, resulting in a linear relationship between the total number of phytomers on an axis and thermal time in all the species studied (R2 > 0.95; Figure 2). The leaf appearance rate differed markedly between species (ANCOVA, p < 0.001) and was conserved between experimental years. Phyllochrons ranged from 32.6°C day in birdsfoot trefoil to 64.2°C day in Kura clover, with a stable pecking order (BT-A<SA<WC<RC<KC).
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FIGURE 2. Timing of leaf (filled symbols) and branch (open symbols) appearance on the main axis of alfalfa (A), white clover (WC), red clover (RC), sainfoin (SF), birdsfoot trefoil (BT), and kura clover (KC). Circles: first experiment (2014); squares: second experiment (2015); diamonds: third experiment (2016). GDD: growing °C days. Vertical bars indicate standard deviation (4 to 5 replicates).



Branching

The timing of budburst of axillary branches on the main axis appeared to be linearly related to thermal time (R2 > 0.79; Figure 2). A short lag period was observed systematically between the appearance of a phytomer and axillary budburst, so that phytomer appearance and the burst of the corresponding axillary bud was always separated by approximately two (A) to 8 (KC) phyllochrons, depending on the species. This delay of sylleptic branching remained constant over the period of observation in all the species, at all the positions (ANCOVA, p > 0.77). Accordingly, branching rates strongly differed between species and followed an inverse phyllochron order (BT-A>SA-WC>RC>KC). Furthermore, sylleptic branching appeared to be systematic on the main axis and primary axes (i.e., the branching probability ultimately reached 1 for all the phytomers after a certain delay; Figure 3), making it a deterministic process in isolated plants subjected to weak competition for light.
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FIGURE 3. Branching probability with respect to phytomer position expressed from the apex for alfalfa (A), white clover (WC), red clover (RC), sainfoin (SF), birdsfoot trefoil (BT) and kura clover (KC). Circles: first experiment (2014); squares: second experiment (2015); diamonds: third experiment (2016). Different symbols indicate different sampling dates. Logistic curves were fitted using Equation 3.



Organogenesis on the Primary and Secondary Axes

The development of primary (emerging from the collar zone) and secondary axes is further presented in Figure 4. As for the main axis, primary and secondary axes produced new phytomers at a constant rate in thermal time. Leaf appearance rates on the primary axes were similar to the main axis in A and BF, but differed in the other species (ANCOVA, p < 0.01). In white and red clovers, the primary axes developed more rapidly than the main axis, whereas the reverse was observed in sainfoin and Kura clover. Comparatively, the secondary axes displayed a much slower rate of development than primary axes (i.e., in A and BT, ANCOVA, p < 0.001). No significant effect of the topological position was found on the rate of development of primary and secondary axes in any of the six species (ANCOVA, p > 0.20).
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FIGURE 4. Leaf appearance on the primary (filled circles) and secondary (open circles) axes for alfalfa (A), white clover (WC), red clover (RC), sainfoin (SA), birdsfoot trefoil (BT), and kura clover (KC). Dashed lines indicate the leaf appearance rate on the main axis (Figure 3). Bold and black lines indicate the linear regressions for the primary and secondary axes, respectively. Only axes with at least 3 unfolded leaves were plotted. GDD: growing °C days.



Coordination of Organ Growth within a Phytomer

Once initiated, the different organs within a phytomer displayed highly conserved kinetics of expansion when expressed according to axis development (Figure 5). A strict scheduling organized the sequence of the onset of organ growth and the subsequent relative expansion of the different organs. For all of them, the time sequence of organ elongation as a function of phyllochronic time was approximated correctly using a sigmoid function (Equation 3). No significant effects of phytomer rank or order were found with respect to growth delay and maximum relative elongation rate in any of the species (d and s parameters, ANOVA, p > 0.51), suggesting a coordination of organ growth was conserved irrespective of the phytomer within each species.


[image: image]

FIGURE 5. Kinetics of relative growth for leaflets (black filled circles), petioles (gray filled circles), internodes (open circles) and stipules (open triangles) in alfalfa (A), white clover (WC), red clover (RC), sainfoin (SF), birdsfoot trefoil (BT), and kura clover (KC). Red lines represent the fits of a logistic function (Equation 3) for each organ type.



On the other hand, the different species displayed very dissimilar organ growth coordination patterns. The differences were particularly marked concerning the maximum elongation rates and the duration of phytomer expansion (ANOVA, p < 0.001). Some species, such as A and BT, typically presented a slow expansion of organs relative to axis development, and phytomer growth lasting for five phyllochrons. By contrast, white clover displayed rapid expansion and a total duration limited to 2.5 phyllochrons. The species also differed in the timing and relative order of organ growth. In most cases, leaf elements elongated first (leaflets > (stipules) > petiole), followed by internode elongation. However, in white clover, the order was reversed and internodes were first to complete their elongation.

Organ Dimensions at Maturity

For each species, the size ultimately attained by individual organs at maturity depended on the phytomer position. Figure 6 presents the changes in relative organ dimensions along the primary axes. Irrespective of species and organ type, typical vegetative shoot patterns displayed profiles that first increased in size in line with phytomer ranks, and then stabilized at a plateau value, or even decreased. Interestingly, the relative profiles remained unchanged between the experimental years and were characteristic of isolated plants in a given species. Rank by rank comparisons of relative dimensions yielded identical mean values in 50 out of 53 cases for leaves, and 57 out of 58 cases for petioles/internodes (Student test, p > 0.5). For each organ type, the species differed in terms of the position of the phytomer at which maximum organ size was achieved. Concerning individual leaf size for instance, up to 12 phytomers were produced before reaching the peak in SF, but only 7–8 were necessary in WC or A.
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FIGURE 6. Relative leaf area (first row) and relative length of the main spacing organ (second row, G and K: internodes; H,I,J, and L: petioles) for the first 14 phytomers on the primary axes for alfalfa (A), white clover (WC), red clover (RC), sainfoin (SF), birdsfoot trefoil (BT) and kura clover (KC). Vertical bars indicate standard deviation (4 to 5 replicates). Different colors indicate different experimental years. Arrows indicate the position of the rank used for the normalization of relative length and relative area. The main spacing organs were internodes in A, BF and SF and petioles in WC, RC, and KC.



As for the actual size of organs, maximum leaf area and petiole length differed in all the species, but the ranking between species remained unaffected by the experimental year (Table 1). Significant differences were observed between years only for the maximum internode length in some of the species. This trait was slightly smaller during the second experiment in white clover and alfalfa, but not in red clover and sainfoin.


Table 1. Maximum organ dimensions observed during experiments 1 and 2 for alfalfa (A), white clover (WC), red clover (RC), sainfoin (SA), birdsfoot trefoil (BT), and kura clover (KC).
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Leaf Allometry

Leaf size and shape varied considerably between species and phytomers. Except in sainfoin, the leaves were all trifoliolate from the second leaf on. Sainfoin presents compound leaves, with a number of leaflets that can increase up to 25 (Table 1). Despite the variability in their shapes, leaves from all the species complied with a single allometric relationship (r2 = 0.96; Supplementary Figure S2) linking leaf area (LA) with central leaflet length (L), central leaflet width (l) and the number of leaflets (n):
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Relationships between Shoot Morphogenetic Traits

The possibility of defining sets of trait values occurring concomitantly was assessed by performing PCA on the dataset defined by the major morphogenetic traits characterized during the two experiments (Table 2). The first component of this PCA (Figure 7A), which explained almost half of total variance (47.8%), was mainly determined by leaf growth traits (MAXpet, MAXlf, duration of leaf growth) and by the organogenesis of the main and primary axes (Phy0, Br1). It expressed an antagonism between the rate of phytomer production and the size and duration of expansion of leaf elements. Component 2, on the other hand, was mainly correlated to traits controlling the kinetics of internode expansion (t50in) and to the development of secondary branches (ram_dist, Phy2). The growth of internodes was the most able in discriminating the species in terms of their growth coordination calendar. Petiole and leaflet expansions were tightly related in all the species, but internodes could expand either before or after leaf elements. In the plane containing component 1 and component 3 (not shown), it was seen that the third component was mainly correlated to the maximum length of internodes (MAXin). Phy2 was also positively correlated with this third component, showing that species with the longest nodes also displayed a more vigorous development of secondary branches.


Table 2. Variables used in the Principal Component Analysis presented in Figure 7.
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FIGURE 7. Principal component analysis. (A) Variables (morphogenetic traits) located on the plane defined by components 1 (horizontally) and 2 (vertically), and (B) individual scatterplot for component 1 and 2. See Table 2 for the names of the traits. Different colors represent individuals from different species: alfalfa (a, red), white clover (wc, blue), red clover (rc, black), sainfoin (sf, purple), birdsfoot trefoil (bt, yellow), and kura clover (kc, green). Ellipses of dispersion represent the four morphogenetic groups (stolon-formers, S; rhizome-formers, R; crown-formers tolerant to defoliation, Ct; crown-formers intolerant to defoliation, C).



DISCUSSION

Potential Shoot Morphogenesis Followed a Set of Deterministic Rules Common to the Six Legume Species

The morphogenesis of shoots can lead to highly differentiated plant architectures in perennial herbaceous legumes (Forde et al., 1989; Thomas, 2003). However, as species differ in their branching complexity and in the size, position and shape of their shoot organs, our results highlighted the fact that they also share a number of determinants regarding the organogenesis and growth of phytomers, the building blocks of plant architecture. The striking differences between the species we studied emerged within the framework of a common and quite delimited pattern of vegetative growth and development. This framework involved: (i) a deterministic branching pattern and a regular development of shoot axes, (ii) a coordination of organ growth at the phytomer level, and (iii) a conserved allometry of leaf shapes.

Concerning shoot organogenesis, the existence of a generalized pattern of development was supported by the fact that all the species complied with the proposed classification of shoot axes in three categories. The main axis displayed developmental characteristics distinct from primary axes (that subsequently emerged close to the plant collar) and secondary branches (emerging from axillary buds out of the collar zone), each type presenting identical phyllochrons during the different experiments and for axes at different topological positions. In two of the species (namely A and BT), the main axis and primary axes presented similar characteristics, making the classification even potentially simpler in legumes where the main axis can elongate. Given the important differences existing among dicots in terms of branching behavior and apical dominance (McSteen and Leyser, 2005), such regularity in the organogenetic process was not necessarily to be expected. Sylleptic shoot branching often occurs as a seemingly stochastic process, under the dependence of internal and environmental regulatory signals (Génard et al., 1994; Seleznyova et al., 2002; Rameau et al., 2015). Complex trophic and hormonal interplays can result in branches of the same order expressing very different characteristics depending on their position in the branching system (Lebon et al., 2004; Moreau et al., 2007), or presenting properties that change over time (e.g., increasing phyllochron, Barillot et al., 2012). Overall, the constant phyllochrons and branching delays we reported in the species we studied appeared to constitute a very simple way to characterize potential organogenesis. These characteristics may hold true mainly because we focused our attention on the period of vegetative development, during which little competition from other plant parts occurs. However, these observations were consistent with previous reports regarding herbaceous legumes (e.g., in alfalfa, Baldissera et al., 2014), and will make the characterization of new species and genotypes easier in this group of species.

The temporal coordination of organ growth also appeared to be highly conserved, irrespective of phytomer position, in all the species. Such stable calendars of expansion had previously been reported for leaves and internodes on the primary axis of different dicotyledonous species (Granier et al., 2002; Demotes-Mainard et al., 2013). Interestingly, our results suggest that this could be extended to axes of different types once time is normalized by the rate of leaf appearance on each axis (i.e., phyllochronic time). Such an approach is new for dicots but had been used successfully to account for the flexible growth pattern of grass leaves, constantly adapting to the timing of leaf appearance (Fournier et al., 2005; Zhu et al., 2014). It could probably be applied to account for the relationship between the rate of phytomer production and the timing and duration of organ growth within a phytomer on a broad range of species.

The allometric relationship found between leaf area and the product of leaf length and leaf width is currently applied in numerous species (Schwarz and Kläring, 2001; Antunes et al., 2008; Baldissera et al., 2014). Accounting for the number of leaflets was sufficient to encompass the different species within the same relationship in our study (Equation 5). This indicates that a common shape coefficient could be applied to expanded leaflets from the different legume species (Prévot et al., 1991). However, considering both leaf length and leaf width was a necessity to establish this common relationship, because some dissociation exists between the longitudinal and lateral expansion of leaf laminas (e.g., the former being mediated by brassinosteroids without any effect on the latter; Nakaya et al., 2002), resulting in length to width ratios that vary as a function of phytomer position and species.

On the other hand, no clear pattern governing organ dimension at maturity, and which could encompass all the species, emerged at the axis level. Typical leaf and internode length profiles reached a maximum value at an intermediate position along the axis, a situation that is relatively ubiquitous in vascular plants (Allsopp, 1967; Villani and Demason, 2000). These positions were similar between experiments in a given species, but they changed dramatically depending on organ type and between species. Furthermore, the maximum dimension attained by internodes changed between two of the experiments. As water and nutrients were supplied without restriction, these differences could have resulted from the slightly different light regimes prevailing in the different years, or could have been caused by greater evaporative demand affecting organ expansion in 2015 (Supplementary Table S1, Tardieu et al., 2005).

Differences in Trait Values Determined the Contrasting Morphogenetic Strategies

Despite this common developmental pattern, the species sampled did produce contrasting shoot architectures. Even without considering geometric features (such as leaf angles, shoot bearing, etc.), the values for component traits of shoot morphogenesis and which accounted for phytomer production (phyllochrons, delay of branching) and organ growth (delays of expansion, relative expansion rate, maximum organ dimension) explained the emergence of four morphogenetic groups (Figure 7B) that partially matched those identified by Thomas (2003). Only kura clover, which is in fact a rhizome-forming species, was closely related with two crown-forming species producing a short main axis (RC and SF). As previously shown (Genrich et al., 1998; Black et al., 2006), kura clover was very slow to develop and did not express its rhizomatous growth habit during the period studied. The primary axes characterized from rhizome cuttings in the third experiments did not differ from those emerging from collar in the second experiment. The developmental pattern of KC shoots thus appeared very similar to red clover in our conditions, explaining the close classification of the two species.

The main morphogenetic traits associated with this classification were distinguished along two PCA axes. A first dimension represented the strategies of leaf area production, reliant on either the production of numerous small leaves or the expansion of a fewer large leaves. Such a trade-off between growth and development is common during morphogenesis and has, for instance, been reported in grass tillers (leaf length vs. phyllochron and tillering rate; Gautier et al., 1999; Nelson, 2000), and in roots (root elongation rate vs. branching ability: Pagès, 2014). In forage legumes, this could be a key element in controlling the rate of regrowth in a mixture after defoliation (e.g., in white clover and alfalfa: Davies, 2001; Annicchiarico, 2003; Annicchiarico et al., 2015). A second dimension mainly distinguished species in terms of their growth coordination patterns, promoting either early internode growth or the early growth of leaf elements (including petioles) as a primary option to colonize space and expand vegetative structures. All species but white clover favored the growth of leaf elements, which is consistent with a pre-emptive strategy for light acquisition that could be expected in crown-formers with limited prospecting ability. Under such local competition, rapid plant leaf area development indeed appears to be the most successful trait to capture light (Louarn et al., 2012). On the other hand, white clover develops primary axes by first sensing its environment through internode elongation. This particular trait could be an adaptation to achieve horizontal prospection for light gaps, as white clover tends to be a light foraging species rather than a competitive one (de Kroons and Hutchings, 1995). Similar growth coordination patterns are observed in lianas (e.g., grapevine, Louarn, 2005) and in invasive species sprouting through long cane emission (e.g., rubus sp., Amor, 1974), thus making such an hypothesis plausible.

A degree of redundancy between several of the morphogenetic traits was apparent (e.g., high correlations between petiole and leaflet size, or between the size of these organs and their duration of expansion), which suggests opportunities to simplify the characterization of morphogenetic strategies. Overall, however, the combined values of these traits enabled the discrimination and classification of the species as a function of their known ecological behaviors.

Interests and Limitations of Such a Framework for Plant Phenotyping and Modeling

Identifying a robust framework that enables the description, analysis and prediction of plant morphogenesis is central to developing efficient phenotyping approaches for breeding (Granier et al., 2002; Moreau et al., 2006) and the diagnosis of plant stress (e.g., Pellegrino et al., 2005). The framework for potential morphogenesis we have discussed above represents a first step toward achieving both of these goals with respect to perennial herbaceous legumes, many of which have been little characterized to date. Setting up such a potential framework in absence of competition is particularly important to identify ontogenic patterns of development and to disentangle the contradictory effects of neighbors on plant morphology and resource acquisition (Lemaire and Millard, 1999).

Clearly, our approach is currently limited to the vegetative period of development, and the interactions which may take place during flowering or the development of reproductive organs at later stages are not taken into account. In most forage species, regular harvests of shoot biomass over a season involve several cuts of primary shoot axes, and a succession of vegetative development from crown and the remaining lateral buds, thus making particularly relevant the vegetative framework presented. However, in prostrate species such as white clover, or in those with a terminal flowering (Thomas, 2003), interactions with the reproductive cycle will occur at some point, and integrating a reproductive dimension in the framework would most likely improve its robustness (e.g., Moreau et al., 2007). Similarly, the development of nodal roots has been shown to interact with shoot organogenesis in aging clover plants (Thomas et al., 2014), and a whole plant appraisal of morphogenesis, considering both shoot and root morphogenetic traits (Pagès, 2014) would deserve exploration. In any case, the set of deterministic rules identified in this study could serve as an initial benchmark for the future development of a more comprehensive framework. As a potential morphogenetic model, it could also serve as a baseline to analyse the responses of vegetative development to environmental stresses (Belaygue et al., 1996; Lebon et al., 2006; Baldissera et al., 2014), and to compare on a quantitative basis a broad range of species and genotypes with respect to their morphogenetic strategies (Louarn et al., 2007).

At present, the framework provides a generic approach to break down the component traits of competitive ability aboveground (i.e., the components of leaf area expansion and height acquisition: Barillot et al., 2011; Louarn et al., 2012). This is of particular value because: (i) the genetic component of competitive ability has been shown to be more tightly related to component traits of morphogenesis than to integrated traits (Annicchiarico et al., 1999), (ii) such a framework could help to highlight specific combinations of traits associated with a particular morphogenetic group, even in species for which the amount of background studies is limited, and (iii) the knowledge of component traits associated with competitive ability is expected to increase the efficiency of pure stand selection that targets mixed stand conditions, thus offering opportunities to reduce costs during the selection process for multi-species grasslands (Annicchiarico, 2003). Finally, such a quantitative approach could also readily be integrated as a component in mixed grassland models (Soussana et al., 2012), so as to enable better consideration of the diversity of forms that legume components could accommodate, and to improve the prediction of their persistence in mixtures.
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The origin of the agriculture was one of the turning points in human history, and a central part of this was the evolution of new plant forms, domesticated crops. Seed dispersal and germination are two key traits which have been selected to facilitate cultivation and harvesting of crops. The objective of this study was to analyze anatomical structure of seed coat and pod, identify metabolic compounds associated with water-impermeable seed coat and differentially expressed genes involved in pea seed dormancy and pod dehiscence. Comparative anatomical, metabolomics, and transcriptomic analyses were carried out on wild dormant, dehiscent Pisum elatius (JI64, VIR320) and cultivated, indehiscent Pisum sativum non-dormant (JI92, Cameor) and recombinant inbred lines (RILs). Considerable differences were found in texture of testa surface, length of macrosclereids, and seed coat thickness. Histochemical and biochemical analyses indicated genotype related variation in composition and heterogeneity of seed coat cell walls within macrosclereids. Liquid chromatography–electrospray ionization/mass spectrometry and Laser desorption/ionization–mass spectrometry of separated seed coats revealed significantly higher contents of proanthocyanidins (dimer and trimer of gallocatechin), quercetin, and myricetin rhamnosides and hydroxylated fatty acids in dormant compared to non-dormant genotypes. Bulk Segregant Analysis coupled to high throughput RNA sequencing resulted in identification of 770 and 148 differentially expressed genes between dormant and non-dormant seeds or dehiscent and indehiscent pods, respectively. The expression of 14 selected dormancy-related genes was studied by qRT-PCR. Of these, expression pattern of four genes: porin (MACE-S082), peroxisomal membrane PEX14-like protein (MACE-S108), 4-coumarate CoA ligase (MACE-S131), and UDP-glucosyl transferase (MACE-S139) was in agreement in all four genotypes with Massive analysis of cDNA Ends (MACE) data. In case of pod dehiscence, the analysis of two candidate genes (SHATTERING and SHATTERPROOF) and three out of 20 MACE identified genes (MACE-P004, MACE-P013, MACE-P015) showed down-expression in dorsal and ventral pod suture of indehiscent genotypes. Moreover, MACE-P015, the homolog of peptidoglycan-binding domain or proline-rich extensin-like protein mapped correctly to predicted Dpo1 locus on PsLGIII. This integrated analysis of the seed coat in wild and cultivated pea provides new insight as well as raises new questions associated with domestication and seed dormancy and pod dehiscence.

Keywords: domestication, legumes, pea (Pisum sativum), metabolites, pod dehiscence, seed dormancy, seed coat, transcriptomics

INTRODUCTION

The origin of the agriculture was one of key points in human history, and a central part of this was the evolution of new plant forms, domesticated crops (Meyer et al., 2012; Fuller et al., 2014). The transformation of wild plants into crop plants can be viewed as an accelerated evolution, representing adaptations to cultivation and human harvesting, accompanied by genetic changes (Lenser and Theißen, 2013; Olsen and Wendel, 2013; Shi and Lai, 2015). Common set of traits have been recorded for unrelated crops (Hammer, 1984; Zohary and Hopf, 2000; Lenser and Theißen, 2013). These include loss of germination inhibition and loss of natural seed dispersal (Fuller and Allaby, 2009). The identity of some responsible genes has been revealed (reviewed in Meyer and Purugganan, 2013) through association mapping and genome sequencing, for example in soybean (Zhou et al., 2015), chickpea (Bajaj et al., 2015; Kujur et al., 2015), and common bean (Schmutz et al., 2014).

Members of the Fabaceae family have been domesticated in parallel with cereals (Smartt, 1990; Zohary and Hopf, 2000) or possibly even earlier (Kislev and Bar-Yosef, 1988) resulting in largest number of domesticates per plant family (Smýkal et al., 2015). Despite of crucial position of legumes, as protein crops, in human diet as well as crop rotation systems (Foyer et al., 2016), comparably little is known on their domestication. Pea (Pisum sativum L.) is one of the world's oldest domesticated crops and is still globally important grain legume crop (Smýkal et al., 2012, 2015). Experimental cultivation of wild peas have demonstrated that both seed dormancy and pod dehiscence cause poor crop establishment via reduced germination as well as dramatic yield losses via seed shattering (Abbo et al., 2011). The loss of fruit shattering has been under selection in the most seed crops, to facilitate seed harvest (Fuller and Allaby, 2009; Purugganan and Fuller, 2009), while in wild plants, shattering is a fundamental trait to assure seed dispersal (Bennett et al., 2011). Orthologous genes and functions were found to be conserved for seed shattering mechanisms between mono and dicotyledonous plants (Konishi et al., 2006). Recently, two genes have been identified to be involved in pod dehiscence in soybean. One of them is the dirigent-like protein (Pdh1) promoting pod dehiscence by increasing the torsion of dried pod walls, which serves as a driving force for pod dehiscence under low humidity (Funatsuki et al., 2014). The functional gene Pdh1 was highly expressed in the lignin-rich inner sclerenchyma of pod walls. Yet, another NAC family gene SHATTERING1-5 (Dong et al., 2014) activates secondary wall biosynthesis and promotes the significant thickening of fiber cap cells of the pod ventral suture secondary walls. The differences between wild and cultivated soybean is within promoter region and subsequently expression level (Dong et al., 2014).

Timing of seed germination is one of the key steps in plant life. Seed dormancy is considered as a block to the completion of germination of an intact viable seed under favorable conditions (Baskin and Baskin, 2004; Weitbrecht et al., 2011). In the wild, many seeds will only germinate after certain conditions have passed, or after the seed coat is physically disrupted (Bewley, 1997; Baskin et al., 2000; Finch-Savage and Leubner-Metzger, 2006; Bewley et al., 2013). In contrast, crops were selected to germinate as soon as they are wet and planted (Weitbrecht et al., 2011). Moreover, easy seed imbibition has crucial role in cooking ability of most grain legumes. Hence, reducing seed coat thickness led to a concurrent reduction of seed coat impermeability during the domestication (Smýkal et al., 2014). Seed dormancy had played a significant role in evolution and adaptation of plants, as it determines the outset of a new generation (Nonogaki, 2014; Smýkal et al., 2014). A diverse dormancy mechanisms has evolved in keeping with the diversity of climates and habitats (Nikolaeva, 1969; Baskin and Baskin, 2004; Finch-Savage and Leubner-Metzger, 2006). In contrast to hormone mediated seed dormancy extensively studied in Arabidopsis or cereals, we have very little knowledge on physical dormancy, as found in legumes (Baskin and Baskin, 2004; Graeber et al., 2012; Radchuk and Borisjuk, 2014). Although hard-seededness was largely overcome in all domesticated grain legumes except of fodder legumes (Werker et al., 1979; Smartt, 1990; Weeden, 2007), it appears in lentil or soybean depending on the cultivation conditions. Physical seed dormancy is caused by one or more water-impermeable cell layers in seed coat (Baskin et al., 2000; Koizumi et al., 2008; Weitbrecht et al., 2011; Radchuk and Borisjuk, 2014; Smýkal et al., 2014). Numerous transparent testa (tt) and tannin deficient seed (tds) mutants (Appelhagen et al., 2014) indicates the important role of proanthocyanidins and flavonoid pigments in Arabidopsis (Graeber et al., 2012) and Medicago (Liu et al., 2014) testa development. In Arabidopsis and Melilotus, seed permeability is altered due to in mutation in extracellular lipid biosynthesis (Beisson et al., 2007). Similarly, in the M. truncatula transcriptomic data set (Verdier et al., 2013a), four of 12 Glycerol-3-phosphate acyltransferases (GPAT) genes were identified as putative orthologs of those reported in soybean (Ranathunge et al., 2010). Furthermore, cells of the outer integument in M. truncatula and pea showed abundant accumulation of polyphenolic compounds; which upon oxidation may impact seed permeability (Marbach and Mayer, 1974; Werker et al., 1979; Moïse et al., 2005). Seed dormancy was identified as monogenic trait in mungbean (Isemura et al., 2012); while six QTLs were detected in yardlong and rice bean (Kongjaimun et al., 2012). In pea, Weeden (2007) has identified two to three loci involved in seed dormancy, via testa thickness and structure of testa surface. Two genes involved in seed coat water permeability were recently identified in soybean. One of them, GmHs1-1, encodes a calcineurin-like metallophosphoesterase transmembrane protein, which is primarily expressed in the Malpighian layer (macrosclereids) of the seed coat and is associated with calcium content (Sun et al., 2015). Independently of this, qHS1, a quantitative trait locus for hardseededness in soybean, was identified as endo-1,4-β-glucanase (Jang et al., 2015). This genes seems to be involved in the accumulation of β-1,4-glucan derivatives that reinforce the impermeability of seed coats in soybean. Interestingly, both genes are positioned closely to each other of soybean chromosome 2.

Development of pea and particularly model legume Medicago truncatula seeds have been well-characterized at anatomical (Hedley et al., 1986; Wang and Grusak, 2005) and also transcriptomic and proteomic levels (Gallardo et al., 2007; Verdier et al., 2013a). RNA sequencing (RNA-seq) was used to study changes in gene expression, including M. truncatula (Benedito et al., 2008), Medicago sativa (Zhang et al., 2015), soybean (Severin et al., 2010; Patil et al., 2015), faba bean (Kaur et al., 2012), Lotus japonicus (Verdier et al., 2013b) and chickpea (Pradhan et al., 2014). In pea, transcriptome studies involved vegetative tissues (Franssen et al., 2011), including pods and seeds (Kaur et al., 2012; Duarte et al., 2014; Liu et al., 2015; Sudheesh et al., 2015), and nodules (Zhukov et al., 2015). Seed coat transcriptome of pea cultivars was analyzed in relation to proanthocyanidin pathway (Ferraro et al., 2014) and seed aging (Chen et al., 2013). Moreover, there is pea RNA-seq gene atlas for 20 cDNA libraries including different developmental stages and nutritive conditions (Alves-Carvalho et al., 2015). Comparative transcriptomics study in relation to domestication trait was conducted recently by Zou et al. (2015) in relation to glume and threshing in wheat. Some of the down-regulated genes in domesticated wheat were related to the biosynthetic pathways that apparently define the mechanical strength of the glumes, such as cell wall, lignin, pectin, and wax biosynthesis. Several of so far identified genes underlying key domestication traits (reviewed in Meyer and Purugganan, 2013) are regulated at transcriptional level with altered spatial and temporal expression, such as seed-shattering (qSH1) locus disrupting the development of the abscission zone between grains and pedicles in rice (Konishi et al., 2006) or teosinte branched (tb1) gene causing single stem growth in maize crop (Doebley et al., 1997).

In the present study, we used comparative transcriptomic, anatomical, and metabolite analysis to detect the differences in gene expression, seed coat structure, and metabolites composition between wild and domesticated pea seed coats in relation to one of the two key domestication traits: seed coat and transcriptomic and anatomical analyses of pod dehiscence.

MATERIALS AND METHODS

Plant Material

Four parental genotypes included wild P. elatius JI64 from Turkey and cultivated Afghan landrace P. sativum JI92 both from John Innes Pisum Collection (Norwich, UK); wild P. elatius VIR320 (Bogdanova et al., 2012) from Vavilov Institute Research of Plant Industry (St. Petersburg, Russia) and cultivated P. sativum cv. Cameor from INRA France. Furthermore, 126 F5:6 recombinant inbred lines (RILs) derived from JI64 and JI92 cross (North et al., 1989) were used to establish respective phenotypically contrasting (dormant vs. non-dormant, dehiscent vs. indehiscent) bulks. P. elatius VIR320 differs from other wild peas in relation to the absence of gritty and testa pigmentation, possibly as the result of being either semi-domesticate or hybrid between wild and cultivated pea with unknown origin (Bogdanova et al., 2012).

Seed Water Uptake and Germination Assays

The seeds of four parental and 126 RILs of F6 generation of JI64 (wild) × JI92 (cultivated) and reciprocal (RILs) were harvested from glasshouse grown plants (February–May 2015). Twenty five seeds per line were incubated in petri dishes (9 cm diameter) over two layers of medium speed qualitative filter papers (Whatman, grade 1) wetted with 3 ml of tap water and incubated in a 25°C incubator with darkness. Imbibition was scored at 24 h intervals based on changes in seed swelling and germination was determined based on the radicle breaking through seed coat. The percentage, Mean germination time (MGT), Timson index (TI), and Coefficient of Velocity (CV) were calculated over 7 days period. We have used these various mathematical measurements in order to more precisely describe germination process as shown by Ranal and Santana (2006).

Determination of Pod Dehiscence

Pod dehiscence was measured either by direct observation of the pods on the plant or by drying harvested pods at room temperature (Weeden et al., 2002; Weeden, 2007). In case of parental lines JI92 (domesticated, indehiscent pod) and JI64 (wild, dehiscent pod) are dehiscence/indehiscence obvious after pod maturing. On the other hand evaluation of RILs was difficult in some cases, as slight pressure on pods by fingers is necessary for opening. If slight pressure was enough to complete fruit opening the line was evaluated as dehiscent, if not this line was evaluated as indehiscent.

Anatomical Analyses

Samples of seed coat (JI64, VIR320, Cameor and JI92; at least five seeds per genotype) were dissected from dry seed and saturated with 2% sucrose solution under vacuum. Equal volume of cryo-gel (Cryomatrix Shandon) was added to samples and shake overnight. Saturated samples were mounted into cryo-gel on the alum chuck, frozen down to −25°C and cut in cryotome (Shandon SME, Astmoor, UK) into 12 μm transversal section (Soukup and Tylová, 2014). Sections were stained with toluidine blue (0.01%, w/v in water), alcian blue (0.1%, w/v in 3% acetic acid), aniline blue fluorochrome (Sirofluor; 0.01%, w/v in 100 mM K2HPO4 with pH 9), or Sudan Red 7B (0.01%, w/v) according to Soukup (2014). The presence of proanthocyanidins was evaluated by staining with vanillin (Gardner, 1975) and DMACA (Li et al., 1996). Callose immunodetection was performed according to Soukup (2014) using primary antibody toward (1,3)-β-glucan (1:100; Biosupplies Australia PTY Ltd) and anti-mouse IgG Alexa Fluor 488 secondary antibody (1:500; Invitrogen). Control samples were processed without the primary antibody. Sections were observed with an Olympus BX 51 microscope (Olympus Corp., Tokyo, Japan) in bright field, blue (Olympus WB filter—callose immunodetection) or UV (Olympus WU filter—aniline blue fluorochrome and DMACA) excitation. Unstained control sections were surveyed in bright field or UV-excited autofluorescence. Figures were documented with an Apogee U4000 digital camera (Apogee Imaging Systems, Inc., Roseville, CA, USA). Dry intact seeds were vaccuum dried and gold coated (Sputter Coater SCD 050, Bal-Tec) before imaging with scanning electron microscope (JSM-6380LV; JEOL, Tokyo, Japan). Twenty days (after flowering) old pods of parental lines (JI64 and JI92) as well as RILs of F6 were fixed in 2% formaldehyde and stored in 4°C for latter observation of pod suture. Samples were cut on hand microtones at thickness of 100 μm, and the resulting segments were stained 1% phloroglucinol (Sigma, USA) in 12% HCl (Soukup, 2014).

Liquid Chromatography–Electrospray Ionization/Mass Spectrometry (LC/ESI-MS) Analysis

Testa was separated from the rest of the seed, crushed, and extracted using mixture of acetone:water (70:30, v/v) with addition of 0.1% ascorbic acid to achieve efficient extraction of polyphenolic compounds in wide range of polarity and structural diversity (adapted from Amarowicz et al., 2009). 0.5 ml of extract was dried under a stream of nitrogen and solid residue was dissolved in 0.5 ml of methanol. The samples were then analyzed by ultra-performance liquid chromatograph Acquity UPLC I-Class coupled to high resolution tandem mass spectrometer Synapt G2-S with ion mobility separation capability (Waters, Milford, USA). Chromatographic column Raptor ARC-18 (100 × 2.1 mm, dp = 2.7 μm, Restek) and mobile phases (MP) A: water + 0.1% formic acid, B: acetonitrile + 0.1% formic acid was used for separation of components present in seed coat extracts. Flow rate of mobile phase 0.2 ml/min was applied. Electrospray was used as ion source. Spray voltage 2.5 kV in positive and 1.5 kV in negative ion mode, were used, respectively. Process of the LC/ESI-MS method optimization and detailed setup of mass spectrometer will be provided in Válková et al. (in preparation).

Laser Desorption/Ionization–Mass Spectrometry (LDI-MS) Analysis

Seeds of each genotype/line were mechanically disrupted and the seed coats were separated and pooled (four seeds per genotype). Description of the studied RILs is given in Table S1. Small pieces ~2 mm were fixed on MALDI plate using a common double sided adhesive tape. The samples were analyzed directly without application of a matrix. The prepared samples were analyzed using high resolution tandem mass spectrometer Synapt G2-S (Waters) equipped with vacuum MALDI ion source. For desorption/ionization a 350 nm 1 kHz Nd:YAG solid state laser was used. Details of LDI-MS setup and analytical parameters of hydroxylated fatty acids can be found in Cechová et al. (in preparation).

Metabolite Data Treatment

The obtained LC/ESI-MS and LDI-MS data were processed by MarkerLynx XS a software extension of MassLynx platform (Waters). The processed data matrix, i.e., after extraction, normalization and alignment of retention times (in case of LC/ESI-MS data), m/z-values and intensities of signals, were transferred to Extended Statistics (XS) module, EZinfo (Umetrics, Malmo, Sweden), and studied by principal component analysis (PCA) and orthogonal projections to latent structures discriminant analysis (OPLS-DA). Both PCA and OPLS-DA were used for reduction of data dimensionality. OPLS-DA is a multivariate statistical method employing latent variable regression developed as an extension of more frequently used partial least squares method (Trygg and Wold, 2002). Coordinates of particular samples and RT_m/z pairs (or m/z-values in the case of LDI-MS data) in appropriate biplots and S-plots were used for evaluation of dormant and non-dormant genotypes mutual segregation and significance of detected signals of metabolites. The procedure was adopted and modified from Kučera et al. (2017). The most significant markers were further studied by targeted MS/MS experiments to reveal their identity (Cechová et al., in preparation; Válková et al., in preparation).

RNA Isolation

For Massive analysis of cDNA Ends (MACE) each sample of parental genotype was composed by several pooled developmental stages of seed coat (2, 3, 4 weeks and older) as it is unknown at which stage putative candidate genes are expressed. Seven selected RILs forming each of dormant resp. non-dormant bulk were previously (at F6 generation) and after mature seed harvest (of F7 generation used for RNA isolation) tested for germination behavior (Table S1). Seed coat were dissected under stereomicroscope, immediately frozen in liquid nitrogen and stored at −70°C until use. Frozen seed coats or dorsal and ventral sutures of pods were ground to a fine powder with liquid nitrogen using sterile mortars and pestles. Total RNA was isolated from seed coat (~100 mg) using the BioTeke Plant Total RNA Extraction Kit (China) or NucleoSpin RNA Plant kit (Macherey Nagel) for pods, according to the manufacturer's instructions. Yield/quantity and purity was determined by using NanoDrop 2000 spectrophotometer (Thermo Scientific) and diluted in DEPC-H2O to 100 ng/μl. Isolated RNAs were treated with DNase according to Baseline-ZERO™ DNase protocol (Epicenter). In case of parental genotypes (JI64, JI92, Cameor, and VIR320) four consecutive developmental stages of seeds (14–37 DPA) were taken each represented by 1.25 μg of total RNA. The RIL bulks were made of 1.425 μg of total RNA of each of seven lines. In case of RNA samples used for pod dehiscence study, two parental lines (JI64 and JI92) and two bulks of contrasting RILs (with dehiscent or indehiscent pods) were used. The bulk of dehiscent RILs was established from eight and bulk of indehiscent RILs from five lines using excised pod sutures of 10 and 20 days after flowering. Each of these four final samples contained ~1 μg of total RNA each. The integrity of the RNA samples was examined with an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, USA).

Massive Analysis of cDNA Ends (MACE)

MACE libraries were generated using GenXPro's MACE kit (GenXPro GmbH, Frankfurt, Germany) as described in Zawada et al. (2014). Briefly, cDNA from 5 μg of total RNA was randomly fragmented and biotinylated 3′ ends were captured after binding to a streptavidin matrix. A library ready for high-throughput sequencing was prepared using TrueQuant adapters included in the kit. The library consisted of 50–700 bp-long fragments derived from the 3′-end of the cDNAs. The 5′-ends of the libraries were sequenced on a HiSeq 2000 machine (Illumina) with 100 cycles to generate the MACE tags, each tag representing one single transcript molecule. In total, 6 cDNA libraries were prepared and sequenced for seed dormancy, while 4 libraries for parents and two contrasting bulks for pod dehiscence, each providing over 10 million reads (Table S2).

Bioinformatics

After sequencing the reads are in 5′–3′ orientation. To remove PCR-bias, all duplicate reads detected by the TrueQuant technology were removed from the raw datasets. Low quality sequence-bases were removed by the software Cutadapt (https://github.com/marcelm/cutadapt/) and poly(A)-tails were clipped by an in-house python-script. The reads were aligned to reference sequences using Novoalign (http://www.novocraft.com/main/index.php). This tool maps reads to reference sequences depending on certain parameters (i.e., quality) and calculates thresholds for each assignment. The reference sequences consisted of all Pisum mRNA sequences from NCBI. We annotated these sequences to all Fabaceae proteins from Uniprot “http://www.uniprot.org/” by BLASTX to Swissprot (“sp|.,” good annotation) and afterwards to Trembl (“tr|…,” less good annotation) protein sequences. All reads that could not be mapped to Pisum mRNA sequences from NCBI were used for a de novo assembly to generate contigs denoted as “noHitAssembly_xxx” and annotated in the same way as the Pisum mRNA sequences from NCBI. Normalization and test for differential gene expression between the bulks were calculated using the DEGSeq R/Bioconductor package (Wang et al., 2010). Differential gene expression was quantified as the log2 ratio of the normalized values between two libraries (log2 FC). The p-value and correction for multiple testing with the Benjamini–Hochberg false discovery rate (FDR) were computed due to determining significance of gene expression differences in pairwise comparisons of libraries. Lists of Differentially Expressed Genes (DEGs) for three comparisons of contrasting phenotype (dormancy: wild × cultivated, RILs and their parents, dehiscence: RILs and their parents) were made based on combination of pairwise comparisons of log2 FC ratio of the normalized values (log2 FC > 2, log2 FC < −2) and FDR (FDR <0.01) between all libraries of these groups.

GO and KEGG Annotation

Gene Ontology (GO) enrichment analysis and normalized gene expression data were used to identify function and relationships of differentially expressed genes (Young et al., 2010). The results of the GO analysis were then exported into the Blast2go for the final annotations. The annotations provided the fragments with blast hit with the appropriate gene ontology terms which were classified into three categories: biological process (BP), cellular components (CC), and molecular function (MF). The DEGs were subjected for their presence in the different Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. The various enzyme activities and the DEGs involved in the KEGG pathways were revealed for each of the combinations.

Genetic Mapping of Dehiscence Specific SNPs-Methodology

Transcripts containing SNP with at least five reads in both samples that are homozygous distributed in dehiscent vs. indehiscent RILs bulks with only one false allele read in 100 in either bulks were considered dehiscence specific. SNPs were discovered using Joint-SNV-Mix (Roth et al., 2012). The output given by Joint-SNV-Mix was furthermore processed by GenXPro in-house software to filter the SNPs. A minimum coverage of 10 bp was needed to be identified as an SNP. To identify the genomic localization of the SNP the surrounding region of the SNP was assigned per blastn to the genome of M. truncatula “JCVI.Medtr.v4.20130313” from http://jcvi.org/medicago. The “snpviewer” a webtool from the “http://tools.genxpro.net” was used to visualize the data.

Real-Time Quantitative Reverse Transcription PCR

Gene-specific oligonucleotide primers were designed (Table S3) based on MACE consensus sequences using the FastPCR software (Kalendar et al., 2014). The expression of selected candidate genes was validated by quantitative real time PCR (qRT-PCR). RNA samples (treated with DNase) were reverse-transcribed with Oligo(dT)15 primer (Promega) in a two steps reaction in final volume 40 μl. The qRT-PCR analysis was run on the CFX96™ Real-Time Detection System (Bio-Rad) using the SensiFast SYBR® No-ROX kit (Bioline) or LightCycler® 480 SYBR Green I Master kit (Roche) in case of pod dehiscence study. Primers were designed using FastPCR or Oligo Primer Analysis Software (Molecular Biology Insights, USA) and produced amplicons ranging from 77 to 220 bp (Table S3). Every PCR reaction included 2 μl cDNA (1:10 diluted cDNA), 5 μl 2 × SensiFAST SYBR mix or LightCycler® 480 SYBR and 400 nM of each primer in final volume 10 μl. The expression was studied at two developmental stages in four contrasting parental genotypes (JI64, JI92, Cameor, and VIR320) and in case of dehiscence study also contrasting RILs with dehiscent or indehiscent pods. The conditions for PCR were: 95°C for 2 min; 45 cycles of 95°C for 10 s, 55°C for 30 s, and 72°C for 20 s; followed by a melting curve of 65–94°C (recovered every 0.5°C held for 0.5 s). The specificity of primers was confirmed by melting curve and gel analysis of products. Quantification of transcript level was determined by CXF Manager Software (Bio-Rad). Actin or β-tubulin gene was used as a reference to normalize relative quantification (Ferraro et al., 2014) using the comparative Ct (2−ΔΔCt) method. Changes in transcript were estimated as fold change relative to the expression in the genotype Cameor (younger stage) in case of seed dormancy study and genotype JI92 (younger stage) in case of pod dehiscence study.

RESULTS

Seed Coat Mediated Dormancy of Wild Pea Seeds

Anatomical and Germination Differences between Seed Coat of Wild and Cultivated Peas

Wild pea seeds display high level of dormancy mediated by seed coat permeability. Two contrasting parental pairs of wild (P. elatius) JI64 and VIR320 and cultivated (P. sativum) cv. Cameor and JI92 peas were selected as they differ in testa pigmentation, thickness, and dormancy levels as well as pod dehiscence trait. Moreover, RILs were generated from cross of JI64 and JI92 to facilitate mapping. While cultivated pea seeds imbibe readily and germinate within 24 h (JI92, cv. Cameor), wild pea seeds remain highly dormant and imbibe and germinate at 8% (JI64) or 30% levels (VIR320) after 7 days (Figure 1). Mean germination time, Timson index, and Coefficient of Velocity are also very different between respective parental genotypes, 3.4 (MGT), 1 (TI), and 0.29 (CV) for JI92 while being 7, 0.008, and 0.14 for JI64, respectively. RILs displayed more variability in each of the respective measures (Figure S1), with wide range of percentage of germination (at 7 days) from 4 to 100%, 0.61 to 4.44 CV, 1 to 7 MGT, and 0 to 0.95 TI. All these parameters indicate complexity of imbibition and germination processes as none single is sufficient to fully describe any given line. As shown in Table S1, non-dormant bulk had on average 56% germination over 7 days period, 1.58 CV, 0.36 TI, and 68.02 MGT respective, contrast to dormant bulk lines having 22%, 1.38 CV, 0.28 TI, and 104.71 MGT, respectively. Similarly testa thickness was 107 vs. 135 μm, respectively.
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FIGURE 1. Cumulative germination percentage of wild P. elatius (JI64, VIR320) and cultivated P. sativum (JI92 and cv. Cameor) seeds tested at 25°C over the period of 163 h.



Testa thickness was analyzed by micrometric, light microscopy or SEM measurements. Especially JI64 and JI92 differ substantially in palisade cells length, which contributes to overall testa thickness (Figure 2). Dormant genotype JI64 has significantly thicker testa, which might contribute to the water impermeability of seed coat of dormant pea genotypes. There are considerable differences in surface pigmentation and texture of individual lines (Figures 3a,d,g,j). While Cameor is not pigmented visible pigmentation is present in other genotypes with different intensity and localization. The texture of surface is variable among genotypes, particularly in details of macrosclereid tips arrangement defining the surface shape being covered by thin cuticle (Figures 3b,c,e,f,h,i,k,l and Figure S2). The most obvious is gritty surface of JI64 which was absent in all the other genotypes included in this study. The continuity of surface (cuticle integrity) was interrupted locally by minor fissures in all genotypes. Large fissures developed in seed coat of the non-dormant genotypes Cameor and JI92, mostly in the hilar and strophiolar region later during the imbibition (data not presented). The cytological arrangement of seed coat of tested genotypes varies particularly in macrosclereids. The surface is covered with thin cuticle (Figure S2) which copies the outer extremities of palisade macrosclereids. Based on light microscopy we did not see any apparent difference in cuticle properties among genotypes as revealed by autofluorescence or Sudan staining (Figure S2). Interestingly, cuticle is not the only lipidic material localized close to the seed coat surface. Non-cuticular lipidic extracellular material was present also in the very tips of the macrosclereids (Figures S2e–h) containing autofluorescent material (Figures S2a–d). The analysis of seed coat surface was complemented with histochemical analysis of selected compounds of cell wall. Metachromatic staining with toluidine blue of non-dormant genotype Cameor exhibited high level of polyanionic cell wall components, while in contrary non-dormant, but well-pigmented JI92 showed lower abundance of polyanionic compounds similarly to dormant genotypes where metachromasy was mostly limited to macrosclereid tips bellow the cuticle (see Figures S2a–d). Staining with Alcian blue further supports such conclusion (data not shown). Interestingly, metachromatic staining was enhanced with 3% acetic acid pretreatment (Figures S3e–h). Clear connection between presence of tannins and toluidine blue stainability is well-documented in JI92, where deeper staining is present out of pigmented spots (proanthocyanidin positive; Figure S3f). The presence of proanthocyanidin within cell walls of macrosclereids was not detected in non-dormant genotype Cameor but was obvious in JI92 as well as in the dormant genotypes (Figure 4) using both HCl-Vanilin and DMACA tests. Condensed tannin presence was never recorded within the light line (Figure 4) of macrosclereids of any genotype. Macrosclereids of dormant type genotypes seems to be enriched with proanthocyanidins in the cell walls of the entire macrosclereids up to the light line. Seed coat of JI92 is highly enriched with proanthocyanidins only in the dark pigmented spots. Interestingly, the abundance of condensed tannins negatively correlates with toluidine blue stainability and sirofluor staining of cell walls indicating tannin linkages to other compounds within the cell wall. Detected tannins are not extractable with ethanol, or 1M HCl. Alkaline hydrolysis of cell wall bound tannins by 1M sodium hydroxide resulted in loss of tannins stainability (Figures 4c,f). There was intense aniline blue staining of macrosclereids in all genotypes, particularly in the light line of macrosclereids (Figures S2i–l) and their outer part composed in majority of the secondary cell walls. The strongest signal was observed in dormant genotypes, especially in the light line. However, the signal for callose specific antibody did not correspond with aniline blue fluorophore and in general was found rather week and discretely localized (Figure S2i—inlay). Phloroglucinol staining indicative of lignin provided no response in non-dormant nor in dormant pea genotypes indicating the absence of significant amount of lignins in the testa of analyzed pea genotypes.
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FIGURE 2. Length of the seed coat palisade cells of selected pea genotypes (Cameor, JI92, JI64, and VIR320). Box plot of median with 25th and 75th percentile, whiskers are 5th and 95th percentile; n = 75; each genotype is different from the other (ANOVA p < 0.001).
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FIGURE 3. Seed coat surface of selected pea genotypes. Pigmentation of seed coat: Cameor (a), JI92 (d), JI64 (g), and VIR320 (j); scale bar = 5 mm. Surface texture (SEM): Cameor (b,c), JI92 (e,f), JI64 (h,i), and VIR320 (k,l) overall view, scale bar = 500 μm; details of extrahilar region (c,f,i,l) with inlay of high magnification, scale bars = 100 μm (c,i) and 50 μm (k,l), inlay scale bars = 10 μm (c) 20 μm (l).
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FIGURE 4. Seed coat transverse sections from extrahilar region stained with DMACA for proanthocyanidins polyphenolics (bar = 50 μm): Upper row—JI92, Lower row—JI64. Blue excited red fluorescence of DMACA (a,d) and violet coloration in bright field (b,e). Similar sections as in (c,f) but stained with DMACA after mild alkaline hydrolysis; scale bars = 50 μm. *, Light line.



Chemical Analysis of Seed Coat Composition

Detection of metabolites present in seed coat related to dormancy was based on comparison of LC/ESI-MS and LDI-MS data of dormant and non-dormant pea genotypes using principal component analysis and orthogonal projection to latent structures. Figure 5 reflects the differences in coordinates of particular genotype samples in corresponding Score plot obtained by Principal Component Analysis of LC/ESI-MS data. Although, individual coordinates do not exhibit statistically significant differences among all the genotypes (e.g., t[2] coordinates of Cameor, Terno, and VIR320), location of each genotypes given by combination of both coordinates provided resolution among particular genotypes. The differences in the coordinates (mutual orientations and values) clearly show the separation of dormant (i.e., L100, JI64, and VIR320) from non-dormant genotypes (i.e., Terno, Cameor, and JI 92) using the acetone:water extract. Separation of L100 and JI64 from non-dormant genotypes is much more significant compared to the separation of VIR 320. This can be explained by possible semi-domesticated status of this genotype. Based on the achieved separation of dormant and non-dormant genotypes by unsupervised Principal Component Analysis (PCA), supervised Orthogonal Projection to Latent Structures (OPLS-DA) was used to find signals mostly responsible for the chemical differences in dormant and non-dormant samples. Those signals (m/z-values of markers with increased intensity in dormant genotypes compared to non-dormant ones) were studied in detail by targeted tandem mass spectrometry (study of their fragmentation after collision induced dissociation in collision cell of mass spectrometer). Details of analytical interpretation can be found in Válková et al. (in preparation). Attention was especially focused on the chemical differences between morphologically the most similar pair of genotypes, i.e., JI 64 and JI 92. Combination of information about retention time, exact mass measurement and fragmentation revealed the identity of the most significant dormancy markers found in acetone-water extracts—dimer and trimer of gallocatechin (m/z 611.1387 and 915.1945, deviation of measured from theoretical m/z-value of parent ion, dtm, –0.8 and –3.3 mDa), respectively, quercetin-3-rhamnoside (m/z 449.1045, dtm –3.3 mDa) and myricetin-3-rhamnoside (m/z 465.1112, dtm 7.9 mDa). Analogously, the chemical differences between dormant JI64 and JI92 genotypes were studied by laser desorption-ionization mass spectrometry (LDI-MS). Measurement in negative ion mode in combination with PCA a OPLS-DA revealed marked differences in the profile of particular hydroxylated long chain fatty acids [i.e., m/z 411.3865, hydroxyhexacosanoate (dtm 2.7 mDa); m/z 425.3927, hydroxyheptacosanoate (dtm −6.8 mDa); m/z 427.3875, dihydroxyhexacosanoate (8.8 mDa); m/z 437.4033, hydroxyoctacosanoate (dtm 3.8 mDa); m/z 441.3973, dihydroxyheptacosanoate (2.9 mDa) and m/z 455.4180, dihydroxyoctacosanoate (dtm 8.0 mDa)]. Two orders of magnitude higher normalized signals of dihydroxyheptacosanoate and dihydroxyoctacosanoate were measured in JI 64 compared to JI 92, i.e., (1.21 ± 0.92).10−2 and (2.50 ± 1.54).10−2 vs. (1.34 ± 0.02).10−4 and (2.19 ± 0.58).10−4, respectively. Figure 6 shows the normalized signals of both dihydroxylated long chain fatty acids in seed coats of JI64, JI92, and RILs with respect to dormancy. The majority of dormant RILs exhibit higher content of those fatty acids compared to non-dormant ones.
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FIGURE 5. Score Plot of LC/ESI-MS data of dormant and non-dormant pea genotypes. Data filtration threshold 1000 counts in MS spectrum; replicated analyses, three repetitions of each genotype, level of significance α = 0.05, UV scaling, no transformation.
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FIGURE 6. LDI-MS analysis of dihydroxyheptacosanoate (A) and dihydroxyoctacosanoate (C) in seed coats of contrasting parents (JI64, JI92) and selected RILs (intensity of signals at particular m/z-values normalized to sum of all signals in mass spectrum; red, non-dormant; blue, dormant lines; error bars reflect the standard deviation of three replicated measurements, α = 0.05); (B,D), zoomed graphs.



Seed Coat Transcriptome Differences between Wild and Cultivated Pea

In order to understand the mechanism of testa mediated dormancy we selected seed coat derived from two contrasting parental pairs and two bulks of RILs differing in dormancy level to extract RNA and to identify candidate genes using the next-generation sequencing method of Massive Amplification of cDNA Ends (MACE). The isolation of RNA from wild pea seed coat tissue proved to be very difficult. It is likely that high due to content of free metabolites (oligosaccharides and proanthocyanidins). We assessed the expression patterns in domesticated (cv. Cameor and JI92 landrace) vs. wild P. elatius (JI64, VIR320) pea. Each sample has yielded between 8 and 15 million clean reads (Table S2). Bioinformatics analysis resulted in identification of 144,000 transcripts (e.g., MACE annotated fragments) expressed in immature seed coat tissue. We have used stringent values of false discovery rate (FDR) ≤ 0.01 and fold-change (log2 FC) ≥2 as a threshold to identify the significant differences in the gene expression. Applying these criteria, a total of 10,132–11,808 transcripts were found differentially expressed between cultivated (JI92, Cameor) and wild (JI64, VIR320) parents (Table S2). Of these 770 were differentially expressed between all wild vs. cultivated genotypes, of these 374 were up-regulated in cultivated genotypes, and 396 down-regulated (Figure 7A, Table S4), when annotated to pea transcriptome, respectively.
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FIGURE 7. Venn diagrams of differentially expressed genes (DEGs criteria log2 FC ≥ 2 and FDR ≥ 0.01) between seed coat (A) of the studied wild and cultivated genotypes, (B) and JI64, JI92 parents and resulting RILs and (C) between pod sutures of JI64, JI92 parents and resulting RILs. Blue counts are upregulated and red counts are downregulated in cultivated genotypes.



A heat-map of 1,000 genes with the highest variance among normalized expression between cultivated and wild pea samples (Figure 8A) further illustrates differences between domesticated and wild pea seed coat expressed genes. This comparison shows the differences between respective pairs (cultivated vs. wild). In addition to contrasting parental genotypes, two bulks of seed coats at several pooled developmental stages of seven dormant and seven non-dormant RILs (Table S1) were analyzed. The bulks were included to minimalize identification of genes associated with respective genetic background rather than dormancy trait. This is clearly shown when DEGs are compared between parents and RIL bulks (having largest number of specific DEGs between parents e.g., 6,204 up-/5,604 down-regulated transcripts, while only 869 and 1,014 down-regulated transcripts in RIL non-dormant vs. dormant bulks. In case of gene expression profile of dormancy and non-dormancy RILs and their parents, 299 DEGs were found. When comparison included JI64 and JI92 parents and two respective RIL bulks, there were 83 up- and 216 down-regulated genes (Figure 7B). In order to visualize the expression pattern of RILs and theirs parents, heatmaps were constructed for 11,808 genes from libraries of dormancy and 6,259 genes from libraries of dehiscence (Figure 8B).
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FIGURE 8. The heat maps (A) of 1,000 genes with the highest variance among normalized expression values for cultivated and wild pea samples, (B) of 11,808 DEGs for dormancy, and (C) of 6,259 DEGs for dehiscence between RIL's parents samples in MACE experiments.



Verification of Differentially Expressed Genes during Seed Coat Development

We selected DEGs based on expression level difference and gene annotation (Table S4), regarded as candidate genes for seed coat mediated dormancy in two possible directions of evolutionary changes (i.e., up- or down-regulated in the domesticated pea compared to its wild progenitor). To validate MACE results, expression levels of 14 selected DEGs was analyzed by qRT-PCR. According to MACE results, the selected genes comprised of five up-regulated genes (direction dormant to non-dormant): porin (MACE-S082), NADPH-cytochrome P450 reductase (MACE-S101), peroxisomal membrane PEX14-like protein (MACE-S108), UDP-glucose flavonoid 3-O-glucosyltransferase (MACE-S139), xyloglucan:xyloglucosyl transferase (MACE-S141), and 9 down-regulated genes: NADH-cytochrome b5 reductase (MACE-S019), divergent CRAL/TRIO domain protein (MACE-S066), 1-deoxy-D-xylulose, 5-phosphate, reductoisomerase (MACE-S069), probable aldo-keto reductase 1 (MACE-S070), cupin RmlC-type (MACE-S110), heavy metal transport/detoxification protein (MACE-S111), 4-coumarate CoA ligase (MACE-S131), cytochrome P450 monooxygenase CYP97A10 (MACE-S132), β-amyrin synthase (MACE-S135). Of these tested 14 genes, 4 genes (MACE-S082, MACE-S108, MACE-S131, and MACE-S139) were in agreement in all four genotypes with data obtained with MACE method (Figure 9). Relative expression level by MACE-S019 and MACE-S135 was completely contrary to MACE results, where higher values were in wild dormant genotypes. The qRT-PCR expression pattern of MACE-S066 and MACE-S101 were different in two genotypes (Cameor and VIR320) compared to MACE data, with MACE-S066 higher expressed in wild dormant (VIR320) and MACE-S101 higher expressed in cultivated non-dormant genotype (Cameor). Discrepancy between qRT-PCR and MACE methods in JI64 and JI92 was found in case of MACE-S069, MACE-S070, MACE-S110, MACE-S111, MACE-S132, and MACE-S141.
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FIGURE 9. qRT-PCR results of selected candidate genes in comparison with MACE analysis. qRT-PCR for four genotypes in two stages: JI64, JI92, V (VIR320), and C (Cameor)—younger stage; JI64-1, JI92-1, V-1, C-1—older stage and MACE for JI64, JI92, VIR320, Cam, RILs-D (dormant), and RILs-N (non-dormant).



Enrichment Analysis of DEGs Functional Classes between Wild and Domesticated Pea Seed Coats

In order to investigate transcriptome changes in seed coat associated with evolution under domestication, we assessed the expression patterns of the DEGs in domesticated (cv. Cameor and JI92 landrace) vs. wild P. elatius (JI64, VIR320) pea. We identified 770 DEGs (583 respectively, when ambiguous are removed) is seed coat between wild and domesticated peas. Due to the absence of complete pea genome and likely specificity of seed coat tissue, we could annotate 66% of MACE fragments. Moreover, between 36 and 41% produced ambiguous assignment (Table S2). For DEGs sequences assigned to GO terms, we observed differences within all three compounds: cellular components, molecular function, and biological process. Several GO groups were found differently expressed. In GO enrichment of DEGs between wild and cultivated the most interesting results belongs to Molecular function group (Table S5). The most DEGs were found in phenylpropanoid (17 genes in KEGG pathway) and flavonoid (11 genes) biosynthetic pathways (Figures S4, S5). These included O-hydroxycinnamoyltransferase (EC:2.3.1.133), dehydrogenase (EC:1.1.1.195), O-methyltransferase (EC:2.1.1.68), gentiobiase (EC:3.2.1.21), lactoperoxidase (EC:1.11.1.7), ligase (EC:6.2.1.12), reductase (EC:1.2.1.44), and 4-monooxygenase (EC:1.14.13.11) or synthase (EC:2.3.1.74), reductase (EC:1.3.1.77), O-hydroxycinnamoyltransferase (EC:2.3.1.133), isomerase (EC:5.5.1.6), 3′-monooxygenase (EC:1.14.13.21), 4-monooxygenase (EC:1.14.13.11) genes (Table S5), respectively. Enzyme 4-coumarate CoA ligase (MACE-S131) catalyzes conversion of 4-coumarate and other derivatives to corresponding esters serving to generate precursors for formation lignin, suberin, flavonoids. In general, main differences in gene expression was detected between enzymes that played important role in secondary metabolites biosynthesis. Different levels of expression were observed for the cellulose synthase enzyme (EC:2.4.1.12) and two enzymes of pectin metabolism pectate lyase (EC:4.2.2.2) and pectin methylesterase (EC:3.1.1.11), which may interfere together with enzymes from the phenylpropanoid and lignin biosynthesis to the structural composition of cell wall. Enzyme 3-hydroxyacyl-CoA (EC:1.1.1.35) dehydrogenase that belongs to fatty acid elongation pathways is also up-regulated in dormant (wild) genotypes. This enzyme participating in of fatty acid biosynthesis showed changes in expression between wild and cultivated genotypes (Figure 6). Out of 548 DEGs, 307 (56%) were assigned to GO-term groups, including 171 (56%) down-regulated and 136 (44%) up-regulated in the domesticated pea seed coat compared to wild samples. As shown in Table S5, the known DEGs were mainly classified into 40 functional categories and involved in 19 biological processes. The results showed that these DEGs mainly distributed in plasma membranes and nucleus after genes expression, and participated in the biological process of biosynthetic process (60 genes, 12%), metabolism (183 genes, 36%), regulation of transcription (3 genes, 0.5%), transporting (17 genes, 3%), stress response (16 genes, 3%), cell division and differentiation (180 genes, 35%), localization (30 genes, 6%), establishment of localization (28 genes, 6%), lignin synthesis and so on. Through comparative analysis, the two most abundant sub-classes were biosynthesis processes and metabolic processes. The KEGG pathway analysis showed the presence of many genes PsCam051542, PsCam037704, PsCam043296, PsCam000856, PsCam038256, PsCam049689, PsCam016941, PsCam049689, PsCam050533 involved phenylpropanoid biosynthesis. Similarly, PsCam049689, PsCam038227, PsCam005153, and PsCam050665 were found to be associated with flavonoid biosynthesis (Table S5).

Pea Pod Dehiscence

The structure of pea pericarp follows the common arrangement in Fabaceae. The exocarp consists of thick walled epidermis, the relatively thick mesocarp is arranged in several layers of parenchyma and endocarp composed of lignified sclerenchyma on inside of which is thin-walled epidermis. Both exocarp and mesocarp are rich in pectins, as indicated with metachromatic staining of toluidine blue (Figure 11).

Differentially Expressed Genes between Dehiscent and Indehiscent Pods

In the case of pea pod dehiscence, we used MACE methodology to find differences in expression profiles between JI92 (domesticated, indehiscent pod) and JI64 (wild, dehiscent pod) and between two bulks of contrasting RILs. For each sample we used bulk of three developmental stages (2, 4 weeks and older) of dissected pod suture tissue (Table S2). Across all dehiscent and indehiscent libraries 148 DEGs were found (Figure 7C). Of these, 132 DEGs were down-regulated and 16 were up-regulated in indehiscent libraries. For gene expression analysis via qRT-PCR we selected 20 gene candidates with the most different expression in MACE analysis between contrasting lines (dehiscent and indehiscent pod). Nineteen of them were recognized by MACE as down expressed (with lower expression in domesticated indehiscent genotype) and one expressed gene candidate. In addition we tested also five other gene candidates (transcription factors) reported to be responsible for pod dehiscence in other plant species (bHLH Basic helix-loop-helix proteins INDEHISCENT, SPATULA, SHATTERPROOF, Basic Leucine Zipper Domain genes bZIP and SHATTERING; Ferrándiz et al., 2000; Girin et al., 2011; Dong et al., 2014). For these experiments we used RNA from pod suture tissue of parental line JI92 (domesticated, indehiscent pod) and JI64 (wild, dehiscent pod) as well as of eight contrasting RILs. As a result we detected over expression in indehiscent lines of two gene candidates (SHATTERING and SHATTERPROOF; Figure 10C) and the rest of tested genes (INDEHISCENT, SPATULA, bZIP) did not show differential expression. In the second experiment we tested gene expression of 20 gene candidates derived from MACE analysis. In this case, we tested parental lines JI64 and JI92 only. We used RNA from dorsal and ventral pod suture tissue of three developmental stages (10, 15, and 20 days after flowering). In this case we detected three genes (MACE-P004, MACE-P013, MACE-P015) corresponding to the down/over expression as in MACE results (Figure 10A). In M. truncatula genome homologs genes are: MACE-P004 transmembrane protein, putative (Medtr3g016200); MACE-P013 NADP-dependent malate dehydrogenase (Medtr1g090730), and MACE-P015 peptidoglycan-binding domain protein (Medtr2g079050). In one case (MACE-P009) qRT-PCR showed the opposite results than in MACE (Figure 10A). Medicago homolog of MACE-P009 gene is cathepsin B-like cysteine protease (Medtr7g111060). The rest of candidate genes for pod dehiscence generated by MACE were tested by qRT-PCR, namely: glycosyltransferase family 92 protein (MACE-P001, Medtr2g437660); serine carboxypeptidase-like protein (MACE-P002, Medtr3g434850); KDEL-tailed cysteine endopeptidase CEP1 (MACE-P003, Medtr3g075390); 60S ribosomal protein L3B (MACE-P005, Medtr1g098540); dormancy/auxin associated protein (MACE-P006, Medtr7g112860); enoyl-CoA hydratase 2, peroxisomal protein (MACE-P007, Medtr3g115040); disease-resistance response protein (MACE-P008, Medtr2g035150); GASA/GAST/Snakin (MACE-P010, Medtr1g025220); dormancy/auxin associated protein (MACE-P011, Medtr7g112860); TCP family transcription factor (MACE-P012, Medtr2g090960); LL-diaminopimelate aminotransferase (MACE-P014, Medtr2g008430); zinc finger A20 and AN1 domain stress-associated protein (MACE-P016, Medtr2g098160); auxin-responsive AUX/IAA family protein (MACE-P017, Medtr1g080860); huntingtin-interacting K-like protein (MACE-P018, Medtr2g034010); transmembrane-like protein (MACE-P019, Medtr2g038550) and vacuolar processing enzyme (MACE-P020, Medtr4g101730). In the third experiment, we tested only candidates which showed differences in expression in both previous experiments using eight RILs with clearly determined phenotype (dehiscent or indehiscent pods). Four RILs were phenotypically dehiscent and four indehiscent. In this case, we used cDNA derived from the mixture of dorsal and ventral pod sutures tissue (Figure 11) for analysis. Finally, we tested four genes: MACE-P004 (homolog of transmembrane protein gene in M. truncatula, P. sativum LGIII: 24.5); MACE-P009 (homolog of cathepsin B-like cysteine protease in M. truncatula, P. sativum LGV: 20.3); MACE-P015 (homolog of peptidoglycan-binding domain protein gene in M. truncatula, P. sativum LGIII: 103.2); and Shatterproof (homolog of MADS-box transcription factor in M. truncatula, P. sativum LGIII: 89.3). As a result we didn't find any trend in down or over expression in contrasting RILs in relationship to dehiscence levels, with only one exception of MACE-P015 (homolog of peptidoglycan-binding domain protein gene in M. truncatula, P. sativum LGIII: 103.2) which showed trend of down expression in all tested indehiscent RILs (Figure 10B) with only one exception—RIL 61 (JI 64 × JI 92). Base on screening of PCR length polymorphism we recognized this line 61 (F6) as heterozygous in MACE-P015 candidate gene because of presence of both parental alleles.
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FIGURE 10. qRT-PCR validation of selected DEGs detected to be associated with pod dehiscence. (A) MACE results in comparison with qRT-PCR of selected candidate genes. MACE-P004, MACE-P013, and MACE-P015 shows the same trend of over/down expression between MACE results of parental lines and RILs (JI 64—dehiscent pod, bulk of dehiscent RILs, JI 92—indehiscent pod, bulk of indehiscent RILs) and qRT-PCR of cDNA of parental lines (ventral or dorsal pod suture in two stages: I—younger stage, II—older stage). MACE-P009 showed the opposite results and MACE-P017 and MACE-P0018 without any trend of down or over expression in qRT-PCR. (B) qRT-PCR results of contrasting RILs (dehiscent/indehiscent pod) in comparison with parental lines of candidate gene MACE-P015. (C) qRT-PCR results of contrasting RILs (dehiscent/indehiscent pod) in comparison with parental lines of candidate genes SHATTERPROOF and SHATTERING.
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FIGURE 11. Dorsal side of pea dehiscent and indehiscent pod. (a) Mature pod of dehiscent line (JI 64). (b) Mature pod of indehiscent line (JI 92). (c,d) Sections of dorsal side of dehiscent and indehiscent pea pod stained with fluoroglucinol: *, funikulus; BC, bundle cap; DZ, dehiscence zone; EN, endocarp, including inner sclerenchyma; EX, exocarp; EP, epidermis; DZ, dehiscence zone; LP, lignified epidermal plate.



GO Annotation, KEGG

To annotate the DEGs in dehiscence-parents and RILs, the consensus MACE sequences were searched against the NCBI non-redundant protein database by blastx using e-value cut off of 1e−05. In biological process, most DEGs were found to be involved in metabolic processes (37 genes, 34%) which includes cellular metabolic process (28 genes, 26%) and primary metabolic process (28 genes, 26%), pigmentation (8 genes, 7%), regulation of biological process (8 genes, 7%), developmental processes such as anatomical structure development (3 genes, 3%; Table S6). In molecular function, the maximum DEGs were found to be involved in catalytic activity which includes mainly hydrolase activity (12 genes, 11%), transferase activity (8 genes, 7%) and oxidoreductase activity (7 genes, 6%). Next, the DEGs were mostly found to be involved in binding related activities such as nucleic acid binding (10 genes, 9%) followed by nucleotide binding (9 genes, 8%) and nucleoside binding (5 genes, 5%). In the cellular component, the bulk of the DEGs belonged to cell part (41 genes, 38%) followed by membrane related proteins (22 genes, 20%), intracellular organelle (23 genes, 21%), and membrane-bound organelle (19 genes, 18%; Table S6). The KEGG pathway analysis showed that PsCam046431 is involved in phenylpropanoid biosynthesis, PsCam021037 in pentose phosphate, PsCam038465 in glycerophospholipid metabolism and PsCam042882 in carbon fixation pathways.

Genetic Mapping of Dehiscence Locus

We assume that dehiscent and indehiscent RILs bulks are contrasting for genomic regions which are responsible for dehiscence trait, because of selection for this trait and repeated selfing of RILs lines. On the other hand remaining genomic regions should be represented by polymorphic reads from RILs libraries due to mixing of RILs lines during bulking. When we compared polymorphism in reads from indehiscent RILs bulk and dehiscent RILs bulk three homozygous SNP rich genomic region associated with dehiscent trait were identified due to identification of homozygous SNP which indicated that this region was under selection during RILs lines development (Figure S6). Based on sequence homology first of them is located in the second half of M. truncatula chromosome 1. Second and third region are more clearer in contrast with first region. Second region is located at the beginning of chromosome 2 where homozygous SNP are concentrated around 2 megabase and third region is situated around 53 megabase at the end of chromosome 3. Others homozygous SNP are spread across all Medicago chromosomes and do not form distinct cluster.

DISCUSSION

Plant domestication process is interesting phenomenon of accelerated human directed evolution. To dissect genetic changes associated with this process, either wild to cultivated crosses and linkage mapping or newly genome wide association mapping are employed to infer on number of genes governing domestication traits. Although some of the genes underlying domestication traits were shown to be regulated at transcriptional level (Doebley et al., 1997; Konishi et al., 2006) limited studies were conducted to investigate transcriptomic changes between wild progenitors and cultivated crops, analyzing pod or seed tissues, such as wheat glumes (Zou et al., 2015). We used comprehensive transcriptomic, metabolomics, and anatomical analyses to compare domesticated and wild pea seed coats and pods in relation to the loss of seed dormancy and pod dehiscence.

Seed Coat Anatomical Structure and Histochemical Properties

Histological analysis of the seed coat in M. truncatula revealed changes in cell wall thickness in the outer integuments throughout seed development (Verdier et al., 2013a). In Arabidopsis and Melilotus (legume), seed permeability was modulated by mutations affecting extracellular lipid biosynthesis (in Verdier et al., 2013a). Similarly, in M. truncatula, cells of the outer integument showed abundant accumulation of polyphenolic compounds (Figure 4); which upon oxidation may impact seed permeability (Moïse et al., 2005). Current knowledge about physical dormancy mainly comes from studies on morphological structure, phenolic content, and cuticle composition in legume species (reviewed in Smýkal et al., 2014). Morphological observation indicated that seed hardness was associated with the structure of palisade and cuticular layer (Vu et al., 2014) and presence or absence of cracks (Meyer et al., 2007; Koizumi et al., 2008). Other authors have proposed that the compositions of carbohydrates, hydroxylated fatty acids, or phenol compounds in seed coats control the level of permeability (Mullin and Xu, 2000, 2001; Shao et al., 2007; Zhou et al., 2010). Mullin and Xu (2001) found that the seed coat of an impermeable genotype had a high concentration of hemicellulose, essentially composed of xylans, which would reduce the hydrophilicity of the seed coat. We have found considerable structural and functional differences in testa properties between wild and domesticated peas. Contrary to Ma et al. (2004), who found small cuticular cracks in soft but not hard seeds of soybean, the surface was similar among used lines with only small discontinuities over the whole surface (Figure 3). However, we cannot exclude that these small fissures resulted from the SEM sample preparation, similarly to the above mentioned work. In the non-dormant genotypes subjected to imbibition, large fissures appear preferentially in the hilar region and strophiole (not shown). However, those are the most likely consequence of embryo imbibition and its volume increase and thus we do not expect those as primary sites of water entrance. There is a lack of detailed description of the primary pathway of water entry in pea as well as in the whole Fabaceae family, although the topic is thoroughly discussed (e.g., Baskin et al., 2000; Meyer et al., 2007; Ranathunge et al., 2010; Smýkal et al., 2014). It is thus not clear whether the hilar or strophiolar region is the primary entrance of water in the non-dormant genotypes as suggested also by McDonald et al. (1988) or Korban et al. (1981) in soybean and common bean (Agbo et al., 1987) or if the minor fissures present in the cuticle and properties of the outer part of palisade macrosclereids make the difference as suggested by Ma et al. (2004). Interesting and generally neglected feature of macrosclereids is a presence of autofluorescent, phenolics containing lipidic material in the terminal caps of macrosclereids above the light line, which is not directly connected with the cuticle (Figure S2). There is no detailed information on the nature of this material or its possible functional significance. Obviously, detailed structure of outer part of the palisade macrosclereids deserves future attention. Dormant genotypes have thicker macrosclereids palisade layer, which might contribute to the water impermeability of coats of dormant pea genotypes as suggested by Miao et al. (2001). However, thickness alone does not necessarily account for water impermeability (de Souza and Marcos-Filho, 2001). Our results also suggest different thickness of palisade layer among the dormant genotypes with the most dormant JI64 having the thickest palisade layer (Figure 2). Metachromatic staining with toluidine blue revealed that the non-dormant non-pigmented genotype Cameor exhibits high level of polyanionic pectins with exposed free carboxyl groups (Figure S3). On the other hand, the non-dormant, but well-pigmented JI92 showed lower abundance of pectins related anions, similarly to pigmented dormant genotypes. There is clear connection between toluidine blue stainability and seed coat pigmentation—anthocyanidin presence. Taken together results from toluidine and Alciane blue with vaniline and DMACA suggest that tannins in the seed coats of pigmented peas are probably bound to other compounds of the cell walls, changing the staining properties of cell walls. Nature of these linkages is unknown, but covalently bound tannins might be indicated as alkaline hydrolysis releases proanthocyanidins from the cell walls (Krygier et al., 1982). Such expectation might be further supported by presence quercetin-3-rhamnoside fragments from LC/MS and MALDI-MS study. The detected increase in metachromatic staining of testa cell walls after weak acid treatment might be indicative of a crosslinking of pectins with other compounds in dormant as well as JI92 genotype, which is released in acid environment. Interestingly, it was reported that condensed tannins might be released from linkages in acid environment (Porter, 1989). We can speculate whether the intensity of pectin—tannin crosslinking is associated with physical dormancy of pea. There are scarce references indicating possible role of tannins in cell wall polymer network and its properties (Pizzi and Cameron, 1986). There is some supposition for callose deposition in the light line area (e.g., de Souza et al., 2012). However, strong staining with aniline blue fluorochrome staining in the upper part of macrosclereids including the light line (Figure S2) cannot be attributed to callose. Such assumption is consistent with the specific callose antibody localization which led us to the conclusion that the signal for aniline blue is probably signal for one or more other compounds structurally similar to callose. The interaction of aniline blue fluorochrome with other 1,3- or 1,4-β-D-glucans was described by Evans et al. (1984) and this interaction depends on the degree of polymerization, and nature of substitution of the 1,3-β-D-glucan chain as well as on the concentration of phosphate in the staining solution (Evans et al., 1984). Deeper anatomical and histochemical analysis of seed coat and more reliable detection of primary entrance point of water during early rehydration phase is needed.

Differentially Expressed Genes during Seed Coat Development and Seed Dormancy

Seed development has been thoroughly studied in number of crops including legumes, especially with focus on embryo development (Bewley et al., 2013). In our study, we have made comparative transcriptomics analysis in order to dissect candidate genes/pathways associated with domestication imposed changes on seed coat properties. Temporal transcriptional changes during seed and pod development were studied in pigeonpea (Pazhamala et al., 2016), soybean (Aghamirzaie et al., 2015; Redekar et al., 2015), Medicago (Gallardo et al., 2007; Benedito et al., 2008; Verdier et al., 2013a; Righetti et al., 2015), peanut (Zhu et al., 2014; Wan et al., 2016), and pea (Liu et al., 2015) seeds but no study was made on comparison of wild progenitor and cultivated crop. Moreover, these studies analyzed either entire seed/pod or developing embryos, while in our work we have used excised seed coat or dissected pod suture. During the RNA isolation from the seed coat tissue, we have experienced great difficulties when working with wild pea seed samples. As reported earlier for pigmented soybean seeds (Wang and Vodkin, 1994) proanthocyanidins binds to RNA and prevent its extraction. We failed when using standard phenol/chloroform (McCarty, 1986) or guanidium thiocyanate (Chomczynski and Sacchi, 1987) methods, as well as common plant tissue RNA isolation kits.

There is problem of ambiguously mapped reads, which are the major source of error in RNA-Seq quantification (Robert and Watson, 2015). Short-read alignment is a complex problem due to the common occurrence of gene families. In contrast to RNA-seq, MACE methodology is derived from 3′ UTR end of transcript and each is represented by single molecule. The choice of quantification tool also has large effect, as these also differ in the way they handle aligned data and multi-mapped/ambiguous reads (Robert and Watson, 2015). In order to exclude or minimalize that identify DEGs are solely due to the genetic differences between contrasting parental genetic stocks we have used phenotypically classified bulks derived from RILs (Table S1, Figure S1). The concept of Bulk segregant analysis (BSA) was established as a method to detect markers in a specific genomic region by comparing two pooled DNA samples of individuals from a segregating population (Michelmore et al., 1991). Coupling BSA with the high throughput RNA sequencing has been shown to be an efficient tool for gene mapping and identification of differentially expressed genes (Chayut et al., 2015; Bojahr et al., 2016). One possible bottleneck of our analysis was bulking of several developmental stages into single MACE sample, where temporal and spatial expression might be hidden, resulting in differences between MACE and qRT-PCR data. Dynamic nature of gene expression both in spatial and temporal levels is clearly seen at qRT-PCR analysis of selected DEGs (Figures 9, 10). The bulking of various developmental stages, moreover from different genotypes (in case of RILs) is the source of imprecision which can result in masking of DEGs. The key to the successful use of BSA is precision of phenotypic assignment. Although some imprecision in phenotypic classification and comparable low number of RILs used for bulking (Table S1), transcriptomics analysis has provided valid results. As shown on heat-map (Figure 8), RIL bulks are indeed genetic mixture of parental genotypes. MACE method (Kahl et al., 2012) detects allele-specific SNPs and indels associated with the defined genotypes that can be instantly used in genetic mapping (Bojahr et al., 2016). As result, there was significant clustering of homozygous SNPs associated with seed dormancy (e.g., respective parental alleles) on Mt chromosomes 3 and 4, or chickpea chromosomes 5 and 7, respectively (not shown). These correspond to pea linkage groups (LG) III and IV. Using identical RIL mapping population and DARTseq markers, we mapped seed coat thickness to LG I, III, IV, and VI (unpublished) and percentage of seed germination to LGII. These indicate that there is likely more than single major gene involved in seed dormancy, acting at different stages (testa thickness, permeability).

Despite that detected DEGs between dormant and non-dormant pea seeds belongs to various GO and KEGG pathways, the largest number of annotated ones was found within phenylpropanoid and flavonoid pathways (Figure S4). These are involved in various activities such as UV filtration, fixing atmospheric nitrogen, and protection of cell walls (Zhao et al., 2013). Analysis of soybean mutant defective in seed coat led to identification of differentially expressed proline-rich and other cell wall protein transcripts (Kour et al., 2014). Moreover, this single gene mutation has resulted in differential expression of 1,300 genes, pointing out that complex series of events, many manifested at the transcript level, lead to changes in physiology, and ultimately structure of the cell wall. Similarly, we speculate that gene/-s causative of pea seed dormancy results in complex transcriptional and metabolomics changes. Recently, KNOTTED-like homeobox (KNOXII) gene, KNOX4, was found responsible for the loss of physical dormancy in the mutant Medicago seeds (Chai et al., 2016) resulting in differences in lipid monomer composition. These findings are in agreement with our data obtained by laser desorption-ionization mass spectrometric comparative analysis between dormant and non-dormant pea genotypes. Especially long chain hydroxylated fatty acids such as mono and dihydroxylated hexacosanoate, heptacosanoate, and octacosanoate were found in higher concentration in dormant peas compared to non-dormant ones (as shown in Figure 8 for dihydroxyheptacosanoate and dihydroxyoctacosanoate), implying that the presence of a greater proportion of hydroxylated fatty acids may provide a greater interconnectivity of cutin hydrophobic components improving its stability and impermeability for water as discussed also by Shao et al. (2007). As downstream targets of KNOX4 gene, several key genes related to cuticle biosynthesis were identified, such as the cytochrome P450-dependent fatty acid omega-hydroxylase and fatty acid elongase 3-ketoacyl-CoA synthase (Chai et al., 2016). We have not found homologs genes when searched within our DEGs set. It can be hypothesized that different genes have been altered in independently domesticated crops, although possibly acting on identical pathways. There are limited studies combining of transcriptomic and metabolomics analysis (Enfissi et al., 2010) or a combination of both techniques including proteomics (Barros et al., 2010; Collakova et al., 2013). Such integrative approach enables not just to identify transcript and metabolite changes associated with given process, but also to focus on biochemical pathways relevant to studied trait and possibly also delimit candidate genes. As shown in Medicago (Verdier et al., 2013a) and soybean (Ranathunge et al., 2010) the gene expression in seed coat is complex and dynamic. Since we could not currently annotate 10% of detected transcripts, it can be expected that with available pea genome this could be further improved. They might include putative target candidate/-s for seed coat permeability.

Dormant Pea Seed Coat Accumulates More Proanthocyanidins

In legume seeds, there are three parts: the seed coat, the cotyledon, and the embryonic axis which, on average, represent 10, 89, and 1%, respectively, of the seed content. Seed coat pigmentation was shown to correlate with imbibition ability in several legumes, including common bean (Caldas and Blair, 2009), chickpea (Legesse and Powell, 1996), yardlong bean (Kongjaimun et al., 2012), faba bean (Ramsay, 1997), and pea (Marbach and Mayer, 1974; Werker et al., 1979). The presence of proanthocynidins (PAs) in seed coats can be assessed by the appearance of brownish coloration, which is the result of PA oxidation by polyphenol oxidase (Marles et al., 2008). In soybean (Glycine max), the recessive i allele results in high anthocyanin accumulation in the seed coat, resulting in dark brown or even black color (Tuteja et al., 2004; Yang et al., 2010). In contrast, the dominant I allele, which silences chalcone synthase (CHS) expression and hence blocks both anthocyanin and PA biosynthesis, results in a completely colorless seed coat. However, there is not simple relationship between the testa pigmentation imposing dormancy, as numerous cultivated pea varieties have colored testa yet do not display seed dormancy as illustrated by this study used JI92 landrace. Mendel's A gene beside flower color has pleiotropic effect including seed coat pigmentation (Hellens et al., 2010), yet these traits can be decoupled by recombination (Smýkal, unpublished). Second, B gene of pea encodes a defective flavonoid 3′, 5′-hydroxylase, and confers pink flower color, by control of hydroxylation of flavonoid precursors (Moreau et al., 2012). Neither this mutation results in alteration of seed dormancy. Comparably more is known on Arabidopsis and Medicago seed development owing to available mutants. Many of these mutations indicate the important role of proanthocyanidins and flavonoid pigments in testa development (Graeber et al., 2012) including effect on seed dormancy. The proanthocyanidins (PAs) received particular attention due to their abundance in seed coats (Dixon et al., 2005; Zhao et al., 2010) including pea (Ferraro et al., 2014). PAs are also known as the chemical basis for tannins, which are considered to be important part of physical dormancy in some species (Kantar et al., 1996; Ramsay, 1997). Flavan-3-ol-derived PA oligomers and anthocyanins are derived from the same precursors, proanthocyanidins (Lepiniec et al., 2006) and chemical diversity is introduced early in the pathway by cytochrome P450 enzymes (reviewed in Li et al., 2016a). Anthocyanidin synthase, anthocyanidin reductase, and leucoanthocyanidin reductase were studied at transcriptional level by Ferraro et al. (2014) in cultivated pea varieties and showed to be developmentally regulated. In our comparative transcriptome profiling we have not found any of these genes to be among DEGs, suggesting that differences in metabolites (quercetin, gallocatechin) found by chemical analysis are not at these steps of PA biosynthesis. Anthocyanidins are either immediately modified by glycosylation to give anthocyanins by anthocyanidin 3-O-glycosyltransferases (UGTs) or reduced to generate flavan-3-ols (such as epicatechin) by anthocyanidin reductase for PA biosynthesis (Xie et al., 2003, 2004). There are several described Medicago mutants defective in respective genes, resulting in reduced testa pigmentation (Li et al., 2016b), although the relationship to seed dormancy was not specifically investigated. Indeed, we have detected several differentially expressed UDP-glycosylases, two of them studied by qRT-PCR (Figure 9). The glycosyltransferase superfamily consists of 98 subfamilies and only few have been characterized so far. Only a few members of the UGT72 family been shown to have activity toward flavonoids; such as the seed coat-specific UGT72L1 from Medicago (Zhao et al., 2010) and several seed specific UGTs in L. japonicus (Yin et al., 2017). The UGT72L1 catalyzes (Zhao et al., 2010) formation of epicatechin 3′-O-glucoside (E3′OG), the preferred substrate for MATE transporters. MATE1 mutant display altered seed coat structure and PAs accumulation (Zhao and Dixon, 2011) and also has significantly lower seed dormancy levels (Smýkal, unpublished). The mechanism of PA polymerization is still unclear, but may involve the laccase-like polyphenol oxidase (Zhao et al., 2010). Notably, Medicago myb5 and myb14 mutants exhibit darker seed coat color than wild-type plants, with myb5 also showing deficiency in mucilage biosynthesis, and accumulating only of the PA content of wild-type plants. When myb5 seeds are exposed to water, they germinate readily without dormancy typical of wild type Medicago seeds (R. Dixon, personal communication and P. Smýkal, unpublished). All these observations suggest that PA oligomers play indeed a role in seed coat mediated dormancy.

Our LC/ESI-MS experiments confirm the presence of significantly higher contents of dimer and trimer of gallocatechin (i.e., soluble tannins of prodelphinidin type) in dormant compared to non-dormant pea genotypes. Catechin dimer and trimer was also found in the pea seed coat extracts but their differences between dormant and non-dormant peas are much less significant than their gallocatechin counterparts. This fact points out the significance of hydroxylation of B-ring of PAs in relation to dormancy. The insoluble PAs are the result of oxidative cross-linking with other cell components. Variation in PA content in the pea seeds has been reported (Troszyńska and Ciska, 2002) but not in comparison of wild vs. cultivated peas. PAs play also important roles in defense to pathogens, and because of the health benefits are of industry and medicine interest. PA biosynthesis and its regulation have been dissected in Arabidopsis using transparent testa (tt) mutants, which regulate production, transport or storage of PAs (Lepiniec et al., 2006), and 20 genes affecting flavonoid metabolism were characterized at the molecular level (reviewed in Bradford and Nonogaki, 2009). Many of these flavonoid biosynthesis pathway genes have been found to affect dormancy of Arabidopsis seeds, indicating the role of pigments in this process (Debeaujon et al., 2000). Similarly Medicago also synthesizes PAs in the seed coat, which consists essentially of epicatechin units (Lepiniec et al., 2006; Zhao et al., 2010). Polymerization of soluble phenolics to insoluble polymers is promoted by peroxidases (Gillikin and Graham, 1991) and catecholoxidases (Marbach and Mayer, 1974; Werker et al., 1979), which are abundant in legume seed coats. Positive correlation in content of phenolics, the requirement of oxidation and the activity of catechol oxidase in relation to seed dormancy (germination) in wild vs. domesticated pea seeds have been shown by Marbach and Mayer (1974) and Werker et al. (1979). Recently, epicatechin, cyanidin 3-O-glucoside, and delphinidin 3-O-glucoside were isolated in wild compared to cultivated soybean seed coats (Zhou et al., 2010) with epicatechin being in significant positive correlation with hardseededness.

Beside proanthocyanidin also flavonols, first of all quercetin derivatives, are frequently found in legumes including pea (Dueñas et al., 2004). We found significantly higher content of quercetin rhamnoside in dormant JI64 genotype compared to non-dormant JI92. Similarly, its hydroxylated analog, i.e., myricetin-3-rhamnoside appeared to be a marker of dormancy. This compound was found in many legumes including chickpea, horse gram (Sreerama et al., 2010) and pea (Dueñas et al., 2004). As described in review of Agati et al. (2012) the antioxidant properties of flavonoids represent a robust biochemical trait of organisms exposed to oxidative stress of different origin during plant-environment interactions (regulation of the action of reaction oxygen species, ROS). The effect of ROS on the plant developmental processes including seed germination was described by Singh et al. (2016) including increase of free radical scavenging during pea seed germination (Lopez-Amoros et al., 2006). Presence of phenolic compounds in seed coat might help to protect against fungal diseases during germination as shown in lentil (Matus and Slinkard, 1993).

Pod Dehiscence

Pod maturation might terminate with pod shattering, which is an important trait for seed dispersal of wild species but generally unwanted trait in crops (Fuller and Allaby, 2009). Central to the ballistic seed dispersal in Pisum is the dehiscent pod (single carpel fused along its edges) where the central pod suture undergoes an explosive rupturing along a dehiscence zone (Ambrose and Ellis, 2008). During pod shattering, the two halves of the pod detach due to a combination of the diminished cell walls adhesion in the dehiscence zone, and the tensions established by the specific mechanical properties of drying cells of endo and exocarp of the pod shell. These two principal aspects are shared among families producing dry dehiscent fruit, such as Fabaceae and Brassicaceae (Grant, 1996; Dong and Wang, 2015). The spring-like tension within the pod shell is generated during differential drying-induced shrinkage of endocarp and the outer part of the shell—exocarp (Armon et al., 2011). Properties of both the obliquely arranged rigid and lignified inner sclerenchyma as well as the pectin rich exocarp cell with longitudinal orientation are crucial factors of springing in Fabaceae pods. Regulators of their development affecting geometrical arrangement of the layers and their histological properties (cell wall thickness and composition, lignification, hydration) will be key factors generating required tension. Composition and characteristics of pod cell shell cell walls correlate with shattering of yardlong bean and wild cowpea (Suanum et al., 2016) and thickness of the shell and extend of sclerenchymatous dorsal bundle caps was connected with shattering in soy (Tiwari and Bhatia, 1995). The major QTL controlling pod dehiscence in soybean is qPDH1 (QTL for Pod Dehiscence 1). qPDH1 had been recently cloned and shown to encode a dirigent-like protein expressed in the sclerenchyma of differentiating endocarp and modulating the mechanical properties of the pod shell. Lignin biosynthesis is the most likely process affected by qPHD1 (Suzuki et al., 2010; Funatsuki et al., 2014), which might be connected with modulation of torsion within drying pod walls (Funatsuki et al., 2014). However, the precise biochemical activity of qPHD1 is still unclear. Similarly the sclerenchyma differentiation and lignification of the endocarp and valve margin cells of Arabidopsis are central to silique dehiscence with NAC SECONDARY WALL THICKENING PROMOTING FACTOR 1 (NST1) and SECONDARY WALL ASSOCIATED NAC DOMAIN PROTEIN 1 (SDN1) being identified as master regulators of their differentiation (Zhong et al., 2010). Lignification of endocarp and valve margin cells is lost together with dehiscence in the nst1snd1 double mutant (Mitsuda and Ohme-Takagi, 2008). The other decisive point of pod dehiscence is mechanical stability/instability of dehiscence (suture) zone which might trigger the explosive release of pod shell tension (Grant, 1996). Decreased cell to cell adhesion, might be carried out by action of endo-1,4-glucanases and endopolygalacturonases disintegrating the middle lamella in the separation layer (Christiansen et al., 2002). Degradation of pectin in the middle lamella of abscission zone is common theme in fruit shattering (Dong and Wang, 2015). Contrary, mechanism of pod shattering resistance due to reinforcement of the suture has been described in domesticated soybeans NST1/2 homologous transcription factor SHATTERING1-5 (SHAT1-5) from NAC family has been unveiled, inducing excessive secondary cell wall deposition and lignification in the outer part of the suture (fiber cap cells; Dong et al., 2014). Up-regulated expression of SHAT1-5 in domesticated soy “locks” the dehiscence zone interconnecting the vascular bundle caps of sclerenchymatous fibers in the suture vicinity preventing shattering.

The fundamental elements of fruit shattering regulatory network is being uncovered recently in Arabidopsis and homologous genes were identified also in other species and crops (Zea mays, Triticum aestivum, Oryza sativa, Glycine max, Sorghum bicolor, Sorghum propinquum, or Solanum lycopersicum; for review see Dong and Wang, 2015; Ballester and Ferrandiz, 2016). MADS box genes of Arabidopsis SHATTERPROOF1 (SHP1) and SHATTERPROOF2 (SHP2) participate in the dehiscence zone specification (Liljegren et al., 2000). INDEHISCENT (IND) b-HLH transcription factor act down-stream to SHP1/2 as regulator sclerenchyma differentiation in endocarp and valve margin. The shp1/2 double mutant as well as ind produces indehiscent siliques devoid of proper cell specification and differentiation in the dehiscence zone (Liljegren et al., 2004; Dong and Wang, 2015). SHP1 and SHP2 are required for the proper specification of the different cell types within the valve margin and the DZ and both genes probably represent the top of the hierarchy regulating DZ formation (Liljegren et al., 2000). SHATTERPROOF genes along with INDEHISCENT (IDEH) are the main regulators of establishment of lignified layer, which causes pod dehiscence. Another MADS box gene involved in dehiscence zone formation is FRUITFULL (FUL), which expression appears at the inception of the carpel primordia, and soon after becomes restricted to the cells that will give rise to the valves, a pattern that is complementary to that of the SHP genes (Liljegren et al., 2004; Dong and Wang, 2015). Significant up-regulation of SHATTERING1–5 (SHAT1–5) in the fiber cap cells (FCC) of cultivated soybean was shown to be responsible for the excessive cell wall deposition in the FCC, which in turn prevents the pod from committing dehiscence after maturation (Dong et al., 2014). Homologous genes defining dehiscence zone identity and its differentiation INDEHISCENT, SPATULA, SHATTERPROOF, bZIP, and SHATTERING (Ferrándiz et al., 2000; Girin et al., 2011; Dong et al., 2014) were identified in Pisum genome and their abundance was tested in RNA isolated from pod suture tissue of wild and domesticated pea as well as of contrast RILs incurred from crossing of wild and domesticate parent with dehiscent or indehiscent pods. In case of SHATTERPROOF and SHATTERING homologous genes, we found differences in expression between parental lines of pea but we didn't find the similar results in case of contrast RILs. The other homologous genes (INDEHISCENT, SPATULA, and bZIP) did now exhibit any significant difference in expression between dehiscent and non-dehiscent phenotypes.

In the legumes, the pod shattering trait is controlled by one or two dominant genes or QTL. In pea and lentil, genes controlling pod shattering map to a syntenic region, suggesting that the same genes may have been modified during the domestication of the two cool-season legumes (Weeden et al., 2002; Weeden, 2007). Single locus control of pod dehiscence was found in lentil (Ladizinsky, 1998), while two loci in mungbean (Isemura et al., 2012), yardlong bean (Kongjaimun et al., 2012), one controlling the number of twists along the length of the shattered pod, and second the percentage of shattered pods, similarly to two loci found in pea (Weeden et al., 2002; Weeden, 2007), and common bean (Koinange et al., 1996). Bordat et al. (2011) localized Dpo locus responsible for loss of pea pod dehiscence on LGIII. We obtained the similar result by the genome-wide DArTseq analysis. Based on comparison of our candidate gene position in M. truncatula genome and SNPs map (Tayeh et al., 2015) we localized our candidate genes in pea genome. In total of our 25 candidate genes 7 are localized on LGIII, 6 on LGVI, 4 on LGII, 3 on LGV, 2 on LGVII, 2 on LGIV, and 1 on LGI (not shown). MACE-P015, the main candidate gene possibly responsible for pod dehiscence localized on LGIII, is a homolog of peptidoglycan-binding domain protein (PGDB) of M. truncatula (Medtr2g079050). These proteins may have a general peptidoglycan binding function and this motif is found at the N or C terminus of a variety of enzymes involved in bacterial cell wall degradation. Many of the proteins having this domain are so far uncharacterized. Matrix metalloproteinases (MMP), which catalyze extracellular matrix degradation, have N-terminal domains that resemble PGBD (Seiki, 1999). On the other hand our candidate MACE-P015 has also 80% match with Cicer arietinum proline-rich extensin-like protein EPR1 (XM_004488673). Extensins are plant specific structural cell-wall proteins (Lamport et al., 2011); they can account for up to 20% of the dry weight of the cell wall and can significantly modulate mechanical cell wall properties through linkages to other cell wall component, which can play a role in pod dehiscence.

New Insights into Pea Seed and Pod Development in Relation to Domestication

Study of biochemical and molecular mechanisms underlying plant domestication process is important area of research in plant biology. In the current study we used a comparative anatomy, metabolomics, and transcriptome profiling of pods and seed coats in wild and domesticated pea in order to identify genes associated with loss of seed dormancy as well as pod dehiscence. We have identified genes showing differential expression in respective parents as well as phenotypically contrasting RILs. Among others, there were number of genes belonging to phenylpropanoid pathway, which was also identified by metabolomics analysis of seed coat. Our results support the role of proanthocyanidins and their derivatives in physical seed coat mediated dormancy. One of the identified differentially expressed gene involved in pod dehiscence showed significant down-expression in dorsal and ventral pod suture of indehiscent genotypes. Moreover, this homolog of peptidoglycan-binding domain or proline-rich extensin-like protein mapped correctly to predicted Dpo1 locus on PsLGIII. This integrated analysis of the seed coat in wild and cultivated pea raised new questions associated with domestication and seed dormancy. Having underlying gene(s) in hands for various independently domesticated legume crops it would help our understanding of genetic and molecular processes involved in seeds dormancy. Moreover, extended knowledge on control seed dispersal and seed dormancy is necessary for diverse applications—biodiversity conservation as well as breeding.
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Determinacy growth habit and accelerated flowering traits were selected during or after domestication in common bean. Both processes affect several presumed adaptive traits such as the rate of plant production. There is a close association between flowering initiation and vegetative growth; however, interactions among these two crucial developmental processes and their genetic bases remain unexplored. In this study, with the aim to establish the genetic relationships between these complex processes, a multi-environment quantitative trait locus (QTL) mapping approach was performed in two recombinant inbred line populations derived from inter-gene pool crosses between determinate and indeterminate genotypes. Additive and epistatic QTLs were found to regulate flowering time, vegetative growth, and rate of plant production. Moreover, the pleiotropic patterns of the identified QTLs evidenced that regions controlling time to flowering traits, directly or indirectly, are also involved in the regulation of plant production traits. Further QTL analysis highlighted one QTL, on the lower arm of the linkage group Pv01, harboring the Phvul.001G189200 gene, homologous to the Arabidopsis thaliana TERMINAL FLOWER1 (TFL1) gene, which explained up to 32% of phenotypic variation for time to flowering, 66% for vegetative growth, and 19% for rate of plant production. This finding was consistent with previous results, which have also suggested Phvul.001G189200 (PvTFL1y) as a candidate gene for determinacy locus. The information here reported can also be applied in breeding programs seeking to optimize key agronomic traits, such as time to flowering, plant height and an improved reproductive biomass, pods, and seed size, as well as yield.

Keywords: Phaseolus vulgaris L., flowering time, vegetative growth, rate of plant production, quantitative trait locus

INTRODUCTION

Common bean (Phaseolus vulgaris L.) is the most important food legume for direct human consumption. It is considered to be a rich source of proteins, micronutrients, and calories for human daily needs (Broughton et al., 2003). It is grown over a wide range of latitudes; however, there is an adaptation of each cultivar to a relatively narrow range of latitudes. Wild bean forms present indeterminate growth habits and require day-lengths of <12 h to initiate flowering. Together, earlier flowering and determinate growth habit genotypes under day-lengths longer than 12 h allowed for the adaptation to higher latitudes (Gepts and Debouck, 1991). Domesticated and wild common bean display notable differences in growth habit types. Thus, there is a considerable variability in domesticated cultivars, which show pronounced differences in growth form, i.e., determinate vs. indeterminate, and growth habit, i.e., I, II, III, and IV (Debouck and Hidalgo, 1986; Debouck, 1991). Determinate common bean cultivars generally flower and mature early, and the transition of the terminal shoot meristem from vegetative to reproductive state results in a terminal inflorescence in the axil of the older leaf primordia. By contrast, in indeterminate cultivars, the terminal shoot meristem continuously produces modular units until senescence, each one consisting of a leaf and an inflorescence. Thus, the plant will have a terminal shoot meristem that remains in a vegetative state throughout the production of vegetative and reproductive structures (Ojehomon and Morgan, 1969; Tanaka and Fujita, 1979). It has been documented that stem termination has great effects on plant height, flowering and maturity period, amount of branching, length of internodes on the main stem, and node production, which conditions how many flowers and leaves, and therefore pods and seeds, are produced. Thus, understanding the genetic control of vegetative growth and flowering time in common bean will enable genetic manipulation of major components of yield.

Previous studies demonstrated that the FIN locus mainly regulates stem growth habit in common bean and that the indeterminate growth habit is dominant over the determinate one. This gene was mapped on the Linkage Group (LG) Pv01 (Norton, 1915; Koinange et al., 1996). Despite the fact that FIN is a monogenic locus, it is possible to find a wide range of stem termination types among common bean cultivars, which may be regulated by a second unnamed locus mapped on Pv07 (Kolkman and Kelly, 2003). In addition, control of twining has been attributed to the TOR gene, distinct from the FIN locus (Norton, 1915) although either FIN has a pleiotropic effect on twining or that TOR is tightly linked to FIN. Additionally, other loci have been reported to control flowering time and other flowering-related traits in common bean (Norton, 1915; Wallace et al., 1993; Jung et al., 1996; Bassett, 1997; McClean et al., 2002; Tar'an et al., 2002; Kolkman and Kelly, 2003; Blair et al., 2006; Checa and Blair, 2008; Chavarro and Blair, 2010; Pérez-Vega et al., 2010). The majority of these loci have been detected as Quantitative Trait Loci (QTL), although they have been treated as Mendelian factors in some studies. Probably, different works have detected the same loci; however, the lack of common markers among different mapping studies makes difficult to determine whether or not they are the same locus.

During the past two decades, the model species Arabidopsis thaliana has been mainly used to study the process of phase transition from vegetative to reproductive growth at developmental, environmental, genetic, and molecular levels (Weigel, 1995; Yanofsky, 1995; Bradley et al., 1997; Ma, 1998; Pidkowich et al., 1999). In this species, floral meristem identity is determined by two different pathways. The heterodimer FLOWERING LOCUS T (FT)/FLOWERING LOCUS D (FD) is proposed to promote flowering initiation through activating the APETALA1 (AP1) expression (Abe et al., 2005; Wigge et al., 2005). Furthermore, another key regulator of flowering initiation is TERMINAL FLOWER1 (TFL1), a floral repressor and a regulator of inflorescence meristem development, which acts by repressing the expression of AP1 and LEAFY (LFY) floral identity genes (Bradley et al., 1997; Ohshima et al., 1997; Nilsson et al., 1998; Boss et al., 2004). FT and TFL1 have closely related sequences, although key amino acids have been found, which have been proposed as responsible for making that these two proteins perform opposite functions. Within the legumes, the value of a comparative approach to candidate gene identification has led to the characterization of the molecular identity of TFL1 co-orthologs such as FIN in common bean (designated as PvTFL1y; Repinski et al., 2012); Dt1 in soybean (GmTFL1; Tian et al., 2010); and DETERMINATE (DET; PsTFL1a) and LATE FLOWERING (LF; PsTFL1c) in pea (Foucher et al., 2003; Weller and Ortega, 2015). Recent findings have clearly shown that in several legume species, determinate inflorescence architecture is conferred by mutation of specific TFL1 genes (Benlloch et al., 2015). The determinate growth habit caused by mutations within specific TFL1-homologs in other grain legumes indicates that the determinate function is conserved in these species (Kong et al., 2010; Tian et al., 2010; Kwak et al., 2012; Repinski et al., 2012; Dhanasekar and Reddy, 2014).

In this study, the aim was to identify the genetic determinants of vegetative growth and its relationship to days to flowering and fruit maturation in two Recombinant Inbred Line (RIL) populations by using a mixed-model based composite mapping method for QTL detection. Both populations were derived from inter-gene (Andean × Mesoamerican) pool crosses between determinate and indeterminate genotypes, and shared an Andean determinate common parent, which allowed for the comparison of the results in reference to a tester line. Parents of each RIL population also differ in rate of plant production (leaf, flower and fruit size, and yield components), allowing for the dissection of the genetic architecture of these traits, as well as the study of the relationship among vegetative growth and these traits. Comparative QTL mapping indicated that, in both RIL mapping populations, the genomic region where the FIN locus is located not only is involved in the regulation of vegetative growth and rate of plant production but also affect flowering time, suggesting a pattern of pleiotropic effects accounting for the genetic bases of these traits.

MATERIALS AND METHODS

Plant Material and Trials

Two F2:8 RIL populations derived by single-seed descent from an F2 population from crosses between the Mesoamerican (M) and Andean (A) gene pools were used. The MA population was generated from the cross between lines PHA0419 (Mesaomerican) and Beluga (Andean), whereas the AM population was obtained from the Beluga and PHA0399 (Mesoamerican) cross. Beluga is a large white kidney seed which seed weight averages 60 g 100 seeds−1 (range: 52–66 g 100 seeds−1), 55 cm in length of main stem with a type I determinate growth habit, and blooms 30 days after planting (DAP). Beluga is resistant to bean common mosaic virus (BCMV), as it bears the autosomal dominant hypersensitive I gene, and possesses the Andean Co-1 gene for resistance to races 65 and 73 of anthracnose (Kelly et al., 1999). Both PHA0419 and PHA0399 are great northern beans which averages 86 g 100 seeds−1 (range: 76–103 g 100 seeds−1), and shared a type IV climbing indeterminate growth habit (averages 278 cm of length of main stem) and late flowering (46 DAP as average). PHA-0419 possesses the Mesoamerican Co-42, Co-6, and Co-10 genes that condition resistance to races 23, 39, 102, 448, and 1545 of anthracnose, while PHA-0399 carries Co-42, Co-43, and Co-6 genes that condition resistance to races 23, 55, 102, and 1545 of anthracnose (Santalla et al., 2004; Figure 1). RILs and parents were evaluated in open field (F) and greenhouse (G) environments in Pontevedra (Spain, 42°24′ N, 8°38′ W, 40 masl). Briefly, the RILs populations and the parents were planted between April and May in 2008 and 2009 under field conditions: F108 planted on 2nd April 2008 (93 Julian days and day-length ~12.4 h) and F109 planted on 8th May 2009 (128 Julian days and day-length ~11.1 h). RIL and parental lines were also planted between February and March in 2009 and 2008 under greenhouse conditions: G108 planted on 25th March 2008 (85 Julian days and day-length ~12.2 h) and G109 planted on 9th February 2009 (40 Julian days and day-length ~10.1 h). Field and greenhouse experiments were designed according to a complete randomized block design with two replications. Each genotype was planted in a single row plot, 0.80 m apart and 3.0 m long with a total of 15 plants per row; the density was 30,000 plants/ha. Crop management was in accordance with common bean local practices.


[image: image]

FIGURE 1. Determinate type I and indeterminate type IV growth habits, and dry seeds of the parental genotypes Beluga (A,C), PHA0399 (B,D), and PHA0419 (B,E). Scale bar 1 cm.



Field Evaluation and Data Collection

Data were collected for time to flowering and fruit maturity evaluated as days to flowering, days to immature pod harvest, and days to physiological pod maturity (Supplementary Table 1). The days to flowering (FT) trait was scored as the number of days from planting date to the opening of the first flower. The days to young-green pod (PGT) trait was recorded when a plant had 50% of the immature pods. The days to physiological pod maturity (PST) trait was scored as the number of days from planting date to the appearance of a mature dry pod on a primary branch.

Measurements were collected for growth ability reordered as length of main stem, number of primary stem branches, and internode length, in five random plants from each RIL. Length of main stem (LMS) was measured in cm from the base of the plant to the uppermost leaflet on the longest branch. The number of primary stem branches (NPB) was recorded as the number of the stems winding around the support strings at the midpoint of the plant length. Internode length (LI) was recorded at the fifth internode on the main stem in cm.

To quantify crop growth and productivity, flower, pod and seed size, number of seeds per pod, number of pods per plant, and seed yield were determined in ten random flowers and fruits on a plot basis. Bracteole length (BL) measured in mm along the midrib of the lamina. Bracteole width (BWI) recorded in mm between the widest lobes of the lamina perpendicular to the lamina mid-rib. Maximum leaflet width (LWI) was measured in cm at the largest point perpendicular to the midrib. Leaflet length (LL) was recorded in mm from the lamina tip to the point of petiole intersection along the midrib. Pod length (PL) was recorded in mm as the exterior distance from the peduncle connection point to the apex excluding the beak. Pod width (PWI) determined in mm as the distance at right angles to the sutures at the level of the second seed from the apex. Pod thickness (PT) was recorded in mm as the distance between sides at the level of the second and third seed from the apex. Seed width (SWI) was the longest distance across the hilum, in mm. Seed thickness (ST) was measured in mm from hilum to opposite side. Seed length (SL) was measured in mm parallel to the hilum. Seed weight (SW) was determined on 100 dry seeds per plot. The number of seeds per pod (NSP), number of pods per plant (NPP), and seed yield (SY) were recorded and expressed in kilograms per hectare at moisture content of 140 g kg−1.

Experimental Design and Statistical Data Analysis

Comprehensive statistical analysis (mean value, standard error, and range of variation) and normality test (Kolmogorov-Smirnov test) were carried out for each quantitative trait and environment. LMS, NPB, LI, BL, BWI, SW, NSP, NPP, and SY traits failed to meet normality assumptions and the Box-Cox transformation was used to improve normality, while LOG transformation was used for LL and LWI traits. Significant variation in the expression of traits through the environment conditions was analyzed using PROC MIXED (SAS Institute Inc. 9.04, Cary, NC, USA). The estimates of variance components were obtained by the REML method with Proc MIXED in SAS9.04 and used to calculate the broad-sense heritability on a progeny-mean basis (h2 = [image: image]/[([image: image]/e) + [image: image] ([image: image]/re)] where: [image: image] genetic variance of the trait; [image: image] variance due to environmental factors; [image: image] = error variance; r = number of replications and e = number of environments). In order to increase the precision of the entry mean basis heritability estimate, it was used the harmonic means for the number of replications and environments, where each experimental line was tested (Holland et al., 2003). Approximate standard errors of heritability estimates were obtained by the delta method (Holland, 2006). Phenotypic Pearson correlation coefficients for the different traits were calculated using PROC CORR through the environment conditions in SAS9.04.

DNA Isolation and Marker Analysis

Young leaves from individual plants of both RIL mapping populations (60 and 179 lines for AM and MA, respectively) were collected for genomic DNA isolation as described by Chen and Ronald (1999). Total DNA was stored in sterile water and examined by electrophoresis in 1% agarose gels in 1X SB buffer (10 mM sodium boric acid). The concentration and quality of extracted DNA was determined by reading at 230, 260, and 280 nm using Nanodrop Thermo ScientificTM (NanoDrop 2000). DNA was diluted in sterile water to get a working dilution of 5–10 ng/μL, which was used for PCR analysis.

A set of 634 markers [Simple Sequence Repeats (SSR) and single nucleotide polymorphisms (SNP)] were tested for polymorphisms in the parental genotypes. SSR markers were named according to the respective authors [IAC: Benchimol et al., 2007; Cardoso et al., 2008; Campos et al., 2011; BM, GATS: Gaitán-Solís et al., 2002; Blair et al., 2009a; BMb: Córdoba et al., 2010; BMc: Blair et al., 2009b, 2011; BMd: Blair et al., 2003; PV, Pvtttc001: Yu et al., 2000; PvBR: Buso et al., 2006; Grisi et al., 2007; PVEST, X04001: García et al., 2011; PvM: Hanai et al., 2007]. SSR markers were evaluated either by gel electrophoresis or capillary electrophoresis in an ABI PRISM® 3130 XL Genetic Analyzer (Applied Biosystems, USA). SNP markers were analyzed by High Resolution Melting Technology (HRM) using a LightScanner instrument (Idaho Technology), according to the protocols described by Montgomery et al. (2007). These markers were designated as Leg- (Hougaard et al., 2008) and SNP- (McConnell et al., 2010), respectively.

Linkage Map and QTL Analysis

JoinMap 4.0 software (van Ooijen, 2006) was used to construct the genetic linkage maps for both MA and AM mapping populations. A minimum logarithm of odds ratio (LOD) of 6.0 was considered to establish significant linkage. Locus order within the LOD grouping was generated for each LG using the regression mapping algorithm with the following JoinMap parameters: Rec = 0.3, LOD = 2.0, and Jump = 5. The Kosambi map function (Kosambi, 1944) was used to calculate the genetic distance between markers. LGs were designated according to Pedrosa-Harand et al. (2008). JoinMap 4.0 (van Ooijen, 2006) was also used to generate pairwise recombination frequencies and LOD scores for the selected sets of representative loci for each LG, which were then combined into a single group node in the navigation tree. The regression mapping algorithm was used and the LG lengths for the consensus map of all the representative markers were calculated.

The physical position of genetic markers was obtained by sequence similarity analysis using BLASTN (Altschul et al., 1997) against the common bean genome (Phytozome v.11: Pv1.0; Schmutz et al., 2014) in the Phytozome database (http://www.phytozome.net/). The correlations between physical distance and genetic map in each LG were calculated by Spearman's rank correlation coefficients.

QTLNetwork 2.0 software (Yang et al., 2008) was used for multi-environment QTL analyses. In order to identify putative single-locus QTLs and their environment interactions (QTLs × Environment, QE), a mixed-model based composite interval mapping method (MCIM) was carried out for one-dimensional genome scan. In addition, with the aim to detect epistatic QTLs (E-QTL) and their environment interaction effects (E-QTLs × Environment, E-QE), a two-dimensional genome scan was performed. A QTL was declared significant when the F-value was higher than the F-value threshold determined by a 1000 permutation test at 95% confidence level. Markov Chain Monte Carlo method was used to estimate the effects of QTLs and environment interactions (Wang et al., 1994). Both testing and filtration window sizes were set at 10 cM, with a walk speed of 1 cM. Candidate interval selection, putative QTL detection, and QTL effect was estimated with an experimental-wise significance level of 0.05. MapChart 2.2 software (Voorrips, 2002) was used to draw the genetic map and the detected QTLs. QTL regions were positioned onto the consensus map. QTL designations were made using abbreviations for the quantitative trait, and followed by LG number at which the QTL was mapped.

RESULTS

Vegetative Growth and Time to Flowering Variation

Genetic variation for vegetative growth as length of main stem and rate of plant production has been studied, together with its relationship to days to flowering and maturity in both inter-gene pool RIL populations. The populations were grown in different years and locations (field vs. greenhouse). Both populations segregated for different levels of growth ability: indeterminate vs. determinate growth habits. Classification of the 60 and 179 lines of AM and MA RIL populations for growth habit identified 37 and 63 lines as homozygous determinate type I, and 23 and 116 lines as homozygous indeterminate type IV, respectively. The observed growth habit segregation fitted to a 1:1 ratio (χ2 = 3.27, P ≤ 0.05) for the AM population, indicating that a single gene determined the trait. However, growth habit distribution appeared distorted in the MA population (χ2 = 15.69, P ≥ 0.05). On the basis of segregation analysis results, the gene for growth habit (FIN) was mapped along with the molecular markers. Supplementary Figure 1 shows phenotypic distribution of the RIL populations based on line means. The large range of variation and transgressive segregations observed for most traits in both RIL populations suggested a complex control of these traits, with positive alleles shared between the two parents of the RIL populations. Transgressive segregation in both directions was observed for days to flowering and maturity in both populations. For LMS, bimodality was observed in the AM population, with a clear separation of phenotypic classes that would indicate monogenic inheritance, although this separation was not evident in the MA distribution. Lines shorter or taller than the height of the parents were found for LMS trait in both populations. Likewise, for NPB, the number of branches produced by many of the RILs was higher than the parental lines in both populations, which indicated a positive transgressive segregation for this trait, although some skewing was observed in MA to low values. For LI, the histograms showed a similar pattern across both populations, indicating positive transgressive segregation. Hence, in general, the phenotypic segregations for rate of production traits in these two RIL populations exhibited normal distribution, and transgressive segregation in both directions, a typical phenomenon of a quantitative trait, regulated by several genes and influenced by the environment.

Mean values, standard errors, and ranges of variation for the quantitative traits in each RIL mapping population for each environmental condition have been summarized in Supplementary Tables 2, 3. Mesoamerican PHA0419 and PHA0399 lines were late in flowering and taller, with larger rates of plant production compared to Beluga. In both RIL populations and for all evaluated traits, it was found differences among environments in mean values and ranges of variation, although environment × line interactions were not significant for most of the evaluated traits in both RIL populations. Significant differences among parents were detected except in some environments for PST, LL, LWI, PL, and PWI traits in the MA RIL population (Supplementary Table 2) and for BL, PWI, and ST traits in the AM RIL population (Supplementary Table 3). Despite of that, it was observed significant differences among RILs for all quantitative traits except for LL in MA population under F108 and F109 environmental conditions (Supplementary Table 2).

High broad-sense heritability estimates (≥ 0.50; Supplementary Table 4) were detected for most of the quantitative traits across the four environments except for NPB, LI and BWI in both populations, and PST, BL, and PT in MA population. Higher heritability estimates and correlations were observed in AM population than in MA population. LMS and FT were significantly correlated in both AM (r = 0.50, P ≤ 0.001) and MA (r = 0.38, P ≤ 0.001) populations. Their inter-relationship suggests that some genomic regions influence both traits. Finally, a negative and significant correlation was observed between FT and NPB (r = –0.43, P ≤ 0.001) and positive and significant correlation between FT and LI (r = 0.33, P ≤ 0.001) in AM population, while no significant correlation values were observed in MA population. These correlations indicated that, on average, genotypes with a low number of primary branches, and high length of internodes showed a later flowering date and a longer main stem. As expected from the ontogenetic pattern of vegetative growth, LMS-values were positive and significant correlated with plant parts size (bracteole, leaf, pod, and seed) in both populations except for BWI in AM RIL, suggesting a pleiotropic effect. Positive and significant correlations were observed between FT, PGT, and PST; these last traits were positively correlated with LI in both RIL populations. No significant or low correlation values were observed between FT and all other rate of plant production traits measured. Significant and positive correlations were found between PST and rate of plant production traits. In contrast, the correlations with PGT were negative. SY presented a significant and low positive correlation value with FT in the MA and AM RILs (r = 0.16, r = 0.15, P ≤ 0.01). The correlations between SY and PGT, and PST were not significant except for PST in the MA RIL (r = 0.37, P ≤ 0.001).

Marker Segregation Analysis and Consensus Genetic Map Construction

Six hundred and thirty-four markers were screened for DNA polymorphisms in the parents of MA RIL, which rendered a 36% polymorphism rate. Sixty-two (27%) out of the 228 polymorphic markers evaluated in the MA RIL population exhibited segregation distorsion and thus, they could not be mapped. Finally, the genetic map of the MA RIL population (Figure not shown) consisted of 166 loci (158 SSRs, 1 SCAR, 6 SNPs and the FIN locus) distributed in 11 LGs. Out of 166 markers, 56 and 110 were dominant and codominant, respectively. LGs were named as reported in Pedrosa-Harand et al. (2008) using for the assignment of LG number and orientation 55 common SSR markers previously mapped (Freyre et al., 1998; Blair et al., 2008, 2010, 2011; Cichy et al., 2009; García et al., 2011). The map covered a genetic distance of 1188.9 cM, with an average of 7.2 cM among markers, which ranged from 5.3 cM (Pv02) to 16.0 cM (Pv05). The average genetic distance per LG was 108.1 cM, ranging from 70.6 cM (Pv10) to 134.1 cM (Pv07). A detailed description of this map is provided in Supplementary Table 5.

Likewise, 364 markers were screened for DNA polymorphisms in the parents of AM RIL, which rendered a 39% polymorphism rate. A total of 245 polymorphic markers were evaluated in the AM RIL population. Sixty-five (26%) out of these 245 markers, could not be mapped as they were not linked to other markers. Thus, the AM genetic map was constructed with a total of 180 loci (179 SSRs and FIN locus), from which 73 were dominant and 107 codominant. These loci were distributed among 11 LGs (Figure not shown) that covered a genetic distance of 1175.5 cM. The density of markers ranged from 3.4 cM (Pv01) to 12.6 cM (Pv04), with an average of 6.9 cM per LG. The longest LG was Pv08 (144.4 cM), whereas Pv11 was the shortest LG (48.2 cM), with an average genetic distance of 106.9 cM per LG. A complete description of the AM map is shown in Supplementary Table 6.

The construction of a consensus map (Figure 2) was performed by connecting the MA and AM mapping data. To integrate both MA and AM maps in a single consensus map, 103 common markers were used as anchor points. As a result, marker segregation data were assembled for a total of 202 marker loci (196 SSRs, 5 SNPs, and the FIN locus) into 11 LGs. The total length of the consensus genetic map was 1156.2 cM and had a marker average density of one marker per 6.1 cM (Table 1). The marker order of the integrated map was largely collinear with the two individual maps, although a few local inversions and marker rearrangements over short intervals were observed. Most of the markers from both RIL populations showed a good linear relationship between their position on the genetic map and on the physical map of the common bean genome (Supplementary Table 7).


[image: image]

FIGURE 2. Common bean consensus map showing the location of main-effect QTLs and E-QTLs for quantitative traits from the MA (blue color) and AM (red color) RIL populations. Distances among markers are indicated in cM to the left of the LGs. Names of markers are shown on the right. QTLs are depicted as vertical bars to the right of the LG. Names of QTLs are listed in Tables 2–5. Main effect QTLs are indicated with solid bars and E-QTLs are indicated with hatched bars.




Table 1. Consensus map constructed from MA and AM RIL maps.

[image: image]



Multiple Environment Single-Locus QTL Analysis

QTL analysis based on MCIM mapping using QTLNetwork 2.0 was undertaken to identify single-locus QTLs across all environments. The positions of QTLs and their confidence intervals for the traits on the consensus map are shown in Figure 2 and Tables 2, 3. Thus, multi-environment QTL analyses allowed for the detection of 43 and 40 single-locus QTLs with significant additive main effects and/or QE effects for the evaluated quantitative traits in MA and AM RILs, respectively.


Table 2. Single-locus QTLs and QTLs × Environment (QE) interaction effects identified in the MA RIL population grown in four different environments.

[image: image]




Table 3. Single-locus QTLs and QTLs × Environment (QE) interaction effects identified in the AM RIL population grown in four different environments.
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The distribution of the flowering and maturity time QTLs in the MA RIL population (Table 2) varied from 3 on Pv01 (FT-1MA, PGT-1MA, PST-1MA), to 2 on each Pv02 (PGT-2MA, PST-2MA), and Pv09 (PGT-9MA, PST-9MA). All these QTLs had a positive additive value, indicating that alleles from the PHA0419 parent increase flowering and maturity times, whose main additive effects accounting for 3.84 (PGT-9MA) to 18.96% (FT-1MA) of the phenotypic variance for these traits. Five out of the seven QTLs identified showed QE interactions effects, ranged from 0.64 (for PGT-2MA in G108) to 2.79% (for PGT-1MA in F108). In addition, for the AM RIL population (Table 3), six single-locus QTLs were detected, three on Pv01 (FT-1AM, PGT-1AM, PST-1AM), two on Pv05 (FT-5AM, PST-5AM), and one on Pv03 (PGT-3AM). The additive effects of these QTLs explained a phenotypic variance up to 30.74% (FT-1AM). Three of them exhibited significant QE interaction effects, which varied from 1.43 (for PST-1AM in F109) to 18.89% (for PST-1AM in G108). Most of the QTLs had a negative additive value, except for the QTL PGT-3AM, which indicated that alleles from the PHA0399 parent mainly enhance flowering and maturity times. Combining both QTL mapping results, two genomic regions stood out, BMD045-FIN and FIN-BMC224 in MA and AM RIL populations, respectively, which contained QTLs controlling FT, PGT, and PST traits that were correlated in both mapping populations (Supplementary Table 4).

For vegetative growth habit traits, six single-locus QTLs were detected in the MA RIL population (Table 2), three located on Pv01 (LMS-1MA, NPB-1MA, LI-1MA), two on Pv06 (LMS-6MA, LI-6MA), and one on Pv09 (NPB-9MA), whose additive effects explained a total phenotypic variance that ranged from 3.29 (LI-6MA) to 66.08% (LMS-1MA). Two out of the six QTLs showed QE interaction effects, which ranged from 1.09 to 6.37% (for LI-6MA in F108 and for LI-1MA in G108, respectively). Regarding the AM RIL population, seven single-locus QTLs were identified (Table 3), three on Pv01 (LMS-1AM, NPB-1AM, LI-1AM), and one on each Pv02 (LMS-2AM), Pv03 (NPB-3AM), Pv05 (LI-5AM), and Pv08 (NPB-8AM). The additive effects of these QTLs accounting for 1.55 (LI-5AM) to 50.27% (LMS-1AM); and four of them showed QE interaction effects that ranged from 2.57 to 9.84% (for LI-1AM in F109 and G109, respectively). In both RIL populations, the same genomic region on Pv01 (FIN-BMC224 and BMD045-FIN) contained QTLs for LMS, NPB, and LI traits. On this region, Mesoamerican alleles contributed to enhance the LMS and LI traits, whereas Andean alleles increased the NPB trait (Tables 2, 3).

Regarding plant production traits, 30 single-locus QTLs were detected in the MA RIL population (Table 2), 12 located on Pv01 (BL-1MA, BWI-1MA, LL-1.1MA, PL-1MA, SL-1.1MA, SL-1.2MA, SWI-1MA, ST-1MA, SW-1MA, NSP-1MA, NPP-1MA, SY-1MA), four on each Pv02 (BWI-2MA, PL-2MA, PWI-2MA, SWI-2MA) and Pv11 (BWI-11MA, SWI-11MA, SW11MA, SY-11MA), two on each Pv03 (BL-3MA, SW-3MA), Pv05 (ST-5MA, SW-5MA), Pv07 (PWI-7MA, PT-7MA), and Pv09 (BWI-9MA, SL-9MA), as well as one on each Pv06 (LWI-6MA) and Pv08 (SWI-8MA). Their additive effects accounting for a phenotypic variance that ranged from 1.77 (BWI-9MA) to 18.90% (SY-1MA). Ten out of the 30 single-locus QTLs displayed environment interactions effects that ranged from 0.51 to 2.71% (for SWI-2MA and LL-1.1MA in F108 and G108, respectively). Additionally, for the AM RIL population (Table 3), 27 single-locus QTLs were identified, eight located on Pv01 (PL-1AM, PWI-1.1AM, PWI-1.2AM, SL-1AM, SW-1AM, NSP-1AM, NPP-1AM, SY-1AM), four on each Pv02 (PT-2AM, SL-2AM, NSP-2AM, SY-2AM) and Pv07 (BL-7AM, PL-7AM, ST-7AM, SY-7AM), three on Pv03 (BL-3AM, SWI-3AM, SY-3AM), two on each Pv05 (NPP-5AM, SY-5AM), Pv06 (SW-6AM, NSP-6AM), and Pv11 (SWI-11.1AM, SWI-11.2AM), and one on each Pv04 (BL-4AM) and Pv10 (SY-10AM). The additive effects of these QTLs accounting for 1.32 (SY-2AM) to 24.75% (SL-1AM). Fourteen out of the 27 single-locus QTLs displayed environment interactions, whose effects explaining a phenotypic variance up to 14.71% (NPP-1AM in F109). Furthermore, in MA and AM RIL populations, positive, and negative additive values were identified, indicating that alleles from both Mesoamerican and Andean parents have a positive agronomical effect on the crop growth and productivity traits.

Epistatic QTL Interactions

Epistatic and environment interactions among QTLs were detected by means of a two-dimensional genome scan using QTLNetwork 2.0. Thus, a total of 33 and 49 significant E-QTLs involved in 17 and 25 epistatic interactions were identified for the MA and AM RIL populations, respectively (Tables 4, 5). Most of these interactions were due to loci without detectable QTL additive main-effects, and only five and three E-QTLs had both individual additive and epistatic effects in the MA and AM RIL populations, respectively. No significant epistastic interactions were detected for PST, LMS, BL, and PT traits in both RIL populations; whereas E-QTLs were not identified for NPB, ST, NSP, NPP, and SY, and for PWI and SWI traits in the MA and AM RIL population, respectively (Tables 4, 5).


Table 4. Epistatic QTLs (E-QTLs) and E-QTL × Environment (E-QE) interaction effects detected in the MA RIL populations grown in four different environments.
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Table 5. Epistatic QTLs (E-QTLs) and E-QTL × Environment (E-QE) interaction effects detected in the AM RIL populations grown in four different environments.
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For flowering and maturity time traits, four epistatic interactions were identified in the MA RIL population (Table 4) that explained a phenotypic variance that ranged from 1.09 (ePGT-2MA × ePGT -10MA) to 3.82% (eFT-2.1MA × eFT-10MA). For the AM RIL population (Table 5), two epistatic interactions were detected whose effects accounting for up to 5.73% (eFT-7AM × eFT-9AM) of the phenotypic variance. Among the six epistatic interactions detected for both RIL populations, three showed significant environmental interactions (E-QE) effects that ranged from 0.72 (ePGT-2MA × ePGT-10MA in G109) to 6.09% (eFT-7AM × eFT-9AM in F109).

Regarding vegetative growth traits, only one epistatic interaction was identified in the MA RIL population (Table 4), which did not show E-QE effects and explained the 2.34% of the phenotypic variance for the LI trait; whereas four epistatic interactions were detected in the AM RIL population (Table 5) whose effect ranged from 1.16 (eLI-2AM × eLI-3AM) to 4.73% (eNPB-2AM × eNPB-10AM). These four epistatic interactions displayed E-QE effects that explained up to 5.32% (eNPB-7AM × eNPB-9AM in F108) of the phenotypic variance.

For plant production traits, 12 epistatic interactions were identified in the MA RIL population (Table 4) and their additive by additive epistatic effects ranged from 1.11 (ePWI-2MA × ePWI-7MA) to 8.30% (eSL-1.1MA × eSL-2MA). Four out of the 12 epistatic interactions showed significant environment interaction effects that explained up to 1.29% (eSW-6MA × eSW-11MA in F109) of the phenotypic variance. For the AM RIL population (Table 5), 19 epistatic interactions were detected whose effects ranged from 1.51 (eST-7AM × eST-11AM) to 12.20% (eNPP-2AM × eNPP-5.2AM). Ten out of the 19 epistatic interactions displayed significant environment interactions and their effects ranged from 1.18 (eSY-7AM × eSY-10AM in G108) to 12.45% (eNPP-5.1AM × eNPP-8AM in F109).

DISCUSSION

Many traits of agronomic or biological importance undergo dynamic phenotypic changes during vegetative growth. In fact, the temporal control of flowering initiation determines the time invested in vegetative growth and, consequently, the vegetative resources available during reproduction. In addition, the rate of leaf, flower, and fruit production is a major component of vegetative growth. There is a close association between flowering initiation and vegetative growth; however, how these processes are coordinated during plant development remains unexplored. In this study, the variation for vegetative growth, the rate of leaf, flower, and fruit production, alongside their relationships with flowering and fruit time were investigated in two RIL populations from inter-gene pool crosses of an indeterminate Mesoamerican race Durango and a determinate Andean cultivar race Nueva Granada with the aim to unravel the genetic dynamics underlying vegetative growth and time to flowering.

The Genetic Architecture of Vegetative Growth and Flowering Time in Common Bean

A prerequisite for QTL mapping is the assessment of the quantitative trait in multiple environments. In this study, agronomic evaluation was assessed in four different environments, under open field and greenhouse conditions. The analysis of the two RIL populations under these environments indicates predominantly quantitative inheritance rather than qualitative genes controlling vegetative growth and time to flowering. However, not only additive main effects are responsible for the phenotypic variation observed in our RIL mapping populations, but also epistatic interactions play an important role on the genetic control of flowering time and rate of plant production traits.

In both MA and AM RIL populations, normal distributions were found for most traits, although it was detected that the length of main stem could be controlled by a single gene in the AM RIL population since a bimodal distribution was found in the determinate type I Andean × indeterminate type IV Mesoamerican cross. This bimodal trend is adjusted with the discrete classes and the proportion expected for an autosomal major gene. Simple and complex genetic model has previously been proposed for plant height in common bean. Thus, Kornegay et al. (1992) observed that plant height is a trait of simple inheritance and high heritability. However, Frazier et al. (1958) stated that to reach again the erect trait in a plant of typically determinate growth habit, in addition to the FIN locus, it is needed the action of at least three recessive genes, or a set of minor action genes. Likewise, Davis and Frazier (1966) predicted several genes for internode length, as well as Checa et al. (2006) in indeterminate/indeterminate crosses of Andean and Mesoamerican beans; these authors found that the inheritance of plant height and internode length was mostly additive with only a few genes involved in the expression, and that these genes were most likely modified by interaction with minor genes and with the environment. Checa and Blair (2008) observed a quantitative inheritance rather than qualitative genes controlling plant height in an indeterminate type IV Mesoamerican × indeterminate type II Andean cross, although they also detected a relatively major gene or single locus with pleiotropic effects on plant height and internode length.

Transgressive segregation in both directions was observed for most of the evaluated traits in both RIL populations, except for the tendency of most lines to present averages for LMS and LI traits in the MA RIL population, and for SY and NPP traits in both RIL populations closer to the determinate Andean genotype, which might be related to segregation distortion. Thus, positive and negative transgressive segregations observed suggest that parental lines bear alleles that contribute to vegetative growth and time to flowering variation at several loci. High and significant heritability estimates, as well as positive correlations between LMS with FT and rate of plant production were found. FT was associated with initiation to immature or green pod and physiological pod or dry pod. In spite of the fact that FT and PST correlated with rate of plant production traits, it was not found correlation with PGT. Tar'an et al. (2002) also revealed positive correlations between components of plant height with FT and rate of seed production. Likewise, Koinange et al. (1996) reported that the gene FIN controlling determinacy has pleiotropic effects on FT, PST, and rate of plant production. In this work, it is shown that there is a cause-effect relation among LMS, FT, and rate of plant production traits, suggesting that physically linked or pleiotropic genes might be involved in the regulation of these traits (Aastveit and Aastveit, 1993).

Most of the single-locus QTLs detected in this work overlap with QTLs identified in some quantitative analyses of flowering time and vegetative growth carried out in common bean (Blair et al., 2006, 2010; Checa and Blair, 2008; Wright and Kelly, 2011). In general, these single-locus QTLs were responsible for the majority of the genetic variation for rate of plant production and time to flowering traits within common bean populations. However, it should be noted the presence of a considerable number of epistatic interactions for vegetative growth, plant production and flowering time traits that have not been reported so far. Taken together, these epistatic interactions reinforce the hypothesis that epistasis is involved in the genetic control of agronomical traits as well as epistatic interactions are more frequent in inter-gene pool crosses than in intra-gene pool crosses of common bean (Borel et al., 2016). Thus, for example, significant genetic interactions were found for the genomic region where the FIN locus is located (Pv01) with other genomic regions on Pv02, Pv06, and Pv11 in the MA RIL population, as well as on Pv04 in the AM RIL population. Epistatic interactions for flowering time traits were also detected in other genomic regions, whose effects explained up to 5.73% (eFT-7AM and eFT-9AM on Pv07 and Pv09, respectively) of the phenotypic variance.

Seed yield is mainly determined by factors such as number of seeds per pod and seed weight. In this study, the skewness to the lower values shown by the two related-productivity traits, SY and NPP, is in agreement with previous studies (Singh and Urrea, 1995; Johnson and Gepts, 1999; Bruzi et al., 2007), where the biological constraints of the inter-gene pool crosses, Andean and Mesoamerican, hamper reaching the maximum possible yields. Said limitation might result from the loss of favorable epistatic combinations or low probability of recovering superior genotype combination, among other reasons (Johnson and Gepts, 2002; Moreto et al., 2012). According to this hypothesis, the high number of epistatic interactions detected for all yield components is remarkable. Thus, epistatic interaction effects accounted for more than 10% of the phenotypic variance for PL (12.54%) and SL (13.7%) traits in the MA RIL population, as well as for ST (17.29%), SW (15.4%), and NSP (14.63%) traits in the AM RIL population. Hence, results of this research showed the importance of the epistatic effects in the genetic regulation of yield component traits. Thereby, both main and epistatic interaction effects should be considered for a successful application of marker assisted selection (MAS) programs in order to increase yield in common bean.

Rate of Plant Production and Time to Flowering Genetic Links

In order to determine the genetic basis of the rate of plant production during the vegetative growth and time to flowering, QTL mapping was carried out with the average traits estimated in different conditions from flower to seed components. In both MA and AM RIL populations, it was detected a QTL located on Pv01 at the FIN locus, which showed large additive relative effects on time to flowering traits (up to 19% for FT and 32% for PST of the phenotypic variation in the MA and AM RIL populations, respectively). Comparative QTL analyses showed that this genomic region on Pv01 was also involved in the regulation of vegetative growth traits. Thus, QTLs for LMS, NPB, and LI traits were detected, which explained large additive effects (50–66% of the phenotypic variance for LMS). Within this genomic region, additional QTLs controlling pod size and productivity components (NSP and NPP) which explained more than 8% of the phenotypic variance. Furthermore, in both RIL populations, the FIN locus also displayed large effects on seed yield (19 and 15% of the phenotypic variance for SY trait in the MA and AM RIL populations, respectively). In the MA RIL population, the FIN locus also affected bracteole, leaf, pod, and seed size with a small to moderate additive effect (5 QTLs up to 3% of the phenotypic variance); whereas in AM RIL population, it affected pod size (9% of the phenotypic variance for PWI). In addition to the FIN locus, other genomic regions were also involved in the regulation of rate of plant production and time to flowering traits, although with a minor effect. Thus, for example, QTLs for PGT and PST in the MA population and for PT in the AM population were detected on Pv02 (PVESTBR006-GATS91), which colocalized with a QTL for seed weight previously mapped by Blair et al. (2006). Taken together, comparative QTL analysis results indicated that vegetative growth has a large effect on time to flowering and the rate of plant production traits, explaining the pleiotropic effects observed for FT and LMS traits. It is mainly due to the phenotypic effect of the recessive allele at the FIN locus, which is present in the determinate type I genotype (Beluga) and controls the meristem switch from a vegetative to a reproductive state. The fin allele reduces the plant growing period, causing a reduction in length of the main stem and number of branches, and an increase in internode length, as well as small bracteoles and leaves, large pods, and seeds that give rise to a lower yield (Norton, 1915; Ojehomon and Morgan, 1969; Koinange et al., 1996), resulting in common bean cultivars with a reduced flowering period since they mature more rapidly (Cober and Tanner, 1995; Koinange et al., 1996).

Genetic and Molecular Mechanisms Underlying the Link between Time to Flowering and Vegetative Growth

Currently, there are genes underlying flowering time QTLs which have been isolated in other crops; said crops have a growth pattern similar to common bean through successive series of modular units. In a common bean plant with a determinate type I growth habit, after floral initiation, the terminal shoot meristem produces a terminal inflorescence and ceases its vegetative growth. However, in a common bean plant exhibiting an indeterminate type IV growth habit, the terminal shoot meristem produces stem nodes, each one composed by one compound leaf and an inflorescence in its axil; thus, vegetative, and reproductive structures are continuously produced until maturity and senescence. This growth pattern through successive series of modular units is similar to that of tomato (Sage and Webster, 1987; Schmitz and Theres, 1999). In tomato, SELF-PRUNING (SP) and FALSIFLORA (FA) control meristem identity. SP gene suppresses the transition of vegetative to reproductive state, keeping a plant indeterminate (Pnueli et al., 1998). FA is responsible for floral meristem identity and promotes flowering (Molinero-Rosales et al., 1999). SP is the homolog of the Antirrhinum majus CENTRORADIALIS (CEN) and A. thaliana TERMINAL FLOWER1 (TFL1) genes (Pnueli et al., 2001). FA is an ortholog of A. thaliana LFY and A. majus FLORICAULA (FLO). LFY in A. thaliana activates directly AP1, causing flowering (Komeda, 2004; Saddic et al., 2006). Foucher et al. (2003) found that a pea homolog of the A. thaliana TFL1, PsTFL1a, corresponds to the determinacy locus (DETERMINATE; DET), and that another pea TFL1 homolog, PsTFL1c (LATE FLOWERING; LF), acts as a repressor of flowering. Likewise, Mir et al. (2014) revealed the orthologous nature of CcTFL1 gene for determinacy in pigeonpea; whereas in soybean, Tian et al. (2010) showed evidence that Dt1 (GmTFL1) is a homolog of the Arabidopsis TFL1 gene, which has a high-level of conservation with the common bean PvTFL1y gene. This gene has been proposed as a candidate gene for the FIN locus since mutations at the PvTFL1y locus were found to cosegregate with the determinate growth habit phenotype (Repinski et al., 2012). In this study, the position of PvTFL1y (Phvul.001G189200) was found within the QTLs positioned in the marker intervals of FIN-BMC224 and BMD045-FIN on Pv01. This finding is consistent with evidence at Andean PvTFL1y haplotype of the determinacy locus (Repinski et al., 2012). However, more information is needed to know whether different PvTFL1y haplotypes derived independently in each gene pool or whether the determinacy locus arose in a single gene pool, as happens in rice. In this species, the determinacy locus arose in a unique gene pool (indica or japonica) and was later transferred to the other pools (Sweeney et al., 2007). Furthermore, the correlated effects of the PvTFL1y locus on other plant traits, such as length of main stem or internode length, and productivity have been demonstrated in this work.

FUTURE REMARKS

The information herein reported could be used not only to establish different breeding strategies combining loci from the different gene pools of common bean, but also to look for associations of genetic variation in determinacy candidate genes in other legume crops with varieties bred for determinate growth habit, such as P. coccineus (runner bean), P. lunatus (lima bean), and Cajanus cajan (pigeonpea) (Waldia and Singh, 1987; van Rheenen et al., 1994; Huyghe, 1998). Furthermore, exploring the interaction and linkage of loci for vegetative growth, flowering time, and the rate of plant production may allow for the expansion of common bean to the geographic locations in which novel adaptation traits can be evaluated.
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Mungbean (Vigna radiata L.) is a cleistogamous plant in which flowers are pollinated before they open, which prevents yield improvements through heterosis. We previously generated a chasmogamous mutant (CM) mungbean in which open flowers are pollinated. In this study, we developed insertion/deletion (indel) markers based on the transcriptome differences between CM and Sulu-1 (i.e., normal flowering) plants. An F2 population derived from a cross between CM and Sulu-1 was used for gene mapping. Segregation analyses revealed that a single recessive gene regulates the production of chasmogamous flowers. Using newly developed indel and simple sequence repeat markers, the cha gene responsible for the chasmogamous flower trait was mapped to a 277.1-kb segment on chromosome 6. Twelve candidate genes were detected in this segment, including Vradi06g12650, which encodes a YUCCA family protein associated with floral development. A single base pair deletion producing a frame-shift mutation and a premature stop codon in Vradi06g12650 was detected only in CM plants. This suggested that Vradi06g12650 is a cha candidate gene. Our results provide important information for the molecular breeding of chasmogamous mungbean lines, which may serve as new genetic resources for hybrid cultivar development.
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INTRODUCTION

Exploiting heterosis is an effective way to increase crop yield. As an important legume in Asia, several studies have been conducted on mungbean (Vigna radiata L. Wilczek) to investigate the importance of heterosis for seed yield and other yield-related traits (Chen et al., 2003; Soehendi and Srinives, 2005; Sorajjapinun et al., 2012; Yashpal et al., 2015). However, a major obstacle to producing mungbean hybrid seeds is floral architecture. Mungbean plants have papilionaceous flowers with five differently shaped petals, including one standard petal, two wing petals, and two keel petals (Verdcourt, 1970). The anthers and stigmas are enclosed within the pocket-like keel petals, making mungbean a cleistogamous plant whose flowers are pollinated before they open. The natural outcrossing rate of cultivated mungbean is approximately 1.68% (Sangiri et al., 2007), which is too low for the commercial production of hybrid seeds. Some accessions of cleistogamous plants exhibit a specific floral architecture that promotes natural outcrossing. Studies in rice revealed that exerted stigmas and anthers increase the outcrossing rate and considerably help the production of hybrid seeds (Kato and Namai, 1987). Some mutant legume crops with exerted stigmas and anthers have been described (Dahiya et al., 1984; Pundir and Reddy, 1998; Cherian et al., 2006; Srinivasan and Gaur, 2012; Dheer et al., 2014). We previously identified a chasmogamous mutant (CM), which was generated in the mungbean accession V1197 by gamma irradiation (Sorajjapinun and Srinives, 2011). The outcrossing rate of CM plants increased to 9.6%, while outcrossing was undetectable in wild-type controls. Additionally, the yield and agronomic traits of CM plants differed from those of V1197 plants, with fewer pods per plant, seeds per pod, and yield per plant. Genetic analyses using F1, F2, and backcross populations from the cross between CM and V1197 plants revealed that the production of chasmogamous flowers is regulated by a single gene, cha (Sorajjapinun and Srinives, 2011). Thus, additional research focusing on the genetic characterization of this mutant mungbean should be conducted.

In terms of molecular genetics and genomics, mungbean has not been as extensively studied as other legumes, including soybean [Glycine max (L.) Merr.], common bean (Phaseolus vulgaris L.), cowpea [V. unguiculata (L.) Walp.], and chickpea (Cicer arietinum L.). DNA markers represent important tools for genetic analyses and the mapping of genes or quantitative trait loci. Many DNA markers, especially simple sequence repeats (SSRs), have been developed for mungbean (Gwag et al., 2007; Somta et al., 2008, 2009; Tangphatsornruang et al., 2009; Gupta et al., 2014; Chen et al., 2015) or introduced from other closely related species. These markers have been used to develop linkage maps and map quantitative trait loci associated with important mungbean traits (e.g., yield and resistance to biotic and abiotic stresses; Kasettranan et al., 2010; Chankaew et al., 2011, 2013; Isemura et al., 2012; Kajonphol et al., 2012; Prathet et al., 2012; Sompong et al., 2012; Kitsanachandee et al., 2013; Alam A.K.M.M. et al., 2014; Alam A.M. et al., 2014; Chotechung et al., 2016). However, most of these markers are monomorphic or weakly polymorphic. One of the most important advances in mungbean genomics research was the release of the VC1973A whole genome sequence by Kang et al. (2014). This sequence is relevant for research related to marker development, gene mapping, and gene function analyses.

The molecular mechanisms regulating floral development can be summarized using an “ABCE” model (Krizek and Fletcher, 2005). Additionally, some hormones (e.g., auxin) are important for floral development (Okada et al., 1991; Bennett et al., 1995; Przemeck et al., 1996; Galweiler et al., 1998; Aloni et al., 2006; Cheng et al., 2006). Some Arabidopsis thaliana mutants have abnormal flowers, and the genes responsible for this mutation have been identified as pin1, pinoid, mp, and yuc (Cheng and Zhao, 2007). The YUCCA (YUC) family consists of flavin monooxygenases (FMOs) related to the biosynthesis of indole-3-acetic acid. The FMOs are key enzymes that convert indole-3-pyruvic acid to indole-3-acetic acid by catalyzing the hydroxylation of the amino group of tryptophan, which is the rate-limiting step in tryptophan-dependent auxin biosynthesis (Zhao et al., 2001). There are 11 YUC genes in the A. thaliana genome (Zhao et al., 2001; Cheng et al., 2006, 2007). Double, triple, and quadruple mutants of some YUC family genes exhibit severe defects in floral patterns, vascular formations, and other developmental processes (Cheng et al., 2006). Therefore, YUC genes play important roles during floral formation and development, with implications for flower shape.

In this study, we mapped the cha gene regulating the production of chasmogamous flowers in CM plants using new insertion/deletion (indel) and SSR markers. We identified a gene encoding a YUC-like protein as a likely candidate for the cha gene.

MATERIALS AND METHODS

Mapping Population and DNA Extraction

We previously identified a CM mungbean line in the M2 generation of accession V1197 following gamma irradiation. The CM plants lacked wing and keel petals, which exposed the stigmas and anthers (Sorajjapinun and Srinives, 2011). A stable CM line was selected from the M3 and M4 generations. A CM plant was pollinated using pollen from Sulu-1, which is a mungbean line with normal flowers. Three F1 plants were grown and the resulting flowers were morphologically analyzed. The hybrids were verified using two polymorphic indel markers (i.e., VRID001 and VRID002; Supplementary Table S1). Seeds from one F1 plant were then harvested to produce an F2 population consisting of 127 plants. The F2 plants and their parents were grown in a field at Kasetsart University, Kamphaeng Saen Campus, Nakhon Pathom, Thailand from May to July 2014. Flowers from each plant were individually examined to determine whether they were normal or chasmogamous.

Total genomic DNA was extracted from fresh leaf tissue of individual plants according to a slightly modified version of the method described by Lodhi et al. (1994). All DNA samples were diluted to 5 ng μl-1 according to lambda DNA, and analyzed by 1.0% agarose gel electrophoresis.

Transcriptome Sequencing and Development of Molecular Markers

Total RNA was extracted from young flowers of CM and Sulu-1 mungbean plants using the EasyPure Plant RNA kit (Transgene Biotech, Beijing, China). The RNA samples were used to prepare libraries for sequencing by the Illumina HiSeq 2000 sequencer at the Beijing Genomics Institute (Shenzhen, China). The resulting sequences were assembled using the Trinity program (Grabherr et al., 2011). The Sulu-1 and CM transcriptome sequences were aligned using the NCBI BLAST+ 2.2.31 program with an E-value cutoff of 10.0. Sequences with indels that were 5 bp or larger were randomly chosen for marker development. Primers specific for the selected indels were designed using Primer3 (Untergasser et al., 2012) with the following criteria: primer length: 18–27 nucleotides; melting temperature: 50–65°C; GC content: 40–60%; and polymerase chain reaction (PCR) product size: 100–300 bp. Transcript sequences used for indel marker development were blasted against the mungbean whole genome sequence1 (Kang et al., 2014) to determine the physical locations of markers.

In addition to indel markers, we developed new SSR markers to fine map the cha locus. The mungbean chromosome 6 sequence was downloaded (Kang et al., 2014) and scanned for di-, tri-, and tetra-nucleotide repeats using SSR Hunter 1.3 (Li and Wan, 2005). Based on our initial mapping of the cha locus using indel markers, we focused on a 2.2-Mb genomic region of chromosome 6 (i.e., 29.9–32.1 Mb) carrying cha, and selected the SSRs therein. Primers for the SSRs were designed as described for the indel markers.

Molecular Marker Analysis

The newly developed indel and SSR markers were used to detect polymorphisms between CM and Sulu-1 sequences. The PCR analyses were completed using a 10-μl solution containing 2 ng genomic DNA, 1x Taq buffer, 2 mM MgCl2, 0.2 mM dNTPs, 1 U Taq DNA polymerase (Thermo Scientific), and 0.5 μM forward and reverse primers. The PCR was conducted in an MJ Research PTC-200 Thermal Cycler (Bio-Rad) using the following program: 94°C for 3 min; 35 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 30s; 72°C for 5 min. The amplicons were separated in a 6% denaturing polyacrylamide gel or a 3% agarose gel, and visualized with silver or ethidium bromide staining, respectively. The polymorphic markers were used to analyze the F2 population.

Data Analysis and Gene Mapping

We counted the number of plants with normal and chasmogamous flowers, and analyzed the data using a χ2 test (Mather, 1951) to confirm the monogenic inheritance in CM plants as reported earlier by Sorajjapinun and Srinives (2011). Segregation data for the floral traits and DNA markers were used to construct a linkage map with MapMaker/EXP 3.0 (Lander et al., 1987). A minimum logarithm of odds value of 3.0 and maximum recombination frequency of 4.0 were used to group the markers. The genetic map distance was calculated using the Kosambi mapping function. Linkage groups were anchored to chromosomes by the physical location of markers. The map was drawn using MapChart 2.30 (Voorrips, 2002).

Identifying and Sequencing the Candidate Gene

Based on the locations of the markers flanking cha on the linkage map, the predicted genes on the mungbean reference sequence (Kang et al., 2014) between the flanking markers were downloaded. Deduced protein sequences for these genes were subjected to a BLASTP search against the NCBI database to obtain information regarding their homologs and functions.

The following two pairs of primers were designed to amplify the genomic region containing a candidate gene responsible for the production of chasmogamous flowers: Seq-1-F (5′-AAGAACGAGGTTTGGCTTCA-3′)/Seq-1-R (5′-AAC TTGACCCACATCAAGGA-3′) and Seq-2-F (5′-GGAAAC ACAAATCACTATGGCA-3′)/Seq-2-R (5′-ATTGCATGTACA TGCCAGCTA-3′). The PCR was conducted using Platinum Taq DNA Polymerase High Fidelity (Invitrogen) following the manufacturer’s instructions with some modifications (i.e., annealing temperature of 58°C and elongation time of 90 s). The PCR products were separated by electrophoresis on 1% agarose gels stained with ethidium bromide. The DNA fragments of the expected size were purified using the E.Z.N.A Gel Extraction Kit (Omega Bio-tek), and sequenced using the 3730xl DNA Analyzer (Applied Biosystems). The deduced Vr06g12650 protein and 11 A. thaliana YUC proteins (i.e., AT4G32540.1, AT4G13260.1, AT1G04610.1, AT5G11320.1, AT5G43890.1, AT5G25620.2, AT2G33230.1, AT4G28720.1, AT1G04180.1, and AT1G48910.1) obtained from The Arabidopsis Information Resource2 database were used to construct a phylogenetic tree using the “One Click” mode and LRT statistical test of Phylogeny.fr (Dereeper et al., 2010).

RESULTS

Morphological Features of the Chasmogamous Mutant Mungbean and Inheritance of the Floral Trait

The floral architecture of CM plants differed from that of Sulu-1 plants. The CM flowers were missing the wing and keel petals (Figure 1). When the CM and Sulu-1 plants were crossed, the F1 hybrids had normal flowers (Figure 1), which suggested a recessive gene (or genes) regulated the production of chasmogamous flowers in CM plants.
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FIGURE 1. Floral morphology of CM and Sulu-1 plants as well as their F1 hybrids. Whole flower (A) and individual flower parts (B).



We determined the segregation ratio of the chasmogamous flower trait in F2 plants. Out of 127 plants, 96 had normal flowers, while 31 had chasmogamous flowers. This segregation corresponded with a 3:1 ratio (χ2 = 0.02, P = 0.88), indicating that a single recessive gene mediated the chasmogamous flower trait in CM plants. This confirmed the results of the study by Sorajjapinun and Srinives (2011).

Development of Indel Markers

To map the gene responsible for the production of chasmogamous flowers, indel markers were developed using the transcriptomes of the Sulu-1 and CM parents. We randomly selected 140 transcript sequences carrying indels to develop markers, and determined that 84 of them (i.e., 57.1%) were polymorphic between the parents (Supplementary Table S1). All of the markers were co-dominant, and able to distinguish between the parents and hybrid progenies. Seventy-four markers were localized to 11 chromosomes by aligning their related transcripts with the whole mungbean genome sequence (Figure 2). Another 10 markers were located on scaffolds that could not be assembled on chromosomes.
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FIGURE 2. Physical positions on the mungbean chromosome of the indel markers polymorphic between CM and Sulu-1 plants. Unit: mega base pair (Mbp). Ten markers located on scaffolds are not shown.



Genetic Mapping of the cha Gene

Linkage analysis of the polymorphic indel markers and phenotyping of the flowers were completed using 127 plants from the F2 population. The target cha gene was mapped to chromosome 6 between markers VRID155 and VRID120 at a distance of 1.6 and 3.4 cM, respectively (Figure 3A). To locate cha more precisely, seven polymorphic SSR markers were developed in the target interval by screening SSR motifs in the reference genome sequence (Supplementary Table S2). Eight recombinants were identified in the interval between VRID115 and VRID120. By associating the marker genotypes with floral phenotypes, the 60 and 38 recombinants restricted cha a segment between markers SSR09 and SSR12. These two markers were 277.1 kb apart, and were located at 30.40 and 30.68 Mb of chromosome 6, respectively (Figure 3B). Based on the mungbean whole genome sequence, 12 candidate genes (i.e., Vradi06g12620 to Vradi06g12730; Supplementary Table S3) were detected in this region.
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FIGURE 3. Mapping of the cha gene regulating the production of chasmogamous flowers in CM plants. Location of cha (A) and recombinant events on chromosome 6 (B). White, shadow, and black regions in the recombinants indicate homozygous regions for the Sulu-1 allele, and heterozygous and homozygous regions for the CM allele, respectively. The number of recombinant events between adjacent markers are indicated above the bar. Another five recombinants between the homozygous Sulu-1 genotype and heterozygous genotype are not presented because all of the plants had normal flowers. The 12 predicted genes in the candidate gene region are indicated (C).



Function Prediction and Sequencing of cha Candidate Genes

To predict the functions of the 12 detected cha candidate genes, the putative protein sequences encoded by these genes were used as queries to search the NCBI database. Their predicted functions are listed in Table S3. Vradi06g12650, which encoded a YUC homolog (Figure 3) related to the auxin biosynthesis pathway and floral development, was considered the most likely cha gene. A BLASTP search revealed that the YUC protein encoded by Vradi06g12650 was most similar to the A. thaliana proteins AtYUC4 (identity: 68.13%) and AtYUC1 (identity: 62.32%). A protein sequence-based phylogenetic analysis involving Vradi06g12650 and 11 A. thaliana YUC proteins also revealed a close relationship between Vradi06g12650 and AtYUC1/AtYUC4 (Figure 4). We sequenced the Vradi06g12650 coding domain in Sulu-1, CM, and wild-type V1197 mungbean plants. Comparisons among the resulting sequences and the corresponding reference sequence (i.e., from VC1973A) revealed six single nucleotide polymorphisms (SNPs) between the CM and Sulu-1 genes (Figure 5). The SNP at the 382-bp position led to an amino acid substitution from glutamine to glutamic acid, while the other SNPs resulted in non-sense mutations (Figures 5 and 6). The six SNPs were not detected between the CM and V1197 sequences. However, a 1-bp deletion at the 894-bp position was observed in the CM Vradi06g12650 sequence (Figure 5). This deletion produced a frame-shift mutation in the 3′-terminus, resulting in a shorter CM Vradi06g12650 protein with a different C-terminus compared with the corresponding wild-type V1197, Sulu-1, and VC1973A proteins (Figure 6). Additionally, this deletion was detected in a sequence (i.e., Unigene0038420) from the CM transcriptome (Supplementary Data 1). These results suggested that the 1-bp deletion in Vradi06g12650 is responsible for the production of chasmogamous flowers in CM plants.
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FIGURE 4. Phylogenetic tree of Arabidopsis thaliana YUCCA and Cha proteins. Sequences of 11 A. thaliana YUCCA proteins and the deduced mungbean Vr06g12650.1 protein were used to generate the phylogenetic tree.
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FIGURE 5. Variability in the Vradi06g12650 open reading frame. Consensus sequences are marked by asterisks. Numbers under variant loci indicate the position (in bp) on the open reading frame. The R, S, V, and C correspond to V1973A (reference sequence), Sulu-1, V1197, and CM, respectively.




[image: image]

FIGURE 6. Alignment of the deduced Cha protein sequences from Sulu-1, V1197, and CM plants by ClustalX. Conserved flavin monooxygenase motifs are indicated (on top). Asterisk indicates conserved amino acid.



DISCUSSION

Advantages of Developing Markers from Transcriptomes and the Utility of cha for Mungbean Improvement

Mungbean is not a model plant. Therefore, its molecular genetics and genome have not been as comprehensively studied as in many other crops. The available molecular markers are insufficient for genetics research and mungbean breeding programs. Additionally, some reports have indicated that the polymorphic information content of mungbean SSR markers is low (Tangphatsornruang et al., 2009; Chen et al., 2015). Thus, it is important to develop more mungbean genomic resources. In this study, we developed indel markers by comparing the transcriptomes of two mungbean accessions, which resulted in the detection of several polymorphic markers between the parents of the mapping population. The differences in indel sizes between Sulu-1 and CM plants enabled the indels to be distinguished by PCR followed by 3% agarose gel electrophoresis analysis (Supplementary Figure S1), which is easier to complete than polyacrylamide gel electrophoresis. This resulted in a more efficient genetic mapping procedure.

With the newly developed markers, the cha gene responsible for the production of chasmogamous flowers in mungbean was mapped to chromosome 6. Several newly developed markers were identified closely linked to the target gene. Our data revealed that the marker SSR10 was completely linked to cha. However, this finding is based on a relatively small population of 127 F2 plants. Because the CM floral phenotype was observed to be regulated by a single recessive gene, these linked markers may be useful for the marker-assisted selection of mungbean plants producing chasmogamous flowers.

Functions of the cha Candidate Gene

Vradi06g12650 is the most likely cha gene. This gene putatively encodes a YUC homolog involved in auxin biosynthesis and floral development (Zhao et al., 2001; Cheng et al., 2006). The YUC proteins constitute a family of FMOs containing several conserved sequence motifs, including the FAD-binding motif, FMO-identifying motif, NADPH-binding motif, and F/LATGY motif (Schlaich, 2007). The protein encoded by Vradi06g12650 is highly similar to A. thaliana YUC4 (Supplementary Figure S2). The CM Vradi06g12650 coding sequence differed from that of the wild-type V1197 by a 1-bp deletion at the 894-bp position. This deletion was only detected in CM plants, and results in a frame-shift of the coding sequence leading to the absence of the LATGY motif in the C-terminus of the predicted YUC protein (Figure 6). There are 11 A. thaliana genes encoding YUC proteins, suggesting there may be some functional redundancy among these proteins. Mutational inactivation of a single YUC family gene in A. thaliana caused no obvious developmental defects, while a double yuc1 yuc4 mutant and a quadruple yuc1 yuc4 yuc10 yuc11 mutant exhibited severe defects in the formation of floral organs (Zhao et al., 2001; Cheng et al., 2006). These findings differed from our observation that a defect in a single YUC4-like gene causes a dramatic morphological abnormality in mungbean floral organs. However, it is worth noting that the mutation detected in our study produced an immature YUC4-like protein lacking the F/LATGY motif, which is highly conserved among YUC proteins (Supplementary Figure S2). Therefore, this defective YUC4-like protein may be responsible for the abnormal floral development in CM plants. Additional studies are required to characterize how cha affects the production of chasmogamous flowers in mungbean.
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A Multiple QTL-Seq Strategy Delineates Potential Genomic Loci Governing Flowering Time in Chickpea
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Identification of functionally relevant potential genomic loci using an economical, simpler and user-friendly genomics-assisted breeding strategy is vital for rapid genetic dissection of complex flowering time quantitative trait in chickpea. A high-throughput multiple QTL-seq strategy was employed in two inter (Cicer arietinum desi accession ICC 4958 × C reticulatum wild accession ICC 17160)- and intra (ICC 4958 × C. arietinum kabuli accession ICC 8261)-specific RIL mapping populations to identify the major QTL genomic regions governing flowering time in chickpea. The whole genome resequencing discovered 1635117 and 592486 SNPs exhibiting differentiation between early- and late-flowering mapping parents and bulks, constituted by pooling the homozygous individuals of extreme flowering time phenotypic trait from each of two aforesaid RIL populations. The multiple QTL-seq analysis using these mined SNPs in two RIL mapping populations narrowed-down two longer (907.1 kb and 1.99 Mb) major flowering time QTL genomic regions into the high-resolution shorter (757.7 kb and 1.39 Mb) QTL intervals on chickpea chromosome 4. This essentially identified regulatory as well as coding (non-synonymous/synonymous) novel SNP allelic variants from two efl1 (early flowering 1) and GI (GIGANTEA) genes regulating flowering time in chickpea. Interestingly, strong natural allelic diversity reduction (88–91%) of two known flowering genes especially mapped at major QTL intervals as compared to that of background genomic regions (where no flowering time QTLs were mapped; 61.8%) in cultivated vis-à-vis wild Cicer gene pools was evident inferring the significant impact of evolutionary bottlenecks on these loci during chickpea domestication. Higher association potential of coding non-synonymous and regulatory SNP alleles mined from efl1 (36–49%) and GI (33–42%) flowering genes for early and late flowering time differentiation among chickpea accessions was evident. The robustness and validity of two functional allelic variants-containing genes localized at major flowering time QTLs was apparent by their identification from multiple intra-/inter-specific mapping populations of chickpea. The functionally relevant molecular tags delineated can be of immense use for deciphering the natural allelic diversity-based domestication pattern of flowering time and expediting genomics-aided crop improvement to develop early flowering cultivars of chickpea.

Keywords: chickpea, flowering time, multiple QTL-seq, QTL, SNP

INTRODUCTION

Chickpea (Cicer arietinum L.) is one of the vital food legume crops represented by two of its major cultivar types- desi and kabuli (Kumar et al., 2011) which are thought to be domesticated along with the wild ancestor C. reticulatum at Fertile Crescent around 10000 years ago (Burger et al., 2008; Toker, 2009). Development of early-flowering/maturing stress tolerant cultivars with high seed and pod yield is the prime objective of the present genomics-assisted breeding research in chickpea (Hegde, 2010; Zaman-Allah et al., 2011). The number of days to flowering is a major seed and pod-yield component trait that highly acclimatizes with climate change, diverse environmental and a/biotic stress factors and photoperiod response along with various other growth/developmental-related traits (Aryamanesh et al., 2010; Kashiwagi et al., 2013; Daba et al., 2016). Therefore, implication of flowering time in defining productivity as well as developing stress tolerant cultivars is well-documented in chickpea. Collectively, this infers that flowering time is a complex quantitative trait and it is governed by multiple major as well as minor genes/QTLs (quantitative trait loci). A strong impact of a known major evolutionary bottleneck- vernalization- on flowering time response during chickpea domestication infers that the flowering time is a most important domestication trait selected during breeding of presently cultivated desi and kabuli accessions (Abbo et al., 2014). The genetic dissection of complex flowering time quantitative trait by identifying the functionally relevant potential genes/alleles colocalized at QTLs governing this major yield component and domestication trait is thus imperative for their broader effective practical applicability in marker-aided genetic improvement of chickpea.

Significant progress has been made to decipher the complex genetic inheritance characteristics and molecular genetic dissection of flowering time trait in chickpea (Anbessa et al., 2006; Cobos et al., 2007; Pierre et al., 2008, 2011; Aryamanesh et al., 2010; Zhang et al., 2013). This involves identification of four different major early flowering (efl) gene loci/allelic variants [efl1, efl2/ppd (photoperiod), efl3 and efl4] controlling varied flowering time trait adaptation characteristics in multiple chickpea accessions (Hegde, 2010; Gaur et al., 2014; Weller and Martínez, 2015). Additionally, this includes colocalization of various known flowering time gene homologs [like Efl1, Efl2, LFY (LEAFY) and FT (flowering time) gene families] within the low-resolution major flowering time QTL regions mapped on chickpea chromosomes (Cho et al., 2002; Anbessa et al., 2006; Lichtenzveig et al., 2006; Cobos et al., 2007, 2009; Aryamanesh et al., 2010; Hossain et al., 2010; Rehman et al., 2011; Vadez et al., 2012; Jamalabadi et al., 2013; Varshney et al., 2014).

Substantial efforts have also been made to understand the complex gene regulatory networks and transcriptional modules governing flower development in a desi chickpea accession (ICC 4958) through NGS (next-generation sequencing)-based global transcriptome sequencing strategy (Singh et al., 2013). The deployment of these differentially expressed candidate gene-derived SNPs in association mapping and their subsequent integration with GWAS (genome-wide association study), high-resolution QTL mapping, differential transcript profiling, molecular haplotyping have delineated tissue/stage (flower bud/flower)-specific differentially regulated potential candidate genes underlying major QTLs regulating flowering time at a whole genome level in chickpea (Das et al., 2015b; Upadhyaya et al., 2015). Until yet, none of these identified genes harboring major flowering time QTLs have been validated in multiple genetic backgrounds (mapping populations) and identified through map-based cloning that could be employed for marker-aided genetic enhancement of chickpea. This could be restrained due to low marker genetic polymorphism particularly between parents of multiple intra-/inter-specific mapping populations along with limited accessibility of large size mapping populations and high-density genetic linkage maps of chickpea. An alternative genome-wide approach is thus essential for quick identification and molecular mapping (fine-mapping/map-based isolation) of high-resolution flowering time QTLs/genes in order to drive genomics-led crop improvement in chickpea.

For genetic mapping of major flowering time QTLs, conventional QTL mapping approach that primarily involves genotyping of large-scale SSR (simple sequence repeat) and SNP (single nucleotide polymorphism) markers among mapping individuals of diverse inter-/intra-specific populations is found much expedient in chickpea (Anbessa et al., 2006; Lichtenzveig et al., 2006; Cobos et al., 2007, 2009; Aryamanesh et al., 2010; Hossain et al., 2010; Gowda et al., 2011; Rehman et al., 2011; Vadez et al., 2012; Jamalabadi et al., 2013; Stephens et al., 2014; Varshney et al., 2014). This approach essentially identified a diverse array of low-resolution longer marker confidence interval spanning major QTLs associated with chickpea flowering and maturation time (Cho et al., 2002; Anbessa et al., 2006; Lichtenzveig et al., 2006; Cobos et al., 2007, 2009; Aryamanesh et al., 2010; Hossain et al., 2010; Rehman et al., 2011; Vadez et al., 2012; Jamalabadi et al., 2013; Varshney et al., 2014).

The freely accessible draft genome sequences are found much proficient to accelerate genome and transcriptome resequencing of diverse desi, kabuli and wild accessions that are most commonly utilized as parents for generating diverse intra- and inter-specific mapping populations of chickpea (Jain et al., 2013; Varshney et al., 2013; Parween et al., 2015). Aside genomic resources, multiple genetic resources including advanced generation recombinant inbred lines (RILs) and back-cross mapping populations as well as core/mini-core germplasm accessions exhibiting a broader range of phenotypic variation for flowering time trait are now available in chickpea (Upadhyaya et al., 2001, 2008; Gaur et al., 2014). All these available genetic and genomic resources essentially have assisted in utilization of a high-throughput NGS-based QTL-seq strategy vis-à-vis a commonly adopted traditional QTL mapping approach for fast genome-wide scanning and genetic mapping of major QTLs controlling various quantitative agronomic traits (for instance, 100-seed weight, pod number and root/total plant dry weight ratio) in chickpea (Das et al., 2015a, 2016; Singh et al., 2016).

To complement this, a multiple QTL-seq assay that relies on QTL-seq analysis in multiple mapping populations generated by inter-crossing of common parental accessions, has been developed currently as a most promising genome-wide strategy for QTL mapping at a high-resolution scale (Das et al., 2016). Essentially, multiple QTL-seq involves whole genome NGS resequencing of DNA bulks (exhibiting two utmost contrasting phenotypic traits) constituted from homozygous individuals of multiple mapping populations comprising at least single common parent. This approach is found most promising based on its potential to validate QTL-seq-derived major QTLs identified from individual preliminary as well as advanced generation intra-/inter-specific mapping population in multiple mapping populations of diverse genetic backgrounds. Moreover, utility of this approach is clearly evident from its efficacy to narrow-down each QTL-seq originated sizeable long QTL genomic intervals into functionally relevant potential candidate genes governing important agronomic traits (for instance, pod number) in chickpea (Das et al., 2016).

Considering usefulness and broader practical applicability, multiple QTL-seq assay can be employed for rapid genome-wide scanning and fine-mapping (positional cloning) of trait-linked major genes and natural allelic-variants colocalized at robust QTLs (well-validated in multiple mapping populations) in chickpea with minimal resource expenses. This will collectively enrich our understanding on complex genetic architecture and evolutionary pattern influencing flowering time quantitative trait variation during domestication of chickpea in order to expedite its genomics-assisted crop improvement. In view of afore-mentioned possibilities, a multiple QTL-seq strategy was employed in two inter- and intra-specific RIL (recombinant inbred lines) mapping populations- (C. arietinum desi accession ICC 4958 × C. reticulatum wild accession ICC 17163) and (ICC 4958 × C. arietinum kabuli accession ICC 8261)- at a genome-wide scale to delineate major genomic (gene) regions and novel natural allelic variants underlying the QTLs associated with flowering time in chickpea.

MATERIALS AND METHODS

Development and Phenotyping of RIL Mapping Populations for Flowering Time

Two inter- and intra-specific F9 RIL mapping populations- (ICC 4958 × ICC 17163, population size: 260) and (ICC 4958 × ICC 8261, 204)- with contrasting flowering time trait were developed by single seed descent method. As per field phenotyping at International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), ICC 4958 (traditional cultivar/landrace, originated from India) is an early flowering chickpea accession with DTF (days to 50% flowering time) of 43 days. In contrast, ICC 17163 (wild accession) and ICC 8261 (traditional cultivar/landrace) originated from Turkey are late flowering chickpea accessions with DTF of 85 and 61 days, respectively. The desi chickpea accession ICC 4958 was considered as a common parent for both mapping populations generated.

For phenotyping, the mapping individuals and parents of both RIL populations were grown and phenotyped in the field as per RCBD (randomized complete block design) with two replications at two diverse eco-geographical regions [(ICRISAT, Patancheru, Hyderabad: latitude 17° 3′ N/longitude 77° 2′ E from October to February) and (National Institute of Plant Genome Research (NIPGR), New Delhi: 28° 4′ N/77° 2′ E from November to March)] of India for two successive years (2013 and 2014) during crop growing season. In addition, these parents and RIL individuals were grown in the greenhouse to determine the flowering time response of these mapping individuals under both long- and short-day conditions at 22 ± 20C following Upadhyaya et al. (2015). Ten to fifteen representative plants were screened from each mapping individual and parental accession of two RIL populations, and DTF of each individual/accession was calculated as per Upadhyaya et al. (2015). The homogeneity of RIL mapping populations across two locations/years as well as major parameters contributing to genetic inheritance characteristics such as frequency distribution, CV (coefficient of variation), H2 (broad-sense heritability) of DTF trait among RIL individuals were determined as per Bajaj et al. (2015b). To evaluate the genetic inheritance pattern of flowering time trait, the interactions of mapping individuals/parents (G) with their phenotyping environments (E; like years and locations) were calculated using ANOVA (analysis of variance).

Whole Genome Resequencing and Multiple QTL-Seq Analysis

We selected 10 of each early and late flowering homozygous mapping individuals belonging to two extreme ends of DTF normal frequency distribution curve from each of the two RIL populations of ICC 4958 × ICC 17163 and ICC 4958 × ICC 8261 for QTL-seq study. Prior to inclusion of these selected 20 RIL mapping individuals in QTL-seq analysis, the homozygous genetic constitution of these individuals from both RIL populations for either of the early and late flowering trait was assured using their DTF field phenotyping data and genome-wide SSR markers-based genotyping information as per Das et al. (2015a, 2016).

The genomic DNA was isolated from constituted DNA bulks- early days to 50% flowering time bulk (EDTFB) and late days to 50% flowering time bulk (LDTFB) as well as parents of mapping populations using QIAGEN DNeasy kit (QIAGEN, United States) following manufacturer’s instructions. The quantity and quality of isolated genomic DNA was ensured by Qubit 2.0 Fluorometer (Invitrogen Life Technologies, United States) and Bioanalyzer 2100 (Agilent Technologies, United States), respectively. About 1 μg of high-quality genomic DNA of each sample was utilized for library preparation using Illumina TruSeq DNA PCR-Free Library Preparation Kit according to the manufacturer’s protocol. The libraries were processed for paired-end sequencing (100-nucleotide long reads) using Illumina HiSeq2000 platform (Illumina Technologies, United States) and raw sequence data were filtered through standard Illumina pipeline. The FASTQ sequences were further processed through NGS QC Toolkit v2.3 (Patel and Jain, 2012) to remove low-quality including primer/adaptor contaminated sequence reads. The filtered reads with a minimum phred Q-score of 30 across > 95% of nucleotide sequence were considered as high-quality.

Recently, a whole genome high-quality sequence assembly, including large size (510.9 Mb) chromosome pseudomolecule (334 Mb) and scaffolds of desi (ICC 4958) chickpea genome are freely available in public domain (Parween et al., 2015). Accordingly, a desi chickpea accession ICC 4958 for which the genome sequence is available was utilized as one of the common parent in two RIL mapping populations developed for our QTL-seq analysis. Therefore, we preferably utilized the latest released desi reference genome sequence as an anchor to mine resequencing-based SNPs from mapping parents and bulks for QTL-seq study at a whole genome level in chickpea.

High-quality sequence reads generated from parental accessions and bulks (EDTFB and LDTFB) were mapped onto reference desi chickpea genome using BWA with default parameters (Parween et al., 2015). Consequently, the uniquely mapped sequence reads were normalized in accordance with read coverage-depth among mapping parents and RIL individuals forming EDTFB and LDTFB bulks (Supplementary Table S1). The mined homozygous high-quality SNPs (minimum sequencing read-depth 10 with mean base quality ≥ 20) exhibiting differentiation between parents as well as between EDTFB and LDTFB were structurally and functionally annotated with respect to reference desi chickpea genome following Kujur et al. (2015a,b,c). As per the earlier defined recommended parameters of Takagi et al. (2013), Lu et al. (2014), and Das et al. (2015a, 2016), SNP-index and Δ (SNP-index)-led QTL-seq assay was employed in two RIL mapping populations individually to identify major DF QTLs in chickpea. The subtraction of SNP-index (percentage of SNPs-supporting sequence reads completely different from reference desi genome) between EDTFB and LDTFB was measured as Δ (SNP-index). Following the representation of genomic fragments obtained from ICC 4958 (early DTF) and ICC 17163/ICC 8261 (late DTF) in entire genome sequences, the SNP-index was calculated as “0” and “1,” respectively. The major genomic regions underlying QTL-seq derived DTF QTLs were ascertained by Δ (SNP-index) which is altogether different from 0 at a 99% significance level and thereby, considered to be highly significant QTLs governing flowering time in chickpea. A 10 Mb window-size and 1 kb increment sliding window approach was used to evaluate the mean distribution of Δ (SNP-index) of SNPs physically mapped across chromosomes in a target genomic interval. The SNP-index plots of EDTFB and LDTFB for two individual RIL mapping populations and null hypothesis statistical confidence intervals of Δ (SNP-index) were obtained to determine the accuracy and validity of QTL-seq derived QTLs following Takagi et al. (2013), Lu et al. (2014), and Das et al. (2015a, 2016).

Natural Allelic Diversity in Flowering Genes

The novel natural SNP allelic variants of flowering time-associated candidate genes underlying major DTF QTLs validated by multiple QTL-seq assay, were genotyped using the genomic DNA of 172 including 93 cultivated (39 desi and 53 kabuli accessions) and 79 wild chickpea accessions [C. reticulatum (14 accessions), C. echinospermum (8), C. judaicum (22), C. bijugum (19) and C. pinnatifidum (15) and C. microphyllum (1); Bajaj et al. (2015a)] through Sequenom MALDI-TOF MassARRAY1 as per Saxena et al. (2014a,b). The SNP allelic genotyping data generated among chickpea accessions were analyzed with TASSEL v5.0 (100-kb non-overlapping sliding window) to estimate the various nucleotide diversity parameters (𝜃π and Tajima’s D) following Bajaj et al. (2015a) and Kujur et al. (2015a). For association analysis, the genotyping data of SNPs derived from flowering time-associated genes was integrated with DTF field and greenhouse-based phenotyping information, population structure ancestry coefficient (Q-matrix), kinship-matrix (K) and principal component analysis (PCA; P) data of 172 accessions following the detailed methods as described by Upadhyaya et al. (2015) to determine the SNP allele effect on early and late flowering time differentiation in chickpea.

RESULTS

Genetic Inheritance Pattern of Flowering Time in Mapping Populations

A significant difference of DTF trait was observed on phenotyping in field at two diverse geographical locations and in green house (long- and short-day photoperiod conditions) for 2 years. This varied from 25.8 to 99.5 days with 47.1 to 57.8 days mean ± 13.5–16.1 days standard deviation (SD) of DTF trait with 25.6–32.1% CV and 79–86% H2 among 260 individuals and parents of an inter-specific RIL mapping population [ICC 4958 (33.6–46.8 days mean ± 2.1–3.7 days SD) × ICC 17163 (85.1–91.5 days mean ± 3.3–4.1 days SD)] (Table 1). A wider phenotypic variation (varied from 25.7 to 70.9 days with 46.1 to 53.9 days mean ± 8.1–9.2 days SD) for DTF with 17.2–19.5% CV and 79–83% H2 was detected among 204 individuals and parents of an another intra-specific RIL mapping population [ICC 4958 (32.5–49.7 mean ± 2.7–3.6 SD) × ICC 8261 (57.9–67.5 mean ± 2.8–4.1 SD)] phenotyped similarly in field at two different geographical locations and in green house (long- and short-day photoperiod) for 2 years (Table 1). A significant (P < 0.0001) difference in DTF of individuals representing both RIL mapping populations grown under long- and short-day photoperiod conditions at green-house across 2 years was apparent. We observed a continuous variation-based normal frequency distribution along with a bi-directional transgressive segregation of DTF trait in these two RIL mapping populations (Figures 1A,B).

TABLE 1. Diverse statistical measures-based DTF (days to 50% flowering time) trait variation determined in two intra- and inter-specific chickpea RIL mapping populations grown in field at two diverse geographical locations of India and in greenhouse (long- and short-day conditions) for 2 years.
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FIGURE 1. Frequency distribution of mean days to 50% flowering time (DTF) trait variation measured among 260 and 204 mapping individuals and parents of two F9 inter-/intra-specific RIL populations of ICC 4958 × ICC 17163 (A) and ICC 4958 × ICC 8261 (B), respectively. These were grown and phenotyped in field at two different geographical locations and green house (long- and short-day photoperiod) for 2 years. EDTFB/LDTFB: early/late days to 50% flowering time bulk.



NGS-Based Whole Genome Resequencing to Generate Sequences for QTL-Seq Study

For QTL-seq study, we performed high-throughput whole genome NGS resequencing of early and late flowering parents as well as bulks- EDTFB (mean DTF: 22.7–28.6 days) and LDTFB (63.0–95.1 days)- of two RIL mapping populations [(ICC 4958 × ICC 17163) and (ICC 4958 × ICC 8261)]. Considering the significant effect of long- and short-day photoperiod on DTF response in two RIL mapping populations across 2 years at green house, early and late flowering bulks- EDTFB (mean DTF: 25.3–30.1) and LDTFB (69.9–94.6) constituted from two RIL mapping populations were made at these two different photoperiod conditions separately and sequenced at a genome-wide scale for QTL-seq study. This produced 173.8 million high-quality average sequence reads (ranged from 167.4 to 181.4 million reads) with a ∼30-fold sequencing-depth coverage. The sequencing data generated in the present study were submitted to NCBI-sequence read archive (SRA) database2 with accession number SRR2229140 for unrestricted public access. About 86.5 to 90.1% sequence reads of these were mapped to unique physical locations of reference desi genome with a 73.6% mean coverage (Supplementary Table S1). To reduce the potential bias of read-depth in samples, the uniquely mapped sequence reads obtained from parents and bulks (EDTFB and LDTFB) of two RIL mapping populations were normalized in accordance with read coverage-depth. We measured the overall mapping efficiency of non-redundant uniquely mapped sequence reads individually in mapping parents and bulks based on their sequencing-depth coverage (fold) as well as genome coverage (%) (Supplementary Table S1). This covered ∼22.4-fold mean sequencing depth including 73.6% (544.7 Mb) of desi chickpea genome (estimated genome size ∼740 Mb). For QTL-seq analysis, we compared the individual normalized sequence reads generated from mapping parents and bulks (EDTFB and LDTFB) with that of reference desi genomic sequences including pseudomolecules to discover homozygous high-quality SNPs.

Molecular Mapping of QTL-Seq Driven Major DF QTLs in a Mapping Population of ICC 4958 × ICC 17163

We discovered 1635117 SNPs (with an average map-density of 0.20 kb) revealing polymorphism between early (ICC 4958 and EDTFB) and late (ICC 17163 and LDTFB) flowering mapping parents and bulks according to their congruent physical positions (bp) on the reference pseudomolecule of desi genome (Table 2 and Supplementary Tables S2, S3). We measured the SNP-index of all individual SNPs exhibiting differentiation between early (ICC 4958 and EDTFB) and late (ICC 17163 and LDTFB) flowering mapping parents and bulks, and plotted these SNP-index against chromosomes of reference genome. A 1-kb sliding window approach was employed to measure the mean SNP-index individually within a 10-Mb target genomic interval. Further, the Δ (SNP-index) was calculated by integrating the SNP-index of EDTFB and LDTFB, which were plotted across the genomic locations (Mb) of reference genome (Figure 2A).

TABLE 2. Genomic distribution of SNPs physically mapped on eight chromosomes of desi chickpea genome.
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FIGURE 2. Graphs depicting the Δ (SNP-index) of EDTFB (early days to 50% flowering time bulk) and LDFB (late days to 50% flowering time bulk) obtained from two inter-/intra-specific RIL mapping populations [A: (ICC 4958 × ICC 17163) and B: (ICC 4958 × ICC 8261)] using multiple QTL-seq assay. The X-axis specifies the physical locations (Mb) of desi chickpea chromosome 4. The Y-axis designates the SNP-index that was measured in accordance with 10 Mb physical interval and 1 kb increment sliding window approach. The null hypothesis-based statistical confidence intervals (significance level at P < 0.001) (Takagi et al., 2013; Das et al., 2015a) were used to plot the Δ (SNP-index) which identified two major genomic regions underlying DTF QTLs (CaqaDTF4.1, CaqaDTF4.2, CaqbDTF4.1, and CaqbDTF4.2) from each of the two mapping populations. These major DTF QTLs were defined based on the confidence of significant Δ (SNP-index) > 0.5 (P < 0.001) and parameter of SNP-index near to 1 and 0 in EDTFB and LDTFB, respectively.



We identified two major genomic regions (CaqaDTF4.1: 46023168 to 46780835 bp and CaqaDTF4.2: 26100745 to 28089632 bp) on chromosome 4 demonstrating the mean SNP-index of ≥ 0.8 in EDTFB and ≤ 0.2 in LDTFB in accordance with the SNP-index measurement criteria defined in QTL-seq analysis (Takagi et al., 2013; Lu et al., 2014; Das et al., 2015a, 2016; Figures 2A, 3A). The comprehensive analysis of these selected DTF QTL genomic regions indicated the presence of majority of the SNP alleles derived from early (ICC 4958) and late (ICC 17163) flowering mapping parents in the early and late flowering mapping individuals composing the EDTFB and LDTFB bulks, respectively. Summarily, the QTL-seq assay in an inter-specific mapping population (ICC 4958 × ICC 17163) assured the occurrences of two major DTF QTLs- CaqaDTF4.1 and CaqaDTF4.2- at the 1.99 Mb [26100745 (SNP_1A) to 28089632 (SNP_2A) bp with a Δ (SNP-index): 0.8] and 757.7 kb [46023168 (SNP_3A) to 46780835 (SNP_4A) bp with a Δ (SNP-index): 0.9] genomic intervals, respectively, on chickpea chromosome 4 (Figure 3A).
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FIGURE 3. The integration of Δ (SNP-index)-led multiple QTL-seq derived four major flowering time QTLs (CaqaDTF4.1, CaqaDTF4.2, CaqbDTF4.1, and CaqbDTF4.2) in two RIL mapping populations [A: (ICC 4958 × ICC 17163) and B: (ICC 4958 × ICC 8261)] scaled-down two longer novel major genomic regions underlying two flowering time QTLs, CaqaDTF4.1 and CaqbDTF4.2 into two smaller 757.7 [between flanking SNP markers: SNP_3A (46023168 bp) to SNP_4A (46780835 bp)] and 907.1 [SNP_1B (26500027 bp) to SNP_2B (27407090 bp)] kb sequence intervals (marked by green font), respectively, on desi chromosome 4. Consequently, based on highest Δ (SNP-index) value in these multiple QTL-seq derived DTF QTL intervals, three regulatory and synonymous/non-synonymous coding SNP allelic variants-containing two potential efl1 and GI genes (indicated by red font) regulating flowering time were delineated in chickpea.



The detailed structural annotation of 16397 and 2542 SNPs at CaqaDTF4.1 and CaqaDTF4.2, respectively, revealed the occurrence of 36.4 to 50% of SNPs in the genes and remaining in the intergenic regions (Supplementary Table S4). The gene-derived SNPs comprised of highest and lowest proportion of 72.7–73.5% and 1.1–1.3% SNPs in the DRRs (downstream regulatory regions) and URRs (upstream regulatory regions), respectively. The coding SNPs included the 45.8–54.5% synonymous and 45.5–54.2% non-synonymous (missense and nonsense) SNPs (Supplementary Table S4). The allelic variants of SNPs covering these major DTF QTLs (CaqaDTF4.1 and CaqaDTF4.2) were further validated by resequencing of PCR fragments amplified from the parents (ICC 4958 and ICC 17163) and mapping individuals forming the EDTFB and LDTFB bulks. Accordingly, two major DTF QTLs were detected on similar aforesaid physical positions of chromosome 4 by the QTL-seq analysis of early- and late-flowering bulks (EDTFB and LDTFB) constituted from a RIL mapping population (ICC 4958 × ICC 17163) using the long- and short-day photoperiod-based greenhouse DTF phenotyping data of chickpea.

Molecular Mapping of QTL-Seq Driven Major DF QTLs in a Mapping Population of ICC 4958 × ICC 8261

A total of 592486 SNPs (with a mean map-density of 0.56 kb) were found polymorphic between early (ICC 4958 and EDTFB) and late (ICC 8261 and LDTFB) flowering mapping parents and bulks as per their congruent physical locations (bp) on the reference desi genome (pseudomolecule) (Table 2 and Supplementary Tables S2, S3). These genome resequencing-led SNPs were subsequently utilized for QTL-seq analysis.

The SNP-index of individual SNPs exhibiting differentiation between early (ICC 4958 and EDTFB) and late (ICC 8261 and LDTFB) flowering mapping parents and bulks was estimated. The mean SNP-index (within a 1-kb sliding window and 10 Mb genomic interval) as well as Δ (SNP-index) of EDTFB and LDTFB were measured and further plotted across chromosomes as per aforesaid methods (Figure 2B). This essentially detected two major genomic regions (CaqbDTF4.1: 45600294 to 46991993 bp and CaqbDTF4.2: 26500027 to 27407090 bp) on chromosome 4 revealing the mean SNP-index of ≥ 0.8 in EDTFB and ≤ 0.2 in LDTFB (Figures 2B, 3C,D). The accuracy of these major genomic regions underlying DTF QTLs was ascertained by a valid 99% Δ (SNP-index) significance level. The comprehensive analysis of these DTF QTL genomic regions inferred the occurrence of majority of the SNP alleles derived from parents (ICC 4958 and ICC 8261) in early and late flowering mapping individuals forming the EDTFB and LDTFB bulks, respectively. Overall, the QTL-seq in an intra-specific mapping population (ICC 4958 × ICC 8261) identified two major DTF QTLs- CaqbDTF4.1 and CaqbDTF4.2- at the 907.1 kb [26500027 (SNP_1B) to 27407090 (SNP_2B) bp with a Δ (SNP-index): 0.9] and 1.39 Mb [45600294 (SNP_3B) to 46991993 (SNP_4B) bp with a Δ (SNP-index): 0.8] genomic intervals, respectively, on chickpea chromosome 4 (Figure 3B).

The detailed structural annotation of 7302 and 3177 SNPs at CaqbDTF4.1 and CaqbDTF4.2, respectively, revealed the occurrence of 32.5 to 49.1% of SNPs in the genes and rest in the intergenic regions (Supplementary Table S4). The gene-derived SNPs included highest and lowest proportion of 73.8–74.6% and 1.2–1.5% SNPs in the DRRs and URRs, respectively. The coding SNPs included the 52.1–54.7% synonymous and 45.3–47.9% non-synonymous (missense and nonsense) SNPs (Supplementary Table S4). The allelic variants of SNPs covering the QTL-seq led major DTF QTLs (CaqbDF4.1 and CaqbDF4.2) were validated by resequencing of PCR fragments amplified from the parents (ICC 4958 and ICC 8261) and mapping individuals composing the EDTFB and LDTFB bulks. Like-wise, we detected two major DTF QTLs on similar aforementioned physical positions of chromosome 4 by the QTL-seq analysis of EDTFB and LDTFB bulks constituted from a RIL mapping population (ICC 4958 × ICC 8261) using the long- and short-day photoperiod-based greenhouse DTF phenotyping data of chickpea.

Multiple QTL-Seq Rapidly Delineates Candidate Genes and Natural Allelic Variants Regulating Flowering Time in Chickpea

We correlated and compared the four major genomic regions underlying DTF QTLs (CaqaDTF4.1, CaqaDTF4.2, CaqbDTF4.1 and CaqbDTF4.2) identified and mapped by QTL-seq in two intra-/inter-specific RIL mapping populations of ICC 4958 × ICC 17163 and ICC 4958 × ICC 8261. Based on these analyses, two consensus major short physical genomic intervals of 757.7 kb [46023168 (SNP_3A) to 46780835 (SNP_4A) bp] and 907.1 kb [26500027 (SNP_1B) to 27407090 (SNP_2B) bp] harboring the major DTF QTLs were detected on chromosome 4 (Figures 3A,B). Our comprehensive multiple QTL-seq analysis in two inter-/intra-specific RIL mapping populations ascertained the validity of novel natural allelic variants-containing similar efl1 and GI genes with a highest Δ (SNP-index) of 1.0 at CaqaDTF4.2 and CaqbDTF4.1 QTL regions governing flowering time in chickpea. Henceforth, these strong flowering time-associated efl1 and GI genes localized at a major DTF QTL interval (CaqaDTF4.2 and CaqbDTF4.1) were considered as the potential candidates for flowering time regulation in chickpea. This essentially identified two upstream regulatory [46630632 (G/A) and 46630495 (C/T) bp] and one non-synonymous [Asparagine (AAT) to Serine (AGT)] coding [46618224 (A/G) bp] SNP allelic variants from a efl1 desi gene (Ca11444) as well as two synonymous coding [27092669 (G/A) bp] and downstream regulatory [27096726 (C/T) bp] SNP alleles from a GI desi gene (Ca10198) regulating flowering time in chickpea (Figures 3A,B and Supplementary Figure S1).

Natural Allelic Diversity-Led Domestication Pattern in Flowering Time Genes

The novel SNP allelic variants discovered from the coding (synonymous and non-synonymous) and non-coding regulatory sequence regions of two flowering genes, efl1 (117 SNPs) and GI (31) localized at two major DTF QTL regions (identified by multiple QTL-seq) were genotyped in 93 desi and kabuli cultivated and 79 wild chickpea accessions to determine their natural/functional allelic diversity-based domestication pattern based on multiple nucleotide diversity parameters (𝜃π and Tajima’s D) (Supplementary Table S5). The coding and regulatory SNPs discovered from the efl1 (36–49% phenotypic variation explained) and GI (33–42%) flowering genes exhibited significantly higher association potential for early and late DTF differentiation among chickpea accessions (Table 3). Notably, only 9 to 12% of natural allelic variation-based functional diversity level estimated in efl1 and GI flowering genes among wild gene pool was retained and thus got preserved in cultivated chickpea. The relative mean natural allelic diversity of two flowering genes (efl1 and GI) localized at major DTF QTL regions between cultivated and wild chickpea varied from 88 to 91% (𝜃πCc/𝜃πCw). This was much higher than the relative mean natural allelic diversity level (𝜃πCc/𝜃πCw: 61.8%) estimated by using 7116 genome-wide SNPs localized at genomic regions where no DTF QTLs were mapped.

TABLE 3. Gene-derived SNP alleles associated with days to 50% flowering time (DTF) detected by association mapping in chickpea.
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DISCUSSION

A broader phenotypic variation coupled with bi-directional transgressive segregation (normal frequency distribution) of DTF trait among RIL individuals and parents of inter (ICC 4958 × ICC 17163)- and intra (ICC 4958 × ICC 8261)-specific mapping population phenotyped in field and green house (long- and short-day) conditions at two different geographical locations/years was evident. This infers the complex genetic inheritance pattern of flowering time quantitative trait in chickpea. Therefore, genetic dissection of this complex quantitative trait employing various genomics-assisted breeding strategies is essential for genetic enhancement and to develop early flowering high seed and pod-yielding stress tolerant cultivars of chickpea during present scenario of climate change. To accomplish these, our study selectively employed a rapid, cost-efficient and NGS-led high-throughput multiple QTL-seq assay in two inter- and intra-specific RIL mapping population exhibiting a much wider flowering time trait variation including a higher heritability (consistent phenotypic expression) for flowering time in field and green house (long- and short-day) across two diverse geographical locations/years in order to identify major flowering time QTLs in chickpea.

The QTL-seq analysis in an inter-specific RIL mapping population (ICC 4958 × ICC 17163) detected 1.99 Mb and 757.7 kb two major genomic regions underlying CaqaDTF4.1 and CaqaDTF4.2 QTLs, respectively, mapped on chromosome 4 governing flowering time in chickpea. Like-wise, 907.1 kb and 1.39 Mb, two major genomic intervals of CaqbDTF4.1 and CaqbDTF4.2 QTLs, respectively, mapped on chromosome 4 were detected by QTL-seq analysis in an intra-specific RIL mapping population (ICC 4958 × ICC 8261). These analyses altogether led to identify two consensus major short physical genomic regions of 757.7 kb and 907.1 kb harboring CaqaDTF4.2 and CaqbDTF4.1 QTLs, respectively, on chromosome 4 of chickpea. The validation of these major DTF QTLs across two diverse intra-/inter-specific chickpea mapping population was apparent implicating the robustness of identified QTLs in regulating flowering time in chickpea. The aforesaid outcomes also inferred the efficacy of multiple QTL-seq assay to narrow-down the longer major DTF QTL intervals detected by QTL-seq in an individual mapping population into shorter major QTL regions in multiple mapping populations of chickpea. This suggests the potential utility of multiple QTL-seq over NGS-based QTL-seq assay and other conventional QTL mapping approaches in high-resolution molecular/fine mapping of major genomic regions harboring QTLs governing diverse agronomic traits including flowering time in chickpea. As per congruent physical positions (bp) on desi chromosome 4, two short interval DTF QTLs (CaqaDTF4.2 and CaqbDTF4.1) revealed correspondence with the two earlier identified known major flowering time QTLs (CaqDF4.1 and CaqDF4.2) that are identified and mapped on an intra-specific high-density genetic linkage map (ICC 16374 × ICC 762) of chickpea (Upadhyaya et al., 2015).

The comprehensive multiple QTL-seq analysis at CaqaDTF4.2 and CaqbDTF4.1 QTL regions detected novel natural allelic variants-containing two strong flowering time-associated efl1 and GI genes with highest Δ (SNP-index) of 1.0 and thereby, considered as the potential candidates for flowering time regulation in chickpea. Two potential candidate genes, efl1 and GI underlying these major QTLs (CaqaDTF4.2/CaqDF4.1 and CaqbDTF4.1/CaqDF4.2 detected in our present and past studies, respectively) regulating flowering time have been delineated by deploying an integrated genomics-assisted breeding strategy involving candidate gene-based trait association mapping, GWAS, QTL mapping, differential transcript expression profiling and gene-specific molecular haplotyping in chickpea (Upadhyaya et al., 2015). The potential of these identified known flowering development pathway and FT gene homologs like efl1 and GI colocalized at the major QTLs in regulating flowering time have been documented by different traditional QTL mapping studies involving diverse intra- and inter-specific mapping populations of chickpea (Cho et al., 2002; Anbessa et al., 2006; Lichtenzveig et al., 2006; Cobos et al., 2007, 2009; Radhika et al., 2007; Aryamanesh et al., 2010; Hossain et al., 2010; Gowda et al., 2011; Rehman et al., 2011; Hiremath et al., 2012; Vadez et al., 2012; Jamalabadi et al., 2013; Zhang et al., 2013; Varshney et al., 2014). Notably, functional validation and comprehensive molecular characterization of photoperiod-independent efl1 gene and photoperiod-dependent circadian-clock-related GI gene have implicated their potential involvement in regulating flowering time of legumes and Arabidopsis (Hecht et al., 2007; Liu et al., 2008; Watanabe et al., 2009, 2011, 2012; Weller et al., 2009; Kang et al., 2010; Laurie et al., 2011; Andres and Coupland, 2012; Kim et al., 2012; Pin and Nilsson, 2012; Song et al., 2013; Yamashino et al., 2013; Zhai et al., 2014; Weller and Martínez, 2015).

Despite of identifying similar flowering time efl1 and GI genes between past and present studies, we were able to discover diverse novel flowering time-regulating non-synonymous and regulatory natural SNP allelic variants (unlike our previous study by Upadhyaya et al., 2015) from the two target efl1 and GI genes that are localized in the two multiple QTL-seq derived major DTF QTL regions (CaqaDTF4.2 and CaqbDTF4.1) of chickpea. The detection of altogether different natural allelic variants from two similar efl1 and GI flowering genes localized at two major DTF QTL regions between past and present studies collectively infers the population/cultivar-specific genetic inheritance pattern of complex flowering time quantitative trait in diverse genetic backgrounds of chickpea. The above clues collectively suggest the accuracy, robustness and wider practical applicability of multiple QTL-seq approach for fast genome-wide scanning and mapping of high-resolution major flowering time QTLs as well as delineation of candidate genes and novel natural alleles underlying these major QTLs governing flowering time in chickpea.

The quantitative flowering time trait is primarily governed by complex regulatory networks/pathways involving a diverse array of genes in plant species including legumes (Andres and Coupland, 2012; Song et al., 2013; Weller and Martínez, 2015). The molecular haplotyping of efl1 and GI genes (detected by multiple QTL-seq) among diverse desi and kabuli cultivated and wild accessions has detected multiple novel natural allelic variants including haplotypes in these flowering time genes exhibiting varied potential characteristics for flowering time trait regulation and evolutionary pattern in domesticated chickpea (Upadhyaya et al., 2015). Therefore, novel functionally relevant potential molecular signatures (SNP markers, genes, QTLs and natural allelic variants) governing flowering time delineated by us employing a NGS-based high-throughput multiple QTL-seq strategy can be useful for fast genetic dissection of complex flowering time quantitative trait and eventually genomics-assisted crop improvement to develop early flowering varieties of chickpea with limited resource expenses.

Preliminary efforts have been made to understand the natural/functional allelic diversity-based domestication pattern of two flowering (efl1 and GI) genes localized at two major DTF QTL regions among Cicer cultivated (desi and kabuli) and wild genepools. This exhibited a significant reduction of natural/functional allelic diversity in cultivated desi and kabuli accessions from diverse geographical regions of the world as compared to annual and perennial wild accessions belonging to primary, secondary and tertiary gene pools of chickpea. However, this observed background allelic diversity reduction in cultivated than that of wild chickpea was much stronger especially at major DTF QTL regions where efl1 and GI flowering genes were mapped. This implicates that these genes were targeted by artificial selection which was further evident from their non-neutral evolution during chickpea domestication based on significant variation of Tajima’s D between cultivated (–1.12) and wild (0.26) accessions, respectively. Interestingly, all these natural allelic variants-containing two potential genes localized within flowering time major QTL intervals have been commonly identified and mapped on multiple independent chickpea mapping populations by earlier and our present studies (Upadhyaya et al., 2015). These outcomes clearly reflect the extensive contribution of four sequential evolutionary bottlenecks including vernalization and strong artificial and/or natural selection pressure on these flowering time-associated natural allelic variants of two gene loci (efl1 and GI) during chickpea domestication leading toward reduction of genetic diversity in cultivated chickpea as compared to that of wild Cicer genepool (Lev-Yadun et al., 2000; Abbo et al., 2003; Berger et al., 2005; Burger et al., 2008; Toker, 2009; Meyer et al., 2012; Jain et al., 2013; Kujur et al., 2013; Varshney et al., 2013; Saxena et al., 2014a,b).

The most crucial evolutionary bottleneck, vernalization, is a vital key module of flowering time during chickpea domestication culminating into existence of currently cultivated vernalization insensitive desi and kabuli cultivars specifically from the vernalization sensitive wild ancestor C. reticulatum (Abbo et al., 2003, 2014; Berger et al., 2005; Burger et al., 2008; Toker, 2009). The major domestication bottlenecks integrated with artificial selection including modern breeding efforts have been constantly practiced during the chickpea genetic improvement program for developing its early flowering cultivars of high seed and pod yield. These findings collectively infer that the natural allelic variation-based functional diversity scanned in the genes might be associated with flowering time trait evolution with regard to differential domestication-led bottlenecks including vernalization response in desi and kabuli cultivated and wild chickpea during domestication. Henceforth, flowering time represents a vital component of domestication trait selected during breeding and genetics of chickpea. Moreover, the major impact of long- and short-photoperiods which are the major environmental cues for determining the flowering time including time of flower initiation and/or first flower appearance especially in photoperiod-sensitive as compared to photoperiod-insensitive chickpea accessions is well documented (Daba et al., 2016). In the present study, a significant interactions between long- and short-day photoperiods and DTF trait variation observed in individuals of two RIL mapping populations across 2 years was apparent. In spite of this concern, we were able to identify functionally relevant non-synonymous/synonymous coding and regulatory SNP allelic variants from two flowering genes (efl1 and GI) localized at two major DTF QTL regions by using the long- and short-day phenotyping data of both RIL populations separately in multiple QTL-seq assay. This further infers the efficacy of strategy (multiple QTL-seq) implemented in our study to detect potential molecular signatures regulating flowering time in chickpea. It is, therefore, essential to perform a comprehensive analysis using all natural/functional allelic variants discovered and potential locus targeted by natural and/or artificial selection in two flowering genes (efl1 and GI) to delve deeper into the complex flowering time trait evolution and domestication in chickpea. This will be useful to understand the molecular mechanism influencing fixation of such complex flowering time quantitative trait in domesticated cultivars that are adapted to multiple agro-ecological regions of the world and further pave the way for genetic enhancement to develop early flowering high seed/pod-yielding varieties of chickpea amidst current climate change scenario.
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The growth habit of lateral shoots (also termed “branching habit”) is an important descriptive and agronomic character of peanut. Yet, both the inheritance of branching habit and the genetic mechanism that controls it in this crop remain unclear. In addition, the low degree of polymorphism among cultivated peanut varieties hinders fine-mapping of this and other traits in non-homozygous genetic structures. Here, we combined high-throughput sequencing with a well-defined genetic system to study these issues in peanut. Initially, segregating F2 populations derived from a reciprocal cross between very closely related Virginia-type peanut cultivars with spreading and bunch growth habits were examined. The spreading/bunch trait was shown to be controlled by a single gene with no cytoplasmic effect. That gene was named Bunch1 and was significantly correlated with pod yield per plant, time to maturation and the ratio of “dead-end” pods. Subsequently, bulked segregant analysis was performed on 52 completely bunch, and 47 completely spreading F3 families. In order to facilitate the process of SNP detection and candidate-gene analysis, the transcriptome was used instead of genomic DNA. Young leaves were sampled and bulked. Reads from Illumina sequencing were aligned against the peanut reference transcriptome and the diploid genomes. Inter-varietal SNPs were detected, scored and quality-filtered. Thirty-four candidate SNPs were found to have a bulk frequency ratio value >10 and 6 of those SNPs were found to be located in the genomic region of linkage group B5. Three best hits from that over-represented region were further analyzed in the segregating population. The trait locus was found to be located in a ~1.1 Mbp segment between markers M875 (B5:145,553,897; 1.9 cM) and M255 (B5:146,649,943; 2.25 cM). The method was validated using a population of recombinant inbreed lines of the same cross and a new DNA SNP-array. This study demonstrates the relatively straight-forward utilization of bulk segregant analysis for trait fine-mapping in the low polymeric and heterozygous germplasm of cultivated peanut and provides a baseline for candidate gene discovery and map-based cloning of Bunch1.

Keywords: peanut, branching habit, bulked segregant analysis, fine mapping

INTRODUCTION

Peanut (Arachis hypogaea L.) is an economically significant crop grown throughout the world. It is the second-most important cultivated grain legume and the fourth largest edible oilseed crop (Faostat, 1998). It is an unusual legume plant in that its flowers are borne aboveground, but the fruits develop underground. The plant is an indeterminate, annual herbaceous bush that is 15–70 cm tall and is comprised of an erect main shoot and a number of lateral shoots (branches) that begin at the base of the plant.

The growth angle of the lateral shoots (commonly referred to as “growth habit” or “branching habit”) is one of the most important descriptive characteristics of peanut (Pittman, 1995). The wild polyploid peanut species A. monticola usually has a spreading phenotype, in which lateral branches strike or partially strike the ground. In domesticated peanut, four different, and easily distinguishable categories of branching habit are known: prostrate, spreading, bunch, and erect (Table 1). The description of a new peanut variety, especially one that is of the Virginia marketing-type, will almost always begin with the definition of its growth habit (e.g., bunch or spreading). In addition to assisting breeders and other researchers in identifying accessions for specific traits, branching habit has a great impact on peanut physiology, productivity, and crop management. Since fruiting in peanut occurs underground, the distance between the flowering buds and the ground is an important factor. Pegs of bunch/erect plants that do not reach the ground will not produce pods on time. However, the pods of bunch/erect plants develop at the same time, promoting early maturation. The growth habit of peanut affects the implementation of agrotechnology such as mechanical cultivation and disease management (Butzler et al., 1998).


Table 1. The four main types of growth habit in peanut (from Pittman, 1995).
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Despite the agronomic importance of the growth habit of peanut, both the inheritance of this trait and the genetic mechanism that controls branching habit in this crop are not clear. The trait was studied in detail during the 1960s and 1970s and, during that period, two distinct phenotypic groups were usually considered: the runner growth habit wherein the side branches are prostrate, always growing peripherally from the main axis, trailing on the ground except for the tips, which may be somewhat ascending and the bunch growth habit, in which the laterals are also erect or ascending. Initially, a two-gene model for the control of growth habit was suggested, with the runner habit dominant to the erect habit (Hull, 1933; Patel et al., 1936; Coffelt, 1974), but investigators had difficulty classifying the intermediate and/or abnormal growth habits of F2 progeny of crosses between plants exhibiting different growth habits. A fundamental set of experiments conducted by Ashri (1964, 1968) indicated the existence of a genic-cytoplasmic interaction that controls growth habit in peanut. In a project involving a series of reciprocal crosses, differences in growth habit were recorded. A few more nuclear and cytoplasmic genes were later identified by the same group and those researchers concluded that cytoplasmic inheritance has a major effect on the branching habit of peanut (Ashri, 1975; Ashri and Levi, 1975). In more recent studies, the branching habit trait was genetically characterized and mapped by using inter-specific crossing system with an amphidiploid species (Fonceka et al., 2012a,b). The branching habit trait was phenotyped quantitatively by using a continuous scale from 1 (procumbent) to 6 (erect). The trait showed a wide range of morphologies, ranging from completely prostrate to totally erect, and several QTLs were found to control the trait, with the most significant located on linkage groups a07, b05, a10, and b10.

Like many polyploid species, cultivated peanut has experienced a genetic bottleneck, which, together with the effects of domestication, has greatly narrowed its genetic diversity and limited DNA polymorphism among subsequently derived Arachis lines (Kochert et al., 1991; Moretzsohn et al., 2013). As a result, peanut has a low degree of polymorphism among cultivated varieties. This limited polymorphism has hindered the development of molecular and genomic tools for use in domesticated peanut. With the introduction of the genome sequences of peanut ancestors Arachis duranensis and Arachis ipaensis (Bertioli et al., 2016), peanut is now “the orphan legume genome whose time has come” (Ozias-Akins, 2013). These genome sequences provide the resources necessary to move peanut genomics to the next level, facilitating the development of SNP-based marker technologies. In the past, the most widely used molecular markers were simple-sequence repeats (SSRs). Despite their widespread use on the intra-species cultivated level (e.g., Selvaraj et al., 2009), the utility of SSR studies of peanut is limited by their apparent low frequency of across the genome and the relatively low-throughput method of analysis. The use of high-throughput markers like SNPs is necessary for efficient use of genomic data for marker-assisted selection, quantitative trait locus mapping and genomic selection. Recently, several platforms have been developed to facilitate the use of SNP markers for gene-mapping in peanut, including genotyping by sequencing (Zhou et al., 2014) and genome resequencing-based SNP arrays (Clevenger et al., 2016; Pandey et al., 2017). However, despite these advances, these platforms are usually highly efficient only for homozygous populations, like recombinant inbreed lines (RILs) and introgression lines (ILs), which are relatively tedious and expensive to construct in peanut. These methods are usually less effective for trait-mapping in heterozygous genetic populations (e.g., F2 and F3 generations) due to the allopolyploid nature of the peanut genome. This is particularly true in cases of genetic populations that are based upon a cross between closely related parental genotypes, which are occasionally needed for better genetic dissection of specific traits.

In this study, we used a well-defined genetic system to further investigate the genetic nature of the branching habit trait of peanut. Initially, segregating F2 populations derived from a reciprocal cross between very closely-related Virginia marketing-type cultivars were analyzed. Against this particular background, the spreading/bunch trait, a well-known characteristic of the Virginia varieties, was found to be controlled by a single gene with no cytoplasmic effect. Subsequently, a combination of bulked segregant analysis and deep sequencing was developed to facilitate the SNP detection process and the fine-mapping of this gene. The processes were validated using a RIL population derived from the same cross and a new SNP array (Pandey et al., 2017). The relatively straight-forward utilization of this technique in ultra-low polymorphic and highly heterozygous peanut germplasm is demonstrated.

MATERIALS AND METHODS

Plant Material and Data Collection

Segregating F2 and F3 populations derived from a reciprocal cross between very closely-related Virginia-type peanut cultivars were studied. The parental lines were cv. “Hanoch,” a late-maturing spreading-type cultivar, and cv. “Harari,” a medium-maturing bunch-type cultivar. The two parental lines share substantial genetic background, since cv. Harari was developed from an initial cross between cv. Hanoch and cv. Shulamit and an additional back-cross of cv. Hanoch with cv. Hillah (the outcome of Hanoch × Shulamit). In 2013, 314, and 252 F2 individuals from reciprocal Hanoch × Harari and Harari × Hanoch crosses, respectively, were grown under field conditions. The plot consisted of two rows, 75 cm apart, with 40 cm spacing between plants within each row. The experimental plots were sown alongside commercial plots under full irrigation. All agricultural practices were carried out according to local growing protocols as described previously (Gupta et al., 2014).

Growth habit was recorded at 80 days after sowing. At the end of the season, pods were harvested on an individual-plant basis. For each sample, the total pod yield, net pod yield (where immature and unhealthy pods are excluded), number of pods, total seed weight, “dead-end” ratio (relative number of pods with the remote seed aborted) and seed ratio (net seed weight per plant divided by the net pod weight per plant) traits were recorded as well. From each population, approximately 150 F3 families were grown in the subsequent season, with 16 seeds from each F2 individual sown. Branching habit was recorded at the family level (spreading/bunch/segregating) at 80 days after sowing. Plant maturity index was determined based on three random plants in the homozygous F3 families, as the number of fully matured pods out of the total number of pods at 140 days after sowing. To validate the bulk segregant analysis, 94 RILs (F6:F8), which originated from the same Hanoch × Harari cross by single seed descent, were analyzed. In 2016, 16 randomly-selected plants from each RIL were grown under field conditions and the growth habit of each plant was recorded 70 days after sowing.

RNA Isolation, Preparation of Libraries, and High-Throughput Sequencing

Bulked segregant analysis was performed on the F3 families that were found to be homozygous for the spreading or bunch growth habit. In total, 52 completely bunch and 47 completely spreading families were sampled. Young leaves were collected from all 16 individuals in each family. In each phenotypic group (spreading/bunch), all tissues from the families were bulked for the RNA extraction. Working on the RNA level was preferable to working on the DNA genomic level due to the large and relatively complex peanut genome and also facilitated the detection of candidate genes. Samples were taken of each of the ground tissues (400 mg each) and were used for RNA extraction using the hot-borate method, as described by Brand and Hovav (2010). The total RNA was used to prepare two RNA-Seq libraries, using TruSeq RNA Sample Preparation Kit v2 (Illumina) following the manufacturer's protocol as described previously (Gupta et al., 2016). Libraries were validated using DNA Screen Tape D1000 and the Tapestation 2200 (Agilent). RNA-Seq libraries were sequenced using an Illumina HiSeqTM2000 (single lane) at the sequencing center at the Technion in Haifa, Israel.

Data analyses followed the general guidelines for bulk segregant analysis using next-generation sequencing (Magwene et al., 2011) and the specific guidelines for polyploids (Trick et al., 2012), with several modifications. Raw reads were subjected to a cleaning procedure using the FASTX Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/ index.htm) including: (1) trimming read-end nucleotides with quality scores <30 using fastq_quality_trimmer and (2) removing reads with less than 70% base pairs with quality score ≤ 30 using fastq_quality_filter. The sequences were mapped against the 4X tetraploid peanut transcript assembly reference (http://www.peanutbase.org/) and against two Arachis diploid genomes (A. duranensis and A. ipaensis; Bertioli et al., 2016; peanutbase.org) using Bowtie2 aligner (Langmead and Salzberg, 2012). The genome Analysis Toolkit (GATK) Unified Genotyper software version 2.5.2 (McKenna et al., 2010; DePristo et al., 2011) was used for the detection of SNPs. A custom Perl script was used to derive the symmetric difference of the two SNP sets. Polymorphisms between homologous genomes generate the same doubled code and should be common to both SNP sets. Yet, differences in the SNPs between cv. Hanoch and cv. Harari (varietal-specific SNPs) should generate doubled code for only one bulk and, therefore, be unique to the corresponding SNP set. In this manner, ~13,000 varietal-specific SNPs were retrieved between the two bulks. These SNPs were further filtered according to the number of reads for each SNP > 50, GATK quality value >100 and BFR >3. Also, genes with SNP densities higher than 5 SNPs/kb were eliminated to avoid possible paralogue SNPs.

Validation of the SNP Markers and the Bulk Segregant Analysis

For further validation of the SNPs, DNA was collected from the parental lines and 20 F3 progeny of the cross cv. Hanoch × cv. Harari using a DNA Easy kit (SIGMA Aldrich). The same leaves that were used for the RNA study were used for DNA extraction, but the DNA analysis was conducted on a single-plant basis instead of with bulk samples. To validate the three best SNP markers, the following primers were used: M35: F-TCTCTCTCTCTCACAGTCAC; R-CTTGCCGGCAAATAGAGCAT. M255: F--CAGATATGCAAGGCCTAACT; R-TGCCAGAGCAAGGAACATGT. M875: F-CCATCTGCAGTGAGAGTCAA; R-GTGATTCCTGCGTTCAAGTC. These primers were also used for further mapping of the trait in 182 F4 individuals derived from one F3 family segregating for the branching habit trait.

The fine-mapping of the branching habit gene carried out using the bulk-segregant approach was further validated by a custom Affymetrix Axiom SNP array (Pandey et al., 2017). For that analysis, DNA was collected from the two parental lines and each of 94 Recombinant Inbreed Lines (RILs) derived from the same cv. Hanoch × cv. Harari cross. Young leaves were collected from 12 random plants from each RIL and DNA was extracted with a specific kit (GenElute™; Sigma). DNA was quantified by Qubit (Invitrogene LTD) and diluted to 30 ng/uL according to the Affymetrix guidelines (http://www.affymetrix.com). The chip array calls were subjected to cluster-quality filtering, carried out according to Affymetrix guidelines, and additional filtering to select only SNPs that were polymorphic between the parental lines and segregated in a 1:1 ratio in the RILs.

RESULTS

Branching Habit Is Controlled by a Single Gene

The segregation patterns of the branching habit trait in the F1, F2, and F3 generations of the “Hanoch” X “Harari” cross are presented in Table 2. As shown, in this genetic background, the spreading/bunch pattern appears to correspond to a single-gene model of inheritance with no cytoplasmic effect. The allele that confers the spreading phenotype is dominant over the one that confers the bunch habit, as demonstrated by the spreading phenotype of all the F1 hybrids, the 3:1 segregation ratio among the F2 progeny and the 1:2:1 segregation ratio among the F3 families. The gene was named bunch1 and the classification of its corresponding phenotype was very easy and clear-cut, even as early as 50 days after sowing (Figure 1).


Table 2. Segregation pattern of the spreading/bunch trait in several generations derived from closely related peanut varieties.
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FIGURE 1. Bunch and spreading phenotypes among (A) F2 individuals and (B) F3 families grown under field conditions, t 50 days after sowing.



Bunch1 Is Associated with Several Important Agronomic Traits

In addition to growth habit, other traits with agronomic importance were examined in the segregating populations. The associations between the bunch1 phenotype and each of these traits are presented in Figure 2. The bunch phenotype of bunch1 was significantly associated with a lower dead-end ratio. The bunch1 phenotype was also found to have a small, but significant [Prob (t) = 0.0022] effect on early maturation. On the other hand, the BUNCH1 phenotype (spreading) was significantly associated with higher total pod weight and a greater number of pods per plant.
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FIGURE 2. The difference between the bunch (bunch1) and the spreading (BUNCH1) phenotypes of the bunch1 gene in terms of several agronomic traits. Phenotypes that are not labeled with the same letter are significantly different from one another (p < 0.05). (A) Net pod weight, (B) total pod weight, (C) seed content, (D) number of pods per plant, (E) dead-end ratio, and (F) percentage of mature pods at 10 days after sowing (DAS).



Identifying SNP Markers that Are Linked to Bunch1

In order to map bunch1 on the peanut genome, a bulk segregant analysis was performed. For that analysis, 52 completely bunch and 47 completely spreading F3 families were bulked RNA was extracted from each bulk and converted into two libraries suitable for Illumina sequencing. After a cleaning procedure, 72 million reads per library (on average) were aligned to a 4X transcript assembly (peanutbase.org) that contains 120,364 peanut transcripts from both the A and B genomes [60,814 transcripts represent the A genome (Arachis duranensis) while 59,551 transcripts represent the B genome (Arachis ipaensis)]. With about 98% of reads mapped to the reference assembly, the expression levels of 117,957 peanut genes were measured.

Pipelines for the SNP discovery and the analysis of bulk frequency ratio were constructed according to the general scheme that was previously suggested for polyploid wheat (Trick et al., 2012). After initial filtering, ~13,000 SNPs were found to be polymorphic by the two bulks. Subsequently, the bulk frequency ratio was determined for each SNP by calculating the frequency of each nucleotide of the SNP in each bulk and then dividing one bulk by another. If the SNP is a result of false-positive call of a homoeologus SNP, or if it is not linked to the trait, then both of the SNP nucleotides will be equally represented in the two bulks. However, if the SNP is linked to the gene, the frequencies of the SNP nucleotides in one bulk will be with significantly higher frequencies than the other bulk. In that manner, ~1,200 SNPs were found to have bulk frequency ratios of > 3, while 34 had bulk frequency ratios >10 (Figure 3A).
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FIGURE 3. Bulk frequency ratio (BFR) analysis to identify SNPs and genome locations that are linked to Bunch1. (A) The distribution of BFR in ~13,000 varietal-specific SNPs. (B) The genomic locations of the 34 SNPs with the highest BFR (>10), indicating one over-represented region at the end of linkage group 5B (red).



The genomic location of the 34 SNPs with bulk frequency ratios >10 within the peanut genome was recorded (Figure 3B, Supplemental Table 1). One region at the end of linkage group 5B was found to be over-represented in this SNP group; six of the 34 were located between 5B:135,963,343 and 5B147,304,662, including the SNP with the highest bulk frequency ratio [M875 (EZ721696.1); bulk frequency ratio = 23]. Two of these 5B linkage group and another few hypothetical SNPs with high BFR ratio from different linkage groups were further analyzed for SNP classification with Sanger sequencing. The purpose of this step was to roughly validate the location of bunch1. Therefore, samples from the parental lines and 6 F2 individual plants (from which 3 spreading and 3 bunch F3 families were derived) were selected (Supplemental Table 1). In this initial analysis, the SNPs from B5 linkage group were found almost perfectly segregating with trait, while the SNPs from the other genomic locations found to be either homoeologus SNPs (and not varietal) or didn't segregate with the trait (Supplemental Table 1), indicating for relatively high false positive ratio for the BSA by GBS technique in this system.

SNP marker M875 and other two SNPs from the same genomic location that had high bulk frequency ratios [M35 (EZ721381.1), M255 (EZ748922.1)] were further analyzed (Figure 4A). Samples from 20 homozygous F3 families were checked (10 spreading and 10 bunch; Figure 4B). In this initial analysis, M875 was found to be completely linked to bunch1, while the two others, M35 and M255, were also linked to bunch1, but not completely. In the next phase, 182 F4 individuals that originated from heterozygous segregating F3 families were genotyped and phenotyped using markers M255 and M875. Bunch1 was found to be located in a ~1.1 Mbp segment between markers M875 (B5:145,553,897; 1.9 cM) and M255 (B5:146,649,943; 2.25 cM).
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FIGURE 4. SNP validation and linkage analysis with Bunch1. (A) An example of Sanger sequencing validation of two SNP markers. (B) Analysis of linkage between the top three SNP markers and the phenotype of Bunch1. Samples from 10 completely spreading (BUNCH1/BUNCH1) and 10 completely bunch (Bunch1/Bunch1) F3 families were analyzed.



Further Validation of the Bulk Segregant Analysis Using a Peanut SNP Array

Final confirmation of the fine-mapping of the Bunch1 gene was obtained using a new Affymetrix Axiom SNP array (Pandey et al., 2017). Since the chip technology is not efficient enough to distinguish between the heterozygous and homozygous states in the polyploid, a RIL population, which was advanced from the same cv. Hanoch × cv. Harari hybridization (F6:8), was used. Ninety-four RILs and the two parental lines were used for the analysis. Genomic DNA was extracted and applied to the 58,233 SNP clusters of the chip. Out of all of these SNPs, which were designed based on a wide spectrum of diploid and tetraploid peanut species, only 615 passed through the filtering pipeline, including significant differences between the parental lines and 1:1 segregation among the 94 RILs. The genetic analysis of these SNPs and the phenotype of Bunch1 gene are presented in Figure 5A. Ten SNP markers from the array significantly (p < 0.01) co-segregated with the phenotype of Bunch1 (Figure 5A). The best-linked SNP marker (AXX147251194) had only 1 recombinant RIL out of the 94 checked RILs (p = e−50; R2 = 0.92). All significant SNP markers were located in one region at linkage 5B, indicating once again that a single locus is controlling the branching habit trait in this background. These SNPs were located in very close proximity to the three SNPs that were derived from the bulk segregant analysis (Figure 5B). Interestingly, none of the SNPs from the bulk segregant analysis were detected in the chip array and vice versa, indicating that more SNPs could possibly be found by bulk segregant analysis and used in future SNP-array designs for cultivated peanut.
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FIGURE 5. Validation and further fine-mapping of Bunch1 using an Affymetrix Axiom SNP array. (A) Manhattan plot for the analysis of linkage between 615 Affymetrix Axiom SNPs and the Bunch1 phenotype. 1–10 = genome A; 11–20 = genome B (e.g., 15 = linkage group 5B). (B) Integrative map for the bulk segregant analysis and SNP-array analyses of the peanut linkage group B5 (from PeanutBase.org). Markers derived from the bulk segregant analysis are indicated in red. Yellow–gene models. Green–ESTs of genes. Pink–syntheny of this region with A. duranensis (Genome A).



DISCUSSION

The genetic/molecular mechanism that controls growth angle in plants has been the subject of several studies, mainly involving monocotyledons, particularly rice. Several abnormal tiller-angle mutants and their corresponding genes have been reported in rice,) such as LA1 (Li et al., 2007) and PIN2 (Chen et al., 2012). Two additional genes with opposite effects on tiller angle, Tiller Angle Control 1 (TAC1) and Prostrate Growth 1 (PROG1), have also been identified in rice (Yu et al., 2007; Tan et al., 2008). These genes have played critical roles in the domestication of rice. There are several reports regarding the molecular biology of the growth angle of lateral shoots of dicot species. Roychoudhry et al. (2013) described a model in which the set point angle of lateral branches of higher plants is controlled by an auxin-dependent antigravitropic mechanism. The molecular basis for the spatial pattern of tree branches was also studied in peach, resulting in the discovery of a new ortholog of the TAC1 gene, which controls the “pillar” tree phenotype (Dardick et al., 2013).

We explored the branching habit in the leguminous crop Arachis hypogaea and fine-mapped a major gene that controls this trait. The bunch1 gene was mapped to a relatively small genomic region that includes ~70 ORFs for gene models. Interestingly, BlastX analysis showed that none of the above-mentioned genes that control the growth angle in either monocots or dicots were present in the peanut genome or mapped in approximation to bunch1. The genetic controller of bunch1 may therefore be novel. Several candidate genes involved in plant hormone metabolism and light reception are located within that region and have been identified as possibly controlling bunch1. One of these may be a FAR1-Related sequence (B05:146200756.146203528) that encodes a family of proteins that are essential for phytochrome A-controlled far-red responses in Arabidopsis (Arabidopsis thaliana; (Lin and Wang, 2004). Another putative candidate gene is the 1-aminocyclopropane-1-carboxylate oxidase-like protein (ACC-oxidase; B05:146236653.146238358), which catalyzes the last step in ethylene biosynthesis. Ethylene biosynthesis may play an important role in determining peanut growth angle. Applying a relatively small amount of EPCA (an ethylene-releasing compound) caused the horizontal branches of runner-type plants to become erect (Ziv et al., 1976). Yet, these and other candidate genes must, of course, be further examined in light- and plant hormone-targeted studies, as well as subjected to verification by positional cloning and transformation.

The Bunch1 gene had strong associations with several traits in the segregating F2 and F3 populations. Plants with the bunch phenotype had, on average, earlier maturity values and fewer dead-end pods. Plants with the spreading phenotype had on average more pods per plant, but many of those pods were actually undeveloped. In the bunch type, especially when a wide planting spacing is used (as in our experiments), many flowers are too far from the ground and cannot reach to the soil. For that manner, only the pods that are close to the root will develop. However, those pods that reach the soil develop in a more synchronized manner among the bunch types than among the spreading types. This promotes uniform maturation, better pod filling and, eventually, fewer dead-end pods. Indeed, many of the dead-end pods in the spreading types (like cv. Hanoch) are from distal parts of the branches, where pods develop late in the season and do not fully mature. In a subset of the RIL population, the bunch phenotype of the branching gene is significantly correlated with greater resistance to white mold (caused by S. sclerotiorum; data not shown; submitted for publication). Therefore, it is suggested that the phenotype of the Bunch1 gene has an important agricultural role in Virginia-type peanuts.

As we explored the segregation patterns of several other crosses between Virginia-type related cultivars with different branching habits, we noticed that this model of the bunch1 gene is relatively common within Israeli peanut breeding germplasm. Crosses between cv. Hanoch (spreading) and cv. Hillah/Shulamit (bunch) resulted in a 3:1 spreading:bunch ratio (data not shown), tracing the origin of this trait back to the early 1970s. Crosses between cv. Harari (bunch) and a runner-type peanut line GK-7-Ol (spreading) also resulted in a 3:1 ratio (data not shown), indicating that the single-gene model for this trait is not confined to the Virginia-type germplasm. Yet, in crosses with Valencia-type peanut germplasm (plants with an erect branching habit), this system of single-gene inheritance was not found andthe branching habit was therefore relatively hard to classify. We conclude that the bunch1 phenotype is confined to the A. hypogaea ssp. hypogaea gene pool. However, other allelic variations of this gene may exist in the A. hypogaea ssb. fastigiata germplasm, since some of the bunch-habit Virginia-type lines in Israel (e.g., cvs. Shulamit, Hillah, etc.) have A. fastigiata origins. Moreover, the branching habit trait of peanut was analyzed in a previous study by Fonceka et al. (2012a), which involved mapping traits in a cross between amphidiploid A. ipaensis /A. duranensis and a Spanish-type cultivar (A. hypogaea ssb. fastigiata var vulgaris) with an erect growth habit. There was one significant QTL for the branching habit at the same location as Bunch1 (at the end of linkage group B5), explaining 16.2 of the total variation of the trait in the population. It is very likely that the reported QTL for branching habit and the locus of Bunch1 are the same. This demonstrates once again that the origin of the Bunch1 phenotype may be beyond the A. hypogaea ssp. hypogaea genetic background.

We have demonstrated the relatively straight-forward and easy utilization of bulk segregant analysis for the fine-mapping of a monogenic trait in the low-polymorphic and heterozygous germplasm of cultivated peanut. Also, although the bunch/spreading trait is very easy to classify, there may be some new uses for these new markers in peanut breeding, particularly in the validation of successful F1 hybrids (when the female of the cross is the dominant spreading type) and the selection of homozygous spreading families in early breeding generations. The fine-mapping of this trait also provides a baseline for the cloning of Bunch1, presumably one of the first map-based positional cloning ventures in current genetic research of peanut.
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Phenotyping local crop cultivars is becoming more and more important, as they are an important genetic source for breeding – especially in regard to inherent root system architectures. Machine learning algorithms are promising tools to assist in the analysis of complex data sets; novel approaches are need to apply them on root phenotyping data of mature plants. A greenhouse experiment was conducted in large, sand-filled columns to differentiate 16 European Pisum sativum cultivars based on 36 manually derived root traits. Through combining random forest and support vector machine models, machine learning algorithms were successfully used for unbiased identification of most distinguishing root traits and subsequent pairwise cultivar differentiation. Up to 86% of pea cultivar pairs could be distinguished based on top five important root traits (Timp5) – Timp5 differed widely between cultivar pairs. Selecting top important root traits (Timp) provided a significant improved classification compared to using all available traits or randomly selected trait sets. The most frequent Timp of mature pea cultivars was total surface area of lateral roots originating from tap root segments at 0–5 cm depth. The high classification rate implies that culturing did not lead to a major loss of variability in root system architecture in the studied pea cultivars. Our results illustrate the potential of machine learning approaches for unbiased (root) trait selection and cultivar classification based on rather small, complex phenotypic data sets derived from pot experiments. Powerful statistical approaches are essential to make use of the increasing amount of (root) phenotyping information, integrating the complex trait sets describing crop cultivars.

Keywords: breeding, cultivar classification, pea (Pisum sativum L.), random forest (RF), root phenotyping, root trait selection, support vector machine (SVM)

INTRODUCTION

A policy report of the European Union noted recently that protein crops, e.g., bean, lentil, lupine, pea, and soya, are currently grown on 1.8% of arable land in the EU only, compared with 4.7% in 1961, and about 8% in Australia and Canada, 14.5% in North America, and 25.5% in South America (Jiang et al., 2004; EU, 2013; FAOSTAT, 2014; Cernay et al., 2015). This is despite grain legumes representing a significant source of protein for food (Vaz Patto et al., 2014; Multari et al., 2015) and feed (Jezierny et al., 2010; Koivunen et al., 2014), and legume cultivation reducing the need for N fertilizer even for subsequent crops in the rotation (Preissel et al., 2015). Recent studies have identified a comparative lack of breeding investment in Europe to improve grain legume adaptation to local agro-climatic conditions and management techniques (Annicchiarico and Iannucci, 2008; Lizarazo et al., 2015). While distinct leguminous crops are used locally for food and feed, and local cultivars are kept in numerous collections in gene banks, research institutions, and also in farms/home gardens, this genetic pool cannot be used at its full potential for large-scale agriculture and breeding programs until important traits have been determined.

Plant phenotyping intends measuring complex traits related to growth, yield, and adaptation to stress at different macroscopically scales of plant organization (Fiorani and Schurr, 2013). Examples for measured parameters are leaf vein structure (Sack and Scoffoni, 2013; Caringella et al., 2015), photosynthetic efficiency (Gilbert et al., 2011; Gorbe and Calatayud, 2012; Grady et al., 2013), root morphology (Iyer-Pascuzzi et al., 2010; Bucksch et al., 2014), biomass (Stachowicz et al., 2013; Poorter et al., 2015), and yield quantity and quality (Iqbal and Lewandowski, 2014).

Especially the modification of root system architecture (RSA) could contribute to improvements of desirable agronomic traits such as yield, drought tolerance, and resistance to nutrient deficiencies; thus, RSA was described key to a second green revolution improving resource use efficiency of crops (Lynch, 2007). For example, an architectural trait enhancing topsoil foraging is a higher number of basal roots – contributing significantly to phosphorous acquisition (Lynch, 2011), while deep rooting can, e.g., sustain water acquisition during drought periods or improve uptake of percolating nitrate (Pinheiro et al., 2005). Recently, an increased focus was laid on improving high-throughput, image-based root phenotyping approaches (Berger et al., 2010; Hartmann et al., 2011; Mairhofer et al., 2012; Fiorani and Schurr, 2013; Li et al., 2014). See Kuijken et al. (2015) for a recent review on the latest developments in root phenotyping and an overview on environmental and genetic factors influencing root phenotypes.

Advanced machine learning (ML) approaches encompass promising statistical tools for variable selection and group classification. While the use of ML approaches in non-genetic/biochemical plant sciences is still scarce, ML was introduced to promote RSA classification in the recent past (Zhong et al., 2009; Iyer-Pascuzzi et al., 2010). Iyer-Pascuzzi et al. (2010) use of ML methods mainly benefited from using a non-invasive imaging system which enabled them to acquire 16 traits from a high number of pictures [∼200 (pseudo-)replicates per genotype]. However, the limited plant age and highly artificial growth conditions are major disadvantages of many non-invasive and high-throughput root phenotyping methods (Bucksch et al., 2014): RSA differs with ontogeny (Hargreaves et al., 2009; Wojciechowski et al., 2009; Hund et al., 2011) and is highly plastic to edaphic conditions (Tracy et al., 2012; Rich and Watt, 2013). Thus, analyses on mature plants in situ or under more realistic growth conditions, which mostly rely on manual, destructive methods [e.g., ‘shovelomics’; Trachsel et al. (2011)] continue to be essential although the number of replicates and measurements is often limited but the complexity of variables (i.e., traits) remains high. Similar to the situation in cell biology (Sommer and Gerlich, 2013), available ML approaches in plant sciences have been optimized for large-scale screenings, probably partially due to the difficulty in applying ML algorithms with unbiased variable selection on low number of replicates (Bucksch et al., 2014).

Among supervised ML algorithms, random forest (RF) is a non-parametric method with high accuracy and robustness to noise (Breiman, 2001). RF has been applied in several biological fields, like gene (Díaz-Uriarte and De Andres, 2006) and protein sequence (Pan and Shen, 2009) selection, and disease prediction (Yang et al., 2014). However, most previous studies mainly focused on improving classification accuracy with variable selection rather than variable interpretation (Liu et al., 2014; da Costa et al., 2015; Gowin et al., 2015) because the variable importance measure is biased in the standard RF algorithm – overestimating the importance of correlated predictor variables (Strobl and Zeileis, 2008). However, unbiased variable selection is essential to stable classification and meaningful interpretation of plant traits and other data and can be achieved by using an improved RF algorithm – based on a conditional permutation scheme as a computational means to determine variable importance (Strobl and Zeileis, 2008; Strobl et al., 2008). Support vector machines (SVMs) are another set of supervised ML methods which can be trained to classify individuals in high-dimension space (Cortes and Vapnik, 1995). SVMs have been widely used in neuro-image classification (Gaonkar and Davatzikos, 2013) and face detection (Shan, 2012). SVMs can be differentiated based on kernel functions (Okkan and Serbes, 2012): linear kernel functions (linear SVMs) were previously used for variable selection of root systems (Iyer-Pascuzzi et al., 2010). However, variable selection by ranking absolute values of weights are biased, as the absolute weight values of irrelevant variables can be as high as of important ones (Statnikov et al., 2006; Gaonkar and Davatzikos, 2013). SVMs based on Gaussian radial basis function (rbf) kernel often provide a better performance on ‘noisy’ data sets not separable linearly – resulting in the more widely use of rbf SVMs in classification (Hsu et al., 2010).

Powerful statistical approaches are essential to make use of the increasing amount of (root) phenotyping information, integrating the complex trait sets (describing RSA). Combining RF with rbf SVMs for variable selection and group classification, respectively, might overcome problems in applying ML approaches on data sets characterized by a rather low signal-to-noise ratio such as manually derived phenotyping data (Liu et al., 2004). For example, Löw et al. (2012) found a significantly higher classification accuracy of pre-crops in two out of four agricultural regions using satellite images when applying a combination of RF and SVMs compared to using either RF or SVMs for both trait selection and classification. Thus, aims of this study were to determine if (i) RF can be reproducible used for selecting important root traits (i.e., root traits distinguishing mature pea cultivars), and (ii) how root trait selection influences cultivar classification by rbf SVMs. We hypothesize that rbf SVMs classification is superior to traditional univariate tests if important root traits are identified by RF. Pisum sativum L. was selected as test species because it is one of the most frequently cultivated grain legumes worldwide (Alves-Carvalho et al., 2015), with especially European genetic resources still insufficiently characterized.

MATERIALS AND METHODS

Plant Material and Experimental Set-Up

Sixteen randomly selected cultivars of pea (P. sativum L.) were used for root phenotyping (Table 1), originating either from Southern (Portugal and Spain) or Northern Europe (Estonia, Latvia, Norway, and Sweden). Seeds were provided by partners within the EU FP7 project ‘Eurolegume’ and by the Nordic gene bank.

TABLE 1. Sixteen pea (Pisum sativum L.) cultivars used locally for food in different European countries and institutions donating the seeds for the experiment.

[image: image]

Experiments were conducted in a large plastic foil greenhouse from June 13th, 2014 to October 7th, 2014 located in Tulln, Austria (48.33°N, 16.05°E). Aeration openings of the greenhouse were fitted with mesh to prevent insect infestations. Solar radiation, air temperature, and relative humidity were hourly recorded 2 m above ground; mean air temperature during the measurement period was 20.7°C, relative humidity ranged between 18.6–87.7% with a mean of 59.9%. Mean daily sum of solar radiation was 13.28 MJ m-2 day-1, with a maximum of 27.41 MJ m-2 day-1 at July 1st; day length (solar radiation ≥120 W m-2) varied between 10 and 16 h.

Seeds of all cultivars were germinated in a growth chamber (Fitotron; Weiss-Gallenkamp, UK) at 25 ± 1°C. Seeds were coated with a rhizobium suspension (Steinberga et al., 2008) before being planted in 0.5-L plastic bags (10 cm high) filled with washed quartz sand (0.7–1.2 mm-sized) amended with 1 g of slow release fertilizer (Osmocote Pro 3-4M; 17-11-10+2MgO+TE; ICL Specialty Fertilizers, Tel Aviv, Israel). Initial germination was conducted in darkness; after the first seed germinated, light (PAR 350 μE m-2 s-1) was turned on (16 h light/8 h dark). Germination time varied between 4 and 6 days with minor differences between cultivars (data not shown). After 10–14 days, eight similar-sized seedlings per cultivar were selected for transplanting.

In the greenhouse, eight blocks of 16 plastic tubes each (128 tubes in total) were established on wooden frames in North to South direction. The plastic tubes used as pots/growing cylinders in the experiments were 108 cm long and 20 cm in diameter (∼32 L); the bottom was sealed with a cap; holes covered with a glass fiber mat allowed for free drainage. Before the tubes were filled with washed, 0.7–1.2 mm-sized quartz sand, a plastic liner was installed in each tube allowing for undisturbed removal of the substrate during harvest; the liner was perforated at the bottom 10 cm. Measurements in large plastic tubes have previously shown good agreement with maximum rooting depth and root length density as determined in the field and have been used to explore root traits in other legumes such as chickpea (Kashiwagi et al., 2006; Vadez et al., 2008). For transplanting, germination bags were placed inside the tubes and cut open at the side and bottom to prevent root disturbance. One plant per cultivar was randomly arranged in each of the eight blocks. 8.3 g of an AMF inoculum (Glomus mosseae BEG95, G. intraradices, and G. geosporum BEG199; supplied by Dr. Aleš Látr, Symbiom, Czech Republic) were added to each plant individual around the root systems at depths of 0–10 cm before the tube was brimmed with additional sand. An automated, pressure-compensated drip-irrigation system was used to supply all plants with ample amounts of water and a modified Long Ashton nutrient solution (Jia et al., 2004); amounts were adjusted to increasing plant size and weather conditions.

Harvest and Analysis

Plants were randomly harvested within blocks at 71–92 days after transplanting. After harvesting the shoots (data not shown), the tubes were placed horizontally and the plastic liner was pulled out on a 1.5 mm-mesh table. After the plastic liner was cut open, roots were then manually excavated as previously described by Kashiwagi et al. (2005) and others. No roots reached the bottom of the tube and few roots were discovered at the sides, indicating a rather unrestricting pot size. After the root system was uncovered, the maximum rooting depth was determined. It was further washed and rinsed in a bucket filled with clean tap water (Miguel, 2012), photographed next to a size standard, stored in a water-filled plastic bag, and transported to the lab for further analysis. Detached (i.e., shed/broken off) root segments were accurately collected from the remaining sand on the mesh table (mesh size: 2 × 2 mm), stored in paper bags and transported to the lab, oven dried (65°C, 48 h) and added to root biomass. In the lab, the root systems were stored at 4°C until further analysis (≤3 weeks) took place (Hu et al., 2013).

For in-depth architectural and morphological analysis, the root systems of 5–7 plant individuals per cultivar (97 plants in total) were manually dissected into tap root and laterals. Laterals along the tap root and the tap root were separated into the five depth classes 0–5, 5–10, 10–20, 20–40, and 40-100 cm. Three lateral root samples from the depth classes 0–5, 5–10, and 10–20 cm along the tap root were scanned in water-filled trays (Epson Expression 10000XL; Epson, Nagano, Japan) at 400 dpi, grayscale. Pictures were analyzed for diameter, surface area, length, and volume with the PC program WinRhizo 2012b Pro (Régent Inst., Ville de Québec, QC, Canada). Subsequently, all root samples were dried (65°C, 48 h) and weighed to an accuracy of ± 0.1 mg (CP225D; Sartorius, Göttingen, Germany). The specific root area (SRA, cm2 g-1), specific root length (SRL, cm g-1), tissue density (TD, g cm-3), the total root surface area (totalRSA), root length (RL), and root volume were calculated. Determined root traits (Guo et al., 2008; Rewald et al., 2011) are listed in Table 2 (Cramer et al., 2007; Alves-Carvalho et al., 2015).

TABLE 2. Abbreviation and description of 36 root traits derived either from direct measurement or from calculation after manual phenotyping of 16 European P. sativum cultivars.
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Data Analysis

Thirty-six root traits in total, either directly measured or calculated, were available for analysis (Table 2). Non-normal distributed root traits were box-cox transformed with ‘MASS’ package, version 7.3-44, in R for Windows version 3.2.2 (R Core Team, 2015). Multiple imputation was conducted by ‘Amelia’ package, version 1.7.3. The R code used for data preparation can be found as Supplementary Method S1.

Random Forest and Support Vector Machines

Random forest (Breiman, 2001; Strobl et al., 2009) was used to rank root traits according to their importance for classification; SVMs (Vapnik and Vapnik, 1998) were used for multiclass or pairwise cultivar classification. A flow chart outlining data handling steps can be found as Supplementary Method S2.

Because the multiclass classification resulted in very low accuracy (see Supplementary Figure S1), only the pairwise classification was pursued further. In order to use the ‘cforest’ function in the R ‘Party’ package (version 1.0–23) for root traits importance measure, individuals of each pair of cultivars were oversampled four-times (to gain the number of data points required by the software algorithm) for pairwise classification. As RF was used for traits important measure only, the whole oversampled data set was used. Afterward, the number of root traits randomly chosen at each split (building each tree), mtry, was tuned. Even though it has been suggested that mtry = [image: image], n is the amount of root traits, always generates acceptable classification accuracy (Díaz-Uriarte and De Andres, 2006), the accuracy might vary (Verikas et al., 2011). Thus, 1000 trees with 14 mtrys (i.e., using 1, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 24, 28, or 32 traits), were constructed in RF to determine the importance of each root trait in each pairwise comparison. In a third step, root traits were ranked in each pair based on their importance. Root traits importance was calculated in RF based on unbiased conditional inference permutation test (Strobl and Zeileis, 2008; Ball et al., 2014). The most important root trait was defined as the one leading to the highest mean decrease of classification accuracy when values of a variable are randomly permuted across all 1000 trees (Breiman, 2001). Because negative importance values are due to random variation around zero (Strobl et al., 2009), values of root traits importance were first subtracted by the absolute value of the lowest negative importance and then normalized between 0 and 1 before being ranked in each pair.

Cultivar classification by either SVMs or RF were conducted through passing different combinations of top ranking important root traits derived from RF to SVMs/RF classification models. In order to find the combination of top ranking important root traits (Timp) that generate SVMs/RF models with the highest overall prediction accuracy, different numbers of Timps (Timpi) were tested in SVMs/RF classification. Even though the number of variables in final SVMs models should generally be <10 (Nicodemus et al., 2010), nine trait combinations were tested: top i important root traits (Timpi = 2, 3, 5, 7, 9, 11, 13, 15) and all root traits (36). In rbf SVMs models, twelve kernel parameter C and regularization parameter gamma (Meyer, 2015) from 10-5 to 106 were tuned; the best combination of C and gamma leading to the highest prediction accuracy was chosen through leave-one-out cross-validation (LOOCV; Kohavi, 1995). Each SVMs pairwise classification model was validated with LOOCV. The accuracies of RF classification were derived from out of bag error (OOB); Timp = 1 was used to find the maximum HACCs when tuning different mtrys and Timps combinations. The validation accuracy of models means whether the different labeled observations were accurately classified.
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Where TP is the number of true positives, TN is the number of true negatives, FP is the number of false positives, and FN is the number of false negatives. The validation accuracy was treated as final prediction accuracy of SVMs/RF classifications. Classifications with an average prediction accuracy ≥80% were regarded as a high accuracy classifications (HACCs); the 80% level was determined acceptable by previous ML studies (Wang et al., 2010; Liu et al., 2014; Shang and Chisholm, 2014; Zheng et al., 2014; Sacchet et al., 2015). The whole process – RF ranking of root traits in each cultivar pair, SVMs and RF classification of pairs using different mtrys and Timps – was repeated three times; the average accuracy with standard error was calculated. The combination of different mtrys and different Timpis generating the highest average accuracy of SVM/RF models was treated as optimal mtry and Timpi combination; the frequencies of the corresponding top five important root traits (T5IRT) from all HACCs were calculated. Because SVM models yielded higher classification accuracies than RF (Figure 1; Supplementary Figure S2), classification by RF was not pursued further. Subsequently the accuracies of SVMs models derived from Timp5 were compared to six runs of randomly selected subsets of five root traits each (R_5.1–R_5.6) to determine the benefits of root trait selection based on RF for cultivar classification.
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FIGURE 1. Comparison of the number of high accuracy classifications (HACCs; prediction accuracy ≥80%) using rbf SVMs models with different numbers of Pisum sativum root traits randomly chosen for each tree, mtrys, and different number of top important root traits, Timp_i = 2, 3, 5, 7, 9, 11, 13, 15 (mean ± SE; n = 3 runs). One hundred twenty pairs of 16 European P. sativum cultivars were analyzed. A dashed blue line represents the number of HACCs (HACCN) retrieved using all 36 root traits in SVMs classification. A line connecting HACC numbers derived by using different number of Timps at constant mtry = 24 was added for visualization.



The R for Windows package ‘party’ (v. 1.0–23) was used for RF trait ranking; the R package ‘e1071’ (v. 1.6–7) was used for rbf SVMs classification (data scaled), the ‘randomForest’ package (v. 4.6–12) for RF classification. The R code used for RF root traits ranking and rbf SVMs classification can be found as Supplementary Method S3.

Univariate Permutation Test

In order to compare the efficiency between a univariate test and the combination of RF and rbf SVMs in cultivar classification, an exact permutation test (Hesterberg et al., 2005) was carried out (α = 0.05), with both Bonferroni and fdr correction (Benjamini and Hochberg, 1995), to compare the root traits involved in each pairwise classification. The R code used can be found as Supplementary Method S4.

RESULTS

RF Root Traits Selection and SVMs Classification

The classification accuracy of SVMs multiclass classifications with and without root trait selection were 16.5 and 22.7%, respectively (Supplementary Figure S1), thus a pairwise approach was pursued thereafter. Similarly, the number of HACCs generated from different mtrys and Timpis combinations in pairwise RF (77 HACCs with mtry = 32, Timpis = 2; Supplementary Figure S2) were much lower compared to the classification accuracy achieved by pairwise SVMs (see below and Figure 1). Thus, this RF/RF approach was not followed further but a combination of RF (for trait ranking) and SVMs (for classification) was used. Through testing a series of combinations of different mtrys and Timpis, mtry = 24 and Timpi = 5 (Timp5) generated the highest number of HACCs in pairwise comparison, 101 (averaged from three runs; 100, 101, 103 HACCs) out of 120 pairs (Figure 1). Although other combinations of mtrys and single-digit Timpis resulted in similar numbers of HACCs, the run which contained the highest number of HACCs (103) was used exemplary for further analysis (Figure 2). The least number of HACCs (54) was computed from SVMs models using all available root traits (36). The number of HACCs thus increased by 91% through root trait selection with RF and tuning SVMs to Timp5. Both single SVMs model accuracy and the total number of HACCs based on six runs of five randomly selected root traits each (R_5.1–5.6) are similar or decreased compared to using all 36 root traits (All_36) and much lower than SVMs models involving the top five important root traits (Timp_5), respectively (Figure 3).
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FIGURE 2. Prediction accuracies of rbf SVMs models (mtry = 24) using different numbers of top important root traits (Timp_i = 2, 3, 5, 7, 9, 11, 13, 15) and all (36) root traits (All_36) for 120 pairwise comparisons among 16 European P. sativum cultivars. Prediction accuracies from 80% (white) to 100% (blue) are shown as color gradient; lower accuracies are displayed in gray. Cultivars are listed in Table 1.
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FIGURE 3. Prediction accuracies of rbf SVMs models (mtry = 24) using five randomly selected root traits each in six runs (R_5.1, R_5.2, R_5.3, R_5.4, R_5.5, and R_5.6) compared to prediction accuracies using top five important root traits (Timp_5), and all (36) root traits (All_36) for 120 pairwise comparisons among 16 European P. sativum cultivars. Prediction accuracies from 80% (white) to 100% (blue) are shown as color gradient; lower accuracies are displayed in gray. Cultivars are listed in Table 1.



The Timp5 in each of the 103 HACCs are ranked as 1st, 2nd, 3rd, 4th, and 5th and indicated with different colors in Figure 4 (see Supplementary Table S1 for a list of Timp5 and Supplementary Table S2 for normalized importance values of Timp5). The most frequent Timp5 of the analyzed pea cultivars in all HACCs (T5IRT) are latRSA2.5, tapdiam2.5, latn2.5, tapdw7.5, and totalRSA (see Table 2 for trait abbreviations) with proportions of 31, 23, 21, 21, and 21%, respectively (Figure 5). The root traits measured at both 0–5 and 5–10 cm depth (along the tap root) are lateral root surface area, tap root diameter, lateral root number, tap root dry weight (tapRDW), lateral root length, lateral root dry weight (latRDW), lateral root volume, and tap root TD. Four out of eight root trait pairs measured at 0–5 cm depth (i.e., latRSA2.5, tapdiam2.5, latn2.5, latn5, and tapTD2.5) have a higher frequency among all Timp5 than corresponding ones from 5–10 cm depth along the tap root while the other four have similar frequencies (Figure 5, inset); the average frequency of Timp5 from 0–5 cm depth is 18 compared to 14 from 5–10 cm depth along the tap root.
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FIGURE 4. Top five important root traits (Timp5) ranked as 1st, 2nd, 3rd, 4th, and 5th in each of 103 HACCs; rbf SVMs prediction accuracy ≥ 80%. Cultivars are listed in Table 1, root trait abbreviations in Table 2.
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FIGURE 5. Frequencies of top five important root traits (Timp5) in 103 high accuracy classifications (HACCs; rbf SVMs prediction accuracy ≥80%) identified out of 120 pairwise comparisons among 16 European P. sativum cultivars. The inset illustrates the frequencies of root traits from 0 to 5 cm depth along the tap root (gray bars) and from 5 to 10 cm depth (white bars), respectively; a solid line indicates the average number of Timp5 from 0 to 5 cm depth, a dashed line indicates the average number of Timp5 from 5 to 10 cm depth tap root. Root trait abbreviations are listed in Table 2.



In order to confirm whether conditional inference permutation test can rank root traits without bias, correlation coefficients of Timp5s are compared in different pairwise classifications. For example, Timp5 in the pair ps1.Estonia vs. ps2.Estonia (Figure 4, first line; Supplementary Tables S1 and S2) are tapRDW between 5–10 cm depth (tapdw7.5), lateral root try weight of 0–5 cm depth (latRDW2.5), total root system dry weight (rootdw), latRDW, and SRL of lateral roots at 0–5 cm depth (sSRL2.5). In this pair, the highest Pearson correlation between the most important root trait tapdw7.5 (ranked 1st) and the other four traits is 0.52 (Figure 6; see Supplementary Figure S3 for Spearman correlation); tapRDW, which has a very high correlation coefficient of 0.89 with tapdw7.5, is not involved in the Timp5 of the pair ps1.Estonia vs. ps2.Estonia. Rootdw and latRDW, which are highly correlated with a Pearson coefficient of 1, ranked as 3rd and 4th in the classification of ps1.Estonia and ps2.Estonia (Figure 6). In another example (ps1.Estonia vs. ps7.Latvia), both rootdw and latRDW are among the Timp5 but rootdw is ranked 1st while latRDW is ranked 5th (Figure 4; Supplementary Tables S1 and S2).
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FIGURE 6. Pearson correlation coefficients among 36 root traits determined on mature plants of 16 European P. sativum cultivars (n = 5–7). Positive correlations are visualized by a red color gradient, negative correlations by a blue color gradient. Root trait abbreviations are listed in Table 2.



The highest correlation coefficient among T5IRTs was 0.93 (Pearson correlation, Figure 6; see Supplementary Figure S3 for Spearman correlations) between latRSA2.5 and totalRSA while the lowest was 0.31 (Pearson) between tapdw7.5 and lateral root number at 0–2.5 cm depth (latn2.5). The frequencies of latRSA2.5 and totalRSA among T5IRTs (Figure 5) are among the highest with 32 and 22, respectively, while they only appear nine times simultaneously in the same pairwise classification.

Permutation Test Comparing the Difference of the Mean of Single Root Trait

Comparing the efficiency of ML techniques conducted by RF and SVMs with a univariate permutation test, only 46.6% (Bonferroni-corrected) and 47.5% (fdr-corrected) of HACCs (based on Timp5) have significantly different root traits. Significantly different root traits in univariate permutation tests can be found in (supplementary) figures (Figure 7, with Bonferroni correction; Supplementary Figure S4, with fdr correction). SVMs were not always superior to univariate permutation test without root traits selection: classification accuracies of several pairwise SVMs classifications involving significantly different root traits in univariate permutation test were lower than 80% [see, e.g., ps11.Portugal vs. ps16.Sweden (Figure 7; Supplementary Figure S4)].
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FIGURE 7. P-values of univariate permutation tests (Bonferroni-corrected) comparing the difference of means of each single root trait between 16 mature P. sativum L. cultivars in each pair. Significantly (P-values < 0.05) increased root traits are marked green, significant decreased root traits are marked red, P ≥ 0.05 white; accuracy. Timp_5 and accuracy. All_36 (light blue) indicating HACCs with Timp5/all root traits involved in SVMs, respectively. Cultivars are listed in Table 1, root trait details in Table 2.



Three examples are given to visualize the mean difference of root traits in pairwise comparisons. There are significant different root traits between ps1.Estonia vs. ps8.Latvia and the cultivars are also classified with high accuracy (92.3%; Figure 8). In contrast, cultivars ps3.Estonia vs. ps9.Norway are classified with high accuracy (90.9%), however, without any significant root traits identified by univariate permutation test (Supplementary Figure S5). There are (visibly) no significant different root traits between cultivars ps1.Estonia vs. ps14.Portugal and they are not accurately classified either – accuracy 69.2% (Supplementary Figure S6). The most significantly different root traits (the lowest p value in univariate permutation test) can be different from the most important root traits (ranked by RF) in each pairwise classification, e.g., Timp5 in the pair ps3.Estonia vs. ps9.Norway are tapdw7.5, tapRDW, rootdw, latn5, and latRDW while the rank order based on p values from permutation test changed to latn5, tapdw7.5, tapRDW, latRDW, and rootdw. No tied importance values of Timp5, indicating higher ranking root traits are more important in RF, have been found.
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FIGURE 8. Normalized root traits determined on mature plants of 16 European P. sativum cultivars (mean ± SE; n = 5–7). Two horizontal lines visualize traits of the cultivars ps1.Estonia (solid) and ps8.Latvia (dashed). Cultivars are listed in Table 1, root trait abbreviations in Table 2.



DISCUSSION

Machine learning algorithms are promising statistical tools to assist humans in the analysis of complex data sets and started to be widely used in many research fields including (plant) genomics/proteomics (Ma et al., 2014; Libbrecht and Noble, 2015). To the best of our knowledge, they have been only applied twice on RSA differentiation yet (Zhong et al., 2009; Iyer-Pascuzzi et al., 2010). This is surprising because as new technologies for generating large plant phenotypical data sets emerge, demand will drastically increase for new statistical techniques. Phenotyping is estimated in becoming the major operational bottleneck in limiting the power of genetic analysis and genomic prediction (Rahaman et al., 2015). Data complexity of particular sets of traits is generally high, especially in root systems where the developments causing a specific architecture, and the physiology and performance of individual root segments/units within the branched root system are not well understood yet.

So far, most of the techniques developed for RSA phenotyping involve the of use seedlings (Kuijken et al., 2015). Although there are examples in which the early stage root phenotype has predictive value for later developmental stages (Tuberosa et al., 2002), the seedling root phenotype may not always be representative of the mature plant (Watt et al., 2013). Because replicate numbers from manual phenotyping of mature root systems are limited but mature root systems often have a higher complexity, adapted statistical methods need to be developed to make full use of data sets. Here we applied combined ML algorithms with unbiased variable importance measure for the first time successfully, to the best of our knowledge, on a small RSA/root morphology data set manually derived from 97 mature plants of 16 European pea cultivars. The importance of 36 root traits was measured and ranked in RF. Pairwise classifications were analyzed either by SVMs based on a Gaussian radial basis kernel function (rbf SVMs) or by RF (standard algorithm) with the RF-identified top ranking root traits. The overall accuracy of models was cross-validated. The combination of SVMs and RF improved the classification accuracy – confirming earlier results by Löw et al. (2012) in remote sensing.

When compared to classical statistical tools, our results demonstrated that all pairwise classifications with significant root traits from univariate permutation test belong to HACCs with Timp5, however, almost half of HACCs derived from Timp5 don’t have any significantly different root traits. This points to the advantages of combining RF and SVMs in root traits importance measure and cultivar classification. Besides robustness to noises, RF considers both the influence of single variables separately and the multivariate interactions with other variables, which make this advanced ML approach more efficient, accurate, and reliable (Breiman, 2001; Zhu et al., 2012). Among the HACCs with significantly different root traits, the ranking of top five important root traits (Timp5) was not matched by p values from univariate permutation test, i.e., the most significantly different root traits differ with the most important root traits identified by pairwise classification. This might be due to that SVMs classification concerns more about parameters (root traits) involved in the SVMs models while traditional multi/univariate analyses focus more on differences of specific root traits between two groups (Gaonkar et al., 2015). We conclude that the combination of RF root traits selection and SVMs classification can make full use of all possible information of root traits in pea cultivars’ classification.

Our results clearly demonstrated the importance of selecting important root traits by RF to obtain an efficient classification based on RSA among dicot crop cultivars. SVMs models using all available traits or including five randomly selected root traits (R_5) were not able to increase the overall accuracy, which confirmed the necessity of root traits selection through RF in cultivar differentiation. This finding is in accordance with previous ML approaches in other scientific fields (Wang et al., 2010; Löw et al., 2012; Liu et al., 2014). The improved accuracy probably benefits from alleviating the ‘curse of dimensionality’ through root traits selection, removing non-informative signals (Chu et al., 2012). Thus, we can show that the identification of a few important root traits, in our case five, significantly increases the classification accuracy. While we did not find any single pea root trait that was always more important than others in all HACCs, a more targeted cultivar differentiation and trait selection for breeding can be obtained when focusing on root traits with highest frequency among T5IRTs. The most frequent T5IRT among the tested pea cultivars was the surface area of all lateral roots originating at the tap root between 0–5 cm (latRSA2.5) – appearing in more than one third of the pairwise comparisons. Distinguishing cultivars based on latRSA2.5 value can have important ecological effects: greater latRSA2.5 implicates more absorptive lateral root surface area in the topsoil and thus the potential for enhanced P or topsoil water foraging. Lower latRSA2.5 values means that plants are possibly privileging deep soil exploration (Miguel et al., 2015) with potential influences on drought tolerance or performance in low input agriculture (Bonser et al., 1996). Another frequent T5IRT in pea was latn2.5, the number of laterals originating at the tap root between 0–5 cm, which is somehow comparable to the trait ‘whorl numbers’ of Phaseolus vulgaris seedlings (Miguel et al., 2013). Miguel and colleagues could show that common bean genotypes with greater whorl numbers accumulated up to 60% more biomass under low-phosphorus conditions.

Completely intact root systems can hardly be collected by destructive harvesting methods, especially of mature plants with deeper root systems grown in the field; similar, lateral root traits are likely more affected by destructive sampling, e.g., by root tip shedding, than tap root traits. RSA information retrieved from top soil layers is thus likely more accurate (Miguel, 2012). Interestingly, the number of Timp5 derived from 0–5 cm depth of the pea tap root were more frequent than the ones originating from 5–10 cm depth, indicating that root traits from the top of the tap root have a greater potential to differentiate pea cultivars. This knowledge is already utilized by ‘shovelomics’ approaches, which only excavate the root crown of mature plants for phenotypical analysis (Trachsel et al., 2011; Bucksch et al., 2014). Our findings thus provide additional evidence that shovelomics can be considered an informative field-based high-throughput phenotyping approach due to the strong contribution of topsoil root traits to cultivar distinction.

Root system depth and average radius were previously identified as frequently top-ranked root traits in linear SVMs classification to distinguish different rice genotypes (Iyer-Pascuzzi et al., 2010). In our study the top two frequently important root traits were latRSA2.5 and tapdiam2.5 while root system depth (rootdep) was much less frequently present in Timp5. However, the top important root traits identified by Iyer-Pascuzzi et al. (2010) might be subject to change as the used ranking method was recently deemed biased (Gaonkar and Davatzikos, 2013). However, the difference of key root traits is likely also related to species-specific differences between rice and pea, but also the differences in growth stages (juvenile vs. mature), media (gel vs. sand), and analyzing methods (see “Discussion” above).

Correlation among traits is generally considered as an indication of their redundancy for classification. However, they may still provide complementary information and an otherwise inconclusive variable can provide a significant performance in combination with others (Guyon and Elisseeff, 2003). The correlation of Timp5 from all pairwise classifications varied greatly in this study: On the one hand, highly correlated root traits were not always top-ranked; on the other hand, root traits that were highly correlated with the most important Timp could even not be important at all in our study. The correlation variance of Timp5 thus confirms the unbiased root traits importance measure through conditional inference permutation test – increasing data interpretability.

CONCLUSION

The accurate classification of 86% (103 of 120) genotype pairs of pea indicated that most of the studied cultivars could be well differentiated by using a few most distinguishing root traits, as selected through RF. This implies that past culturing did not lead to a major loss of RSA variability of the studied European pea cultivars. Breeders are envisioned to work more effectively in future breeding programs by knowing distinguishing (pea) root traits in advance (Manavalan et al., 2010). In specific, pairwise classification approaches can help breeders to make informed decisions on cultivars selection for crossing. Powerful statistical approaches are essential to make use of the increasing amount of phenotyping information available, integrating the complex trait sets. In particular, this study showed that combining RF with rbf SVMs for variable selection and group classification, respectively, can overcome problems in applying ML approaches on data sets characterized by a rather low signal-to-noise ratio. Thus, ML methods are generally envisioned to make plant phenotypical data analyses more effectively, robust and comprehensive. However, our experiment under standardized conditions might have caused the loss of root traits adaptive to local environmental conditions. Thus, further ML-supported analysis of field-derived root phenotypes under varying environments are urgently needed, selecting genotypes that feature specific sets of traits facilitating plant performance under local edaphic and climatic conditions. Advanced methods must be urgently developed in order to facilitate the phenotyping of mature root systems under realistic growing conditions.
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The adzuki bean (Vigna angularis) is an important grain legume. Fine mapping of quantitative trait loci (QTL) and qualitative trait genes plays an important role in gene cloning, molecular-marker-assisted selection (MAS), and trait improvement. However, the genetic control of agronomic traits in the adzuki bean remains poorly understood. Single-nucleotide polymorphisms (SNPs) are invaluable in the construction of high-density genetic maps. We mapped 26 agronomic QTLs and five qualitative trait genes related to pigmentation using 1,571 polymorphic SNP markers from the adzuki bean genome via restriction-site-associated DNA sequencing of 150 members of an F2 population derived from a cross between cultivated and wild adzuki beans. We mapped 11 QTLs for flowering time and pod maturity on chromosomes 4, 7, and 10. Six 100-seed weight (SD100WT) QTLs were detected. Two major flowering time QTLs were located on chromosome 4, firstly VaFld4.1 (PEVs 71.3%), co-segregating with SNP marker s690-144110, and VaFld4.2 (PEVs 67.6%) at a 0.974 cM genetic distance from the SNP marker s165-116310. Three QTLs for seed number per pod (Snp3.1, Snp3.2, and Snp4.1) were mapped on chromosomes 3 and 4. One QTL VaSdt4.1 of seed thickness (SDT) and three QTLs for branch number on the main stem were detected on chromosome 4. QTLs for maximum leaf width (LFMW) and stem internode length were mapped to chromosomes 2 and 9, respectively. Trait genes controlling the color of the seed coat, pod, stem and flower were mapped to chromosomes 3 and 1. Three candidate genes, VaAGL, VaPhyE, and VaAP2, were identified for flowering time and pod maturity. VaAGL encodes an agamous-like MADS-box protein of 379 amino acids. VaPhyE encodes a phytochrome E protein of 1,121 amino acids. Four phytochrome genes (VaPhyA1, VaPhyA2, VaPhyB, and VaPhyE) were identified in the adzuki bean genome. We found candidate genes VaAP2/ERF.81 and VaAP2/ERF.82 of SD100WT, VaAP2-s4 of SDT, and VaAP2/ERF.86 of LFMW. A candidate gene VaUGT related to black seed coat color was identified. These mapped QTL and qualitative trait genes provide information helpful for future adzuki bean candidate gene cloning and MAS breeding to improve cultivars with desirable growth periods, yields, and seed coat color types.

Keywords: adzuki bean (Vigna angularis), agronomic trait, QTL, qualitative trait, SNP marker, candidate gene

INTRODUCTION

The adzuki bean (Vigna angularis) is an important diploid pulse crop (2n = 2x = 22) that is rich in easily digestible protein with extremely low fat content (Lin, 2002). It was domesticated about 12,000 years ago in China (Liu et al., 2013), and is cultivated today in over 30 countries of the world, principally those of eastern and northern Asia (Tomooka et al., 2002; Kramer et al., 2012). China is the largest producer of adzuki beans in the world, with an area of approximately 25,000 ha cultivated annually (Cheng and Tian, 2009). The adzuki bean is a rich source of phenolic compounds, flavonoids, vitamin A, vitamin B, iron, zinc, and folate (Amarowicz et al., 2008; Yao et al., 2012).

Gene and QTL mapping is very important for gene cloning, MAS breeding, and trait improvement; however, only a few studies have focused on mapping the QTL and the qualitative trait genes in the adzuki bean. The QTLs of 21 domestication-related traits were first mapped to different linkage groups by 21 polymorphic SSR markers using the same BC1F1,F2,and F2:3 populations to construct a molecular linkage map (Han et al., 2005). Most traits mapped to particular regions of linkage groups (LGs) 1, 2, 4, 7, and 9. Pod size, germination efficacy, seed size, and lower stem length mapped to LGs 1 and 2. The QTLs of LGs 7 and 9 were associated with upper-stem length, maximum leaf size, and pod and seed sizes (Isemura et al., 2007).

Kaga et al. (2008) used 316 SSR primer pairs from the adzuki bean (Wang et al., 2004), 170 SSR primer pairs from the common bean, 45 cowpea SSR primer pairs, and AFLPs to screen for polymorphisms in the two parents. In total, 176 adzuki bean SSRs and 5 common bean SSR primer pairs exhibited clear polymorphisms. F2 mapping population consisted of 188 plants derived from crosses between the Japanese wild bean (V. angularis var. nipponensis) and the cultivated adzuki bean (V. angularis var. angularis). The AFLP approach was developed to fill a large gap (~40 cM) in the center of LG9. In total, 233 markers (191 SSRs, 2 STSs, 1 CAPS, 2 SCARs, and 36 AFLPs) and three morphological traits were mapped to 10 linkage groups (one less than the 11 haploid chromosomes of the adzuki bean). One linkage group, termed “LG4+6,” contained the LG4 and LG6 markers of previous maps. In total, 162 QTLs influencing 46 domestication-related traits were identified. The QTLs affecting seed dormancy; seedling stem length; red seed-coat color; and the organ sizes of seeds, pods, and leaves, were mapped to LG1. The QTLs for pod dehiscence, length, size, and color lay on LG7. The QTLs for organ size, growth habit, and yield-related traits (total seed weight, total pod and seed numbers, 100-seed weight, and total seed weight), maximum leaflet length, primary leaf width, and pod width and length lay in two distinct regions of LG9 (Kaga et al., 2008).

Azuki Dwarf1 (AD1), a single genetically unstable dwarf locus, co-segregates with SSRs on LG4 (Aoyama et al., 2011). A strong QTL for seed coat color, designated OLB1, explains 54.43 and 56% of the total variances in the L* (lightness), a* (redness), and b* (yellowness) values. In addition, a minor QTL, designated OLB2, explains 6% of the total variance in redness. OLB1 and OLB2 are located in LG1. Furthermore, two traits controlled by a single Mendelian gene: IVY (ivory/yellow) and POB (pale olive/buff) (seed coat colors) are located in LG8 and LG10, respectively (Horiuchi et al., 2015).

We previously published a draft version of the adzuki bean genome (Yang et al., 2015), which will facilitate the identification of agronomic trait genes and accelerate the improvement of adzuki bean.

However, to the best of our knowledge, no QTL analysis using high-density segregated SNPs has been performed in adzuki bean. In this study, we initially collected phenotypic data and then defined genotypic data using SNP markers via restriction-site-associated DNA (RAD) sequencing. The QTLs of important agronomic traits of the adzuki bean were mapped using these polymorphic SNP markers. Our results elucidate how genetic features control the agronomic traits of the adzuki bean, and the major QTLs and genes that we have identified will expedite MAS breeding and the improvement of these traits in adzuki bean.

MATERIALS AND METHODS

The Mapping Population

The F2 mapping population initially comprised 250 individuals derived by crosses between an adzuki bean cultivar (Ass001) and a wild adzuki bean (accession # CWA108) collected in China. The F2 population, and 10 plants of each parent, were grown in the Experimental Farm of Beijing University of Agriculture (BUA) from June to October, 2013. A single seed was planted with 60-cm row spacing and 30-cm plant spacing. Each F2:3 line had two rows that were 3 m long and 45 cm wide; 35 seeds were evenly planted in each row in the field in June 2014 at the BUA Experimental Farm. From the center of the rows, 10 representational plants were selected to evaluate traits, and 10 plants from each parent were grown together with the F2:3 line. The RIL (Recombinant Inbred lines) of F3 were obtained from single seed descendent of the F2 individuals; their parents were grown in the same manner as F2 at the BUA Experimental Farm in 2014 and 2015. F3:4 lines and parents were planted and evaluated for traits in the same manner as F2:3 lines at the BUA Experimental Farm in 2015.

We selected 150 typical F2 individuals to extract DNA for RAD sequencing.

Trait Measurements

In total, 28 traits, including 24 quantitative, and 4 qualitative traits, were evaluated in F2, F3, and F4 generations from 2013 to 2015 (Table 1; Table S1). Morphology was investigated according to a published standard (Tomooka et al., 2002; Cheng et al., 2012). The traits included the color of the seed-coat, pod, stem and flower; the first-to-tenth internodal length; the maximal leaf length and width; the maximum leaflet area; and the growth habit at 50% of flowering; we investigated plant height, stem diameter, the number of branches, flowering time, and pod maturing time; and 100-seed weight, seed size, and pod size were measured after harvesting, respectively. The maximal leaf lengths and widths, and leaflet areas, were estimated with the aid of a YMJ-C leaf area meter (Zhejiang Top Instrument Co., Ltd., China). The lengths, widths, and thicknesses of 10 seeds were measured using digital calipers.


Table 1. Traits examined and the evaluation method.
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RAD-Sequencing and SNP Detection

Genomic DNA of 150 F2 individual plants and 10 plants of their parents were selected from which to extract genomic DNA from young leaves using the CTAB protocol. DNA was digested with EcoRI using the method of Baird et al. (2008) with minor modifications for RAD sequencing. SNP detection and genetic map construction followed the method of Yang et al. (2015).

Data Analysis and QTL Mapping

We calculated the mean, the standard error of the mean, and broad-sense heritability (the [image: image] value) of investigated 24 quantitative traits, including plant height, organ size, yield, flowering time and maturing period, and plant architecture (Table 1) for parents, and the F2, F3, F4 populations. The heritability was computed using a method of regression for progeny values on parental values. The calculation of [image: image] employed the formula: [image: image] = bF2·F2:3 = COVF2·F2:3/VF2.

Using RAD tag technology, SNPs were identified among 150 F2 individuals derived from a cross of cultivar Ass001 (P1) with the wild adzuki bean accession no. CWA108 (P2). After genotyping, a linkage map was created using JoinMap 4.0 software (Van Ooijen, 2006) running F2 population-type codes. Markers exhibiting distorted segregation (p < 0.01, Chi-squared test) were excluded (Grattapaglia and Sederoff, 1994). The remaining 1,571 markers were used to construct a genetic map. Eleven linkage groups (for adzuki bean, 2n = 22 chromosomes) were formed with the logarithm-of-the-odds (LOD) score set to 6.0 (Yang et al., 2015) and ordered using a regression mapping algorithm. Recombination frequencies were translated to genetic distances using Kosambi's mapping function (Kosambi, 1994). Qualitative trait genes were mapped using JoinMap 4.1.

Five Mendelian phenotype markers (stem color, flower color, pod color, and two seed coat colors) were detected as described in the Methods section. These phenotype markers were used as molecular markers for genotyping and linkage grouping.

Further QTL analysis was performed using MapQTL 6.0 software, which is widely used in the analysis of QTLs (Van Ooijen, 2009). First, the PERMUTATION test was used to obtain genome-wide LOD thresholds (p < 0.05), and each trait was subjected to 10,000 permutations to derive the empirical LOD threshold (Churchill and Doerge, 1994). Next, the regression approach of the interval mapping model was introduced to obtain LOD values for all the significant markers, and these were associated with candidate traits. All mapping markers for which the LOD value was equal to or greater than the LOD threshold value were retained. Finally, these significant markers were used as cofactors in the multiple QTL method (MQM) (Jansen, 1993), such that the identified markers were adjacent to the significant QTLs in each group. All mapping information including chromosomal location, magnitude, direction of the additive effect, and the proportion of the phenotypic variation explained (PVE) in each detected QTL was obtained from the MQM outputs. Markers with LODs greater than the LOD threshold were identified and were regarded as the optimal final markers.

Candidate Gene Identification and Phylogenetic Analysis

Based on candidate gene sequences of E3, which encodes phyA-type photoreceptors involved in the control of flowering and maturity in soybean (Liu et al., 2008; Watanabe et al., 2009), transcription factor agamous-like MADS-box and AP2 were detected in the mapping regions for flowering time, maturity, and seed coat color. We downloaded 427 AP2 gene sequences, 123 MADS gene sequences, 95 PHY gene sequences, and 150 UGT gene (UDP flavonoid glycosyl transferase) sequences of Arabidopsis thaliana from NCBI. All of these protein sequences were used as seed sequences during gene copy number analysis. These four gene types were searched for and identified from the adzuki bean genome (PRJNA261643), and other sequenced legume genomes like soybean (phytozomev10), chickpea (http://gigadb.org /dataset/100076), Medicago truncatula (phytozomev10), pigeonpea (http://gigadb.org/dataset/100028), common bean (phytozomev10), mung bean (ftp.ncbi.nih.gov) and Arachis duranensis (http://www.peanutbase.org/), and from the genomes of Arabidopsis (TAIR9, Phytozome v10.0), Brassica rapa (Phytozome v10.0), rice (http://rice.plantbiology.msu.edu/), maize (phytozomev10). Previously published related gene sequences from Arabidopsis genomes were collected and used as query sequences. These query sequences were then used to align each sequenced legume genome sequence using TBLASTN v2.2.23 with a threshold E-value less than 10−10. Because we obtained so many alignment results within the nearby genomic area, we extracted high quality alignments (query_align_ratio, the ratio of alignment length of query sequences size ≥ 70% and identity ≥ 40%). Functional intact genes were confirmed via collection of blast-hits using the above method. Each of the blast-hit sequences was then extended in both 3′ and 5′ directions along the genome sequences to predict gene structure using Genewise. The resulting sequences were further confirmed by phylogenetic structure analysis. Finally, the coding sequences with proper ATG or the stop codon were extracted, but not those with interrupting stop codons or frame shifts.

RESULTS

Phenotypic Variation and Genetic Analysis

The phenotypes of the cultivated and wild plants differed significantly. The female parent Ass001 (a cultivar) had a red seed coat, a straw-colored pod, a green stem, an erect plant, and a large seed. The wild parent had a black seed coat, a black pod, a purple stem, a twining plant, and a small seed. The different individuals in the same generation exhibited wide segregation for agronomic traits or variation (Table S1, Table 2, Figure 1).


The mean, standard error of mean, and heritability values for parents, the F2, F3, F4 populations of the cross between cultivated and wild adzuki bean.
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FIGURE 1. Phenotype of parents (Ass001 and CWA108) and several individuals in the F2 mapping population Ass001: female parent; CWA108: male parent; AS: individuals of F2.



We calculated the trait means, the standard error of the mean, and the heritability of the parental F2, F3, and F4 populations (Table 2). The leaf size, seed and pod sizes, seed number per pod (SDNPPD), seed total number (SDTN), and seed total weight (SDTWT) of the cultivated parent were greater than those of the wild parent. The mean values of the wild parent were greater than those of the cultivated parent for plant height, branch number on the main stem, stem internode length (from the first to the tenth internode [ST1I-ST10I]), and flowering and maturation times. The individuals in F2 showed wide segregation, and different lines in F3 or F4 exhibited similar phenotypic variation (Table 2). The means of various parameters of the F2, F3, and F4 populations generally lay between those of the cultivated and wild parents, except for plant height, ST1I-ST10I, the total number of pods per plant, days of ≥50% flowering (F2), and plant height, total number of pods per plant, and SDTN (F3). Many traits were highly heritable (>70%).

Seed coat color, pod color, and stem color are all qualitative traits. The segregation ratios of the pod color and stem color were as expected (3:1) based on the Chi-squared test. The seed coat colors of the F2 population included black, light brown, and red. The Chi-squared test showed that the segregation ratio of black: light brown: red seed coats was consistent with a 12:3:1 ratio; these seed coat colors were controlled by two genes. Black to light brown showed dominant epistasis (12:3, χ2 = 3.820 < [image: image] = 3.84), light brown was dominant to red (3:1, χ2 = 0.701 < [image: image] = 3.84).

QTL Detection and Analysis

We previously constructed a high-density SNP genetic map that we used only in genome assembly to anchor the scaffolds of the adzuki bean genome to the chromosomes (Yang et al., 2015); however, no morphological characteristics or QTL were involved in that SNP genetic map. The SNP genetic map was composed of 1,571 SNPs covering 11 linkage groups, spanning 1,031.17 cM, with an average of 4.33 mapped SNPs per scaffold at a mean marker distance of 0.67 cM (Table S2, Table 3). We used 1,571 polymorphic SNP markers to map QTL and qualitative trait genes in this study. In total, we identified 26 QTLs for flowering time, growth period, agronomic traits, and yield traits (Figures 2–4 and Table 4).


Table 3. Summary of the high-density SNP genetic map of adzuki beans.
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FIGURE 2. Locations of identified QTLs for flowering and maturation in the map of the population derived from the cross between cultivated and wild adzuki bean. FLD, days to first flowering; FLD50, days to 50% flowering; PDDM25, 25% pod maturation; PDDM50, 50% pod maturation; PDDM75, 75% pod maturation.




Table 4. QTLs mapped of agronomic traits in F2, F3, and F4 populations.
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Flowering Time and Growth Period

We found 11 QTLs affecting flowering time and pod maturity on chromosomes 4, 7, and 10 (Figure 2). Most flowering and maturation time genes mapped to chromosome 4, except for the two minor QTLs Fld4.5 and Fld4.6. The “days to first flowering” trait was controlled by only a few genes. Two major QTLs (VaFld4.1 and VaFld4.2; PEVs 71.3% and 67.6, respectively) were identified in the 9.65 cM region of chromosome 4 of the F2 population affecting flowering and maturation times. Two “first flowering” QTLs with smaller effects were found on chromosome 4. The SNP marker s690-144110 co-segregated with VaFld4.1, and the genetic distance between VaFld4.2 and the SNP marker s165-116310 was 0.974 cM. The VaFld4.2 flowering time QTL was present in the same chromosome 4 locus in the F4 population, and co-segregated with the s165-116310 SNP marker. Two FLD50 (“time to 50% flowering”) QTLs were located in the scaffold regions of VaFld4.1 (PEV 73.1%) and VaFld4.2 (PEV 69.2%), and two other minor flowering time QTLs were located on chromosome 10, with PEVs of 3.9%. One minor QTL was mapped on chromosome 7. PDDM25 (“25% pod maturation”, PEV 55.4%), PDDM50 (“50% pod maturation”, PEV 64.9%), and PDDM75 (“75% pod maturation”, PEV 71.3%) mapped to the same locus VaFld4.1, and co-segregated with the s690-144110 SNP marker (Table 4, Figure 2). The remaining two major PDDM75 QTLs, VaGp4.1 and VaGp4.2, mapped to the 2.76 cM region of chromosome 4 (PEVs 47 and 40.9%). The VaGp4.1 and VaGp4.2 QTLs for FLD and the VaGp4.1 QTL for FLD50 were identified in the F3 generation.

Morphology and Yield Traits

In total, six SD100WT QTLs were detected, four on chromosome 1 and two on chromosome 11 (Figure 3). VaSd100wt1.1 and VaSd100wt1.2 were mapped to chromosome 1. VaSd100wt11.1 located between SNP markers s268-1701932 and s268-1618129 with 0.0420 cM genetic distance on chromosome 11 (Table 4). Three seed-number-per-pod (SDNPPD) QTLs were identified on chromosome 3 (Snp3.1 PEVs 17.3%) and chromosome 4 (Snp4.1, PEV 11.8%). Snp3.1 was located at a distance of 0.012 cM between SNP markers s624-5207 and s624-5245, and Snp3.2 lay on the same mapping region of Snp3.1. Snp4.1 co-segregated with s624-5245 and s80-1776704, respectively. Three QTLs for branch number on the main stem mapped to chromosome 4 (Figure 3, Table 4). VaBrn4.1 was found on chromosome 4 between SNP markers s690-144110 and s856-165880, and the genetic distance of VaBrn4.2 was 0.974 cM with a s165-116310 marker (Figure 4). A QTL VaLfmw2.1 for maximum leaf width (LFMW) co-segregated with a s536-414880 marker on chromosome 2 (PEV 21.2%). A QTL VaST1-10I9 of stem internode length from the first to the tenth node (ST1I-ST10I) was found on chromosome 9 (PEV 17.3%) and co-segregated with the SNP marker s249-3204596 (Table 4, Figure 4). QTL VaSdt4.1 of SDT (seed thickness) was mapped on chromosome 4 between SNP markers s58-1489334 and s58-345785, and co-segregated with an S58-1489334 marker (Figure 4, Table 4).
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FIGURE 3. Locations of identified QTLs for yield traits in the map of the population derived from the cross between cultivated and wild adzuki bean. SD100WT, 100 seed weight; SDNPPD, seed number per pod.
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FIGURE 4. Locations of identified QTLs for morphological traits in the map of the population derived from a cross between cultivated and wild adzuki bean. LFMW, maximum leaf width; ST1I-ST10I, stem internode length from the first to the tenth node; BRN, branch number on the main stem; SDT, seed thickness.



Qualitative Trait Gene Mapping

Pigmentation-related genes controlling seed coat color (SDC), pod color (PDC), stem color (STC), and flower color (FLC) were mapped to chromosome 3. VaFcY controlling yellow flower color mapped to the top of chromosome 3, followed by the black seed coat color gene VaScB, and the green stem color gene VaStcG (Figure 5). The genetic distances between VaStcG, VaScB, VaFcY, and the SNP marker s342-127390 were 8.82, 12.95, and 41.77 cM, respectively. The black pod VaPcB gene was located between SNP markers s225-928306 and s101-825050, the genetic distances of which were 18.16 and 19 cM, respectively. The red seed coat color VaScR gene mapped on top of chromosome 1.


[image: image]

FIGURE 5. Mapping of qualitative traits on the map of the population derived from the cross between cultivated and wild adzuki bean. SDC, seed coat color; FLC, flower color; STC, stem color; PDC, pod color.



Identification of Candidate Genes

Flowering Time and Pod Maturity

Two flowering time candidate genes, E3-like phytochrome and transcription factor agamous-like MADS-box loci, and an AP2 locus were detected in relative mapping regions controlling flowering time, maturity, and seed size.

VaPhyE (phytochrome E) encodes a protein of 1,121 amino acids. It is located in the interval between 3,182,263 and 3,186,619 bp on chromosome 4. In total, four phytochrome genes—two VaPhyA, a VaPhyB, and a VaPhyE gene—were found in the adzuki bean genome (Table S3). Based on the protein sequence encoded by the VaPhyE gene, clustering results showed that adzuki bean VaPhyE and mung bean VrPhyE have the closest genetic relationship, followed by the common bean PvPhyE (Figure 6).
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FIGURE 6. Phylogenetic tree analysis of adzuki bean PHYE. CcPHYE (Cajanus cajan), GmPHYE1 and GmPHYE2 (Glycine max), VrPHYE (Vigna radiata), VaPHYE (Vigna angularis), PvPHYE (Phaseolus vulgaris), CaPHYE (Cicer arietinum), MtPHYE (Medicago truncatula), AdPHYE (Arachis duranensis), BrPHYE (Brassica rapa), and AtPHYE (Arabidopsis thaliana).



The agamous-like MADS-box is involved in flower development and maturity (de Folter et al., 2005). Two major QTLs controlling flowering time and pod maturity traits (FLD, FLD50, PDDM50, and PDDM100), VaFld4.1 and VaFld4.3, were mapped in the interval from 3,102,255 to 3,616,262 bp on chromosome 4 between SNP markers s690-144110 and s856-165880; s856-165880 was the closest. An agamous-like MADS-box candidate gene, VaAGL, encoding a protein of 379 amino acids, was detected in this region. In total, 29 Agamous-like MADS-box genes were found in the adzuki bean genome (Table S4).

Seed and Leaf Size

Two VaAP2/ERF.81 and VaAP2/ERF.82 candidate genes encoding 278 and 225 amino acids were identified in the SD100WT QTL VaSd100wt1.2 region of 28,861,763–28,863,078 bp and 29,072,132–29,072,809 bp on chromosome 1, and the closest SNP marker was s168-1117751 (Figure 3). The candidate gene VaAP2-s4 was found in QTL VaSdt4.1 of SDT (seed width) from 345,785 to 1,489,334 bp on chromosome 4 between SNP markers s58-345785 and s58-1489334 (Figure 4). VaAP2-s4 encodes a protein of 208 amino acids. Another candidate gene, VaAP2/ERF.86, encoding 638 amino acids, was identified in the mapping region of QTL VaLfmw2.1 (LFMW, maximum leaf width) from 20,746,593 to 20,747,231 bp on chromosome 2, between SNP markers s536-414880 and s536-414880 Figure 4. In total, 26 AP2/ERF genes were identified in the adzuki bean genome (Table S5). AP2/RAV genes were absent in adzuki beans, common beans, mung beans, chickpeas, pigeonpeas, and Medicago truncatula, but did exist in soybeans.

Seed Coat Color Genes

The VaScB gene controlling the black seed coat trait (SDC1) was mapped onto the interval from 131,943 to 133,424 bp on chromosome 3 between SNP marker scaffold326-733037 (28.83 cM) and the top of the chromosome 3. A candidate gene, VaUGT, was found within this interval. VaUGT encodes a protein of UDP flavonoid glycosyl transferase (UGT), with 494 amino acids, associated with flavonoid metabolic pathways. In total, 22 UGT-like genes were found in the adzuki bean genome (Table S6, Figure S1).

DISCUSSION

Gene mapping and QTL detection are very useful for gene cloning, MAS breeding, and trait improvement; however, only a few studies have been performed using SSR markers in adzuki bean (Isemura et al., 2007; Kaga et al., 2008). We identified 26 genomic QTLs associated with agronomic traits and gene loci of four qualitative traits using a high-density SNP genetic map created via RAD sequencing. In this study, F2 segregating populations were derived using a wide cross between a cultivated adzuki bean Ass001 (V. angularis var. angularis) and a wild adzuki bean CWA108 (V. angularis var. nipponensis). The seeds of the wild adzuki bean were in dormancy. The seed number of F2 individuals was limited. Each of the F2:3 lines were planted in two rows in 2014. Each of the F3:4 lines were planted in the same manner as the F2:3 lines in 2015. From the center of the rows, 10 representational plants per line and 10 plants of each parent were selected to evaluate each trait based on the mean value. Isemura et al. (2007) planted BC1F1:2 lines and F2:3 lines, each consisting of 10 individuals per line in the field, in June 2003 and 2004 at NIAS, and the lines were evaluated based on the mean values for each trait per line and used for QTL mapping. Kaga et al. (2008) used the same planting model and method for QTL identification in adzuki bean. Wu et al. (2013) mapped the QTL of grain shape and size in wheat RILs using 10 representational plants that were selected from the center of two rows to gain phenotypic data. The phenotypic trait data were reliable in this study.

Control of flowering time is critical when pulse crops have to adapt to different ecogeographic environments and photoperiods. In the soybean, a representative warm-season short-day legume, at least 10 E loci (E1–E9) and J genes controlling flowering time and maturity have been described (Weller and Ortega, 2015; Cao et al., 2017). In the adzuki bean, a first-flowering-day (FLD) QTL has been described in linkage group 4 (Isemura et al., 2007), and a major relevant QTL (Fld3.4a.1, PEV 43.7%) in LG4a; nine FLD and pod maturity QTLs were found to be present on LG2, LG3, LG4a, LG5, LG6a, and LG11 (Kaga et al., 2008). In the present study, we detected 10 QTLs controlling flowering time and pod maturity; the QTLs were on chromosomes 4, 7, and 10. The very relevant VaFld4.1 and VaFld4.2 loci were on chromosome 4, and the candidate phytochrome E gene VaPhyE co-segregated with SNP markers. Phytochrome-A-encoding genes E3 and E4 have been identified in the soybean (Liu et al., 2008; Watanabe et al., 2009). GmE3 and GmE4 are phyA-type (phytochrome A) photoreceptor that plays an important role in the detection of far-red and red light in the soybean, and is associated with early flowering and maturity. E4, controls flowering when the LDs are in the low- and far-red regions (Cober and Voldeng, 2001). E3 functions across a wide range of latitudes, whereas allelic differences in E4 are detected only at high latitudes (Lu et al., 2015). GmPHYA1 and GmPHYA2 (E4) may play redundant roles in photomorphogenesis (de-etiolation response and flowering under low R:FR conditions; Liu et al., 2008). Soybean has eight PHY loci including four PHYA, two PHYB, and two PHYE loci. Phylogenetic analysis of soybean suggests that the four paralogous PHY pairs separated (by genomic duplication) at least 13 million years ago, and that the four PHYA copies are remnants of two rounds of such duplication (ca. 58 and 13 million years ago) (Wu et al., 2013). Adzuki bean, like most sequenced legumes, did not experience this Glycine max-specific whole genome duplication event (13 million years ago). In this study, we found that there are four PHY loci including two PHYA, a PHYB, and a PHYE loci in adzuki bean, common bean, mung bean, chickpea, pigeonpea, and Arachis duranensis, but a PHYA in Medicago truncatula. This result confirms that two rounds of whole genome duplication events led to four PHYA and two PHYE copies in soybean. The PHY family includes the A, B, C, D, and E subfamilies; PHYC and PHYD were not found in the adzuki bean, soybean, common bean, chickpea, pigeonpea, mung bean, Arachis duranensis, or M. truncatula genomes. PHYC and PHYD may have been lost during the evolution of legumes. PHYE was absent in monocotyledon Oryza sativa and Zea mays (Table S4). Dt2, a dominant MADS-domain gene of the AP1/SQUA subfamily, has been cloned from the soybean. Dt2 represses Dt1 expression in the shoot apical meristem, promoting the early conversion of meristem into reproductive inflorescences; the gene thus promotes semi-determinate stem growth and early flowering (Ping et al., 2014). In this study, 28 AGAMOUS-like MADS-box genes were found in the adzuki bean genome for photoperiodic flowering (Table S6). Kim et al. (2014) sequenced a de novo assembly of adzuki bean transcript sequences and subjected them to a BLASTP search to identify putative homologs of the 84 Arabidopsis genes involved in the circadian clock and photoperiodic flowering pathway. Eleven homologs of the AGAMOUS-like MADS-box transcription factor were detected in the adzuki bean. Follow-up studies of candidate gene validation are being planned.

AP2 genes are representative of the large AP2/EREBP gene family, and are both necessary and sufficient for flower development (Jofuku et al., 1994), stem cell maintenance (Wurschum et al., 2005), seed development, determination of seed size, and seed weight (Jofuku et al., 2005); several AP2-encoding proteins repress flowering, redundantly affecting flowering time (Zhu and Helliwell, 2011). Four VaAP2 were identified in QTL mapping intervals of seed weight, leaf size, and seed thickness in adzuki bean. We concluded that these VaAP2 might function in regulating organ size, but their function still requires validation. If leaf width candidate gene VaAP2-l2 is involved in or regulates seed size, this should be analyzed in future studies.

The black seed coat color VaScB and red seed coat color VaScR genes mapped to chromosomes 3 and 1, respectively. Kaga et al. (2008) mapped the red seed coat locus near the SSR marker CEDG053 on linkage group 1 (LG1). Genes that control red or tan seed coat colors, and black seed mottling have been mapped to linkage groups 1 and 4, respectively (Isemura et al., 2007). A minor QTL OLB2 explaining 6% of the total variance in redness is located on LG1 (Horiuchi et al., 2015). VaScR will be finely mapped by reference to the closest SNP and SSR markers in follow-up studies. UGT is a member of the flavonoid metabolic pathway, and is involved in anthocyanin biosynthesis. The enzymes O-methyltransferase, rhamnosyl transferase, and UDP flavonoid glucosyl transferase together synthesize anthocyanins from 3-OH-anthocyanidins. UDP glycosyl transferase is essential for anthocyanin synthesis. The enzyme may be involved in delphinidin synthesis; this pigment is blue–black in color, and may be responsible for the difference between black (pigment present) and brown (pigment absent) seed coat colors (Lepiniec et al., 2006). We designed primers and found a new SNP cosegregative marker with VaScB. The proposed function of VaUGT for synthesis of a black seed coat needs to be verified experimentally. A UGT78K1 (UDP-glucose: flavonoid-3-O-glycosyltransferase) gene, imparting a black seed coat, has been isolated from the black (iRT) soybean (Kovinich et al., 2010). VaUGT belongs to 73C3-like UDP-glycosyl transferase, and is different from GmUGT78K1; its function will need to be further verified.
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Development and large-scale genotyping of user-friendly informative genome/gene-derived InDel markers in natural and mapping populations is vital for accelerating genomics-assisted breeding applications of chickpea with minimal resource expenses. The present investigation employed a high-throughput whole genome next-generation resequencing strategy in low and high pod number parental accessions and homozygous individuals constituting the bulks from each of two inter-specific mapping populations [(Pusa 1103 × ILWC 46) and (Pusa 256 × ILWC 46)] to develop non-erroneous InDel markers at a genome-wide scale. Comparing these high-quality genomic sequences, 82,360 InDel markers with reference to kabuli genome and 13,891 InDel markers exhibiting differentiation between low and high pod number parental accessions and bulks of aforementioned mapping populations were developed. These informative markers were structurally and functionally annotated in diverse coding and non-coding sequence components of genome/genes of kabuli chickpea. The functional significance of regulatory and coding (frameshift and large-effect mutations) InDel markers for establishing marker-trait linkages through association/genetic mapping was apparent. The markers detected a greater amplification (97%) and intra-specific polymorphic potential (58–87%) among a diverse panel of cultivated desi, kabuli, and wild accessions even by using a simpler cost-efficient agarose gel-based assay implicating their utility in large-scale genetic analysis especially in domesticated chickpea with narrow genetic base. Two high-density inter-specific genetic linkage maps generated using aforesaid mapping populations were integrated to construct a consensus 1479 InDel markers-anchored high-resolution (inter-marker distance: 0.66 cM) genetic map for efficient molecular mapping of major QTLs governing pod number and seed yield per plant in chickpea. Utilizing these high-density genetic maps as anchors, three major genomic regions harboring each of pod number and seed yield robust QTLs (15–28% phenotypic variation explained) were identified on chromosomes 2, 4, and 6. The integration of genetic and physical maps at these QTLs mapped on chromosomes scaled-down the long major QTL intervals into high-resolution short pod number and seed yield robust QTL physical intervals (0.89–2.94 Mb) which were essentially got validated in multiple genetic backgrounds of two chickpea mapping populations. The genome-wide InDel markers including natural allelic variants and genomic loci/genes delineated at major six especially in one colocalized novel congruent robust pod number and seed yield robust QTLs mapped on a high-density consensus genetic map were found most promising in chickpea. These functionally relevant molecular tags can drive marker-assisted genetic enhancement to develop high-yielding cultivars with increased seed/pod number and yield in chickpea.
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INTRODUCTION

Insertion–deletions (InDels) are the preferred ideal sequence-based marker for driving genomics-assisted breeding applications in multiple crop plants. This is due to its myriad of desirable inherent genetic attributes in conjunction with other genetic markers like simple sequence repeats (SSRs) and single nucleotide polymorphisms (SNPs; Li et al., 2014; Moghaddam et al., 2014; Wang et al., 2014; Das et al., 2015). The available draft whole genome sequences and next-generation sequencing (NGS) genome/transcriptome resequences of diverse desi, kabuli, and wild accessions are found expedient to develop genome-wide including gene-derived InDel markers in-silico with minimal resource expenses in chickpea (Agarwal et al., 2012; Hiremath et al., 2012; Jain et al., 2013; Varshney et al., 2013; Deokar et al., 2014; Kudapa et al., 2014). Recently, the advantages of InDel markers structurally/functionally annotated at a whole genome and gene level are well-demonstrated in various large-scale genotyping applications of chickpea (Das et al., 2015). Essentially, this involves understanding the genetic diversity and phylogeny among cultivated desi, kabuli, and wild accessions, constructing high-density genetic linkage maps and molecular mapping of major QTLs governing various important agronomic traits like flowering and maturity time in chickpea (Das et al., 2015). Despite these efforts, hitherto none of the informative InDel markers tightly linked to the major genes/QTLs regulating a/biotic stress tolerance and yield component traits has been validated in multiple genetic backgrounds and delineated by genetic/association mapping to be exploited for marker-assisted genetic improvement of chickpea. The narrow genetic base, including low marker genetic polymorphism especially among mapping and natural populations coupled with inadequate accessibility of high-density genetic linkage maps are the major bottlenecks in identification and fine mapping/map-based cloning of trait-associated QTLs in chickpea. In these perspectives, development and high-throughput genotyping of numerous genome-wide informative InDel markers in mapping populations and natural germplasm lines (association panel) for generating high-density genetic linkage maps, high-resolution QTL mapping (fine mapping/positional cloning), and genetic association analysis are essential in chickpea. This will essentially assist us to delineate functionally relevant genes/QTLs and natural allelic variants governing vital agronomic traits for genomics-assisted crop improvement of chickpea with narrow genetic base.

In light of the above, the present study has made efforts to develop large-scale high-quality InDel markers at a genome-wide scale by employing a high-throughput NGS resequencing strategy in low and high pod number parental accessions and bulks (homozygous mapping individuals representing extreme pod number phenotypic trait values) constituted from two F5 mapping populations of Cicer arietinum desi and Cicer reticulatum wild inter-specific crosses. These genome-wide InDel markers were further utilized to detect potential of intra-/inter-specific polymorphism among cultivated (desi and kabuli) and wild chickpea accessions. The significance of InDel markers was further assessed to construct a high-density consensus inter-specific genetic linkage map and for efficient high-resolution molecular mapping of major genes/QTLs regulating vital agronomic traits including pod number and seed yield per plant with a prime objective of accelerating marker-assisted genetic enhancement in chickpea.

MATERIALS AND METHODS

Development of Whole Genome Resequencing-Based InDel Markers

Two inter-specific F5 mapping populations [(desi Pusa 1103 × wild ILWC 46, 102 individuals) and (desi Pusa 256 × ILWC 46, 98 individuals)] derived from inter-crosses between C. arietinum desi and C. reticulatum wild accessions were developed. To identify more robust InDels, the high-quality mappable pair-end (100-bp read length), and normalized NGS genome resequencing data of parental accessions were acquired from the afore-mentioned two mapping populations individually as per our previous study (Das et al., 2016). Like-wise, genome resequences from 10 of each low and high pod number homozygous mapping individuals (representing two utmost ends of pod number normal frequency distribution curve) constituting the low pod number bulk (LPNB) and high pod number bulk (HPNB), respectively were obtained. The sequence reads of parental accessions as well as bulks (HPNB and LPNB) obtained from two inter-specific mapping populations were mapped onto the chromosome pseudomolecules and unanchored scaffolds of reference kabuli (CDC Frontier) genome (Varshney et al., 2013). Subsequently, high-quality (minimal false-positive) InDels among mapping parents and bulks/individuals were detected following Das et al. (2015). To develop genome-wide InDel markers, forward and reverse primers from the CDC Frontier kabuli genomic sequences flanking the InDels were designed using Primer3 interface module of MISA (http://pgrc.ipk-gatersleben.de/misa/primer3.html). The developed InDel markers were structurally and functionally annotated with respect to kabuli genome as per Das et al. (2015) and Kujur et al. (2015a). The KOG (eukaryotic orthologous groups of proteins, ftp://ftp.ncbi.nih.gov/pub/COG/KOG) and transcription factor (TF) gene-based functional annotation of InDel markers were performed in accordance with Das et al. (2015) and Kujur et al. (2015a).

Experimental Validation and Polymorphic Potential of InDel Markers

To evaluate the amplification and polymorphic potential of InDel markers developed from two mapping populations, the InDel markers exhibiting ≥4 bp in-silico fragment length polymorphism between parental accessions and bulks (LPNB/HPNB) of two inter-specific mapping populations were selected. These markers were PCR amplified and genotyped by agarose gel- and PCR amplicon resequencing-based assays using the genomic DNA of 24 cultivated and wild chickpea accessions. This included three mapping parental accessions (Pusa 256, Pusa 1103, and ILWC 46) from which the InDel markers were originally identified, and 21 additional desi (4) and kabuli (3) and wild (14) chickpea accessions. The genotyping data of experimentally validated InDel markers were utilized to measure the average polymorphic alleles per marker, percent polymorphism and polymorphism information content (PIC) among chickpea accessions employing PowerMarker v3.51 (http://statgen.ncsu.edu/powermarker).

Genetic Linkage Map Construction

The InDel markers exhibiting polymorphism between parental accessions (Pusa 1103 vs. ILWC 46 and Pusa 256 vs. ILWC 46) were PCR amplified and genotyped using 102 and 98 individuals derived from two F5 inter-specific mapping populations of Pusa 1103 × ILWC 46 and Pusa 256 × ILWC 46, respectively using agarose gel- and PCR amplicon resequencing-based assays. The marker genotyping data were analyzed with the χ2-test (P < 0.05) to evaluate their goodness-of-fit to the expected Mendelian 1:1 segregation ratio. The JoinMap 4.1 (http://www.kyazma.nl/index.php/mc.JoinMap) at a higher logarithm of odds (LOD) threshold (4.0–8.0) with Kosambi mapping function was used to measure the linkage analysis among InDel markers. The InDel markers were assigned into defined LGs (linkage groups; designated as LG1 to LG8)/chromosomes of two inter-specific genetic maps according to their centiMorgan (cM) genetic distances and corresponding marker physical positions (bp) on the chromosomes. A consensus high-density genetic linkage map derived from two inter-specific genetic maps was constructed using JoinMap 4.1 (following Bohra et al., 2012; Varshney et al., 2014) and visualized using Circos as per Kujur et al. (2015a).

QTL Mapping

The mapping individuals and parental accessions of two F5 inter-specific mapping populations [(Pusa 1103 × ILWC 46) and (Pusa 256 × ILWC 46)] were grown in the field as per random complete block design (RCBD) with at least two replications and phenotyped at two diverse geographical locations of India (CSKHPKV, Palampur: latitude 32.1°N and longitude 76.5°E and NBPGR, New Delhi: 28.6°N and 77.2°E) for two consecutive years (2013 and 2014). For precise phenotyping, 10–15 representative plants from each mapping individual and parental accession of both mapping populations were selected to estimate the pod number and seed yield (g) per plant. The pod number (PN) was measured by counting the average number of fully developed pods per plant at maturity stage whereas seed yield per plant (SYP) was estimated by taking average weight (g) of fully matured dried seeds (at 10% moisture content) harvested from all representative plants belonging to each mapping individual and parental accession of aforesaid both populations. The inheritance pattern of PN and SYP based on diverse statistical parameters including mean, standard deviation, coefficient of variation (CV), broad-sense heritability (H2), Pearson's correlation coefficient and frequency distribution was measured in both mapping populations individually following Bajaj et al. (2015a) and Das et al. (2016).

For molecular mapping of major PN and SYP QTLs, the genotyping data of InDel markers genetically mapped on two individual and/or a consensus high-density chickpea genetic linkage map (comprising of eight LGs/chromosomes) was integrated with PN and SYP field phenotypic data of mapping individuals and parental accessions using a composite interval mapping (CIM) function of MapQTL 6 (Van Ooijen, 2009) as per Varshney et al. (2014) and Das et al. (2015). The LOD threshold score >4.0 with 1000 permutations at a p < 0.05 significance was used as major criteria in CIM for QTL mapping. The phenotypic variation explained (PVE) and additive effect specified by each major PN and SYP QTL at a significant LOD were measured in accordance with Bajaj et al. (2015a).

RESULTS

Whole-Genome Resequencing of Low and High Pod Number Parental Accessions and Homozygous Bulks from Mapping Populations

We generated on an average 81.5 million high-quality sequence reads (with a ~11.6-fold sequencing depth coverage) by high-throughput whole-genome NGS resequencing of two low and high pod number parental accessions as well as bulks (LPNB and HPNB) from each of two inter-specific mapping populations [(Pusa 1103 × ILWC 46) and (Pusa 256 × ILWC 46)]. To reduce the potential biasness of read depth in the examined samples, the high-quality uniquely mapped non-redundant sequence reads (69% mean coverage on kabuli reference genome) generated from parental accessions and bulks (LPNB and HPNB) of two mapping populations were normalized based on depth of read coverage. This analysis revealed ~11.6-fold average sequencing depth coverage and 64.1% (474.2 Mb) mean genome coverage (%) of kabuli chickpea (with an estimated genome size of ~740 Mb) in mapping parents and bulks. All these sequencing data were submitted to NCBI-sequence read archive (SRA) database (http://www.ncbi.nlm.nih.gov/sra) with accession number SRR2228974 for unrestricted public access. The normalized sequence reads of parents and bulks from each of two inter-specific mapping populations were compared individually with reference kabuli genomic sequences (pseudomolecules and unanchored scaffolds) to discover the high-quality non-erroneous InDels.

Development of Genome-Wide Informative InDel Markers in a Mapping Population of Pusa 1103 × ILWC 46

The comparison of NGS genome resequences of high (Pusa 1103 and HPNB) and low (ILWC 46 and LPNB) pod number mapping parental accessions and bulks with reference kabuli (CDC Frontier) genomic sequence discovered 25,477 and 24,166 high-quality InDel markers (Tables S1, S2). This included 8628 InDel markers exhibiting polymorphism between high (Pusa 1103 and HPNB) and low (ILWC 46 and LPNB) pod number mapping parents and bulks according to their congruent physical positions (bp) on the reference kabuli genome (Figures 1A, 2A, Table S3). Notably, in-silico fragment length polymorphism detected by markers based on their size (bp) of InDels varied from 1 to 18 bp with a mean of 3.1 bp. More than 73.1% (6306) InDel markers exhibited 1–3 bp in-silico fragment length polymorphism while remaining 26.9% (2322) markers revealed 4–18 bp fragment length polymorphism (Table S3).
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FIGURE 1. Genetic constitution and genome|-wide distribution pattern of InDel markers exhibiting differentiation between high and low pod number parental accessions and homozygous bulks from each of two mapping populations [PI: (Pusa 1103 × ILWC 46) and PII: (Pusa 256 × ILWC 46)] with respect to kabuli chickpea (CDC Frontier) genome. (A) These InDel markers were physically mapped on eight chromosomes and unanchored scaffolds of kabuli chickpea genome, which are illustrated by bar diagrams. (B,C) Relative frequency (proportionate distribution) of InDel markers designed from the intergenic as well as diverse coding (CDS) and non-coding (introns, URRs, and DRRs) sequence components of genes annotated from kabuli chickpea genome. Parenthesis designates the number of InDel markers developed from each sequence regions of kabuli genome. The CDS (coding DNA sequences), URR (upstream regulatory region), and DRR (downstream regulatory region) of genes were defined as per the gene annotation of kabuli chickpea genome (v).
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FIGURE 2. The relative genomic distribution of PI (Pusa 1103 × ILWC 46) (A) and PII (Pusa 256 × ILWC 46) (B) mapping populations-derived polymorphic InDel markers physically mapped on eight chromosomes of kabuli chickpea genome are depicted by the Circos circular ideograms. The outermost circles represent the different physical sizes (Mb) of eight chromosomes coded with multiple colors as per the pseudomolecule sizes documented in kabuli chickpea genome (Varshney et al., 2013). Total InDel markers (I) including gene-derived (II), regulatory (III), and coding (IV) markers polymorphic between high and low pod number parental accessions and homozygous bulks of two inter-specific mapping populations—PI (Pusa 1103 × ILWC 46) (A) and PII (Pusa 256 × ILWC 46) (B) are indicated.



The 5965 and 2663 markers of the total designed 8628 InDel markers were physically mapped on eight chromosomes and unanchored scaffolds of kabuli chickpea genome with an average map density of 63.1 kb [varying from 37.7 (chromosome 4) to 94.4 (chromosome 6) kb] (Figures 1A, 2A, Table S3). Highest and lowest number of InDel markers were mapped on chromosomes 4 (1304 markers with a mean map density: 37.7 kb) and 8 (293 markers with a mean map density: 56.2 kb), respectively (Figure 2A, Table S3). The structural annotation of 8628 InDel markers revealed the occurrence of 6642 (77%) and 1986 (23%) markers in the intergenic regions and different sequence components of 1523 protein-coding genes, respectively (Figures 1B, 2A, Table S3). The average frequency of InDel markers within genes was estimated as 1.3 markers/gene. A maximum of 1124 (56.6%) gene-derived InDel markers were designed from the DRRs (downstream regulatory regions) of 945 genes and minimum of 30 (1.5%) markers derived from the URRs (upstream regulatory regions) of 23 genes (Figures 1C, 2A, Table S3). Remarkably, 33 and 35 coding InDel markers developed from the 33 and 34 genes caused frameshift mutations and affected initiation/stop codons (large-effect mutations), respectively.

The KOG-based functional annotation of 1523 genes with 1986 InDel markers exhibited primary roles of 1095 (55.1%) markers-carrying 815 genes in multiple cellular, biological, and molecular processes in crop plants (Table S3). This revealed enrichment of InDel markers-containing genes basically involved in post-translational modification, protein turnover, and chaperones (O, 111 markers in 81 genes, 10.1%), transcription (K, 74 markers in 49 genes, 6.7%), and signal transduction mechanisms (T, 70 markers in 55 genes, 6.4%), beside general function prediction (R, 200 markers in 158 genes, 18.3%; Table S3). Of the 799 (40.2%) InDel markers developed from 603 TF-encoding genes (representing 50 TF gene families), the genes belonging to MYB (90 markers in 62 genes, 11.3%), bHLH (78 markers in 61 genes, 9.8%), C2H2 zinc finger (51 markers in 36 genes, 6.4%), and NAC (48 markers in 36 genes, 6%) TF families were abundant (Table S3).

Development of Genome-Wide Informative InDel Markers in a Mapping Population of Pusa 256 × ILWC 46

We developed 15,640 and 17,077 high-quality InDel markers by comparing the NGS genome resequences of high (Pusa 256 and HPNB) and low (ILWC 46 and LPNB) pod number mapping parental accessions and bulks with reference kabuli (CDC Frontier) genomic sequence (Tables S4, S5). This included 5263 InDel markers revealing polymorphism between high (Pusa 256 and HPNB) and low (ILWC 46 and LPNB) pod number mapping parents and bulks according to their congruent physical positions (bp) on the reference kabuli genome (Figures 1A, 2B, Table S6). Notably, in-silico fragment length polymorphism detected by markers based on their size (bp) of InDels varied from 1 to 18 bp with a mean of 3.1 bp. More than 73% (3842) InDel markers showed 1–3 bp in-silico fragment length polymorphism while remaining 27% (1421) markers revealed 4–18 bp fragment length polymorphism (Table S6). The 3402 and 1861 markers of the total designed 5263 InDel markers were physically mapped on eight chromosomes and unanchored scaffolds of kabuli chickpea genome with an average map density of 103.5 kb [ranging from 61.9 (chromosome 4) to 148.7 (chromosome 5) kb] (Figures 1A, 2B, Table S6). Highest and lowest number of InDel markers were mapped on chromosomes 4 (795 markers with a mean map density: 61.9 kb) and 8 (218 markers with a mean map density: 75.6 kb), respectively. The structural annotation of 5263 InDel markers revealed the presence of 4168 (79.2%) and 1095 (20.8%) markers in the intergenic regions and different sequence components of 868 protein-coding genes, respectively (Figures 1B, 2B, Table S6). The mean frequency of InDel markers within genes was measured as 1.3 markers/gene. A maximum of 576 (52.6%) gene-derived InDel markers were designed from the DRRs of 487 genes and minimum of 24 (2.2%) markers derived from the URRs of 19 genes (Figures 1C, 2B, Table S6). Remarkably, 24 and 26 coding InDel markers developed from the 24 and 26 genes caused frameshift mutations and affected initiation/stop codons (large-effect mutations), respectively. A total of 13,891 including 8628 and 5263 polymorphic InDel markers identified from two inter-specific mapping populations of Pusa 1103 × ILWC 46 and Pusa 256 × ILWC 46, respectively were compared/correlated. This included 2049 markers common between these two mapping populations based on congruent marker physical positions on the kabuli genome (Figure 1A, Tables S3, S6, S7).

The KOG-based functional annotation of 868 genes with 1095 InDel markers exhibited primary roles of 597 (54.5%) markers-carrying 466 genes in multiple cellular, biological, and molecular processes in crop plants (Table S6). This revealed enrichment of InDel markers-containing genes basically involved in post-translational modification, protein turnover, and chaperones (O, 59 markers in 46 genes, 9.9%) and signal transduction mechanisms (T, 37 markers in 30 genes, 6.2%), beside general function prediction (R, 87 markers in 75 genes, 14.6%) and unknown function (S, 35 markers in 29 genes, 5.9%; Table S6). Of the 440 (40.2%) InDel markers developed from 337 TF-encoding genes (representing 44 TF gene families), the genes belonging to MYB (55 markers in 36 genes, 12.5%), NAC (40 markers in 31 genes, 9.1%), bHLH (39 markers in 31 genes, 8.9%), C2H2 zinc finger (29 markers in 17 genes, 6.6%), and B3 (24 markers in 21 genes, 5.4%) TF families were predominant (Table S6).

Experimental Validation of InDel Markers to Access Their Amplification and Polymorphic Potential among Cultivated and Wild Chickpea Accessions

To access the amplification and polymorphic potential of designed InDel markers, 3743 markers exhibiting ≥4 bp in-silico fragment length polymorphism between the parental accessions and bulks of two inter-specific mapping populations, were selected for experimental validation using the gel- and PCR amplicons resequencing-based assays. These markers were PCR amplified and genotyped using the genomic DNA of three mapping parental chickpea accessions (Pusa 1103, Pusa 256, and ILWC 46), from which the InDel markers were originally discovered. Notably, 3612 of 3743 markers produced single reproducible PCR amplicons in agarose gel with a mean amplification success rate of 96.5% (Figure 3). Of these, 3413 (94.5%) amplified markers revealing in-silico polymorphism at least between two combination of mapping parental chickpea accessions were got validated experimentally using both agarose gel- and PCR amplicons resequencing-based assays. The PCR amplicons resequencing-led validation and genotyping of InDel markers ascertained the presence of expected InDels, which further corresponded well with their in-silico fragment length polymorphism detected among three mapping parental chickpea accessions.
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FIGURE 3. Allelic polymorphism detected among 24 desi, kabuli, and wild chickpea accessions along with three mapping parental accessions (Pusa 256, Pusa 1103, and ILWC 46; from which the InDel markers were originally identified) using a representative InDel marker in agarose gel-based assay. The amplified fragment sizes (bp) of two polymorphic alleles detected among accessions are specified. M: 50 bp DNA ladder size standard. Cultivated C. arietinum (K: kabuli and D: desi), and wild C. reticulatum (R), C. echinospermum (E), C. judaicum (J), C. bijugum (B), C. pinnatifidum (P), and C. microphyllum accessions utilized for polymorphism study are indicated.



To evaluate the potential of InDel markers for detecting polymorphism among accessions, large-scale genotyping of 3413 polymorphic InDel markers were performed in a diverse set of 24 desi, kabuli and wild chickpea accessions (Figure 3). These markers overall generated 6849 alleles among accessions with an average PIC of 0.71. Three thousand three hundred-two (96.7%, mean PIC: 0.65) of 3413 markers were found to be polymorphic among cultivated and wild chickpea accessions, whereas 2831 (83%, mean PIC: 0.60) markers exhibited polymorphism among cultivated desi and kabuli accessions. Interestingly, 2355 (69%) markers exhibited polymorphism among six desi accessions (1–2 alleles with a mean PIC: 0.57), whereas 1980 (58%) markers revealed polymorphism among three kabuli accessions (1–2 alleles with a mean PIC: 0.51). A set of 2969 (87%) InDel markers exhibited polymorphism among 15 accessions belonging to six annual/perennial wild species—Cicer reticulatum, C. echinospermum, C. judaicum, C. bijugum, C. pinnatifidum, and C. microphyllum of primary, secondary, and tertiary gene-pools.

Generation of a Consensus High-Density Inter-Specific Chickpea Genetic Linkage Map

For constructing high-resolution inter-specific genetic linkage maps, 1059 and 594 InDel markers revealing polymorphism between high and low pod number parental accessions (Pusa 1103 vs. ILWC 46 and Pusa 256 vs. ILWC 46) and bulks (HPNB vs. LPNB) were genotyped among 102 and 98 individuals of two F5 mapping populations—PI (Pusa 1103 × ILWC 46) and PII (Pusa 256 × ILWC 46), respectively. The linkage analysis using these marker genotyping data mapped 1059 and 594 InDel markers across eight LGs of two PI and PII mapping populations-derived inter-specific chickpea genetic maps, respectively (Figure 4, Table 1). In a PI mapping population-derived genetic map, highest and lowest numbers of InDel markers were mapped on CaLG07 (235 markers) and CaLG08 (47 markers), respectively (Table 1). In another PII mapping population-derived genetic map, the CaLG04 (128 markers) and CaLG08 (31 markers) contained maximum and minimum number of mapped InDel makers, respectively (Table 1). The eight LGs-based two inter-specific genetic maps generated from PI and PII mapping populations spanned total map-lengths of 978.21 and 603.26 cM, with the mean inter-marker distances of 0.92 and 1.01 cM, respectively (Table 1). Longest map-lengths spanning 221.34 and 122.28 cM were observed in CaLG07 and CaLG04 of PI and PII mapping populations-derived genetic linkage maps, respectively. The CaLG01 and CaLG04 of genetic linkage maps constructed from PI and PII mapping populations had most saturated genetic maps with the mean inter-marker distances of 0.81 and 0.99 cM, respectively (Table 1).
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FIGURE 4. The identified three of each major PN and SYP QTLs mapped on chromosomes 2, 4, and 6 of two high-density 1059 and 594 InDel markers-anchored inter-specific genetic linkage maps (PI: Pusa 1103 × ILWC 46) and (PII: Pusa 256 × ILWC 46) and a consensus 1479 InDel markers-led high-resolution genetic map (Pc) of chickpea, are illustrated by the Circos circular ideograms (PI, PII, and Pc). The circles represent the different genetic map length (cM) (spanning 5–10 cM uniform genetic distance intervals between bins) of eight LGs/chromosomes coded with multiple colors. The integration of a consensus genetic map (Pc) with physical map at the identified three of each major PN and SYP QTLs scaled-down the long genomic regions harboring these major QTLs into short PN and SYP robust QTL physical intervals (indicated with red color InDel markers) mapped on kabuli chromosomes 2, 4, and 6. The InDel markers flanking the six major PN and SYP QTLs mapped on chromosomes 2, 4, and 6 of high-resolution genetic maps—PI, PII, and Pc are highlighted with blue, green, and red color, respectively. The detail information on QTLs and InDel markers are provided in the Table 2. The outermost circles denote the various physical sizes (Mb) of eight chromosomes coded with multiple colors as per the pseudomolecule sizes documented in kabuli chickpea genome (Varshney et al., 2013).




Table 1. InDel markers mapped on eight chromosomes of two inter-specific genetic linkage maps [(Pusa 1103 × ILWC 46) and (Pusa 256 × ILWC 46)] and a consensus inter-specific chickpea genetic linkage map of chickpea.
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Combining the genotyping information of 1653 including 1059 and 594 InDel markers mapped genetically on two PI and PII mapping populations-derived inter-specific genetic linkage maps, respectively, we constructed a consensus high-resolution genetic linkage map of chickpea. A set of 174 InDel markers found common between two inter-specific genetic linkage maps were served as the anchor markers for integration and defining the linkage groups/chromosomes of these genetic maps. A consensus 1479 InDel markers-anchored inter-specific genetic linkage map was generated, which covered a total map-length of 978.61 cM with an average inter-marker distance (map-density) of 0.66 cM (Figure 4, Table 1). The map-density of a consensus inter-specific genetic map varied from 0.50 cM (CaLG01) to 0.81 cM (CaLG05). Highest (297) and lowest (67) number of InDel markers were mapped on CaLG07 and CaLG08 spanning longest and shortest map-lengths of 221.34 and 41.59 cM, respectively (Table 1).

Molecular Mapping of Major Pod Number and Seed Yield QTLs

For molecular mapping of pod number and seed yield per plant QTLs, primarily the genetic inheritance pattern of PN and SYP traits in two inter-specific mapping populations was determined. A significant difference of PN (5–237) with 13–14.8% CV and 80–81% H2 in 102 and 98 individuals and parental accessions of two inter-specific F5 mapping populations of Pusa 1103 (PN: 129) × ILWC 46 (29) and Pusa 256 (125) × ILWC 46 (29) was observed. Moreover, the parental accessions and individuals belonging to these two mapping populations of Pusa 1103 (SYP: 38.3 g) × ILWC 46 (19.2 g) and Pusa 256 (37.4 g) × ILWC 46 (19.2 g) exhibited a significant difference of SYP (16.7–54.3 g) with 9.7–10.3% CV and 78–80% H2. The continuous variation as well as normal frequency distribution along with bi-directional transgressive segregation of PN and SYP were observed in these both mapping populations reflecting the quantitative genetic inheritance pattern of traits under study. A significant positive correlation between PN and SYP traits based on Pearson's correlation coefficient (r = 69–72%) was evident.

Two years multi-location replicated field phenotyping data of PN and genotyping information of 1059 and 594 InDel markers genetically mapped on eight chickpea chromosomes of two inter-specific genetic linkage maps constructed from PI (Pusa 1103 × ILWC 46) and PII (Pusa 256 × ILWC 46) mapping populations, respectively were integrated for molecular mapping of major PN QTLs. This analysis detected three major genomic regions harboring three robust QTLs associated with PN trait, which were mapped on chromosomes 2 and 4 of each PI and PII mapping populations-derived inter-specific genetic maps (Figure 4, Table 2). For PI mapping population-led high-resolution genetic linkage map, three major genomic regions underlying three PN QTLs (CaqaPN2.1, CaqaPN4.1, and CaqaPN4.2) spanned (7.55–8.99 cM on chromosome 4) with 51 InDel markers, were mapped on chromosomes 2 and 4 (Figure 4, Table 2). The individual major PN QTL explained 18–25% phenotypic variation (R2) for pod number trait at an 8.5–12.7 LOD. The PVE (phenotypic variation explained) measured for all three major PN QTLs in combination was 38.4%. All three major PN QTLs exhibited positive additive gene effect (2.7–4.3) of pod number trait with major allelic contribution from a high pod number parental chickpea accession Pusa 1103. For PII mapping population-derived high-density genetic linkage map, three major genomic regions underlying three PN QTLs (CaqbPN2.1, CaqbPN4.1, and CaqbPN4.2) spanned (5.45–7.71 cM on chromosome 4) with 33 InDel markers, were mapped on chromosomes 2 and 4 (Figure 4, Table 2). The individual major PN QTL explained 15–22% phenotypic variation (R2) for pod number trait at a 6.7–11.4 LOD. The PVE measured for all three major PN QTLs in combination was 34.1%. All three major PN QTLs exhibited positive additive gene effect (3.3–4.7) of pod number trait with major allelic contribution from a high pod number parental chickpea accession Pusa 256. Further, a high-density consensus genetic linkage map constructed by integrating two inter-specific genetic linkage maps was utilized as an anchor for molecular mapping of major PN QTLs in chickpea. This identified three major genomic regions underlying three PN QTLs (CaqcPN2.1, CaqcPN4.1, and CaqcPN4.2) spanned (2.7–5.7 cM on chromosome 4) with 33 InDel markers, which were mapped on three different genomic regions on chromosomes 2 and 4 (Figure 4, Table 2). The individual major PN QTL explained 20–28% phenotypic variation (R2) for pod number trait at a 9.4–13.8 LOD. The PVE measured for all three major PN QTLs in combination was 39.7%. All three major PN QTLs exhibited positive additive gene effect (3.8–4.5) of pod number trait with major allelic contribution from the high pod number parental chickpea accessions Pusa 1103/Pusa 256.


Table 2. Molecular mapping of major pod number and seed yield per plant QTLs in chickpea.
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The integration of two individual and consensus inter-specific genetic maps with that of physical maps of kabuli genome exhibited the common occurrences of five and six InDel markers at the identified three major PN QTL regions of chromosomes 2 and 4, respectively, among these genetic maps based on congruent physical positions on the kabuli genome (Figure 4, Table 2). These consensus three major PN QTL regions spanning short physical intervals (CaqcPN2.1: 29,445,927–32,393,633 bp, CaqcPN4.1: 13,509,527–14,397,300 bp, and CaqcPN4.2: 31,806,633–33,714,267 bp) were got validated in two diverse inter-specific mapping populations. These were thus considered as promising major candidate genomic regions underlying robust QTLs governing pod number to be deployed for marker-assisted genetic enhancement of chickpea (Figure 4, Table 2, Tables S1–S6). The structural and functional annotation of these delineated three major short PN QTL intervals of 2.94 (CaqcPN2.1), 0.89 (CaqcPN4.1), and 1.91 (CaqcPN4.2) Mb exhibited the presence of a total 27, 5, and 14 InDel markers including 19, 4, and 13 markers in the intergenic regions and 8, 1, and 1 markers in the different sequence components of 7, 1, 1 genes annotated from kabuli chickpea genome, respectively (Tables S1–S4). At these three major PN robust QTL intervals, especially nine regulatory InDel markers-containing genes corresponding to diverse transcription factors (TFs; like DUF1677, LBD, WRKY, and C2H2 zinc finger) and multiple cellular metabolism-related proteins such as cytochrome P450 and ubiquitin were identified, which can possibly serve as candidates for quantitative dissection of complex pod number trait in chickpea (Table S8).

In order to evaluate the efficacy of identified major PN QTLs in governing seed yield, multi-location/years replicated field phenotyping data of SYP trait were integrated with genotyping information of InDel markers genetically mapped on chromosomes of PI (Pusa 1103 × ILWC 46) and PII (Pusa 256 × ILWC 46) mapping populations-derived two inter-specific genetic linkage maps for molecular mapping of major SYP QTLs in chickpea. This identified three major genomic regions underlying three robust QTLs associated with SYP trait which were mapped on chromosomes 2, 4, and 6 of each PI and PII mapping populations-led inter-specific genetic maps (Figure 4, Table 2). For PI mapping population-based high-resolution genetic linkage map, three major genomic regions underlying three robust SYP QTLs (CaqaSYP2.1, CaqaSYP4.1, and CaqaSYP6.1) covered (7.3 cM on chromosome 2–10.5 cM on chromosome 4) with 57 InDel markers were detected (Figure 4, Table 2). The individual major SYP QTL explained 16–23% phenotypic variation (R2) for seed yield trait at an 8.0–12.3 LOD. The PVE estimated for all three major SYP QTLs in combination was 30%. All of these identified three SYP QTLs exhibited positive additive gene effect (2.5–4.1) of seed yield trait with major allelic contribution from a high SYP parental chickpea accession Pusa 1103. For PII mapping population-led high-density genetic map, three major genomic regions harboring three robust YP QTLs (CaqbSYP2.1, CaqbSYP4.1, and CaqbSYP6.1) spanned (4.9 cM on chromosome 2–7.7 cM on chromosome 4) with 38 InDel markers were identified (Figure 4, Table 2). The individual major SYP QTL explained 17–23% phenotypic variation (R2) for yield trait at a 7.5–10.6 LOD. The PVE measured for all three major SYP QTLs in combination was 32%. All of these three major SYP QTLs exhibited positive additive gene effect (3.1–4.0) of seed yield trait with major allelic contribution from a high SYP parental chickpea accession Pusa 256. The use of a high-density consensus genetic linkage map (constructed by integrating two inter-specific genetic linkage maps) as an anchor identified three major genomic regions underlying three robust SYP QTLs (CaqcSYP2.1, CaqcSYP4.1, and CaqcSYP6.1) covered (4.2 cM on chromosome 4–6.4 cM on chromosome 2) with 50 InDel markers which were mapped on three different genomic regions on chromosomes 2, 4, and 6 (Figure 4, Table 2). The individual major SYP QTL explained 22–27% phenotypic variation (R2) for seed yield trait at a 10.2–14.5 LOD. The PVE estimated for all three major SYP QTLs in combination was 35%. All of these three major SYP QTLs exhibited positive additive gene effect (4.0–4.3) of seed yield trait with major allelic contribution from the high SYP parental chickpea accessions Pusa 1103/Pusa 256.

We integrated two individual and consensus inter-specific genetic maps with that of physical maps of kabuli genome which exhibited common occurrence of 25, 15, and 10 InDel markers at the identified three major SYP robust QTL regions of chromosomes 2, 4, and 6, respectively, among these genetic maps based on congruent physical positions on the kabuli genome (Figure 4, Table 2). These consensus three major SYP QTL regions spanning short physical intervals (CaqcSYP2.1: 29,829,940–32,379,585 bp, CaqcSYP4.1: 30,535,832–32,227,293 bp, and CaqcSPN6.1: 12,877,302–16,547,931 bp) were got validated in two diverse inter-specific mapping populations. Therefore, we considered these QTL intervals as promising major candidate genomic regions underlying robust QTLs regulating seed yield trait which could be deployed for marker-assisted genetic enhancement of chickpea (Figure 4, Table 2, Tables S1–S6). The structural and functional annotation of these delineated three major short SYP QTL intervals of 2.55 (CaqcSYP2.1), 1.69 (CaqcSYP4.1), and 3.67 (CaqcSYP6.1) Mb revealed the presence of 25, 15, and 10 InDel markers including 17, 11, and 9 markers in the intergenic regions and 8, 4, and 1 markers in the different sequence components of genes annotated from kabuli chickpea genome, respectively (Tables S1–S4). At these three major SYP robust QTL regions, especially three regulatory and one coding nonsense non-synoymous InDel markers-containing genes corresponding to diverse TFs such as bHLH, LBD, WRKY, and NAC were identified. These molecular tags can be considered as candidates for dissection of complex seed yield quantitative trait in chickpea (Table S8).

DISCUSSION

The pod number is a complex yield component quantitative trait, which is known to be regulated by multiple genes/QTLs in chickpea (Kujur et al., 2015a,b; Das et al., 2016). For more efficient dissection of this complex trait, the present study essentially utilized two inter-specific mapping populations [(Pusa 1103 × ILWC 46) and (Pusa 256 × ILWC 46)] with contrasting PN trait to construct a high-density InDel markers-anchored consensus inter-specific genetic linkage map for molecular mapping of major PN QTLs in chickpea. To attain these major objectives, high-throughput whole genome NGS resequencing data with a high mean kabuli genome (64.1%, 474 Mb) and sequencing depth (~11.6-fold) coverage, generated from high and low pod number parental accessions as well as bulks of two inter-specific mapping populations, were normalized/compared to develop high-quality accurate InDel markers at a genome-wide scale. The reliability of these identified InDels was ascertained by their potential to differentiate both high and low pod number mapping parental accessions as well as bulks constituted from two studied inter-specific mapping populations. This implicates the robustness of strategy developed in our study for mining and developing valid non-erroneous InDel markers at a genome-wide scale by comparing the resequences among parents and bulks of mapping populations. Consequently, 82,360 markers targeting these non-spurious informative InDels, discriminating the desi (Pusa 1103 and Pusa 256), kabuli (CDC Frontier) and wild (ILWC 46) accessions from each other including 13,891 markers differentiating the high and low PN—mapping parental accessions (Pusa 1103 vs. ILWC 46 and Pusa 256 vs. ILWC 46) and bulks, were developed in chickpea. These informative InDel markers were structurally and functionally annotated in diverse sequence components of genome/genes (TFs), thereby can be deployed for manifold genomics-assisted breeding applications in chickpea. The observed InDel marker-based genetic polymorphism expectedly infers close evolutionary relatedness of desi rather than kabuli with wild chickpea (Abbo et al., 2005; Berger et al., 2005; Toker, 2009; Jain et al., 2013; Varshney et al., 2013; Saxena et al., 2014a; Bajaj et al., 2015b; Das et al., 2015; Kujur et al., 2015a,b). We detected almost an identical range (1–18 bp) and mean (3.1 bp) level of InDel-based in-silico fragment length polymorphism between two inter-specific mapping populations [(Pusa 1103 × ILWC 46) and (Pusa 256 × ILWC 46)] developed by using a common (wild C. reticulatum accession: ILWC 46) as well as two different (desi accessions: Pusa 1103 and Pusa 256) parental accessions of chickpea. This is possibly because of common ancestry between Pusa 1103 and Pusa 256, since Pusa 1103 has been developed from the multiple inter-cross between wild C. reticulatum and desi chickpea accessions involving Pusa 256 as one of the parent (Bharadwaj et al., 2011). Therefore, close progenitor relatedness and similar genetic backgrounds of these two different parental accessions that were used to develop mapping populations could have influenced the detection of identical InDel polymorphism level (bp) between two studied inter-specific mapping populations of chickpea. The cost-efficient user-friendly InDel markers especially developed from the regulatory and coding (frameshift/large-effect mutations) regions of genes/TFs possibly have a greater impact on transcriptional gene regulation (expression) resulting alteration of gene functions in chickpea. These functionally relevant InDel markers thus have a broader practical application in establishing efficient marker-trait linkages and quick identification of potential genes/QTLs governing vital agronomic traits in chickpea.

The inter (97%)- and intra (58–87%)-specific polymorphic potential detected by the InDel markers among desi, kabuli, and wild chickpea accessions is much higher/comparable to that estimated especially with the sequence-based SSR, SNP, and InDel markers (Nayak et al., 2010; Bharadwaj et al., 2011; Gujaria et al., 2011; Agarwal et al., 2012; Hiremath et al., 2012; Kujur et al., 2013, 2015a,b,c; Deokar et al., 2014; Saxena et al., 2014a,b; Bajaj et al., 2015a,b,c; Das et al., 2015). The informative genome-wide InDel markers, especially those resolved/genotyped by a simpler cost-effective agarose gel-based assay, exhibiting high intra-specific polymorphic potential among accessions belonging to cultivated and wild chickpea are highly significant. These informative markers could thus serve as a beneficial genomic resource for their immense use in high-throughput genetic analysis including marker-assisted introgression breeding and genetic enhancement of chickpea.

We generated two high-resolution (mean inter-marker distances: 0.92 and 1.01 cM) 1059 and 594 InDel markers-anchored inter-specific genetic linkage maps [(Pusa 1103 × ILWC 46) and (Pusa 256 × ILWC 46)] and a high-resolution (0.66 cM) 1479 InDel markers-led consensus genetic map of chickpea. The map-densities estimated for these genetic maps are comparable with that documented so far in multiple intra- and inter-specific mapping populations-derived genetic maps of chickpea (Nayak et al., 2010; Gujaria et al., 2011; Hiremath et al., 2012; Kujur et al., 2013, 2015c; Deokar et al., 2014; Saxena et al., 2014b; Bajaj et al., 2015a; Das et al., 2015). Therefore, the genetic linkage maps constructed by us have potential to identify and map major QTLs governing various stress tolerance and yield component traits including pod number in chickpea.

The two inter-specific mapping populations utilized in the present study for major PN and SYP QTL mapping revealed a wider phenotypic variability and higher heritability (consistent phenotypic expression) across geographical locations/years for pod number and seed yield per plant trait. These mapping populations thus can serve as a useful genetic resource for molecular mapping of major PN and SYP QTLs in chickpea. The quantitative genetic inheritance pattern of PN and SYP trait was evident from its continuous variation and transgressive segregation as well as normal frequency distribution in the two studied inter-specific mapping populations. This infers the involvement of multiple genes/QTLs in controlling PN and SYP trait in these two diverse mapping populations of chickpea. The identification of strong trait-associated robust QTLs that are well-validated in multiple genetic backgrounds (inter-specific mapping populations in the present study) is essential for efficient deployment of informative markers tightly linked to these QTLs in marker-assisted genetic enhancement of chickpea. To detect well-validated robust PN and SYP QTLs, three major genomic regions underlying each of PN and SYP QTLs mapped individually on two inter-specific genetic maps derived from two mapping populations [(Pusa 1103 × ILWC 46) and (Pusa 256 × ILWC 46)] were compared and correlated. This led to identification of three redundant major genomic regions with short physical intervals of 2.94 (CaqcPN2.1), 0.89 (CaqcPN4.1), and 1.91 (CaqcPN4.2) Mb for PN as well as 2.55 (CaqcSYP2.1), 1.69 (CaqcSYP4.1), and 3.67 Mb (CaqcSYP6.1) for SYP mapped on chromosomes 2, 4, and 6 of a high-density consensus inter-specific genetic linkage map. The validation of three major PN and SYP QTLs across two diverse inter-specific mapping populations indicated their significance as robust QTLs to be utilized in marker-assisted selection and genetic enhancement of chickpea. Three of each long major PN (2.17–3.17 Mb) and SYP (2.88–5.45 Mb) QTL intervals mapped on two individual inter-specific genetic linkage maps were scaled-down into three short major genomic regions underlying robust PN (0.89–2.94 Mb) and SYP (1.69–3.67 Mb) QTLs on a high-density consensus genetic map. This implicates the potential utility of a high-density consensus inter-specific genetic linkage map for high-resolution molecular mapping/fine mapping of robust QTLs and delineation of potential candidate genes governing PN and SYP trait in chickpea.

To ascertain the novelty of three detected robust PN QTLs, the major genomic regions underlying these QTLs were compared with that reported in previous QTL mapping studies employing diverse inter- and intra-specific chickpea mapping populations. Based on congruent physical positions on chickpea chromosomes, two robust PN QTLs (CaqcPN4.1 and CaqcPN4.2) exhibited correspondence with two known major PN QTLs (CaqPN4.1 and CaqPN4.2) identified earlier from similar two inter-specific mapping populations using the mQTL-seq strategy in chickpea (Das et al., 2016). The remaining one robust PN QTL (CaqcPN2.1) identified by us has not been reported so far by any QTL mapping studies and thus considered as a novel QTL regulating pod number in chickpea. This could be due to use of genome-wide InDel markers in the present investigation for traditional QTL mapping vis-à-vis whole genome SNP markers for mQTL-seq analysis in the past study (Das et al., 2016). Notably, two robust PN QTLs (CaqcPN4.1 and CaqcPN4.2) and one novel PN QTL (CaqcPN2.1) spanning 0.89–2.94 Mb physical intervals, mapped on the chromosomes 2 and 4 of a high-density inter-specific consensus genetic map, were targeted by us to delineate potential candidate genes regulating pod number in chickpea. Interestingly, one identified novel major PN robust QTL (CaqcPN2.1) revealing correspondence with a major SYP QTL (CaqcSYP2.1), was colocalized based on their congruent physical positions on chickpea chromosome 2. The structural and functional annotation of these short physical PN and SYP QTL regions with available kabuli genome sequence especially identified 12 informative InDel markers-led regulatory and one nonsense non-synoymous natural allelic variants in multiple candidate genes/TFs which are known to be the key players of growth and development in diverse crop plants (Moon et al., 2004; Libault et al., 2009; Agarwal et al., 2011; Bartel, 2012; Sadanandom et al., 2012; Bajaj et al., 2015c; Xu et al., 2015). These functionally relevant molecular tags possibly regulating pod number and seed yield delineated by us can be deployed in marker-assisted genetic enhancement to develop high seed and pod-yielding cultivars with increased pod/seed number and yield in chickpea.

Summarily, the current investigation was able to provide multiple novel outcomes vis-à-vis our previous study (Das et al., 2016) that utilizes similar two inter-specific mapping populations for pod number QTL mapping in chickpea. Our study optimized a strategy to develop high-quality informative InDel markers especially from the low coverage NGS genome resequencing data of multiple mapping parental accessions and homozygous bulks/individuals at a genome-wide scale in chickpea with limited resource expenses. In addition, more than three thousand InDel markers exhibiting high intra-/inter-specific polymorphic potential among cultivated (desi and kabuli) and wild accessions even by a simpler economical agarose gel-based assay were screened for their effective utilization in genomics-assisted breeding applications of chickpea with narrow genetic base. The efficacy of InDel markers for construction of a high-density inter-specific consensus genetic linkage map and molecular mapping of high-resolution major pod number robust QTLs was demonstrated. Despite using similar mapping populations, we scanned two alike and an additional novel major QTL governing pod number between our present and past studies in chickpea. The detection of novel major pod number QTL is possibly due to deployment of high-resolution InDel markers-based traditional QTL mapping in the current study by genotyping of genome-wide InDel markers individually among segregating lines of two mapping populations of chickpea. Efforts have been made to establish efficient correlation between our identified major pod number and seed yield robust QTLs to ascertain the efficacy of these PN QTLs in marker-assisted genetic enhancement for developing high seed and pod-yielding chickpea cultivars. Essentially, the user-friendly InDel markers tightly linked to the genes underlying three (two previously reported and one novel in this study) major pod number as well as three novel seed yield robust QTLs delineated by us can be utilized in marker-assisted foreground selection for efficient screening of numerous back-cross mapping individuals especially by a cost-effective agarose gel-based assay in order to complement the ongoing chickpea molecular breeding program. Among these, especially the InDel markers developed from the genes colocalized at both novel pod number and seed yield robust QTL regions exhibiting increased major allelic effect for combined high PN and SYP traits appear much promising to be utilized in chickpea genomics-assisted breeding. This will eventually drive marker-aided genetic enhancement to develop chickpea cultivars with high seed and pod number and yield in laboratories with minimal infrastructural facilities.
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Cowpea (Vigna unguiculata [L.] Walp.) yields are considerably low in Namibia due to lack of improved varieties and biotic and abiotic stresses, notably, recurrent drought. Thus, genetic improvement in cowpea aims to develop cultivars with improved grain yield and tolerance to abiotic and biotic stress factors. The objective of this study was to identify agronomically desirable cowpea genotypes after mutagenesis using gamma irradiation. Seeds of three traditional cowpea varieties widely grown in Namibia including Nakare (IT81D-985), Shindimba (IT89KD-245-1), and Bira (IT87D-453-2) were gamma irradiated with varied doses and desirable mutants were selected from M2 through M6 generations. Substantial genetic variability was detected among cowpea genotypes after mutagenesis across generations including in flowering ability, maturity, flower and seed colors and grain yields. Ten phenotypically and agronomically stable novel mutants were isolated at the M6 each from the genetic background of the above three varieties. The selected promising mutants’ lines are recommended for adaptability and stability tests across representative agro-ecologies for large-scale production or breeding in Namibia or similar environments. The novel cowpea genotypes selected through the study are valuable genetic resources for genetic enhancement and breeding.
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INTRODUCTION

Cowpea (Vigna unguiculata L. Walp.) is a leguminous species used as food, forage, and vegetable crop mainly in the tropics (Steele, 1972). The grains are an excellent source of food and feed; a vital nutrient for healthy growth both for humans and livestock. The leaves, green pods, and grains are consumed as a dietary source of protein (Ghaly and Alkoaik, 2010). The cowpea grain contains 23% protein and 57% carbohydrate, and the leaves contain 27–34% of proteins. The crop originated and domesticated in Southern Africa, which was later spread to east and West Africa and Asia (International Institute for Tropical Agriculture [IITA], 2004). In semi-arid West and Central Africa, it is consumed as a pulse where it supplements the daily diet (Bressani, 1985). Thus, cowpea production remains the most prominent food legume cultivated by farmers majorly in most sub-Saharan African countries. The main reasons being the natural ability of the crop to withstand moderate episodes of drought and its adaptation to grow in nutrient limited soils. Cowpea is also able to fix atmospheric nitrogen in marginal soils where farmers are unable to adequately fertilize their crops due to unaffordability or inaccessibility (Steele, 1972). Accounts indicate that greater than 16,000 genotypes of cowpea are registered in trust for the World Bank by the International Institute of Tropical Agriculture, (IITA) Ibadan, Nigeria. Such a huge genotype bank is believed to provide a wide range of information on the agronomy and potential benefits of the crop.

The southern African region is reportedly considered the centre of diversity of V. unguiculata which includes Namibia, Botswana, Zambia, Zimbabwe, Mozambique, and the Republic of South Africa (Ng and Marachel, 1985). In Namibia, cowpea is the second most important crop next to pearl millet. Nearly, 95% of the smallholder farmers in the northern part of the country grow cowpea for food security and/or livelihoods. However, cowpea yields of the available cultivars are considerably low (250–350 kg/ha) predominantly due to lack of improved varieties and biotic and abiotic stresses notably recurrent severe drought. Hence, genetic improvement in cowpea requires systematic breeding and development of genotypes associated with higher yielding capacity and drought resilience.

Genetic variation is the basis for plant breeding programs. Most conventional crop improvement programs rely on natural genetic variation present among germplasm pools (Ceccarelli and Grando, 2007). Mutations can be induced in various ways, such as exposure of plant propagules, including seeds, tissues, and organs, to physical and chemical mutagens (Mba et al., 2010). Induced mutagenesis has the potential to create genetic variation for genetic enhancement and breeding in a relatively shorter time unlike natural mutation or controlled crosses of especially unrelated parents (Singh et al., 2006; Wani, 2006; Tulmann Neto et al., 2011). Gnanamurthy et al. (2012) reported that induced mutations have been successfully used in breeding of seed propagated crops since 1940s. The Mutant Varieties Database (MVD) of FAO (Food and Agriculture Organisation of the United Nations) and the International Atomic Energy Agency (IAEA) maintained a list of 2,252 crop cultivars developed through artificial mutations (Nielen, 2004). These cultivars were released across 59 countries worldwide, mainly in the continental Asia (1,142 cultivars), Europe (847), and North America (160) (Maluszynski, 2001; Maluszynski et al., 2009). Studies indicate that induced mutagenesis has successfully modified several plant traits such as plant height, maturity, seed shattering resistance, disease resistance, oil quality and quantity, malting quality, size and quality of starch granules of cowpea (Goyal and Khan, 2010; Singh et al., 2013).

In South Africa, cowpea mutants were developed through selections from the M2 to M4 generations. These included the drought tolerant mutants such as 447, 217, and 346, and mutants such as 447, MA2, and 217 isolated for their high yielding ability under well-watered conditions (De Ronde and Spreeth, 2007). Furthermore, early maturing cowpea mutants with leaflets containing tendrils, broad leaves, and light green pods were developed through gamma irradiation in Nigeria (Adekola and Oluleye, 2007). The use of gamma irradiation at different doses has been reported to change the proximate and anti-nutritive compositions in pulses (Udensi et al., 2012). Some varieties of groundnut were developed in Congo through gamma irradiation (Tshilenge-Lukanda et al., 2012). Wani (2006) reported a significant increase in the mean values of the fertile branches per plant, pods per plant and seed yield per plant (SYP) in mutant varieties of mungbean (Vigna radiata [L.] Wilczek) derived through gamma irradiation.

In light of this, a collaborative research was developed in 2009 between the Namibian Government and the IAEA under Technical Cooperation project on induced mutation breeding using Gamma irradiation. This created a platform for pre-breeding and breeding of high yielding, drought tolerant and insect pest resistant genotypes of cowpea. Gamma irradiation was recommended by the Namibian Radiation Regulatory Authority as an alternative option to create new crop genotypes in a short period of time without any negative impact to the environment.

Therefore, the objective of this study was to identify desirable cowpea genotypes after gamma irradiation of three traditional cowpea varieties widely grown in Namibia including Nakare (IT81D-985), Shindimba (IT89KD-245-1), and Bira (IT87D-453-2) through continuous selections from M2 through M6 generations.

MATERIALS AND METHODS

Plant Material and Gamma Irradiation

Three cowpea genotypes widely grown in Namibia, namely, Nakare (IT81D-985), Shindimba (IT89KD-245-1) and Bira (IT87D-453-2) were obtained from Likorerere Farmers Co-operatives at Kavango Region, Namibia. The seeds were irradiated at the International Atomic Energy Agency (IAEA), Agriculture and Biotechnology Laboratory, A-2444 Seibersdorf, Austria using a CO60 source Gammacell Model No. 220. Various doses were used to establish the optimum irradiation level that can achieve optimum mutation frequency with least possible and unintended damage. The three varieties were gamma irradiated as follows: Bira [0, 75, 150, 300, 450, and 600 Gy], Nakare [0, 100, 150, 200, 250, and 300 Gy] and Shindimba [0, 100, 150, 200, 300, and 400 Gy]. Preliminary tests showed that the three varieties differed in their optimal requirement of irradiation doses and was used as the bases for using different doses for each genotype (Horn and Shimelis, 2013). The 0 Gy dose served as a comparative control.

Study Sites, Experimental Design, and Field Establishment

A series of selection experiments were conducted at three different sites; namely Mannheim, Bagani, and Omahenene. Mannheim Research Station is located in Oshikoto region along the north central of Namibia and it is situated at an altitude of 1234 m above sea level (masl). Bagani Research Station is located at (1007 masl) north east in the Kavango East region, whereas Omahenene research station is situated in the Omusati Region in North-Western Namibia at altitude of 1109 masl. In general, climatic, biological conditions of the selection sites vary considerably. Physicochemical properties of the sites are provided in Table 1. The M1 and M2 generations were evaluated at Mannheim Research Station during the 2009/2010 and 2010/2011 seasons, respectively. The M3 generations were established at Bagani research station during the 2011/2012 season. The M4 and M5 were established at Omahenene Research Station in 2012/2013 and 2013/2014 season, respectively.

TABLE 1. Physicochemical properties of soils at Mannheim, Bagani, and Omahenene research sites in Namibia.
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Plots were arranged in a randomized complete block design using two replications. Plants were established using intra-row spacing of 20 cm and inter-row spacing of 75 cm. Seedlings were thinned to one plant per hill after 2 weeks from planting. Weeds were controlled manually. Planting of the M1 seeds was done under normal growing conditions with supplemental irrigation during dry spell. Each row of the M1 generation contained 26 individuals, making a total of 104 plants per irradiation dose. At harvest the M2 seeds were bulked in separate bags according to irradiation doses (Figure 1). During the M2 to M5 generations’ variable number of individual plants ranging from 50 to 100 per irradiation dose were assayed for qualitative and quantitative observations.


[image: image]

FIGURE 1. Illustration of the selection methods during 2009–2014.



Selection Procedure and Data Collection

The selection procedure was undertaken based on methods adapted from Maluszynski et al. (2009). The selection procedure used in the study is illustrated in Figure 1. The irradiated seeds (M1) were planted in the field at Mannheim research station under standard cultural practices. All the pods, from the M1 plants that survived were harvested and bulked according to their respective radiation doses and genotypes. Consequently, the harvested M2 seeds were planted in the field at Mannheim as M2 population during 2010/2011 season in the form of progeny rows for individual plant selection and to develop the M3 seeds. The M3 seed from selected M2 plants were planted at Omahenene and Bagani Research Station during 2011/2012 for evaluation. The M3 plants at both sites were evaluated in the field using morphological and agronomical attributes. Pods from selected M3 plants were harvested. During 2012/2013, the M4 seeds obtained from the selected M3 population were planted at Omahenene Research Station as single-plant progenies and segregants were selected with desired traits. During 2013/2014 the M5 seeds obtained from the selected M4 population were planted at Omahenene Research Station as single-plant progenies and selection were made toward desired trait on single plant basis. Uniform, non-segregating mutant progenies, were bulked at this stage to hasten the breeding cycle. During 2014/2015 the M6 generation was evaluated at Omahenene, Bagani, and Mannheim using suitable lines selected for seed yield and related traits.

Data Collection and Analysis

Both quantitative and qualitative data were collected during evaluations from the M2 to M5 generations. The data collected included: days to 50% germination (DG), percent seed emergence (ES%), number of abnormal individuals or visual phenotype mutants (ABN), total number of surviving plants per plot (TNP), number of main branches (NMB) averaged over 10 randomly selected and tagged plants, days to 50% flowering (DTF), days to 50% pod setting (DPS), days to 50% maturity(DMT), number of pods per plant (NPP) averaged over five pods per selected plant, pod length (PL) expressed in cm and averaged over five pods per plant, pod weight per plant (PW) in gram, number of seeds per pod (NSP) averaged over five pods per plant, 100 seed weight (HSW) in gram and SYP in gram. The qualitative data collected included variation in flower color (FC) and seed color (SC) during the M1 and M2 generations. Additional qualitative data such as, pod shape (PS), pod color (PC), seed coat texture (SCT), and growth habit (GH) were collected from M2 to M5 generations. Data were analyzed and descriptive statistics summarized using the SAS statistical program (SAS, 2002).

RESULTS

Phenotypic Characterization of Mutants

Qualitative and Quantitative Traits at M1 and M2

During the M1 and M2 generations the percentage field establishment (ES) ranged between 79 to 89%, respectively (Table 2). Nakare and Shindimba mutants had ES of 0% at irradiation does of 250, 300, and 400 Gy. Phenotypic abnormalities such as albinism, leaf deformity, single stem, seedless pods or short pod sizes were invariably observed at the following doses and genotypes: 450 and 600 Gy (Bira); 150 and 200 Gy (Nakare); and 100, 150, and 200 Gy (Shindimba) (Figure 2). Segregation of FC (white and purple) were observed at the M2 with the following doses and genotypes: 300, 450, and 600 Gy (Bira), 100 and 200 Gy (Nakare), and 100, 150, and 200 Gy (Shindimba) (Figure 3). SC variations were observed during the M2 (Figure 4). White, brown, red, and cream SC were common in Bira mutants across all irradiation doses. In addition to these Nakare and Shindimba had speckled, chocolate, light brown, black, mixed and dark brown SC when subjected to irradiation doses of 100, 150, and 200 Gy (Table 2 and Figure 4). Bira mutants displayed relatively high seed yields varying from 98 to 200 g/plant at 0 and 600 Gy, respectively (Table 2).

TABLE 2. Phenotypic characteristics of mutants observed during the first two seasons 2009/2010 and 2010/2011 at Mannheim Research Station.
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FIGURE 2. Some common abnormalities at M3 observed at Bagani Research Station. (A) spinach-like leaves, (B) Short-pods, (C) broad-dark leaves, (D) chlorophyll mutant, -single stem (E,F) observed at Omahenene research Station.
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FIGURE 3. Variation in flower color (A) white flower color, (B) purple flower and field plant stands of M5 Nakare mutants observed at Omahenene Research Station in Namibia.
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FIGURE 4. Different M3 seed colors (A–F) observed among all mutants at all locations.



Qualitative Traits Evaluated during the M3 to the M5

Variable number of individual plants was available for selection during M3 to M5 generations, because of the strength of irradiation treatment and segregation. The following doses allowed successful selections of mutants during the M3 to M5: 300, 450, and 600 Gy (Bira), 100 and 150 Gy (Nakare), and 100 and 200 Gy (Shindimba). Surviving and phenotypically stable individuals were advanced at each selection generation at Omahenene and Bagani Research Stations. Qualitative traits had limited variation during M3 to M5 (Table 3). Bira mutants displayed purple FC irrespective of doses and test generations, while Nakare and Shindimba segregated for white and purple FC (Figures 3 and 5). Both Bira and Nakare mutants had straight PS similar to the controls. However, Shindimba segregants had straight and coiled pod types (Figure 5). Variable SCs including white, brown, red, cream, speckled, chocolate, light and dark brown, black and mixed were observed during the M3 to M5. Bira mutants had smooth SCT, while Nakare and Shindimba had mainly rough and smooth seed texture. Bushy, erect and spreading GHs were detected during the M3 to M5 (Figures 3 and 5).

TABLE 3. Qualitative traits observed among the mutant lines at the M3, M4, and M5 at Omahenene and Bagani Research Stations.
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FIGURE 5. Variation among Shindimba mutant lines. (A) coiled pods, (B) semi-coiled pods observed at Mannheim during the M2 generation, (C) white flower with semi-coiled pods, and (D) Purple flowers observed at Omahenene during the M5 generation.



Quantitative Traits Observed from M3 to M5

Quantitative traits of agronomic importance were measured during the M3 to M5 (Table 4). The percent seed emrgence (ES%) reduced significantly with increased irradiation dose. Maximum seed germination was achieved 3 days after planting irrespective of irradiation doses (Tables 4–6). Shindimba mutants relatively flowered early (40 days) at the M3 (Table 4).

TABLE 4. Quantitative characteristics of M3 cowpea mutant lines irradiated at different gamma radiation doses (Gy) in relation to their parental lines/control (Gy 0) observed at Bagani Research Station during 2011/2012 season.
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At the M4 a relatively shorter days to flowering (44 days) was recorded at 300 Gy (Table 5). Contrastingly, the number of days to flowering was 37 days at the M5 at using 600 Gy (Table 6). Nakare derived mutants flowered relatively earlier (10 days) at 100 Gy at the M3 (Table 4). At the M5 Nakare mutants recorded a minimum of 61 days to flowering at 0 and 150 Gy (Table 5). At the M3, Shindimba mutants displayed a minimum of 15 and a maximum of 84 days to flowering at 200 and 100 Gy, respectively (Table 4). Nakare mutants recorded the lower days (25) for pod setting (DPS) at the M3when using 100 Gy. Comparatively, the higher number of DPS (98 days) was measured in Shindimba at 200 Gy. At the M4 a minimum DPS of 48 days was recorded for Bira derivatives at 300 Gy. A maximum DPS of 86 days was recorded for Bira mutants at 400 Gy, Nakare at 100 and 150 Gy and Shindimba at 100 and 200 Gy (Table 5). At the M5, Nakare mutants recorded the lower DPS (41 days) at 100 Gy, while Bira genotypes had the higher DPS of 88 days at 300 Gy, Table 6). During the M3, Nakare mutants matured 32 days after planting at 100 Gy. At the same dose rate Shindimba displayed late maturity (98 days) at the M3 (Table 4). During the M4 Bira mutants matured earlier (54 days) at 450 Gy. Delayed maturity (115 days) were recorded for Nakare at 150 Gy and Shindimba at 100 and 200 Gy (Table 5). At the M5 Bira measured early maturity (62 days) with the highest dose of 600 Gy. Interestingly, this genotype matured late (115 days) when subjected to irradiation dose of 300 Gy (Table 6). Nevertheless, Bira recorded lower NPP (1 pod/plant) at 600 Gy and higher (5 pods/plant) when irradiated at 300 Gy (Table 4). At the M4, 1 pod/plant was recorded for Bira at 450 and 600 Gy and Shindimba at 200 Gy (Table 5).

TABLE 5. Quantitative characteristics of M4 cowpea mutant lines irradiated at different gamma radiation doses (Gy) in relation to their parental lines/control (Gy 0) observed at Omahenene Research Station during 2012/2013 season.
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TABLE 6. Quantitative characteristics of M5 cowpea mutant lines irradiated at different gamma radiation doses (Gy) in relation to their parental lines/control observed at Omahenene Research Station during 2013/2014 season.
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At the M3 the longer pod size measured at 23.5 cm was recorded for Nakare at 100 Gy (Table 4). At the M4, Shindimba mutants resulted from 200 Gy measured longer pod size of 31 cm (Table 5). Bira mutants induced with 300 Gy produced longer pod size (30 cm) (Table 6). Relatively heavier pod size (4003 g/plant) was recorded for Bira at 300 Gy (Table 4). At the M4, Bira had pod size measured at 325 g/plant at 300 Gy. Notably this genotype had reduced pod weight (1 g/plant) at the highest irradiation dose (Table 5).

The NSP varied significantly between irradiation doses and genotypes. At the M3, the highest number of seeds of 18.6/pod was recorded for Bira at 600 Gy and Nakare 150 Gy (Table 4). At the M4 19 seeds/pod was achieved in the mutants of Bira at 600 Gy and Shindimba at 100 Gy. At the M5, mutants of Bira derived from 300 and 450 Gy and Nakare 150 Gy recorded 20 seeds/pod, the highest in this trial (Table 5). Hundred seed weight (HSW) at M3 was relatively heavier measured at 109 g for Nakare mutants derived from 150 Gy (Table 4). At the M4 the higher HSW (115 g) was recorded for Bira at 450 Gy (Table 5). During the M5 Bira displayed higher HSW of 171 g at 450 Gy (Table 6). High seed yield per plant is an economic trait for cowpea growers. At M3, higher seed yield of 3500 g per plant was recorded for Bira mutants derived from the mutagenic treatment of 300 Gy (Table 4). During the M4 generation Bira and Nakare mutants derived from 300 Gy and 100 Gy had a relatively higher seed yields of 287 and 199 g/plant, in that order (Table 5). At the M5 generation Bira mutants yielded 570 g/plant, while Nakare had 298 g/plant when subjected to 450 Gy and 100 Gy, respectively (Table 6).

DISCUSSION

The present study revealed the important roles of induced mutations in cowpea breeding. It was evident from this study that increased Gy doses above 150 Gy can be lethal for the cowpea breeding line such as Nakare, while a dose above 200 Gy is lethal for the breeding line Shindimba. Other authors have reported the negative effects of increased mutagenic doses affecting various crops’ establishment and survival for breeding (Mba et al., 2009).

The present study showed the presence of clear phenotypic differences among the tested mutant lines when compared to their respective controls. Overall, increased irradiation dose was associated with visual phenotypic mutants. Mutants displayed visual phenotypic differences including chlorophyll, leaf, upright single stem, pod, and seed during the M2 to M5 generations. Chlorophyll mutants observed were plants with yellow and striped leaves, albinos or yellow to pale leaf and stem pigmentations. Virescence mutants showed broad pale green leaf with its margin resembling a spinach leaf (Figure 2). According to Girija and Dhanavel (2009) and Maluszynski et al. (2009), the appearance of chlorophyll defects is a good indicator of genetic action of the mutagen. Singh et al. (2013) reported that increased Gy doses provided higher frequency of chlorophyll mutants in cowpea when compared to other mutagens such as EMS. Girija and Dhanavel (2009) outlined the effectiveness and efficiency of mutagens for selection of mutants with economic traits. The authors suggested that for effective phenotypic selection the mutation treatment should not yield unintended damages including chromosomal aberrations, physiological and toxic effects, which reduce cell survival and ultimately eliminate the mutation. Despite its negative effects on the early stages of crop growth, chlorophyll mutants are important in mutation breeding programs. Tulmann Neto et al. (2011) reported that the chlorophyll mutants were used in evaluation of the genetic effects and sensitivity of various mutagens on crops. These results are in agreement with Goyal and Khan (2010) whose studies indicated that the incidence of chlorophyll mutants were higher with increased Gy doses in earlier selection generations.

In the present study, mutants at the M2 were genetically diverse owing to phenotypic segregation. The genetic diversity assessed in these mutants were tall/dwarf plant heights, early/late maturity, leaf shapes, branching habit, GH, PS, FC, SC and texture, seed weight and yield (Tables 4–6). Both the qualitative and quantitative parameters measured in the study were useful for selection of cowpea mutants. According to Maluszynski et al. (2009), induced genetic polymorphism among initial cells of the sporogenic layer influences the segregation ratio in the M2 generation. However, mutations of cells of somatic tissues are not transferred to the next generation. Gnanamurthy et al. (2012) stipulated that easily detectable mutants characteristics are phenotypically visible and morphologically distinct with qualitatively inherited genetic changes. These changes occur due to the effect of few major genes or oligogenes yielding macro mutations. In this study, some macro mutations observed were the changes in flower and SC. Micro mutations are the result of polygenes each with minor genetic effect showing quantitative inheritance. The effect and inheritance of minor genes is detected using quantitative genetic parameters and statistical methods (Singh et al., 2006). In the current study, short plant height and one seed per pod mutants were recorded in all the breeding lines mostly at the M3 generation. Single seeded pods were also reported by Girija and Dhanavel (2009).

In the present study, other main phenotypic changes observed were increased NMB especially in mutants with spreading GH. Mutants with bushy GH had reduced number of branches per plant. These characters are indicated to be associated with some physiological properties of the plant including leaf senescence and indeterminate GH (Hall, 2004; Martins et al., 2014). It is reported that characteristics altered through mutation breeding can be combined through the conventional breeding to improve crop performance and drought adaptation (Ehlers and Hall, 1997). The present study found that Nakare mutants had a maximum of 23 main branches per plant, while the comparative control had nine main branches (Table 3). According to previous studies (Singh et al., 2003, 2013), the spreading and semi-spreading cowpea types yielded less grain and more fodder when planted in closer spaced rows. The present study found that mutation treatment did not significantly affect the number of days taken to germination, hence all the breeding lines germinated 3 days after planting (Tables 3–6). The mutation treatment had positive effect on the number of days taken to 50% flowering whereby some of the breeding lines flowered 11 days before the control. Bira mutants subjected to irradiation of 300 Gy flowered 80 days after planting (Table 3). Maluszynski et al. (2009) suggested that a high dose of a mutagen should yield delayed maturity. Dhanavel et al. (2008) repooted that mutagenesis resulted into variation in plant development including the number of days taken to maturity. According to Singh et al. (2003), these variations are important to the farmers and the breeders allowing choices of planting time. The breeder will have a choice from a larger breeding stock for various breeding traits and purposes.

Significant observations made in the present study were increased PL and seed yield measured during the M3 to M5 in all the breeding lines. Goyal and Khan (2010) reported that mutations caused increased PL in some of the cowpea lines. Pod size may contribute to increased seed yield. The number of grains per pod increases with increased PL though this may be associated with reduced total biomass (Singh et al., 2003). Other major effects of the mutation observed in the present study were the range of variations in SC. A mosaic of SCs were noted including white, brown, chocolate, red, speckled, cream, and black. Dhanavel et al. (2008) reported various SCs due to mutational events. The present findings suggested that the NMB per plant, NPP, number of grains per pod, 100-seed weight and seed yield per plant reduced significantly with increased concentration of irradiation doses. These findings are in agreement to the studies of Girija and Dhanavel (2009), who reported that mutagenesis is associated with negative and positive phenotypic effects for selection.

The present study demonstrated that most characters of cowpea which are of interest to plant breeders can be altered through mutations using the gamma irradiation technique. Furthermore, new plant attributes were created in the high yielding and well adapted local cowpea varieties. Various pests were observed on mutant cowpea during this study Figure 6. Therefore, there is a need to breed for insect pest tolerance in cowpea. Timko et al. (2007) suggested that the future of cowpea improvement programs should focus on breeding for pests and diseases resistance and other desirable traits such as early maturity, photoperiod insensitivity, suitable plant type, seed quality and yield. Overall, the present study made extensive phenotypic selections of mutants from the M2 to M5 generations and identified promising genotypes. The selected mutants’ are recommended for adaptability and stability tests across representative agro-ecologies for large-scale production or breeding in Namibia or similar environments. The novel cowpea genotypes selected through the study are valuable genetic resources for genetic enhancement and breeding.
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FIGURE 6. Common insect pests (A) Spiny brown bugs Clavigralla sp., (B) Coreid bug Anoplocnemis curvipes, (C) Aphids Aphis craccivora Koch and Blister (D) Beetle Mylabris phalerata observed among the M5 mutants at Bagani, and Omahenene Research Stations concurrently.
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The large-scale mining and high-throughput genotyping of novel gene-based allelic variants in natural mapping population are essential for association mapping to identify functionally relevant molecular tags governing useful agronomic traits in chickpea. The present study employs an alternative time-saving, non-laborious and economical pool-based EcoTILLING approach coupled with agarose gel detection assay to discover 1133 novel SNP allelic variants from diverse coding and regulatory sequence components of 1133 transcription factor (TF) genes by genotyping in 192 diverse desi and kabuli chickpea accessions constituting a seed weight association panel. Integrating these SNP genotyping data with seed weight field phenotypic information of 192 structured association panel identified eight SNP alleles in the eight TF genes regulating seed weight of chickpea. The associated individual and combination of all SNPs explained 10–15 and 31% phenotypic variation for seed weight, respectively. The EcoTILLING-based large-scale allele mining and genotyping strategy implemented for association mapping is found much effective for a diploid genome crop species like chickpea with narrow genetic base and low genetic polymorphism. This optimized approach thus can be deployed for various genomics-assisted breeding applications with optimal expense of resources in domesticated chickpea. The seed weight-associated natural allelic variants and candidate TF genes delineated have potential to accelerate marker-assisted genetic improvement of chickpea.

Keywords: allele, association mapping, chickpea, EcoTILLING, seed weight, SNP, transcription factor

INTRODUCTION

Allele mining is an efficient strategy to unlock a wealth of largely untapped natural and functional allelic variation/diversity existing within wild and cultivated genetic resources for crop genetic enhancement, thereby improving the productivity and sustainability of global agriculture. The vast available germplasm (core and mini-core) repositories and different recently developed high-throughput array-based next-generation sequencing (NGS) and sequence-based marker genotyping strategies are found expedient in large-scale mining and genotyping of genome/gene-based SNP (single nucleotide polymorphism) alleles among these germplasm accessions for driving genomics-assisted crop improvement through genetic and association mapping. The allele mining strategies commonly adopted in laboratories equipped with advanced infrastructural facilities (like high-throughput genotyping platforms and modern computational genomics tools), require prior information of SNP alleles (nature/types and flanking sequences) for their discovery, validation and genotyping in the targeted gene/genomic regions of multiple crop accessions. Conversely, EcoTILLING (Ecotype Targeting Induced Local Lesions IN Genomes), a rapid, inexpensive and well-established allele mining approach is found much proficient in large-scale mining and high-throughput genotyping of novel natural and functional allelic variants (without prior knowledge of SNP alleles) of known and candidate genes related to useful agronomic traits in diverse crop germplasm accessions (McCallum et al., 2000; Comai et al., 2004; Till et al., 2006, 2007, 2010; Raghavan et al., 2007; Wang et al., 2010; Xia et al., 2012). The implication of EcoTILLING to identify potential novel functional alleles in the known and candidate genes/transcription factors (TFs) regulating qualitative and quantitative agronomic traits by association/genetic mapping is well-documented for expediting the genetic enhancement of crop plants (Mejlhede et al., 2006; Barkley and Wang, 2008; Ibiza et al., 2010; Negrao et al., 2011; Yu et al., 2012; Frerichmann et al., 2013).

EcoTILLING usually employs a mismatch-specific CEL-I nuclease to cleave the PCR amplified fragments at the site of heteroduplex formation involving nucleotide (SNP-allelic) polymorphism. Most of the EcoTILLING studies utilize the advanced genotyping platforms (LICOR NEN Model 4300 DNA Analyzer, Transgenomic WAVE-HS denaturing high performance liquid chromatography, ABI 377 sequencer and eGene capillary electrophoresis systems) for efficient resolution of fluorescent dye (IRDye 700/800 and SYBR green)-labeled CEL-I cleaved heteroduplex PCR amplified fragments. Consequently, these efforts led to the discovery and genotyping of novel potential alleles specifically derived from the trait-associated known and candidate genes in natural population of diverse crop plants (Perry et al., 2003; Caldwell et al., 2004; Comai et al., 2004; Henikoff et al., 2004; Yang et al., 2004; Suzuki et al., 2005). The added-advantage of agarose gel-based EcoTILLING vis-à-vis the commonly utilized LICOR genotyper for large-scale mining and genotyping of allelic variants in accessions exhibiting low level polymorphism, is well-demonstrated in many crop plants (Raghavan et al., 2007; Negrao et al., 2011; Yu et al., 2012). This is merely because efficacy of an agarose gel-based EcoTILLING approach in precise resolution of unlabeled CEL I-cleaved heteroduplex PCR amplified fragments by a simpler, economical and time-saving agarose gel-based detection assay as compared to a standard EcoTILLING method that requires labeled CEL I-cleaved heteroduplex PCR amplicons for resolution in a LICOR genotyper. The broader utility and deployment of this agarose gel-based EcoTILLING approach in manifold large-scale genotyping applications is well-documented by the research laboratories with minimal resources (Raghavan et al., 2007; Negrao et al., 2011; Yu et al., 2012). This includes understanding the natural allelic diversity, population genetic structure and domestication pattern among accessions, molecular mapping and genetic association analysis for identification of potential molecular tags like alleles and genes/QTLs (quantitative trait loci) governing vital agronomic traits and marker-assisted breeding for selecting desirable accessions for crop genetic improvement.

Chickpea, a member of genus Cicer, is rich in cultivated and wild germplasm resource (core/mini-core collections) with a wealth of trait diversity (Upadhyaya and Ortiz, 2001; Upadhyaya et al., 2001, 2002). More in-depth characterization of these core/mini-core germplasm resources at both genotypic and phenotypic level for diverse important abiotic/biotic stress tolerance and yield/quality component traits is essential to discover and deploy valuable alleles and allelic combinations scanned from these germplasm accessions, more effectively for genetic improvement of chickpea (Upadhyaya et al., 2008, 2011; Varshney et al., 2013a; Saxena et al., 2014a,b; Bajaj et al., 2015). The existing diverse germplasm collections are thus “gold mines” for analysis of functional as well as natural allelic variation/diversity in the known and candidate genes controlling important agronomic traits of chickpea. Considering the importance of allele mining in crop genetic enhancement, EcoTILLING can be employed in multiple cultivated (desi and kabuli) and wild chickpea accessions for identifying novel functional/natural allelic variants in the candidate and known genes associated with multiple traits of agricultural importance in chickpea.

The agarose gel-based EcoTILLING strategy mostly utilizes pooling of genomic DNA isolated from two diverse accessions rather than multiple accessions for robust mining and genotyping of alleles in the view of anticipating more allelic variations between distant accessions of crop plants (Raghavan et al., 2007). However, the level of allelic variation and diversity captured specifically from different sequence components of genes/genomes among germplasm accessions of chickpea is known to be very low due to its narrow genetic base and extensive domestication bottlenecks as compared to other crop plants (Abbo et al., 2003, 2005; Berger et al., 2003, 2005; Singh et al., 2008; Toker, 2009; Jain et al., 2013; Varshney et al., 2013b; Saxena et al., 2014a). Therefore, in a diploid self-pollinated crop species like chickpea with a lower occurrence of SNP-allelic variations, the agarose gel-based EcoTILLING approach can easily be expanded to multiple accessions regardless of selecting only two accessions for DNA pooling in allele mining. Consequently, the efficient resolution and estimation of allelic variants scanned from the pooled DNA of multiple chickpea accessions will be relatively convenient, even in a low-resolution agarose gel than that of other crop species exhibiting higher allelic polymorphism. Such a strategy of multiple accessions pooling-based EcoTILLING coupled with agarose gel detection approach has been found beneficial for various high-throughput allele mining and large-scale genotyping applications, including genetic and association mapping of alleles/genes (TFs) regulating drought and salinity stress tolerance traits in rice (Negrao et al., 2011; Yu et al., 2012). Henceforth, the utilization of this multiple accessions-pooling agarose gel-based EcoTILLING approach can certainly accelerate the process of rapid selection of informative SNP alleles/markers as well as identification of accessions exhibiting higher allelic variations for their robust genotyping at a genome-wide scale. This strategy will be thus useful for various high-throughput genetic analysis in chickpea with sub-optimal use of resources. A large-scale novel as well as functional allelic genotyping information cataloged from diverse germplasm (core/mini-core) accessions and bi-parental mapping populations by use of agarose gel-based EcoTILLING assay can serve as a vital resource for trait association and genetic mapping. This will be helpful to identify favorable natural allelic variants undergoing selection during the course of domestication in desi, kabuli and wild accessions that are adapted to diverse agro-climatic conditions for genomics-assisted crop improvement of chickpea.

In light of the above, the present study employed a simpler non-laborious and rapid yet cost-effective agarose gel-based EcoTILLING assay (Figure 1) for high-throughput mining of natural allelic variants derived from diverse coding and non-coding regulatory sequence components of 1133 TF genes by genotyping in 192 core/mini-core germplasm accessions constituting a seed weight association panel. As a proof of concept, the high-throughput genotyping data of 1133 TF gene-derived SNPs was correlated with seed weight field phenotypic information of the 192 accessions to delineate functionally relevant natural allelic variants in the candidate TF genes regulating 100-seed weight in chickpea.
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FIGURE 1. Schematic depicting the major steps followed in an agarose gel-based EcoTILLING assay for efficient identification of functionally relevant molecular tags governing useful agronomic traits in chickpea. This strategy is optimized for successful large-scale mining of novel SNP allelic variants from the target genomic regions (genes) by genotyping in a constituted field-phenotyped association panel (desi and kabuli core/mini-core germplasm lines). A, Accessions; SP, Superpool; F, (Forward); and R, (Reverse) primers.



AGAROSE GEL-BASED ECOTILLING AIDS IN MINING OF NOVEL NATURAL AND FUNCTIONAL ALLELIC VARIANTS IN CHICKPEA

For large-scale mining and genotyping of gene-based SNP alleles by EcoTILLING in chickpea, a set of 1248 TF genes annotated from desi and kabuli genomes were acquired. The selected TFs include 819 desi and kabuli TF genes and 429 TF-encoding transcripts of desi accession (ICC 4958), which were specifically selected from the previous studies of Jhanwar et al. (2012) and Kujur et al. (2015), respectively based on the presence of at least one SNP in the CDS (coding sequence) and regulatory sequences of these genes. The multiple forward and reverse primer combination (at least two primer-pairs per TF gene) with expected amplification product size of 1000–1500 bp (per primer) targeting the diverse CDS and 2000-bp upstream/downstream regulatory regions (URRs/DRRs) of 1248 TF genes were designed. The amplification of each target gene regions was optimized (specifically the annealing temperature) with different combination of primer-pairs using the genomic DNA of one desi chickpea accession (ICC 4958) as per the detail PCR protocol described by Jhanwar et al. (2012) and Kujur et al. (2013). Based on these analyses, 1890 (75.7% of 2496 primer-pairs designed in total) primers designed from the 1133 TF genes exhibited reproducible single amplicons (by eliminating the non-specific amplified fragments and duplicate loci) in ICC 4958 using 2.5% agarose gel (Figure 2A). The fragments amplified specific to diverse coding (CDS) and non-coding URR/DRR sequence components of TF genes using the optimized primers were further assayed through agarose gel-based EcoTILLING approach for allele mining.
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FIGURE 2. Optimization and validation of pool-based EcoTILLING approach coupled with agarose gel detection assay for large-scale mining of novel allelic variants from diverse coding and regulatory sequence components of TF genes by genotyping in a 192 desi and kabuli germplasm lines belonging to a seed weight association panel. (A) A representative gel illustrating the optimization followed by PCR amplification of seven primer-pairs (Pr1-Pr7) designed targeting various coding and regulatory regions of seven TF genes in the genomic DNA of a desi chickpea accession (ICC 4958) to produce single reproducible amplicons of each primer for EcoTILLING analysis. (B,C) The representative gels depicting the screening of allelic variants from the eight representative micropools (P1–P8) and two superpools (SP1 and SP2) made from the genomic DNA of 192 desi and kabuli germplasm lines (including ICC 4958 as control) employing an agarose gel-based EcoTILLING assay as defined in the Figure 1. The absence (B) and presence (C) of one non-synonymous SNP allelic variant in the pools and superpools based on cleavage/digestion patterns of 1500 bp fragments amplified from the target CDS region of a mTERF TF gene was apparent in 2.5% agarose gel. The occurrence of 1500 bp homoduplex uncut PCR amplicons as well as mismatch-specific CEL I cleavage of 1500 bp heteroduplex PCR amplified fragments into two varied amplicons of 760 and 740 bp fragment sizes due to the effect of single nucleotide polymorphism (SNP-allele) was observed in the four pools (P5–P8) and one superpool (SP2). M: 1 kb DNA ladder size standard. (D) The sequencing of 1500 bp amplified PCR product of an mTERF TF gene followed by multiple alignment of their high-quality sequences ascertained the presence of one coding SNP (C to G) exhibiting missense non-synonymous amino acid substitution [aspargine (AAC) to lysine (AAG)] in the four pools (P5–P8), one superpool (SP2) and seven individual desi and kabuli accessions as per expectation based on agarose gel-based EcoTILLING assay. The sequenced region carrying the non-synonymous SNP is indicated with a dotted box. The detail information of genes used for validation is mentioned in the Table S2.



To access the potential of EcoTILLING in large-scale mining and high-throughput genotyping of TF gene-derived SNP alleles, 192 desi and kabuli chickpea core/minicore germplasm accessions were selected (Table S1) from a 100-seed weight (SW) specific association panel (244 accessions) as constituted previously by Kujur et al. (2014). The high-quality genomic DNA isolated from these 192 accessions was quantified to equal concentration of 1 ng/μl. The bi-dimensional pooling of the uniformly quantified genomic DNA of 192 accessions was performed in two of each 96-well PCR plate to constitute eight micropools and one superpool (per plate) according to Tsai et al. (2011) (Figure 1). The genomic DNA of each of these pools was contrasted with that of ICC 4958 individually with a 1:1 ratio and further PCR amplified with the 1890 optimized primer-pairs designed from the 1133 TF genes (as per aforementioned methods). The amplified PCR product from each pool was denatured and renatured for homoduplex/heteroduplex formation and digested with CEL I-based SNiPerase-L enzyme (FRONTIER GENOMICS, Alaska, USA) following the detail instructions of manufacturer (FRONTIER GENOMICS; Figure 1). The purified CEL I cleaved homo/heteroduplex PCR products of each TF gene amplified from the pools were resolved in 2.5% agarose gel as per the EcoTILLING approach documented by Raghavan et al. (2007) (Figure 1). The individual accession exhibiting putative mutations (SNP allelic variants) was screened from the pools by accessing the digestion pattern of all 1133 TF genes in the row and/or column-wise de-multiplexed genomic DNA following the aforesaid agarose gel-based EcoTILLING method (Figures 2B,C). To ascertain the putative mutations (SNP allelic variants) discovered in the TF genes among accessions constituting the pools, the PCR products of corresponding genes amplified from the pools/accessions were sequenced by an automated 96 capillary ABI 3730xl DNA Analyzer (Applied Biosystems, USA) (Figure 2D). The SNP allelic variants were detected by aligning and comparing the multiple high-quality gene sequences among accessions following Kujur et al. (2013). The above-said analysis of allele mining and genotyping by agarose gel-based EcoTILLING led to discover 1133 SNP allelic variants from the diverse coding and non-coding regulatory sequence components of 1133 TF genes (Table S2). Of these, 406 (35.8%) and 702 (62.0%) SNP alleles exhibited synonymous and missense/nonsense non-synonymous amino acid substitutions, respectively in the CDS regions of 1108 TF genes. The remaining 25 (2.2%) SNP alleles were derived from the regulatory (URR/DRR) sequence components of 25 TF genes (Table S2). To determine the physical localization (bp) of SNPs on the chickpea genome, the 100-bp TF gene sequences flanking the 1133 SNP loci were BLAST searched (≥95% query coverage and percent identity) against the draft genome sequences of desi (Jain et al., 2013) and kabuli (Varshney et al., 2013a) chickpea. Notably, 1042 (92%) and 91 (8%) SNPs of the total discovered 1133 TF gene-derived SNP alleles were physically mapped on the eight chromosomes and unanchored scaffolds of desi and kabuli chickpea genomes, respectively (Table S2). These observations overall infer the efficacy of agarose gel-based EcoTILLING assay in large-scale mining and high-throughput genotyping of natural as well as functional allelic variants among diverse desi and kabuli chickpea germplasm accessions by the optimal expense of time, labor and cost in the research laboratories equipped with limited infrastructural facilities. Notably, this approach seems quite convenient and straightforward for screening the allelic variants more efficiently from the constituted pools containing DNA of numerous germplasm accessions (whole association panel) in a diploid crop species like chickpea with narrow genetic base and low intra-/inter-specific genetic polymorphism. Henceforth, this agarose-based detection assay has potential utility not only for the analysis of EcoTILLING using the pools of natural germplasm accessions but also for TILLING involving the pools of available EMS (ethyl methanesulfonate)-induced mutant lines (~10,000) of desi accession (ICC 4958; Varshney et al., 2009, 2013b) to identify the functionally relevant novel SNP allelic variants (mutations) influencing vital agronomic traits. Therefore, this optimized strategy has utility in accelerating the genomics-assisted crop improvement of chickpea through genetic/association mapping. In the present study, large-scale genotyping data of novel TF gene-based SNP alleles discovered from a seed weight association panel (192 accessions) using an optimized pool-based agarose gel-EcoTILLING strategy were assessed for trait association mapping potential to identify functional and natural allelic variants of the candidate TF genes regulating seed weight in chickpea.

ECOTILLING-BASED ASSOCIATION MAPPING DELINEATES NATURALLY OCCURRING FUNCTIONAL ALLELIC VARIANTS OF CANDIDATE GENES REGULATING QUANTITATIVE TRAITS IN CHICKPEA

To perform candidate gene-based association analysis, the genotyping information of 1133 TF gene-derived SNP alleles (≥5% minor allele frequency) mined by EcoTILLING was integrated with multi-location replicated SW field phenotyping (100 seed weight: 6–63 g), principal component analysis (P), population genetic structure (Q), and kinship (K) matrix of 192 desi and kabuli accessions (association panel) of chickpea. At the most, we could expect clustering of 192 accessions into two distinct population groups at K = 2, in accordance with our preliminary genetic distance-based phylogenetic tree analysis. Using population genetic structure, the average likelihood value [Ln P(D)] against each K across 20 independent replications was estimated and plotted. The optimal value of K was determined following ad hoc and delta K procedures of Pritchard et al. (2000) and Evanno et al. (2005), respectively. At the optimum value of K = 2, the population structure model representing expected phylogenetic relationships among 192 accessions was constructed. The principal component analysis (PCA) among accessions was performed using GAPIT (Lipka et al., 2012). The kinship matrix (K) was estimated using SPAGeDi 1.2 (Hardy and Vekemans, 2002). For candidate gene-based association analysis, the CMLM (compressed mixed linear model) (P + K, K and Q + K) along with P3D (population parameters previously determined, Kang et al., 2010; Zhang et al., 2010) interfaces of GAPIT were employed following Kujur et al. (2013, 2014), Thudi et al. (2014) and Kumar et al. (2015). To ensure the accuracy and robustness of each SNP marker-trait association, the quantile-quantile plot-based false discovery rate (FDR cut-off ≤ 0.05) corrections (Benjamini and Hochberg, 1995) for multiple comparisons between observed/expected -log10(P)-values and adjusted P-value threshold of significance were performed in accordance with Kujur et al. (2015). The degree of association of SNP loci with SW trait was measured by the R2 (model with the SNP and adjusted P-value following FDR-controlling method). The TF gene-derived SNP loci exhibiting significant association with SW trait at lowest FDR adjusted P-values (threshold P < 10−4) and highest R2 were identified in chickpea.

The CMLM and P3D/EMMAX-based association analysis at a FDR cut-off ≤ 0.05 detected eight TF gene-derived SNPs exhibiting significant association with 100-seed weight at a P ≤ 10−4 (Table 1, Figure S1). Seven and one of these eight SW-associated SNPs were derived from the diverse coding (six non-synonymous and one synonymous SNP loci) and regulatory (URR) sequence components of eight TF genes, respectively. Seven SW-associated TF gene-based SNPs were physically mapped on four desi and kabuli chickpea chromosomes (1, 2, 3, and 4), whereas one SNP mapped on the unanchored scaffold of desi genome (Table 1, Figure S1). The proportion of SW phenotypic variation explained by eight SNP loci derived from eight TF genes [encoding bZIP (Basic-leucine zipper), SBP (Squamosa promoter binding protein) protein, Zinc finger-domain containing protein, NAC (No apical meristem arabidopsis transcription activation factor-cup shaped cotyledon), bHLH (Basic helix-loop-helix) protein, AP2-EREBP (APETALA-2/ethylene response element binding protein), ARF (auxin response factor), and mTERF (mitochondrial transcription termination factor)] among 192 desi and kabuli accessions belonging to an association panel varied from R2: 10 to 15% (Table 1, Figure S1). All significant eight SNP loci in combination explained 31% SW phenotypic variation. Strong association of one non-synonymous SNP in a bZIP TF gene (R2: 15% with P: 1.3 × 10−5) with SW was observed in desi and kabuli chickpea (Table 1, Figure S1). The SW-associated eight TF genes delineated by EcoTILLING-based allele mining, genotyping and trait association mapping in chickpea probably regulate seed growth and development, including determination of seed size/weight in many crop plants (Manning et al., 2006; Agarwal et al., 2007, 2011; Nijhawan et al., 2008; Libault et al., 2009; Wang et al., 2011, 2015; Heang and Sassa, 2012; Martínez-Andújar et al., 2012; Jones and Vodkin, 2013; Ha et al., 2014; Hudson and Hudson, 2015; Liu et al., 2015; Singh and Jain, 2015; Zhang et al., 2015). Especially, the seed weight trait association potential of four TFs (bZIP, SBP, NAC, and bHLH)-derived SNPs mapped on chromosomes 1 and 2, has been ascertained by recent studies in chickpea through identification of similar gene models-containing TFs, integrating seed weight trait-specific association analysis with QTL mapping, differential expression profiling and LD (linkage disequilibrium)-based marker haplotyping (Kujur et al., 2013, 2014). The validation of these TF gene-based SNPs in two of our independent studies suggests the potential significance and robustness of these identified novel functional molecular tags (natural allelic variants and genes) in controlling seed weight, which can essentially be deployed for marker-assisted genetic enhancement of chickpea.

Table 1. Eight seed weight-associated SNP allelic variants of transcription factor genes delineated by EcoTILLING-based trait association mapping.

[image: image]

Collectively, the present study demonstrated the efficacy of an optimized pool-based agarose gel-EcoTILLING strategy (Figure 1) for high-throughput allele mining and genotyping as well as trait association analysis in a natural association panel to delineate novel functional allelic variants of the TF genes governing seed weight in chickpea. Therefore, this approach has potential utility to expedite various genomics-assisted breeding applications, including genetic enhancement targeting diverse qualitative and quantitative stress tolerance and yield component traits by optimal resource expenses in chickpea.
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Red clover (Trifolium pratense) is an important forage plant worldwide. This study was directed to broadening current knowledge of red clover's coding regions and enhancing its utilization in practice by specific reanalysis of previously published assembly. A total of 42,996 genes were characterized using Illumina paired-end sequencing after manual revision of Blast2GO annotation. Genes were classified into metabolic and biosynthetic pathways in response to biological processes, with 7,517 genes being assigned to specific pathways. Moreover, 17,727 enzymatic nodes in all pathways were described. We identified 6,749 potential microsatellite loci in red clover coding sequences, and we characterized 4,005 potential simple sequence repeat (SSR) markers as generating polymerase chain reaction products preferentially within 100–350 bp. Marker density of 1 SSR marker per 12.39 kbp was achieved. Aligning reads against predicted coding sequences resulted in the identification of 343,027 single nucleotide polymorphism (SNP) markers, providing marker density of one SNP marker per 144.6 bp. Altogether, 95 SSRs in coding sequences were analyzed for 50 red clover varieties and a collection of 22 highly polymorphic SSRs with pooled polymorphism information content >0.9 was generated, thus obtaining primer pairs for application to diversity studies in T. pratense. A set of 8,623 genome-wide distributed SNPs was developed and used for polymorphism evaluation in individual plants. The polymorphic information content ranged from 0 to 0.375. Temperature switch PCR was successfully used in single-marker SNP genotyping for targeted coding sequences and for heterozygosity or homozygosity confirmation in validated five loci. Predicted large sets of SSRs and SNPs throughout the genome are key to rapidly implementing genome-based breeding approaches, for identifying genes underlying key traits, and for genome-wide association studies. Detailed knowledge of genetic relationships among breeding material can also be useful for breeders in planning crosses or for plant variety protection. Single-marker assays are useful for diagnostic applications.

Keywords: biosynthetic pathways, genetic diversity, sequencing, SNP, specific genes, SSR

INTRODUCTION

Fabaceae is among the most studied of plant families. The third-largest plant family, it includes many food and industrial plants and stands second only to Poaceae among the most important plant families from economic and nutritional perspectives (Graham and Vance, 2003). This importance results not only from the species' economic and nutritive values, but also from their unique capability for fixing atmospheric nitrogen. In the past decade, the extent of genomic information available on legumes has been broadened substantially. Such model species as Medicago truncatula Gaertn. (Young et al., 2011) and Lotus japonicus L. (Sato et al., 2008), as well as the crops soybean (Glycine max [L.] Merrill.; Schmutz et al., 2010), pigeon pea (Cajanus cajan [L.] Millsp; Varshney et al., 2012), and chickpea (Cicer arietinum L.; Varshney et al., 2013) have been sequenced. Several other sequencing projects are under way which encompass a broad range of agronomically and horticulturally important plants (www.phytozome.net).

Red clover (Trifolium pratense L.) belongs to the tribe Trifolieae, together with another 240 annual and perennial herb species, both wild and cultivated. It is an important forage plant worldwide, serving as a temporary cover crop or manure crop as well as for silage production and grazing. Like other legumes, it is capable of fixing atmospheric nitrogen via symbiosis with Rhizobium leguminosarum bv. trifolii (Sprent, 2009). Its breeding and related research have been complicated, however, by the species' outcrossing nature with gametophytic self-incompatibility. The resulting heterozygosity has hampered intensive genetic and genomic analysis. Nonetheless, with the rising availability of sequencing technology, red clover has been a target of several genomic studies in recent years.

Red clover's nuclear genome is divided into seven chromosomes (x = 7) with size estimated to be 418 Mbp (1C = 0.43 pg; Vižintin et al., 2006). The first consensus high-density linkage map contained 1,414 simple sequence repeats (SSRs), 181 amplified fragment length polymorphisms, and 228 restriction fragment length polymorphisms (Isobe et al., 2009). The structure of the red clover genome has been investigated using fluorescence in situ hybridization (Sato et al., 2005; Kataoka et al., 2012). The genome also has been compared with those of related species (white clover, M. truncatula and L. japonicus) using DNA markers (Isobe et al., 2012). DNA markers, too, can be used in various research and practical approaches. For example, two studies used DNA markers to identify quantitative trait loci (QTLs) related to persistence (Herrmann et al., 2008), disease resistance, and winter hardiness (Klimenko et al., 2010) in full sib mapping families. Recently, great insight into red clover genomics has been achieved through application of next-generation sequencing (NGS) technology. Both whole-genome sequencing (WGS; Ištvánek et al., 2014; De Vega et al., 2015) and RNA sequencing (Yates et al., 2014) have been carried out in red clover. While WGS focused on describing red clover's genome, RNA sequencing described transcriptome differences in conditions of drought stress. Concurrently, studies of both types identified a great number of DNA markers which can be of great value in practical applications.

As a consequence of the outcrossing, both natural ecotypes and varieties that may be morphologically similar are likely to be highly heterogeneous genetically. Strategies for genetic diversity analysis based on DNA profiling must address this issue and enable quantification of variation within and among populations. Evaluation of genetic variation for outcrossing forage species is important for the processes of cultivar identification and seed purity analysis, ecological analysis of pasture populations, and selection of genetically divergent parents for genetic mapping studies (Forster et al., 2001). The genetic divergence of some genotypes ensures a high level of genetic polymorphism in crosses. Breeding methods for cross-pollinated forage crops, including red clover, require strategies for genotyping. Genetic markers assaying variation in transcribed regions of genes with known functions will be useful for developing trait-linked markers. NGS has shown great potential for large-scale production of functional genes and molecular markers at the whole-genome level, especially in non-model organisms. Two important tasks for NGS are identifying expression patterns in biochemical processes and classifying genes into specific pathways. Legumes can produce more secondary metabolites (especially cyanogenic glucosides, glucosinolates, amines, and alkaloids) than can other plants which are not nitrogen fixers. Most secondary metabolites exhibit some biological, pharmacological, or toxicological activity (Teuscher and Lindequist, 2010; Wink, 2013). In this respect, the Fabaceae are distinguished by isoflavones, which function as antioxidants, phytoestrogens, and antimicrobial compounds. The benefits of protecting plant proteins from degradation in the rumen by means of polyphenol oxidases (PPOs) have been established in some fodder crops, and red clover contains PPOs in significant quantities (Jones et al., 1995; Jakešová et al., 2015). There is also an increasing need to develop molecular markers for resistance genes or components relating to nitrogen fixation.

Based on previously published genome assembly (Ištvánek et al., 2014), this study aims to elucidate red clover genes involved within complex biosynthetic pathways in response to biological processes. Special attention is given to specific secondary metabolites inasmuch as they can significantly influence the final variety's breeding strategy and purpose. Gene-specific SSR and single nucleotide polymorphism (SNP) markers are reported and described with a view to enhancing marker-assisted breeding in outcrossing species of red clover. Finally, we developed and validated sets of polymorphic microsatellites and SNPs for the analysis of genetic relationships among red clover varieties and individuals. The findings of this study can be useful in investigating genetic diversity and red clover breeding. These markers will contribute to enriching the current reference red clover map, generating more informative genetic and genomic tools, and enabling genome synteny analysis.

MATERIALS AND METHODS

Sequencing and Gene Annotation

Sequencing, de novo assembly, gene prediction, and initial annotation is described in Ištvánek et al. (2014). Whole Genome Shotgun project has been deposited at DDBJ/ENA/GenBank under the accession ASHM00000000. The version used in this paperis ASHM01000000. Detailed inspection of gene annotation was completed manually. Protein-encoding genes were classified into functional categories according to Gene Ontology (GO) annotation, and the results were summarized in plant GOslim functional categories. Each gene was aligned against KEGG (release 67.1) proteins, and the pathway in which that gene might be involved was determined. Genes were also sorted by the pathways.

Comparison of Trifolium Genes with Model Legumes

Homologous gene sequences were analyzed among red clover, M. truncatula, and G. max. Predicted genes in these species were mapped and searched for homology on the basis of red clover (DDBJ/EMBL/NCBI accession numbers: LT555306.1–LT555312.1; De Vega et al., 2015), M. truncatula, and G. max chromosome sequences. The best hits from a TBLASTX (e ≤ 1e−15) search with at least 70% identity were mapped on these chromosomes and gene densities for every 100 kbp were counted. Homologous sequences for these species were determined using the best hits from a reciprocal TBLASTX search. Circos software (Krzywinski et al., 2009) was used to visualize the top half hits of the data through a circular concentric ideograms layout. Gene densities were displayed as histogram plots and homologous sequences for the three species as lines.

DNA Marker Prediction

SSR Locator (da Maia et al., 2008) was used to mine SSRs in the red clover genes as well as for primer design. Uniform melting temperature at Tm = 55°C was set for all predicted SSR sites, which were defined as a monomer occurring at least 12 times, a dimer occurring at least 6 times, tri- and tetramers occurring at least 4 times, and penta- and hexamers occurring at least 3 times. The number of polymerase chain reaction (PCR) products was predicted for each primer pair.

Probable SNPs in genes were discovered by aligning Tatra reads onto predicted genes using bwa v0.7.5 (Li and Durbin, 2010). Samtools v0.1.19 (Li et al., 2009) and Picard v1.80 (http://broadinstitute.github.io/picard/) were used in subsequent steps of marking PCR duplicates, sorting, and indexing. GATK v2.7 (https://www.broadinstitute.org/gatk/) was used to remap the reads near the InDels, recalibrate base quality scores, and identify SNPs. Only sites with SNP calling quality scores of 30 or higher and with read depths of at least 10 reads were marked as high-quality SNPs. For subsequent filtration, custom perl scripts were used.

DNA Marker Validation

SSR marker validation was carried out for 50 red clover varieties, 34 of which were Czech varieties and 16 from other countries (Table 1). SNP marker validation was performed for 5 varieties (Amos, Fresko, Start, Tatra, Tempus). Leaves were collected from plants 30 days old which had been grown in a greenhouse. For SSR analysis, genomic DNA was isolated from 16 pooled plants per variety from ~1 g of young leaves using the modified protocol by Dellaporta et al. (1983). Concentration and purity of extracted genomic DNA was assessed using NanoDrop (Thermo Scientific, Waltham, MA, USA).


Table 1. List of red clover varieties and their characterization.
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To validate SSRs, we randomly selected 96 SSR loci in coding sequences. SSR primers (Table S1) were predicted by SSR Locator. Validations of predicted SSRs were performed via PCR and electrophoretic separation. PCRs were carried out in a volume of 10 μl with 1x reaction buffer, 0.2 mM of each dNTP (10 mM; Sigma-Aldrich, Steinheim, Germany), 10 pmol of each primer, 0.5 U of GoTaq® polymerase (Promega, Madison, WI, USA), and 30 ng of genomic DNA template.

Cycling conditions were set as follows: a preliminary step at 94°C for 3 min, 58°C for 1 min, 72°C for 1 min; 30 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s; and an elongation step at 72°C for 5 min. PCR-amplified fragments were separated by electrophoresis on either a 3% agarose gel or a 10% polyacrylamide gel and visualized by ethidium bromide staining.

The validation of predicted SNP variants was performed by SNP array (Arrayit Corporation, CA, USA) with 8,623 genome-wide distributed SNPs. We examined intra-variety genetic heterogeneity using SNP genotyping for a set of 20 DNA samples of individual red clover plants of the variety Tatra. Probes, 15-mer oligonucleotides, were designed with the SNP at the center position without overlap (two probes per SNP; Table S2). The fluorescent dyes Alexa Fluor® 555 and Alexa Fluor® 647 (Invitrogen, CA, USA) were used for labeling. Capture agents were printed into 1–48 microarrays per 25 × 76 mm glass substrate slide, each probe 3 times. Hybridization was performed with genomic DNA isolated from individual plants using the modified protocol by Dellaporta et al. (1983). Variance stabilizing normalization was used to evaluate fluorescence intensities of the reference and alternative alleles by RStudio software (RStudio Team, 2015) with limma package (Ritchie et al., 2015) and the log2 intensity data were processed.

Single-marker SNP polymorphisms were also validated by the modified technique of temperature switch PCR (Tabone et al., 2009) whereby two PCRs were carried out for each locus, one for a reference (R) allele and the other for an alternative (A) allele. Due to this technique's specific requirements, only SNP sites having no other SNP in their vicinity for 30 bp were included within the validation. Genomic DNA was isolated from 100 mg of leaves of individual plants using the CTAB method (Rogers and Bendich, 1989). SNP validation was performed for five candidate SNPs from Tatra coding sequences used as a reference. Primers (Table S3) for SNPs were predicted using Primer3 and OligoCalc. For an R allele, two primer pairs were used (LS—locus specific and NLS—nested locus specific) with different melting temperatures. PCR amplification using these four primers provides 4 amplicons, while only the amplicon emerging from the NLS primers (with NLS_F primer directly binding to the SNP position) confirms the presence of an R allele in a selected sample. For reliable detection of an A allele, we performed a simplified PCR reaction with two primers, a forward LS primer and a reverse primer (labeled as reverse primer SNP; SNP_R) which binds with its 3′ end to a SNP nucleotide. The presence of a PCR product of a predicted length confirms the existence of an A allele. All expected products with their predicted lengths are listed in Table S4. The PCR components used for both PCRs were the same as for the SSR validation, with minor modifications: for detection of the R allele, 5 pmol of each NLS primer and 1 pmol of each LS primer were used. Also, PCR was enriched with 1% bovine serum albumin. To detect the A allele, 5 pmol of both primers were used. Both PCRs used GoTaq® polymerase in a concentration of 0.25 U. Cycling conditions for the R allele were used according to Tabone et al. (2009). Cycling conditions for the A allele were shortened to a denaturation step at 95°C for 5 min; 30 cycles of 95°C for 30 s, 62°C for 30 s, and 72°C for 30 s; then 72°C for 5 min as a final elongation step. PCR-amplified fragments were separated by electrophoresis on a 10% polyacrylamide gel and visualized by ethidium bromide staining.

Polymorphism Evaluation

Evaluation of individual polymorphic fragments was inferred from agarose or polyacrylamide gels with separated PCR-amplified fragments and was performed for each SSR marker manually. Pooled polymorphism information content (pPIC) was then calculated for each SSR marker, expressing the probability of detecting a polymorphism between genotypes of two randomly drawn red clover varieties. pPIC was calculated for all 50 red clover varieties. Calculations were performed for each SSR marker m separately as follows:

1) Genotypes were divided into two groups (G1 and G0) according to the presence/absence of any PCR-amplified product for the marker m (i.e., G1 contained all genotypes with at least one PCR-amplified product and G0 contained the rest).

2) pPIC for the subgroup G1 was calculated as:
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where i is one particular band from n possible bands of this marker; Π is the product operator, i.e., the symbol denoting product of a sequence in a similar manner as ∑ denotes summation; and fi is the frequency of the i-th band among all genotypes in G1. pPIC1 is thus the probability that the marker m can distinguish any two random genotypes whose probabilities for the presence of each band come from the same distribution as in the sample G1.

3) pPIC for the subgroup G0 was pPIC0 = 0, because the genotypes in G0 cannot be distinguished from each other (they did not have any PCR-amplified products).

4) pPIC for comparison of two genotypes, one from each group, was pPIC1 × 0 = 1, because any genotype from G1 can be distinguished from any G0 genotype by having at least one product.

5) Overall pPIC for the marker m was then calculated by weighting the values acquired in previous steps according to the proportionate sizes of G1 and G0:
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where [image: image], [image: image] are proportions of genotypes in the two groups G1 and G0 (N1 and N0 are counts of genotypes in G1 and G0 for the marker m).

The polymorphic information content (PIC) of the SNP loci was calculated according to Botstein et al. (1980).

Phylogenetic Analysis

The similarity between each pair of T. pratense varieties was assessed according to the presence or absence of individual separated PCR-amplified fragments using the Jaccard (1901) and Sørensen–Dice (Dice, 1945; Sørenson, 1948) indices for each SSR marker. The Jaccard and Sørensen–Dice indices were calculated as nxy/(nx + ny – nxy) and 2nxy/(nx + ny), respectively, where nxy represents the number of bands which are present simultaneously in both compared varieties, nx represents the number of all bands of one of the compared varieties, and ny represents the number of all bands of the other compared variety.

Separately for each of the indices, these coefficients of similarity were used for calculating a pairwise distance matrix for each marker, where the distance between two selected varieties was computed as 1—the corresponding similarity coefficient. Finally, an averaged distance matrix was created by averaging distance matrices of all markers. Thus, two pairwise distance matrices—one based on the Jaccard index and one on the Sørensen–Dice index—were created, describing the averaged dissimilarity between each pair of red clover varieties. Two phylogenetic trees based on the averaged distance matrices were calculated in MATLAB (version R2015a, http://www.mathworks.com) using the unweighted pair group method with arithmetic mean (UPGMA) clustering method then manually edited and visualized in FigTree (version 1.4.2, http://tree.bio.ed.ac.uk/software/figtree/).

RESULTS

Sequencing and Gene Annotation

As described in Ištvánek et al. (2014), 243.6 million reads were obtained by sequencing. After filtering out low-quality reads and sequencing adapter relics, genome coverage of ~55.4x was achieved. A total of 64,761 genes were predicted in red clover (Ištvánek et al., 2014) and after manual revision of Blast2GO annotation, 42,996 genes were characterized. These included 1,316 genes related to repetitive elements (Table 2). One of the main annotation steps was based on finding the sequence homology with accessions in the RefSeq database (BLASTP search). The results of this part are summarized in Figure 1 in the form of Blast Top-Hits, showing the degree of relationship to other sequenced plant model species. All predicted genes with their annotations are displayed in Table S5.


Table 2. Red clover gene characteristics.
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FIGURE 1. BLASTP top-hits distribution of red clover annotated genes with RefSeq database.



Annotated genes were assigned to appropriate biological process, molecular function, and cell component subclasses based on their annotation (Figure 2). Within the sequences associated with biological processes, GO terms associated with primary and secondary metabolism were the most prevalent. In this respect, primary metabolites are known to be essential for plant survival while secondary metabolites play important roles in plant protection and have a broad spectrum of utilization. We also found genes associated with the GO term “response to stimulus” to occur very frequently. This category includes mainly genes involved in responses to stress, biotic stress, and endogenous as well as extracellular stimuli. In molecular function, almost one-half of genes are associated with the GO term “binding,” in which the binding functions of nucleotides or DNA form the majority. “Catalytic activity,” as the second most prevalent term, comprises enzymatic activities of kinases, hydrolases, nucleases, etc. In cellular component, the most frequent GO terms were associated with functions within the plant cell, organelles (plastids and mitochondria), and plasma membrane. In short, these relate to the main cellular compartments of plant cells.
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FIGURE 2. Assignment of red clover genes into Gene Ontology (GO) terms in level 2 belonging to: (A) Biological Process, (B) Molecular Function, (C) Cellular Component.



Annotated genes were also classified into metabolic and biosynthetic pathways. A total of 7,517 genes were characterized and assigned to specific pathways. Because many genes figure in multiple biosynthetic or metabolic pathways, a total of 17,727 enzymatic nodes were described in all pathways. Among the largest metabolic pathways (each involving more than 1,000 genes) were purine metabolism and starch and sucrose metabolism. The 20 largest biosynthetic pathways are summarized in Table 3. Table S6 presents a complete list of genes assigned to specific metabolic and biosynthetic pathways. Each enzyme was also assigned to one of the main enzyme classes (Figure 3). In red clover, almost one-half of enzymes belong to transferases (43.44%), and more than 89% of enzymes consist of transferases, hydrolases, and oxidoreductases.


Table 3. Twenty largest biosynthetic and metabolic pathways in red clover based on number of genes (enzymes) involved.

[image: image]




[image: image]

FIGURE 3. Catalytic activity distribution in red clover annotated genes.



Comparison of Red Clover Genes with Model Legumes

A TBLASTX search was performed to evaluate the distribution of all red clover genes along recently published chromosomes of red clover, chromosomes of the model legume species M. truncatula (8 chromosomes), and chromosomes of G. max (20 chromosomes). The results were plotted using a window size of 100 kb through genomic sequences (Figure 4). Repetitive element and gene densities in each species were distributed along all chromosomes of T. pratense, M. truncatula, and G. max. Distribution patterns were similar in both T. pratense and M. truncatula. Under the specified criteria, 41,607 red clover genes were found to be homologs in comparison with M. truncatula and 32,737 genes were homologs with G. max. In G. max, the genes were concentrated in subtelomeric and telomeric regions. These are regions with low density of repetitive elements, unlike centromeric regions (Torales et al., 2013). This can be seen also in the central lines that show the distribution of homologous sequences to M. truncatula, G. max, and red clover. On the other hand, the gene densities in M. truncatula are the more balanced, with only a slight decrease in centromeric regions. Centromeric regions were also poorer for homologous sequences, for example in chromosome Mt6 and Mt8.
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FIGURE 4. Comparison of gene densities and genome structure in legume model species (A) M. truncatula and (B) G. max with T. pratense. The 7 T. pratense chromosomes (DDBJ/EMBL/NCBI accession numbers: LT555306.1 - LT555312.1) are shown in orange, 8 M. truncatula chromosomes in blue, and 20 G. max chromosomes in green in the outer circles. (1) First circles represent repetitive element densities relevant to each chromosome (yellow). Gene densities (by 100 kb windows) are displayed on each chromosome as follows: (2) gene density in T. pratense (orange), M. truncatula (blue), and G. max (green) on their own chromosomes; (3) relative gene densities of T. pratense on M. truncatula and G. max chromosomes mapped on the partner's chromosomes; (4) homologous sequences and synteny regions in T. pratense with M. truncatula and T. pratense with G. max (central lines; top half is colored).



Predicted DNA Markers

Using SSR Locator (da Maia et al., 2008), we identified 6,749 potential microsatellite loci in red clover coding sequences. For those with sufficient flanking sequences, we designed appropriate unique primers to generate PCR product preferentially within 100–350 bp. The resulting 4,005 (59.3%) potential SSR markers were characterized (Figure 5). Because 1,061 (26.5%) of these SSR markers occurred in an identical unique locus, it results that just 3,409 (5.3%) coding sequences possess at least one SSR marker. When the total length of coding sequences (49.6 Mbp) is taken into count, marker density of 1 SSR marker per 12.39 kbp was achieved. Especially noteworthy is that no SSR markers were found in the genes belonging to the isoflavonoid biosynthetic pathway, such as 2-dihydroflavonol reductase, chalcone synthase, and isoflavone synthase. All potential SSR markers are shown in Table S7.
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FIGURE 5. Statistics for 4,005 predicted SSR markers in coding sequences of red clover. (A) Basic motif frequencies in coding regions of red clover. (B) Frequencies of mono-, di-, tri-, tetra-, penta-, and hexamers plus complex SSR motifs in red clover genes containing one to six SSRs per locus. Total number of sequences containing depicted number of SSRs is shown above each column.



As expected, the most frequently seen basic motif of microsatellite corresponded to trimeric repeat (78.68%), followed by complex (10.74%) and hexameric (8.16%) motifs (Figure 5). These motifs were also present mainly in loci with a single SSR marker. Complex motifs consisted mainly of two–five trimeric motifs, with only 55 (12.8%) exceptions containing also other motifs (mainly hexameric). Other motifs, such as dimeric and pentameric, were seen much less frequently. Only in 7 SSRs with complex motifs did the complex motif not contain a trimeric repeat.

SNPs were identified by aligning reads to predicted coding sequences. The analysis resulted in identification of 343,027 SNP markers, providing marker density of 1 SNP marker per 144.6 bp, meaning on average 5.3 SNP markers per gene. Of these SNPs, 290,905 (84.8%) SNPs were high quality. SNP markers were also divided between transitions and transversions based on the nature of the A allele. The majority (nearly two-thirds) of SNP markers were transitions. In addition, 4,065 (1.19%) of the identified SNP markers were multi-allelic, with more than one A allele. Table 4 presents a complete overview and statistics relating to SNP markers. Table S8 summarizes the complete list of SNP markers, including their positions and additional information.


Table 4. Statistical overview of SNP markers predicted in red clover.
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Validation and Polymorphism of Predicted SSR Markers, Phylogenetic Analysis

Of 96 chosen SSR loci, only the SSR locus SSR-TP_g53834.t1.cds1 was not amplified. Altogether, 95 SSRs were analyzed for 50 red clover varieties. SSR markers with a PCR product are summarized in Table S1. Single monomorphic SSR marker SSR-TP_g20700.t1.cds3 was amplified in all 50 varieties. The lowest number of amplified samples/varieties was 27 (Figure 6). Fifteen varieties gave a PCR product for all 95 SSRs, and the lowest number of markers (4) was amplified in a single variety (Radegast).
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FIGURE 6. SSR marker validation in red clover varieties. (A) Numbers of SSRs amplified in analyzed varieties. (B) Numbers of varieties amplified for individual SSRs. (C) Allele number distribution for SSR markers validated in red clover varieties. (D) pPIC distribution for SSR markers validated in red clover varieties.



Allele number ranged from 1 to 17 (Table S1, Figure 6). The pPIC of these SSR loci ranged from 0 to 0.986 with a mean of 0.679 and median of 0.693 (Table S1). The highest diversity was determined for SSR loci with trinucleotide motifs and pPIC ranging from 0.180 to 0.986 (Table 5). Twenty-two SSRs out of 95 validated were highly polymorphic and with pPIC >0.9 while 72 SSRs showed pPIC >0.5 (Figure 6).


Table 5. pPIC in validated red clover SSRs with different motifs.
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The similarity between individual varieties of T. pratense was assessed using the Sørensen–Dice and Jaccard indices (Figure 7, Figure S1). Cluster analysis grouped the 50 red clover varieties into two clusters. Sub-cluster IA consisted of the single variety Radegast (4x), developed from landraces that were well adapted locally, from breeding varieties (Slovensky podtatransky, Chlumecky, and Horal) and a later cross with the variety Weitetra. Sub-cluster IIA comprised a group of varieties whose genomes were enriched with genotypes of European origin: Dolina (4x), Vulkan (4x), and Sigord (4x) were developed by crosses of Czech, Polish, and German varieties; Tabor (2x) was developed by mass crosses of selected resistant plants belonging to 49 varieties; and Atlantis (4x) is of German origin. Cluster IIB1 consisted of two varieties: Slavoj (2x) was developed by the selection of genotypes, and Kvarta (4x; released 1974) was developed by polyploidy of landraces and the variety Chlumecky (2x), which itself was a component of the next sub-cluster IIB2-1. Chlumecky is the earliest red clover cultivar (released 1935) developed by individual plant selection from the landrace Cesky. Sprint (4x) was obtained after the polyploidy of four newly bred genotypes of European origin.
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FIGURE 7. Study of red clover variety divergence using SSR markers (Sørensen-Dice index, *reference genotype).



IIB2-2 was a large cluster of diploid and tetraploid Czech, European, and non-European varieties, reflecting that the varieties are often populations developed from genotypes with wide genetic variability, by targeted crosses, polycrosses, and topcrosses suitable for the selection of complex characters, with synteny of the selected genotypes. The sub-clusters of non-Czech origin varieties were as follows: IIB2-2a Grasslands Hamua from New Zealand and Hungarotetra from Hungary; IIB2-2b three varieties of non-European origin (Makimidori, Concorde, Walter); and IIB2-2c, five European varieties (Lossam, Triton, Essex Broad Red, Gibridnij Pozdnespelyj, Parka). In addition, Pavo and Astur were released in Switzerland, Nemaro, and Titus in Germany, and Vesna is of Czech origin but developed by crosses of diploid genotypes from Czech, French, Swiss, and German varieties with subsequent polyploidy by colchicine. Slovak and Swedish red clover genetic material was introgressed into the genome of Tatra, and Blizard was bred using non-Czech genotypes and recurrent phenotypic selection. Start, released in 1974, was used as a component for more recently bred varieties such as Garant, Cyklon, Spur, Trubadur, Dolly, and Tempus. The same cluster distribution was observed using the Sørensen–Dice and Jaccard indices, with only a few exceptions in cluster IIB2-2 (Figure 7, Figure S1), such as the sub-clusters Grasslands Hamua and Hungarotetra, Cyklon, Suez, Beskyd, Spur, and Trubadur.

Validation of SNP Markers and Their Polymorphism

We examined intra-variety genetic heterogeneity using genome-wide SNP genotyping. Five possible genotypes for two alleles per SNP (reference R, alternative A) were differentiated (RRRR, RRRA, RRAA, RAAA, AAAA) for tetraploid plants. Our analysis revealed 8,607 polymorphic SNP markers with PIC ranging from 0.024 to 0.375 with a mean of 0.338 and median of 0.355 (Table S9).

Single-marker polymorphism was successfully validated and confirmed in five SNP loci and homozygosity/heterozygosity was determined in 14 particular plants, 7 of which were of variety Tatra, 4 of variety Tempus, and 1 plant of each Start, Amos, and Fresco. The majority of those plants analyzed were heterozygous in the tested loci. Homozygosity for the R allele was detected in one plant (Tempus) in TP_g30014_516, four plants (Tatra, Amos, Fresco, Tempus) in TP_g30658_273, two plants (Tatra, Tempus) in TP_g33120_639, two plants (Amos, Tempus) in TP_g51879_538, and eight plants (Tatra, Start, Amos, Fresco, and all Tempus) in TP_g56325_406. Two homozygotes of Tatra were detected for the A allele in TP_g33120_639 (Figure 8). All amplified fragments corresponded to those predicted.
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FIGURE 8. SNP marker validation in red clover individuals by temperature switch method.



DISCUSSION

T. pratense Genes

The number of annotated genes in this study is higher than the number of genes identified recently by RNA sequencing (34,534 genes; Yates et al., 2014), but it is very close to the number from other WGS (40,868 genes; De Vega et al., 2015). On the basis of improved annotation of red clover genes, genes were classified into biosynthetic and metabolic pathways and key enzymes were identified. We have found 1,138 genes involved in purine metabolism, which is the fundamental pathway for plant growth and development (Zrenner et al., 2006). This pathway is associated with DNA synthesis, energy sources, and synthesis of many primary and secondary metabolic products (Stasolla et al., 2003). More than 1,000 genes are also involved in starch and sucrose metabolism, which is one of the most important pathways regarding energy sources in plants. Moreover, with 257 genes involved, biosynthesis of flavonoids is among the largest metabolic and biosynthetic pathways. These genes are of particular interest to red clover breeders inasmuch as flavonoid biosynthesis is associated with isoflavonoid content in the plant. Because they are known plant estrogen analogs, high levels of isoflavonoids are undesirable in forage varieties (Adams, 1995) but these are required in varieties used in pharmaceutics (Park and Weaver, 2012).

Based on the distribution of homologous sequences among red clover, M. truncatula, and G. max, very similar patterns in gene distribution are present in red clover and M. truncatula. In contrast to G. max, gene density is rather uniform along entire chromosomes. Occasional spikes in density of red clover genes show clusters of numerous gene families, such as genes of resistance. As previously described (Kulikova et al., 2004; Isobe et al., 2012; Torales et al., 2013), M. truncatula had fewer homologous genes located on its chromosome 6 due to the abundance of heterochromatic sites and retroviral elements scattered throughout its arms. This was in contrast to red clover, where no such decrease was observed. The density of repetitive content along the chromosomes also was inspected and this provided very similar results. Also visible, however, is increased content of repetitive elements in red clover (Ištvánek et al., 2014) compared to M. truncatula (Young et al., 2011). Orthologous loci were connected and compared among species visualizing syntenic loci and rearrangements of genome structure. During speciation, red clover clearly underwent complex genome restructuring, possibly associated with reduction of the basic chromosome number from eight to seven. Results supporting this hypothesis were also found in a comparison among red clover, white clover (T. repens), and M. truncatula based on comparing DNA markers and their location in the genomes (Isobe et al., 2012). Our results are supported, too, by a recently published paper regarding WGS of red clover and construction of its physical map (De Vega et al., 2015). A slight discrepancies in locations of homologous sequences are likely the result of different methodology compared to previously published papers (Isobe et al., 2012; De Vega et al., 2015).

DNA Markers

DNA markers have a broad spectrum of uses in both research and practical breeding. They are used in QTL mapping (Zhao et al., 2013), evolution relationship studies (Ghamkhar et al., 2012; Isobe et al., 2012), variability assessment and genotyping of breeding material (Younas et al., 2012; Cidade et al., 2013), marker-assisted selection, and even gene pyramiding (Qi et al., 2015). Based on NGS technology, we are capable of discovering thousands of SSR and many millions of SNP markers (Zalapa et al., 2012).

Searching for SSR loci within 64,761 predicted coding sequences resulted in the identification of 6,749 SSR loci. This is more than twice the number of SSR loci identified from red clover transcriptome sequencing (Yates et al., 2014). On the other hand, due to the lower number of genes and shorter length of coding sequence described by RNA sequencing, the average SSR marker frequency is very similar (1 SSR marker per 13.42 kbp; Yates et al., 2014). When multiple repeat occurrences are taken into account, 10.4% of genes on average contained an SSR locus. This frequency is comparable to that reported in Prosopis alba (11%; Torales et al., 2013) but lower than those in Nothofagus nervosa (15%; Torales et al., 2012) and oak (19%; Ueno et al., 2010 and 24%; Durand et al., 2010). In coding sequences, clear domination of trimeric motifs (78.68%) is observed when compared to the SSRs from the genome as a whole (26.9%; Ištvánek et al., 2014). Much lower frequencies were found for other motifs. Similar results have been obtained also in other species, such as N. nervosa (Torales et al., 2012) and oak (Ueno et al., 2010). This phenomenon is very likely connected to the need to preserve open reading frame within the coding sequences and negative selection pressure against those SSR loci breaking it. Even in the majority of SSR loci with non-trimeric basic motifs, therefore, the combination of motif length and its repeat number is divisible by three—e.g., (A)12, (GA)6, (ATTGG)3—and this, then, does not violate reading frame by frame-shift mutations (Metzgar et al., 2000).

SNPs were also identified in coding sequences of red clover. Their greater frequency throughout the genome (343,027 SNP markers; 1 SNP per 144.6 bp) makes them useful in such high-throughput methods as SNP arrays (Víquez-Zamora et al., 2013; Yu et al., 2014). Nevertheless, when compared to other plant species, it is clear that SNP frequency is influenced by many factors, such as the number of individual plants analyzed in the study, natural variability in the population of the studied species, etc. In P. alba, for example, 1 SNP marker was found for every 2,512 bp (Torales et al., 2013), in Capsicum annuum 1 for every 2,253 bp (Ashrafi et al., 2012), in oak 1 for every 471 bp (Ueno et al., 2010), and in Eucalyptus grandis 1 for every 192 bp (Novaes et al., 2008). In these studies, the SNP number found correlated mainly with the number of individuals analyzed (e.g., 21 individual plants in oak, more than 200 in E. grandis). Although, just 16 individual plants of the same variety were analyzed in red clover, even higher SNP frequency was obtained, likely due to the outcrossing nature of clovers. Within the identified SNPs, transitions (63.52%) showed significant dominance over transversions (35.29%). These results are consistent with those in P. alba (Torales et al., 2013) and Cucurbita pepo (Blanca et al., 2011). A large number of SNPs are now available in red clover for genome-wide association studies and SNP microarray construction, where tens of thousands of markers are required.

Validation of DNA Markers and Polymorphism

Outcrossing species populations are exceptionally variable and with a high level of heterozygosity. The majority of genetic analyses of such species are necessarily carried out in pooled samples in order to collect most of the population variability and also minimize costs. Results obtained from such pooled samples are, however, unsuitable for estimating the copy number of individual alleles, which precludes assessment of exact allele frequencies required to calculate polymorphic information content (PIC; Botstein et al., 1980). Recent advances in NGS technologies enable determination of allele frequencies from pooled samples (Mullen et al., 2012; Lynch et al., 2014), but these are very expensive and thus inaccessible especially for breeders working with non-model crops.

PIC is commonly used in plant genetics to assess polymorphism level for a marker locus. For leguminous plants, PIC was recently used, for example, for evaluating 48 SSR markers of Vigna radiata (Shrivastava et al., 2014), 45 SSR markers of Trifolium alexandrinum (Verma et al., 2015), and 36 SSR markers of Vicia spp. (Raveendar et al., 2015). Estimated PIC is usually directly connected with suitability for subsequent utilization, such as in variety identification or selection of suitable material for breeding purposes. In order to calculate PIC, a precise determination of allelic frequencies in the studied population is required.

To overcome the disadvantages of pooled samples, we proposed a modified PIC value termed pooled polymorphic information content (pPIC) which does not rely on determining allelic frequencies in the selected population. pPIC ranges from 0 to 1, similarly as does PIC, and it estimates the probability that two randomly collected pooled samples from the given species will differ in the given marker. Unlike PIC, pPIC works well for assessing the polymorphism level of a marker locus for pooled samples. The presented pPIC of the 95 SSR markers analyzed should, however, be taken into account only to evaluate pooled samples similar in size to that of our study. A significant decrease or increase in pooled sample size could shift pPIC and thus degrade the estimation of SSR marker discrimination power. Our results based on a pooled sample size of 16 plants should nevertheless be optimal for most potential subsequent utilizations. This is particularly important for screening gene bank accessions and large-scale analysis of cultivar identity and seed purity. For red clover, moreover, the optimal bulk size for genetic variation assessment among cultivars has been determined as 20 (Kongkiatngam et al., 1996).

This study generated a collection of 22 highly polymorphic SSRs with pPIC >0.9 and thus primer pairs for application to diversity studies in T. pratense. Seventy-two SSRs out of 95 validated showed pPIC >0.5. The single SSR marker in coding sequences SSR-TP_g20700.t1.cds3 was amplified in all 50 varieties but was also monomorphic (pPIC = 0.0). All other SSRs revealed some polymorphism in the analyzed variety populations. For the validated SSRs, the actual length range of amplified fragments corresponded with expectations with the single exception of SSR-TP_g32548.t1.cds1, whose amplified fragment was shorter (100–200 bp) than expected (237 bp).

The breeding methods in red clover include procedures suitable for outcrossing crops. Useful variation in a breeding population can be generated through hybridization and genome introgression, or by chromosome doubling (polyploidy) by colchicine. Subsequent phenotypic selection of superior individual plants or mass selection must be conducted on the progeny combining the best traits, and successive population breeding is performed. Molecular characterization of the analyzed varieties using SSRs reflects their genetic relationships, and the grouping is shown in Figure 7 and Figure S1. Tracing the breeding history revealed frequent sharing and exchange of cultivars and newly bred materials among European breeding stations. It was shown that varieties from sub-clusters IA, IIA, IIB1, and IIB2-1 had higher relatedness than varieties from sub-cluster IIB2-2. The possible reasons could be (i) introgressions from landraces and (ii) that the varieties were mostly released from 1970 to 1990, Chlumecky as early as 1935 (with the exceptions of Atlantis and Slavoj). Narrowing of the genetic base in the more recent varieties in sub-cluster IIB2-2 was also apparent.

The SSR profiling (i) differentiated varieties with possible introgressions from landraces and (ii) indicated the existence of diversity at the molecular level among different red clover varieties. The finding of inter-variety heterogeneity has important consequences for breeders who use these varieties. Cluster analysis by means of DNA profiling using the validated SSR set is suitable for such study.

Further progress in red clover breeding can be made by crosses with more distant genotypes as sources of new genetic variability, with new introgressions of important loci for resistance and quality. The identification of SSR or SNP markers in known-function genes linked to specific traits can facilitate marker-assisted selection. One important task is to develop a platform for red clover genotyping, employing genome-wide distributed SNP markers. The Tatra-derived reference sequence was initially used for the detection of the predicted 343 thousand SNPs. We used a preliminary set of 8,623 genome-wide distributed SNPs for polymorphism evaluation in individual plants. Arrayit methods provide universal microarray-based platforms for SNP genotyping (Schena et al., 1996). Sixteen of the validated SNPs were monomorphic and 8,607 were polymorphic with a mean PIC of 0.338. SNP validation confirmed the high quality of SNPs chosen for microarray. More sequenced red clover varieties/genotypes and a large set of informative SNPs are greatly needed for genotyping and association study. NGS methods such as genotyping-by-sequencing and the resequencing of targeted DNA regions from contrasting genotypes appear to be the most essential for SNP discovery and genotyping applications in red clover breeding. Temperature switch PCR can be successfully used in diagnostic applications through single-marker SNP genotyping for targeted coding sequences and for heterozygosity or homozygosity confirmation in validated loci. Large SNP sets are already available in grain legumes such as soybean (Song et al., 2013; Lee et al., 2015) and pea (Sindhu et al., 2014; Tayeh et al., 2015), or in peanut (Pandey et al., 2017). High-density SNP microarrays can significantly advance breeding applications.

AUTHOR CONTRIBUTIONS

JI, JN, and JŘ designed the study. JI processed sequencing data, characterized protein-coding genes, and collaboratively with JD performed detailed inspection of gene annotation manually. JI performed gene classification into metabolic and biosynthetic pathways, comparison with other legumes, and generated genome-wide SSR and SNP markers. LP and JD prepared biological material, performed DNA isolation and marker validation. JD and PD performed pPIC and PIC calculation, polymorphism evaluation and phylogenetic analysis. JR supervised all aspects of the presented analyses. All of the authors contributed to the writing of the manuscript.

ACKNOWLEDGMENTS

The authors thank the Ministry of Agriculture of the Czech Republic (grant no. QI111A019) for financial support. Computational resources were provided by the CESNET LM2015042 and the CERIT Scientific Cloud LM2015085, provided under the programme “Projects of Large Research, Development, and Innovations Infrastructures.” Seeds were procured from the GeneBank of Crop Research Institute Ltd., Prague-Ruzyně, Czech Republic.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fpls.2017.00367/full#supplementary-material

REFERENCES

 Adams, N. R. (1995). Detection of the effects of phytoestrogens on sheep and cattle. J. Anim. Sci. 73, 1509–1515. doi: 10.2527/1995.7351509x

 Ashrafi, H., Hill, T., Stoffel, K., Kozik, A., Yao, J., Chin-Wo, S. R., et al. (2012). De novo assembly of the pepper transcriptome (Capsicum annuum): a benchmark for in silico discovery of SNPs, SSRs and candidate genes. BMC Genomics 13:571. doi: 10.1186/1471-2164-13-571

 Blanca, J., Cañizares, J., Roig, C., Ziarsolo, P., Nuez, F., and Picó, B. (2011). Transcriptome characterization and high throughput SSRs and SNPs discovery in Cucurbita pepo (Cucurbitaceae). BMC Genomics 12:104. doi: 10.1186/1471-2164-12-104

 Botstein, D., White, R. L., Skolnick, M., and Davis, R. W. (1980). Construction of a genetic linkage map in man using restriction fragment length polymorphisms. Am. J. Hum. Genet. 32, 314–331.

 Cidade, F. W., Vigna, B. B., de Souza, F. H., Valls, J. F., Dall'Agnol, M., Zucchi, M. I., et al. (2013). Genetic variation in polyploid forage grass: assessing the molecular genetic variability in the Paspalum genus. BMC Genet. 14:50. doi: 10.1186/1471-2156-14-50

 da Maia, L. C., Palmieri, D. A., De Souza, V. Q., Kopp, M. M., de Carvalho, F. I. F., and Costa de Oliveira, A. (2008). SSR Locator: tool for simple sequence repeat discovery integrated with primer design and PCR simulation. Int. J. Plant Genomics 2008:412696. doi: 10.1155/2008/412696

 De Vega, J. J., Ayling, S., Hegarty, M., Kudrna, D., Goicoechea, J. L., Ergon, Å., et al. (2015). Red clover (Trifolium pratense L.) draft genome provides a platform for trait improvement. Sci. Rep. 5:17394. doi: 10.1038/srep17394

 Dellaporta, S. L., Wood, J., and Hicks, J. B. (1983). A plant DNA minipreparation: version II. Plant Mol. Biol. Report. 1, 19–21. doi: 10.1007/BF02712670

 Dice, L. R. (1945). Measures of the amount of ecologic association between species. Ecology 26, 297. doi: 10.2307/1932409

 Durand, J., Bodénès, C., Chancerel, E., Frigerio, J.-M., Vendramin, G., Sebastiani, F., et al. (2010). A fast and cost-effective approach to develop and map EST-SSR markers: oak as a case study. BMC Genomics 11:570. doi: 10.1186/1471-2164-11-570

 Forster, J. W., Jones, E. S., Kölliker, R., Drayton, M. C., Dupal, M. P., Guthridge, K. M., et al. (2001). “Application of DNA profiling to an outbreeding forage species,” in Plant Genotyping: The DNA Fingerprinting of Plants, ed R. J. Henry (Wallingford: CABI), 299–320. Available online at: http://www.cabi.org/cabebooks/ebook/20083015002 (Accessed February 9, 2016).

 Ghamkhar, K., Isobe, S., Nichols, P. G. H., Faithfull, T., Ryan, M. H., Snowball, R., et al. (2012). The first genetic maps for subterranean clover (Trifolium subterraneum L.) and comparative genomics with T. pratense L. and Medicago truncatula Gaertn. to identify new molecular markers for breeding. Mol. Breed. 30, 213–226. doi: 10.1007/s11032-011-9612-8

 Graham, P. H., and Vance, C. P. (2003). Legumes: importance and constraints to greater use. Plant Physiol. 131, 872–877. doi: 10.1104/pp.017004

 Herrmann, D., Boller, B., Studer, B., Widmer, F., and Kölliker, R. (2008). Improving persistence in red clover: insights from QTL analysis and comparative phenotypic evaluation. Crop Sci. 48:269. doi: 10.2135/cropsci2007.03.0143

 Isobe, S., Kölliker, R., Hisano, H., Sasamoto, S., Wada, T., Klimenko, I., et al. (2009). Construction of a consensus linkage map for red clover (Trifolium pratense L.). BMC Plant Biol. 9:57. doi: 10.1186/1471-2229-9-57

 Isobe, S. N., Hisano, H., Sato, S., Hirakawa, H., Okumura, K., Shirasawa, K., et al. (2012). Comparative genetic mapping and discovery of linkage disequilibrium across linkage groups in white clover (Trifolium repens L.). G3 2, 607–617. doi: 10.1534/g3.112.002600

 Ištvánek, J., Jaroš, M., Křenek, A., and Řepková, J. (2014). Genome assembly and annotation for red clover (Trifolium pratense; Fabaceae). Am. J. Bot. 101, 327–337. doi: 10.3732/ajb.1300340

 Jaccard, P. (1901). Étude comparative de la distribution florale dans une portion des Alpes et du Jura. Bull. Soc. Vaudoise Sci. Nat. 37, 547–579. doi: 10.5169/seals-266450

 Jakešová, H., Řepková, J., Nedělník, J., Hampel, D., Dluhošová, J., Soldánová, M., et al. (2015). Selecting plants with increased total polyphenol oxidases in the genus Trifolium. Czech J. Genet. Plant Breed. 51, 155–161. doi: 10.17221/107/2015-CJGPB

 Jones, B. A., Hatfield, R. D., and Muck, R. E. (1995). Screening legume forages for soluble phenols, polyphenol oxidase and extract browning. J. Sci. Food Agric. 67, 109–112. doi: 10.1002/jsfa.2740670117

 Kataoka, R., Hara, M., Kato, S., Isobe, S., Sato, S., Tabata, S., et al. (2012). Integration of linkage and chromosome maps of red clover (Trifolium pratense L.). Cytogenet. Genome Res. 137, 60–69. doi: 10.1159/000339509

 Klimenko, I., Razgulayeva, N., Gau, M., Okumura, K., Nakaya, A., Tabata, S., et al. (2010). Mapping candidate QTLs related to plant persistency in red clover. Theor. Appl. Genet. 120, 1253–1263. doi: 10.1007/s00122-009-1253-5

 Kongkiatngam, P., Waterway, M. J., Coulman, B. E., and Fortin, M. G. (1996). Genetic variation among cultivars of red clover (Trifolium pratense L.) detected by RAPD markers amplified from bulk genomic DNA. Euphytica 89, 355–361.

 Krzywinski, M., Schein, J., Birol, I., Connors, J., Gascoyne, R., Horsman, D., et al. (2009). Circos: an information aesthetic for comparative genomics. Genome Res. 19, 1639–1645. doi: 10.1101/gr.092759.109

 Kulikova, O., Geurts, R., Lamine, M., Kim, D.-J., Cook, D. R., Leunissen, J., et al. (2004). Satellite repeats in the functional centromere and pericentromeric heterochromatin of Medicago truncatula. Chromosoma 113, 276–283. doi: 10.1007/s00412-004-0315-3

 Lee, Y. G., Jeong, N., Kim, J. H., Lee, K., Kim, K. H., Pirani, A., et al. (2015). Development, validation and genetic analysis of a large soybean SNP genotyping array. Plant J. 81, 625–636. doi: 10.1111/tpj.12755

 Li, H., and Durbin, R. (2010). Fast and accurate long-read alignment with Burrows-Wheeler transform. Bioinformatics 26, 589–595. doi: 10.1093/bioinformatics/btp698

 Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., et al. (2009). The sequence alignment/map format and SAMtools. Bioinformatics 25, 2078–2079. doi: 10.1093/bioinformatics/btp352

 Lynch, M., Bost, D., Wilson, S., Maruki, T., and Harrison, S. (2014). Population-genetic inference from pooled-sequencing data. Genome Biol. Evol. 6, 1210–1218. doi: 10.1093/gbe/evu085

 Metzgar, D., Bytof, J., and Wills, C. (2000). Selection against frameshift mutations limits microsatellite expansion in coding DNA. Genome Res. 10, 72–80. doi: 10.1101/gr.10.1.72

 Mullen, M. P., Creevey, C. J., Berry, D. P., McCabe, M. S., Magee, D. A., Howard, D. J., et al. (2012). Polymorphism discovery and allele frequency estimation using high-throughput DNA sequencing of target-enriched pooled DNA samples. BMC Genomics 13:16. doi: 10.1186/1471-2164-13-16

 Novaes, E., Drost, D. R., Farmerie, W. G., Pappas, G. J. Jr., Grattapaglia, D., Sederoff, R. R., et al. (2008). High-throughput gene and SNP discovery in Eucalyptus grandis, an uncharacterized genome. BMC Genomics 9:312. doi: 10.1186/1471-2164-9-312

 Pandey, M. K., Agarwal, G., Kale, S. M., Clevenger, J., Nayak, S. N., Sriswathi, M., et al. (2017). Development and evaluation of a high density genotyping 'Axiom_Arachis' array with 58 K SNPs for accelerating genetics and breeding in groundnut. Sci. Rep. 7:40577. doi: 10.1038/srep40577

 Park, C. Y., and Weaver, C. M. (2012). Vitamin D interactions with soy isoflavones on bone after menopause: a review. Nutrients 4, 1610–1621. doi: 10.3390/nu4111610

 Qi, L. L., Ma, G. J., Long, Y. M., Hulke, B. S., Gong, L., and Markell, S. G. (2015). Relocation of a rust resistance gene R2 and its marker-assisted gene pyramiding in confection sunflower (Helianthus annuus L.). Theor. Appl. Genet. 128, 477–488. doi: 10.1007/s00122-014-2446-0

 Raveendar, S., Lee, G.-A., Jeon, Y.-A., Lee, Y. J., Lee, J.-R., Cho, G.-T., et al. (2015). Cross-amplification of Vicia sativa subsp. sativa microsatellites across 22 other Vicia species. Molecules 20, 1543–1550. doi: 10.3390/molecules20011543

 Ritchie, M. E., Phipson, B., Wu, D., Hu, Y., Law, C. W., Shi, W., et al. (2015). limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. 43:e47. doi: 10.1093/nar/gkv007

 Rogers, S. O., and Bendich, A. J. (1989). “Extraction of DNA from plant tissues,” in Plant Molecular Biology Manual, eds S. B. Gelvin, R. A. Schilperoort, and D. P. S. Verma (Dordrecht: Springer), 73–83. Available online at: http://www.springerlink.com/index/10.1007/978-94-009-0951-9_6 (Accessed February 9, 2016).

 RStudio Team (2015). RStudio: Integrated Development for R. Boston, MA: RStudio, Inc. Available online at: http://www.rstudio.com/ (Accessed February 6, 2017).

 Sato, S., Isobe, S., Asamizu, E., Ohmido, N., Kataoka, R., Nakamura, Y., et al. (2005). Comprehensive structural analysis of the genome of red clover (Trifolium pratense L.). DNA Res. 12, 301–364. doi: 10.1093/dnares/dsi018

 Sato, S., Nakamura, Y., Kaneko, T., Asamizu, E., Kato, T., Nakao, M., et al. (2008). Genome structure of the legume, Lotus japonicus. DNA Res. 15, 227–239. doi: 10.1093/dnares/dsn008

 Schena, M., Shalon, D., Heller, R., Chai, A., Brown, P. O., and Davis, R. W. (1996). Parallel human genome analysis: micromicroarray-based expression monitoring of 1,000 genes. Proc. Natl. Acad. Sci. U.S.A. 93, 10614–10619.

 Schmutz, J., Cannon, S. B., Schlueter, J., Ma, J., Mitros, T., Nelson, W., et al. (2010). Genome sequence of the palaeopolyploid soybean. Nature 463, 178–183. doi: 10.1038/nature08670

 Shrivastava, D., Verma, P., and Bhatia, S. (2014). Expanding the repertoire of microsatellite markers for polymorphism studies in Indian accessions of mung bean (Vigna radiata L. Wilczek). Mol. Biol. Rep. 41, 5669–5680. doi: 10.1007/s11033-014-3436-7

 Sindhu, A., Ramsay, L., Sanderson, L. A., Stonehouse, R., Li, R., Condie, J., et al. (2014). Gene-based SNP discovery and genetic mapping in pea. Theor. Appl. Genet. 127, 2225–2241. doi: 10.1007/s00122-014-2375-y

 Song, Q., Hyten, D. L., Jia, G., Quigley, C. V., Fickus, E. W., Nelson, R. L., et al. (2013). Development and evaluation of SoySNP50K, a high-density genotyping array for soybean. PLoS ONE 8:e54985. doi: 10.1371/journal.pone.0054985

 Sørenson, T. (1948). A Method of Establishing Groups of Equal Amplitude in Plant Sociology Based on Similarity of Species Content and Its Application to Analyses of the Vegetation on Danish Commons. I kommission hos E. Munksgaard. Available online at: https://books.google.co.in/books?id=rpS8GAAACAAJ

 Sprent, J. I. (2009). Legume Nodulation. Oxford, UK: Wiley-Blackwell (Accessed March 3, 2016).

 Stasolla, C., Katahira, R., Thorpe, T. A., and Ashihara, H. (2003). Purine and pyrimidine nucleotide metabolism in higher plants. J. Plant Physiol. 160, 1271–1295. doi: 10.1078/0176-1617-01169

 Tabone, T., Mather, D. E., and Hayden, M. J. (2009). Temperature switch PCR (TSP): robust assay design for reliable amplification and genotyping of SNPs. BMC Genomics 10:580. doi: 10.1186/1471-2164-10-580

 Tayeh, N., Aluome, C., Falque, M., Jacquin, F., Klein, A., Chauveau, A., et al. (2015). Development of two major resources for pea genomics: the GenoPea 13.2K SNP array and a high-density, high-resolution consensus genetic map. Plant J. 84, 1257–1273. doi: 10.1111/tpj.13070

 Teuscher, E., and Lindequist, U. (2010). Biogene Gifte: Biologie, Chemie, Pharmakologie, Toxikologie, 3 neu bearb. Stuttgart: Wiss. Verl.-Ges.

 Torales, S. L., Rivarola, M., Pomponio, M. F., Fernández, P., Acuña, C. V., Marchelli, P., et al. (2012). Transcriptome survey of Patagonian southern beech Nothofagus nervosa (= N. alpina): assembly, annotation and molecular marker discovery. BMC Genomics 13:291. doi: 10.1186/1471-2164-13-291

 Torales, S. L., Rivarola, M., Pomponio, M. F., Gonzalez, S., Acuña, C. V., Fernández, P., et al. (2013). De novo assembly and characterization of leaf transcriptome for the development of functional molecular markers of the extremophile multipurpose tree species Prosopis alba. BMC Genomics 14:705. doi: 10.1186/1471-2164-14-705

 Ueno, S., Le Provost, G., Léger, V., Klopp, C., Noirot, C., Frigerio, J.-M., et al. (2010). Bioinformatic analysis of ESTs collected by Sanger and pyrosequencing methods for a keystone forest tree species: oak. BMC Genomics 11:650. doi: 10.1186/1471-2164-11-650

 Varshney, R. K., Ribaut, J.-M., Buckler, E. S., Tuberosa, R., Rafalski, J. A., and Langridge, P. (2012). Can genomics boost productivity of orphan crops? Nat. Biotechnol. 30, 1172–1176. doi: 10.1038/nbt.2440

 Varshney, R. K., Song, C., Saxena, R. K., Azam, S., Yu, S., Sharpe, A. G., et al. (2013). Draft genome sequence of chickpea (Cicer arietinum) provides a resource for trait improvement. Nat. Biotechnol. 31, 240–246. doi: 10.1038/nbt.2491

 Verma, P., Chandra, A., Roy, A. K., Malaviya, D. R., Kaushal, P., Pandey, D., et al. (2015). Development, characterization and cross-species transferability of genomic SSR markers in berseem (Trifolium alexandrinum L.), an important multi-cut annual forage legume. Mol. Breed. 35, 1–14. doi: 10.1007/s11032-015-0223-7

 Víquez-Zamora, M., Vosman, B., van de Geest, H., Bovy, A., Visser, R. G., Finkers, R., et al. (2013). Tomato breeding in the genomics era: insights from a SNP array. BMC Genomics 14:354. doi: 10.1186/1471-2164-14-354

 Vižintin, L., Javornik, B., and Bohanec, B. (2006). Genetic characterization of selected Trifolium species as revealed by nuclear DNA content and ITS rDNA region analysis. Plant Sci. 170, 859–866. doi: 10.1016/j.plantsci.2005.12.007

 Wink, M. (2013). Evolution of secondary metabolites in legumes (Fabaceae). South Afr. J. Bot. 89, 164–175. doi: 10.1016/j.sajb.2013.06.006

 Yates, S. A., Swain, M. T., Hegarty, M. J., Chernukin, I., Lowe, M., Allison, G. G., et al. (2014). De novo assembly of red clover transcriptome based on RNA-Seq data provides insight into drought response, gene discovery and marker identification. BMC Genomics 15:453. doi: 10.1186/1471-2164-15-453

 Younas, M., Xiao, Y., Cai, D., Yang, W., Ye, W., Wu, J., et al. (2012). Molecular characterization of oilseed rape accessions collected from multi continents for exploitation of potential heterotic group through SSR markers. Mol. Biol. Rep. 39, 5105–5113. doi: 10.1007/s11033-011-1306-0

 Young, N. D., Debellé, F., Oldroyd, G. E., Geurts, R., Cannon, S. B., Udvardi, M. K., et al. (2011). The Medicago genome provides insight into the evolution of rhizobial symbioses. Nature 480, 520–524. doi: 10.1038/nature10625

 Yu, H., Xie, W., Li, J., Zhou, F., and Zhang, Q. (2014). A whole-genome SNP array (RICE6K) for genomic breeding in rice. Plant Biotechnol. J. 12, 28–37. doi: 10.1111/pbi.12113

 Zalapa, J. E., Cuevas, H., Zhu, H., Steffan, S., Senalik, D., Zeldin, E., et al. (2012). Using next-generation sequencing approaches to isolate simple sequence repeat (SSR) loci in the plant sciences. Am. J. Bot. 99, 193–208. doi: 10.3732/ajb.1100394

 Zhao, P., Zhang, G., Wu, X., Li, N., Shi, D., Zhang, D., et al. (2013). Fine mapping of RppP25, a southern rust resistance gene in maize. J. Integr. Plant Biol. 55, 462–472. doi: 10.1111/jipb.12027

 Zrenner, R., Stitt, M., Sonnewald, U., and Boldt, R. (2006). Pyrimidine and purine biosynthesis and degradation in plants. Annu. Rev. Plant Biol. 57, 805–836. doi: 10.1146/annurev.arplant.57.032905.105421

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Ištvánek, Dluhošová, Dluhoš, Pátková, Nedělník and Řepková. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







	 
	ORIGINAL RESEARCH
published: 09 May 2017
doi: 10.3389/fpls.2017.00679





[image: image]

Genotyping-by-Sequencing and Its Exploitation for Forage and Cool-Season Grain Legume Breeding

Paolo Annicchiarico1*, Nelson Nazzicari1, Yanling Wei1,2, Luciano Pecetti1 and Edward C. Brummer2

1Centro di Ricerca per le Produzioni Foraggere e Lattiero-Casearie (FLC), CREA, Lodi, Italy

2Plant Breeding Center, Department of Plant Sciences, University of California, Davis, Davis, CA, USA

Edited by:
Oswaldo Valdes-Lopez, National Autonomous University of Mexico, Mexico

Reviewed by:
Hamid Khazaei, University of Saskatchewan, Canada
Bunyamin Tar’an, University of Saskatchewan, Canada

*Correspondence: Paolo Annicchiarico, paolo.annicchiarico@crea.gov.it

Specialty section: This article was submitted to Crop Science and Horticulture, a section of the journal Frontiers in Plant Science

Received: 29 December 2016
Accepted: 13 April 2017
Published: 09 May 2017

Citation: Annicchiarico P, Nazzicari N, Wei Y, Pecetti L and Brummer EC (2017) Genotyping-by-Sequencing and Its Exploitation for Forage and Cool-Season Grain Legume Breeding. Front. Plant Sci. 8:679. doi: 10.3389/fpls.2017.00679

Genotyping-by-Sequencing (GBS) may drastically reduce genotyping costs compared with single nucleotide polymorphism (SNP) array platforms. However, it may require optimization for specific crops to maximize the number of available markers. Exploiting GBS-generated markers may require optimization, too (e.g., to cope with missing data). This study aimed (i) to compare elements of GBS protocols on legume species that differ for genome size, ploidy, and breeding system, and (ii) to show successful applications and challenges of GBS data on legume species. Preliminary work on alfalfa and Medicago truncatula suggested the greater interest of ApeKI over PstI:MspI DNA digestion. We compared KAPA and NEB Taq polymerases in combination with primer extensions that were progressively more selective on restriction sites, and found greater number of polymorphic SNP loci in pea, white lupin and diploid alfalfa when adopting KAPA with a non-selective primer. This protocol displayed a slight advantage also for tetraploid alfalfa (where SNP calling requires higher read depth). KAPA offered the further advantage of more uniform amplification than NEB over fragment sizes and GC contents. The number of GBS-generated polymorphic markers exceeded 6,500 in two tetraploid alfalfa reference populations and a world collection of lupin genotypes, and 2,000 in different sets of pea or lupin recombinant inbred lines. The predictive ability of GBS-based genomic selection was influenced by the genotype missing data threshold and imputation, as well as by the genomic selection model, with the best model depending on traits and data sets. We devised a simple method for comparing phenotypic vs. genomic selection in terms of predicted yield gain per year for same evaluation costs, whose application to preliminary data for alfalfa and pea in a hypothetical selection scenario for each crop indicated a distinct advantage of genomic selection.

Keywords: GBS, genetic gain, genomic selection, Lupinus albus, Medicago sativa, Pisum sativum, protocol, yield

INTRODUCTION

Next generation sequencing techniques provide many molecular markers at low cost by sequencing single nucleotide polymorphism (SNP) sites in a fraction of the genome. While many array-based procedures require prior knowledge of target sequences, other methods, such as complexity reduction of polymorphic sequences (CRoPS) (van Orsouw et al., 2007) and restriction enzymes site-associated genomic DNA sequencing (RAD-seq) (Baird et al., 2008), skip sequence discovery and explore SNP variation in DNA fragments cut by a restriction enzyme (RE). The use of methylation sensitive REs, which tend to avoid highly repetitive DNA regions, helps targeting restriction sites that are relatively random and evenly distributed along the genome in gene-rich regions.

In RAD-seq, restriction fragments are ligated to adapters on one end, sheared and size selected, then ligated with adapters on the other end and finally PCR amplified, before sequencing the region flanking the restriction site. Multiplexing many genotypes in a single sequencing reaction can be done using a unique barcode sequence (4 to 8 bp long) in one end of the adapters before ligation. A similar but simplified procedure termed genotyping-by-sequencing (GBS) was proposed by Elshire et al. (2011) using ApeKI as a “frequent cutter” RE. GBS skips the shearing and size selection stage, combining the ligation of both adapters into one step. Another improvement of GBS is the modulation of length and nucleotide composition of barcode sequences. The current GBS cost per DNA sample (inclusive of sample preparation) is on the order of 25–30 €. This represents a possible cost reduction of about 40–60% relative to SNP array-based genotyping, with greater reduction for relatively small experiments. At these costs, genomic selection (Heffner et al., 2009) can be applied even to crops of moderate or modest economic importance and/or with no sequenced genome. However, relative to array-based genotyping, GBS presents challenges in coping with missing data and their imputation, and it may require optimization for different species.

The success of GBS depends on the number of polymorphic SNP markers that can be identified. Statistically robust SNP calling depends on the number of sequencing reads per SNP, with a threshold set to 2 or 3 reads for pure lines of inbred species (where heterozygosity is absent), 6 for outbred diploids, and 11 for homozygous loci of an outbred autotetraploid species such as alfalfa, for type I error rate <5%. One way to increase the read depth across all genotypes being sequenced is to minimize the number of fragments that are able to be sequenced. Poland et al. (2012a) developed a modified GBS protocol with double enzyme digestion by PstI and MspI RE to reduce the number of target sites while increasing their read depth, using a common adapter that allows amplification only of fragments cut by a different RE at each end. Selected amplification may also be pursued by using primers that selectively ligate or amplify a subset of the restriction fragments while using (for example) the ApeKI RE (Sonah et al., 2013). GBS protocols that restrict the number of target sites produce markers with greater read depth (for a fixed total number of reads per flow cell) but do not imply necessarily more exploitable SNP markers than the original method by Elshire et al. (2011), because of the lower number of sequenced DNA fragments and, for infrequent cutting RE or RE combinations, because of greater number of large DNA fragments that are amplified less frequently thereby failing to reach the threshold read depth. Finally, the Taq polymerase adopted for DNA fragment amplification may change the numbers of successfully sequenced SNP markers, e.g., by using a less selective polymerase such as KAPA in place of the NEB polymerase adopted in the original method (Elshire et al., 2011).

Greater cultivation of grain and forage legumes is recognized as a key issue for making cropping systems more sustainable in terms of greenhouse gas emissions, energy consumption, soil fertility, and crop diversification (Schneider and Huyghe, 2015), as well as for reducing the marked and increasing insufficiency of feed proteins in large regions such as Europe and China (Pilorgé and Muel, 2016). The main reason for insufficient cultivation of legumes is their modest yielding ability compared with cereals (Reckling et al., 2016), which highlights the importance of exploring the potential of GBS-based genomic selection for higher yield in these crops (Pandey et al., 2016). One study on soybean confirmed the value of genome-enabled predictions by displaying accuracy close to 0.60 (Jarquín et al., 2014). While prediction of pure line performance is the obvious aim of genomic selection in inbred species, predicting the breeding value of candidate parent genotypes for synthetic varieties is the objective of greatest practical interest in outbred species such as alfalfa or other important forage legumes, e.g., white clover or red clover (Annicchiarico et al., 2015a). In a recent study, genomic selection for alfalfa breeding value for forage yield in two contrasting populations achieved an accuracy around 0.35, which could largely offset the gain per unit time from field selection based on progeny test (Annicchiarico et al., 2015b). In another study, accuracies of up to 0.40 were found using a model developed from an initial Cycle 0 population to predict biomass yield of the Cycle 1 population (Li et al., 2015). GBS data may prove valuable also in plant breeding contexts other than genomic selection, namely, in studies of genome-wide association, variety distinctness, diversity, and phylogenetic relationships. Diploid alfalfa such as Medicago sativa L. subsp. caerulea, while being less useful agronomically than tetraploid alfalfa (subsp. sativa), can be studied to produce genomic information of interest also for tetraploid material (Sakiroglu and Brummer, 2016).

With a focus on alfalfa and the cool-season grain legumes pea (Pisum sativum L.) and white lupin (Lupinus albus L.), this study aimed (i) to assess the effect of RE, Taq polymerase and primers on the amount of GBS information generated, and (ii) to report on some successful applications and challenges of genomic selection based on GBS data.

MATERIALS AND METHODS

Experiment 1: Comparison of Restriction Enzyme × Taq Polymerase Combinations in M. sativa and M. truncatula

This study included 2 genotypes of tetraploid M. sativa (Altet4 and NECS141) described in Khu et al. (2013), 2 of diploid M. sativa (MS-13 and MS-186) described in Han et al. (2012), 2 of diploid M. sativa (CC78-68 and CF15-13) described in Li et al. (2011), and 2 reference genotypes of M. truncatula [A17, genome-sequenced (Young et al., 2011); and R108].

We compared the utility of two RE protocols [ApeKI (Elshire et al., 2011) or PstI:MspI (Poland et al., 2012a)] in combination with Taq polymerases obtained from either New England Biolabs (NEB) or Kapa Biosystems (KAPA). After DNA extraction, we prepared libraries for each of the 4 RE × Taq combinations (ApeKI and NEB, ApeKI and KAPA, PstI:MspI and NEB, PstI:MspI and KAPA). Libraries using ApeKI were generated using Elshire et al.’s (2011) protocol with minor modifications. Briefly, 100 ng of each DNA sample (quantified with a Quant-iT PicoGreen dsDNA assay kit, Life Technologies, P7589) was digested with ApeKI (NEB, R0643L) and then ligated to a unique barcoded adapter and a common adapter (7.0 ng of the adapter stock were used per the titration test on one alfalfa DNA sample). Equal amounts of the ligated product of each of the eight samples were pooled and cleaned up with QIAquick PCR purification kit (QIAGEN, 28104) for PCR amplification. To generate the ApeKI and NEB library, 50 ng template DNA was mixed with NEB 2X Taq Master Mix and 2 primers (with 5 nmoles each) in a 50 μl total volume and amplified on a thermocycler with 18 cycles of 10 s of denaturation at 98°C, 30 s of annealing at 65°C, 30 s extension at 72°C. To generate the ApeKI and KAPA library, the only differences were the adoption of the Kapa Library Amplification Readymix (Kapa Biosystems KK2611) instead of NEB and the use of 12 instead of 18 cycles in the amplification program. PstI-MspI and NEB and PstI-MspI and KAPA were generated according to the protocol by Poland et al. (2012a) with modifications. In each library, we intentionally doubled the amount of M. truncatula genotypes, to obtain more reads on those samples.

After de-multiplexing, we identified 64-bp long DNA fragment tags for each genotype using the Stacks pipeline (Catchen et al., 2013), and randomly extracted the same number of reads from each genotype in each library to make fair comparisons among protocols. The same number of reads were randomly extracted using the “fastq-sample” function in the “fastq-tools”1. Because the lowest number of useful reads for any genotype × RE × Taq combination was 1.3 M, we extracted 1.25 M reads from each combination to represent approximately the case of 192-plex multiplexing (since the Illumina HiSeq2000 can deliver over 240 M useful reads per lane). We further analyzed data with 2.5 M reads extracted for each genotype, to test approximately the case of 96-plex but excluded the results for tetraploid M. sativa, which failed to reach this threshold in all RE × Taq combinations. For each genotype and GBS protocol, we counted the number of tags available for minimum read thresholds of 2, 6, and 11, reporting mean values for the 3 genotype groups (M. truncatula; diploid M. sativa; tetraploid M. sativa).

Experiment 2: Comparisons of KAPA vs. NEB Taq Polymerases for Sequencing Bias

We compared KAPA and NEB for selective amplification across DNA fragments that differed for size or for content of nitrogenous bases, comparing the tag distribution expected from ApeKI in silico digestion of the M. truncatula reference genome with those observed from ApeKI digestion with each polymerase (using the highest number of available reads, i.e., 6.6 M). For each tag generated by the two polymerases, we obtained the targeted restriction fragment by BLAST search on the Mt4.0v1 reference genome from genotype A17 downloaded from http://www.jcvi.org/cgi-bin/medicago/download.cgi. For DNA fragment size analysis, we computed for KAPA and NEB-based libraries the percentage of tags belonging to each of 15 defined size classes, and compared them with the values expected from in silico digestion. For bias relative to content of nitrogenous bases, we computed the percentages of fragments classified to each of seven classes defined based on the GC content of the DNA fragments and compared them with the expected values from in silico digestion.

Experiment 3: Comparison of Taq Polymerase × Selective Primer Combinations in Pea, White Lupin, and Alfalfa

This study included the four diploid and two tetraploid genotypes of M. sativa described in Experiment 1, six pea genotypes, and four white lupin genotypes. The pea genotypes included three cultivars (Attika, Isard, and Kaspa) that were parents of three connected inbred line populations (Annicchiarico et al., 2017). For each cultivar, we extracted two random genotypes obtained from different commercial seed lots. Although presumably identical, genotyping data revealed genetic differences between the two genotypes of each cultivar in all cases. The lupin germplasm included one genotype from the French cultivar Lucky, and three landrace genotypes that were selected on the basis of their genetic diversity in a prior study performed on a wider genotype set. The source populations of these genotypes were the landraces La568 from Algeria, La646 from the Canary Islands, and LAP123 from Italy, described in the world collection study by Annicchiarico et al. (2010).

The ApeKI RE was used for all protocols as described earlier. We compared the 12 protocols represented by KAPA or NEB polymerases in combination with the non-selective primer proposed in the original method (Elshire et al., 2011) or one of 5 3′ primers we designed that had 5 to 8 specific bases in order to selectively amplify fragments. All primers were synthesized by Eurofins MWG Operon.

We used the UNEAK pipeline (Lu et al., 2013) for SNP discovery and genotype calling. For fair comparisons, we randomly identified 1.5 M reads from each genotype × protocol combination in each library as described earlier. A higher number would have resulted in one or more genotypes being dropped from the analysis. For each protocol and genotype combination, we assessed the number of polymorphic SNPs (as 64-bp long sequences with one polymorphism) that were shared by all test genotypes, setting a minimum read depth of 3 for pea and white lupin (inbred species), 6 for diploid alfalfa, and 11 for tetraploid alfalfa. For tetraploid alfalfa, which featured more total reads per genotype, we repeated the assessment for a scenario of 2.5 M total reads per genotype.

Number of Polymorphic Markers and Predictive Ability of Genomic Selection Models in Different Data Sets

This part of the study summarized the number of polymorphic markers and the predictive ability of genomic selection based on cross-validations for yield or quality traits in data sets of tetraploid alfalfa, pea or white lupin. The main sources of data were provided by alfalfa studies in Annicchiarico et al. (2015b) and Biazzi et al. (2017) and the pea study in Annicchiarico et al. (2017), where genotyping protocols, phenotypic procedures for production traits, SNP calling procedures and details of other bioinformatic analyses are reported. Most analyses were performed using various packages of the R software. Some findings from these studies were recalled here to summarize the impact on genomic selection predictive ability of different thresholds for genotype missing data, marker imputation method, and genomic selection model. An initial filtering step excluded markers with a minor allele frequency below 2.5%.

The study by Annicchiarico et al. (2015b) described the genotyping of 154 parent genotypes from a broadly based reference population including Mediterranean germplasm (Me population) and 124 parent genotypes from a broadly based reference population comprising germplasm from the Po Valley, northern Italy (PV population). These germplasm sets were phenotyped separately for forage yield on the basis of densely grown half-sib progenies issued by polycrossing in isolation each set of parents (as convenient for genome-enabled prediction of breeding values: Annicchiarico et al., 2015a). The GBS protocol included ApeKI as RE in both populations, while using NEB and KAPA polymerases for PV and Me, respectively. SNP genotype calling distinguished only three classes, namely, the two homozygous ones (AAAA or aaaa), and the heterozygous one (pooling the variants Aaaa, AAaa, and AAAa). A filtering step removed heterozygous loci with less than 4 aligned reads, and homozygous loci with less than 11 reads (thereby reducing the probability to falsely call AAAa or Aaaa heterozygotes as a homozygote to 4.22%).

Biazzi et al.’s (2017) study focused on the same set of half-sib progenies of the Me population, and assessed various quality traits of stems and leaves across three growing conditions (summer harvest, full irrigation; summer harvest, suspended irrigation; autumn harvest). We currently added original genomic selection information on two quality traits, namely, protein content and digestibility of NDF, that were assessed on pooled leaf and stem foliage of the material. For each trait, we compared five genomic selection models, namely, Ridge Regression BLUP, Bayes A, Bayes B, Bayes C, and Bayesian Lasso (Gianola, 2013), for predictive ability based on cross-validations as described in Biazzi et al. (2017) for quality traits of stems and leaves, using a threshold of 30% for missing genotype SNP data and missing data imputation by the K-Nearest Neighbor method.

In the pea study (Annicchiarico et al., 2017), 315 F6 recombinant inbred lines (RILs) belonging to three populations derived by connected crosses between Attika, Isard, and Kaspa were assessed for grain yield under severe terminal drought stress under a field rainout shelter. The GBS protocol included ApeKI as RE and KAPA as Taq polymerase. We currently anticipated unpublished genomic selection results for prediction of grain yield in a 3-replicate field experiment carried out in Lodi (northern Italy) under organic farming conditions and autumn sowing in the season 2013–2014. We held a minimum read depth of 4 for SNP genotype calling, because the F6 generation contained some heterozygous loci. We assessed results for a minimum read depth of 6 as well, obtaining less SNP markers but very similar predictive ability (data not reported), as observed already for grain yield under severe drought (Annicchiarico et al., 2017). Genomic predictions were based on the Ridge Regression BLUP model, 30% threshold for missing genotype SNP data, and missing data imputation by the K-Nearest Neighbor method. The model was trained on all populations joined in a single data set and took account of population structure, as performed already in Annicchiarico et al. (2017).

In this paper, predictive ability, i.e., the correlation between genome-based predicted values and observed values, was used as an estimate of prediction accuracy, i.e., the correlation between genome-based predicted values and true breeding values. In several studies on inbred crops, prediction accuracy was estimated by dividing prediction ability by the square root of the broad-sense heritability on a line mean basis, thereby obtaining a higher value that accounts for possible experiment errors in the estimation of breeding values. This correction, however, may introduce a bias when cross-validations are applied to data of the same experiment (Lorenz et al., 2011), as in the current case. We preferred to adopt cautiously lower estimates of prediction accuracy, to minimize the risk of overoptimistic results for genomic selection.

We reported the number of polymorphic markers also for two data sets of white lupin. The former included 288 genotypes sorted out from the world landrace collection in Annicchiarico et al. (2010). The genotypes belonged to seven major historical cropping regions (Madeira-Canaries, Portugal, Spain, Maghreb, Egypt, East Africa, Near East), from each of which we sampled 8 to 10 landrace populations, and 3 or 4 genotypes per landrace population. The latter lupin set included 191 RILs issued by the cross between the cultivar Kiev Mutant and the Ethiopian landrace P27174 [which were used for constructing the first linkage map of this species: Phan et al. (2007)]. RIL DNA samples were obtained from the Institute for Plant Genetics in Poznan in the framework of a joint research work with CREA. GBS protocols for lupin data sets were identical to those for pea that were described in Annicchiarico et al. (2017).

We reported, as a reference, also numbers of polymorphic markers and/or genomic selection predictive ability from other published studies on forage or cool-season grain legumes. The information from the study by Li et al. (2015) was relative to a genomic selection model for forage yield constructed on clonally phenotyped plants when applied to selected intercrossed material evaluated in a further selection stage in the same location. We averaged the results across two target locations (one in NY State and one in Québec) as this scenario, implying predictions essentially for additive genetic effects, can be compared to prediction of breeding values in the other reported data sets.

Finally, we briefly compared GBS-based genomic selection vs. phenotypic selection in terms of predicted yield gains per unit time in relation to hypothetical selection scenarios and rough estimates of selection costs. Cost estimates (which were inclusive of DNA extraction for GBS) were based on our own experience, recent quotes from genomic platforms, and feedback on phenotyping costs provided by various colleagues and breeding programs, realizing, of course, that GBS costs may decrease in the near future.

RESULTS

Comparison of Restriction Enzyme × Taq Polymerase Combinations in M. sativa and M. truncatula

For the scenario of 1.25 M total reads per genotype, the combination of ApeKI and KAPA provided a higher number of tags than the other GBS protocols in all sets of genotypes, for minimum read depths of 2 reads per tag (useful for pure lines of inbreds such as M. truncatula) or 6 (useful for the outbred diploid M. sativa subsp. sativa) (Figure 1A). However, the four protocols exhibited few differences and a slight advantage for ApeKI and NEB, when requiring at least 11 reads per tag (as necessary to identify homozygotes for tetraploid alfalfa) (Figure 1A). The responses of diploid and tetraploid alfalfa were nearly identical (Figure 1A), as expected since their 1C genomes are the same size and we held read depth constant across genotypes.
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FIGURE 1. Mean number of tags of two restriction enzyme (RE) × 2 Taq polymerase combinations for three read depths, in three sets of genotypes of Medicago truncatula or M. sativa. (A) 1.25 M total reads per genotype; (B) 2.5 M total reads per genotype.



The shift from 1.25 to 2.5 M total reads per genotype improved the relative performance of ApeKI-based GBS at higher read depths, particularly when combined with KAPA, whereas PstI:MspI produced fewer tags than ApeKI across all relevant read depths (Figure 1B). Under this scenario, ApeKI and KAPA were top-ranking for number of tags even at minimum read depth of 11 (Figure 1B). Results of diploid alfalfa for this read depth are likely to apply also to tetraploid alfalfa under 2.5 M total reads per genotype, when considering the high consistency of results between diploid and tetraploid alfalfa verified under the 1.25 M total read scenario.

Comparisons of KAPA vs. NEB Taq Polymerases for Sequencing Bias

KAPA provided more uniform amplification than NEB over fragment sizes of M. truncatula, on the basis of smaller differences between observed and expected tag frequencies for this polymerase. In particular, NEB distinctly overamplified fragments in the range of 100–500 bp (Figure 2), i.e., those that make the greatest contribution to GBS tags (Sonah et al., 2013).
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FIGURE 2. Tag distribution across different sizes of DNA fragments in M. truncatula as expected from ApeKI in silico digestion and observed from 2 Taq polymerases.



The inspection of observed vs. expected frequencies for tag classes that differ for relative content of GC nucleotides revealed more homogeneous amplification by KAPA also across different GC contents. In particular, NEB tended to overamplify the fragments whose GC content exceeded 35%, while underamplifying those with GC content below this level (Figure 3).
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FIGURE 3. Tag distribution across different GC contents of DNA fragments in M. truncatula as expected from ApeKI in silico digestion and observed from 2 Taq polymerases.



Comparison of Taq Polymerase by Selective Primer Combinations in Pea, White Lupin, and Alfalfa

The protocol combining KAPA polymerase with the non-selective primer (original method) outperformed any other protocol in terms of number of polymorphic SNP loci for white lupin, pea, and diploid alfalfa (Figure 4). The advantage of this protocol was very large in white lupin and large in pea, in coincidence with the low minimum read depth required for SNP calling in these inbred species. The advantage was more limited but still sizeable for diploid alfalfa, where it agreed with earlier results for the KAPA vs. NEB comparison in the presence of the non-selective primer that are reported in Figure 1B for the same minimum read depth of 6 and the scenario of 2.5 M total reads per genotype. However, KAPA combined with a selective primer (with minor differences among such primers), or NEB without a selective primer, provided more polymorphic loci than KAPA without a selective primer for the outbred tetraploid M. sativa (which requires higher minimum read depth) (Figure 4). In all species, the adoption of a selective primer was more beneficial in combination with KAPA than NEB (Figure 4).
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FIGURE 4. Number of polymorphic SNP markers shared by 6 pea genotypes, 4 white lupin genotypes, 4 genotypes of diploid M. sativa and 2 of tetraploid M. sativa, for 2 Taq polymerase by 6 primer combinations. Minimum read depths of 3 for pea and white lupin, 6 for diploid M. sativa, and 11 for tetraploid M. sativa; 1.5 M total reads per genotype.



The analysis for the scenario of 2.5 M total reads per genotype, which was performed only for tetraploid alfalfa, indicated a slight advantage of the protocol including KAPA with the non-selective primer (Figure 5), in contrast with results for the scenario of 1.5 M total reads per genotype (Figure 4). Using NEB with the non-selective primer was nearly as good, however (Figure 5).
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FIGURE 5. Number of polymorphic SNP markers shared by 2 genotypes of tetraploid M. sativa, for 2 Taq polymerase by 6 primer combinations. Minimum read depth of 11; 2.5 M total reads per genotype.



Number of Polymorphic Markers and Predictive Ability of Genomic Selection Models in Different Data Sets

Genotyping-by-sequencing has been used to genotype several forage or cool-season grain legumes (Table 1). Most reported data sets have been sequenced with approximately 96 samples per lane (in some cases, other samples than those listed in the table were included in a lane in order to generate a 96-plex). All grain legume data sets including a RIL population displayed over 2,300 polymorphic SNP markers, with the exception of one chick pea data set whose lower number of markers may partly be due to more stringent filtering criteria that were adopted for SNP calling or possibly a narrower genetic diversity between the parents of the RILs. In white lupin, a world collection of landraces displayed over 2.6-fold more markers than a RIL population, as expected from the greater genetic diversity of this type of germplasm set. Finally, the number of polymorphic SNP markers exceeded 6,500 in all data sets of tetraploid alfalfa.

TABLE 1. Mean number of total reads per genotype, and number of polymorphic single nucleotide polymorphism (SNP) markers, in different data sets.
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No comparison between GBS and SNP array procedures for number of polymorphic SNP markers is available for these or other legume data sets. However, the three pairs of parent genotypes that originated the RIL populations of pea displayed, on average, 3,925 polymorphic SNP markers according to the SNP array facility described by Tayeh et al. (2015a) (Grégoire Aubert and Judith Burstin, pers. comm.). In comparison, the GBS-generated polymorphic SNP markers in the three RIL populations originated by these parents amounted, on average, to 2,547 for the genotype missing data threshold of 30% (Table 1), and 4,409 for the missing data threshold of 50%.

In earlier work of ours on alfalfa and pea (Annicchiarico et al., 2015b, 2017; Biazzi et al., 2017), the predictive ability of genomic selection was affected by the threshold for genotype SNP missing data, the method for imputing missing data, and the genomic selection model. Increasingly relaxed missing data threshold, while increasing the number of polymorphic markers, displayed a peak of predictive ability in the range of 20–40% missing data. This is reported in Figure 6 for forage yield of alfalfa in two data sets, and in Annicchiarico et al. (2017) for grain yield of pea RILs (for minimum read depth of 4 or 6). For missing data imputation, we found an advantage of Random Forest imputation over other methods based on Singular Value Decomposition, Localized Haplotype Clustering, or Mean imputation (Annicchiarico et al., 2015b). However, K-Nearest Neighbors imputation proved about as reliable as Random Forest, while being much faster computationally (Nazzicari et al., 2016).


[image: image]

FIGURE 6. Predictive ability of genomic selection for forage yield and number of polymorphic SNP markers as a function of different genotype missing data thresholds, in two data sets of tetraploid alfalfa. Source of data: Annicchiarico et al. (2015b).



The analysis of various legume data sets indicated that the predictive ability of genomic selection can be affected by the genomic selection model, but no model proved unanimously optimal across different traits or data sets (although in most cases, the differences among models were not large). For example, Support Vector Regression with linear kernel outperformed Bayes A, Bayes B, and Bayesian Lasso models for predicting alfalfa forage yield in two data sets (Annicchiarico et al., 2015b), while tending to be outperformed by Bayesian methods (especially Bayesian Lasso) for prediction of pea grain yield (Annicchiarico et al., 2017) and various leaf and stem quality traits of alfalfa (Biazzi et al., 2017). Ridge Regression BLUP (or a model analogous to it, e.g., GBLUP) tended to be among the most accurate models in all of these studies, as well as in two pea studies based on Infinium array SNP markers (Burstin et al., 2015; Tayeh et al., 2015b). In the current comparison of five genomic selection models for two alfalfa quality traits, Ridge regression BLUP and Bayes C revealed a slight advantage for crude protein content and NDF digestibility, respectively, in the absence of marked differences in predicting ability among all tested models (Supplementary Figure 1).

Predictive ability values of the best-performing genomic selection models for yield or key quality traits of alfalfa or pea using GBS-generated SNP data ranged up to 0.72 (Table 2). Values for alfalfa breeding values ranged between 0.31 and 0.36. Results for pea grain yield were averages of 3 RIL populations reported in Table 1. They were higher than those for alfalfa breeding values for biomass yield, ranging from 0.72 under growing conditions experiencing severe terminal drought to 0.48 for northern Italy under autumn sowing (Table 2). Chick pea results were not available, since data sets in Table 1 were used for GWAS.

TABLE 2. Predictive ability of genomic selection for genotype breeding value in different data sets.
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Comparison of Genomic vs. Phenotypic Selection Scenarios

With the exception of Li et al. (2015), the predictive ability values reported in Table 2 relate to predictions for the same test environment using cross-validations. Predictions for other test environments (as in the ordinary use of genomic selection) are bound to be less accurate, owing to genotype-by-environment (GE) interactions between the environment(s) used for model definition and those used for application of the model. This is especially true for crop yield, which is usually exposed to wider GE interaction than quality traits. However, the key issue in relation to GE interaction for both genomic and phenotypic selection is the ability to predict the genotype breeding values for the target environments of the breeding program. In Li et al. (2015), genomic selection models from NY and Québec were good at predicting each other’s phenotyping data, as may be expected from the geographic proximity of their test sites.

Cross-environment predictions can be incorporated into formulas for predicting yield gains from one cycle of phenotypic or genomic selection within a given genetic base. For outbred species such as alfalfa, the predicted gain per year from phenotypic selection (ΔGP) is:
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where iP is the standardized selection differential, h is the square root of narrow-sense heritability in the selection conditions, sA is the standard deviation of breeding values, rgP is the genetic correlation for genotype yield responses between selection and target conditions, and tP is the number of years for one phenotypic selection cycle. The predicted gain from genomic selection (ΔGG) is:
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where iG is the standardized selection differential for genomic selection, rA is the genomic selection accuracy, rgG is the genetic correlation for genotype yield responses between phenotyping conditions for genomic selection modeling and target conditions, and tG is the duration of one genomic selection cycle. Assuming the same testing conditions (rgP = rgG) and selection intensities (iP = iG), a comparison of phenotypic vs. genomic selection in terms of predicted yield gain per year equates to comparing (h/tP) vs. (rA/tG). For the alfalfa reference population from the Po Valley, the estimated values of rA = 0.32 (Table 1) and h = 0.46 [from h2 = 0.21 in Annicchiarico (2015)] suggest that genomic selection would result in higher gain than phenotypic selection if it could halve the duration of one selection cycle. Actually, considering that tG = 1, and tP = 5 (Table 3) when including the time for recombination of selected material and for phenotypic selection along with 1 year for prior production of half-sib families, this criterion was easily met. Even rA = 0.15 would suffice to grant some advantage to genomic selection over half-sib progeny-based phenotypic selection according to this criterion.

TABLE 3. Duration of one selection cycle and indicative cost per evaluated genotype, for hypothetical scenarios of phenotypic and genomic selection for higher yield.
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For inbred species, the reported formulas for estimating expected genetic gains hold true, when h is substituted for by the square root of broad-sense heritability on an entry mean basis (H) under the specific conditions adopted for phenotypic selection:
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where sg2, sge2 and se2 are components of variance relative to genotype, GE interaction and pooled experiment error, and e and r are the numbers of test environments and experiment replications, respectively. Extensive multi-environment phenotypic selection (high e values) could rise H near unity, but this is usually prevented by its high cost.

The comparison of selection methods for predicted yield gain could incorporate the evaluation cost per genotype. For example, even the limited multi-environment phenotypic selection scenarios hypothesized in Table 3 result, on average, in about 6-fold greater cost for grain legumes and 7.5-fold greater cost for forage legumes of phenotypic selection relative to genomic selection. Thus, for same total evaluation cost of the two methods, more genotypes could be evaluated by GBS, increasing the selection intensity (iG). For alfalfa, a comparison of phenotypic vs. genomic selection in terms of predicted yield gains per year for the same overall costs equates to comparing (h iP/tP) vs. (rA iG/tG). For example, the phenotypic selection based on progeny-testing of 300 alfalfa genotypes aimed to select 15 parents for a synthetic variety (selected fraction = 5%) implies iP = 2.06 (Falconer, 1989), whereas the genomic selection based on evaluating 2250 genotypes (7.5-fold more than phenotypic selection) that aimed to select 15 parents (selected fraction = 0.66%) implies iG = 2.80. For the alfalfa reference population from the Po Valley and the selection scenarios hypothesized in Table 3, genomic selection leads to over 4.7-fold greater predicted yield gain per year than phenotypic selection (from 0.46 × 2.06/5 = 0.189 for phenotypic selection vs. 0.32 × 2.80/1 = 0.896 for genomic selection). From this perspective, rA = 0.15 (which implies over twofold greater predicted gains for genome-enabled selection) would justify the inclusion of genomic selection in breeding schemes, for the cost and selection cycle scenarios reported in Table 3.

For pea in Italian environments, assuming for example the selection of 15 genotypes phenotypically out of 300 or genomically out of sixfold more test genotypes (hence, iP = 2.06, and iG = 2.39) under the scenario in Table 3 (tP = 2; tG = 0.5), and considering rA = 0.48 (i.e., the lower value for pea in Table 2) and a cautiously high estimate of H = 0.84 that arises from a multi-environment study in Italy by Annicchiarico and Iannucci (2008) with e = 7 (rather than e = 4 as in Table 3), would result in 2.6-fold greater predicted yield gain per year of genomic selection relative to phenotypic selection. The comparison of phenotypic vs. genomic selection equates here to comparing (H iP/tP) vs. (rA iG/tG) (i.e., 0.84 × 2.06/2 = 0.865 for phenotypic selection vs. 0.48 × 2.39/0.5 = 2.294 for genomic selection). An rA = 0.36 would provide a twofold advantage for genomic selection under these circumstances.

DISCUSSION

Our results relative to comparisons of major components of GBS protocols (REs, Taq polymerases, primers) cannot be considered conclusive, but they indicated that each of these components may have a large effect on the number of SNP markers generated by GBS. Also, they highlighted the importance of investigating combinations of these components (such as different Taq polymerases in combination with different primers or REs), because results for each individual component may vary depending on other components of the GBS protocol.

Reducing the number of target sites through DNA digestion by PstI:MspI instead of ApeKI was not advantageous for diploid alfalfa or M. truncatula at convenient read depths for these species. Results for diploid alfalfa provided indirect evidence for the greater interest of ApeKI over PstI:MspI even for tetraploid alfalfa at 2.5 M total reads per genotype, which is the ordinary scenario for data sets of this crop (Table 1). A contributing reason for the advantage obtained from greater genome complexity reduction by using PstI:MspI instead of ApeKI in Poland et al. (2012a) could be the larger genome of their target species relative to alfalfa (about 19- and 6-fold larger estimated genome for wheat and barley, respectively). In addition, the current adoption of KAPA polymerase could amplify the advantage of ApeKI over PstI:MspI in comparison with NEB polymerase, which was used in Poland et al.’s (2012a) study. ApeKI proved preferable to two less frequent-cutting enzymes also for cassava, whose genome size is comparable to alfalfa (Hamblin and Rabbi, 2015).

Selective primers displayed an advantage only in the presence of high minimum read depth and low sequencing effort. In alfalfa (requiring 11 as minimum read depth), selective primers proved advantageous at 1.5 M total reads per genotype but not at 2.5 M total reads. Indeed, one may expect greater advantage from greater mean read depth per SNP obtained via reduction of target sites when adopting low sequencing levels. The advantage of the non-selective primer emerged already at 1.5 M total reads per genotype in diploid alfalfa (minimum read depth of 6), and was particularly large for pea and white lupin (minimum read depth of 2). Our results contrast with those by Sonah et al. (2013) for soybean holding 2 as minimum read depth, where selective primers increased the number of polymorphic SNP markers under scenarios of 1–2 M total reads per genotype. This inconsistency encourages further investigations, also in consideration of the small set of genotypes that provided the basis for the polymorphic SNP assessment in these studies [6 to 2 genotypes here; 2 genotypes in Sonah et al. (2013)].

Results for number of tags or polymorphic markers indicated that KAPA can be preferred to NEB Taq polymerase for diploid alfalfa, pea, and white lupin. It is preferable also for tetraploid alfalfa in the ordinary scenario of 2.5 M total reads per genotype. Additionally, our results for M. truncatula indicated more uniform amplification over fragment sizes and GC contents of this polymerase relative to NEB. This finding has clear potential for improving GBS-based activities on legumes, since most GBS protocols use NEB. Further comparisons are warranted, however, for other forage or grain legume species.

We assumed a minimum read depth of 2 for pea and white lupin in our assessment of GBS protocols. However, a higher value, such as 4, could conveniently be set for lines that may include some degree of heterozygosity, as we did for the pea RILs that underwent our genomic selection assessment. Anyway, best Taq polymerase × selective primer combinations did not change for these species when considering a minimum read depth of 4 instead of 2 (data not reported).

On the whole, our results support the adoption of a single successful GBS protocol for tetraploid and diploid alfalfa, pea, and white lupin, using ApeKI and the non-selective primer as in the original method (Elshire et al., 2011) along with KAPA polymerase. The good overall performance of this protocol might serve as a reference for GBS work in other forage or cool-season legumes that lacks an experimental assessment of protocol components. The value of this protocol ought to be reassessed for tetraploid alfalfa if accurate allele dosage information was desired, which would require about 48x read depth to differentiate the heterozygote classes (Uitdewilligen et al., 2013). We did not consider this scenario, because the large sequencing effort required to obtain thousands of markers with sufficient read depth is currently prevented by its high cost.

We are mainly interested in using GBS for genomic selection to improve crop yield, a complex, highly polygenic trait. No statistical model consistently maximized the predictive ability across different data sets, confirming the scope for exploring different models in genomic selection studies. Ridge Regression BLUP (or its analog GBLUP) ought to be included among the tested models in all cases, on the basis of its currently good performance in different situations and its theoretical suitability for a trait controlled by many loci with small effects (as crop yield is expected to be) (Lorenz et al., 2011). Bayesian Lasso proved to be another well-performing model in most of our analyses. Indeed, these models proved well-performing across a range of plant and animal data sets (de los Campos et al., 2013).

There are two other suggestions for data analysis that descend from our experience. One is imputing missing data by Random Forest [in agreement with results for other species: e.g., Poland et al. (2012b)] or by K-Nearest Neighbors, until a sequenced genome will allow for using other methods, e.g., Beagle (Nazzicari et al., 2016). The other is the need for assessing the predictive ability across a range of missing data thresholds. The peak of predictive ability that we found between 20 and 40% missing data, which agrees with other results for soybean (Jarquín et al., 2014) and most results for alfalfa reported by Li et al. (2015), is consistent with the expected trade-off between increased information (more markers) and increased noise (higher imputation errors) that arises from increasing threshold for missing data.

Genotyping-by-sequencing can be used to produce high numbers of polymorphic SNP markers for forage and cool-season grain legumes. For three pea RIL populations, the number of polymorphic markers generated by GBS was comparable to that expected at much higher cost by a SNP array genotyping. Particularly when used with best model configurations, GBS-based genomic predictions were sufficiently high for cost-effective exploitation by breeding programs. The occurrence of more accurate predictions in pea than alfalfa could be expected, owing to the much longer linkage disequilibrium and the possibility to thoroughly exploit also non-additive genetic variation that feature the RILs of an inbred crop compared with a set of progeny-tested alfalfa parents. Genomic selection accuracy for soybean grain yield based on cross-validations, which achieved 0.64 (Jarquín et al., 2014), is intermediate between the values of 0.72 and 0.48 that we found for pea grain yield. The difference in prediction accuracy between the two data sets of pea could be attributed to the different ecological complexity of the two phenotyping environments. The environment prone to severe terminal drought, which reproduced a climatically unfavorable Mediterranean environment, was ecologically simpler, because higher genotype yield was strictly associated genetically with an early phenology (Annicchiarico et al., 2017). Higher yield in the autumn-sown, subcontinental-climate environment of northern Italy required genotype adaptation to both low winter temperatures and terminal drought.

We proposed a simple general framework for comparing genomic vs. phenotypic selection in terms of expected genetic gain, which takes account of differences in selection cycle duration and genotype evaluation cost between the selection methods. These differences can be substantial, and their impact on the relative efficiency of selection methods can be important. We chose only one example scenario among many possible ones for comparing genomic vs. phenotypic selection in each crop, and we lacked estimates for important parameters such as rgP and rgG. In the absence of these estimates, the ability of genomic and phenotypic selection to predict genotype yields in cropping environments other than the test one could be highly informative, but also this information was not available. Though limited, our preliminary comparison revealed a large predicted advantage of genomic selection over phenotypic selection that is encouraging for legume breeding and supports further and more conclusive assessments of genome-enabled predicting ability across a wider set of cropping environments.

Rajsic et al. (2016) proposed another method for comparing genomic vs. phenotypic selection in inbred crops that accounts for different selection costs, in which genomic prediction accuracy is estimated as a function of trait heritability, effective number of chromosome segments underlying the trait, and training population size. When setting H2 = 0.85 for pea, already a twofold cost of phenotypic selection relative to genomic selection would imply some predicted advantage for genomic selection across a wide range of effective number of chromosome segments. With no account for different selection costs or selection cycle duration, simulation results by Viana et al. (2016) for outbred species suggest greater predicted yield gain per selection cycle by genomic selection when h2 is below 0.30 (as here for alfalfa), for a scenario of 200 genotyped individuals and moderate sequencing effort.

Another issue of interest is the ability of a model set up for a given genetic base to predict the same trait in a different genetic base. Cross-population predictions for alfalfa biomass of Mediterranean germplasm based on a model from Po Valley germplasm or vice versa implied just a moderate loss of predictive ability (25–30%) relative to intra-population predictions (Annicchiarico et al., 2015b). Preliminary results for pea revealed small to quite large loss of predictive ability passing from intra-population to cross-population prediction of grain yield, depending on the pair of RIL populations (Annicchiarico et al., 2017).

We valued genomic selection mainly for its ability to increase the rate of genetic yield gain through shorter selection cycles and more evaluated genotypes for same overall cost. Another contribution of genomic selection to crop improvement could be its unprecedented potential for selecting simultaneously for several traits. This can be particularly important for perennial forage legume breeding, which is constrained by high phenotyping costs and requires at least 10–15 selected genotypes as parents of a synthetic variety (Annicchiarico et al., 2016). For example, selecting 10 genotypes for 4 traits at the modest selection rate of 20% for each trait requires a working population of [10 × (1/0.20)4] = 6,250 individuals, a number that is hardly workable for phenotypic selection in these crops (particularly when involving a time- and resource-consuming trait, such as forage yield across several harvests and production cycles) while being within reach for genomic selection (particularly in the perspective of continuously decreasing genotyping costs). The moderately high genome-enabled predictive ability that emerged for two important alfalfa forage quality traits, namely, digestibility of NDF and protein content, has practical interest and supports this perspective use of genomic selection. While higher protein content is beneficial to decrease the dependency of crop-livestock systems from expensive extra-farm feed protein sources, higher NDF digestibility is the main determinant of cattle dry-matter intake and milk yield (Oba and Allen, 1999).

We expect a steep rise in genomic selection studies in forage and cool-season grain legumes in the next few years, especially because of the promising results that have emerged from the first studies (such as those reported here). GBS data will probably be pivotal in this context, owing to their low cost and possible usefulness also for identifying candidate genes in GWAS as soon as a sequenced genome becomes available for these crops. Challenges arising from GBS-based genotyping (adopted protocol; SNP calling procedure; method of missing data imputation; etc.) have not been trivial in pioneering work, but are bound to be overcome by increasing scientific knowledge, availability of sequencing platforms and development of bioinformatic tools.
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Trait 2012 2013

Difference* P-Value Difference P-Value

Seed yield (kg/ha) 5333 09012 12157 05700
100 Seed weight (g per100 seed) 115 02457 101 01389
Flowering date -5.03 03929 -10.48 0.0288
RS -447 06243 -206 07476
Harvest date -49 06162 116 08580
Germination -3403 00004 -3053 00002
Accelerated aging (A%) -2493 00443 -1689 00233
HS (Hard seed) 1837 00571 2268 00004
Total seed damage (DKT) 007 06984 -021 04623
Green seed 1487 01358 1144 00588
Wiinkie 974 01080 1200 00149
Stinkbug damage —002 08037 000 09862
Mold 077 06472 156 04287
Protein -264 01204 -181 00913
ail 083 03813 -003 09535
Palmitic 006 07647 -049 00821
Stearic 010 03161 005 02964
Oleic —2.05 0.2206 =177 0.1801
Linoleic: 1.69 0.1759 1.59 0.0719
Linolenic -023 05040 062 01870

c 021 06469 -002 09452
Ca 011 00381 011 00042
K -031 00826 -019  0.0004
Mg 002 02379 001 02772
N 026 02937 053  0.0039
P -005 01671  -005  0.0249
s -001 05864 -001  0.1831
B -456 02670 -568 00215
Cu -282 01162 -231 00034
Fe 196 04980 044 09560
Mn 228 00647 247 00566
Mo -215 00779 306  0.0029
Zn -266 03864 098 06247
Cercospora 144 04262 -022 06727
Charcoal rot 041 04243 - -

Fusarium —694 00890 000  1.0000
Phomopsis 462 03104 009 08224

“Mean of genotypes with <80% germination minus the mean of genotypes with > 80%
germination for each year. In 2012 there were three genotypes with > 80% germination
and in 2013 there were six genotypes  80% germination (see Table 1).

The experiment was conducted in 2012 and 2013 at the Jamie Whiten Delta States
Research Center. Stonevilie, MS.
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Year 2012 2012 2012 2013 2013 2013

Group Cultivar IL breedinglines MS breeding lines. Cultivar IL breeding lines. MS breeding lines
Kg/a 3266a 3112a 26502 2183a 2218a 1939
9/100 seed 11.3a 12.42 10.1a 9.8a 10.12 82b
Flowering date 53 508 68b 71a 67a 87b
Full maturity (R8) 144ab 129a 155a 155a 144a 161a
Harvesting date 145ab 131a 158a 158a 1462 163a
Hard seed 20.9a 7.80 080 26.3a 9.3 0.8b
Germination 47,80 68.4a 76.8a 56.1b 782a 90.8a
Accelerated aging 4330 45.0ab 67.0a 59.30 7492 77.2a
Total seed damage 054a 0.36a 0.48a 0.37a o8la 0.28a
Wrinkle 2852 21.1a 18.3a 233 23.3ab 67b
Green Seed 18.9a 2562 000 189a 25.6a 25b
Protein 38.0b 359¢ 429 37.2a 35.1b 40.7¢
oi 219 238a 2040 2130 22.7a 20.8b
Palmitic 10.2a 10.1a 103a 1100 10.7b 11.7a
Stearic 42a 42a 41a 45a 44a 45a
Oleic 27.9 27.1b 32.1a 24.2a 24.2a 27.2a
Linoleic 53.9a 54.4a 50,6 56.4a 56.6a 53.7b
Linolenic s.1a 58a 49 6.2a 66a 5.1b
Ca 0.43a 034b 0.24c 0.452 0.40ab 031b
K 1.70b 1.84b 2.29% 191a 2,050 2.14b
Mg 0.25a 0.25a 0220 0.26a 0.25a 0.25a
P 0.49 0.49 0.60a 0550 053 0.64a
c 49.500 50542 48.87¢ 52.94a 53.500 52.74a
N 5.64b 534 6.33% 5.74a 575 651b
s 025 0256 0.27a 031b 0300 0.33a
B 30,300 20.820 42.10a 33.04b 33.98b 42.07a
Cu 14760 14.71b 19.46a 16.87b 16.44b 20.16a
Fe 67.17a 64.60a 67.32a 8251a 82002 85.22a
Mn 21.20a 19.29 19.83a 23.95a 20.80b 21.72ab
Mo 4,080 3560 7.68a 5.06b 476 9.77a
Zn 48300 44.91b 55.60a 60.54a 56.51a 61.60a
Mold 1.10a 0.00a 0.00a 3.00a 1.10 0.80a
Purple seed 0.70a 0.00a 0.00a 0.00a 0.00a 0.00a
Phomopsis 8.90a 8002 15.70a 1.20a 2.20a 0.30a
Cercospora 3.40a 0.00a 2.30a 0.70a 1.30a 0.30a
Fusarium 1.80a 0.00a 9.00a 0.70a 0.408 0.70a
Macrophomena phaseolina 0.10b 1.30a 0.00b 0.00b 0,006 0.00b

"MS breeding ines, Mississippi breeding ines; L breeding ines, linois brocding linos; R8, fullmaturity stage; within a year, trait, and row, means with the same lotter are not signiicantly
difterent

The experiment was conducted in 2012 and 2013 at the Jamie Whitten Delta Stetes Research Center, Stoneville, MS.

Means within a row followed by the same letfer are not significantly different at the 5% level as delermined by Fishers' LSD fest.
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Season

Autumn

Spring

Pure stand/intercrop

Common vetch

Hairy vetch

Hungarian vetch

Pea

Field mustard

Fodder kale

Rapeseed

Comrmon vetch + field mustard
Common vetch + fodder kale
Common vetch + rapeseed
Hairy vetch + field mustard
Hairy vetch + fodder kale

Hairy vetch + rapeseed
Hungarian vetch + field mustard
Hungarian vetch + fodder kale
Hungarian vetch + rapeseed
Pea + field mustard

Pea + fodder kale

Pea + rapeseed

LSDoos

Common vetch

Grass pea

Narbonne vetch

Pea

Brown mustard

Rapeseed

White mustard

Common vetch + brown mustard
Common vetch + rapeseed
Common vetch + white mustard
Grass pea + brown mustard
Grass pea + rapeseed

Grass pea + white mustard
Narbonne vetch + brown mustard
Narbonne vetch + rapeseed
Narbonne vetch + white mustard
Pea + brown mustard

Pea + rapeseed

Pea + white mustard

LSDo.0s

LSDo 05 = Least significant difference at p < 0.05.

Total forage dry matter yield

85
96
65
9.2
65
75
69
99
84
83
9.3
9.3
9.4
9.3
80
7.4
105
88
89
08
7.6
838
59
8.4
37
69
42
66
8.1
69
8.4
86
80
66
65
63
80
86
80
08

LERroMY

1.1
1.12
1.20
1.02
1.07
1.18
125
121
123
1.18
132
125
0.09

Total aboveground nitrogen yield

258
307
214
275
188
199
189
282
238
214
379
303
319
224
198
162
272
254
242
31

217
327
171
240
103
171
189
206
238
216
404
302
352
198
199
178
249
254
245
44

LERAGBY

1.14
123
1.04
1.01
1.16
1.18
1.28
1.16
1.00
1.18
1.23
1.09
0.06
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Genotype Ca (%) K (%) Mg (%) P (%) © (%) N (%) S (%)

2012 2013 2012 2013 2012 2013 2012 2013 2012 2013 2012 2013 2012 2013

04025-41 026 025 282 227 020 024 060 065 490 531 635 652 026 033
24-2-1-2-1-2 021 036 224 207 023 026 057 064 490 529 639 640 028 032

LG03-4561-14 038 042 193 205 026 026 052 053 504 535 535 576 026 031
LG03-4561-19 034 040 183 204 026 025 051 055 506 534 534 568 025 030
LG04-1459-6 032 087 175 205 025 025 044 051 506 536 533 580 028 029

LsD 002 001 006 005 001 00f 001 001 020 019 008 010 001 001

MS breeding lines, Mississiopi breeding lnes; L breeding lnes, flinois breeding lines.
The experiment was conducted in 2012 and 2013 at the Jamie Whitten Delta States Research Center, Stoneville, MS.
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Genotype B (mg/kg) Cu (mg/kg) Fe (mg/kg) Mn (mg/kg) Mo (mg/kg) 2Zn (mg/kg)

2012 2013 2012 2013 2012 2013 2012 2013 2012 2013 2012 2013

LG03-4561-14 332 366 15.1 163 67.6 814 206 211 41 50 475 57.0
LG03-4561-19 304 36.1 145 156 67.3 89.0 199 206 35 48 459 59.1
LG04-1459-6 259 293 146 174 589 75.9 174 207 3.1 45 a3 53.4
LsD 1.04 0.86 035 0.44 280 279 103 0.80 0.44 052 147 174

*MS breeding lines, Mississippi breeding lnes; PIL breeding lines, linois breeding iines.
The experiment was conducted in 2012 and 2013 at Jamie Whitten Delta States Research Center, Stoneville, MS.
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Genotype Wrinkling Accelerated aging Total seed damage Hard seed Green seed

2012 2013 2012 2013 2012 2013 2012 2013 2012 2013

24-2-1-2 200 100 77 69.3 033 027 03 0.0 00 100
133 33 827 903 077 023 o7 03 00 00
100 0.0 87.3 947 0.30 023 00 0.0 00 00
300 267 193 55.7 027 0.40 120 19.7 50,0 26.7
233 267 383 66.3 0.47 020 27 a7 200 67
200 233 3920 69.7 0.13 027 13 40 233 100
300 233 383 540 050 033 13.0 163 10.0 167
300 200 303 323 0.43 023 103 123 33 26.7
500 400 51.0 683 0.70 027 14.0 73 167 333
300 200 643 553 0.60 137 53 220 00 200
26.7 200 493 69.7 130 0.10 153 107 200 67
167 10.0 593 62.0 0.47 013 17.0 27.7 26.7 233
200 267 37.0 790 0.30 013 03 23 400 300
LG03-4561-19 167 267 58.7 700 053 020 60 83 26.7 333
LG04-1459-6 26.7 16.7 393 75.7 023 2.10 o7 50 10.0 133
LsD 3.1 34 58 59 0.18 020 1.7 30 36 48

*MS breeding lines, Mississippi breeding lnes; PIL breeding lines, linois breeding iines.
The experiment was conducted in 2012 and 2013 at Jamie Whitten Delta States Research Center, Stoneville, MS.
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Genotype Mold (%) Purple seed (%) Phomopsis (%) Cercospora (%) Fusarium (%) Charcoal rot (%)

2012 2013 2012 2013 2012 2013 2012 2013 2012 2013 2012 2013

33 00 00 200 00 40 0.0 40 00 00 00

24-2-1-2 0.0 0.0 00 00 280 13 13 00 53 00 00 00
0.0 0.0 00 00 93 00 40 13 253 2.7 00 00
0.0 0.0 00 00 53 00 0.0 00 13 0.0 00 00
0.0 00 00 00 27 00 0.0 13 13 00 00 00
0.0 0.0 00 00 120 40 00 00 00 00 00 00
100 00 00 00 133 13 53 2.7 00 00 00 00
0.0 33 00 00 53 00 40 13 13 00 00 00
0.0 33 00 00 80 00 40 00 93 13 00 00
0.0 33 00 00 67 00 67 00 00 27 00 00
0.0 33 67 00 147 53 80 00 27 13 00 00
0.0 133 00 00 16.0 00 27 13 13 00 13 00

LG03-4561-14 0.0 0.0 00 00 107 27 00 13 00 00 13 00
LG03-4561-19 0.0 00 00 00 80 13 00 00 00 0.0 27 00
LG04-1459-6 0.0 33 00 00 53 27 00 27 00 13 00 00
LsD 24 38 08 00 44 12 20 09 6.1 11 06 00

*MS breeding lines, Mississippi breeding lnes; PIL breeding lines, linois breeding iines.
The experiment was conducted in 2012 and 2013 at Jamie Whitten Delta States Research Center, Stoneville, MS.
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Genotype Maturity group Flowering date Germination
MS exotic breeding lines® 2012 2013 2012 2013 2012 2013
04025-41 v Jun 12 Jun29 Sep 6 Sep 13 57.3 81.7
24-2-1-2- v Jun 6 Jun 22 Sep 1 Sep 6 70.7 91.3
25-1-1-4. v Jun9 Jun29 Sep 10 Sep 15 873 %3
34-3-1-2- v May 30 Jun 22 Aug 22 Aug 27 2.0 96.0
] May 20 Juns Aug9 Aug 24 363 503
[ May 20 dun4 Aug 13 Aug 24 550 787
v May 20 Jn9 Aug 15 Aug 29 707 780
w May 20 Jung Aug 27 Sep 12 430 517
v Jn6 Jun22 Sep 15 Sep 26 a73 73
v May 31 Jun 22 Sep5 Sep 13 a7 54.7
v May 20 Jns Aug26 Sep7. 340 410
[ May 18 Jund Aug9 Aug 20 490 587
v May 20 Jun7 Aug 16 Aug 21 51.0 443
] May 20 dn7 Aug7 Aug 21 03 830
LG03-4561-19 ] May 20 Jund Aug2 Aug 17 650 700
LG04-1459.6 v May 20 dun 17 Aug 14 Aug 27 80 81.7
LSD 111 057 125 1.88 5.1 6.1

MS brocding ines, Mississippi breeding lines; ®IL breeding lines, llinois breeding lines; R8, full maturity stage. The experiment was conducted in 2012 and 2013 at the Jamie Whitten

Delta States Research Center, Stoneville, MS.
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Trait Year Genotype Year x genotype Residuals

DF 1 15 15

Seed yield (kg/ha) (ARG 1840 2,60877
100 seed weight (g peri0) 197 19.3" ns 057
Protein 639" 677 281 049
ol 124 300" 35 021
Palmitic 1738 1047 373 007
Stearic 562" 60" 19" 001
Oleic: 3a3 s 53 088
Linoleic 251 302 ns 065
Linolenic: 318 167 a7 017
Ca 259" 653" 546 00006
K 180" 264 59 0009
Mg 153 142 3.4 0.0001
P 105 245 ns 00006
c 995 139 28" 011
N 175 316 AR 0025
s 205 67 ns 00002
B 610 704 29 262
Cu 716 472 27+ 049
Fe 125 4g ns 23.46
Mn 218 92 ns 253
Mo 1020 475 ns 052
Zn 127 109 25+ 7.52
Germination 74 216 ns 87.42
Accelerated aging 280" 155 36 9659
Total seed damage ns 45 657 0098
Heat damage ns ns ns 0003
Hard seed ns 172 27 17.26
Wrinkling 185 147 26" 33.19
Green seed ns 15 447 5833
SEEDDISEASE
Mold ns ns ns 3229
Purple seed 40" a0 a0 104
Phomopsis 610 25" 1.99° 33.67
Cercospora 100" ns ns 7.33
Fusarium ns ns ns 6198
Charcoal rot ns 18 1.8 049

‘significance at P < 0.01; **significance at P < 0.001.
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Genotype Yield (kg/ha) Germination (%) Phomopsis (%)

2012 2013 Diff® 2012 2013 Diff 2012 2013 Diff

04025-41
24-2-1-2-1-2 2679 1585 1094 707 913

28 13 26.7

LG03-4561-14 2571 2246 325 60.3 830 -227 107 27 80

LG03-4561-19 2990 2096 895 65.0 700 -50 8 13 67
LG04-1459-6 3775 2314 1462 800 81.7 -17 53 27 26
LsD 256 403 5.1 6.1 44 12

Min 2114 1403 182 340 410 -243 13 00 13
Max 4122 2865 2002 920 960 67 280 53 26.7
Average 3083 2128 955 588 689 —1041 104 12 93
Median 2866 2198 858 56.2 740 -80 87 00 80

Percentage exotic of 50%; Percentage exotic ranged from 19 to 25%; °Dif, Difference between year 2012 and 2013, The experiment was conducted in 2012 and 2013 at Jamie
Whitten Delta States Research Center. Stonevills, MS.
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Genotype Protein (%) il (%) Palmitic (%) Stearic (%) Oleic (%) Linoleic (%) Linolenic (%)

2012 2013 2012 2013 2012 2013 2012 2013 2012 2013 2012 2013 2012 2013

LG03-4561-14 857 854 238 229 104 110 42 45 273 286 542 564 57 71
LG03-4561-19 358 852 238 225 103 106 42 44 267 250 538 560 60 66
LG04-1459-6 361 847 288 228 98 105 41 44 272 288 550 575 56 62
LsD 033 045 016 033 014 015 006 007 062 042 055 032 028 021

*MS breeding lines, Mississippi breeing lnes; PIL breeding lines, linois breeding iines.
The experiment was conducted in 2012 and 2013 at Jamie Whitten Delta States Research Center, Stoneville, MS.
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Trait 2012 Significance 2013 Significance

R-Value R-Value

Yield -021 ns -001 ns
Protein 043 ns 042 ns
ol -007 ns 008 ns
Oleic 053 . 062 *

Palmitic 033 ns 052 g

Linolenic -007 ns -052 s

Linoleic: -063 = -070 -
P 0.49 ns 058 .

B 037 ns 054 .

Cu 051 . 059 .

Mo 048 ns 062 -

N 0.42 ns 055 .

K 053 N 054 -

Ca -076 61 g

Herd seed -081 -095
Wrinkle -0.69 .47 ns
Green seed -034 ns .60 .

Accelerated aging (M) 0.54 : 073 -

“Significance at P < 0.05; *'significance at P < 0.01; *significance at P < 0.001.
The genotypes differed in their germinabilty. The experiment was conducted in 2012 and
2013 at the Jamie Whitten Deta States Research Center. Stoneville, MS.
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1 10 20 30 40 50 60 70 80 90 100 110 120 130
I |

TCACACACTCACTCACTCACCARATCCAACATTTTCAGTTTCATTTCCCTCTGAATTTTCCTTTCTCTCCATTTTCGTTCTGTGCARARRTCCCTCACCATGCTTCTCARAGCTGCTGTARACGCTARCGE

D R R R R R b R R R R R R R

131 140 150 160 170 180 190 200 210 220 230 240 250 260
I |

TTCTCTCTTCARTTCCGARARCACGCGTTTGGTTCCGCTACTTCARCGTGGARCTARATTGGACCGARTCTCTGTTTCCGCTACGARAGGTTCGARCARTARCCGTGTTTTAACCGGTGTTTTGTTTGAR

8 0000000000000 00000 0000000000000 0000 0Ittstttstssssssssssssssssststtttstssssssssssssstsstsstsststsssssssssssssssssssssssssssssssnss

261 270 280 290 300 310 320 330 340 350 360 370 380 390
1 |

CCTTTTGAAGAGGTTARAARAGGARCTTGATCTTGTTCCTATTGTTCCTCARGATTCTTTAGCTCGTCATARATTTCATGTTGATTCTGAATCTGCCATTARTGAARCARATCARTGTGGAGTATAATGTTT

8 0000000000000 0000000000000 0000000000000 0000000000000 000000000 0000000000tittttsststsssssssstsstsstsstsssssssssssssssssssssssssssses

391 400 410 420 430 440 450 460 470 480 490 500 510 520

CCTATGTTTATCATGCGATGTATGCGTATTTCGATAGAGATARTGTTGCGCTGARRGGTCTTGCTAAGTTTTTTARGGARTCTAGTGARGAGGARAGAGGGCATGCTGAGARATTGATGGAATATCAGAR

0 ettt tt sttt sttt sttt sttt tttttttttttsttttstststtststtttttttttststtsttttstsisttstsstsssstsstststsstsstssssssssssssssssssssssssss

521 530 540 550 560 570 580 590 600 610 620 630 640 650
1 |

GAGGGATG--GCGTTGAGCGACGGTTGCGTAAGATTTGC-TGTTGCATTTTAC-CATATTTATTTTTTCAGTGTAAGGGAGTGTACACATTTGTGTG-
CCARAGGGGTGGARARGTGARGTTGCARTCTATAGTGATGCCGCTTTCTGAGTTTGATCATGCAGATARGGGTGATGCGT TGCACGCARTGGARCTTGCATTGTCCTTGGAGARGCTAACAARTGAGARA
cesessessessesessessesessessesss ZAGEGATE, ,GCgTTcababacgbaTcaggafGATaabe, TGaTGCaTTgcAC .CAaaggacTTgcacalTccaabbaaaabcaaACAaaTGaGaa.

651 660 670 680 690 700 710 720 730 740 750 760 770 780
1 |
CTA-TTGCATTAGGCARAGCTTACTCTCCARATTATGCT =====m=m TATCARTTATTAT === === —me TTTTCCTTTCATAGGTGGARGCCATCARGARGATATCCGAGTATGTTGCTCAGCTCAGAA
CTCCTTARCCTGCACAATGTTGCCTCARAGACTGGTGATGTGAATTTGGCAGACTTTGTGGARAGTGAGTTTTTGGGTGAACAGGTGGARGCCATAAARAAAAATATCCGAGTATGTTGCTCAGCTAAGAA
CTa.TTaaacTacaCARaGecTgaCTCaaaaRaTgaTGaT.......TaglRaacaTTal.eeeeeeeesss ITTTccgTgaAcAGGTGGARGCCATaARaARAATATCCGAGTATGTTGCTCAGCTaAGAR

781 790 800 810 820 830 840 850 860 870 880 890 900 910

1 |
GAATTGGCAARGGACATGGTGAGARTTTCATT-TTCTGCTTCA--TTCGTGCATCTTGTTTTTCTT-ATGTTGATACATTTTTCTTTTTCTGTGCTTTTTCARACTGTTARTTTTTGTGACTTCCTTGAT
GAGTTGGCAARAGGACATGGTGTCTGGCACTTTGATCAGATGCTGCTCARCGARGCGGCTGCAGCTTGATGATTTTATTTTCTCCCACTTCAGTCATTTGTATCTCTGTTCATATAGATGACTTAGTCTAT
GAaTTGGCARAGGACATGGTGacaagcaCaTlT.aTCaGaTgCa. . TcaacGaAgCggcTgcagCTT ATGaTgaTAcaTTcTcCecacTTCaGTcaTTTgTaaaaCTGTTaATaTagaTGACTTacTcgAT

911 920 930 940 950 960 970 980 990 1000 1010 1020 1030 1040
|

|

GTACTT--TCAGGTGTCTGGCACTTTGATCAGGCTCTTGCTTAGT--GAGGARGCAGCTGCAGC
TTACTAGARCTAGTAGTTGGAACTGA-ACCACGCTTTAATARAGTTTATGTGGGTTGTTTTTGGTCATTGCTATTTTTCAGTTTATTTAGTTGCTGATCCATGGTGGTTCGTTTTTCTTAARARTCTTTCTT
g¢TACTa, .aCaaGTagcTGGaACTga, AcCAcGCTcTaacaallT, .aa6gaabcaleTgCalc.seeessecessccssscsssscssssscssssssssssssssssssssssssssssssssssssns

1041 1050 1060 1070 1080 1090 1100 1110 1120 1130 1140 1150
I I

TCTGTCTGCARCTAGACCTTATTACCARGCACTAGTGARTTGARCARATGTCTGATAARARTTGTTTTCARARCGATATTACARAGCACACGACTTTTCTGCATAGCAGGAC
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1 10 20 30 40 50 60 70 80 90 100 110 120 130

I I
ATGGATTTTTATCCAGAGACACTTGCAARARCATTARCARTGACTATGAGTTACATGATTTCATTGACGATCCARACTTTGATCARTTCATCARTTTGATTCGTGGGGAGGAGARTGARGATACTACTATTT

131 140 150 160 170 180 190 200 210 220 230 240 250 260

I I
GTARCTTCARTTCTGACCTTATAATGAATCARAGTTTTGTTGATARCTCACTCCTTTCATTTCCTTCARRCCCATTTGATCACARCATAGARARTACTATCACTGCTACTTTTGATCCTACTTCTTCACT
TARTTAAT

R S A R S R S A R S SR R S R T R S SR A TR R S SRR SR s e s e R e SO RCRaR

261 270 280 290 300 310 320 330 340 350 360 370 380 390

| 1
TGGTTCTTTCTCTTGTTTTGATGGAGARGCTAAGGAGGAATTARGAGTAGAAAATGATGGTGATAARCTACTCCTCTCCTGCAARCARCAARCARCARGCATTACCACARCAACTACARGTGGTGATACTARG
TA-TARTATCARTTATAT T=====| ATATATTAATTARCTATCARARTGTAAATCARGTTAGGATTARTTGATCACATTTT--AGTTTTAATARGTAGGATCGTCTCTGAR--TGCATGCARARCGGACAARG
Ta.TaaTaTCaaTTaTalT.....AgRaacTARggRacaATcARaaGTAaRaaRaGaTaGgaaTAAcTaaTCacaTccT. .AacaacAAcAAcaAGcATcacCaCaaaf., . TaCAaGcaaaaagaacAAG

391 400 410 430 440 450 460 470 480 490 500 510 520
| |
CCARAGTCGARARATGATAGATCCARGACTTTGGT TTCTGAGAGGAGGAGGCGAAGCCGAATGARGGATARGCTTTACGCATTGCGTTCTTTGGTTCCCAARTATARCTAAGATGGATAAGGCTTCTATAR
TGARAAGTGATATTTGTTTTATAAACAAGTTTT-TTTATTAGGGTTAGACTCAACGCARATTTTGAGATGGARACTTACCTTAGTTATATTGGGARCCARAGATCGCAR=---TGCGTAAAGCTTAT ===~
ccAARagcGRaRaaTGaTagATaaRaaAcTTTg, TTTaTgAGaGgaaGAcgCaRaGCaaRaTgaaaGATaaaaacTaacCaTaGegaTalTgGGaaCCaAAgATaaCaA., .. TGcaTARAGCTTaT. ...

521 530 540 560 570 580 590 600 610 620 630 640 650
| |
TTGGAGATGCTGTTTCATATATGCATGARCTTCARTCACARGCCAAGAAGCTTAAGGCTGAGGTTGCAGGACTTGARGCATCATTAGCAGTGTCCARARCTCAACATGGATCAATTGATARCCCCARAAR
CCTTCATCC--GACCTCGCCTCCTCCGCTCTGATTCCAATGTCTTAGA=---CCTATCGTTTTTCARCCTTGGCTTAGT-~---ATCACCACTTGTAGTTGTTGTTGGAGARGAATA
esssssssssssssslalacATcl, .GAaCTccaalCacaaiCcaabRaglcaatGglCTgAGa. . .CagaalgTgaagCAaCaTTaGCagatT, ... AaCaCaACaTGgAgcaaTTGaTaaacaaaARaf

651 660 670 680 690 700 710 720 730 740 750 760 770 780

420

550

| |
GATTCARTTTACTAACAACAATGGTTCARTATGCAAGARARTTGTCCAGATTGATATGTTTCAAGTAGATGAAAGAGGGTTTTATGTTARAATAGTATGCARTARGGGAGARAGGGTGGCTGCTTCATTA
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R, the explained phenotypic variance.

13HS
14HS
15HS
14CP.

13HS
14HS
15HS
14CP

13HS
14HS
15HS
14CP

13HS
14HS
15HS
140P

13HS
14HS
15HS
140P

No of alleles.

16
13
16
9

18
14
18
9

32
9
24
12

87
18
25
1"

9
17

30
8

oM

R2 (%)

2584
2656
2652
5.4-7.4

2688
27-55
2556
55-7.4

2570
26-42
2565
56-7.4

2574
2557
2673
5.4-9.4

2562
2665
2651
5578

Qmodel

No of alleles.

12
"

12
10

10

23
10

16

13

16

2356
6.1-9.2
23-46
24-45

25-5.1
52-92
25-46
2662

Q + K model

No of alleles

© s~ o

® o m o

R2 (%)

25-60

2536

2536
8.1

2865
828
3031
29-38

2541
59-7.0
2.7-36
2.9-60

2541
5893
2.9-49
2.6-40

26-53
97
26-45
3848





OPS/images/fpls-08-00542/fpls-08-00542-g006.gif





OPS/images/fpls-07-00331/fpls-07-00331-t001.jpg
Traits.

ADF (DM %)

NDF (DM %)

NDFD 30h (NDF %)

NDFD 48h (NDF %)

ADL (DM %)

E, environment; Min, minimum; Mex, maximur; SD, standerd deviation; G, genotype; H2, Broad-sense heritabilty.
Abbreviations of taits and E are explainedin Materials and Methods.

Significant at P <

.001.

E

13HS
14HS
15HS
14P

18HS
14HS
16HS
140P

13HS
14HS
15HS
140P

13HS
14HS
15HS
14CP

13HS
14HS
15HS
14CP

Min

253
213
206
228

315
26.1
255
28.4

123
20.4
188
196

1.0
13
125
15

511
270
327
288

Max

419
429
4041
390

53.1
506
456
468

218
268
243
251

202
220
224
199

866
564
6.10
5.44

Mean  SD

33.63:+£2.85
33.00£3.32
31.80+£2.85
31.22:£2.69

42.89+£3.60
38.74:£3.82
36.72£3.24
38.11£3.10

16.68:+1.46
2381098
21.96::1.04
22.62:1.07

16.11£1.46
17.5541.57
17.23:+1.40
1547 +1.21

656£0.70
4.46£0.47
500038
426£0.44

736

746

63

76

GxE





OPS/images/fpls-08-00542/fpls-08-00542-g009.gif





OPS/images/fpls-08-00542/fpls-08-00542-g008.gif
= =

Comeor N2 U6t VIRRO N9 RUsN RSD N6 NS Risi RSD Jicé
wild & cultivated Rils & parents RlLs & parents

dormancy dehiscence





OPS/images/fpls-07-00262/fpls-07-00262-g006.jpg





OPS/images/fpls-08-01755/fpls-08-01755-g001.gif
EEEEEE R
Somn

[ r——





OPS/images/fpls-07-01362/fpls-07-01362-g004.gif
0%

<,
20,

Ca08

Ca06

€05






OPS/images/fpls-07-01362/fpls-07-01362-g002.gif





OPS/images/fpls-07-00262/fpls-07-00262-g001.jpg
ll

2009/2010

2010/2011

2011/2012"

2012/20134

2013/ 201

\

(

St Selection method
irradiation
1

ﬂ Gamma irradiated Seeds
of three different
cowpea varieties

Harvest > seeds

Plant to row and selection of M>

( Mg plants
_nlantc

Individual plant selection and
harvesting oflvI; seeds

M3 ﬂ__j<=l Plant to row M3 plants

Individual plant selection and
harvestine of . seeds
[

Plant to row M,

Individual plant and line selection
and harvest M5 seeds

MS Plants | <==—— Sselection of Mslines

='mmn -
\

2014/2015 Preliminary yléld

trials using Ms lines






OPS/images/fpls-07-01362/fpls-07-01362-g003.gif
tomnu o
(@ sczom

taerzom

@ own
@ vizon|
@ zzom|
@ sozomn
|

e,
@czom
@ewscion
om0





OPS/images/fpls-07-00262/fpls-07-00262-g002.jpg





OPS/images/fpls-07-00262/fpls-07-00262-g003.jpg





OPS/images/fpls-07-01362/fpls-07-01362-g001.gif
RN
."//."//."{’/)

A A A g g






OPS/images/fpls-07-00262/fpls-07-00262-g004.jpg





OPS/images/fm.jpg





OPS/images/fpls-07-00262/fpls-07-00262-g005.jpg





OPS/images/fpls-08-00641/crossmark.jpg
©

2

i

|





OPS/images/fpls-08-00604/crossmark.jpg
©

2

i

|





OPS/images/fpls-08-00542/crossmark.jpg
©

2

i

|





OPS/images/fpls-07-01104/cross.jpg
®

o fark





OPS/images/fpls-08-00548/crossmark.jpg
©

2

i

|





OPS/images/fpls-07-01940/fpls-07-01940-g002.gif





OPS/images/fpls-07-01940/fpls-07-01940-g001.gif





OPS/images/fpls-08-00407/fpls-08-00407-g006.jpg
WT c8s C78s wr 795 wr
GSNO
b b
ab ab
a a
wr css C78s wr C795 wr

LjGlb1-1 LjGIb1-2 LjGIb2





OPS/images/fpls-08-00407/fpls-08-00407-g005.jpg
$6L0 z-1a191
z-1aioh
$8.0 1-1aI91
$80 1-14I9f1
-1

o () xox

Lz-1a19h
LeLah
LaHs
aLaH
eLaH
alaow
LA
aHa
qLaHw
elaHw
olaH
aLaH
elgH

« 9 ,ex






OPS/images/fpls-08-00407/fpls-08-00407-g004.jpg
Absorbance at 417 nm

0.0
-0.24 [/
-0.4-

-0.6

00 01 02 03 04 100200 300 400 500

Time (s)

[CO] (uM)

25

20

15

kobs(s-1)





OPS/images/fpls-08-00407/fpls-08-00407-g003.jpg
08
o8
0
0z

o8
o8
o
0z

c 1o
08
06
04
0z

N@

o6
0
02
00

R T T TR T T
Time (s)





OPS/images/fpls-08-00407/fpls-08-00407-g002.jpg
A 8
8
8
o g
8
20 ) o020 30 a0 50 a0
< o ]
g H
&
20 30 a0 5w a0 20 0 a0 50w
3 -
20 00 40 %0 600 20 00 40 s0 600

Raman Shift cm")





OPS/images/fpls-08-00407/fpls-08-00407-g001.jpg
676

6L

cey

8¢t

ey

6v¢

676

I

6v¢e

676

8¢y

LvE

yAYA

678

X4

5143

0.

1400 1450 1500 1550 1600 1650

1350

700 1300
Raman Shift (cm™)

300 400 500 600

200





OPS/images/fpls-07-00902/math_1.gif
Number of colonies X volume of homogenate X dilution factor

volume plated

Cfa / mg

weight of the leatlet(mg)





OPS/images/fpls-07-00902/math_2.gif
Total chlorophyll content(ug / em?)
_ [(ml solvent)(20.2 x absorbance645) + (8.02 X absorbance663)]

leaf arca(mm square)





OPS/images/fpls-07-01864/fpls-07-01864-i001.jpg





OPS/images/fpls-07-01864/fpls-07-01864-i002.jpg
Accuracy =

TP + TN + FP + FN





OPS/images/fpls-08-00542/fpls-08-00542-g010.gif





OPS/images/fpls-07-01864/fpls-07-01864-t001.jpg
Abbreviation Cultivar Country of Donor

origin institution
ps1.Estonia Eesti hall Estonia ECRI
ps2.Estonia Eesti kollane Estonia ECRI
soogihernes
ps3.Estonia Jogeva roheline Estonia ECRI
ps4.Estonia Seko Estonia ECRI
psb.Latvia Alma Latvia SPPBI
ps6.Latvia Bruno Latvia SPPBI
ps7.Latvia k-4833 Stendes Latvia SPPBI
Hero
ps8.Latvia Retrija Latvia SPPBI
ps9.Norway NGB 10778.1 Norway NordGen
ps10.Norway NGB 20045.3 Norway NordGen
ps11.Portugal Gp 3263 Portugal INIAV
ps12.Portugal Gp 3491 Portugal INIAV
ps13.Portugal Gp 3497 Portugal INIAV
ps14.Portugal Grisel Portugal INIAV
ps15.Sweden NGB 1025131 Sweden NordGen/
Uppsala U
ps16.Sweden NGB 131381 Sweden NordGen/
Uppsala U

ECRI, Estonia Crop Research Institute; NordGen, Nordic Genetic Resource Center,
Norway; INIAV, Instituto Nacional de Investigacdo Agraria e Veterindria, Portugal;
SPPBI, Priekuli Plant Breeding Institute, Latvia;, Uppsala U, Uppsala University,
Sweden.
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Abbreviation

slatdiam2.5
slatith2.5
slatsa2.5
sLSRL2.5

SLSRA2.5

sLTD2.56

slataw2.5
latRL2.5
latRL7.5
1atRSA2.5
1atRSA7.5
latRV2.5
latRV7.5
latRDW2.5
latRDW7.5
latRDW
latn2.5
latn
latn7.5
tapdiam2.5
tapdiam7.5
tapTD2.5
tapTD7.5
tapdw2.5
tapdw7.5
tapRL
tapRSA
tapRV
tapROW
lateraltapRDWR
lateraltapSAR
totalRSA
totalRL.
totalRV
rootdw
rootdep

Unit

mm
cm

cmg™!
cm? g!

gem3

mm
mm
gem—3

Definition Level of traif

The average diameter of single lateral root originated from O to 5 cm deep tap root Lateral roots
The average length of single lateral root originated from O to 5 om deep tap root

The average surface area of single lateral root originated from 0 to 5 cm deep tap root

The average specific root length (root length divided by dry biomass) of single lateral root originated
from 0 to 5 cm deep tap root

The average specific root area (root area divided by dry biomass) of single lateral root originated
from 0 to & cm deep tap root

The average tissue density (root dry biomass divided by root volume) of single lateral root originated
from 0-5 cm deep tap root

The average dry weight of single lateral root originated from O to 5 cm deep tap root

The length of all the lateral roots originated from O to 5 cm deep tap root

The length of all the lateral roots originated from 5 to 10 cm deep tap root

The surface area of all the lateral roots originated from O to 5 cm deep tap root

The surface area of all the lateral roots originated from 5 to 10 cm deep tap root

The volume of all lateral roots coming originated from O to & cm deep tap root

The volume of all lateral roots coming originated from 5 to 10 cm deep tap root

All lateral roots dry weight from O to 5 cm deep tap root

Al lateral roots dry weight from 5 to 10 cm deep tap root

The dry weight of all lateral roots

The number of lateral roots originated from O to 2.5 cm deep tap root

The number of lateral roots originated from 2.5 to 5 cm deep tap root

The number of lateral roots originated from 5 to 10 cm deep tap root

The diameter of tap root from 0 to 5 cm depth Tap root
The diameter of tap root from 5 to 10 cm depth

The tissue density of tap root from 0 to 5 cm depth

The tissue density of tap root from 5 to 10 cm depth

Tap root dry weight from O to 5 cm depth

Tap root dry weight from 5 to 10 cm depth

Tap root length

Tap root surface area

Tap root volume

Tap root dry weight

The ratio of all lateral roots dry weight and tap root dry weight Root system
The ratio of all lateral roots area to tap root area

Total root surface area of whole root system

Total root length of whole root system

Total root volume of whole root system

Root dry weight

Root depth
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Gene name

AHsf12
AdHsf9
AGHsf10
AdHsf1
AdHsf2
AHsf16
AHsf15
AdHsf6
AdHsf7
AdHsfd
AdHsf5
AdHsf11
AdHsf14
AdHsf
AGHsf3
AHsf13
AHS{7
AiHsf12
AHS19
AHS{10
AHs1
AiHsf2
AHs{16
AHs{15
AHSIX
AiHs16
AiHsfd.
AHSf5
AHsf11
AHSf3
AiHsf8.
AiHs{14
AHS{13

Chromosome location

Aradu.A05:106,432,571..106,434,237
Avadu.A05:7,998,864..8,000,946
Aradu.A05:14,375,242..14,377,500
Aradu.A01:90,085,291..90,088,131
Aradu.A03:8,569,905..8,562,946
Aradu.A10:1,011,979..1,014,302
Aradu.A09:110,970,626..110,972,271
Aradu.A03:134,564,420..134,565,759.
Aradu.A05:1,337,984..1,342,330
Avadu.A03:127,573,863..127,576,100
Aradu.A03:133,622,480..133,625,670
Aradu.A05:91,450,473..91,461,748
Aradu.A09:108,105,828..108,110,202
Avadu.A05:1,343,331..1,346,309
Aradu.A03:119,139,289..119,141,972
Aradu.A06:108,820,015..108,822,104
Araip B05:1,259,505..1,263,848
Araip B05:146,768,456..146,770,030
Araip.B05:8,412,092..8,414,222
Areip.B05:15,070,998..15,073,228
Araip.B01:137,050,298..137,053,902
Areip.B03:11,777,014..11,780,066
Araip 810:2,967,059..2,969,380
Araip.B09:145,996,176..145,998 569
Avaip.B06:1,771,852..1,780911
Avaip.B03:135,626,726..135,628,064
Araip.B03:128,239,020..128,240,481
Avaip.B03:889,869..893,296
Avaip.B05:137,362,977..137,354,281
Araip.B03:120,142,696..120,145,308
Avaip.B05:1,265,312..1,268,368
Araip.B09:130,155,636..130,159,602
Avaip.B06:133,072,149..133,074,221

Gene ID

Aract.HSREB
Aradu.S4DGY
Aradu.NTQ7W
Aracu.558J3
Aradts.NGN49
Aractu.HBZFN
Aradu MASWH
Aradu RVFIV
Aradu. GINHG
Aracu.NTDAK
Aract.ROUSB
Aracu.ABKOP
Aradu.RFN6Q
Aradu.95F2Q
Aractu. X3DNX
Aracu.RY508
Avaip. T98BR
Araip.8V58)
Araio.90YM8
Araip K8OUC
Araip.DCD5Q
Araip.U7I8R
Araip. 4ATEK
Araip. 24AK5
Araip ASCT7
Araio. 2DBLN
Araip.3POPS.
Araio.Z1XB6
Araip. FUIGL
Araip.UGVEF
Araio. SMIA|
Araip.G2FCS5
Araio.BORQS

These gene ID could be searched on web (htto://peanutbase.ora/keyword. search).
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d95_if
150_pet

t50_in

Variable

Phyllochron of the main axis
Primary axis production rate
Phyllochron of primary axes relative to
the main axis

Delay between phytomer production
‘and axillry budburst

Internode expansion duration

Petiole expansion duration

Leaflet expansion duration

Delay between leaflet and petiole
expansion

Delay between leaflet and internode
expansion

Maximal petiole length at maturity
Maximal internode length at matrity
Maximal leaf area at maturity

Unit

°Cd. phytomer=1
Phyllochron.axis™
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Organ A we RC SF BT KC ANOVA

2014 2015 2014 2015 2014 2015 2014 2015 2015 2015 Species Year Species x Year

F Pr F Pr F Pr
Petiole length 615£45 725461 261£31 269428 200435 265£34 101£34 77.5£120 106£095 208£28 137.21 <0.001 1693 021 121 033
Internodie length ~ 85.0 £3.92 56,8846 49.07.53 38.1£4.67 87.8:£45 842:+304 68.0%163 741121 242842 627£945 1590 <0.001 668 <005 270 <0.05

Number of leaflets 3 3 3 3 3 3 15£35 165£7.9 3 3 11050 <0.001 004 08 004 099
Leaf area 331483 285+18 4650 467+£59 643£11.0 622483 739£322 583£127 89422 3774156 1135 <0001 123 028 053 066

Average = standard deviation flangth in mm, area in om?). Only the four species measured during the two axperiments were included in the ANOVA.
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Experiment Accessions y-intercept (days)  slope coefficients (day/day)  R2 (%)  CV (%)

Days to flowering of the accessions transferred from long to SO CDC Corinne (S1) a7 -0.55 09 9
CDC Frontier (S2) 104 ~0.65 094 5
1CC 15294 (11) 79 -08 091 11
1CC 8621 (12) 59 -0.45 081 9
ILC1687 (13) 69 -0.65 086 10
1CC 8855 (14) 34 = 067 8
ICCV 96029 (N1) 28 0 033 2
FLIP98-142C (N2) 42 -0.4 088 5

Days to flowering of the accessions transferred from short to LD GDC Corinne (S1) 53 06 092 6
CDC Frontier (S2) 58 06 092 6
1CC 15294 (11) 31 o7 092 8
1cC 8621 (2) 40 0.4 092 5
ILC1687 (13) 39 06 09 7
1CC 8855 (14) 73 0.95 085 11
ICCV 96029 (N1) 28 0.05 064 2
FLIP98-142C (N2) 29 03 077 5

The y-intercept and slopes presented here are combined over two time replicates in growth chamber. CV, coefficient of variation.
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Accessions e s oy Is o Ias L fs R?

CDC Corinne (S1) 1943 7 17+6 49 + 14 2045 29+ 12 56 95 0.99
CDC Frontier (S2) 15+7 20+ 12 38+9 77 +16 12+6 4+10 66 101 0.98
ICC 15294 (11) 139 1815 19+ 11 4322 147 15+ 18 35 76 0.97
ICC 8621 (12) 10+1 13+3 8+2 25+4 23£1 28+2 42 61 0.99
ILC 1687 (13) 12+10 12+5 43+ 14 16+9 19+10 17+6 45 74 0.95
ICC 8855 (14) 9+5 14+3 18+6 32+5 11+4 19+8 38 65 0.97
ICCV 96029 (N1) 22+£05 23+03 0.1+09 0 5+09 5+0 27 28 0.74
FLIP98-142C (N2) 182 20+ 3 74 155 5+£2 6+3 30 41 0.98

The values for the three developmental phases were derived from the experiment conducted in two time replicates and the mean values were used in the model
to derive the values for each accession. I = photoperiod-insensitive pre-inductive phase under LD, ;s = photoperiod-insensitive pre-inductive phase under SD.
I, = photoperiod-sensitive inductive phase under LD, |5 = photoperiod-sensitive inductive phase under SD. I3 = photoperiod-insensitive post-inductive phase under
LD, Iss = photoperiod-insensitive post-inductive phase under SD. f, = days from seeding to flowering under LD, fs = days from seediing seeding to flowering under SD.
AR = the amount of variation accounted for by the model.
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Accessions Transfer times (days after sowing)

10 15 20 25 30 35
10 15 20 25 30 35

ICCV 96029 (N1)
FLIP 98-142C (N2)

CDC Corinne (S1) 0 11 22 33 44 55 66 77
CDC Frontier (S2) 0 10 20 30 40 50 60 70
ICC 16294 (1) 0 9 18 27 36 45 54 63
ICC 8621 (12) 0 16 24 32 40 48 56
ILC 1687 (13) 0 16 24 32 40 48 56
ICC 8855 (14) 0 12 18 24 30 36 42

0

0

o o0 O O

0 day to transfer refers to control plants which were grown under SD or LD
throughout.
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Accessions

CDC Corinne (S1)
CDC Frontier (S2)
ICC 15294 (I
ICC 8621 (12
ILC 1687 (13)
ICC 8855 (14
ICCV 96029 (N1)

FLIP 98-142C (N2)

Days from seeding to
flower bud initiation

Days from seeding to
first flowering

LD + s.d.

38+ 1.0
30+ 1.0
28+ 1.0
30+0.0
28+ 1.0
20+ 0.0

19 4
22 A

£ 0.0
£ 0.0

SD + s.d.

39+1.0
38+0.0
31+1.0
30+ 12
31+£0.0
30+1.0
19+0.0
24 £0.0

LD + s.d.

63+25
60 £ 3.3
32+05
38+1.3
41+1.3
38+1.3
28+ 0.6

30 4

0.0

SD + s.d.

101+ 1.6
105+ 0.9
74+29
556+ 4.1
66 £ 0.0
68+ 1.6

29 4
40 4

£ 0.0
0.8
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Accessions

CDC Corinne (S1)
CDG Frontier (52)
ICC 15294 (1)
ICC 8621 (12)

ILC 1687 (13)

ICC 8855 (14)
ICCV 96029 (N1)
FLIP 98-142C (N2)

Hinge 1

207
162
207
9o
108be
30
o°
gave

al

982
1012
76°
594
68°
34
289
40°

1232
120°
115%
67%
80%
31°
28°
44%

b1

-0.32
022
—0.3°
0.0*
D.1*
0.0*
0.0?
-0.12

b2
~16%
_1.qbbd
200
—0.g%d
Rpr
1.2%
o.0%®
_0s

Hinge 2

422
a7
452
26
36
19°
1d
26>

a22

1272
17
96°
76°
g2be
1
298
449

a3

750
34
40%
36"
722
27
3¢

b22

Ehs
—1.4be
—1.4°
—1.40
—1.3%
36°
-3.0¢
—0.5%

b3

0.0*
-0.22
0.0%
0.0%
0.12
-0.3%
0.0%
-0.12

Values with the same letter in the same column are not significantly different; a1, a2, a22, and a3, stand for the y-intercepts (number of days to flowering); b1, b2, b3,
b22, correspond to the slope coefficients for the accessions.
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Characters

Hinge 2

o
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Source of variation

Sum of squares Mean square
10995 1571
22342 3192

0.2 0
14 2
805 115
30209 4316
5136 734
52 8
0.2 0
3406 487

F-value

D7gr
1ger
1'3HS
6.6
2.9ns

100%**
6.6
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0.97"
-

al, a2, a22, and a3 correspond to y-intercepts in relation to change in number of
days to flowering under the respective photoperiods; b1, b2, b22, and b3, stand for
slope coefficients in relation to the changes in time from seeding to first flowering
against time from seeding to first transfer. *** and ** indicates significant difference
at P < 0.07 and 0.001, respectively and ns = not significant.
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« Ethnic background
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selected
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« Econormic status
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quantity of selected
food
 Physiological status
o Pregnancy
o Lactation
o Physical activity
 Nutrtional status
o Moderate o frank
deficiency
o Lean body mass
 Disease (including
parasitism)

Dietary factors.

Dietary composition

* Protein qualty
o Protein source
o Animal vs. plant
protein
o Amino acid balance
* Protein quantity
* Trace element quantity
« Physiochemical form of
trace element
* Nutrent interactions
o Element-element
o Element-organic
compounds.
« Promoters
o Meat
o Ascorbate
o Citrate
o Vitamin D
o Some amino acids
o Some sugars
* Inhibitors
o Phytate
o Oxalate
o Polyphenals,
o Fiber
o Goitrogens
o Excess ascorbate or
folate
* Micronutrient
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o Ascorbate
o Ribofiavin
o Vitamin E
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Raw
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Country

India

Myanmar

Canada
China

Brazi
Nigeria
Ethiopia

Australia

USA
Tanzania, U. Rep.
Rest of the world

Total

1961

129

02

o1
85

18

06

11
o1
150

408

Production (mmt)

1981

108

0.4

02
64

24
06
09

03

1.7
03
175

416

2001

122

20

34
5.1

25
23
12

27

13
08
226

659

2014

19.98

50

58
45

33
22
26

30

24
18
27.02

776

Principal pulse crops

Chickpeas, beans,
pigeon peas

Beans, pigeon peas,
chickpeas

Peas, lentis

Beans, broad beans,
peas

Beans

Cowpeas

Broad beans, beans,
chickpeas, peas
Lupines, lentis,
chickpeas

Beans, peas

Beans
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* Helland Stephan, 2003

* Kim and Guerinot, 2007

» Walker and Connolly, 2008

* Morrissey and Guerinot, 2009
* Thomine and Lanqur, 2011
* Kobayashi and Nishizawa, 2012
* Thomine and Vert, 2013

* Briat etal, 2015

» Brumbarova et al., 2015

» Connorton et al, 2017

* Curie and Mari, 2017
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Giobal

Developing countries

Developed countries

Severity of anemia

Mild
Moderate
Severe

Miid
Moderate
Severe.

Mild
Moderate
Severe

Prevalent cases of anemia

1990

839,101,225
901,120,023
88,720,928

717,671,655
803,792,125
82,149,100

121,429,570
97,327,897.80
6,571,827.50

2013

950,135,191
905,501,751
75,565,628

816,531,244
809,200,194
69,480,441

133,603,946
96,301,656.30
6,085,186.70

Difference between 1990 and 2013 (%)

1323
0.49
1483

1378
0.67
~16.42

1003
-1.05
-7.40
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Definition

Examples

Dietary diversification

Inclusion and increased intake of
foods rich in the target nutrient

* Leafy vegetables
Pulses

Red meat
Seafood

Food fortification

Improvement of food nutrtional quality via
enhancing target nutrient content

« lron-fortified cereals, flour, and bread

Supplementation

Inteke of moderately large doses of target
nutrient. Gan be done via oral .., pils,
capsules, or syrups) or intravenous routes

+ Fermous salts (e.g.,ferrous sulfate, ferrous
gluconate, ferrous fumarate)

+ lron dextran

 Iron sucrose
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Age

Birth to 6 months
7-12 months
1-3years

4-8 years

9-13 years
14-18 yoars
19-50 years

51+ years

Male Female
(mg) (mg)
027
11
7
10
8
i 15
8 18
8

Pregnancy
(mg)

27
27

Lactation
(mg)
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Marker types Number of polymorphic Final number of

markers mapped markers
SNP 220 106
SSR 23 13
SRAP. 108 56
AFLP 180 60

RAPD a0 47
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Trait* am LOD Score *** PVE% **** Additive effect ***+* Closest marker Flanking markers

DRW 7.21 222 810 UBC34 MESXR10 - UBC1
LAN 294 235 -5.47 P33T TP5003 - TPEO72
291 53 278 UBC34 PC5_318 - UBC36
RSA 436 4.1 168 UBC34 MESXR10 - UBC1
DSW 814 257 518 UBC34 MESXR10 - UBC1
RS ratio QRSratioy.2.30 620 276 123 TP6337 TP518 - TP1280
SRL QSRL.61.63 384 168 083 TP1873 F7XEM6b - TP1035
QSRLya1.25 2.83 102 -003 UBC36 ME4XR16C - UBCTD
SL12DAS QSL12y. 10283 402 165 ~054 TP834 PC6_306 - TP1553
QSL12y1.470.87 358 159 050 TP1420 PC2_252 - TP6243
QSL12y1.2075 290 81 038 ME4XR160 MESXR10 - UBC34
SL22DAS QSL22y1.21.75 455 122 078 UBC34 MESXR10 - UBCH
QSL22y-10283 422 192 -094 TPE34 PC6_306 - TP1553
GR QGRyi21.04 282 94 0.41 UBC34 MESXR10 - UBC1
sv QS 3.46 149 029 PC5_318 PC5_318 - MEIXEMBD
SPAD QSPADyy.72.15 398 107 -2.20 PC2_152 PC3_159 - UBC38a
QSPAD}.158.76 341 92 214 PC3_208 TP1954 - TP5642
3.08 188 0.46 TP5779 TP6354 - TP1655

UBC34 MESXR10 - UBC1

331 24 —5.15 TP3371 TP5093 - TP6072
289 10 6.98 UBC34 MESXR10 - UBC1
424 138 154 UBC34 MESXR10 - UBC36
696 207 440 UBC34 MESXR10 - UBC1
QDSWix-73.72 290 9 289 MESXR7b FBXEM1b - ME2XEM14a
RS ratio QRSratiorx.2.30 511 289 184 TP6337 TP518 - TP1280
QRSratix.77.72 345 43 0.14 MESXR7b FBXEM1b - ME2XEM14a
QRSratio.40.62 295 147 -0.14 PC7_087 PC6_204 - ME2XRT
TRL QTRLy-52.11 275 9.4 1.44 F7XEM6b TP753 - TP1873
SRL QSRLv.61.63 363 162 032 P1873 F7XEMBD - TP1085
TRD QTRDix-111.15 339 129 —0.04 F12XR14a ME2XEM14a - TP621
SL12DAS QSL12y1.170.87 364 158 -048 TP6248 TP1420 - TP2701
QSL12y.103.83 355 135 —0.45 TP834 PC6_306 - TP1553
QSL12y.1071 294 81 035 MESXR10 METXEMSb - ME4XR16c
SL22DAS QSL22yy1.21.06 428 12.1 065 UBC34 MESXR10 - UBG1
SPAD QSPADy; 425 13.1 -2.20 PC2_152 PC3_159 - UBC38a

“DRW, cry root weight (mg plant-"); LRN, leteral root number: TRL, taproot length (cm plant~"): SRL. specific root length (cm mg~" plant~"); TRD, average taproot diameter (mm
plant~"); RSA, root surface area (cm? plant~"); DSW, dry shoot weight (mg plant); SL12DAS, shoot length at 12 days after sowing (cm plant~"); SL22DAS: shoot length at 22 days
after sowing (cm plant™"); GR, growth rate (cm plant”"); SV; seedling vigor; SPAD, chiorophyll content; RS ratio, root-shoot ratio; WS, wilting score.

“Bolded and underfined QTLS were identified for both seasons.

*+*The presence of QL was declared when the LOD score is above the threshold value obtained by a permutation test for each quantlative tai

**+“PVE: percentage of variance explained.

Positive values of additve effect mean that positive allsle comes from the ILLB002 parert, whil negative values meen thet positive alkele comes from the ILLS888 perent.
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14
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16
17
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Length
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531.1
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256.1
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Variety Dose (Gy)

Bira 0

300

450

600

Nakare 0

100

160

Shindimba 0

100

200

TNP

330

330

330

330

330

330

ES%

93.9

Max
Mean

DG

3
3

DTF

45
48
46

44
51
46

45
81
49

46
59
50

61
74
70

61
78
71

61
79
kal

42
75
71

42
80
Al

62
80
72

DPS

49
53
50

48
85
50

49
86
54

50
63
55

66
78
75

66
86
7%

67
86
76

68
78
72

66
86
76

66
86
76

115
104

8.0
88.0
31.0

20
97.0
31.0

1.0
127.0
26.0

1.0
124,
18.4

5.0
32.0
14.0

2.0
70.0
15.0

2.0
85.0
21.9

7.0
44.0
20.0

2.0
63.0
16.7

1.0
59.0
16.6

PL

14.0
20.0
17.7

9.0
21.0
16.8

10.0
16.0
15.8

6.0
22.0
16.3

1.0
19.0
15.1

10.0
21.0
155

8.0
26.0
16.5

7.0
29.0
13.0

7.0
230
13.8

9.0
31.0
13.0

PW

13.0
231.0
86.2

4.0
325.0
79.6

20
330.0
50.0

1.0
224.0
416

9.0
85.0
29.8

4.0
227.0
35.3

3.0
287.0
48.0

7.0
123.0
33.0

3.0
130.0
27.7

3.0
123.0
26.5

5.0
20.0
14.2

6.0
18.0
14.3

4.0
20.0
17.0

20
19.0
13.0

4.0
17.0
9.8

5.0
14.0
10.0

3.0
18.0
1.0

3.0
13.0
7.4

3.0
19.0
8.1

3.0
16.0
8.1

10.0
16.0
13.0

5.0
79.0
13.0

9.0
115.0
15.0

4.0
21.0
15.1

17.0
26.0
228

5.0
59.0
21.4

3.0
40.0
17.3

12.0
30.0
201

10.0
30.0
19.8

8.0
30.0
18.4

6.0
187.0
53.4

1.0
287.0
529

1.0
195.0
30.0

1.0
160.0
25.1

6.0
62.0
228

20
199.0
26.7

1.0
131.0
335

3.0
91.0
25.1

20
91.0
209

20
91.0
19.3

TR total number of plants per plot; ES%, percentage establishment; DG, days to 50% germination; DTF; days to 50% flowering; DPS, days to 50% pod setting; DMT,
days to 50% maturity; NPR number of pods per plant; PL, pod length (in cm); PW, pod weight (gram), NSR. number of seeds per pod, HSW, 100 seed weight (gram),

SYR, seed yield (gramv/per plant)
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Variety Dose (Gy) TNP ES% DG DTF DPS bDMT NPP PL PW NSP HSW SYP
Bira 0 330 97.0 Min 3 68.0 73.0 98.0 7.0 16.0 16.0 6.0 9.0 10.0
Max 3 83.0 88.0 115.0 66.0 27.0 155.0 18.0 16.0 115.0
Mean 3 740 78.0 102.0 40.7 21.0 88.9 14.3 129 61.9
300 330 776 Min 3 64.0 69.0 98.0 3.0 13.0 6.0 5.0 4.0 3.0
Max 3 83.0 88.0 115.0 150.0 30.0 326.0 20.0 29.3 213.0
Mean 3 73.0 78.0 102.0 30.9 21.0 66.6 14.2 12.7 47.0
450 330 85.8 Min 3 42.0 46.0 66.0 20 13.0 6.0 5.0 1.0 3.0
Max 3 58.0 69.0 76.0 233.0 20.0 659.0 20.0 171.0 570.0
Mean 3 47.0 51.0 70.0 31.6 17.7 81.5 14.9 16.2 60.0
600 330 7856 Min 3 37.0 420 62.0 1.0 9.0 1.0 3.0 4.0 2.0
Max 3 56.0 61.0 81.0 78.0 27.0 276.0 18.0 19.0 157.0
Mean 3 46.0 50.3 68.6 19.9 16.3 434 13.2 124 28.1
Nakare 0 330 42.0 Min 3 41.0 45.0 65.0 47.0 16.0 76.0 13.0 1.0 51.0
Max 3 53.0 57.0 79.0 46.0 21.0 72.0 12.0 298.0 51.0
Mean 3 47.0 50.8 69.0 45.0 16.8 708 12.3 62.8 50.5
100 330 56.4 Min 3 37.0 41.0 58.0 1.0 9.0 1.0 1.0 10 1.0
Max 3 57.0 60.0 80.0 144.0 23.0 375.0 18.0 81.0 298.0
Mean 3 46.0 49.5 66.0 39.0 17.7 86.8 12.0 18.1 62.8
160 330 59.7 Min 3 42.0 46.0 64.0 1.0 10.0 3.0 5.0 6.0 20
Max 3 53.0 57.0 73.0 110.0 28.0 317.0 20.0 82.0 209.0
Mean 3 46.0 50.0 68.0 29.0 21.0 706 125 18.4 45.6
Shindimba 0 330 93.9 Min 3 50.0 54.0 66.0 2.0 8.0 5.0 3.0 20 20
Max 3 55.0 59.0 73.0 88.0 20.0 127.0 1.0 29.0 90.0
Mean 3 523 56.0 69.0 338 13.6 64.0 8.0 220 420
100 330 86.7 Min 3 42.0 46.0 60.0 1.0 8.0 1.0 1.0 20 1.0
Max 3 67.0 70.0 89.0 122.0 25.0 392.0 18.0 29.0 208.0
Mean 3 50.5 54.2 70.0 36.5 14.0 75.0 8.0 215 50.0
200 330 83.6 Min 3 44.0 48.0 65.0 1.0 7.0 1.0 1.0 6.0 1.0
Max 3 67.0 71.0 91.0 89.0 29.0 193.0 18.0 250 93.0
Mean 3 52.0 56.0 73.0 20.0 16.0 39.0 9.0 16.0 25.0

TR, total number of plants per plot; ES%, percentage establishment; DG, days to 50% germination; DTF, days to 50% flowering; DPS, days to 50% pod setting; DMT,
days to 50% maturity; NPR, number of pods per plant; PL, pod length (in cm); PW, pod weight (gram), NSF, number of seeds per pod, HSW, 100 seed weight (gram),

SYR seed yield (gram/per plan).
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Genotype Dose (Gy) FC PS PC sc scT GH Pl

Bira 0 2 1 1 3 1 3 1
300 2 1 1 1234 1 123 1
450 2 1 1 1,234 1 1,23 1
600 2 1 1 12,345,678 1 1,23 1
Nakare 0 1 1 1 1 2 2 1
100 1.2 1 1 1,2,3,6,7,9,10 1,2 1,2 1
150 1.2 1 1 1,2,3,6,7,9,10 1.2 1,2 1
Shindimba 0 1 2 1 1 1.2 2 1
100 1.2 1,2 1 1,2,3,7,9,10 1,2 1,2 1
200 1.2 1,2 1 1,2,3,7,9,10 12 1,2 1

FC, flower color, where 1 = white, 2 = purple; PS, pod shape, where 1 = straight, 2 = coiled or curved; PC, pod color, where 1 = cream; SC = seed color, where
1 = white, 2 = brown, ream, 5 = speckled, 6 = chocolate, 7 = light brown, 8 = black, 9 = mixed, 10 = dark brown; SCT, seed coat texture, where
1 = smooth and 2 = rough; GH, growth habit, where 1 = bushy, 2 = erect and 3 = spreading; P, pest infestation, where 0 = none, 1 = mil, and 2 = severe.
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Variety Dose (Gy)

Bira 0

300

450

Nakare

100

150

Shindimba

100

TNP

330

330

330

330

330

330

ES%

100

785

69.7

Max
Mean

DG

N/A
N/A
N/A

3
3

DTF

47
58
50

40
80
52

N/A
N/A
N/A

46
59
50

1"
35
20

10
37
19

43
78
52

49
69
57

49
84
59

16
76
62

DPS

51
63
55

49
86
58

N/A
N/A
N/A

50
63
54

25
34
29

25
62
29

45
95
57

55
75
62

54
90
63

47
98
68

DMT

57
74
64

52
92
63

N/A
N/A
N/A

57
74
63

32
43
36

32
65
37

46
%
66

60
83
70

60
98
n

N/A
N/A
N/A

3.0
57.0
28.6

4.0
5439.0
322.6

N/A
N/A
N/A

1.0
120.0
16.4.0

1.0
85.0
51.2

3.0
125.0
32.3

3.0
172.0
39.0

3.0
38.0
23.0

3.0
40.0
21.0

2.0
109.0
32.0

PL

13.0
20.6
15.1

10.4
20.0
16.9

N/A
N/A
N/A

5.0
21.3
14.9

14.2
19.6
15.8

6.8
23.5
16.7

5.6
22.7
14.2

10.0
19.0
16.0

10.0
21.0
16.0

1.3
21.9
14.6

PW

7.0
136
64.9

3.0
4003.0
211.9

N/A
N/A
N/A

1.0
218
36.6

1.5
220.6
106.1

28
327.8
65.2

3.0
360.8
67.6

30
110.0
44.7

3.0
110.0
35.4

1.1
220.2
65.5

76
18.0
14.5

9.0
19.0
10.8

N/A
N/A
N/A

1.8
18.6
12.2

5.0
12.0
7.7

2.0
17.2

1.8
18.4
10.2

6.3
12.0
9.5

5.8
16.6
9.5

3.0
16.4
79

13.0
18.0
15.1

9.0
25.0
14.4

N/A
N/A
N/A

4.0
21.0
14.9

16.2

253

1.4
32.1
235

6.1
109
15.8

15.0
19.0
17.5

14.0
25.0
17.7

8.1
48.7
20.8

3.0
94.0
409

1.0
3500.0
136.6

N/A
N/A
N/A

1.0
142.0
220

13
138.8
59.2

0.7
191.2
329

N/A
N/A
N/A

20
62.0
222

1.0
118.0
17.7

N/A
N/A
N/A

TR total number of plants per plot; ES%, percentage establishment; DG, days to 50% germination; DTF; days to 50% flowering; DPS, days to 50% pod setting; DMT,
days to 50% maturity; NPR number of pods per plant; PL, pod length (in cm); PW, pod weight (gram), NSR. number of seeds per pod, HSW, 100 seed weight (gram),

SYR, seed yield (gram/per plant), and N/A, data not available.
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Sample/parameter

Soil pH

Total Nitrogen%
Organic carbon%
Phosphorus (ppm)
Potassium me%
Calcium me %
Magnesium me%
Manganese me%
Copper (ppm)
Iron (ppm)

Zinc (ppm)
Sodium %

EC mS/cm

Research Station (study site)

Mannheim

7.87
0.06
0.38
18
0.17
1.6
4.74
0.05
0.6
0.5
0.6
0.10
0.29

Bagani

7.5
0.06
0.48
58.2

0.9

1.3

1.7
0.18

0.6

0.7

0.5
0.09
0.18

Omahenene

8.2
0.05
0.60

14
0.99
1.38
4.80
0.17

0.5

0.5

0.4
0.07
0.36

ppm, part per million; me, milliequivalent; EC, electrical conductivity.
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Variety M; (2009/2010) M; (210/2011)

Dose (Gy) ES% ABN FC sc syp ES% ABN FC sc sYp

Bira 0 89 0 2 3 29 99 0 2 3 98
75 80 0 2 3 2.9 88 0 2 1234 150

150 87 0 2 3 3.1 89 0 2 12,34 162

300 82 1 2 3 2.0 90 1,23 1.2 1234 160

450 81 12 2 3 1.6 93 1,23 1,2 12,34 168

600 79 12,345 2 3 1.1 97 1,235 1,2 1234 200

Nakare 0 86 0 1 1 1.6 89 0 1 1 90
100 49 0 1 1 1.3 88 0 1,2 12,456 75

150 46 1 1 03 86 1,23 1,2 12,456 81

200 8 1 1 05 80 12345 12 124,56 ul

250 0 N/A N/A 00 NA N/A N/A NA N/A

300 0 N/A N/A 00 NA N/A N/A N/A N/A

Shindimba 0 88 1 1 19 95 0 1 1 70
100 3 1 1 1.4 86 12,3 1.2 12,456 66

150 37 1 1 0.8 93 1,23 1,2 12,456 65

200 18 1 1 0.1 90 1,234,5 1.2 12456 60
300 0 N/A N/A N/A N/A N/A N/A N/A N/A
400 0 N/A N/A N/A N/A N/A N/A N/A N/A

ES%, establishment in %; ABN, abnormalities observed, where 0 = normal, 1 = albino, 2 = leafy type, 3 = upright single stem, 4 = seedless pods, and 5 = short pods;
FC, flower color, where 1 = white, 2 = purple. SC, seed color; where 1 = white, 2 = brown, 3 = red, 4 = cream, 5 = speckled, 6 = chocolate, 7 = light brown, 8 = black,
9 = mixed, 10 = dark brown. SYR, seed yield (gram/plant).
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InDel markers-anchored “QTLs LGs/Chromosomes  Marker intervals with genetic positions cM) ~ QTL physical intervals (bp) LOD PVE(%) A

genetic linkage maps

PI: (Pusa 1103 x ILWG 46) CagPPN2.1  CalG(Chi2 GaPOPI_837 (73.96)-CaPOPI_1052 (81.99) CaPOPI_837 (29,220,263)-CaPOPI_1052 (32,393,633) 85 18 27
#Caq?PN4.1  CalG(Chrid CaPOPL_2016 (45.19)-CaPOPI_2049 (52.74) CaPOPL_2016 (13,068,436)-CaPOPI_2049 (15,252,487)  12.7 2 3.9
#Cac?PN4.2  CalG(Chn4 CaPOPI_2652 (108.09)-CaPOPI_2803 (117.08)  CaPOPI_2652 (31,269,145)-CaPOPI_2803 (33,857,426) 1.5 21 43
CagPSYP2.1  CalG(Chi2 CaPOPY_852 (75.50)-CaPOPI_1063 (82.80) CaPOPL_852 (29,829,940)-CaPOPI_1063 (32,713,895) 80 16 25
CaqPSYP4.1  CalG(Chn4 CaPOPI_2621 (106.11)-CaPOPI_2791 (116.58)  CaPOPI_2621 (30,685,617)-CaPOPI_2791 (33,714,207) 1.8 23 3.0
Caq?SYP6.1  CalG(Chi6 CaPOPI_3978 (24.42)-CaPOPI_4047 (34.05) CaPOPI_3978 (12,253,200)-CaPOPI_4047 (17,086,650)  12.3 20 41

Pl: (Pusa 256 x ILWG 46) CagPPN21  CalG(Chri2 CaPOPII_673 (49.17)-CaPOPI_777 (54.07) CaPOPII_673 (29,445,927)-CaPOPIL_777 (32,379,585 67 15 33
#CaqPPN4.1  CalG(Chrid CaPOPIL_1347 (30.69)-CaPOPI_1383 (36.14)  CaPOPII_1347 (12,225,286)-CaPOPII_1383 (14,397,300)  11.4 22 47
#CagPPN4.2  CalG(Chi4 CaPOPI|_1680 (78.06)-CaPOPI_1743(85.77)  CaPOPII_1680 (31,101,673)-CaPOPII_1743 (34,169,705) 9.8 19 4.2
CagPSYP2.1  CalG(Chn2 CaPOPI|_662 (48.55)-CaPOPII_781 (54.10) CaPOPII_662 (29,072,040)-CaPOPIL_781 (32,393,633) 75 17 31
CagPSYP4.1  CalG(Chi4 CaPOPI|_1680 (78.06)-CaPOPI_1743(85.77)  CaPOPII_1680 (31,101,673)-CaPOPII_1743 (34,169,705)  10.6 23 40
CagPSYP6.1  CalG(Chi6 CaPOPI|_2424 (14.81)-CaPOPI_2465 (21.08)  CaPOPII_2424 (12,877,302)-CaPOPII_2465 (18,331,022) 9.5 20 38

Po: [Pl (Pusa 1103 x ILWC 46) ~ Caq®PN2.1  CalG(Chn2 CaPOPL_II_202 (61.8)-CaPOPY_I_228 (68.3) CaPOPLII_202 (20,445,927)-CaPOPI_Il_228 (32.393,633) 9.4 20 38

and Pl (Pusa 256 x ILWC 46 ¥CaqCPN4.1  CalG(Chri4 CaPOPI_II_384 (40.3-CaPOPL_II_388 (43.0) CaPOPI_II_384 (13,509,527)-CaPOPL_I_388 (14,397,300)  13.8 28 45
#Caq®PN4.2  CalG(Chrid CaPOPL_II_479 (94.9)-CaPOP_Il_492 (100.6) ~ CaPOPI_II_479 (31,806,633)}-CaPOPL_Il 492 (33,714,267)  11.7 24 40
CagPSYP2.1  CalG(Chi2 CaPOPLII_203 (75.50-CaPOPI_Il_227 (81.95)  CaPOPI_Il_203 (29,829,940)-CaPOPI_Il_227 (32,379,585) 102 22 4.1
CagtSYP4.1 GaLG{Chr)A CaPOPI_II_468 (76.64)-CaPOPI_Il_482 (80.89)  CaPOPI_II_488 (30,535,832)-CaPOPI_II 482 (32,227,293)  14.5 27 43
CaqSYP6.1 LG(Chr6 CaPOPLII_674 (20.2)-CaPOPI_Il_683 (26.0) CaPOPI_II_674 (12,877,302)-CaPOPL_IL_683 (16,547,931 12.4. 25 4.0

"Caq*PN2.1 (C. arietinum PI-derived pod number QTL on chromosome 2 number 1), Cag®PN2.1 (C. arietinum Pll-derived pod number QTL on chromosome 2 number 1) and Caq®PN2.1 (C. arietinum Pe-derived pod number QTL on
chromosome 2 number 1). Caq*SYP2.1 (C. aretinum Pi-derived seed yield per piant GTL on chromosome 2 number 1), Caq”SPN2.1 (C. aretihum Pi-derived seed yield per piant GTL on chromosome 2 number 1) and Cag®SPN2.1
(C. aietinum Po-derived sead yield per plant QTL on chromosome 2 number 1). PVE, Proportion of phenotypic variation explained by QLS, A, aditive effect; positive adiive effect infers alleles from high PN and SYP mapping parental
chicknea accessions (Pusa 1103 and Pusa 256), Detalls regerding InDel merkers are mentioned in the Tables S1-S8. *docurnented proviously by Des et &, (2016).
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Linkage groups (LGs)/ InDel markers mapped Map length covered (cM) Map-density [mean inter-marker
chromosomes (Chr) distance (cM)]

(Pusa 1103 (Pusa256 x Aconsensus (Pusa 1103 (Pusa256 x Aconsensus (Pusa1103 (Pusa256 x A consensus
xILWC46) ILWC46) genetic linkage x ILWC46) ILWC46) genetic linkage x ILWC46) ILWC46) genetic linkage

map map map
LG(Chr)o1 1 91 180 89.94 90.34 90.34 081 0.99 050
LG(Chr)02 88 59 127 87.79 60.74 87.79 1.0 1.03 069
LG(Chn03 128 67 178 110.98 70.74 11098 0.87 1.05 062
LG(Chr)04 185 128 288 169.91 122.28 169.91 0.92 0.95 059
LG(Chr05 134 62 170 138.71 68.07 138.71 1.08 1.10 081
LG(Chr)06 132 67 172 117.95 67.61 117.95 0.90 1.01 0.68
LG(Chro7 235 89 297 221.34 90.35 22134 094 1.01 074
LG(Chr)o8 a7 31 67 4159 33.13 41.59 0.88 1.07 062

Total 1059 594 1479 97821 603.26 978.61 0.92 1.01 0.66
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Cluster/Phaseolin type

Al (Mesoamerican)
B/l or Il (Andean)
P-value

A (Mesoamerican)
B/l (Andean)

G/l (Andean)
P-value

50
123

50
27
81

77

88

27

3.269
4.038

3.269
2.885
2.846

Nar

3269
3677
0455

3.100
2.885
25538
0291

31
51

31
12
18

He

0277
0.356
0.249

0277
0314
0.263
0679

Accessions were classified into two and three groups according to model-based cluster analysis and phaseolin type. Nce, No. of Accessions; S, No. of Accessions with Determinate
Growth Habit; T, No. of Accessions with Indeterminate Growth Habit; Ny, No. of Alleles; Nar, Allelc Richness; Nyr, No. of Private Alleles; Hg, Gene Diversity; P-value, significance level

of the F-test.
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Analysis Source of variation df

® Between groups 1
Within groups 344

® Among groups 2
Within groups 318

P(®)-® -statistic probability level after 10,000 permutations.

Variance components

7.443
4.308
6.433
3.550

% Total variance

6334
36,66
64.44
3556

@-statistic

0,633

0.644

P(#)

<0.0001

<0.0001
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%NpNE (% of the plant N) =

[(shoot N content — Ndffs) + (root N content — Ndffg)]
(shoot N content + root N content)

(3)
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Gene Forward sequence Reverse sequence Tm(°C) Size (bp) Slope  R? E Reference

Ferritin-1  AGATATCCGAGTATGTTGCTCAG AAGATGCACGAATGAAGCAGAAA 61 84 -3.32 0.9968 100.07 Current work

IRT-1 GTCGCTGTTTTGCTAGGTGC GTGAGCTTCTCCTCTTCCCT 61 159 -3.12  0.9954 109.18 Current work

BHLH-1 TTATTAGGGTTAGACTCAACGCA TTGCGATCTTTGGTTCCCA 59 74 -0.02 0.0034 6.55e+42 SenGuptaetal.,
2016

GADPH TGGGCGAAAACTCCACTTTG GAATTGCTGCAGCCTTGTGA 60 57 -3.156  0.9954 107.71 Saha and
Vandemark, 2012

Actin CCAAATCATGTTTGAGGCTTTTAA  GTGAAAGAACGGCCTGAATAGC 60 64 -3.56 0.9972 91.26 Saha and

Vandemark, 2012

Here, Try = melting temperature, Size = amplicon length, Slope = slope of the trend line in amplification efficiency graph, R® = regression coefficient, £ = amplification
efficiency.
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Primer name

FerrClo1
FerrClo2
FerrClo3
FerrClo4
FerrClo5

Forward sequence (5'-3')

TGCTGATAAGGGTGATGCGCT
AACCTGCACAGTGTTGCCTC
GTTGCGCTGAAAGGTCTTGCT
ACGTTGCGCTGAAAGGTCTTG
CTGGTGATGTGCACTTGGCA

Reverse sequence (5'-3')

GGCTTCCACCTGTTCACCCA
AGTGCCAGACACCATGTCCT
GCCAAGTGCACATCACCAGT
TGCCAAGTGCACATCACCAG
GCTGCAGCTGCTTCCTCACT

Tm (°C)

64
62
62
62
62
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*First 10 relevant hits are shown here.
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Treatment? Concentration Linear growth of Fspi®

SA 100 uM 229+1.29
SA 50 pM 2.53+1.50
SA 25 uM 1.04 £ 0.94
SA 12 uM 0.33+0.33
SA 6 uM 1.29+1.10
SA 3uM 0.79+0.78
SA 1.6 uM 119+ 0.49
SA 0.7 uM 0.85+£0.75
SA 0.3 uM 2.08+0.73
SA 0.15 uM 0.10+£0.10
SA 0.07 uM 0.62 £0.62
SA 0.08 uM 1.41 £ 0.41
Water 1 - 1.83 £ 1.50
Water 2 = 1.73+0.43

aThe endocarp inner tissues of immature pea pod halves (2 cm) were treated
with 25 wl of the indicated treatments. After 20 min, 10 wl of an Fspi suspension
(6.7 x 10° spores/ml) was applied to each pod half. The two water treatments
used were duplicate.

bThe growth of 10 individual cotton blue stained spores per treatment was
recorded after 24 h. Numbers indicate the multiples of the length of a 45-micron
macroconidia.
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Treatment? Concentration Pisatin® (ng/g fw)

Water - 0.0+0.0
SA 1000 uM 7.7+0.02
SA 500 pM 52+0.59
SA 250 pM 6.6+25
SA 125 pM 58+23
SA 62 pM 26+2.6
SA 31 uM 494+0.2
SA 15 uM 13.6+4.5
Fsph 1 x 108 spores/m 113.1 £20.2

aTreatments (25 wl) were applied to pea pod halves (~250 mg fresh weight) with
the indicated concentrations and subsequently distributed on the surface with a
glass rod. Pods were retained in high humidity for 24 h.

bpisatin was extracted from pea tissue with hexanes. The hexanes were removed
by volatilization, and the pisatin-containing residue was extracted with 95% ethanol
and quantified at 309 nm.
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Treatment Concentration Diameter? Average

applied (m) of 30 nuclei
Water - 10.000
SA 100 uM 11.792
SA 50 uM 12.669
SA 25 uM 13.774
SA 12.5 uM 9.630
SA 6.25 uM 10.014
SA 3.12 uM 8.738
SA 1.56 pM 11.622
SA 0.78 uM 8.534

aNuclei were stained for 5 min with DAPI, and the unfixed tissue was imaged under
UV light using a fluorescence microscope. Digital images were uniformly printed on
full pages, and 30 nuclei were physically measured; the diameters are compared to
that of the water-treated control values and standardized to the 10 micron diameter
typically observed in electron micrographs.
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Treatments Low R:FR Low PAR High R:FR Low PAR High R:FR High PAR

Redeso - s70/Far-redzzo - 740 ratio 16 8.1 8.1
Photosynthetically active radiation (PAR, jmole/m?-s) 420 420 680
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Species Genotypes Country of origin Geolocation (lat, long) Elevation (m) Seed source

L. culinaris Eston Canada 52.8, ~106.4 481 CDC, USASK
GDC Greenstar Canada 52.8, ~106.4 481
CDC QG-2 Canada 52.8, ~106.4 481
L. orientalis G 72529 Turkey 38.7,30.2 1132 ICARDA
1G 72611 Turkey 38.7,42.2 2117 ICARDA
BGE 016880 Israel NA N/A Universidad de Leon?
L. tomentosus 1G 72614 Turkey 37.9,403 662 ICARDA
G 72805 Turkey 37.8,39.8 1150 ICARDA
G 72830 Turkey 37.7,39.2 1250 ICARDA
L. odemensis G 72623 Turkey 37.4,41.0 1001 ICARDA
G 72639 Syria 34.8,36.4 950 ICARDA
G 72760 Syria 32.7,36.6 1100 ICARDA
L. lamottei 1G 110809 Spain 368, -5.7 150 ICARDA
1G 110810 Spain 36,8, 5.4 800 ICARDA
1G 110813 Spain 37.4,-43 660 ICARDA
L. ervoides G 72646 Syria 35.8,36.0 570 ICARDA
1G 72815 Turkey 37.6,365 860 ICARDA
LO1-827A Jordan® 3038, 36.6° 1250° CDC, USASK*
L. nigricans 1G 116024 Turkey 37.8,29.1 560 ICARDA
G 136640 Italy 451,71 1464 ICARDA
G 72555 Spain 37.3,-25 1314 ICARDA

Tinformation in this table was extracted from Genesys (https://www.genesys-pgr.org/welcome). ?Fratini et al. (2007). Geolocation and elevation are from L. orientalls IG
72847, *Fiala et al. (2009); LOT-827A is a single plant selection from a packet of L. orientalis IG 72847 from ICARDA.
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‘Growth characteristic

Days to flower
Shoot length
Internode length
Leaflet area
Yield

Biomass
Harvest index

Non-significant factors are bolded.

66.32
19.53
12.29
31.47

7.30

7.64
22.75

Genotype

Pr>F

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

81.11
291.60
271.95

73.39

73.72

85.46

74.47

Treatment

Pr>F

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

2.53
207
1.21
5.97
1.96
1.60
3.07

Genotype x Treatment

Pr>F

<0.0001
0.0006
0.2033
<0.0001
0.0021
0.0297
<0.0001





OPS/images/fpls-07-01104/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-07-00902/fpls-07-00902-g002.gif
ki |
iz

130

g:

! d il-l Illl III

g sy






OPS/images/fpls-07-00902/fpls-07-00902-g001.gif





OPS/images/fpls-08-00579/cross.jpg
3,

i





OPS/images/fpls-07-01864/fpls-07-01864-g002.jpg
ps1.Estonia:ps2.Estonia
ps1.Estonia:ps3.Estonia
ps1.Estonia:ps4.Estonia
ps1.Estonia:ps5.Latvia
ps1.Estonia:ps6.Latvia
ps1.Estonia:ps7.Latvia
ps1.Estonia:ps8.Latvia
ps1.Estonia:ps9.Norway
ps1.Estonia:ps10.Norway
ps1.Estonia:ps11.Portugal
ps1.Estonia:ps12.Portugal
ps1.Estonia:ps13.Portugal
ps1.Estonia:ps14.Portugal
ps1.Estonia:ps15.Sweden
ps1.Estonia:ps16.Sweden
ps2.Estonia:ps3.Estonia
ps2.Estonia:ps4.Estonia
ps2.Estonia:ps5.Latvia
ps2.Estonia:ps6.Latvia
ps2.Estonia:ps7.Latvia
ps2.Estonia:ps8.Latvia
ps2.Estonia:ps9.Norway
ps2.Estonia:ps10.Norway
ps2.Estonia:ps11.Portugal
ps2.Estonia:ps12.Portugal
ps2.Estonia:ps13.Portugal
ps2.Estonia:ps14.Portugal
ps2.Estonia:ps15.Sweden
ps2.Estonia:ps16.Sweden
ps3.Estonia:ps4.Estonia
ps3.Estonia:ps5.Latvia
ps3.Estonia:ps6.Latvia
ps3.Estonia:ps7.Latvia
ps3.Estonia:ps8.Latvia
ps3.Estonia:ps9.Norway
ps3.Estonia:ps10.Norway
ps3.Estonia:ps11.Portugal
ps3.Estonia:ps12.Portugal
ps3.Estonia:ps13.Portugal
ps3.Estonia:ps14.Portugal
ps3.Estonia:ps15.Sweden
ps3.Estonia:ps16.Sweden
ps4.Estonia:ps5.Latvia
ps4.Estonia:ps6.Latvia
ps4.Estonia:ps7.Latvia
ps4.Estonia:ps8.Latvia
ps4.Estonia:ps9.Norway
ps4.Estonia:ps10.Norway
ps4.Estonia:ps11.Portugal
ps4.Estonia:ps12.Portugal
ps4.Estonia:ps13.Portugal
ps4.Estonia:ps14.Portugal
ps4.Estonia:ps15.Sweden
ps4.Estonia:ps16.Sweden
ps5.Latvia:ps6.Latvia
ps5.Latvia:ps7.Latvia
ps5.Latvia:ps8.Latvia
ps5.Latvia:ps9.Norway
ps5.Latvia:ps10.Norway
ps5.Latvia:ps11.Portugal

Timp_2 =

Timp_3 =

Timp_5 =

Timp_7 =

Timp_9 =

Timp_11 =

Timp_13 —

Timp_15 =

All_36 —|

ps5.Latvia:ps12.Portugal
ps5.Latvia:ps13.Portugal
ps5.Latvia:ps14.Portugal
ps5.Latvia:;ps15.Sweden
ps5.Latvia:ps16.Sweden
ps6.Latvia:ps7.Latvia
ps6.Latvia:ps8.Latvia
ps6.Latvia:ps9.Norway
ps6.Latvia:ps10.Norway
ps6.Latvia:ps11.Portugal
ps6.Latvia:ps12.Portugal
ps6.Latvia:ps13.Portugal
ps6.Latvia:ps14.Portugal
ps6.Latvia:ps15.Sweden
ps6.Latvia:ps16.Sweden
ps7.Latvia:ps8.Latvia
ps7.Latvia:ps9.Norway
ps7.Latvia:ps10.Norway
ps7.Latvia:ps11.Portugal
ps7.Latvia:ps12.Portugal
ps7.Latvia:ps13.Portugal
ps7.Latvia:ps14.Portugal
ps7.Latvia:ps15.Sweden
ps7.Latvia:ps16.Sweden
ps8.Latvia:ps9.Norway
ps8.Latvia:ps10.Norway
ps8.Latvia:ps11.Portugal
ps8.Latvia:ps12.Portugal
ps8.Latvia:ps13.Portugal
ps8.Latvia:ps14.Portugal
ps8.Latvia:ps15.Sweden
ps8.Latvia:ps16.Sweden
ps9.Norway:ps10.Norway
ps9.Norway:ps11.Portugal
ps9.Norway:ps12.Portugal
ps9.Norway:ps13.Portugal
ps9.Norway:ps14.Portugal
ps9.Norway:ps15.Sweden
ps9.Norway:ps16.Sweden
ps10.Norway:ps11.Portugal
ps10.Norway:ps12.Portugal
ps10.Norway:ps13.Portugal
ps10.Norway:ps14.Portugal
ps10.Norway:ps15.Sweden
ps10.Norway:ps16.Sweden
ps11.Portugal:ps12.Portugal
ps11.Portugal:ps13.Portugal
ps11.Portugal:ps14.Portugal
ps11.Portugal:ps15.Sweden
ps11.Portugal:ps16.Sweden
ps12.Portugal:ps13.Portugal
ps12.Portugal:ps14.Portugal
ps12.Portugal:ps15.Sweden
ps12.Portugal:ps16.Sweden
ps13.Portugal:ps14.Portugal
ps13.Portugal:ps15.Sweden
ps13.Portugal:ps16.Sweden
ps14.Portugal:ps15.Sweden
ps14.Portugal:ps16.Sweden
ps15.Sweden:ps16.Sweden

H:

{

Timp_2 =

Timp_3 =

Timp_5 =

Timp_7 =

Timp_9 =

Timp_11 =

Timp_13 =

All_36 —

Timp_15 =

100

95

90

85

80





OPS/images/fpls-07-01864/fpls-07-01864-g001.jpg
Number of HACCs

120 —

110 —

100 —

90 —

80 —

70 —

60 —

50 —

HACCN of
all 36 root traits

I I I I I I
Timp_2 Timp_3 Timp_5 Timp_7 Timp_9 Timp_11

Number of top important root traits

| I
Timp_13 Timp_15

10

12

14

16

18

20

24

28

32

Anw





OPS/images/fpls-07-01864/fpls-07-01864-g004.jpg





OPS/images/fpls-07-01864/fpls-07-01864-g003.jpg
ps1.Estonia:ps2.Estonia
ps1.Estonia:ps3.Estonia
ps1.Estonia:ps4.Estonia
ps1.Estonia:ps5.Latvia
ps1.Estonia:ps6.Latvia
ps1.Estonia:ps7.Latvia
ps1.Estonia:ps8.Latvia
ps1.Estonia:ps9.Norway
ps1.Estonia:ps10.Norway
ps1.Estonia:ps11.Portugal
ps1.Estonia:ps12.Portugal
ps1.Estonia:ps13.Portugal
ps1.Estonia:ps14.Portugal
ps1.Estonia:ps15.Sweden
ps1.Estonia:ps16.Sweden
ps2.Estonia:ps3.Estonia
ps2.Estonia:ps4.Estonia
ps2.Estonia:ps5.Latvia
ps2.Estonia:ps6.Latvia
ps2.Estonia:ps7.Latvia
ps2.Estonia:ps8.Latvia
ps2.Estonia:ps9.Norway
ps2.Estonia:ps10.Norway
ps2.Estonia:ps11.Portugal
ps2.Estonia:ps12.Portugal
ps2.Estonia:ps13.Portugal
ps2.Estonia:ps14.Portugal
ps2.Estonia:ps15.Sweden
ps2.Estonia:ps16.Sweden
ps3.Estonia:ps4.Estonia
ps3.Estonia:ps5.Latvia
ps3.Estonia:ps6.Latvia
ps3.Estonia:ps7.Latvia
ps3.Estonia:ps8.Latvia
ps3.Estonia:ps9.Norway
ps3.Estonia:ps10.Norway
ps3.Estonia:ps11.Portugal
ps3.Estonia:ps12.Portugal
ps3.Estonia:ps13.Portugal
ps3.Estonia:ps14.Portugal
ps3.Estonia:ps15.Sweden
ps3.Estonia:ps16.Sweden
ps4.Estonia:ps5.Latvia
ps4.Estonia:ps6.Latvia
ps4.Estonia:ps7.Latvia
ps4.Estonia:ps8.Latvia
ps4.Estonia:ps9.Norway
ps4.Estonia:ps10.Norway
ps4.Estonia:ps11.Portugal
ps4.Estonia:ps12.Portugal
ps4.Estonia:ps13.Portugal
ps4.Estonia:ps14.Portugal
ps4.Estonia:ps15.Sweden
ps4.Estonia:ps16.Sweden
ps5.Latvia:ps6.Latvia
ps5.Latvia:ps7.Latvia
ps5.Latvia:ps8.Latvia
ps5.Latvia:ps9.Norway
ps5.Latvia:ps10.Norway
ps5.Latvia:ps11.Portugal

R_5.1 =

R 52 —

R_5.3 =

R_5.4 =

R_5:5 =]

R_5.6 =

Timp_5 =

All_36 =

ps5.Latvia:ps12.Portugal
ps5.Latvia:ps13.Portugal
ps5.Latvia:ps14.Portugal
ps5.Latvia:ps15.Sweden
ps5.Latvia:ps16.Sweden
ps6.Latvia:ps7.Latvia
ps6.Latvia:ps8.Latvia
ps6.Latvia:ps9.Norway
ps6.Latvia:ps10.Norway
ps6.Latvia:ps11.Portugal
ps6.Latvia:ps12.Portugal
ps6.Latvia:ps13.Portugal
ps6.Latvia:ps14.Portugal
ps6.Latvia:ps15.Sweden
ps6.Latvia:ps16.Sweden
ps7.Latvia:ps8.Latvia
ps7.Latvia:ps9.Norway
ps7.Latvia:ps10.Norway
ps7.Latvia:ps11.Portugal
ps7.Latvia:ps12.Portugal
ps7.Latvia:ps13.Portugal
ps7.Latvia:ps14.Portugal
ps7.Latvia:ps15.Sweden
ps7.Latvia:ps16.Sweden
ps8.Latvia:ps9.Norway
ps8.Latvia:ps10.Norway
ps8.Latvia:ps11.Portugal
ps8.Latvia:ps12.Portugal
ps8.Latvia:ps13.Portugal
ps8.Latvia:ps14.Portugal
ps8.Latvia:ps15.Sweden
ps8.Latvia:ps16.Sweden
ps9.Norway:ps10.Norway
ps9.Norway:ps11.Portugal
ps9.Norway:ps12.Portugal
ps9.Norway:ps13.Portugal
ps9.Norway:ps14.Portugal
ps9.Norway:ps15.Sweden
ps9.Norway:ps16.Sweden
ps10.Norway:ps11.Portugal
ps10.Norway:ps12.Portugal
ps10.Norway:ps13.Portugal
ps10.Norway:ps14.Portugal
ps10.Norway:ps15.Sweden
ps10.Norway:ps16.Sweden
ps11.Portugal:ps12.Portugal
ps11.Portugal:ps13.Portugal
ps11.Portugal:ps14.Portugal
ps11.Portugal:ps15.Sweden
ps11.Portugal:ps16.Sweden
ps12.Portugal:ps13.Portugal
ps12.Portugal:ps14.Portugal
ps12.Portugal:ps15.Sweden
ps12.Portugal:ps16.Sweden
ps13.Portugal:ps14.Portugal
ps13.Portugal:ps15.Sweden
ps13.Portugal:ps16.Sweden
ps14.Portugal:ps15.Sweden
ps14.Portugal:ps16.Sweden
ps15.Sweden:ps16.Sweden

95

90

85

80

(%) Aoeinooe uonolpald





OPS/images/fpls-08-00175/cross.jpg
3,

i





OPS/images/fpls-08-00139/cross.jpg
3,

i





OPS/images/fpls-08-00087/fpls-08-00087-t001.jpg
Lupin species

L. angustifolius

L. albus

L. luteus

L. mutabilis

Major grain QAs (% of total
alkaloids)

Lupanine (70%), 13a-hydroxylupanine
(12%), angustifoline (10%)
Lupanine (50.6%),
13a-hydroxylupanine (32.6%),
angustifoline (10.4%), isolupanine
(6.4%; average values)

Lupanine (70%), albine (15%),
13a-hydroxylupanine (8%),
multiflorine (3%)

Lupinine (60%), sparteine (30%),
unknown minor alkaloids (1%)
Gramine* (10-89%), lupinine
(8-60%), sparteine (1-20%),
isosparteine (1-5%)

Lupanine (46%), sparteine (16%),
3p-hydroxylupanine (12%),
13a-hydroxylupanine (7%),
ammodendrine™ (2%),
13-angeloyloxylupanine (2%),
tetrahydrorhombifoline (2%),
11-12-dehydrosparteine (1%)
angustifoline (1%),
13-tigoyloxylupanine (1%)

Reference

Wink et al., 1995

Priddis, 1983

Wink et al., 1995

Wink et al., 1995

Adhikari et al., 2012

Wink et al., 1995

*Gramine and ammodendrine are indole and piperidine alkaloids, respectively.
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Compound

Lupanine

Sparteine

13a-hydroxylupanine
Angustifoline

LOD (prg/mL)

2

7.9
1

30.5
6.5
161

LOQ (ng/mL)

3

18.2

87

12.5
61.4

Reference

Boschin et al., 2008;
Resta et al., 2008

Ganzera et al., 2010

Boschin et al., 2008;
Resta et al., 2008

Ganzera et al., 2010
Ganzera et al., 2010
Ganzera et al., 2010
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e-QTL® Marker interval

FLOWERING AND MATURITY TRAITS
of T-7AM BMC248-PVESTBR279

ePGT-2"M  BMC210-BMDO02
VEGETATIVE GROWTH TRAITS
eNPB-2A  PVESTBROO1-PVESTBRIG4
eNPB-74M  PVESTBRISS-BMB202

eLi-2*M PVESTBR164-PVM115
eLI-3M BMC201-1AC024
PLANT PRODUCTION TRAITS

eBWI-5. 1AM IAC044-IACO10
eBWI-5.2M  PVESTBRO78-PVESTBR241

eLL-7M BMC294-BMC248
eLW-2AM  PVESTBRO0S-BM172
ePL-3M BM282-BMD036

ePL-52AM  PVESTBR241-BM142
eSL-4AM X04001-PVESTBRO29
eST- 1AM BMDO4S-FIN
eST-74M IACO16-BMB62 1
esw-1AM IACO89-PYM120
esw-2AM BMB097-BMBOBO
eNSP-2M  BM172-8M237
eNSP-7AM  BMB621-BM210
eNPP-2AM  BM156-PVESTBROOG
eNPP-5.7AM  IAC044-1ACO10

eNPP-6"M  BMBA419-BMDO11
eNPP-7AM  BMB202-PVESTBRO25

eSY-1AM  FIN-PVESTBR2GS
esy -7AM BMB202-PVESTBRO025

LG (pos.)P

P07 (64.5-67.1)

P02 (28-9.1)

P02 (47.1-58.7)
PVO7 (16.4-18.6)
PV02 (58.7-59.5)
PV03 (50.2-61.9)

PV05 (0.0-3.7)
PV05 (29.6-33.5)
PVO7 (63.0-64.5)
P02 (112.7-122.8)
PV03 (88.1-09.4)
P05 (33.5-42.7)
PV04 (14.3-29.1)
P01 (73.2-76.9)
PVO7 (27.8-31.9)
P01 (40.0-45.7)
PV02 (28.4-32.0)
P02 (122.8-125.0)
P07 (31.9-38.0)
P02 (10.2-15.7)
P05 (0.0-8.7)

P08 (20.4-27.5)
P07 (18.7-23.2)

P01 (769-78.6)
PVO7 (18.7-232)

%£.QTLi and E-QTLj are the two QTLs involved in epistatic interaction.
°Linkage group and the estimated confidence interval of QTL position in the consensus map (in Kosambi cM).

“F-values of significance of each QTL.

e-arj

eFT-M

oPGT-5"M

eNpB-10"M
eNPB-9M
oL-3AM
el

BW-9.1AM
eBIW-9.22M
eLL-oM
eLw-gAM
ePL-5.1AM
oPL-10M
eSL-10"M
esT-4M
eST-174M
esw-10AM
esw-3M
eNsp-3AM
eNgP-1714M
oNpp-5.2°M
enpp-gM

eNPP-10.74M
eNPP-102°M

esy-10M
esY-10°M

Marker interval

BMB461-PVM128

IAC044-IACO10

BMB221-BMB152
PVESTBROB2-BM154
BMC201-1AC024
BMB264-PVESTBRO73

BMC221-BMB493
BMB563-PVESTBR166
BMC318-1AC019
BMC184-BM141
PVESTBRO78-PVESTBR241
BMB221-BMB152
BMB447-BM277
BMDO16-BMC168
BM240-PVESTBROS7
BMB447-BM277
BMB506-BMC259

BMO98- BM282
PVM98-BMBA28
PVESTBRO78-PVESTBR241
PVESTBRO10-BMB445

BMB447-BM277
BMc150-X63525

BMB447-BM277
BMB447-BM277

LG (pos)

P09 (7.6-14.5)

P05 (0.0-3.7)

Pv10(43.5-52.0)
PVO9 (45.3-60.1)
P03 (50.2-61.3)
Pv09 (61.8-73.9)

Pv09 (92.9-108.3)
PV0 (122.7-125.1)
Pv09 (129.9-134.3)
PV09 (33.6-44.6)
PY05 (29.6-33.5)
PV10 (43.5-62.0)
Pv10(36.1-40.1)
PVO4 (94.0-104.4)
Pv11(102-183)
Pv10(36.1-40.1
Pv03 (36.6-41.8)
Pv03 (87.7-88.1)
Pv11(68.9-78.5)
PV05 (20.6-33.5)
Pv08 (18.8-80.2)

Pv10(36.1-40.1)
PV10 (47.4-53.8)

Pv10(36.1-40.1)
Pv10(36.1-40.1)

F-value®

808

583

1451
11.07
597
693

497
852
504
573
576
546
732
7.83
697
671

586
664
694
901

7.23

1194
10.09

57
755

AAd

603"

163"

008"
-011"

031
108"

-0.09"
013"
-0.02"
-0.02"
077"
0.40
066"
013"
0.19"
023"
0.19"
066"
0.19
-0.18"
039"

-0.38"
053

250"
363"

RP(aa)®
573

3.89

473
3.87
116
2.18

634
10.82
464
659
2.89
365
878
5.0
12.20
1075
465
10.10
453
151
2.97

227
251

1.70
469

e-QE AAE'
416 Fi08
—1102 * F109
6.10 G108
ns
007 F108
017 " F108
-151 * Fi09
134 G108
085 F108
-096 * G108
ns
ns
-003 G109
ns
085 * Fi08
037 *  Fi08
ns
-018 *  Glo8
ns
ns
ns
-038 * G108
ns
-031 F109
053 *  Fl08
—129" * F109
-068 109
147 F109
059 G108
ns
-331 * F108
-355 * Gios

R? (aae)?

077
6.09
161

269
532
151
0.76
0.60
052

494

2.90
199

184

188

118
1.82
12.45
3.41
8.28
127

1.10
0.18

oEstimated addtive by additive epistatic effect. Positive values indicate that allefes from BELUGA have a positive effect on the traits, and negative values indicate that positive effect on the trats is dlue to the presence of the alleles from

PHAO399.

°Percentage of the phenotypic variation explained by addilive by aditive epistatic effects.
'Predicted aditive by addtive epistatic effect by environment interaction effect. The meaning of sign values is described i the third footnote (%)
9 Percentage of the phenotypic variation explained by addive by addtive epistatic effect by environment interaction effect.
*P < 0.05, “'P < 0.01. Experiment wide P-value. Only significant effects are listed. ns, not significant effects on the four environments evaluated
FT, flowering time; PGT, pod green time; NPB, the number of primary stem branches; LI interrode length; BWI, bracteole width; LL, leafiet length; LW, leaflet wicth; PL, pod length; SL, seed length; ST, seed thickness; S, 100 seed
weight: NSP. number of seeds per pod: NPP. number of pods per plant: SY. seed vield.
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For means followed by same leter are not sigaificantly diffrest (p< 0.05).
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Linkage Maplength  No.of  Marker density Marker
groups (cM) markers  (cM/marker) types

SSR SNP FIN

1 105.1 19 55 18 - 1
2 131 31 42 1 -
3 125.8 21 6 21 - -
4 115.4 1 105 1 - -
5 89.9 10 9 0 - -
6 84.7 16 53 6 - -
7 106.4 18 59 8 - -
8 109.1 17 6.4 7 - -
] 1343 23 58 28 - -
10 8.2 21 32 20 1 -
1 863 15 57 2 8 -

Total 1156.2 202 6.1 1% 5 1
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QL Marker interval LG (pos.)? F-value® AC R%(a)d QE AE® R2(ae)

FLOWERING AND MATURITY TRAITS

FT-1MA FIN-BMC224 PVO1 (76.9-84.9) 17.33 143" 18.96 ns
PGT-1MA FIN-BMC224 PvO1 (76.9-84.9) 21.28 153" 10.26 -1.34 = F108 279
120 G108 190
0.86 - G108 0.95
PGT-2MA PVESTBRO06-GATs91 PvO2 (15.7-19.0) 828 091™ 424 - F108 0.78
081 ¢ G108 064
094 - G108 0.87
-1.01 - F109 1.04
PGT-g¥A PVM128-BM272 PV09 (14.5-24.0) 7.42 116" 384 11 - G108 1.14
PST-1MA FIN-BMC224 P01 (76.9-84.9) 1273 166" 762 091 G108 139
PST 2MA PVESTBRO0G-GATsO1 P02 (15.7-19.0) 845 208" 669 ns
pST-9MA PVM128-BM272 P09 (14.5-24.0) 675 1.48" 420 104 ¢ G109 133
VEGETATIVE GROWTH TRAITS.
LMs-TMA FIN-BMC224 P01 (76.9-84.9) 181.35 056" 6608 ns
LMs-6¥A BM170-PVBR20 PV0B (54.5-66.9) 923 012" 556 ns
NPB-1MA FIN-BMC224 P01 (76.9-84.9) 1273 -0.18" 7.79 ns
NPB-gMA PVM128-BM272 PV09 (14.5-24.0) .17 041 627 ns
L-1MA FIN-BMC224 PV01 (76.9-84.9) 1205 004 1641 013 G108 687
-006  * F109 1.42
L6 BM170-PVBR20 PY06 (64.5-66.9) 7.79 005" 320 005 F108 1.09
o8 " G108 3.12
PLANT PRODUCTION TRAITS.
BL-1MA BMDO4S-FIN P01 (73.2-76.9) 722 003" 309 005 G108 212
—0.04 - F109 1.86
BL-3YA BMC259-BMC201 P03 (41.8-50.2) 78 -002" 1317 003 G108 133
0.03 N F109 1.64
Bw-1MA BMDO4S-FIN P01 (732-76.9) 7.05 003" 306 ns
Bw-2YA IACO13-BM221 PVO2 (64.2-72.5) 6.93 -0.04" 4.02 ns
Bw-9MA BMC184-BM141 P09 (33.6-44.6) 738 -002" 1.77 ns
BWI-11MA BM240-PVESTBRO57 Pv11(10.2-18.4) 717 331 ns
LL-1.1MA BMDO4S-FIN P01 (782-76.9) 7.05 285 002 G108 271
e G109 151
bl F109 154
Lw-eMA BMc238-1AC047 P06 (3.8-9.6) 673 -0.16" 370 ns
PL-TMA FIN-BMC224 PvO1 (76.9-84.9) 707 039" 7.59 ns
pL-2MA BMDO17-BMC123 P02 (39.5-46.2) 1081 ~0.40" 475 ns
PW-2MA 1ACO13-BM221 P02 (64.2-72.5) 7.1 -024" 256 021 * F108 1.86
PW-7MA PVESTBRO25-IAC016 P07 (28.2-27.8) 1085 —034™ 368 02 - F108 181
PT-7MA IACO16- BMB621 PVO7 (27.8-31.9) 722 -020" 288 025 * F108 207
SL-1.1MA IACO76-AC089 P01 (30.8-40.0) 7.86 034" 496 ns
SL-1.2MA BMDO4S-FIN PVO1 (73.2-76.9) 10.09 040" 482 ns
SL-MA 1ACOG2-BMC184 Pv09 (29.4-33.6) 791 -0.44 965 ns
SWi-1MA BMB513-BMB290 P01 (51.3-60.0) 785 026" 528 ns
Sw-gMA 1ACO13-BM221 PV02 (64.2-72.5) 722 -0.16" 347 o1 - F108 051
SWi-g¥A BM224-PVESTBROSS V08 (107.6-109.0) 811 024" 308 ns
Swi-11MA PVMO8-PVESTBRO7 1 Pvi1(68.9-86.9) 7.93 -020" 334 ns
ST-1MA IACO76-1AC089 PvO1 (30.8-40.0) 6.96 0.09" 192 ns
STsMA BM175-BMD020 PV05 (65.8-68.2) 67 -0.13" 4.40 ns
sw-1MA IACO76-1AC089 PvO1 (30.8-40.0) 6 0.06™ 4.87 ns
sw-gvA BMBS506-BMC259 PV03 (36.6-41.8) 921 007 438 ns
Sw-5MA BM175-BMD020 P05 (65.8-68.2) 6.61 -0.05*" 5.12 ns
swiiMA PVMOB-PVESTBROT 1 Pyi1(68.9-86.3) 629 481 ns
NSP-7MA FIN-BMC224 PvO1(76.9-84.9) 1321 0.24* 790 -0.15 - F108 1.65
o8 - Gi08 219
NPP-7MA FIN-BMC224 PvO1(76.9-84.9) 17.76 0.48" 951 - F108 217
036 G108 192
- G108 0.76
Sy-1MA FIN-BMC224 PvO1(76.9-84.9) 32.15 037" 18.90 - F108 191
012 ¢ [elted) 084
Sy-11MA BMC322-PVESTBRO13 Pvi1(51.9-62.2) 837 028" 612 ns

*Linkage group and the estimated confidence interval of QL position in the consensus map (in Kosambi c).

F-values of significance of each QL

Estimated aditive effect. Positive values indicate that alfes from PHA0419 have a positive effect on the trats, and negative values indicate that positive effect on the traits is due to
the preserce of the alsles from BELUGA.

9Percentage of the phenotypic variation explained by addiive effects.

*Predicted additive by environment interaction effect. The meaning of sign values is described in the second footrote ().

"Percentage of the phenotypic variation explained by aditive by environment interaction effect.

*P <005, P < 0.01. Experiment wide P-value. Only significant effects are lsted. s, not significant effects on the four environments evaluated

FT, flowering time; PGT, pod green time; PST, physiological maturity time; LMS, length of main stem; NPB, the number of primary stem branches; LI, inferod lengh; BL, bracteole
length; B, bracteole width; LL, leallet length; LW, leaflet widith; PL, pod length; PWI, pod width; PT, pod thickness; SL, seed length; SWI, seed width; ST, seed thickness; SW, 100
seed weight: NSP. number of seeds per pod: NPP. number of pods per plant: SY, seed yield.
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QTL Marker interval LG (pos.)® F-value® A R2(a)? QE AE® R2(ae)’

FLOWERING AND MATURITY TRAITS

FT- 1AM BMDO45-FIN P01 (732-76.9) 2187 682" 2074 ns
FrgAM 1AC044-1AC010 P05 (0.0-3.7) 591 199" 10.70 ns
pGT-1AM BMDO45-FIN P01 (732-76.9) 1649 -554 2120 -459 G108 496
PGT-3AM BMC201-1AC024 P03 (50.2-61.9) 54 161 382 213 F109 196
pST- 1AM BMDO45-FIN P01(73.2-76.9) 2507 894" 3191 606 F109 143
—152 G108 18.89
pST-5M 1AC044-IACO10 PW05 (00-3.7) 627 229" 913 ns
VEGETATIVE GROWTH TRAITS.
LMS-1AM BMDO45-FIN P01 (73.2-76.9) 3398 -170.17* 50.27 97.4 - F109 951
LMS-2M BMB097-BMB0SO P02 (28.4-32.0) 88 55.38" sor 788 F109 425
NPB- 1AM BMDO45-FIN P01 (73.2-76.9) 14.85 0.15™ 923 ns
NPB.GAM BMC250-BMC201 P03 (41.8-50.2) 897 002" 295 ot F109 311
NPB-g M BM165-PVESTBRO10 P08 (17.8-18.8) 1075 -005 529 ns
LI-1AM BMDO4S-FIN P01 (732-76.9) 10731 —446” 3428 44 - 7108 924
243 F109 257
—-4.07 - G108 66
678 G109 984
L-5°M BM175-BMD020 PVOS5 (55.8-68.2) 54 0.99 155 ns
PLANT PRODUCTION TRAITS
BL-3AM BMC258-BMC201 PVO3 (41.8-50.2) 9.28 0.10 17.32 ns
BL-4AM BMDO16-BMC168 P04 (94.0-104.4) 517 009" 245 ns
BL-7AM BMC248-PVESTBR279 P07 (64.5-67.1) 8.17 —0.04" 715 ns
pL-1AM BMB083-BMDO45 P01 (69.7-73.2) 58 024+ 398  -018 F108 385
pL-7AM 1ACO16-BMB621 P07 (27.8-31.9) 873 056" 1087 015 F108 366
PWI-1.1AM BMDO45-FIN P01 (732-76.9) 741 065" 874 053t F108 291
PWI-1.24M 1AC023-BMB356 P01 (93.9-985) 662 083" 655 ns
PT-2AM PVESTBROOG-GATSO1 P02 (15.7-19.0) 636 025" 560 ns
SL-1AM 1AC023-BMB356 P01 (93.9-985) 205 188" 2475 ns
SL-24M BMC280-PVESTBRO0S P02 (106.7-112.7) 54 -028" 565 ns
swi-gM PVESTBR230-BMB339 P03 (62.5-64.9) 1036 -027" 1095 ns
Swi-11.1AM BM240-PVESTBRO57 Pv11(10.2-18.4) 91 -0.22" 13.29 ns
SWi-11.22M  BMB619-PVESTBROT1 P11 (83.7-86.9) 832 049" 1764 ns
ST-7AM IACO16-BMB621 PVWO7 (27.8-31.9) 5.89 0.18" 11.08 ns
Sw-1AM 1AC023-BMB356 P01 (93.9-98.5) 598 048" 1091 ns
sw-6M BMC280-BMC284 P06 (0.0-1.0) 559 004" 380 ns
NSP- 1AM BMDO4S-FIN P01 (732-76.9) 1476 -046" 1401 031 7108 209
-062 F109 965
NSP-2AM BMB097-BMB0SO P02 (28.4-32.0) 606 032+ 639 03 - F109 324
NSP-6AM BMB419-BMDO11 PV0B (20.4-27.5) 6.96 -0.37" 591 0.24 = F108 115
-054 F109 679
NpP- 1AM BMDO45-FIN P01 (73.2-76.9) 18.04 -0.82" 10.14 0.69 * F108 273
14 109 1471
NpP-5AM BM175-BMD020 PVOS5 (65.8-68.2) 6.20 042" 4.10 -0.64 - F109 437
Sy-1AM FIN-PVESTBR2G8 P01 (76.9-78.6) 947 844 1475 772 £109 655
Sy:24 BMB097-BMB0SO P02 (28.4-32.0) 926 603" 132 606 F108 0.10
9.7 F109 242
597 G108 014
Sy-34M BMD036-BM189 P03 (99.4-106.6) 565 200" 266 200 G108 068
Sy-5AM 1AC044-AC010 P05 (0.0-3.7) 571 086" 448 -578 F109 357
Sy-7AM BMB202-PVESTBRO25 PVO7 (18.7-23.2) 612 359" 7.10 834 - F108 039
344 G108 085
Sy-10AM BMB447-BM277 Pv10 (36.1-40.1) 10.31 020" 1.80 405 F109 1.30

“Linkage group and the estimated confidence interval of QTL position in the consensus map (in Kosambi o).

oF.values of significance of each QTL.

cEstimated additive effect. Positive values incicate that allles from BELUGA have a positive effect on the traits, and negative values indicate that positive effect on the traits is due to
the presence of the alleles from PHA0399.

IPercentage of the phenotypic variation explained by additive effects.

°Predicted aditive by environment interaction effect. The meaning of sign values is described in the second footnote 7).

'Percentage of the phenotypic variation explained by aditive by environment interaction effect.

'P < 0.0, "'P < 0.01. Experiment wide P-value. Only significant effects are lsted. ns, not significant effects on the four environments evaluated.

FT, flowering time; PGT, pod green time; PST, physiological maturity time; LMS, length of main stem; NPB, the number of primary stem branches; LI, intemode length; BL, bracteols
length; B, bracteole width; LL, leaflet length; LW, leeflet with; PL, pod length; PWI, pod width; PT, pod thickness; SL, seed length; SWI, seed width; ST, seed thickness; SW, 100
seed weight: NSP. number of seeds per pod: NPP. number of pods per plant: SY seed yield.
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e-QTLI®  Marker interval LG (pos)® e-QTLj? Marker interval LG (pos) Fvalue®  AAY  R%(aa)® e-QE AAE" R? (aae)?

MATURITY 1 5
IAC006-BMC210 PV02 (0.00-2.8) oFT-10MA  PVESTBRO17-PVESTBRO16  Pv10(19.9-33.8) 1188 107 382 127 G109 1.10

PVESTBROOG-GATSO1 ~ Pv02(15.7-190)  eFT-10MA  PVESTBRO17-PVESTBRO16  Pv10(19.9-33.8) 9.59 0.92 247 ns
LEG-735-BMc280 PV02(101.3-106.4)  ePGT-10MA  GATS11B-BMB106 PV10 (11.7-13.9) 582 —156" 109 198 F108 102
-175  * G109 072

BMc238-IAC047 PV0S (3.8-9.6) OPGT-9MA  PYM73-BMBAG1 PV09 (0.0-7.6) 561 -081" 1.61 ns

BM170-PVBR20

P01 (76.9-84.9) P08 (54.5-67.0)

BM153-BMB174 oLL-10MA

P08 (63.3-63.0) GATS11B-BMB106 PVI0 (11.7-13.9)

LEG-735-BMC280 PV02(101.3-1067)  elW-8YA  BMB50G-BMC259 P03 (36.6-41.8) 682 027" 603 013 Gi08 109
FIN-BMC224 PYO1 (769-849)  ePL-22¥A  BMDO17-BMC123 P02 (39.5-46.2) 575 -019' 114 02 * Fi08 1.06
PVESTBROOG-GATSO1 V02 (15.7-189)  ePL-10MA  X63525-PVESTBRO03 P10 (53.8-68.2) 961 -038" 870 ns
BM282-BMDO36 PV03(88.1-09.4)  ePL-7.7MA  PVESTBRISS-BMB202 PO (16.5-18.7) 177 058" 408 ns
BMC238-1AC047 Pv05 (3.8-9.6) ePL-72YA  BMB621-PVESTBRI19 P07 (31.9-45.5) 965 041" 362 ns
1ACO13-BM221 PV02(642-725)  ePW-7VA  PVESTBRO25-IACO16 P07 (28.2-27.8) 814 o210 At ns
eSL-1.7¥A  BMB513-8MB290 PUO1(613-609)  eSL-2MA  PVESTBROOS- GATSO1 P02 (15.7-18.9) 734 -08" 830 ns
eSL-1.2MA  FIN-BMC224 P01 (769-849)  eSL-1IMA  PVESTBRO13-SNP-3839 P11 (52.2-57.9) 78 -027% 151 s
eSL-5MA IAC010-BM142 PVOS (3.7-42.7) eSL-6VA PVBR14-BM275 P0G (65.1-68.7) 788  —0.57 3.89 062 **  F108 1.07
eSWI-TMA  BMBS13-BMB290 PVO1(51.3-69.9)  eSWI-8YA  BM224-PVESTBRO%S PV0B(107.6-1090) 664 028" 191 s
eSW-6YA  PVESTBRO72-BMI70  PV0S(389-545)  eSW-11MA  SNP-3839-SNP-3273 P11 (57.9-62.0) 787 005" 283 -000 * F109 129

-QTLi and E-QLjare the two QTLs involved in epistatic interaction.

“Linkage group and the estimated confidence interval of QL position in the consensus map (in Kosambi cM).

°F-values of significance of each QTL.

“stimated additive by additive epistatic effect. Positive values indicate that allles from PHAO419 have a positive effect on the trats, and negative values indicate that positive effect on the trats is due to the presence of the allles from
BELUGA.

°Percentage of the phenotypic variation explained by addliive by additive epistatic effects.

'Predicted adtive by additive epistatic effect by envionment interaction effect. The meaning of sign values is described i the third footnote (%).

9Percentage of the phenotypic variation explained by addiive by aditive epistatic offect by environment interaction effect,

'P < 0.05, “P < 0.01. Experiment wide P-value. Only significant effects are listed. ns, not significant effects on the four environments evaluated.

FT: flowering time: PGT: pod green time: LI internode lenath: LL leaflet lenath: LWI: leaflet width; PL: pod length: PWI: pod width: SL: seed lenath: SWI: seed width: SW- 100 seed weight.
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Treatment and molarity? Pisatin (jLg/g fw)

Water 0.0
Water + Fsph spores 121.3
SA 100 uM 2.3
SA 100 uM + Fsph spores 198.8
SA 6.7 uM 5.9
SA 6.7 M + Fsph spores 195.2
SA 3.1 uM 0.7
SA 3.1 uM + Fsph spores 174.8
SA 1.5 uM 0.0
SA 1.5 uM + Fsph spores 206.0
SA 0.7 uM 0.02
SA 0.7 uM + Fsph spores 218.3

aThe indicated treatments were applied (25 wl) to the endocarp layer of each pea
pod half with, when indicated, 5 wl of Fsph spores (1 x 107/ml). Pisatin was
extracted (at 24 h) in hexane. The hexane free residue was dissolved in 95% ethanol
and quantified at UV3pg.
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Treatment Concentration Pisatin (ng/g fw)

SA 100 pM 3.1+08
SA 50 uM 20+1.4
SA 25 uM 26+06
SA 12.5 uM 3.3+05
SA 6.2 M 41+£1.3
SA 3.1 M 75+1.1
SA 1.5 uM 19.3+4.4
SA 0.7 uM 8.3+34
Fsph 2.4 x 10° spores/ml 145 + 3.0

Legend is the same as that of Table 3.
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Accessions

CDC Corinne
CDC Frontier
ICC 15294
ICC 8621

ILC 1687

ICC 8855
ICCV 96029
FLIP 98-142C
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Desi
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Desi
Kabuli

Origin

CDC, University of Saskatchewan
CDC, University of Saskatchewan
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Afghanistan

Afghanistan
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KEGG pathway Gene number

DAF20 DAF40 DAF60

Fatty acid elongation 1 6 7
Isoquinoline alkaloid biosynthesis 1 2 1
Tropane, piperidine and pyridine alkaloid biosynthesis 1 2 1
Stibenoid, diaryhheptancid and gingerol biosynthesis 1 5 1
Tyrosine metabolism 1 8 1
Beta-Alarine metabolism 1 10 1
Cyancamino acid metabolism 1 10 1
Tryptophan metabolism 1 1 1
Flavonoid biosynthesis 3 1" 9
Amino sugar and nuckeotide sugar metabolism 3 18 1
Phenylalanine metabolism 2 20 6
Pyrimidine metabolism 1 31 1
Phenylpropanoid biosynthesis 2 3 6
Oxidative phosphorylation 1 38 1
Protein processing in endoplasrmic reficulum 1 50 2
Plant hormone signal transduction 1 56 7

Bold meens important KEGGs related to the phenotype.
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GOaccession  Description Termtype*  Corrected p-value  DEG item

DAF40 GO:0043531 ADP binding MF 8.55E-08 100
GO:0005199  Structural constituent of cell wall ME 000025097 15
GO:0071669 Plant-type cell wall organization or biogenesis BP 0.0061632 18
GO:0000664  Plant-type cell wall organization 8 0013663 17
GO:0045229 External encapsulating structure organization BP 0.031101 30
GO:0071655  Cell wall organization 8P 0041254 28
GO:0030312 External encapsulating structure cc 0.041254 49

DAF60  GO:0004315  3-oxoacyl-facyl-carrier-protein] synthase activity ME 00066424 5
GO:0004312 Fatty acid synthase activity MF 0.0086424 5
GO:0016747 Transferase activity, transferring acyl groups other than amino-acyl groups MF 0012673 12
GO:0016706  Oxidoreductase activity, acting on paired donors, ith incorporation or MF 0012673 8

reduction of molecular oxygen, 2-oxoglutarate as one donor, and
incorporation of one atom each of oxygen into both donors

GO:0016491 Oxidoreductase activity MF 0.012673 40
GO:0016705  Oxidoreductase activty, acting on paired donors, with incorporation, o ME 0016231 15
reduction of molecular oxygen
GO:0043115  Precorrin-2 dehydrogenase activity ME 0016392 5
GO:0003824  Catalytio activty ME 0020356 127
GO0008171  O-methyltransferase activty ME 0020356 6
GO:0016628  Oxidoreductase activty, acting on the CH-CH group of donors, NAD or MF 0020356 6
NADP as acceptor
GO:0006633  Fatty acid biosyntheic process 8P 0012673 10
GO:0072330 Monocarboxylic acid biosynthetic process BP 0.016392 10
GO:0019354  Siroheme biosynthetic process 8P 0016392 5
GO:0046156 Siroheme metabolic process BP 0.016392 5
GO:0008610  Lipid biosynthetic process 8P 0017694 19
GO:0006631 Fatty acid metabolic process BP 0.020356 10
GO:0044710  Single-organism metabolic process 8P 0020356 73
GO:0055114 Oxidation-reduction process BP 0.028844 38
GO:0006629  Lipid metabolic process 8P 0030943 2
GO:0005835 Fatty acid synthase complex cc 0.0066424 5

The genes were categorized based on GO.*MF. mofecular function: BP biological process: CC, cellular component.
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Germplasm set

Tetraploid alfalfa, Medit. material®
Tetraploid alfalfa, Po Valley material®
Tetraploid alfalfa, US material®

Alfalfa, Medit. germplasm@

Alfalfa, Medit. germplasm?

Pea, average of three connected crosses®
Pea, average of three connected crosses®

aMinimurm no. of reads: 4/11 for heterozygous/homozygous loci: genotype missing data threshold: 30%.
BMinimurm no. of reads: 2/11 for heterozygous/homozygous loci; genotype missing data threshold: 35%.

Trait

Biomass yield

Biomass yield

Biomass yield

NDF digestibilty

Crude protein content
Grain yield, severe drought
Grain yield, north Italy

©Minimum no. of reads: 4; genotype missing data threshold: 30%.

Predictive ability

0.36
0.32
0.31
0.32
0.32
0.72
0.48

Source

Annicchiarico et al
Annicchiarico et al.
Lietal, 2015

Unpublished data
Unpublished data
Annicchiarico et al.
Unpublished data

,2015b
,2015b

,2017
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Selection Selection Cost per

cycle (years) genotype (€)@
Cool-season grain legume
Phenotypic (1 site, 2 years, 3 reps) 2 180-230
Genomic 0.5 32-36
Ratio phenotypic/genomic 4 5.0-7.2
Perennial forage legume
Progeny test (1 site, 3 years, 3 reps) 5 230-280
Genomic 1 32-36
Ratio phenotypic/genomic 5 6.4-8.7

aExcluding bioinformatics/data analysis work.
Grain legumes: selection of inbred lines; forage legumes: selection of parents for a
synthetic variety.
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Germplasm set

Tetraploid alfalfa, Medit. material®
Tetraploid alfalfa, Po Valley material®
Tetraploid alfalfa, US material®

Pea, Attika x Isard lines®

Pea, Kaspa x Attika lines®

Pea, Kaspa x Isard lines®

White lupin, Kiev x P27256 lines®
White lupin, world landrace pool®
Chickpea, SBD377 x BGD112 lines®
Chickpea, ICC4958 x ICC1882 lines®

No. of genotypes

154
124
190
105
105
105
191
288
95
210

No. of reads/genotype (M)

2.89
2.75
2.36
2.40
1.85
2.30
1.90
1.66
1.80
3.37

aMinimum no. of reads: 4/11 for heterozygous/homozygous loci; genotype missing data threshold: 30%.
SMinimum no. of reads: 2/11 for heterozygous/homozygous loci: genotype missing data threshold: 35%.
SMinimum no. of reads: 4; genotype missing data threshold: 30%.
IMinimurm Qscore of 10 for read retention; unspecified genotype missing data threshold.
®Minimum Qscore of 20 for read retention; genotype missing data threshold: 50%.

No. of SNPs

10,339
6,690
9,906
2,386
2,506
2,750
2,693
6,802
3,977
828

Source

Annicchiarico et al., 2015b
Annicchiarico et al., 2015b
Lietal, 2015
Annicchiarico et al., 2017
Annicchiarico et al., 2017
Annicchiarico et al., 2017
Unpublished data
Unpublished data

Verma et al., 2015
Jaganathan et al., 2015
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Category Seed Early Growth Plantht Flower Pod Rep  Maturity HI  Biomass Seedno/pl ~ Seedwt/
size  vigor  rate days days phase pl (log)

92
7

4Species variance o7 92

@Cluster within species v.

3Accession within cluster

Species means n
L albusL. 8 268 068 0% 578 61 B e 188 984 698 107.4 13
LangustiolusL. 127 104 029 080 85 7B 8t 3 127 848 569 2019 12
L. luteus L. 6 119 084 086 506 % 8 43 128 %04 535 1878 11
LSD Species mean 12 005 008 13 1 1 1 12 30 97 152 04
Cluster means Lalbus L.

Albus 1, Br 1215 02 041 23 s 67 67 129 807 163 23 06
Albus 2, LR 6 278 0.83 0.98 60.1 70 82 62 143 33.1 66.4 81 13
Albus 3, LR 2 285 o7 106 646 e 77 e 148 461 610 119 13
Albus 3, W 3 186 0.50 074 453 72 82 50 133 M3 454 a3 12
Albus 4, LR 6 211 05 079 506 6 80 6 144 333 448 72 11
Albus 5, LR 42 302 077 0.98 60.9 59 l 66 137 390 754 103 14
Albus 5, W 12 288 052 088 528 6 76 59 185 874 644 109 13
Albus 6, LR 14 2486 0.62 094 57.9 57 l 67 187 392 744 134 14
Albus 7, LR 8 801 075 092 612 2 6 70 185 467 844 140 15
LSD albus 28 025 025 90 4 4 B 4 100 203 57 03

L. angustifolius L.
Angus 1, Br 1 145 0.43 0.80 505 74 80 47 127 402 36.0 101 12
Angus 2, W 1778 024 091 52.4 &0 87 4 128 806 477 213 10
Angus 3, W 11 82 02 088 510 B & 4 127 846 524 218 1.1
Angus 4, Br 15 123 0.34 073 48.0 68 76 51 127 327 48.1 130 11
Angus 4, W 7%6 103 028 079 a1 B 80 47 127 359 585 208 12
Angus 5, W 7 113 o043 o072 446 6 78 s 127 368 639 250 13
LSD angustiolius 21 0138 028 85 4 4 5 3 99 349 130 02
L. luteus L.

Luteus 1, Br 28 127 089 08 515 o8 a6 127 833 465 121 10
Luteus 2, W 7 86 026 0.80 438 89 96 37 133 223 51.2 130 09
Luteus 3, W 20 118 081 090 516 I ] 127 289 633 161 12
Luteus 3, Br 5 127 038 0.82 49.6 ul 80 47 128 331 39.6 114 11
LSD luteus 11007 018 46 2 2 2 2 50 172 48 02

aSpacies, Cluster within species, Accession within cluster. Percentage of variance caplured by each classification level in nested ANOVA. **P < 0.001.
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Category Earlyvigour ~ Growthratebio  Growthrateht Plantht Flowerdays Repphase  Maturitydays  Biomass

aSpecies variance 5440 642 58: %7 9.4 56.1
ACluster within species 247 295" 2.4 248
@Accession vithin cluster 209" 123" 09 192
Species means n
L abus L. 17 065 0028 0041 56 61 103 164 279
L. angustifolius L. a1 032 0.019 0.035 50 n 81 152 225
L. luteus L. 2 038 0018 0038 50 82 72 153 27
LSD Species mean 003 0.003 0.004 18 o7 1.4 13 25
Cluster means LalbusL.
Abus 2, LR 2 067 0026 0046 62 4 104 167 35
Abus 4, LR 3 050 0018 0040 56 66 103 169 27
Albus 5, LR 4 071 0.024 0.044 62 80 108 166 289
Abus 5, W 2 064 0025 0046 54 8 9t 160 22
Albus 6, LR 3 057 0.026 0.041 57 61 102 165 352
Abus 7, LR 3 077 0016 0028 3 51 107 158 175
LSD abus 014 0010 0012 65 21 38 33 99
L. angustifolius 1.
Angus 1, Br 3 038 0.022 0.041 58 n 81 152 25.0
Angus 2, W 8 024 0.017 0.042 54 ” 7 154 203
Angus 3, W 2 017 0016 0033 a2 76 75 152 176
Angus 4, Br 6 038 0.022 0.083 51 86 88 153 255
Angus 4, W 18 035 0020 0034 4 70 81 151 28
Angus 5, W 5 026 0014 0029 42 8 8 153 17.8
LSD angustiolius 009 0008 0010 63 24 59 50 87
L. luteus L.
Luteus 1, Br 10 041 0017 0036 51 75 76 151 218
Luteus 2, W 7 027 0.019 0.041 49 9% 62 156 224
Luteus 3, Br 1 036 0013 0038 a7 7 74 153 18.4
Luteus 3, W 10 043 0020 0038 49 EY 73 163 249
LSD luteus 012 0009 0011 59 27 47 42 105

8Species, Cluster within species, Accession within cluster. Percentage of variance caplured by each classification fevel in nested ANOVA. **P < 0.001.
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Species Flowering-rainfall (Figure 28)  Maturity-flowering (Figure 2C)  Flower-seed size (Figure 58) Pod fill-flower (Figure 5C)

Intercept Slope Intercept Slope Intercept Slope Intercept Slope
L. albus, dom (winter) 51.4% 0015 1138 0.41 404" -0.18" 1014 -0.60""
L. albus, dom (spring) ~ 51.4*** 0015 145 -0.15(=009) -1.6M8 0.46" 1323 —1.45
L. albus, wid = 015" 146, -0.17 5047 -055" 1247 —102
L. angustifolius, dom 1089" o027 15.4N8 ~0.04NS a7 -058"
L. angustifolius, wild 117 0.3+ 20 ~028™ 1043 —079"
L. luteus, dom 120.6" 0.08NS 16.4N8 ~0.04NS 96.8" 071
L. luteus, vild 964" 0.0 318 -025™ 81.1° ~050"
LSD (P < 0.05) 10.4 015 175 026 10 016

P-vakses present outcomes from T-tests of H intercept and slope-

S, 0.05, "< 0.05, **< 0.01,

0.001.
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Clust Description Germplasm n Rainfall (nm) ~ Raindays Frost Meantemp(°C) Tempchange ~Summertemp bstatus Origin

days (°Crday) co)
o7 08 15 Pre- Veg Rep Veg Rep Veg Veg Rep Rep Max  Range Br L W
seas
°L.albus L. 88 17 14 58 16
1 European spring-sown: long 1 310 102 226 24 42 7 120 189 0ot 247 114 1 UKR, 1

daylength, rapicly warming,
ool veg phase, med rainfall,
low terminal drought.
2 Mediterranean (berian) long 6 2 104 515 521 69 9% 4 145 158 005 208 94 6 PRT, 6
season: cool temp, high,
frequent rainfall, no terminal
drought.
3 Mediterranean long season: & 54 581 234 81 42 56 58 150 009 236 125 2 3 MA3ESPI1;PRT1
Tow temp (cold, frosty veg
phase), high, frequent
rainfall, warming rep phase;
low terminal drought.
4 Ethiopian highlands: warm, 6 3 773 668 61 33 9 2 162 163 001 270 163 6 ETH,6
wet veg phase, cool, low
rainfall rep phase; low
terminal drought.

5 Average Mediterranean 8 6 41 376 234 47 41 18 122 163 0.09 202 133 36 12 [A 15,ESP 11;PRT, 8
climates: intermediate GRC, 6; SYR, 6; MAR, 1;
terminal drought. DZA 1

6 Mediterranean spring-sown: 14 3 §52 91 13 19 4 2 164 236 0.10 300 140 14 TUR, 7; GRC, 7

low rainfall, warm rep phase
with rapid temp increase;
high terminal drought.

7 Souther Mediterranean: 8 3 5 47 3 8 10 3 166 182 012 346 148 8 EGY, 6;1SR, 1;GRC, 1
low rainfall, warm rep phase
with rapid temp increase;
high terminal drought.
L. angustifolius L. 136 42 21 6 0 115

1 European spring-sown:long 1 3 269 91 186 26 40 11 111 179 002 238 121 1 DEU, 1
daylength, rapidly warming,
ool veg phase, med rainfall,

low terminal drought.
2 Mediterranean long season: 18 8 8 64 558 324 76 62 50 83 156 009 264 138 18 ESP, 10; PRT, 4; FRA,3;
high, frequent rainfall, cool A, 1
veg phase; low terminal
drought.
3 Medterranean (berian) long 13 1 50 391 164 8 39 97 57 160 010 268 167 1OESP N

season (cool): intermediate,
frequent rainfall, cold frosty
veg phase; med terminal

drought
4 Average Mediterranean %2 23 9 46 345 226 44 38 16 122 159 010 312 156 15 77 ESP,20; AUS, 19; GRC,
climates: intermediate 17 MAR, 10; ISR, 5;
terminal drought. FRA, 4;ITA, 4; PRT, 3;
SYR, 3; TUR, 3; CYP, 2;
DZA, 1;ZAF 1
5 Nth Affica: low, infrequent 7 5 4 26 145 135 18 20 21 114 163 010 337 196 7 MAR,6DZA, 1
rainfall, high sun hours,
rainfall variabiity: high
terminal drought.
Undlassified 4 2 2 2 GRC,2;CHL2
L luteus L. 7120 13 B 0 36
1 European spring-sown: long 30 11 1 296 99 211 26 41 11 109 17.7 001 286 117 30 DEU, 6; BYS, 5; UKR, 5;
daylength, rapidly warming, HUN, 4; POL, 3; AUS, 2;
ool veg phase, med rainfal, RUS, 2; SUN, 1; VA, 1;
low terminal drought N, 1
2 Mediterranean (lberian)long 7 7 6 70 645 416 76 72 27 105 155 008 262 132 7 PRT,GESP1

‘season: high, frequent
rainfall, cool veg phase; low
terminal drought.

3 Average Mediterranean 2 11 6 47 368 224 45 40 4 135 162 008 301 152 5 20 PRT, 17;AUS, 9; MAR,
climates: intermediate ISR, 3; ESP, 1; ZAF, 1
terminal drought.

Undlassified 2 PRT, 2

COMMON GARDEN FIELD TRIAL CLIMATE
2007 field trial 200 262 69 46 21 0 141 171 0.1
2008 field trial 258 187 101 32 3 0 125 163 007

“Cluster: collection sites were clustered largely on the basis of seasonal cimate and described in Berger et l. (2008
bStatus: B, breeding material or released cultivar; Ly, lanciace; W, wild germplasm. Numbers refer to 2007 evaluation.

°L. albus L. collection site climates above wer re-analysed in light of the fact that landraces from the Bakans to Asia Minor are spring-(Milayim et al, 2002; Miailovic et al., 2008), rather than autumn-sown as assumedin Barger ot .
(2008,

Note that 2007 and 2008 fleld trialclimate is also included to put these evaluations into context alongside gemplasm collection site climate. Summer mexima and averege temperature range are included as background for the physical
dormancy work.
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Species/Category

L. angustifolius L.
High rainfall
Low rainfal

L. luteus L.

High rainfall
o rainiad’

Season rain
(mm)

718
1022
262
773
1064
480

Summer temperatures (°C)

Mean

220
20.7
240
226
19.7
255

Maximum

300
282
327
288
257
319

Diurnal range

165
155
180
134
127
141
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Treatments

Control
Put

Spd

spm

NaCl
NaCl4Put
NaCl+Spd
NaCl+Spm

RWC (%)

91408
90158
9 +18a
93+18a
70+06c
85409
844270
844160

Pro content
(umol g~' DW)
274125
248944250
25.15 + 3.54b
2556 +2.78b
52.03 +£2.76a
53.55 + 5.33a
5893 + 5.54a
ss6247.17a

chla(mgg™'
W)
1712+ 1.8%
1723 +2.11a
17.47 £ 1322
1718+ 178
660+031c
1018  1.84bc
1074 09200
1119 £ 1.320

chib(mgg~'
ow)
786412000
806+ 141
7.31 £ 0.51ab
7.43 +1.13ab
4.98 £0.41b
6.96 % 1.05ab
7.08 4+ 1.3%8b
6,68 +0.75a

Chi (a+b) (mg g="

ow)
2497 0778
25284332
24774 154
24.55 +1.21a
11.67 £ 0.52¢c
17.13£2.290
17.76 £ 0480
17.87 +0660

Plant height (cm)

954072
93+08a
96+06a
97+ .9
794060
8740920
8640720
8.7 +09ab

Root length (cm)

924082
92409
93+07a
93+09
744070
8.1+ 0820
82 0.7ab
834093

Dry weight (g
seedling™)
0,024 400032
0,025 40.0028b
0,025 +0.0032b
0,026 00032
0017 £0001b
0,022 40.003ab
0,021 40.0028b
0,023 £0.002ab

Putindicates 0.2 mM putrescine, Spd indicates 0.2 mM spermidine, and Spm indicates 0.2 mM spermine. Mean (<:SD) was calculated from three replicates for each treatment. Values with different etters are significantly
different at P < 0.05 applying Tukey's HSD test.
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Treatments SODactivity (U CAT ctivity (umol  APX activity (umol  MDHAR activity  DHAR activity (hmol ~ GR activity (nmol  GPX activity (nmol  GST activity (nmol
min~" mg™" protein) min-! mg~" protein) min~! mg~" protein) (nmol min~* mg~' min~" mg~" protein) min~' mg"" protein) min-' mg~" protein) min~! mg~" protein)

protein)
Control 72:£11b 84+ 7ab 0557 + 0.05abc ESFSREY 79+ 11ab 25424 0038 +001b 95+ 1b
Put 69+50 91+9 0569  0.07abc. 37 £01a 87+ 10a 26:+3d 0085 +001b 103+ 1b
Spd 73100 87+ 11a 0523 4 0.06bc 334 3.6ab 824 12a 26424 0086 +001b 100420
Spm 73£20 87+ 12a 0479 +0.06c 32 4 2.0abe 80  13ab 25+3d 0036 +001b 994 1b
NaCl 10872 40+ 6c 0703 +0.08ab 254260 a2x6c 33+ abcd 00430010 179+2a
NaCl4Put 121+ 17a 59+ 9bc 0723+0.1a 28 2.3bcd 58+ 1be 42+ abe 0078+001a 161+ 1a
NaCl+Spd 126+ 8a 75+ 11ab 0698 + 0.04ab 26+ 2.9cd 70+05ab 53+5a 0078 +002a 16842
NaCl+Spm 120+ 11a 67+ 10ab 0695+ 0.05ab 28 1.3bcd 64 +0.8abc 46 + 3ab 0077 £001a 159+ 02a

Activitis of SOD (U min~1 mg~" protein), CAT (umol min~" mg~" protein), APX (wmol min™" mg~" protein), MDHAR (nmol min~" mg~" protein), DHAR (nmol min~" mg~" protein), GR (nmol min~' mg~" protein),
GPX (nmol min~" mg™" protein), and GST (nmol min™" mg~" protein). Put indicates 0.2 m putrescine, Spd indicates 0.2 m spemmidine, and Spm indicates 0.2 mM spermine. Mean (:SD) was calculated from
three replicates for each treatment. Values with different letters are significantly diferent at P < 0.05 applying Tukey's HSD test.
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A (1CC 4958 x ICC 17163)
Ca_Desi_Chr04

Markers
SNP_S(CIT) 1

SNP_1A(A/G)
CDS-Syn(G/A) -

DRR(C/T)

SNP_2A(GIT) 4
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Principal components 1 2 3 4 5 6 7 8
Eigen values 5.87 449 2.70 228 185 146 124 115
Proportion of variance 021 0.16 0.10 0.08 0.07 0.05 0.04 0.04
Cumulative 021 037 0.47 055 061 0.67 071 075
(COMPONENT MATRIX

SCMR 0.094 ~0.239 0.156 0041 -0.288 0.020 —0.087
LAl 0477 -0.247 -0.062 o116 -0.163 -0.087 0.247
c8 0.135 ~0.265 0.083 0.388 -0.140 0.086 0.107
PHI -0021 -0.118 0373 ~0015 0316 0.153 ~0.053
PPl -0078 0048 0.126 0.085 0.289 ~0.467 0.456
HI -0014 0,000 0.192 -0.486 0.209 ~0.066 0.146
sw 0032 0288 -0002 0.309 -0.155 0014 0.263
ay 0.051 -0214 0385 0.281 0071 -0.089 0210
Shoot TNG —0.107 0.001 0282 0.405 0,051 0.114 —0.267
Seed TNG 0061 -0.023 0.193 -0.136 0363 0.394 0.118
PNA 0.090 -0.339 0.065 —0.139 0.100 0.101 —0.053
SNA 0.141 -0371 0.107 0.000 0.082 0.146 ~0.104
DM 0.159 -0210 0081 —0.268 0.001 —0.217 0.136
VRD flowering 0319 0,097 0.065 —0.128 -0.157 0,047 —0.068
RLO-5 0029 0223 0.039 0.047 -0.049 0.193 0.334
RL5-10 0.093 0.162 —0.114 —0039 ~0.093 0551 0.113
RL10-20 0.204 0.266 0.079 0.104 0219 0.001 0.070
RL20-40 0.204 0478 0.063 0,007 0253 —0.111 —0.162
RL40-60 0.333 0.103 0051 0,086 0201 -0.071 -0.242
RL60-75 0.324 0032 —0.155 0,088 0.162 ~0.066 —0.189
TRL 0310 0204 -0.004 0.077 0.168 -0.029 -0.055
FRPO-5 —0.128 0497 0.091 0,095 0.006 0.164 0.123
FRP5-10 ~0.200 0134 0.192 -0.130 -0.059 0.087 -0.173
FRP10-20 -0213 0.159 0.199 ~0.006 -0.063 -0.190 ~0.140
FRP20-40 0174 0.100 0.287 ~0021 -0.178 ~0.228 -0.351
FRP40-60 0.152 0089 0.361 ~0.020 -0.164 -0.004 0.122
FRPGO-75 0.304 0077 0.148 -0.179 ~0.254 -0.021 0.041
TFRP 0.255 0.147 0332 -0.178 -0.304 -0.087 0.033

SCMR, SPAD chlorophyll meter readings; LA, Leaf area index (m? m~2); CB, Canopy biomass (kg ha~"); PHI, Pod harvest index (%); PP, Pod parttioning index (3%); Hi, Harvest index
(%) SW, 100 seed weight (g); GY, Grain yield (kg ha™"); Shoot TNC, Shoot TNC (mg g™'); Seed TG, Seed TNC (g g~"); PNA, Pod number per m; SNA, Seed number per m;
DM, Days to matury; VRD Flowering, Visual rooting depth at flowering (cm plant~"); RLO-5, Root length at soi depth 0-5 cm (m plant™"); RL5~10, Root length at soil depth 5-10
cm (m plant-"); RL10-20, Root length at soil depth 10-20 cm (m plant-"); RL20-40, Root length at soil depth 20~40 cm (m plent~"); RL40-60, Root length at soll depth 40-60 c
(m plant™"); RL0-75, Root fength at soil depth 60-75 cm (m plant~"); TR, Totel root length (m plant™"); FRPO=5, Fine root proportion at soil depth 0-5 cm (%); FRP5-10, Fine root
proporton at soil depth 510 cm (3): FAP10-20, Fine root proportion at soil depth 10-20 cm (%); FRP20~40, Fine root proportion at soil depth 2040 cm (3); FRP40-60, Fine root
proportion at soil depth 40-60 cm (%); FRPBO-75, Fine root proportion at soil depth 60-75 cm (%); TFRP. Total fine root proportion (%).
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Principal components 1 2 3 4 5 6 7 8
Eigen values 6.22 3583 274 2.49 199 128 115 102
Proportion of variance 022 0.14 0.10 0.09 007 0.05 004 0.04
Cumulative 0.22 036 0.46 055 0.62 066 0.70 074
(COMPONENT MATRIX

SCMR 0012 —0.081 0.052 ~0058 —0.461 —0.361 0.453
LAl 0.157 -0.161 -0.024 0252 0.354 -0.131 0012
c8 0.131 ~0274 0.107 0021 0076 ~0.240 0254
PHI -0.015 -0.157 0482 0004 -0.083 0.020 ~0.100
PPl 0.044 0.065 0.040 -0070 0.059 0.362 0.444
HI ~0.059 0014 0295 0004 -0313 0.238 -0.413
sw 0.029 0.159 -0.102 -0.109 -0.193 —0.063 -0.301
ay 0.114 -0.147 0345 0016 ~0.197 ~0.265 -0.127
Shoot TNG ~0.088 -0.038 0.180 -0075 —0.089 —0.005 0.123
Seed TNG 0016 -0.098 0270 -0215 0015 0.474 -0.038
PNA 0,045 0331 0.107 0071 0.059 0208 0.192
SNA 0.055 -0379 0288 0.057 ~0.004 ~0.005 0117
DM 0.027 —0.167 -0.142 0.184 0238 0075 0.022
VRD Flowering 0.334 0.026 0.008 —0.251 —0094 0027 -0.016
RLO-5 -0.107 0.264 -0.021 0.062 -0.253 0.170 0.268
RL5-10 0.169 0272 0.091 0221 —0.058 0.152 0218
RL10-20 0251 0.196 0.067 0302 0.038 0.158 0.024
RL20-40 0.208 0.149 0072 0236 0.035 —0018 -0.013
RL40-60 0.330 0.042 0.028 0.130 -0.051 -0.034 -0.129
RL60-75 0312 0018 0.008 0.104 —0.053 188 ~0.074
TRL 0310 0228 0.050 0264 —0.089 0,068 0052
FRPO-5 -0.201 0273 0.127 0.020 -0084 —0.008 0.168
FRP5-10 -0.197 0253 0273 0.038 0.148 -0.210 0.050
FRP10-20 ~0.195 0217 0311 0.084 0285 -0.133 ~0.009
FRP20-40 -0.170 0.193 0261 0.003 0.335 ~0.081 0.003
FRP40-60 0.191 0.108 0.115 -0415 0.004 0.080 -0.006
FRPG0-75 0.290 0.059 0.025 -0312 0.204 -0073 0.032
TFRP 0234 0.173 0.156 ~0.406 0215 —0.064 0.038

SCMR, SPAD chiorophyll meter readings; LAI, Leaf area index (m? m~2); CB, Canopy biomass (kg ha~"); PHI, Pod harvest index (%); PP, Pod parttioning index (3%); H, Harvest index
(%); S100W, 100 seed weight (g); GY, Grain yield (kg ha™"); Shoot TNC, Shoot TNC (mg g~"); Seed TNC, Seed TNC (mg g="); PNA, Pod number per m?; SNA, Seed number per
mP; DM, Days to maturity; VRD Flowering, Visual rooting depth at flowering (cm plant~"); RLO-5, Root length at soil depth 0~5 cm (m plant~"); AL5~10, Root length at soildepth 5-10
cm (m plant™1); RL10-20, Root length at soil depth 10-20 cm (m plant~1); RL20-40, Root length at soll depth 20~40 c (m plent~"); AL40-60, Root length at soil depth 40-60 cm
(m plant~1); RL60-75, Root length at soil depth 60~75 cm (m plant~"); TRL, Total root kength (m plant™"); FRPO-5, Fine root proportion at soil dépth 0-5 cm (%); FRP5~10, Fine root
proporton at soil depth 5-10 cm (%): FAP10-20, Fine root proportion at soil depth 10-20 cm (%); FRP20~40, Fine root proporton at soil depth 20~40 cm (3%); FRP40-60, Fine root
proportion at soil depth 40-80 cm (%); FRPB0-75, Fine root proportion at soil depth 60-75 cm (%): TFRP Total fine root proportion (%).
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Plant traits

SPAD chiorophyll meter readings (SCMR)
Leaf area index (LAI; m?2 m~2)
Canopy biomass (CB; kg ha~")
Pod harvest index (PHI; %)
Pod partitioning index (PP; %)
Harvest index (HI; %)

100 seed weight (SW; g)

Grain yield (GY; kg ha~")
Shoot TNC (mg g~ ')

Seed TNC (mgg~')

Pod number per area (PNA)
Seed number per area (SNA)
Days to maturity (OM)

Visual rooting depth (VRD) at flowering (cm plant=')

Root length at soil depth 0-5 cm (RLO-6; m plant~")
Root length at soil depth 5-10 cm (RL5-10; m plant=1)
Root length at soil depth 10-20 om (RL10-20; m plant™")
Root length at soil depth 20-40 om (RL20-40; m plant™")
Root length at soil depth 40-60 om (RL40-60; m plant™")
Root length at soil depth 60-75 om (RL60-75; m plant™")

Total root length (TRL; m plant~')

Fine root proportion at sl depth 0-5 cm (FRPO-5; %)
Fine root proportion at sl depth 5-10 cm (FRP5-10; %)

Fine root proportion at soil depth 10-20 cm (FRP10-20; %)
Fine root proportion at sl depth 20-40 cm (FRP20-40; %)
Fine root proportion at soil depth 40-60 cm (FRP40-60; %)
Fine root proportion at soil depth 60-75 cm (FRPGO-75; %)

Total fine oot proportion (TFRP; %)

Significant at the 0.05, 0.01, and 0.001 probability levels, respectively.

Canopy biomass (kg ha=')

Imigated

Drought

Grain yield (kg ha=")

Inrigated

035"
028"
052
044"
015
005

-004
1.00
032
008
029"
040t
009

-002

-0.41

-022¢

-008

-0.01

-002
0.01

—007

-0.18

-0.14

-0.06

-0.04
022
008
008

Drought

0.06
030"
0,60
0.49
0.09
013
022"
1.00
0.20°
020"
003
034
-031"
018
-0.22
005
017
021"
012
011
o1
027"
011
-008
—007
0.08
011
0.07
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Trait

Visual rooting depth at flowering (cm plant=)
Root length at soil depth 60-75 cm (m plant~)
Total root length (m plant~1)

Total fine root proportion (%)

Imigated
Parents
MD23-24  SEAS  Max
75 75 75
21 26 20
3 a7 8
87 84 89

RiLs

Min  Mean
a7 65
00 3.1
23 a6
68 81

Drought
Parents

MD23-24  SEA5  Max

73 73 75
27 52 60
43 43 58
88 86 20

RiLs
Min
a4

00
21

Mean

65
22
40
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Genotype Grain yield (kg ha=) Canopy biomass  Pod harvestindex (%) Pod partitioning  Seed number per Visual rooting depth Root length at soil  Total root length
(kg ha™) index (%) area (m?) at flowering depth 60-75 om (m plant™1)
(em plant=T) (m plant=1)

Imigated  Drought Iigated Drought Imigated  Drought Irrigated Drought lImigated Drought Iigated Drought lmigated Drought lrrigated Drought

DROUGHT RESISTANT LINES WITH DEEP ROOTING ABILITY (WATER SPENDER TYPE)

MR 81 1,954 1,546 4433 2,771 83 81 54 a7 1,277 1,115 69 63 23 27 52 a1
MR 25 2,117 1523 4665 3121 79 76 7 53 1,187 1,058 75 75 59 48 56 54
MR 95 1,943 1471 4865 2,850 79 79 a5 53 1,384 1,029 69 70 a1 32 50 a2
MR 93 2,088 1,462 4213 3172 79 78 57 57 1,217 1,099 72 7% 48 55 52 50
MR 67 2,001 1363 4464 2,788 79 77 59 69 1,286 838 68 7 67 57 39 58
SEAS 1,763 1,284 4787 3124 77 7% 66 54 1,042 782 7% 73 26 52 a7 43
DROUGHT RESISTANT LINES WITHOUT DEEP ROOTING ABILITY (WATER SAVER TYPE)

MR 112 1,996 1,639 4302 2982 7 7 78 59 1271 996 58 58 03 04 35 21
MR 24 1,881 1,453 4864 8,034 80 7 67 55 1124 973 56 55 21 04 ar 38
MR 77 2018 1412 4509 3259 80 78 67 73 1,266 1,086 69 66 20 o7 34 35
MR 120 2,123 1,405 5086 3,186 8 80 61 57 1,008 741 60 57 04 00 a7 30
MR 75 1,977 1,403 4395 2,604 80 7 66 62 1,143 793 64 63 06 12 a4 39
MR 110 1,980 1,391 4653 3,115 81 79 57 73 1,123 1,017 71 62 28 06 54 32
DROUGHT SUSCEPTIBLE TYPE GENOTYPES

MR 69 1,945 987 4021 2,427 81 78 55 58 1,207 1,039 56 54 08 03 33 27
MR 54 1,604 947 370 2,707 79 74 70 7 1133 822 55 55 1.7 o7 34 27
DOR 320 2075 900 4593 2443 81 7% 70 62 1432 970 68 54 26 [ 33 24
MR 116 1,755 846 3500 2,494 80 7 63 53 1332 763 66 70 07 05 49 33
MR 109 1368 833 3478 2,963 79 74 a6 58 1017 73 74 60 29 28 44 38
EAP9,510-77 1,957 708 4568 2477 80 66 51 51 1259 663 48 65 0.1 23 27 38
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POW
PDTN
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SDTN
SDTWT
SD100WT
spL

sow
soT

FLD
FLDS0
PDDM25
PDDMS0
PDDM75
PDDM100
LFMA
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LFMW
POC

Ass001
Mean
50.60
057
144
560
12.05
7.70
065
2530
484
12320
1711
13.95
0.70
053
0.56
57.20
67.40
91.70
97.20
105.20
114.10
4147
10.02
6.87
Straw
Red
Erect
Green
Ass001
Mean SEM
42.20 2.18
055 0.03
2.80 0.44
4.00 0.49
15.80 053
8.14 0.06
0.62 001
13.90 193
5.19 0.13
72.90 751
12.70 1.07
17.51 085
0.76 001
0.63 001
058 001
54.80 0.49
62.20 0.49
76.00 054
90.00 0.56
100.00 0.65
106.00 0.79
42.72 114
1035 047
7.06 013
Straw
Red
Erect
Green
Ass001
Mean SEM
4375 142
063 004
200 032
3.80 073
15.80 128
1043 020
0.80 001
1720 198
7.42 037
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18.82 2556
2091 051
083 001
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065 001
50.00 152
59.00 136
105.00 089
115.00 105
Straw
Red
Erect
Green

SEM

1.81
0.02
024
058
0.48
047
001
356
021
18.67
254
0.30
001
001
0.00
153
1.42
0.60
094
1.04
0.89
154
0.22
0.14

F2 population

CWA108
Mean SEM
67.80 598
055 001
1.40 025
10.90 0.38
16.70 155
357 0.19
029 001
2056 189
267 044
5422 884
090 0.18
1.69 0.12
036 001
027 001
035 000
8130 030
87.70 026
11280 068
120.80 101
122.50 0.98
13820 215
572 050
428 0.18
276 014
Black
Black
Twining
Purple
F3 population
CWA108
Mean SEM Mean
64.20 851 7396
056 002 038
200 045 215
11.40 051 530
27.40 1.44 17.83
446 038 580
024 0.01 0.46
19.60 238 1999
500 063 506
95.00 12.08 11120
133 0.17 725
136 004 578
041 001 064
028 001 005
0.26 0.01 039
9200 o7t 66.49
99.00 095 77.75
128.00 084 8260
9180
185.20 124 9986
14000 249 105.78
620 080 271
448 080 7.64
293 022 523
Black
Black
Twining
Purple
F4 population
CWA108
Mean SEM Mean
5020 7.14 36.40
045 001 0.42
200 032 2.6
520 058 3.20
20,00 130 16.39
392 035 686
024 001 050
16.00 219 21.10
480 040 675
88.00 6.00 104.92
163 022 814
225 017 6.89
040 001 052
030 001 039
036 000 0.41
95.00 082 5498
104.00 085 6599
130.00 095 108.12
149.00 1.14 113.48
613 056 24.95
413 015 785
267 015 534
Black
Black
Twining
Purple

Mean

88.70
035
1.99
633
18.43
550
048
2638
418
118.18
834
677
052
0.44
0.41
77.96
89.10
103.32
11133
117.85
126.13
23.45
761
526

SEM

3.89
005
014
028
053
009
0.00
192
014
1186
099
0.18
005
002
0.00
094
085
097
078
1.00
095
073
0.15
0.10

SEM

1.40
001
014
022
055
0.16
001
177
0.19
10.15
1.00
023
001
0.00
001
091
112
0.65

064
073
014
0.09

cv

54.41
27.47
67.57
54.45
3087
15.16
9.39
9935
2821
110.30
140.50
3295
74.56
453.79
1226
1455
1135
979
831
842
9.32
31.96
19.69
20,02

ov

40.05
2804
60.41
70.48
34.71
2356
2565
86.67
29.38
99.57
126.76
34.65
12.88
12.07
15.67
17.74
17.84
6.63

596
31.63
1822
1852

Trait abbreviations are shown in Table 1. Populations of trait value was listed. SEM, standard errors of mean vaues. CV, coefficient of variation.
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3.20
001
011
0.19
059
0.08
0.00
208
0.10
10.19
075
0.14
0.00
0.00
0.00
131
1.28
124
125
1.19
1.16
0.67
0.13
0.09

ov

42,66
39.35
64.59
34.71
3801
17.94
1131
93.38
28.58
102.04
106.13
24.00
1027
8.14
7.81
19.93
16.99
13.94
12.92
11.14
1039
33.49
19.39
19.56

Heritability F3 on F

Herital

24.98
3483
0.00
36.02
3204
1677
164
6.80
6.95
1272
779
45.70
5081
35.44
32.48
34.46
21.96
1832
13.62
13.39
9.75
89.20
97.08
98.39

3.68
3168

0.00
31.76
2951
91.78

001
3500
48.58
33.00
5717
7359
5232
5383
55.15
a3.72
47.67
3153

0.47
94.03
9331
91.38
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Linkage Total SNP  Total distance Anchored scaffold Mbp/cM

groupID  number (oM length (bp)

Chr1 64 12824 42,245,285 033
Chr2 135 108.42 35,639,406 033
Chr3 172 108.30 41,220,908 0.38
Chr4 108 104.42 34,681,404 033
Chrs 194 101.70 30,704,717 0.30
Chré 135 98.59 19,363,203 0.20
Chr7 164 95.13 39,418,547 0.41
Chr8 97 85.72 30,803,815 0.36
Chr9 1 84.48 31,756,850 0.38
Chr 10 256 70.45 40,442,837 057
Chr 11 136 45.72 26,600,026 0.58

Total 1571 1031.17 372,876,998 -
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Traits. STH sD sP sG sv DE FR MR GR

STH -
sD -

sP -

sG -042"" =

sv -0.268" -0238"

DE -033" .29 075 -

FR —0.187 —021" 068™ 064" -

MR -063"" -057™" 049" 076" -023" -
GR 0517 048" —062"" 056" 030" —062"

STH, Seed thickness; SD, Seed diameter; SP, Seed plumpness; SG, Seed germination; SV, Seed vigor; DE, Dehuling eficiency; FR, Football recovery; MRV, Miling recovery; GA,
and ™ indicate significance at P < 0.05, P < 0.01, and P < 0.001, respectively; ns, non-significant.
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Trait? QT chr  QTL Flanking marker® SNP  Genetic distance between ~ Left flanking marker  Rightflanking ~ Genomic position? LOD Expl%

peak (cM) (P1/P2)° loci and trait cM (cM) marker (cM)

BRN VaBmd.1(FpF3) 4 18455  $690-144110,8856-165880  (I/G) 00593 17.862 18.455 2728770-2073072 591 20.4
VaBmd.2(Fs) 4 17.862 $165-116310 @A 0974 16.888 16.888 2466844 455 208
STILSTIOl VaSTI-1009.1(Fz) O 57735 $249-3204596 ©mn 0 57.735 67735 28712717 a9 173
SDNPPD VeSmps.1(Fp) 3 16847 $604-5207,5624-5245 o) 00120 16.835 16.847 5754076-5754114 489 173
VeSpd.1(F2) 4 1937 $80-1776704 @A o 19.37 19.37 5303066 398 118
SD1OOWT  VaSd100wt11.1(Fp) 11 67237  s268-1701932,5268-1618120  (C/T) 00420 57.195 67.237 31820598-31904338 6.00 20.7
VaSA100w1.1 (FpFg) 1 92683  s244-13308455244-641945  (A/G) 2.143,13.457 9054 106.14 32204913-32022813 434 122
VaSd100wt1.2(Fy) 1 8854 $168-1117751 @A 19.429 88.54 88.5¢ 30184755 416 192
VaSd100m1.3(F2) 1 90683  s244-641945,5384-495870  (G/A) 05457 90.683 96.14 32922813-36773639 4.06 115
PDDM25 Vafid4.1 (Fz) 4 17862 690144110 »/0) 0 17.862 17.862 2728770 2000 554
PDDMS0 VaFid4. 1 (Fa) 4 17862 $690-144110 (%) 0 17.862 17.862 2728770 265 649
PODM?5  VaGo4.1(Fafg) 4  20.113  s80-1776704,880-193989%  (C/T) 07431 19.37 21113 6556258 1446 47
FLD VaFIdd.1 (Fp/FaFp) 4 17862 $165-116310,620-144110  (A/C) 09740 16.888 17.862 2486844-2728770 3229 713
VaFidd.2 FoFp) 4 17862 $690-144110,5856-165880  (A/C) 00593 17.862 18.455 2728770-2973072 3229 269
VeFld4.3F4Fs) 4 16888 s58-238422,5165-116310  (G/A) 5.4490 12.407 16.888 238420-2466844  6.19 303

VaFid7. 1 (F2) 7 45625 $57-1742194 @m o 45.625 45.462 8738088 400 41

FLDSO VaFIdd.1(Fp.F) 4 17.862  $165-116310,5690-144110  (A/C) o 16.888 17.862 2466844-2728770 33.96 73.1
VbFidd.1(FgFa) 4 22272 sB0-940518,580-1199058  (C/A) 06330 21,639 22272 4556880-4815420 469 242

VaRd10.1(F) 10 62007  s20-880363, 53561554658  (A/C) 0 62.007 62.007 35806580-37408870 4.05 3.9

VaFd102(F) 10 62738 5356-1654658 Q) 0 62.735 62735 37408870 400 39
LFMW. Valimw2.1(Fs) 2 50877 $536-414880 ©re) 0 50.877 50.877 22751890 41 212
soT VaSdtd.1(F) 4 9641  s58-1480334,558-346785  (G/T) 96410 o 9641 345785,1489834 284 9.1

The Permutation Test is used to calculate the significant threshold for subsequent Interval mapping and MQWM mapping; “Expi3)" denotes the percentage of the variance (Van Cojen, 2009); "QTL Peak” presents a loci with the largest
LOD value. This lociidentifies the most likey location that is located within a gene or near a gene affected by a relativ tait

QLT names: BRN, number of branches on the main stem; ST1LST10, stem Interode length (st to tenth); SONPPD, seed number per Pod; SDT00WT, 100-seed weight of pod; PDDM25, days to maturity of 25% pod; PDDMSO,
days to maturity of 50% pod; PDDMS, days to maturity of 75% pod; FLD, days to fist flowering; FLDSO, days of 50% flowering.

bThe left flanking marker, the right flanking marker: i there is only one marker at a site, only one marker met our crierion (LOD > threshold value of the Permutation Test).

P1 is the abbreviation of parent 1 which is one of the parents of the QLT group, P2 represents another parent.

dGenormic position: genomic position of the left flanking marker, genomic position of the right flanking marker.
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Treatment

Untreated control

Glyphosate

Pyraflufen-ethyl

Pyrafiufen-ethyl

Glufosinate

Giufosinate

Flumioxazin

Flumioxazin

Saflufenaci

Saflufenacil

Diquat

Diquat

Pyraflufen-ethyl + giyphosate
Pyraflufen-ethyl + glyphosate
Glufosinate + glyphosate
Glufosinate + glyphosate
Flumioxazin + glyphosate
Flumioxazin + glyphosate
Saflufenacil + glyphosate
Saflufenaci + giyphosate

Diquat + glyphosate

Diquat + glyphosate

LsD

CONTRASTS

Untreated control vs. TMT and glyphosate
Glyphosate vs. TMT + glyphosate
TMT vs. TMT + glyphosate

TMT (ow rate) vs. TMT (high rate)

Rate (g ai/ae ha~")

10
300

105
210
36
50
208
415
10 +900
20 +900
300 + 900
600 + 900
105 + 900
2104900
36 +900
50 + 900
208 + 900
415 4900

2012

48124
46.8°7¢

053
0.62
0.30

-0.22

Saskatoon

Football recovery (%)

2013

10.4¢-¢
9.7¢-¢
10.9°-¢
11.50-d
10.9°-¢
10.3°-°
10.46-¢
15.42
9.2%
960
13.4%
11.6%
93°-e
10.8°-¢
92.0°
10.46-¢
94070
10.30-¢
13.4%
9.7¢-¢
9500
11.7%¢
236

—008
0.16
—0.74
0.09

Scott

2012

13.7
122
124
14.6
12.7
140
122
128
1.6
12.7
123
150
18
120
124
125
123
150
13.6
1.2
120
14.4
ns

098
1.04
006
026

2013

20,18
17.92°
20.6%
1690~
21.4%
164~
18.42-¢
18.03-
18.0%-¢
16.80-
16.6°~"
1629~
187
17.98-¢
1341
18924
17.40-¢
19629
19.12-d
145
16,65~
17.60-0
379

211
2.06
072
121

Contrast statements indicate mean differences between desiccant treatments i lentil. Means followed by the same letter within a column are not significantly different (p <0.05). TMT

represents herbicides used as tank-

s denotes non-significant at P < 0.05. LSD denotes Fisher's least significant differences value at 0.05 level of probability.
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Treatment

Untreated control

Giyphosate

Pyraflufen-ethyl

Pyraflufen-ethyl

Glufosinate

Glufosinate

Flumioxazin

Flumioxazin

Safufenacil

Saflufenacil

Diquat

Diquat

Pyrafiufen-ethyl + glyphosate
Pyraflufen-ethyl + glyphosate
Glufosinate + ghyphosate
Glufosinate + glyphosate
Flurmioxazin + glyphosate
Flumioxazin + glyphosate
Saflufenacil + glyphosate
Safufenacil + glyphosate

Diquat + glyphosate

Diquat + glyphosate

LSD

CONTRASTS

Untreated control vs. TMT and glyphosate
Glyphosate vs. TMT + glyphosate
TMT vs. TMT + glyphosate

TMT (ow rate) vs. TMT (high rate)

Rate

(g ai/ae ha~1)

900

10

20

300

600

105

210

36

50

208

415
10+ 900
20 + 900
300 + 900
600 + 900
105+ 900
210+ 900
36+ 900
50+ 900
208 + 900
415 4 900

2012

81.00-¢
80222
80.74-°
79.7"
78.2¢
80.6°-¢
81.38-¢
8052
7973-¢
79.50~1
80929
82.2%
788°"
772"
7859
79.30-1
80.8%-°
81.00-d
796>~
80.49-2
818
789"
258

1.43
155

—1.19"
135

Saskatoon

2013

836
829
838
842
833
83.7
840
837
832
836
845
836
829
83.4
825
835
839
83.4
83.7
833
832
83.7

ns

041
0.49
-0.42
0.15

g Recovery (%)

2012

79.3%
79.4%
78.9%
79.1%
79.0%
79.6%
79.5%
79.0%
76.2
78.4%
80.18
80.8%
7873
79.18>
79.5%
79.4%
78.4%
79.4%
78.78>
79.0%
798°
798°
1.76

0.09
001
034
032

Scott

2013

849
843
839
83.2
836
845
840
823
828
843
835
83.2
838
85.3
848
842
860
840
829
838
838
83.7

ns

057
073
049
-043

Contrast statements indicate differences in mean betwoen desiccant treatments. Means folowed by the same letter within a column are not significantly diferent (o < 0.05). TM"
represents herbicides used as tank-mis; ns denotes non-significant at P < 0.0 * and ™ represents significant differences at P < 0.05; P < 0.01, respectively, LSD denotes Fisher's

least significant differences value at 0.05 level of probabilty.
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Treatment

Untreated control
Glyphosate

Pyraflufen-ethyl

Pyraflufen-ethyl

Glufosinate

Glufosinate

Flumioxazin

Flumioxazin

Safufenacil

Saflufenacil

Diquat

Diquat

Pyraflufen-ethyl + glyphosate
Pyraflufen-ethyl + glyphosate
Glufosiate + giyphosate
Glufosiate + glyphosate
Flumioxazin + glyphosate
Flumioxazin + glyphosate
Saflufenacil + glyphosate
Saflufenacil + glyphosate

Diquat + glyphosate

Diquat + glyphosate

LsD

CONTRASTS

Untreated control vs. TMT and glyphosate
Glyphosate vs. TMT + glyphosate
TMT vs. TMT + glyphosate

TMT (low rate) vs. TMT (high rate)

Rate

(g ai/ae ha=1)

10
20
300

105

210

36

50

208

415
10 +900
20 +900
300 +900
600 + 900
105 + 900
2104900
36 +900
50 + 900
208 + 900
415 4900

2012

90.0%4
66.3"
%3-°
92.0%
86.0%1
75.89
9.3
92.8°-°
87.0%
87.5%
o1.52-¢
9280
6530
71.39-1
73.59"
73.89-1
64.00
66.8"
7451
7889
86.89-"
86.50-
670

12,26

1087

—2.88""
510

Saskatoon

Seed germination (%)

2013

953
875
948
943
920
08
968
95
955
953
955
94.0
93.0
%8
958
945
913
948
925
928
960
958

2.14
1.95
133
-0.40

2012

89509
693!
91.3:-¢
9032-¢
7939
78,51
91.32-¢
985
88,0
88.83-¢
94.0°
93.00-d
71.00-
77841
785071
80,00
69.3'
73591
728
76.3%
838279
8250
7.85

1090+
997

~195
4.05°

Scott

2013

9.7
91.0
895
922
888
89.7
925
87.5
91.7
87.2
900
905
905
90.2
895
885
9.7
9.7
915
89.2
84.7
895
ns

0.45
050
0.48
145

Contrast statements indicate differences in mean between desiccant treatments. Means followed by the same letter within a column are not significantly different (o < 0.05). TM”
represents herbicides used as tenk-mix; ns denotes non-significant at P < 0.05. ", **, and ** represent significant differences at P < 0.05, P < 0.01, and P < 0.001, respectively. LSD
denotes Fisher’s least significant differences value at 0.05 level of probabilily.
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Year Location  Sources of variation

2012 Saskatoon Desiccants

Scott Desiccants
2013 Saskatoon Desiccants
Scott Desiccants

Df

21
2
21
21

Seed germination

28.02°
29.2"
1.220
13108

Seed Vigor

407
768"
078"
1.107

Dehulling efficiency (%)

1.97

214"
1.287
0.92

Milling recovery (%)

182
1.84°
1,097
1.45™

Football recovery (%)

173
082"
347
191

and "represent significant differences at P < 0.05, P < 0.01, and P < 0.001, respectively. represents non-significant. Df denotes degree of freedom.
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Treatment Rate (g aifae ha-1) Dehulling efficiency (%)

Saskatoon Seott
2012 2013 2012 2013
Untreated control - 92934 7.5 94.13-¢ 96.7
Glyphosate 900 9.3 %3 %u90-c %5
Pyraflufen-ethyl 10 93,009 7.7 93.70¢ 96.1
Pyrafiufen-ethyl 20 91,8 %82 93.6% %23
Glufosinate 300 Q.97 97.6 93.7% 95.1
Glufosinate 600 Errad 976 94.8% 9.4
Flumioxazin 105 933 979 9380-¢ %2
Flumioxazin 210 9.29-e 97.7 94.18-¢ 96.4
Saflufenacil 6 92.1e-e 976 9t.1d w7
Saflufenacil 50 90.49-1 98.1 92.6%4 965
Diquat 208 93.0°-¢ 97.9 95.0% 9.6
Diquat 415 94.42 97.8 95.42 95.6
Pyraflufen-ethyl + glyphosate 10 +900 9075 o7.1 94,280 %56
Pyraflufen-ethyl + glyphosate 20+ 900 885! 97.1 94.4% 96.6
Glufosinate + glyphosate 300 + 900 90.3¢f 975 94.6% 96.4
Glufosinate + glyphosate 600 + 900 91.20-¢ 980 94.4% 96.1
Flumioxazin + glyphosate 105 + 900 928%-° 979 93.4be 966
Flumioxazin + glyphosate 210+ 900 9.90-d 979 93.9a-¢ 9.1
Safufenacil + glyphosate 36+ 900 916 975 9378-c %2
Saflufenacil + glyphosate 504900 o8a-e 98.1 94.18-¢ 962
Diquat + glyphosate 208 + 900 93.7% 975 95.0% 96.2
Diquat + glyphosate 415 + 900 92.48-¢ 98.2 94.5% 96.0
LsD 262 ns 1.70 ns
CONTRASTS
Untreated control vs. TMT and glyphosate 136 -0.07 006 ort
Glyphosate vs. TMT + glyphosate 1.48 —-0.03 -0.01 077
TMT vs. TMT -+ glyphosate —1.08" —0437 048 0.02
TMT (low rate) vs. TMT (high rate) 1.49 -0.21 ~036 024

Contrast statements indicate differences in mean between desiccant treatments in lenti. Means followed by the same letter within & column are not significantly diferent (o < 0.05). TM
represents herbicides used as tank-mix; ns denotes non-significant at P < 0.05. *Represents significant diferences at P < 0.05, LSD denotes Fisher's least significant differences value
at 0.05 level of probability.
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Treatment

Untreated control

Gyphosate

Pyraflufen-ethyl

Pyraflufen-ethyl

Glufosinate

Glufosinate

Flumioxazin

Flumioxazin

Safufenacil

Saflufenacil

Diquat

Diquat

Pyraflufen-ethyl + glyphosate
Pyraflufen-ethyl + glyphosate
Glufosinate + glyphosate
Glufosinate + glyphosate
Flurioxazin + glyphosate
Flumioxazin + glyphosate
Saflufenacil + glyphosate
Saflufenacil + glyphosate

Diquat + glyphosate

Diquat + glyphosate

LsD

CONTRASTS

Untreated control vs. TMT and glyphosate
Glyphosate vs. TMT + glyphosate
TMT vs. TMT + glyphosate

TMT (low rate) vs. TMT (high rate)

Rate

(g ai/ae ha=1)

900

10

20

300

600

105

210

36

50

208

415
10+ 900
20 + 900
300 + 900
600 + 900
105+ 900
210+ 900
36+ 900
50+ 900
208 + 900
415 4 900

Saskatoon
2012

78.00°
66,091
75304
75384
785%®
7000~
8637
76,024
703>-¢
61.8e~h
77870
78.3%°
61890
67.09°9
662429
66.39-"
555"
57.30
65.0d-n
58
72.8>-¢
71.80-¢
137

830"
688"
220
1.40

Seed vigor (%)
Scott.
2013 2012
895 87.7%-¢
875 e8.7
86.7 82.0-¢
895 86.22-¢
805 80°~!
842 72.7%1
%07 87.0°¢
915 89.5%
90.0 73,01
87.2 7650
896 910
880 89.02>
8.8 7477
865 69.0M
885 7179
887 76.281
865 695"
835 685
85 7080
86.0 72.7%1
835 82.5b-¢
875 78.79-9
ns 781
1.98 11.63"
188 1097+
0.13 -122
090 620"

2013

83.0
822
85.0
820
820
818
82.7
80.7
780
84.7
84.7
85.0
8.3
78.7
813
825
845
80.5
76.5
820
825
81.7

ns

0.45
0.65
067
225

Contrast statements indicate differences in means botween lentildesiccant treatments. Means followed by the same letter within a column are not significanty different (o < 0.05). TM”

represents herbicides used as tank-mix; ns denotes non-significant at P<0.05. ",

denotes Fisher’s least significant differences value at 0.05 level of probability.

", and ** represent significant diferences at P < 0.05, P < 0.01, and P < 0.001, respectively. LSD
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Month 2012 2013

Mean monthly Total Mean monthly Total
temperature (°C) precipitation temperature (°C) precipitation
(mm) (mm)
SASKATOON, SASKATCHEWAN
May 164 108.0 130 152
June 215 1211 16.2 1159
July 197 809 17.4 352
Aug. 17.3 485 189 147
Sep. 140 08 15.2 149
SCOTT, SASKATCHEWAN
May 164 506 199 389
June 212 164.6 200 1135
July 243 56.4 22.7 26.1
Aug. 236 514 245 633
Sep. 202 244 224 00

Source: hitp://climate.weatheroffice.gc.ca.
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Efficient
genotypes

E14
E64
E141
295
E311

Root P accumulation: shoot P

High P

298
305
223
266
218

accumulation r:

LowP

354
39.0
308
29.9
329

High P

256
268
27.4
281
275

[2)

LowP

296
34.4
300
332
325

Inefficient

genotypes

E108
E150
E277-1
E283

Data are mean of three replicates. Ten genotypes were separated into two groups (P-
efficient group included E14, E64, E141, E295, E311, P-ineffcient group included D55,
E108, E150, E277-1, E283). The ratio of root P accumulation: shoot P accumation was
counted by root P accumulation divided by shoot P accumulation.
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Desiccant /Herbicide
Untreated check
Giyphosate

Pyraflufen

Pyraflufen +Glyphosate
Glufosinate

Glufosinate + Glyphosate
Flumioxazin
Flumioxazin+Giyphosate
Saflufenacil

Saflufenacil + Glyphosate
Diquat

Diquat+Glyphosate

Rate (g a.i/a.e. ha=1)

900

10

20
104900
20 + 900

300

600
300 + 900
600 +900

105

210
105+ 900
2104900

36

50
36+ 900
50+ 900

208

a15
208 + 900
415 4900

Surfactants

Merge (1% vA)
Merge (1% vA)
Merge (1% vA)
Merge (1% vA)
Agral 90 (0.26% vA)
Agral 90 (0.25% vA)
Agral 90 (0.25% vA)
Agral 90 (0.26% vA)
Merge (1% vA)
Merge (1% vA)
Merge (0.5% v/v)
Merge (0.5% vA)
Agral (0.1%vA)
Agral (0.1%vA)
Agral (0.1%vA)
Agral (0.1%vA)
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Desiccant treatment Rate(g ai/ae ha™’ ‘Seed diameter (mm) (d) Seed thickness (mm) (b) Seed plumpness (d/b)
Untreated control - 470 271 057
Glyphosate 900 468 2.69 057
Pyraflufen-ethyl 10 467 266 057
Pyraflufen-ethyl 20 4.68 262 056
Glufosinate 300 465 265 057
Glufosinate 600 4.66 267 057
Flumioxazin 105 467 268 057
Flumioxazin 210 4.68 2.76 059
Saflfenacil 3% 466 267 057
Saflufenacil 50 4.69 268 057
Diquat 208 464 263 056
Diquat 415 466 262 056
Pyraflufen-ethyl + glyphosate 10 + 900 469 259 055
Pyraflufen-ethyl + glyphosate 204900 468 264 056
Glufosinate + glyphosate 300 + 900 467 2.60 0.56
Glufosinate + glyphosate 600 +900 464 268 057
Flumioxazin + glyphosate 105 + 900 4.66 2.69 058
Flumioxazin + glyphosate 210 +900 467 263 056
Saflufenacil + glyphosate 36 + 900 4.66 268 057
Saflufenaci + glyphosate 504900 468 262 056
Diquat + glyphosate 208 + 900 468 273 057
Diquat + glyphosate 415 4900 465 267 057
LsD ns ns ns
CONTRASTS

Untreated control vs. TMT and glyphosate 003" 001 005
Giyphosate vs. TMT -+glyphosate -003" 001 006
TMT vs. TMT +glyphosate 000 0.00 002
TMT (low rate) vs. TMT (high rate) 002" 000 000

Contrast statements indicate differences in means between treatments.
TMT, herbicides used as tank-mix; ns denotes non-significant at P < 0.05. * and ™ represent significant differences at P < 0.05 and P < 0,01, respectivaly. LSD denotes Fisher's least
significant differences vake at 0.05 level of probability.
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Source Seed diameter (d)  Seed thickness (b)

Site-year (SY) 0.180
Block (Site-year) 0010*
Desiccant (D) 0.152
SYx D 0.110

0.163

0012°

0.450
0070

Seed plumpness (b/d)

0.160
0.013"
0.445
0.058

and " represent significant differences at P < 0.05, P < 0.01, and P < 0.001, respectively.

Seed germination

0.442
0.490

<0.0001"**

<0.0001**

DE (%)

0.167
0.088
0.152
0.050"

MR (%)

0218
0.044"
0294
0.037"

FR (%)

0.016"
0.110

0.028"
0.050"
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Genotypes  Root length (cm plant=!)  Root surface area (cm? plant=') Root volume (cm? plant™1) Specific root length cmg~" plant=)

High Low High Low High Low High Low

E14 1926." 546d 2790 112¢ 3260 1310 8579 67%c
E64. 3020 b* 1523¢ 3796 187 be. 381bc" 181c 9350a 9837 b
E141 3985 a* 2078b 514a 251b 5.44a" 2370 8147a 9881 b°
E295 2313 ¢ 1354¢ 343¢ 246b 401b* 2320 6853 b* 4248d

E311 31170 2575a 469 ab* 3%2a 421b a12a 6772b 10083 a"

1196.d" 568¢ 1416 75¢ 1360 079¢ 6057 be* 2805 ¢
E108 1392 " 925b 196" 133b 2.47b" 1490 5618¢ 5041b
E150 24512 1584a 3162 219a 3.48a" 220a 6400 b 5801ab
E277-1 1342¢0" 11470 2210 149b 156¢ 151b 7725 5058 b
E283 1660 b* 13862 2196 165b 2.20b" 155b 5325¢ 65562*

AV

Efficient 2872 A" 1615 A 397 A 238A EREYS 239A 7940 A 8065 A
inefficient 1608 8" 11228 2198" 1488 2.478" 1518 62258" 50528

Data are mean of three replicates. Values followed by the same small etters in each column are not significantly different among different soybean genotypes in one group at the 5%
level by LSD. Capital letters in each column are significantly different (o < 0.05) between the average of effcient and inefficient group.
“Indicated significantly different (o < 0.05) between the two P level.
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Genotypes Malic acid Citric acid Tartaric acid Oxalic acid

High Low High Low High Low High Low
PEFFICIENT
E14 18.8¢ 23e" 260 6.7bct 230 94cd" 03¢ 26b*
E64 208¢ 812¢" 34b 130a* 11.2b 122¢ 05bc 150
E141 3300 184.8a" 42a 138" 1952 s64a" 08b 71a
£205 248¢ a75d" 260 48¢ 43¢ 794" 08b 196
311 77.3a 114.6b" 37b 94" 32¢ 284b" 24a 33"
D55 73b 720 270 20¢ 34b 34b 150" o7c
E108 380 10.4b* 24b 28¢ 39b 47b 05b 09¢
E150 186a 520a" 28b 1324 72a 55b 05b 232"
E277-1 12.5b 516a" 19¢ 83b* 63a 95a* 05b 14b°
£283 24.4a s546a" 35a 766" 39b 70a" 12a 14b

AVERAGE

Effcient 349A 789N 33A 95 A" 81A 79A 10A 33A°
Inefficient 1838 35.28" 268 688" 498 608 088 138"

Data are mean of three replicates. Values folowed by the same smallfetters in each column are not significantly different among different soybean genotypes in one group at the 5%
ovel by LSD. Capital etters in each column are significantly different (o < 0.05) between the average of effient and ineficient group.
“Indicated significantly different (o < 0.05) between the two P level.
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Trait

Plant height (cm)

Stem thickness (cm)

Branch position of first branch
Branch number on main stem

Stem internode length (frst to tenth) (cm)
Pod length (cm)

Pod width (em)

Pod number per plant

Seed number per pod

Total seed number.

Total seed weight

100 seed weight (g)

Seed length (mm)

Seed width (mm)

Seed thickness (mm)

Pod color

Seed coat color

Growth habit

Stem color

Days to first flower (days)

Days to 50% flower (days)

Days to maturity of 25% pods (days)
Days to maturity of 50% pods (days)
Days to maturity of 75% pods (days)
Days to maturity of 100% pods (days)
Maximum leaf area (cm?)

Maximum leaf length (cm)
Maximum leaf wicth (cm)

Trait abbreviation

PHT

STT

BRP

BRN
ST1-8T101
PDL.

POW
PDTN
SDNPPD.
SDTN
sDTWT
SD10OWT
sDL
sow
soT

PDC

sDC

GH

sTC

FLD
FLDSO
PDDM25
PDDMS50
PDDM75
PDDM100
LFMA

LML
LMW

Evaluation method

Plant height from cotyledonary node to tip of mature plant

Stem diameter below the primary leaf

Position of 1t branch on main stem from 1st trifolate leaf node to 10th trfolate leaf node
Number of branches on main stem from 1st trfolate leaf node to 10th trfolate leaf node.
Length from primary leaf node to each node

Length of straight pod

Width of pod at widest part

Pod number per plant (10 plants)

Seed number per pod (10 pods)

Seed number per plant (10 plants)

Sead weight per plant (10 plants)

Weight of 100 seeds

Maximum distance from top to bottom of the seed

Maximum distance from hilum to its opposite side

Maximum distance between the two sides of the hium

Black, straw

Black, brown, red

Stem twining beyond the main stem 10th internode (erect, semi-erect, twining)
Purple, green

Number of days from sowing o first flowering

Number of days from sowing to 50% flowering

Number of days from sowing to 26% mature pods

Number of days from sowing to 50% mature pods

Number of days from sowing to 76% mature pods

Number of days from sowing to 100% mature pods

Leaflet area of the largest terminal leaflet on a leaf between st trifolate leaf node and 10th trifoliate:
leaf node

Length of largest terminal leaflet on a leaf between 1st trifoliate leaf node and 10th trifoliate leaf node
Width of largest terminal leaflet on aleaf between 1st trifoliate leaf node and 10t trifoliate leaf node
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SNP IDs

SNP0O18®

SNPO361

SNPO748

SNPO777*

SNPO790

SNP0804*

SNPOS75

SNP0952

CDS, coding DNA sequence; Syn, synonymous; and NonSyn, non-synonymous.

Desi and Kabuli
chromosomes/scaffolds

Ca_Kabuli_Chr01

Ca_Kabuli_Chr01

Ca_Desi_Scaffold_8872

Ca_Desi_Chro1

Ca_Desi_Chr01

Ca_Desi_Chr04

SNP physical
positions (bp)

12794147

26026817

3778

16680465

46718906

10330226

39546588

48384848

“Validated previously by seed weight QTL mapping.

SNPs.

[cra

ey

(@A

©m

Gene accession IDs.

Ca_02472

Ca_18591

Ca_20116

Ca_TC09197

Ca_TC09680

Ca_TC11796

Ca_TC17366

Ca_TC03708

Structural

annotation

CDS-Non

cps-syn

URR

CDS-Non
sn

CDS-Non

CDS-Non

CDS-Non
s

CDS-Non

Putative functions

Basic-leucine zipper
(bZIP) protein
Squamosa promoter
binding protein (SBP)
Zin finger-domain
containing protein
No apical meristem
Avabidopsis
transcription
activation factor-cup
shaped cotyledon
(NAC)

mitochondial
transcription
termination factor
(mTERR)

Basic helix-loop-helix
(BHLH) protein
APETALA-2/ethylene
response element
binding protein
(AP2-EREBP)

ARF (auxin response
factor)

Association analysis
P R2 (%)
13x 1078 15
214x 1074 10
23x 1074 10

17x1074 12

19x 1074 11
10x 1075 14
15x 1074 13
25x 1074 10
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Fungal pathogen

Rhizoctonia solani AG8-1
Rhizoctonia solani AG2-1

F. oxysporum 1. sp. medicaginis
F. oxysporum 1. sp. conglutinans
Alternaria brassicicole
Sclerotinia sclerotiorum
Colletotrichum lupini
Colletotrichum lupini
Phytophthora nicotianae

Isolate

WAC10335
WAC9767
Fom-5190a
Fo5176
uQ4273
uQs3833
WAC8672
WAC10444
PAB12.23

Host(s)

Lupin, cereals, Brassicas
Lupin, Brassicas
Medicago species
Brassicas

Brassicas

Dicots, broad host range
Lupins

Lupins

Solanaceae family

Isolated off

Lupin
Lupin
Alfalfa
Cabbage
Cabbage
Canola
NLL

NLL
Tobacco

Reference

Perl-Treves et al., 2004; Hane et al., 2014
Perl-Treves et al., 2004

Wiliams et al., 2016

Thatcher et al., 2012

Schenk et al., 2000

Supplied by Kemal Kazan, CSIRO

Supplied by Julie McClements, DAFWA
Supplied by Juie McClements, DAFWA
Supplied by Giles Hardy, Murdoch University.
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Fungi species

Rhizoctonia solani AG8-1
Rhizoctonia solani AG2-1
Sclerotinia sclerotiorum
Alternaria brassicicola

F oxysporum . sp. conglutinans
F. oxysporum . sp. medicaginis

Isolate

WAC10335
WAC9767
uQass3
uQ4273
Fo5176
Fom-5190a

p1
185+ 2.5°
17.4 £2.0°
14.0 4+ 1.3°
16.0+1.7°
18.7 £1.5°
203+2.7°

1C50 values (M)

p2
43.0 £ 4.0%
45.2 + 357
27.0+£4.22
34.0+4.6%
41.3+£58%
39.0 + 5.2%

B3

36.8+3.7°
315+38°
236+ 2.0
24.0+33°
297 +25°
320+4.2°

pa

525 +£55%
462+4.12
26.3 +3.2%
37.8+£3.0°
401 +3.8°
44.3+5.0%

p6

205+ 2.0°
282+1.7°
19.3 & 2.4%
216+22°
255+ 3.5%
29.7 £4.0%

Protein concentrations (iuM) required for IC50 were determined from the dose- response curves (percentage of growth inhibition versus protein concentration). The
results are expressed as mean + standard deviation (SD) of three biological replicates. Statistically significant differences were calculated using a Tukey-Kramer honestly
significant difference (HSD) test (P < 0.05). Different letters for each of the different pathogens indicate significant difference in IC50 value of the -conglutin.
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2Determined by LFR. ®Determined by stopped flow. °Equilibrium constant for His binding Ki = Kon#/kof . ®Fri = Ki/(1 + K), fraction of bis-histidyl 6¢ species in ferrous
proteins at equilibrium. *Fgem, fractional amplitude of geminate rebinding. 'kgem, rate constant for geminate rebinding. SFor LiGIb2, the hexacoordinated fraction Fi is
calculated from the absorption spectrum and is consistent with the amplitude of binding to the 5c species in stopped flow. Because Ky = Fi/(1 — Fyy), from Fiy = 0.18
we obtain Ky = 0.22. There are two kof values (0.15 and 20 s~ ). Assuming the same equilibrium constant, we can calculate two values for konH = Ki. kofrt (0.033
and 4.4 s, respectively).
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Phenotype llustration

Description

Example

Prostrate i -, Branches that strike the ground and a conspicuous main
stem
Spreading P e S Branches partally on the ground, with their tips curved
N upward
Bunch Semi-erect, branches curved upward, beginning at the base;
main stem slightly taller than the others
Erect Branches grow straight up from the base and are generally

45° orless from vertcal (TACT style)

The two growth habits represented in this study are marked in red.
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Generation Hanoch (spreading) x Harari (bunch) x

Harari (bunch) Hanoch (spreading)

Fi Al spreading (5 plants) Al spreacing (14 plants)

F2 238 spreading: 76 bunch 194 spreading: 58 bunch

F3 (families) 36 spreading: 81 19 spreading: 37
segregating: 40 bunch segregating: 23 bunch

In the Fs generation, each famiy contained 16 plants. Chi-square values of the 3:1 ()
and 1:2:1 (Fs spreading:segregating:bunch, respectively) tests were all non-significant,
indicating that data fit the expected segregation.
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Group No. members ow

1 14 104
2 6 123
3 1 157
4 17 73

Ls

0.995
0.849
0.905
1125

PH

162
164
168
150

sD

1.45
180
2,00
120

SN

750
775
873
7.49

LA

7.74
758
7.87
758

sv

252
241
165
3.47

Cou

0.365
1986
0.405
1.561

LS, leaf to stem ratio; SR, spring vigor; LA, leaf area (cm?); PH, plent height (cm); DW, herbage cy weight (/plant); SD, stem diameter (cm); SN, stem number; Cou, coumarin (% of

dry matter); SY, seed yield (g/plant).
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bW LA Ls PH sD SN sv

ow 0086 ~0.371" 0477 0.658" 0336™ -0.835"
LA 0.021 -0.023 0.116 0.166" ~0.070 -0.121
Ls -0.129 -0.003 -0.227 -0.303 -0.037 0.330"
PH 0.082 0.087 ~0.131 0.130° o027 -0510"
so 0.051 0011 —0.042 0,020 0.264" -0528"
SN 0.116 ~0.045 -0.047 0019 0.035 -0.361"
SR -0.187 -0.020 0.139 -0.419 —0.057 -0.129

LS, leaf to stem ratio; SV, spring vigor; LA, leaf area (cni?); PH, plant height (cm); DW, herbage oy weight (¢/plant; SD, stem diameter (cm); SN, stem number. *, ** Significant at p <
0.05 and p < 0.01.
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Accession number

PI 552553
PI552554
Ames 22891
Ames 25658
PI 595394
P1634019
Norgold
X038

Source of seed

Nebraska, United States
Nebraska, United States
Russia

Tien Shan Mountains, China
Canada

‘Saskatchewan, Canada
Nebraska, United States
Qinghai, China

Latitude and Longitude

41°29'N, 99°54'W
Unknown

44°28/N, 40°48'E
43°46N, 89°27'E
56°07'N, 106°20'W
52°56'N, 106°27'W
‘Commercial cultivar
Experimental cultvar
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Traits bw Ls PH sD SN sv LA Cou

Average 128 093 163 188 82 22 76 044
Max 216 122 192 2.77 14 a7 83 114
Min 69 063 136 122 70 08 68 014
I5.0.0,05 18 0.17 12 028 138 0.779 054 0.133
1 17094393 0025+0006 23657  0.193+£0046  1213+0336 08900218 0.24 £006 0.093 £ 0.021
o? 28217 00320002  153%11 00690005 2.43 018 02080030  0.414£0017  0.004 0,001
Ry 096 070 0.82 0.89 0.60 093 086 086

LS, lea to stem ratio; SR, spring vigor; LA, leaf area (cm?); PH, plant height (cm); DW, herbage cry weight (@/plant); SD, stem diameter (cm); SN, stem number; Cou, coumarin (% of
dry matter).
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Traits

Average

ow

125
207
45
19
1792 £ 413
264 %19
095

Ls

0.96
118
077
047

0.015 £ 0.004

0.040 £ 0.003
053

PH

168
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139

13

190 +47.3

170 + 12
0.46

sD

156
263
066
024

0.2330.054

0.047 £ 0.003
094

SN

84
15
75

1.61

1184036
3.80£027

077

sV

20
35
0.1

047

132031
0.11£002

097

LA

7.8
85
68

0.62

024 £006
0.08+0.01

090

sy

7.4
103
a7

174

2194059
2.484£023
073

LS, leaf to stem ratio; SV, spring vigor; LA, leaf area (cm?); PH, plant height (cm); DW, herbage dry weight (g/plant); SD, stem diameter cm); SN, stem number; SY, seed yield (g/plant).
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Traits ow
Average 126
Max 206
Min 63
15.d.0,05 14
a3 1025 £ 327
2
o2 715 £ 167
o2 279+ 14
Ry 072

Ls

094
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071
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0.018 £ 0.005
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0.036  0.002
060

PH

165
188
144

9
102 & 40
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167 £9

055

sD

1.69
257
1.72
02
0.099  0.038
0.112 £ 0.027
0.065  0.003
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SN

83

16

74

116
0.504 0257
0.637 £ 0227

352+0.18
036

LA

77
84
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038
0.24 £006
ns
0,09 +0.01
0.89

LS, leaf to stem ratio; SV, spring vigor; LA, leaf area (cm?); PH, plent height (cm); DW, herbage oy weight (@/plant; SO, stem diameter (cm); SN, stem number.

ns, not significant (o <0.05).
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Pathway

Purine metabolism

Starch and sucrose metabolism
Phenylalanine metabolism

Pentose and glucuronate interconversions
Phenylpropancid biosynthesis

Thiamine metabolism

Pyrimidine metabolism

Glycer
Oysteine and methionine metabolism

Galactose metabolism

Amino sugar and nucleotide sugar metabolism
Glycerophospholipid metabolism

T cell receptor signaling pathway
Glycolysis/Gluconeogenesis

Tyrosine metabolism

Phenylalanine, tyrosine and tryptophan biosynthesis
Flavonoid biosynthesis

Avginine and proline metabolism

Glutathione metabolism

Pyruvate metabolism

id metabolism

Segs. in pathway

1,138
1,053
622
475
469
428
378
364
354
328
323

207
284
273
272
257
253
242
240
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Number of genes 64,761

Number of exons 202,783
Number of introns 160,364
Mean number of exons per gene 31
Mean number of introns per gene 25
Mean gene length (op) 1,480.3
Mean exon length (bp) 2446
Mean intron length (op) 2885

Single-exon genes 11,559 (17.8%)

42,996
Number of exons 160,421
Number of introns 131,968
Mean number of exons per gene a7
Mean number of introns per gene 34
Mean gene length (op) 18181
Mean exon length (op) 2449
Mean intron length (bp) 2046

Single-exon genes. 6,854 (15.9%)

Number of genes 21,765

Number of exons 42,362
Number of introns 28,396
Mean number of exons per gene 19
Mean number of introns per gene 13
Mean gene length (op) 8130
Mean exon length (op) 2433
Mean intron length (bp) 260.1
Single-exon genes 4,705 (21.6%)

Number of genes 1316
Number of exons 2,360
Number of introns 1,382
Mean number of exons per gene: 18
Mean number of introns per gene 11
Mean gene length (op) 13590
Mean exon length (op) 655.6
Mean intron length (bp) 1746

Single-exon genes 301 (22.9%)
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Repeat type

Monomer
Dimer
Trimer
Hexamer
Complex

Number
of SSRs

67

22

Range

0.567-0.693
0.875-0.895
0.180-0.986
0.333-0.365
0-0975

pPIC

Mean

06207
08853
06920
03488
06514

sD

0.0632
0.0102
0.2227
0.0160
0.2734
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SNP

A<>G
C<>T
Total

Multi-allelic
SNP

Transitions

Number

109,284
108,610
217,804

4,085

Prevalence % SNP

5015
4985
63.52

119

A<>C
C<>G
G<>T
T<>A
Total

Transversions

Number Prevalence %
32,387 26.75
21276 1757
29,231 24.14
38,174 31.53
121,068 35.29
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1370200096
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1370200029
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1370230021
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1370230039
1870280145
1870200571
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1370200486
1370230026
1370200476
1870230110
1870230120
1370280134
1370200827
1370200538
1370230114
1370200460
1370200597
1370200636

Variety

Agl
Bonus

Brisk
Chlumecky
Concorde
Essex broad red
Garant
Gibridnj pozdnespelyj
Grassiands hamua
Makimidori
Nemaro
Parka

Pavo

Radan
Respect
Slavin

Slavoj

Spurt

Start

Suez

Tabor
Trubadur
Van

Vendelin
Vitavin
Walter
Amos.

Astur
Atlantis
Beskyd
Bivoj
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Cyklon
Dolina

Dolly

Fresko
Hungarotetra
Kuarta
Lossam
Margot
Radegast
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2
2x
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2
2
2
2
2
2
2
2
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2
2
2
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2
2
2
2
2x
2
2
2x
ax
ax
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ax

Origin

oz
oz
oz
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@B
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P
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CH
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R2RRRR

“National accession number—GeneBank of Crop Research Institute L., Prague-Ruzyné,
Czech Republic; CA, Canada; CH, Switzerland; CZ, Czech Republc; DE, Germany;
FR, France; HU, Hungary; JR, Japan; NZ, New Zealand; PL, Poland; SE, Sweden; SK,
Slovakia: SU, Soviet Union: US, United States.
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8.19
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The pH was measured in 1:2.5 (w:v) water slurry following 30 min shaking at
room temperature by pH meter FE20 (Mettler Toledo). Available (water extractable)
phosphorus (P) concentrations were measured in supernatant of a water slurry
(1:1, w:v, shaken for 18 h at room temperature) by malachite green method (Ohno
and Zibilske, 1991). Total P concentrations were measured by the same method
in acid (HNOs, 69%) extracts of the samples following incineration at 550°C for
20 h. Reported values for P concentrations are means of two separate extractions
performed 9 and 19 days after application of the mineral P-fertilizer. The carbon (C)
and nitrogen (N) concentrations in the samples were analyzed by Flash EA 2000
elemental analyzer (Thermo Fisher Scientific). All presented data are means of two
technical replicates.
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