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Editorial on the Research Topic 


Trends and perspectives for the use of crop wild relatives in crop breeding


Crop wild relatives (CWRs) represent a fundamental cornerstone for enhancing agrobiodiversity, fostering sustainable agriculture, and bolstering overall food and nutrition security. These invaluable genetic resources where never pampered by the help of human farmers, so still harbour a plethora of genes encoding traits crucial for adaptability to harsh environments, resilience against pathogens and pests, efficient input and resource utilization, and enhanced nutritional profiles. Their vast genetic reservoir, coupled with the diverse microbiota they host, presents a treasure for the development of more robust, nutritious, and high-yielding cultivars, thereby enriching farming systems worldwide. Despite their immense significance, a multitude of CWRs are currently imperilled, confronting threats stemming from intensive agricultural practices, rapid urbanization, environmental pollution, and the impacts of climate change. There exists a conspicuous gap in our understanding of the breadth of diversity inherent within CWRs and how this diversity can be harnessed to enhance crop improvement and agricultural practices. Regrettably, efforts toward their conservation and integration into breeding programs remain notably deficient.

In this Research Topic, there are 12 articles contributed by a total of 102 authors. Goldman et al.‘s review explores the intricate relationship between natural selection, domestication, and human-mediated evolution in determining organ shape, a crucial factor influencing consumer preference in vegetable crops. They highlight how natural selection has played a significant role in shaping organ morphology in CWRs. Through selective breeding and other genetic interventions, humans have been able to manipulate traits such as supernumerary cambia – additional layers of cambium tissue in plant stems – by exploiting allelic variation at loci controlling fundamental processes like cell division, cell elongation, transposon-mediated variation, and the partitioning of photosynthate (sugars produced during photosynthesis). Goldman et al. argue that understanding the allelic variation present in CWR is crucial for further improving and shaping organ morphology in vegetable crops. By exploring and harnessing the genetic diversity found in CWR, researchers can potentially identify novel alleles associated with desirable organ shapes. Utilizing this genetic variation through breeding programs or genetic engineering techniques could lead to the development of vegetable crops with enhanced organ shapes that better meet consumer preferences and market demands. The other review article by Verma et al. delves into the utilization of CWRs to enhance resilience in the Indian mustard [Brassica juncea (L.) Czern. &Coss.] cultigen pool. This paper provides a comprehensive overview of the introgression process, detailing how resistance against various stressors such as Sclerotinia stem rot, Alternaria blight, white rust, aphid infestations, drought, and high temperatures has been successfully incorporated from CWRs into B. juncea. Verma et al. underscore the significant challenges posed by pre- and post-fertilization barriers, particularly those arising from differences in ploidy levels, which have hindered the widespread success of germplasm enhancement endeavours. Additionally, the authors highlight the pivotal role of recent advancements in omics technologies, which may play a crucial role in improving stress resilience traits in B. juncea.

Kagi et al.‘s work presents a novel approach aimed at addressing the conservation challenges associated with forages on Swiss meadows. They document both the benefits and obstacles encountered while implementing their bottom-up approach. In addition to this, they also attempt to estimate the quality of conservation efforts concerning the gene pool of CWRs of forage plants. They suggest that similar strategies could be effectively employed to guide the conservation of forage CWR in other geographical regions. Furthermore, Kagi et al. discuss potential pathways to enhance CWR conservation policies, considering population dynamics and habitat levels. They likely explore strategies for integrating CWR conservation efforts into broader conservation frameworks, considering factors such as genetic diversity, population dynamics, and habitat preservation. Their holistic approach acknowledges the interconnectedness of ecosystems and the importance of preserving genetic diversity at both the species and population levels. It is worth relating the above results with those in the paper by Hagenblad et al., who shed light on the conservation dynamics of Nordic red clover (Trifolium pratense L.) populations, both in situ (in their natural habitat) and ex situ (in genebanks). Interestingly, the study did not find significant changes in the populations under either conservation method, indicating a degree of stability in the genetic makeup of these populations over time. Furthermore, Hagenblad et al. observed very limited gene flow from the cultivated red clover pool to the CWR populations. These results suggest that both conservation efforts can be effective in maintaining the genetic diversity of CWR populations.

The contributions by El Hanafi et al. and Keilwagen et al. highlight the potential of genomic techniques for enhancing the utilization of genebank accessions, particularly for CWRs of cereal crops such as barley (Hordeum vulgare L.) and wheat (Triticum spp. L.). El Hanafi et al. demonstrated the feasibility of genome-wide prediction using historical data on key traits such as flowering/heading date, plant height, and thousand kernel weight from barley accessions held by genebanks at the Leibniz Institute of Plant Genetics and Crop Plant Research (IPK, Gatersleben, Germany) and the International Center for Agricultural Research in the Dry Areas (ICARDA, Rabat, Morocco). By leveraging genomic data, El Hanafi et al. were able to make cross-genebank predictions, thereby improving the curation and utilization of genebank collections worldwide. This approach not only unlocks the hidden potential of genebank accessions but also addresses the information gap in genebanks, contributing to genetic enhancement programs with CWRs. Similarly, Keilwagen et al. highlight the use of genotyping-by-sequencing and whole-genome sequencing to characterize genebank accessions, focusing on wheat samples held at IPK. Through these genomic techniques, they were able to predict introgressions at a high resolution (1-Mb) across many wheat accessions. This enables researchers to identify and utilize valuable genetic variation present in genebank collections for breeding and genetic improvement efforts.

Three research articles provide insights into mapping characteristics of wheat CWRs and their potential for crop improvement. Page et al. utilized genome-wide association mapping (GWAS) to identify races in Aegilops longissima (primarily found in Israel) and single nucleotide polymorphisms (SNPs) associated with host plant resistance to various pathogens causing leaf, stem, and stripe rusts. The focus of the study by Debliek et al. was on mapping prehaustoria resistance against leaf rust in a biparental F2 population derived from crossing the wheat ancestor einkorn (Triticum monococcum L.) with a susceptible accession of T. boeoticum Boiss. They were able to find a single gene associated with resistance located at 3.4 Mbp from the peak marker within a major quantitative trait locus. In their research, Jabbour et al. located genomic regions controlling 1000-kernel weight, an important trait for drought adaptation in durum wheat. They used a segregating nested association mapping population whose recurrent parent was the Moroccan cultivar ‘Nachit’ that was derived from wild emmer (T. turgidum subsp. dicoccoides (Körn. ex. Asch. & Graebn.) Thell). These three combined articles demonstrate the utility of genomic approaches for mapping important traits in wheat CWRs, thus offering valuable insights for crop improvement efforts targeting host plant resistance, yield enhancement, and adaptation to stress-prone environments.

The research conducted by Ahmed et al. illustrates the utility of transcriptomics in dissecting host plant resistance and identifying defence-related genes in CWRs. In their study, they investigated the defence responses to Alternaria brassicicola, a common fungal pathogen, in both resistant white mustard (Sinapis alba L.) and susceptible rape (Brassica rapa L.). By understanding the molecular mechanisms involved in host defence responses, breeders can prioritize the selection of resistant germplasm and target specific genes or pathways for introgression into rapeseed cultivars.

The paper by Rane et al. presents findings from their investigation into the pollen structure and storage of valuable grape (Vitis vinifera L.). They observed significant variation in palynological traits, particularly in relation to the presence or absence of colpus, as well as in pollen dimensions. Importantly, their research also found male sterility in V. parviflora Roxb. and Dogridge. Furthermore, Rane et al. evaluated different temperatures for pollen storage and found that from -20°C to -196°C were effective for preserving grape pollen for up to 30 days. This finding has practical implications for the conservation and utilization of genetic resources in grape breeding programs. Moreover, this study highlights two specific CWRs, namely V. parviflora Roxb. × V. vinifera L. (Pusa Navrang) and V. parviflora Roxb. × V. champini Planc. (Salt Creek), as promising sources for rootstock breeding in grapes.

The work by Suma et al. highlights the successful utilization of interspecific hybridization and backcrossing (BS) techniques to broaden the genetic diversity of the okra (Abelmoschus esculentus [(L.) Moench.]) cultigen pool through the incorporation of genes from CWRs. The resulting offspring exhibited intermediate fruit morphology, indicating a mixture of traits from both the cultivated and wild parents. However, there was also evidence of some dominance of wild characteristics in the hybrids, thus suggesting successful introgression of genes from the CWR into the cultigen pool. Through further backcrossing, the researchers were able to produce offspring with fruit morphology more closely resembling the cultivated okra. This demonstrates the effectiveness of the backcrossing strategy in selecting for and fixing desired traits while eliminating undesirable wild characteristics.

The above articles within this Research Topic highlight the challenges and methodologies involved in harnessing the potential of CWRs to enhance the genetic diversity and improve the cultigen pool of cereal, fruit, oil, and vegetable crops. These papers also underscore the importance of utilizing CWRs in crop breeding programs to address current and future challenges in agriculture, such as adaptation to climate change, host plant resistance, and edible yield. Advances in breeding methods and genomics offer unprecedented options to unlock the genetic potential of CWRs and incorporate their valuable traits into crops, thereby contributing to the sustainable improvement of global food and nutrition security as well as agricultural productivity.
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Recently, entire genebank collections of wheat have been extensively characterized with sequencing data. We have identified introgressions using these genotyping-by-sequencing and whole-genome sequencing data. On the basis of our results, we provide information about predicted introgressions at 1-Mb resolution for 9,172 wheat samples as a resource for breeders and scientists. We recommend that all plant genetic resources, including genebank collections, be characterized using a combination of variant calling and introgression prediction. This is necessary to identify potential duplicates in collections efficiently and reliably, and to select promising germplasms with potentially beneficial introgressions for further characterization and prospective breeding application.
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1 Introduction

The recognition of the importance of plant genetic diversity for crop improvement and the loss of agrobiodiversity (also refer to as genetic erosion) led to the establishment of the first seedbanks in the early 20th century (Scarascia-Mugnozza and Perrino, 2002; Gepts, 2006; Díez et al., 2018; Salgotra and Chauhan, 2023). Today, more than 7.5 million samples of plant genetic resources for food and agriculture (PGRFA) are held in approximately 1,800 seedbanks (also refer to as genebanks) (Knüpffer, 2009; Weise et al., 2020; Shaw et al., 2023). These genebanks are ultimate repository of native beneficial diversity. The impact of climate change and other challenges can be better addressed by sufficient crop diversity in the breeding pools and the entire global food system (Cortés,  2017; Razgour et al., 2019; Sharma et al., 2021). Overall, genebanks play a pivotal role in meeting the United Nations Sustainable Development Goal 2 “End hunger, achieve food security and improve nutrition and promote sustainable agriculture” (Johnson, 2008) (https://unstats.un.org/sdgs/report/2016/goal-02/).

For many reasons, including missing genotypic and phenotypic data, most genebank collections have yet to be used for crop improvement (Anglin et al., 2018; Pathirana and Carimi, 2022). However, landraces and crop wild relatives (CWR) harbor desired traits, for example, resistance or tolerance to biotic or abiotic stresses (Bhullar et al., 2010; He et al., 2019; Cseh et al., 2021; Bohra et al., 2022; Leigh et al., 2022; Salgotra and Chauhan, 2023). These traits can be transfered into crop plants via intra- or interspecific hybridization (Wulff and Moscou, 2014; Molnár-Láng et al., 2015; Dempewolf et al., 2017; Hao et al., 2020; Ayed et al., 2021; Kilian et al., 2021; Singh et al., 2021; Eastwood et al., 2022). Hybridization can either occur as a natural process or as a deliberate and controlled process during breeding. During hybridization, DNA from a donor is integrated into the genome of a crop plant, and these newly transfered DNA sequences are known as introgressions. Introgressions can lead, for example, to substitutions or presence/absence variations. Interspecific hybridizations are often challenging due to crossability barriers (Khush and Brar, 1992; Singh et al., 2021; Laugerotte et al., 2022). Hence, finding and using existing introgressions in genebanks might accelerate crop plant improvement.

Advances in next-generation sequencing (NGS) technologies enable the genotypic characterization of extensive germplasm collections. Genebanks have started using genomics tools and will take advantage of the wealth of genomic data that are being produced (Kilian and Graner, 2012; Wambugu et al., 2018; Wambugu and Henry, 2022). These genomic data make it possible to quantify variation within and between accessions (van Treuren and van Hintum, 2003; Mace et al., 2006; Upadhyay et al., 2013; Singh et al., 2019), and will play an essential role in increasing the efficiency of genebank management by allowing managers to make informed decisions about reducing redundancy in germplasm collections. Further, precise evaluation of heterogeneous germplasm accessions for the traits of breeders’ interest requires minimizing within-accession variability, so single seed descent (SSD) lines are frequently produced and genotyped (Brown, 1989; Anglin et al., 2018; Singh et al., 2019; Kroc et al., 2021; Rocchetti et al., 2022).

Several different genotyping protocols have been developed, e.g., genotyping-by-sequencing (GBS), which reduces genome complexity by sequencing only specific genomic fragments (Poland and Rife, 2012). Alternatively, whole genome sequencing (WGS) provides a more detailed view of the genome. The rapid decrease in sequencing costs means that it is now possible to genotypically characterize whole genebank collections (Milner et al., 2019; König et al., 2020; Sansaloni et al., 2020). Sequencing data are mainly used for variant calling, and downstream analysis steps rely on these variants.

Recently, Schulthess et al. (2022a) used both GBS and WGS for the genetic profiling of an extensive winter wheat genebank collection comprising genebank accessions, elite cultivars, and elite inbred lines from a breeder’s panel to identify potential donors of resistance. Keilwagen et al. (2022) detected major introgressions in the genome assemblies of several wheat cultivars and the putative donor species using short-read data. This method can be adapted to detect introgressions in diverse collections if a reference genome sequence and short read data are available.

Here, we reanalyzed the data of Schulthess et al. (2022a), aiming to identify introgressions that potentially harbor beneficial traits for wheat breeding.




2 Materials and methods



2.1 Material

The German Federal ex situ genebank at IPK Gatersleben harbors one of the largest wheat collections worldwide (https://www.ipk-gatersleben.de/en/infrastructure/gene-bank). Recently, Schulthess et al. (2022a) conducted (i) GBS for 7,651 genebank accession numbers and 325 elite wheat cultivars; and (ii) WGS for 444 genebank accessions and 322 elite cultivars and advanced breeding lines.

In some cases, different phenotypes were observed for a specific accessions. Hence, those accessions were represented by more than one SSD line.

In total, 94 heterogeneous genebank accessions represented by two SSD lines and 171 cultivars represented by three independent samples were genotyped with GBS. For WGS, only two genebank accessions were genotyped using two independent SSD lines. All the remaining samples were genotyped once.

In total, GBS and WGS experiments were run for 8,412 and 768 samples, respectively. GBS and WGS data of the same genebank accessions can be identified by the SSD-PGR, while for cultivars the cultivar name can be used.

Samples genotyped with WGS were assigned to three groups by (Schulthess et al 2022a; Schulthess et al 2022b): (i) the “Pre-Green Revolution”, consisting of landraces and cultivars released before 1970; (ii) the “Old Cultivar Panel”, consisting of cultivars released between 1971 and 2000; and (iii) the “New Cultivar Panel”, consisting of cultivars released after 2000.

Here, these data were reanalyzed with an aim to identify large introgressions. All analyzed data are publicly available at the European Nucleotide Archive (https://www.ebi.ac.uk/ena/) under the project IDs PRJEB41976, PRJEB4873, and PRJEB48988.




2.2 Methods

Coverage analysis was adapted from Keilwagen et al. (2022) and used for the GBS and WGS data. For GBS, the complete dataset was used, while down-sampled data were used for WGS. Raw sequencing data were adapter- and quality-trimmed with Trim Galore (version 0.4.0; non-default parameters: quality ≥ 30, read length ≥ 50; https://github.com/FelixKrueger/TrimGalore). Trimmed reads were individually mapped against the wheat reference genome of Chinese Spring v2.1 (Zhu et al., 2021) using BWA-mem (v0.7.15-r1140) (Li, 2013). A concatenated reference sequence of Chinese Spring version 2.1 and rye (Rabanus-Wallace et al., 2021) was used to infer the potential origin of introgressions. Unmapped reads, supplementary reads, and non-primary alignments were removed from mapped reads using SAMtools (version 1.10.2; –F 2308) before computing sequencing depth (Li et al., 2009). The percentage of bases covered 1-Mb window was computed with custom Java and R scripts.

Introgressions were identified with R (R Core Team, 2022) using a four-step approach for WGS and GBS data. Only the first step slightly differed between GBS and WGS data analyses due to the use of methylation-sensitive restriction enzymes in GBS and different methylation patterns in telomeric and centromeric regions.

First, initial calling was performed using a threshold-based method. For WGS, a window was initially called if the absolute difference between the overall median and the window’s value was larger than 1.5 times the median absolute deviation. Depending on the sign of the difference between the overall median and the value of the window, the labels 1 and -1 were given. Not-called windows were labeled with 0. For GBS data, the initial calling used the percentage of bases covered in a GBS experiment of the reference Chinese Spring (SAMEA5374255). The values of the reference and sample were normalized by their own median percentage of bases covered. The relative deviation was computed when comparing the values of the sample investigated with those of the reference, Chinese Spring. If the absolute value of relative deviation was more than 20%, the window was initially called using the sign of the relative deviation as a label.

Second, only stretches of at least five initial calls in a row with the same label were used in further analyses. Smaller stretches were deleted (=set to 0) for denoising purposes.

Third, gaps between neighboring calls from step two with the same label also received this label if the signs of all the corresponding values of step one equaled the label of the neighboring calls.

Fourth, stretches with fewer than 25 identically labeled windows in a row were deleted (set to 0). Hence, small introgressions were ignored in this analysis and only introgressions with a size of at least 25 Mb made it to the final prediction. Visualization was done with R.

Fisher’s exact test was used to determine regions with increased number of introgression predictions from GBS in the group of elite cultivars compared to the group of genebank accessions.





3 Results

Introgressions of at least 25 Mb size were identified based on the percentage of bases covered along the Chinese Spring version 2.1 genome assembly. Information about these identified introgressions is available as a resource for breeders and scientists. The introgressions are shown in 1-Mb resolution (Keilwagen, 2023) in e!DAL (Arend et al., 2014) and as a summary (Supplementary Tables 1, 2).



3.1 Overview of introgressions detected

Based on the low percentage of bases covered in one wheat genome, 22 samples from the GBS data were marked with the tag “missing genome” (Supplementary Table 1). In these 22 samples, the D genome had low coverage. These samples perfectly matched those identified and confirmed as not hexaploid wheat samples by Schulthess et al. (2022a).

The remaining samples were treated as hexaploid wheat. An overview of all introgressions identified is depicted in Figure 1. Most introgressions identified from both the GBS and WGS data were moderate in size (25-50 Mb). Nevertheless, about 78% and 66% of the wheat genome was covered by any introgression prediction using GBS and WGS data, respectively. For some of the chromosomes, each genomic window was covered by any introgression (Figure 1). The identified introgressions were clustered in certain genomic regions (Supplementary Figure S1). The region with the most samples harboring an introgression of at least 25 Mb was chromosome 2DL. Other prominent chromosomal regions harboring introgressions were 1BS, 1DL, 2BL, and 5BL as detected from the GBS data and 1BS, 2AS, 2BL, 4AL, 5BL, and 6AS as detected from the WGS data.




Figure 1 | Overview of introgressions in wheat collections genotyped with GBS and WGS. (A, B) depict the number of samples with introgressions of at least 25, 50, 100, and 300 Mb per chromosome as identified from GBS and WGS data. (C, D) depict the genomic locations of wheat chromosomes covered by any introgression prediction in black. Due to the different collections and their sizes, (C, D) are not directly comparable.



Comparing introgression predictions based on GBS data, 12 regions were identified where introgressions were predicted more often in elite cultivars compared to genebank accessions (Supplementary Table 3). Nine out of these 12 regions overlap with regions identified by Schulthess et al. (2022a) using WGS data, while the regions on chromosomes 3DS, 6DS and 7DS were not described. Interestingly, seven out of 12 regions are located on the D subgenome.

Comparing the frequency of introgressions for GBS and WGS, apparent differences were observed for some chromosomes, including 2A, 2B, 4A, 5B, and 6A (Figure 1). These differences in the observed frequencies of introgressions might be attributed, for instance, to the different collections of genotypes analyzed and to the experiment type, namely GBS and WGS. Comparing the occurrence of introgressions per chromosome and historical period in the WGS collection, an enrichment of introgressions on chromosomes 2A, 2B, 2D, and 5B was visible for the New Cultivar Panel (Supplementary Figure S2), indicating a selection bias due to the higher number of more recently released cultivars in the WGS collection. In contrast, the number of samples with introgressions on chromosome 4A changed only slightly over the three historical periods. Still, introgressions on chromosome 4A were often identified in the collection genotyped with WGS, indicating that these introgressions could be identified more easily with WGS than with GBS. Fewer samples with introgressions on chromosome 6A were present in the New Cultivar Panel than in the Old Cultivar Panel and the Pre-Green Revolution Panel.

Despite being very conservative, focusing only on introgressions of at least 25 Mb, 130 samples were identified to have introgressions in the WGS dataset in this analysis, but were determined to have no introgressions in the original study by Schulthess et al. (2022a). Most of these introgressions had a moderate size (slightly larger than 25 Mb). However, some samples with large introgressions were also identified, e.g., TRI 1005 with an introgression on chromosome 7A and TRI 7716 with an introgression on chromosome 2D (Figure 2; Supplementary Table 2).




Figure 2 | Examples of detected large introgressions (≥ 300 Mb). Dots show the percentage of bases covered in 1-Mb windows. X-axis indicates chromosomal location; scale on y-axis depicts the percentage of bases covered and depends on the experiment (GBS or WGS) and sequencing depth. Absolute values are not of interest, but rather the ratio between them. Consistent with introgression detection, black color indicates regions with expected percentage of bases covered. Red and blue colors indicate regions with an unexpectedly low and high percentage of bases covered, respectively.



Although each individual identified introgression might be valuable, and especially frequently occurring introgressions might confer desirable traits, we focused on the large introgressions. These large introgressions might be known and already used for breeding, such as 1R/1B, or unknown and yet to be characterized. Identified introgressions harboring beneficial alleles might be a starting point for increasing wheat diversity in breeding pools. Nevertheless, all identified introgressions, including smaller ones, are provided at 1-Mb resolution to the wheat research community for further analyses (Keilwagen, 2023).




3.2 Scrutinizing large introgressions (≥ 300 Mb)

Supplementary Table 4 lists 81 samples harboring at least one chromosome with a large introgression (≥300 Mb) identified from either GBS or WGS data. Large introgressions were found on different chromosomes, comprising one sample for 1A, 31 samples for 1B, four samples for 1D, four samples for 2A, 16 samples for 2B, eight samples for 2D, two samples for 3B, two samples for 3D, two samples for 4D, one sample for 6A, five samples for 6B, three samples for 6D, one sample for 7A, three samples for 7B, and four samples for 7D.

Some prominent representatives of these samples are depicted in Figure 2. For each representative, the three homoeologous chromosomes are shown. For some samples, e.g., TRI 11213 and TRI 16401, introgressions were identified on more than one chromosome. This could be either multiple true introgressions or substitution of a genomic region by a region of a donor species more similar to another wheat chromosome. In this case, the percentage of bases covered in a genomic region is likely lower than expected, while the percentage of bases covered will be higher than expected for the other region. Sequence data for all large introgressions were mapped against the concatenated reference wheat and rye genome assembly to determine if the donor of the introgression was rye.

An introgression on chromosome 1A was identified in TRI 24067 (Kadolzer St 3), whereas introgressions on chromosome 1B were identified in many samples. Comparisons with the concatenated reference revealed that substitution of chromosome 1B by chromosome 1R from rye, termed 1B/1R, was present in 28 samples, including Feldmann, Mildress, Salzmünder 14/44, Sholeh, and Zorba (Schlegel and Korzun, 1997). In addition, different introgression profiles from rye to 1B were detected in two samples (TRI 25875, TRI 24963) (Supplementary Figure S3). A smaller introgression was identified in TRI 9467 (ns 739). Comparison with the concatenated reference indicated that this introgression originated from 1RL and is designated as 1BS.1RL. Several samples with 1RS.1BL were also detected but those introgressions were smaller than the threshold of 300 Mb. Large introgressions on chromosome 1D were identified in TRI 6868 (Roux De Champigny) and TRI 25899. The ratio of the median percentage of bases covered for chromosome 1D compared with 1A was 0.57 (4.30 vs. 7.51) for TRI 6868 and 0.17 (2.69 vs. 16.26) for TRI 25899. These ratios indicated differences in the similarity of the introgressed region to the original chromosome 1D and, hence, different donors. In addition, TRI 25875 was identified to have a smaller introgression on chromosome 1DS.

Two large introgressions on chromosome 2A and 2B were identified in TRI 11213, while an introgression on chromosome 2B was identified in many samples, e.g., TRI 13335 (Hand) and TRI 13163. For many but not all of those samples, an introgression from Triticum timopheevii was identified based on pedigree analysis (Keilwagen et al., 2022). A smaller introgression on chromosome 2B was identified in TRI 7091 (Honor (2) - Rosen rye X Yorkwin - Cornell 595). Comparison of TRI 7091’s sequence data against the concatenated reference sequence revealed an introgression on 2RL, which has been described for crosses with Rosen Rye (Crespo-Herrera et al., 2017). An introgression on chromosome 2D was identified in TRI 7716 (Iva) with an unexpectedly high percentage of bases covered. Another interesting case was TRI 16401 (Duck), which had a low percentage of bases covered on chromosome 2D, in contrast to a high percentage of bases covered on chromosome 2A, suggesting substitution of 2D by a 2A-like chromosome.

Multiple introgressions were identified in TRI 13163, including an introgression on chromosome 3B besides 1RS.1BL and an introgression on chromosome 2B. An introgression on chromosome 3BL was identified in TRI 8117 (Xi-Bei 612), and one on chromosome 3D was identified in TRI 13625. In addition, we detected an introgression on chromosome 3D in TRI 24699 (Timpaw) that is known to originate from Thinopyrum ponticum (syn. Agropyron elongatum) and contains the resistance genes Lr24/Sr24 (McIntosh et al., 1995).

Of chromosomes 4A, 4B, and 4D, only 4D was identified to harbor large introgressions. An introgression was identified on chromosome 4D for Magister and also for Rywalka.

An introgression on chromosome 6B was identified in Chiron and TRI 17920. In addition, a smaller introgression on chromosome 6BS was identified in TRI 22103, TRI 5164 (Cappelle Desprez), and TRI 9447 (D 130/63). An introgression on chromosome 6D was identified in Arezzo. Another interesting case was the elite wheat cultivar Gladiator, which had a low percentage of bases covered on chromosome 6D, in contrast to a high percentage of bases covered on chromosome 6A, suggesting substitution of 6D by a 6A-like chromosome. A similar case was found for the old landrace TRI 259 (Mahndorfer Tempo).

An introgression on chromosome 7A was identified in TRI 1005 (Algebra), and one on chromosome 7B was identified in TRI 11142. A similar pattern was observed in TRI 25137 (Purdue 39120 A4-2-2-2-2-2). A smaller introgression on chromosome 7BS was detected in TRI 13645. An introgression on chromosome 7D was identified in TRI 25028 (Agrus). In Agrus, chromosome 7D has been substituted by 7Ag from Thinopyrum ponticum, which harbors the resistance gene Lr19 (McIntosh et al., 1995; Šliková et al., 2003). Similar patterns on chromosome 7D were found in another Agrus accession (TRI 8300), as well as B 96 (Purdue 39120) and B 97 (Purdue 5392).

To the best of our knowledge, many of the large introgressions identified here were previously unknown, especially if samples were unnamed, e.g., TRI 13625 and TRI 17920, or old cultivars or landraces, e.g., TRI 6868 (Roux De Champigny) and TRI 24067 (Kadolzer St 3). On some chromosomes, including 5A, 5B, and 5D, no large introgressions (≥ 300 Mb) were found, but somewhat smaller introgressions were identified (Supplementary Tables 1, 2). Interestingly, large introgressions were found on all chromosomes of the D genome of wheat except 5D, offering potential beneficial diversity that can be exploited for crop improvement.




3.3 Duplicates and heterogeneity

Genebank accessions might not consist of a single genotype, especially if they are landraces or CWR (Keilwagen et al., 2014; Singh et al., 2019; Mihelich et al., 2020; Badaeva et al., 2021). Some genebanks, including IPK, have established protocols for splitting accessions based on phenotypic differences in characterization and regeneration trials (Hintum et al., 2002). However, accessions may still be mixtures of different genotypes after line splitting. Based on phenotypic differences detected in specific genebank accessions, Schulthess et al. (2022a) genotyped more than one SSD line per accessions. Hence, some accession or cultivar names occurred more than once in the datasets for various reasons. Some of these samples belonged to the same genebank accessions, but two SSD lines were produced and analyzed per accessions (SSD-PGR), e.g., TRI 3810. Others had different accession numbers but similar or identical accession names, e.g., TRI 8018 (Riebesel ST. 47-51) and TRI 24963 (Riebesel 47/51). In both cases, the profile the percentage of bases covered on chromosome 1B differed, indicating different genotypes, possibly due to different introgressions (Supplementary Figure S3).

Additionally, four extreme examples of accessions with two genotyped SSD lines and at least 100- Mb differences between them on one chromosome were detected from the GBS data (see Supplementary Figure S4). The accession TRI 7878 was a mixture of a tetraploid and hexaploid wheat. Accession TRI 16401 (Duck) had one SSD line with a substitution of 2D by a 2A-like chromosome. The accession TRI 10859 had one SSD line with 1RS.1BL. The accession TRI 7025 (Red rock) had one SSD line with an introgression on 2BS. These examples show that genebank accessions can be mixtures of several genotypes and that different introgressions can be detected within some genebank accessions.

However, other examples with similar accession names or the same accession number showed very similar profiles.




3.4 Comparison of different low-coverage data

Finally, introgression predictions based on WGS and GBS data were directly compared. To reduce the number of examples, only samples with at least one large introgression were considered (23 samples). Different levels of homogeneity can be expected for genebank accessions and cultivars, so the samples were divided into genebank accessions and cultivars. Each recently released cultivar should be a single genotype (genetically homogeneous or identical), as seed purity is required for the release process. At the same time, genebank accessions, which can be landraces and old cultivars, can be a mixture of several genotypes, as described above. Therefore, genebank accessions were distinguished as accessions with the same descent (SSD-PGR) and accessions with unknown descent.

Six accessions with unknown descent and at least one large introgression were found, and significant differences were found in four of these six accessions (Supplementary Figure S5). Large introgressions or substitutions were identified on the complete chromosome 7A in accession TRI 1005, on the short arm of chromosome 6B in accession TRI 5164, on the full chromosome 1D in accession TRI 6868, and on almost the complete chromosome 2D in accession TRI 7716.

Eleven accessions with the same descent and at least one large introgression were found, and large differences were found in four of them (Supplementary Figure S6). In one of these four cases (TRI 11213), it was challenging to identify the introgressions on chromosome 2A and 2B from the GBS data. Another case was TRI 24963, where a different rye introgression was identified from the WGS data but not the GBS data (Supplementary Figure S3). Because rye introgressions and substitutions on chromosome 1B could be detected from the GBS data (Supplementary Figure S3), this sample could be a mixture, despite having the same descent/SSD-PGR. In the remaining two cases, there were significant differences in introgressions identified based on GBS and WGS data despite the same descent/SSD-PGR. An introgression was identified on the long arm of chromosome 3B in TRI 8117 and one on chromosome 3D was identified in TRI 13625.

In addition, six recently released cultivars with at least one large introgression were found (Supplementary Figure S7). Schamane had a 1R/1B substitution according to the WGS data, whereas a normal chromosome 1B was indicated by the GBS data. Substitution of wheat chromosome 1B by rye chromosome 1R was typically detected from the GBS data (Supplementary Figure S3). Thus, it could be a case of confounding. In the remaining five cultivars, introgressions were located on chromosome 6D in Arezzo, on chromosome 6B in Chiron, on chromosome 6A and 6D in Gladiator, and on chromosome 4D in Magister and Rywalka.

In summary, 11 samples showed differences in detected introgressions between GBS and WGS data (four accessions with unknown SSD-PGR, two with the same SSD-PGR, and five cultivars). In all cases, the differences were related to predicted introgressions based only on WGS data but not GBS data. Often, the difference between the expected percentage of bases covered in the wheat chromosome and the observed percentage of bases covered in the introgression was visible but smaller compared with other introgressions.

LG Magirus was another example where an introgression was detected from the WGS data but not the GBS data. This was because of the small difference between the expected and observed percentage of bases covered. The introgression was located on chromosome 1B. Still, the size did not exceed the threshold of 300 Mb due to the similarity between the introgressed donor sequence and the replaced sequence of chromosome 1B (Supplementary Figure S3).

Since WGS data are better suited for identifying introgressions than are GBS data, and WGS is much more expensive than GBS, the question arises as to what sequencing depth is needed to predict introgressions from WGS data. Hence, we used publicly available WGS data for cultivars that harbor large introgressions and varied the sequencing depth, i.e., the number of raw reads per sample, from 0.5 to 25 million reads. Three cultivars were selected to cover different introgression donors, and introgressions were predicted independently for each sequencing depth (Supplementary Figure S8). Introgressions could be detected for the first time at different sequencing depths; e.g., the introgression of rye in Schamane was detected even with 0.5 million raw reads. In contrast, the introgression in Magister was detected only with 25 million raw reads. This corresponds to 0.005- to 0.26-fold coverage of the wheat genome.





4 Discussion

The rapid decrease in sequencing costs has allowed for genotypically of extensive genebank collections using sequencing protocols like GBS and WGS. Recently, Schulthess et al. (2022a) genotypicly characterized an extensive winter wheat collection containing genebank accessions and breeding lines, and screened for resistance genes. In addition, introgressions ranging in size from 19.6 to 50 Mb were detected on chromosomes 1B, 1D, 2A, 2B, 2D, 3D, 4A, 5B, and 7D from the WGS data.

Based on these data and an adapted method (Keilwagen et al., 2022), introgressions with a minimum size of 25 Mb were detected in the present study on all chromosomes using the GBS and WGS data. Some of these chromosomal regions harboring introgressions are well known. The most widespread introgressions are on chromosome 1B. These are a substitution of chromosome 1B by rye chromosome 1R, referred to as 1R/1B, and translocations of rye chromosome arm 1RS onto the wheat chromosome arm 1BS, referred to as the 1BL.1RS translocation. More than 1000 wheat lines and cultivars carrying the 1BL.1RS translocation have been developed worldwide (Rabinovich, 1998; Jiang et al., 2017; Schlegel, 2022). Wheat cultivars carrying rye introgressions are being extensively grown on over five million hectares worldwide (Villareal et al., 1991; Kumar et al., 2003). Further known introgressions include those on chromosome 2AS from Aegilops ventricosa (Bariana and McIntosh, 1993; Helguera et al., 2003; Gao et al., 2021) and chromosome 2B from Triticum timopheevii (Friebe et al., 1996; Walkowiak et al., 2020; Keilwagen et al., 2022). In addition, introgressions on chromosome arm 2DL (Thind et al., 2018; Keilwagen et al., 2019; Keilwagen et al., 2022) and chromosome 5B (Keilwagen et al., 2019; Schulthess et al., 2022a) have been reported, but their origin is either not known or not yet fully resolved.

Searching for regions with enriched introgression frequency in elite cultivars compared to genebank accessions, 12 regions have been identified using GBS data. These regions overlap well with previously described regions (Schulthess et al., 2022a), but also additional regions were identified which need to be validated in the future.

Large introgressions (at least 300 Mb per chromosome) were identified on 15 chromosomes, including 1A, 3B, 4D, 6A, 6B, 6D, 7A, and 7B, which were not reported to have introgressions by Schulthess et al. (2022a). Some of these large introgressions are known from the breeding history, e.g., 1R/1B in Salzmunder 14/44 (Rabinovich, 1998) and 7Ag/7D in Agrus (McIntosh et al., 1995; Šliková et al., 2003). In contrast to these known introgressions, many others were, to the best of our knowledge, unknown until now. In conclusion, we have shown for the first time that introgressions in large wheat genebank collections can be successfully predicted using GBS or ultra-low coverage (ulc) WGS (≤ 0.5X) data. It is not meaningful to compare the absolute cost per sample for GBS and ulcWGS because it depends on many factors, e.g., the service provider and the total amount of samples, and becomes outdated very quickly. However, 25 million raw data per sample for ulcWGS is still much more than the average for GBS in wheat and therefore GBS is cheaper.

These results show that plant genetic resources conserved in genebanks harbor a wealth of introgressions, most of which are yet to be characterized and utilized. These introgressions should be easier to use in breeding programs because they are already present in domesticated materials (landraces or elite cultivars). Ultimately, these unknown or underutilized introgressions should be examined for their potential uses in wheat improvement; e.g., Kadolzer stamm 3 (TRI 24067) carries an introgression on chromosome 1A and has been described as drought tolerant (Rademacher, 1947). Whether its drought tolerance is related to this introgression is yet to be investigated. Some accessions carrying 1RS and 7Ag are also described as drought tolerant. However, these introgressions were originally utilized for a different purpose (Ehdaie et al., 2003; Placido et al., 2013). We are unaware of reported phenotypes for other samples with large introgressions. Detailed phenotyping of accessions with large introgressions could uncover novel beneficial loci or alleles. In addition, several accessions with introgressions in the D genome were identified, and these could increase diversity in the D genome for use in breeding programs (Mirzaghaderi and Mason, 2019). All identified introgressions at 1-Mb resolution for each sample will now be available as a resource for breeders and scientists.

Directly comparing introgressions identified from GBS and ulcWGS data for genebank accessions and cultivars, 11 samples with large differences were identified. In all 11 cases, the ulcWGS data led to the discovery of additional introgressions. The difference between the expected and observed percentage of bases covered was visible for these introgressions but was smaller than for other introgressions. This indicated that those introgressions were more similar to the original DNA fragment. With ulcWGS, we could detect these minor differences in the percentage of bases covered because the whole genome is considered, not just a small portion, and no (methylation-sensitive) restriction enzymes are used. Our results show that the detection sensitivity depends not only on the sequence data type, sequencing depth, and introgression donor, but also on the introgression size and detection method.

Alignment of short sequence reads from a genebank accession with an introgression to the reference genome sequence without this introgression reveals an unexpectedly high or low percentage of covered bases, which was used to predict introgressions. These profiles of percentage bases covered indicate that introgressions could result in increased or decreased coverage on some chromosomes, with decreased coverage reflecting the absence of the expected region. In contrast, increased coverage may indicate that an introgression (of another region) is more similar to this genomic region. Variant calling using a reference genome sequence is based on mapped reads and could be problematic in such regions, leading to either heterozygous or incorrect variant calls or an increased number of missing values. For this reason, increased or decreased coverage may impact variant calling and all downstream analyses, including imputation, population genetics, and genome-wide association studies.

Differences in introgressions identified in different plants with the same genebank accession number confirm that genebank accessions can be heterogeneous (Keilwagen et al., 2014; Keilwagen et al., 2022). However, Schulthess et al. (2022a) only analyzed two independent SSD lines for accessions with a clear phenotypic difference. Hence, we cannot give an unbiased prediction for the percentage of heterogeneous genebank accessions based on the introgressions identified here. The generation of SSD lines brings advantages for further analysis but may lead to an underestimation of genetic diversity in genebank accessions and, thus, whole genebank collections.

For the same reasons, the detection of duplicates in genebank collections must be reconsidered. In general, duplicates are a problem for genebanks due to the enormous amount of time, labor, and money spent on identical genotypes that do not contribute to research or breeding (Dobrovolskaya et al., 2005; Singh et al., 2019; Pathirana and Carimi, 2022). Hence, eliminating duplicates is a high priority for genebanks. However, some genebank accessions do not have accession names, passport data, or pedigree information that might be used to detect duplicates. Even for cultivars like Riebesel st. 47-51, neither the accession number nor the accession name can be used to identify duplicates, as demonstrated here. For these reasons, computational methods based on single-nucleotide polymorphisms (SNPs) and genetic distances have been proposed (Singh et al., 2019; Cseh et al., 2021; Sahu et al., 2022; Schulthess et al., 2022a). Still, these methods might have problems with introgressions leading to missing variant calls due to low coverage in the corresponding genomic regions as described above. For instance, Schulthess et al. (2022a) used SNP data and clustered accessions based on their proportion of pairwise difference. Using this method, they defined, for instance, cluster C2 with 766 identical genotypes. Based on our introgression analyses, this cluster contained several samples with medium-size introgressions of at least 100 Mb, comprising 12 samples with large introgressions on 1B and one with a large introgression on each of chromosomes 2A, 2B, 2D, 5A, and 5D (Supplementary Table 1). These samples cannot be duplicates, and removing them from genebank collections might cause a loss of genetic diversity and potentially beneficial alleles.

Hence, duplicate detection should not be based on a single SSD line per accession number. In addition, a pure SNP-based approach might miss introgressions, which might be particularly important for pre-breeding and breeding programs. For these reasons, multiple randomly selected seeds/plants from each existing accession number and each new genebank entry should be analyzed individually using a combination of introgression identification and variant calling to detect potential duplicates. The number of analyzed plants per accession will determine the detection threshold for the fraction of this accession that might be a different genotype. UlcWGS is a reasonable approach allowing for variant calling (Chat et al., 2022) and introgression prediction. Duplicates could be detected based on a two-step approach. First, introgressions should be predicted; and second, variant calling could be used for samples with similar predicted introgressions to detect duplicates. Finally, genebank documentation systems (e.g., https://www.agent-project.eu/, https://www.pulsesincrease.eu/) should provide access to all data including introgression and variant data to efficiently identify promising materials for more detailed evaluation and potential application in targeted crop improvement.
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The rust diseases, including leaf rust caused by Puccinia triticina (Pt), stem rust caused by P. graminis f. sp. tritici (Pgt), and stripe rust caused by P. striiformis f. sp. tritici (Pst), are major limiting factors in wheat production worldwide. Identification of novel sources of rust resistance genes is key to developing cultivars resistant to rapidly evolving pathogen populations. Aegilops longissima is a diploid wild grass native to the Levant and closely related to the modern bread wheat D subgenome. To explore resistance genes in the species, we evaluated a large panel of Ae. longissima for resistance to several races of Pt, Pgt, and Pst, and conducted a genome-wide association study (GWAS) to map rust resistance loci in the species. A panel of 404 Ae. longissima accessions, mostly collected from Israel, were screened for seedling-stage resistance to four races of Pt, four races of Pgt, and three races of Pst. Out of the 404 accessions screened, two were found that were resistant to all 11 races of the three rust pathogens screened. The percentage of all accessions screened that were resistant to a given rust pathogen race ranged from 18.5% to 99.7%. Genotyping-by-sequencing (GBS) was performed on 381 accessions of the Ae. longissima panel, wherein 125,343 single nucleotide polymorphisms (SNPs) were obtained after alignment to the Ae. longissima reference genome assembly and quality control filtering. Genetic diversity analysis revealed the presence of two distinct subpopulations, which followed a geographic pattern of a northern and a southern subpopulation. Association mapping was performed in the genotyped portion of the collection (n = 381) and in each subpopulation (n = 204 and 174) independently via a single-locus mixed-linear model, and two multi-locus models, FarmCPU, and BLINK. A large number (195) of markers were significantly associated with resistance to at least one of 10 rust pathogen races evaluated, nine of which are key candidate markers for further investigation due to their detection via multiple models and/or their association with resistance to more than one pathogen race. The novel resistance loci identified will provide additional diversity available for use in wheat breeding.
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1 Introduction

Numerous biotic stressors continually threaten the world’s supply of wheat. Most notorious are the rust diseases which continue to be an important limiting factor in wheat production in many regions of the world (Figueroa et al., 2018). These fungal diseases include leaf rust caused by Puccinia triticina (Pt), stem rust caused by P. graminis f. sp. tritici (Pgt), and stripe rust caused by P. striiformis f. sp. tritici (Pst).

Leaf rust is the most common rust disease, affecting a larger acreage of wheat per year worldwide than either stem or stripe rust (Bolton et al., 2008). Losses caused by leaf rust over large areas are generally light to moderate (1-20%); however, early infections on susceptible cultivars can be devastating in localized areas (USDA-ARS, 2019). The leaf rust pathogen displays considerable diversity for virulence on wheat. Over 70 races of Pt have been identified from nationwide collections in the United States by the USDA-ARS. In a worldwide collection of Pt isolates, 424 multilocus genotypes and 497 virulence phenotypes were found (Kolmer et al., 2019).

Stem rust has a long history of causing devastating epidemics worldwide (Chaves et al., 2008). In the hard red spring wheat-growing regions of North America, rust resistance has been stable for over 50 years; however, notable “boom and bust” cycles of resistance deployment and subsequent emergence of virulent races of the pathogen occurred multiple times prior to the current long-standing resistance (Ellis et al., 2014). Stem rust now threatens the world’s wheat germplasm due to the emergence of the widely virulent Pgt Ug99 lineage of races (e.g. TTKSK), first discovered in Uganda in 1998 (Pretorius et al., 2000). This race group was virulent on over 80% of the world’s wheat cultivars and breeding materials (Singh et al., 2011). Additional races unrelated to Ug99 have recently emerged in various regions, such as Ethiopia, Germany, and Italy (Olivera et al., 2015; Bhattacharya, 2017; Olivera Firpo et al., 2017), overcoming newly identified sources of resistance, and underscoring the difficulty of breeding for durable resistance to stem rust.

The third major rust disease is stripe rust, a quickly growing problem in many wheat production regions. In the United States, stripe rust is generally more restricted in its distribution; however, it has become increasingly more important over the past 20 years. It has now been reported in over 25 states (Wan et al., 2016) and in 2010 caused a severe epidemic in the Pacific Northwest. Worldwide, stripe rust has been responsible for damaging epidemics in nearly all wheat producing areas (Chaves et al., 2008). Over 70 stripe rust resistance genes have been described in wheat; however, only two (Yr5 and Yr15) are effective against all races currently identified in the United States (Li et al., 2011).

Breeding for resistance to rust pathogens is key to delivering the most cost-effective and sustainable disease control method. Due to the highly fluid and adaptive nature of rust pathogen populations, many rust resistance genes within the primary gene pool of wheat have been overcome; thus, there is a need to expand the search for resistance to the secondary and tertiary gene pools. The secondary gene pool of wheat includes wild relatives that may be hybridized with cultivated wheat, but proper pairing and recombination of chromosomes must be artificially induced (Harlan and de Wet, 1971). Thus, there is considerable genetic diversity available for wheat improvement in the secondary and tertiary gene pools, but careful screening and proper utilization of the most closely related species is critical.

The allohexaploid bread wheat genome arose via two ancient hybridization events and contains three subgenomes (A, B, and D) (Marcussen et al., 2014). Initially, it was hypothesized that the wheat B subgenome originated from an ancestor of one of the five diploid Aegilops species of the section Sitopsis (carrying S or S* genomes), including Ae. bicornis (Spach goatgrass), Ae. longissima (elongated goatgrass), Ae. searsii (Sears’ goatgrass), Ae. sharonensis (Sharon goatgrass), and Ae. speltoides (truncate goatgrass). Recently, through genome sequencing and assembly of species in section Sitopsis, the origin of the B genome was hypothesized to be an extinct diploid species that diverged from an ancestral progenitor of the B lineage to which the extant Ae. speltoides and Ambylopyrum muticum (synonym: Ae. mutica) belong (Avni et al., 2022; Li et al., 2022). The remaining four Sitopsis species were shown to be members of the common wheat D subgenome lineage. The five Sitopsis species have been valuable sources of disease resistance genes. Numerous instances of successful transfers of disease resistance genes from the Sitopsis species into tetraploid and/or hexaploid wheat have been reported, including leaf rust resistance genes Lr28, Lr35, Lr36, Lr47, Lr51 (all from Ae. speltoides), and Lr56 (Ae. sharonensis); stem rust resistance genes Sr32, Sr39, Sr47 (all from Ae. speltoides), Sr62 (Ae. sharonensis), and Sr51 (Ae. searsii); the stripe rust resistance gene Yr38 (Ae. sharonensis); and powdery mildew resistance genes Pm12, Pm32 (both from Ae. speltoides), and Pm13 (Ae. longissima) (Schneider et al., 2008; Olivera and Steffenson, 2009; Liu et al., 2011; Klindworth et al., 2012; Yu et al., 2022).

Aegilops longissima (2n = 2x = 14, SlSl) is native to the Levant being distributed in the eastern Mediterranean coastal areas of Israel and southern Lebanon, with a limited distribution in the northern Sinai coast of Egypt extending to the coastal region around Alexandria. Further inland populations also exist in the Negev desert of southern Israel, and in limited distributions in southern Syria and northwestern Jordan (van Slageren, 1994). Its habitat preference is on sandy loam and “Hamra” soils (red sandy loam) near the seashore or loess soil and sandstone in the Negev desert, and terra rossa soils in Jordan (Sela et al., 2018). Accessions of Ae. longissima have been reported to carry resistance to leaf rust (Anikster et al., 2005), stem rust (Anikster et al., 2005; Scott et al., 2014), stripe rust (Anikster et al., 2005), powdery mildew (Li et al., 2020), and eyespot (Sheng et al., 2014). In spite of the demonstrated diversity of disease resistance in Ae. longissima, it nevertheless remains underutilized as a resource for discovery of novel rust resistance genes. Recently an extensive collection of Ae. longissima accessions was assembled (the Ae. longissima Diversity Collection; ALDIVCO) and evaluated for resistance to two races of Pt (BBBDB and THBJG), two races of Pgt (TTTTF and TTKSK), and one race of Pst (PSTv-37) (Huang et al., 2018). The results revealed that Ae. longissima was a rich source of resistance to all three rusts. Notably, 10 accessions were found to be resistant to all races of the three pathogens investigated in the study. The ALDIVCO is a promising resource for discovery of novel sources of resistance to all three rust pathogens. However, there remains a need to conduct additional rust evaluations in order to characterize the resistance spectrum of individual accessions and to elucidate the genetic basis of resistance.

Genome-wide association studies (GWAS) enable detection of marker-trait associations in genetically diverse populations by exploiting low linkage disequilibrium (LD) which occurs due to accumulated historic recombination events (Sorrells and Yu, 2009). This method is an efficient means for mapping multiple traits in a given population, even those comprised of wild germplasm like the ALDIVCO. Population structure, or the mixture of multiple subpopulations within a germplasm panel, must be taken into account when performing a GWAS. This problem can be overcome by incorporating measures of genetic relatedness, population structure, or both into mixed models (Kang et al., 2008; Bradbury et al., 2011).

Our long-term goal is to add to the catalog of useful rust resistance genes from wild wheat relatives for cultivated wheat improvement. The objectives of this study were to: (1) perform comprehensive phenotyping of the ALDIVCO by expanding evaluations for resistance to additional races of the stem rust, leaf rust, and stripe rust pathogens; and (2) utilize GWAS to identify loci influencing rust resistance present in the panel. In this investigation, we found that Ae. longissima is a rich source of diverse resistance to the rust pathogens of wheat, and we report genetic markers significantly associated with rust resistance to multiple rust pathogens and pathogen races.




2 Materials and methods



2.1 Plant materials

The Ae. longissima Diversity Collection (ALDIVCO, n = 433) was assembled and utilized for rust phenotyping by Huang et al. (2018). This panel consists of 433 accessions: 424 from Israel, four from Jordan, and five from unknown sites. Most (411) of the ALDIVCO accessions were provided by the Harold and Adele Lieberman Germplasm Bank in the Institute for Cereal Crops Research (ICCR) at Tel Aviv University (Tel Aviv, Israel), with remaining accessions donated by the Leibniz-Institut für Pflanzengenetik und Kulturpflanzenforschung (IPK) in Gatersleben, Germany. A subset of this collection (n = 295-380) was used for all rust evaluations (Supplementary Table S1) in Huang et al. (2018) and in the current study.

Most of the accessions phenotyped by Huang et al. (2018) were selfed for one to four generations. In this study, several additional generations of selfing (up to six) were done on the panel before phenotyping. These additional selfing generations served to increase homozygosity and generate additional seed stocks for further evaluations. Poor plant growth and issues with flowering and sterility resulted in low seed stocks for several accessions; thus, the number of accessions included in any one rust evaluation ranged from 295-380 accessions.

Susceptible controls were included in each experiment to assess the infection level and virulence of the pathogen races. Wheat cultivars McNair 701 (PI 518817), Thatcher (PI 168659), and Morocco (PI 431591) were the susceptible controls for the stem rust, leaf rust, and stripe rust evaluations, respectively. Respective wheat differential lines were included in all rust phenotyping experiments to confirm the identity of pathogen races utilized (Roelfs and Martens, 1988; Long and Kolmer, 1989; Jin et al., 2008; Wan and Chen, 2014). The respective resistant differential lines to each race served as resistant controls.




2.2 Rust pathogen isolates

Huang et al. (2018) evaluated the ALDIVCO for resistance to two races of Pgt (TTTTF and TTKSK), two races of Pt (BBBDB and THBJG), and one race of Pst (PSTv-37). The phenotypic data generated by Huang et al. (2018) were utilized in this study for GWAS. Two additional races for each of the three rust pathogens were selected for evaluation in this study (Table 1). Race TTRTF (isolate 14GEO189-1-B) of Pgt was selected because it is widely virulent and is becoming one of the most widely distributed races in Europe and the Middle East (Olivera et al., 2019; Omrani and Roohparvar, 2021). In contrast, Pgt race QFCSC (isolate 06ND76C) was selected because it has a narrower virulence spectrum but is also one of the predominant races in the United States (Jin et al., 2014).


Table 1 | Race, isolate, virulence phenotype, and source of wheat rust pathogens used to evaluate resistance in Aegilops longissima.



Race BBBQD (isolate CA 1.2) of Pt was selected because it is representative of a worldwide group of isolates that have high virulence to durum wheat (Triticum turgidum ssp. durum) but is generally avirulent to most bread wheats and most Lr genes (Kolmer, 2015; Kolmer and Fajolu, 2022). In contrast, Pt race TBBGS (isolate 14 US 154-1) was selected because it has a wide virulence spectrum. Of note, this race is virulent to Lr21, a resistance gene commonly present in some hard red spring wheat cultivars and virulent to Lr39, which is very common in hard red winter wheat cultivars. TBBGS is commonly found in the northern Great Plains of the United States (Kolmer and Fajolu, 2022).

Pst races PSTv218 (isolate 2008-012) and PSTv40 (isolate 10-391) were selected because they both have relatively wide, but differing virulence spectra (i.e., both are virulent on 12 out of 18 Yr genes in the Avocet differential set; Wan et al., 2017), allowing for identification of accessions with broadly effective resistance to stripe rust.

The virulence phenotypes for isolates of all three pathogens were verified on their respective differential sets (Roelfs and Martens, 1988; Long and Kolmer, 1989; Jin et al., 2008; Wan and Chen, 2014).




2.3 Plant growth conditions

As a wild grass, Ae. longissima seeds often require cold stratification to break dormancy. To provide the required cold period, seeds were either placed on moistened filter paper in 9-cm petri dishes and incubated at 4°C for five days before being transferred to growing medium or were directly planted into moistened growing medium and incubated at 10°C for seven days. For the rust phenotyping experiments, three seeds per accession were sown plastic cones (3.8 cm diameter x 21 cm depth) held in racks of 98 units or peat pots (7 x 7 x 9 cm; l x w x h) containing a mixture of 50:50 (by volume) steam-sterilized native soil: half plant growth medium (Sunshine MVP mix; Sungrow Horticulture Distributors, Quincy, MI).

Plants for assessments to all Pt races, all Pst races, and Pgt races TTTTF and QFCSC were grown in a greenhouse at the University of Minnesota Plant Growth Facility (St. Paul, MN) under a temperature regime of 25/17°C (day/night) and 16-hour photoperiod (400-W high pressure sodium lamps, emitting a minimum of 300 µmol photons s-1 m-2) until inoculation. Plants for assessments to Pgt races TTKSK and TTRTF were grown in the Minnesota Agricultural Experiment Station/Minnesota Department of Agriculture Biosafety Level-3 (BSL-3) Containment Facility (St. Paul) in a greenhouse under a temperature regime of 22/19°C (day/night) and 14-hour photoperiod (400-W high pressure sodium lamps, emitting a minimum of 300 µmol photons s-1 m-2).

During the course of all rust phenotyping experiments, four fertilizer applications were given to all plants: two at planting (0.3 g/pot slow-release Osmocote 14-14-14 and approximately 40 g/L at 1/16 dilution of Peter’s Dark Weather 15-0-15; Scott’s Company, Marysville, OH) and two additional applications (approximately 40 g/L at 1/16 dilution of Peter’s 20-10-20; Scott’s Company) at one-week intervals until the plants were scored.




2.4 Seedling resistance assessments

Prior to inoculation, urediniospores of the rust pathogens were removed from a -80°C freezer, heat-shocked in a 45°C water bath for 15 min, then rehydrated in an 80% relative humidity chamber for 1-16 hr and then suspended in a lightweight mineral oil (Soltrol 170; Phillips Petroleum, Bartlesville, OK). The suspension was applied to the plants using custom atomizers pressured at 25-30 kPa (Tallgrass Solutions, Inc., Manhattan, KS), delivering approximately 0.04 mg, 0.04 mg, and 0.09 mg urediniospores per plant for Pgt, Pt, and Pst, respectively. The different concentrations of inoculum used reflect the varied infectivity rates of each pathogen. Inoculated plants were placed in front of fans for five minutes to hasten evaporation of the oil carrier from leaf surfaces. The plants were left in open air for an additional 90 minutes to ensure oil evaporation before being placed in chambers to induce rust infection.

Plants inoculated with Pgt and Pt were placed in mist chambers and those inoculated with Pst were placed in dew chambers under the conditions previously described (Huang et al., 2018). After the induction of infection, plants were returned to their respective growing conditions as described above, with the exception of those inoculated with Pst, which were transferred to a growth chamber with a temperature cycle changing from 18°C to 16°C at 2200 h, then to 14°C at 2300 h, and back to 18°C at 0600 h with a 16 hour photoperiod (400-W high pressure sodium lamps, emitting a minimum of 300 µmol photons s-1 m-2).

Stem and leaf rust infection types (ITs) were assessed 12-14 days post-inoculation based on 0-4 rating scales (Stakman et al., 1962; Roelfs and Martens, 1988; Long and Kolmer, 1989). Stripe rust ITs were assessed 19 days post-inoculation based on a 0-9 rating scale (Wan and Chen, 2014). Disease assessments were made on the ALDIVCO in at least two separate experiments conducted in a completely randomized design with repeated controls. Accessions giving highly variable reactions across replicates were screened an additional time.

For GWAS, the categorical phenotype data for the stem and leaf rust experiments were converted to a 0-9 linear disease scale as described previously (Zhang et al., 2014). Simple ITs were converted as follows: 0/;, 1-, 1, 1+, 2-, 2, 2 + 3-, 3, and 3+ were coded as 0, 1, 2, 3, 4, 5, 6, 7, 8, and 9 respectively. For more complex reactions, such as “;12” (meaning “;” or “fleck” was the most prevalent IT, 1 was the second most prevalent IT, and 2 was the least prevalent IT), only the first and second listed ITs (i.e., the most prevalent and second most prevalent) were converted to the linear scale and then averaged, with the first IT being double weighted. Then the linearized scores from all replications were averaged. Generally, categorical ITs are divided into two general reaction classes: resistant (ITs ranging from 0 to 2+ for Pgt and Pt or 0-6 for Pst) and susceptible (ITs ranging from 3- to 4 for Pgt and Pt or 7-9 for Pst). Accessions were classified as heterogeneous if they included both resistant and susceptible plants, either within the same experiment or across repeated experiments. Data from heterogeneous accessions in experiments with Pgt and Pt were not included in further analyses. Due to more quantitative nature of disease severity ratings, data from heterogeneous accessions in Pst experiments were not retained for further analyses only if the absolute value of the difference between the ITs of two or more replications was greater than two units on the linearized scale.




2.5 Genotyping

Genome-wide markers were obtained using the genotyping-by-sequencing (GBS) approach (Poland et al., 2012). DNA was extracted from seedling tissue by the University of Minnesota Genomics Center (UMGC) using their standard plant 2% CTAB protocol. GBS libraries were created using the Pst1-Msp1 restriction enzymes. The samples were pooled together at 96-plex to create pooled libraries, which were then sequenced on Illumina NextSeq 500. A total of 384 accessions were genotyped.

SNP calling performed with the TASSEL v5 GBSv2 pipeline (Glaubitz et al., 2014) using 64 k-mer length and minimum k-mer count of 20. Reads were aligned to the reference chromosome-scale sequence assembly of Ae. longissima (accession AEG-6782-2, Avni et al., 2022) using the aln method of the Burrows-Wheeler aligner (bwa) (Li and Durbin, 2009). Raw SNP data generated from the GBSv2 pipeline were then filtered to remove taxa with >90% missing data (n = 3), sites with genotype quality<30, and sites with minor allele frequency (MAF) ≤ 0.01, leaving 283,104 sites. Additional filtering steps were performed including selecting biallelic SNPs with missing data ≤ 20% and heterozygosity ≤ 5%. After filtering, 141,218 SNP markers remained for the remaining 381 accessions. Genotypic data for the ALDIVCO is deposited in the Triticeae Toolbox (https://wheat.triticeaetoolbox.org/breeders/trial/9452)




2.6 Linkage disequilibrium, population structure, and genetic distance

Full matrices of pairwise comparison between markers (with< 20% missing data) for each chromosome was used to characterize the linkage disequilibrium (LD, as r2) decay in the ALDIVCO using TASSEL v5. These LD estimates were plotted against physical distance. Locally weighted scatter plot smoother (LOWESS) was run in JMP (JMP, Version 14.3.0, SAS Institute Inc., Cary, NC) to visualize the change of LD with physical distance (Supplementary Figure S1). Markers that were in perfect LD (r2 = 1) with an adjacent marker (n = 15,875) were removed, leaving 125,343 sites for association analyses. Average distance between adjacent markers and average adjacent marker LD along each chromosome were plotted as heatmaps (Supplementary Figure S2).

Principal component analysis (PCA) was employed to detect population structure using TASSEL v5. The final set of markers used to determine covariates for GWAS and the first two principal components were plotted to visualize population structure (Figure 1B). In addition to PCA, characterization of subpopulations was performed with K-means clustering using the R package factoextra (Kassambara and Mundt, 2020), and the optimal number of subpopulations for analysis was determined using the R package NbClust (Charrad et al., 2014). Hierarchical clustering utilizing Ward’s minimum variance method on the genetic distance matrix was also performed in JMP to examine relatedness among accessions (Supplementary Figure S2).




Figure 1 | (A) Geographic distribution of accessions in the ALDIVCO and (B) Principal component analysis (PCA) of 378 accessions of the ALDIVCO using 125,343 markers. Two subpopulations were inferred by K-means clustering. (C) PCA of the ALDIVCO colored according to latitude.






2.7 Phenotypic data analysis

Mean linearized ITs for the ALDIVCO to all rust pathogen isolates were visualized as histograms and boxplots. To improve normality of the rust phenotyping data for association analyses, the mean linearized ITs were subjected to log10 + 1 transformations. The Shapiro-Wilk test was performed in JMP to check for normality of the transformed and untransformed mean ITs. Pearson correlation coefficients for pairwise comparisons between rust races were calculated using mean ITs in R (Supplementary Figure S4). Comparison of subpopulation phenotype means was performed for each rust race using two-sample t-tests with α = 0.05 (Figure 2B). Comparison of phenotype means across races was performed using ANOVA and Tukey-Kramer HSD with α = 0.05 (Figure 2A). Additionally, ANOVA was performed for all experiments using the mean linearized ITs and variance components were estimated from the expected mean squares of the ANOVA. Reliability (i2) (also referred to as broad-sense heritability, H2) for resistance to all races in the ALDIVCO was estimated on an entry mean basis using the equation:




Figure 2 | (A) Box plot for distributions of mean linearized seedling infection types (ITs) for four races of Puccinia graminis f sp. tritici, four races of Puccinia triticina, and three races of Puccinia striiformis f. sp. tritici. Solid horizontal lines show medians. The top and bottom box edges show the 25th to 75th percentiles of total data. Different letters above box plots indicate significant differences between means (p< 0.05, Tukey HSD). (B) Box plot for distributions of mean linearized seedling infection types (ITs) for four races of Pgt, four races of Pt, and three races of Pst split between two subpopulations of the ALDIVCO as inferred by K-means clustering. Asterisks above the plots indicate a significant difference between subpopulation means (p< 0.05, two-sample t-test).



	

where   is the estimated genetic variance,   is the estimated error variance, and n is the number of replications.




2.8 GWAS analyses

Markers associated with resistance to all races of Pt, Pgt, and Pst were identified using three different GWAS models: (1) A mixed linear model (MLM), (2) Fixed and random model Circulating Probability Unification (FarmCPU; Liu et al., 2016) and (3) Bayesian-information and Linkage-disequilibrium Iteratively Nested Keyway (BLINK; Huang et al., 2019). The MLM accounted for population structure (Q) + kinship (K). The model is described as

	

where y is the vector of the resistance phenotype mean across experiments, µ is the population mean, m is the vector of fixed SNP effects, v is the vector of fixed population effect, u is the vector of random genetic background effect for each accession, and ϵ is the vector of residuals. W, Q, and Z are incidence matrices. The parameter u is distributed as   where K is the kinship matrix and   is the genetic variance. The parameter ϵ is distributed as   , where I is the identity matrix and   is the error variance. The first two principal components from the PCA and the additive relationship matrix were used to account for population structure and genetic relatedness. FarmCPU and BLINK models were also used to overcome model overfitting problems of stepwise regression. FarmCPU uses an algorithm that considers the confounding problem between covariates and test marker by iterating between both a Fixed Effect Model (FEM) and a Random Effect Model (REM). BLINK replaces restricted maximum likelihood (REML) in FarmCPU’s REM with Baysian information criteria in a FEM and uses LD information to eliminate the restricting assumption that causal genes are evenly distributed across the genome. The first two principal components were fitted as covariates in both models to reduce false positives due to population structure. The models were implemented in GAPIT v3 package in R (Wang and Zhang, 2021). Multiple testing comparisons for GWAS were taken into account using the Bonferroni correction (α = 0.05), leading to an experiment-wide significance threshold of 0.05/125,343 markers = 3.99 × 10-7 or –log103.99 × 10-7 = 6.40. QQ plots were utilized to evaluate the fit of the three different models (Supplementary Figure S5).

GWAS using all three models was also performed on each of the two subpopulations identified via K-means clustering independently for all races of the rust pathogens evaluated. Each genotypic matrix for the two subpopulations was filtered again to remove markers with minor allele frequency (MAF) ≤ 0.01 and missing data ≥ 20%, leaving 109,110 markers for the 204 accessions in subpopulation 1 and 84,027 markers for the 174 accessions in subpopulation 2. Therefore, the significance threshold (using Bonferroni, α = 0.05) for each subpopulation was 0.05/109,110 markers = 4.58 × 10-7 or –log104.58 × 10-7 = 6.34 for subpopulation 1 and 0.05/84,027 markers = 5.95 × 10-7 or –log105.95 × 10-7 = 6.23 for subpopulation 2.




2.9 Candidate gene identification

Putative candidate genes were identified by inspecting the reference genome assembly of Ae. longissima (accession AEG-6782-2, Avni et al., 2022) flanking key loci identified via GWAS. This 6.70 Gbp assembly has an estimated 97.5% genome annotation completeness based on BUSCO analysis (Simão et al., 2015). Flanking regions of one Mbp in either direction of key loci were captured using the UCSC Genome Browser (Kent et al., 2002). Key loci included those that were detected at least three times, meaning they were identified by all three GWAS models or were significant across multiple rust races and/or subpopulations. Candidate genes near key loci identified on scaffolds unassigned to chromosome assemblies (“chromosome UN”) were restricted to gene annotations on the same contig as the marker.





3 Results



3.1 Genotypic analyses, LD, population structure, and genetic relatedness

Upon filtering of the markers generated by GBS and subsequent alignment to the Ae. longissima reference genome assembly, 141,218 SNP markers were identified in the subset (n = 381) of the ALDIVCO and used for further analysis. Removal of adjacent markers in perfect LD (r2 = 1) resulted in 125,343 SNPs used in the final analyses. The percentage of missing genotypic data in this set was 42.0%, with an average minor allele frequency of 0.21. The average adjacent marker LD (estimated as r2) for individual chromosomes ranged from 0.15 to 0.19 and was 0.17 across all chromosomes (Supplemental Table S4). Using a sliding window of 25 markers, the overall average marker LD across the genome was 0.14.

Using full matrices of pairwise comparison between markers (with< 20% missing data) for each chromosome, the marker LD decayed rapidly in the first 20 Mbp, then tended to level off at around r2 of 0.04-0.05 (Supplementary Figure S1). For chromosomes 3S, 4S, and 7S, a slight increase in LD was observed from approximately 20 Mbp to 440, 260, and 280 Mbp respectively. A pattern of longer distance between available markers near the central regions of chromosomes was observed (Supplementary Figure S2A). Average adjacent marker LD was also high in the central regions of the chromosomes, with the exception of chromosomes 5S (Supplementary Figure S2B).

Using the genotypic matrix of 125,343 markers across the genome, PCA was used for estimating genetic relatedness of the accessions (Figure 1A). Cluster analysis using K-means clustering identified two subpopulations, represented on the PC plot and map of accession collection sites (Figures 1A, B). PC1 and PC2 explained 17.8 and 5.3% of the variability, respectively. Subpopulation 1 (n = 204) mostly included accessions along the coastal plain north of latitude 31.84, while subpopulation 2 (n = 174) mostly included accessions from south of latitude 31.84, extending southeast into the Negev desert, plus a geographically separated group of seven accessions on the eastern shore of the Sea of Galilee. In general, genetic relatedness of accessions followed a latitudinal gradient from north to south (Figure 1C). Hierarchical clustering utilizing Ward’s minimum variance method on the genetic distance matrix revealed a similar pattern of relatedness among the accessions (Supplementary Figure S3).




3.2 Phenotypic analyses

Uniform infection was obtained on all susceptible controls and Ae. longissima accessions in all experiments, with the exception of one experiment for Pst race PSTv40 where infection was uncharacteristically low, and thus an additional experiment was conducted for accessions with infection types diverging by at least 2.5 units. The complete set of raw ITs for all experiments and average linearized ITs are given in Supplementary Table S1.

A wide range of variation was found among all accessions in response to all pathogen races evaluated, with the exception of Pgt race QFCSC, for which all accessions displayed resistant responses (ITs of 0 to 2+) (Table 2). The percentage of resistant accessions varied widely to the other three Pgt races evaluated: over 80% were resistant to TTKSK, compared with 43.7% to TTRTF, and only 18.5% to TTTTF. The percentage of heterogeneous accessions (i.e., those displaying both resistant and susceptible plants) for the three virulent races ranged from 4.9% for TTKSK to 17.6% for TTTTF. The percentage of resistant accessions was more comparable for races of Pt with 52.2% for BBBDB, 61.4% for BBBQD, 66.0% for THBJG, and 68.5% for TBBGS (Table 2). The percentage of heterogenous accessions for Pt ranged from 13.7% for race THBJG to 24.8% for race TBBGS. The percentage of resistant accessions was similar for Pst races PSTv37 (49.5%) and PSTv40 (53.7%) but was notably higher for race PSTv218 (79.0%) (Table 2). The percentage of heterogeneous accessions for Pst ranged from 7.1% for race PSTv37 to 31.5% for race PSTv40.


Table 2 | Number and percentage of Aegilops longissima accessions exhibiting resistant, susceptible, and heterogeneous reactions to three wheat rust pathogens at the seedling stage.



Forty-one (out of 404 total evaluated against at least one pathogen race; 10.1%) accessions were resistant to all four Pgt races. Eighty-nine (22.0%) accessions were resistant to three of the four races, 137 (33.9%) were resistant to two of the four races, and 117 (29.0%) were resistant to just one of the four races. One hundred and four (25.7%) accessions were resistant to all four Pt races, 81 (20.0%) were resistant to three of the four races, 79 (19.6%) were resistant to two of the four races, and 69 (17.1%) were resistant to just one of the four races. One hundred and twenty-one (30.0%) accessions were resistant to all three Pst races, 99 (24.5%) were resistant to two of the three races, and 100 (24.8%) were resistant to just one of the three races. There were 295 (73%) accessions that were resistant to at least five of the rust pathogen races evaluated (not all accessions were evaluated against all races; Table S1). Eleven accessions were resistant to 10 of the 11 pathogen races evaluated, although seven of these were susceptible or had heterogeneous reactions to Pgt race TTTTF. Two ALDIVCO accessions (AEG-1471-15 and AEG-2974-0) were resistant to all pathogen races evaluated, both belonging to subpopulation 2.

Reliability (often referred to as broad-sense heritability) estimates were calculated for the reactions of the ALDIVCO to all rust races evaluated (Supplementary Table S4). Reliabilities were high for all races, ranging from 0.76 for Pst race PSTv40 to 0.95 for Pgt race TTRTF. Mean linearized ITs of the ALDVICO to all pathogen races of the same species were positively correlated with one another and highly significant (P< 0.00001) (Supplementary Figure S4). Mean linearized ITs of Pt races were typically not correlated, or weakly positively correlated, with those of Pgt races and Pst races. In contrast, mean linearized ITs of all Pgt races were negatively correlated with those of Pst races (P< 0.01). The highest positive r2 value (0.76) was found between Pst races PSTv40 and PSTv218, while the most negative correlation (r2 = -0.42) was found between Pgt TTRTF and Pst race PSTv218.

The median linearized IT for TTTTF was 8.0, the highest of all races, followed by TTRTF with 6.3 (Figure 2A). By separating out the average linear ITs by subpopulation cluster, it was revealed that for all races of Pgt and Pt, subpopulation 1 had lower means than subpopulation 2 (Figure 2B). However, this pattern was reversed for all races of Pst, where subpopulation 2 had lower means than subpopulation 1. For all pathogen races evaluated, with the exception of TBBGS and BBBDB of Pt, the two subpopulations had significantly different means as revealed by two-sample t-tests (α = 0.05; Figure 2B).

The mean linearized ITs for each race were subjected to log10 + 1 transformations and then the Shapiro-Wilk test was performed to check for normality of the transformed and untransformed data. For all races except Pgt races TTTTF and TTRTF and Pst races PSTv37 and PSTv40, the transformed data were more normal (i.e., had a larger value of the test statistic, W; data not shown). However, the slight increase in normality achieved was deemed insufficient to justify using transformed means for association analyses to avoid unintended biasing of the data.




3.3 GWAS for rust resistance

Genome-wide association mapping for seedling resistance to each of the 11 pathogen races was conducted using 381 Ae. longissima accessions and 125,343 SNP markers, via three models in the GAPIT R package: MLM, FarmCPU, and BLINK. GWAS using all three models was also performed on each of the two identified subpopulations independently for all races of rust pathogens evaluated (using 109,110 markers and 84,027 markers for the 204 and 174 accessions in subpopulation 1 and 2, respectively).

The single-variant MLM tended to have a worse fit than either the FarmCPU or BLINK models, as shown by QQ plots with slightly inflated or deflated p-values, depending on the race and/or subpopulation under investigation (Supplementary Figure S5). For example, in subpopulation 1, the MLM for Pgt race QFCSC showed inflated p-values, and a similar trend was observed in subpopulation 2 for Pgt race TTTTF, TTRTF, and QFCSC.

Utilizing the whole population for GWAS, significant marker-trait associations (MTAs) were identified for nine of the eleven pathogen race combinations: Pgt TTKSK, TTRTF, and QFCSC; Pt THBJG, TBBGS, BBBDB, and BBBQD; and Pst PSTv40 and PSTv218 (Supplementary Table S2, Figure 3). When GWAS was performed in subpopulation 2, significant MTAs were detected for ten of the pathogen race combinations with the exception of Pst PSTv218. In subpopulation 1, significant MTAs were detected for only one pathogen race, Pgt QFCSC. In total, 195 significant MTAs for seedling resistance were detected by at least one model for the whole population and/or by at least one model for either of the subpopulations independently (Supplementary Table 2, Figure 3).




Figure 3 | Map of markers significantly associated with rust seedling infection types to four races of Puccinia graminis f. sp. tritici, four races of Puccinia triticina, and three races of Puccinia striiformis f. sp. tritici. Solid black vertical lines indicate the end of each chromosome. Circle symbols indicate markers associated by the BLINK algorithm, diamond symbols indicate markers associated by the FarmCPU algorithm, and square symbols indicate markers associated by a mixed linear model (MLM), all using the first two principal components as covariates. Only markers with p-values meeting a Bonferroni corrected (α = 0.05; 0.05/total number of markers) threshold are displayed. Green symbols indicate significant markers identified using the entire population of accessions screened, while blue and red symbols indicate markers identified by the models run independently in either subpopulation 1 or 2, respectively (as assigned via K-means clustering). The symbols are scaled by –log10(p), such that larger symbols indicate higher significance. The dashed orange vertical lines indicate markers that were detected at least three times (either by all three models, or in multiple population GWAS, and/or for resistance to multiple pathogen races).



Three markers were significantly associated with resistance to two pathogen races: one (S3S_669959829) on chromosome 3S identified for resistance to races PSTv40 and PSTv218 in the whole population by both FarmCPU and BLINK, a second (S3S_885155266) on chromosome 3S identified in the whole population by FarmCPU and BLINK for Pt THBJG and by BLINK for Pt TBBGS, and the third (SUN_49934383) on a scaffold unassigned to any chromosome (chromosome UN) identified for resistance to Pt BBBDB (by all three models) Pt BBBQD (BLINK model only) in the whole population. One marker (SUN_232304889) on chromosome UN was significantly associated with resistance to three Pt races: THBJG (detected by FarmCPU and BLINK models), TBBGS (detected by BLINK), and BBBDB (detected by BLINK) in subpopulation 2. In subpopulation 2, three SNP markers were identified as significant by all three models: one for Pgt QFCSC on chromosome 3S (S3S_835968584) and two for Pgt TTTTF, one on chromosome 4S and the other on chromosome 5S (S4S_697635226, S5S_535624330). One marker (S2S_363051049) on chromosome 2S identified for resistance to Pt TBBGS in the whole population was identified by all three models in the whole population. Lastly, one marker (S2S_602532465) on chromosome 2S was associated with resistance to Pgt TTKSK by FarmCPU and BLINK in the whole population and by BLINK in subpopulation 2.

These nine markers were detected at least three times in the GWAS analysis (Table 3), i.e., by all three models in either the whole population or subpopulation 2, by two models in the whole population and one in subpopulation two or across multiple races with the same and/or different models.


Table 3 | Nine key significant marker loci associated with seedling resistance in the ALDIVCO to one race of Puccinia graminis f. sp. tritici, four races of P. triticina, and two races of P. striiformis f. sp. tritici.



One accession (AEG-2265-22) from subpopulation 1 carried eight out of the nine favorable alleles at these nine key loci. An additional ten accessions from subpopulation 1 carry seven out of the nine favorable alleles at the key loci. Subpopulation 1 had a higher frequency of resistance alleles at these loci compared to subpopulation 2, although it should be noted that no significant MTA was detected by all three GWAS models in subpopulation 1.




3.4 Candidate genes

One megabase sections of the genome flanking key markers were examined using the reference assembly of Ae. longissima (accession AEG-6782-2, Avni et al., 2022) and the UCSC Genome Browser (Kent et al., 2002). These flanking regions were investigated for annotated genes that may play a role in plant defense responses. Candidate genes near key loci identified on scaffolds unassigned to chromosome assemblies were restricted to gene annotations on the same contig as the marker. Nineteen candidate genes associated with disease resistance were identified near the nine key SNP markers (Table 3). Most notably, three genes annotated as nucleotide binding site leucine-rice repeat proteins (NLRs; AE.LONG.r1.3SG0251830, AE.LONG.r1.3SG0259550, AE.LONG.r1.3SG0259480) were identified near SNP markers S3S_835968584 and S3S_885155266, associated with resistance to Pgt race QFCSC and Pt races THBJG and TBBGS, respectively. Utilizing Basic Local Alignment Search Tool (BLAST), no highly similar sequences to AE.LONG.r1.3SG0259550 with high query coverage were found in related genomes. AE.LONG.r1.3SG0251830 shared 99.3% identity to a gene on chromosome 3B (TraesCS3B03G1230100.1) of wheat, while AE.LONG.r1.3SG0259480 shared 98.5% identity to a gene (AE.SHARON.r1.3SG0285570) on chromosome 3S of Ae. sharonensis All other candidate genes have also been reported to play a role in various defense responses (Table 3).





4 Discussion



4.1 Resistance to rusts of wheat in the ALDIVCO

The main objective of this study was to expand evaluations of a large and diverse panel of Ae. longissima accessions for resistance to stem rust, leaf rust, and stripe rust and to identify loci associated with seedling-stage resistance to these diseases. Highly variable and ever-evolving populations of the causal pathogens of these wheat rusts present a continuous challenge to breeding for durable disease resistance. The wild relatives in wheat’s secondary gene pool, such as Ae. longissima, can serve as valuable sources of novel resistances (Schneider et al., 2008; Olivera and Steffenson, 2009; Liu et al., 2011; Klindworth et al., 2012).

The percentage of resistant accessions in the ALDIVCO varied depending on pathogen race but was about half of the total panel (≈ 40-60%) (Table 2). The panel showed the widest range of frequency of resistance to the Pgt isolates. Frequency of resistance was lowest to Pgt TTTTF (18.5%), known to be the most widely virulent race of the pathogen in the United States. In contrast, frequency of resistance was nearly 100% (with only one heterogeneous accession) to Pgt QFCSC. Although not one accession showed susceptibility to Pgt QFCSC, linearization of the still variable ITs within the resistant category allowed for association mapping. The frequency of resistance was also quite high to race TTKSK (80.6%) and moderate to race TTRTF (43.7%). This large variation in the frequency of resistance across different Pgt races indicates strong race specificity of stem rust resistance genes in Ae. longissima. For leaf rust, the frequency of resistance was intermediate to all races (52.2%-68.5%). Similarly, an intermediate frequency of resistance (49.5% and 53.7%) was also observed for PSTv37 and PSTv40 of Pst. A higher frequency of resistance (79%) was observed for Pst race PSTv218. High frequencies of adult plant resistance to bulk Israeli isolates of Pst and Pt (91 and 97%) were reported by Anikster et al. (2005) in a collection of 512 Ae. longissima accessions. However, seedling reactions to North American isolates of Pt (races SBDB and TBBL) showed lower frequencies of resistance (39%) in this Ae. longissima panel, reflecting more closely the intermediate frequencies of Pt resistance against the additional North American races reported in this study. Interestingly, similar frequencies of seedling resistance to Pgt TTTTF (13.1%) and TTKSK (69.2%), and to Pt THBJG (62.6%) and BBBB (59.8%) were reported by Olivera et al. (2007) in a collection of 107 Ae. sharonensis accessions from Israel. Ae. sharonensis, resides in sympatric habitats along the Israeli coast, is a close relative of, and has been hypothesized to hybridize with Ae. longissima (Sela et al., 2018), which may explain the similar frequencies of resistance reported in these two species. Overall, these results demonstrate that Ae. longissima is a diverse and abundant source of resistance to stem, leaf, and stripe rust.

Ae. longissima is typically self-pollinated, although some out-crossing may occur. For these experiments, the accessions evaluated ranged from self generation S1 to S6, but after the initial generation of single seed decent, they were selfed and bulked for increase of seed stocks. Many accessions tested exhibited heterogeneous reactions (i.e. had both resistant and susceptible plants) to one or more of the pathogen races tested, suggesting that heterozygosity may be present at some resistance loci (Table 2). This degree of heterogeneity was notably high for certain races evaluated, including Pt race TBBGS (24.8%) and Pst race PSTv40 (31.5%), although it should be noted that these percentages included accessions that were clearly segregating for resistance (e.g. one plant was rated 1 or 0;, while another plant was rated 3 or higher) and accessions that had heterogeneous ratings that were less stark (e.g. one plant was rated 2+ while another plant was rated 3 or 3-). This variation may be due to rater inconsistency or differing environmental conditions, such as light and temperature differences, across experiments. This is especially notable for the Pst races evaluated, due to the increased dependence of uredinia formation on light penetration and more quantitative nature of the symptoms seen with infection by this pathogen. Similar levels of heterogeneous reactions were reported in a collection of Ae. sharonensis (maximum of 22.4% heterogeneous to Pt race BBBDB) by Olivera et al. (2007).

All ITs to pathogen races of the same species were significantly positively correlated (Supplementary Figure S4) in this study, which was expected due to the presence of common genetic factors controlling resistance to each pathogen. A general lack of correlation between the stem rust reactions and leaf rust reactions was observed, while a negative correlation between stem rust reactions and stripe rust reactions was found, indicating that genetic factors controlling resistance are pathogen-specific.

Geographic and genotypic patterns of resistance were observed in the ALDIVCO. Subpopulation 1, from the northern and central coastal region of Israel, exhibited a higher frequency resistance to stem and leaf rust, while subpopulation 2, mostly from southern Israel, exhibited a higher frequency of resistance to stripe rust. No significant difference was found between the subpopulations for Pt races TBBGS and BBBDB, but subpopulation 1 did exhibit higher frequencies of resistance to races THBJG and BBBQD. Huang et al. (2018) evaluated this geographic differentiation in populations with respect to differing levels of resistance for the three different pathogens via local indicator of spatial association (LISA) maps.

The additional races evaluated in this study showed a similar trend. As mentioned by Huang et al. (2018), the presence of higher stem rust resistance in the north-central coastal region of Israel cannot be easily attributed to coevolutionary disease selection pressure due to higher levels of precipitation or increased inoculum due to wheat cultivation. Stem rust of cultivated wheat occurs more frequently in southern Israel (H. Sela, unpublished). In contrast, a higher frequency of resistance to stripe rust was found in the southern populations, which could possibly be explained by lower minimum temperatures leading to more frequent dew periods that favor the development of stripe rust. In addition, southern desert populations of the grass mature earlier, perhaps exposing them to increased risk of infection by Pst. Thus, the overall different resistance spectrum of the sub-populations could be attributed to pathogen pressure.

Alternatively, the geographic patterns of rust resistance may be due to other associated adaptive traits and limited geneflow between the two subpopulations. Anikster et al. (2005) posited that long-term stand density of Aegilops populations might be a more important determinant of local development of rust disease than differences in climate, perhaps leading to evolution of increased resistance in sites where their populations have reached greatest density. Further investigation into the distribution of naturally occurring rust diseases on Ae. longissima populations in Israel may add additional context to help explain the observed pattern of resistance.




4.2 Population structure in the ALDIVCO

K-means clustering utilizing the genotypic matrix and hierarchical clustering resulted in the identification of two subpopulations, confirmed by PCA (Figure 1, Supplementary Figure S3). Population structure was associated with geographic distribution of the ALDIVCO accessions, with subpopulation 1 having been collected chiefly from the coastal area north of latitude 31.84 and subpopulation 2 mostly from the south-central coastal area south of latitude 31.84 and extending into the Negev desert. The same clear pattern of separation between northern coastal and southern desert populations of Ae. longissima was observed by Sela et al. (2018), in which 23 accessions were genotyped via GBS and PCA analysis was performed. In the current expanded investigation, one group of seven accessions from the eastern shore of the Sea of Galilee did not follow this latitudinal trend of relatedness; rather they were more closely related to southern accessions. The reason for their relatedness to the southern accessions is unknown but may be due to migration via animal or human movements. Some accessions were intermediate between the two subpopulations, suggesting probable admixture between the northern and southern populations. Sela et al. (2018) theorized the geographic difference in subpopulations was likely to create local adaptations because of significant differences in soil and climate. As mentioned above, phenotypic differences were observed for disease resistance to different rust pathogens between these two subpopulations.




4.3 Linkage disequilibrium in the ALDIVCO

The power of GWAS is dependent on LD between markers and underlying QTLs. The strength of LD between adjacent markers was relatively low (r2 = 0.17). LD decayed rapidly in a relatively short distance for all chromosomes, as expected for a diverse panel of germplasm, where accumulated historic recombination events cause a drop in LD between markers as distance increases. For chromosomes 3S, 4S, and 7S, a slight increase in LD was observed from approximately 20 Mbp to 440, 260, and 280 Mbp respectively (Supplementary Figure S1), followed by the expected decrease at the longest distances. It was also observed that the central regions of the chromosomes tended to have much higher LD than the distal regions (Supplementary Figure S2B), as expected, with lower recombination near the centromeric regions. There also tended to be much longer distances between markers near the central regions of the chromosomes (Supplementary Figure S2A), especially for chromosomes 3S and 4S, which could also explain the observed patterns of slight increases in LD with distance for these, as larger distances between markers in regions of high LD skews the average pairwise marker trend towards higher LD at longer distances.




4.4 GWAS for rust resistance in the ALDIVCO

This study is the first extensive association mapping study for wheat rust resistance in Ae. longissima and the first to utilize the recently completed Ae. longissima reference genome assembly for SNP calling and subsequent GWAS. A large number (195) of significant markers were associated with resistance to at least one of 10 of the 11 rust pathogen races evaluated with models run utilizing data from the entire population (n = 381) and each subpopulation (n = 204 and 174) independently. This large number of associations is not unprecedented; for example, Sallam et al. (2017) reported 250 significant markers associated with resistance to just five stem rust cultures in a panel (n = 314) of wild barley (H. vulgare subsp. spontaneum) and Hinterberger et al. (2022) reported 73 MTAs for resistance to one isolate of Blumeria graminis f. sp. tritici in a panel (n = 8,316) winter wheat (T. aestivum).

The large number of markers generated by GBS and the low LD discovered in the panel facilitated capture of many genetic variants, enabling detection of additional MTAs. However, the large proportion of missing data–which is common in many GBS marker sets–along with the non-normal distribution of the disease phenotypes may call into question the validity of some identified MTAs. For this reason, multiple models were utilized to narrow the list of candidate MTAs to those that are less likely to be stochastic or genotyping bias artifacts. The single marker MLM tended to have a worse fit and detected fewer variants than either of the two multi-locus models (only two MTAs were detected by MLM for all races in the whole population). Both multi-locus models, FarmCPU and BLINK, have improved statistical power and reduce false positives (Wang and Zhang, 2021). For simplicity in reporting and to reduce the number of candidate markers, we only investigated genomic regions flanking SNPs that were detected at least three times; by all three models, or in more than one population and by multiple models, or for more than one pathogen race and by multiple models. These key markers are more likely to be true causal variants or linked to true causal variants.

GWAS was performed in each subpopulation independently to further reduce the confounding effect of population structure and to detect variants that may be too low in allele frequency in the larger population to be detected. A MAF threshold of ≥ 0.01 was instituted in the subpopulations, which is typically lower than many standard GWAS studies because rare SNPs can cause false positives, especially for small samples. However, removal of rare SNPs also may remove true causal genetic variants. For this reason, they were retained in the analyzed dataset; however, the detected MTAs for rare alleles must be interpreted with caution. In this study, that includes the rare variants S3S_835968584, S4S_697635226, and S5S_535624330 detected in subpopulation 2 for resistance to Pgt races QFCSC and TTTTF (Table 3). For all three of these markers, accessions carrying the minor allele in subpopulation 2 did have more extreme phenotypes (higher infection types in the case of S3S_835968584 for QFCSC, and lower infection types for S4S_697635226, and S5S_535624330 for TTTTF). However, in the whole population this pattern is not observed, as individuals in subpopulation 1 carrying the relevant allele have mixed infection types. For S3S_835968584 and S5S_535624330, the minor allele frequency in the whole population is still quite low, while S4S_697635226 has a higher minor allele frequency in the whole population. There is a possibility that linkage between an underlying causative gene and the detected MTA was broken in subpopulation 1, and not in subpopulation 2. Also, there could be subpopulation-specific genetic background effects which influence the loci’s impact on the phenotype.

It is likely that all of the key MTAs reported in this study are novel associations because this is the first association mapping study of rust resistance in Ae. longissima. There is a possibility that some of the reported MTAs arose from underlying orthologous genes to previously reported MTAs in related species. Sr46 from Ae. tauschii, and Sr39 and Sr47 from Ae. speltoides have been mapped to chromosomes 2D and 2S (Faris et al., 2008; Yu et al., 2010; Arora et al., 2019), while in this study two key MTAs for resistance to Pt and Pgt were found on chromosome 2S. Both Sr46 and Sr39 were located on the short arms of the chromosome, while the two associations reported here reside near the centromeric region and on the long arm of chromosome 2S. However, Sr47 was also found on the long arm of chromosome 2S. Similarly, leaf rust and stripe rust resistance loci have been reported on the short arms of chromosomes 3D and 3S in Ae. tauschii and Ae. searsii (Liu et al., 2011; Sharma et al., 2022), while the three MTAs reported in this study on chromosome 3S (two for resistance to stem rust and one to leaf rust) reside on the long arm. The molecular relationship, if any, between the previously reported rust resistance genes in section Sitopsis species, wheat, or other relatives and the MTAs reported here in Ae. longissima will require fine mapping and further comparative studies.

Four of the nine key MTA reported in this study were detected for resistance to more than one rust race within a pathogen species (specifically Pst and Pt). The underlying causative genes associated with these MTAs may be more broadly effective against more pathogen races, and thus may be more valuable for future study and breeding efforts.




4.5 Candidate genes

A 2-Mbp region surrounding each of the nine key SNPs identified was investigated for the presence of annotated genes that may be involved in a disease resistance response (Table 3). The marker S2S_363051049 associated with Pt TBBGS resistance on chromosome 2S resides near the putative gene AE.LONG.r1.2SG0110730, annotated as a cyclic nucleotide-gated cation channel alpha-3. These types of proteins are involved in the activation of defense responses and hypothesized to be pathogen-inducible Ca2+ channels that help lead to the induction of the oxidative burst and protein kinase cascades that occur upon recognition of pathogen elicitors (Moeder et al., 2011). Also on chromosome 2S, marker S2S_602532465, associated with resistance to Pgt TTKSK, was near two genes (AE.LONG.r1.2SG0127680, AE.LONG.r1.2SG0127730) which are F-box domain (FBD) family proteins, and near a putative LURP-one-like protein (AE.LONG.r1.2SG0127780). FBD proteins are involved in selective protein ubiquitination and subsequent degradation, a key regulatory mechanism in plants. Certain FBD proteins have been shown to contribute to resistance against pathogen infections, providing tolerance to apoplastic reactive oxygen species (ROS), regulating defense signaling, and repressing pathogen signaling (Piisilä et al., 2015; Hedtmann et al., 2017; Zhang et al., 2019). The LURP-one related (LOR) proteins LURP1 and LOR1 in Arabidopsis were shown to be required for basal defense against Hyaloperonospora arabidopsis (Baig, 2018). Marker S3S_669959829 on chromosome 3S, associated with resistance to Pst PSTv40 and PSTv218, is 98 kb from AE.LONG.r1.3SG0233030 and 428 kb from AE.LONG.r1.3SG0233070, genes both annotated as WRKY transcription factors. These transcription factors play a well-documented role in the downstream signaling post direct or indirect interactions with pathogen associated molecular patterns (PAMPS) or effector proteins (Wani et al., 2021). In wheat, two WRKY genes were identified in association with high-temperature seedling plant (HTSP) resistance to Pst by RNA-seq and were found to both negatively and positively regulate HTSP resistance via differential regulation of salycilic acid- (SA), jasmonic acid- (JA), ethylene-, and ROS-mediated signaling (Wang et al., 2017). Additionally, two different WRKY transcription factors in wheat were found to interact with a LRR receptor-like kinase (RLK), to function as positive regulators of HTSP resistance to Pst (Wang et al., 2019).

Many race-specific plant disease resistance genes belong to the nucleotide-binding site leucine-rich repeat (NLR) gene family, encoding proteins that recognize pathogen effectors and trigger ETI, which often includes a hypersensitive response of localized cell death, as observed in resistant wheat rust infection types (Sánchez-Martín and Keller, 2021). Marker S3S_ 835968584 on chromosome 3S, associated with resistance to Pgt QFCSC is near a putative NLR (AE.LONG.r1.3SG0251830). This locus may be orthologous to a similar (99.3% identity) gene on chromosome 3B of wheat, also a putative RGA2-like disease resistance protein. Interestingly, this locus was identified as significant only in subpopulation 2 and is responsible for solely quantitative differences of resistance to Pgt QFCSC, as no accessions were fully susceptible (i.e., IT ≥ 3-) to this race. There are cases in which typical NLRs or alleles of NLRs involved in qualitative resistance have been reported to confer a less strong but still effective response during quantitative resistance (Debieu et al., 2016; Díaz-Tatis et al., 2022). Another possible candidate gene near marker S3S_ 835968584 which may contribute to quantitative differences in resistance phenotypes is an Octicosapeptide/Phox/Bem1p (PB1) domain-containing protein/tetratricopeptide repeat (TPR)-containing protein. Proteins carrying the TPR domains have been shown to contribute to chitin-induced immunity and mRNA turnover of defense-related genes (Zhou et al., 2018). On chromosome 3S, marker S3S_885155266 was found significantly associated with two races of Pt, THBJG and TBBGS, and is near two genes annotated as NLR proteins (AE.LONG.r1.3SG0259550 and AE.LONG.r1.3SG0259480). The first gene is likely unique to Ae. longissima, as upon searching related genomes via BLAST, no similar sequences were found. The other gene may be orthologous to a similar (98.5% identity) gene on chromosome 3S of Ae. sharonensis. Additionally, this marker associated with Pt resistance resides near an F-box protein, another potential candidate gene related to disease resistance responses. Two markers were found associated with resistance to Pgt TTTTF, one on chromosome 4S (S4S_697635226) and one on chromosome 5S (S5S_535624330). The 4S marker resides near a putative NAD(P)-linked oxidoreductase-like protein (AE.LONG.r1.4SG0320810), a type which may be involved in controlling ROS accumulation during stress responses, including pathogen infection (Kant et al., 2019). Another candidate gene near this marker is annotated as the protein FAR1-RELATED SEQUENCE 5 (AE.LONG.r1.4SG0320750). FAR1 family proteins are transcription factors that have been shown to negatively regulate ROS accumulation and oxidative stress-induced cell death. Moreover, loss of function of FAR1 was shown to enhance the expression of defense-responsive genes in Arabidopsis (Ma and Li, 2018). The 5S marker associated with resistance to Pgt TTTTF resides in the coding region for a gene (AE.LONG.r1.5SG0395590) annotated as a tonoplast dicarboxylate transporter. This protein is a vacuolar malate transporter, which controls cytoplasmic concentration of organic acids required for many metabolic processes. There is a dearth of information in the literature regarding the role of this type of protein in plant defense, although it is known that the hormone γ-aminobutyric acid (GABA) involved in stress responses, regulates malate flux from wheat roots under acidosis and other stresses (Ramesh et al., 2015). Two markers were detected on contigs unassigned to any chromosome scaffold (chromosome UN), both associated with resistance to Pt, one to races BBBDB and BBBQD (SUN_49934383) and the other to races BBBDB, TBBGS, and THBJG (SUN_232304889). Both of these markers were on contigs containing genes annotated as F-box/FBD/LRR-like proteins (AE.LONG.r1.UnG0607500 and AE.LONG.r1.UnG0627200). As mentioned above, FBD proteins play key roles in regulation of defense mechanisms and signaling. One maps to a highly similar sequence on chromosome 6D of Ae. tauschii and the second maps to chromosome 2B on the T. dicoccoides genome. Additionally, marker SUN_232304889 is on the same contig as the annotated protein FAR1-RLATED SEQUENCE 6, a putative gene sharing 99.4% identity to a gene on chromosome 4S of Ae. sharonensis.

Collectively, all the aforementioned genes are candidates for further study relating to wheat rust resistance, however the strength of any one candidate cannot be determined from this study. Without higher resolution mapping and validation, the roles of reported genes near significant markers remain highly speculative.




4.6 Implications for breeding

Identification of novel sources of resistance and subsequent introgression of new resistance alleles into wheat cultivars is necessary for maintaining the sustainability of rust resistance. As rust pathogens overcome many of the commonly deployed resistance genes, the reservoir of readily accessible resistance genes from the primary genepool of wheat has become depleted, highlighting the importance of members of the secondary gene pool as sources for novel resistances.

Transfer of resistance genes from Ae. longissima into hexaploid wheat is a difficult process, requiring time-consuming wide-hybridization techniques. Ceoloni et al. (1992) induced recombination between wheat and Ae. longissima, allowing for transfer of chromosome segments from Ae. longissima carrying the powdery mildew resistance gene Pm13 which has recently been cloned and shown to be a unique mixed lineage kinase domain-like (MLKL) protein (Liu et al., 2023 preprint). Leaf rust and stripe rust resistance genes Lr56 and Yr38 were introgressed into wheat from Ae. sharonensis, a closely related species to Ae. longissima (Marais et al., 2006). Additional leaf and stripe rust resistance genes were transferred from Ae. sharonensis into wheat by Millet et al. (2014). Ae. longissima accessions showing resistant reactions to all of the pathogens evaluated in this study and/or carrying multiple resistance alleles from identified MTAs would be ideal candidates for additional introgression studies with wheat. Likewise, the identified resistance loci and marker alleles could serve to assist in the introgression process with targeted selection and confirmation of the resistance.

Direct cloning of resistance genes from secondary genepool members and their transfer into wheat is a promising alternative to wide-hybridization. Novel methods of resistance gene cloning have sped up the process of engineering resistance in domesticated crops. For example, Arora et al. (2019) cloned four Sr genes from the wheat D genome progenitor, Ae. tauschii, utilizing association genetics with R gene enrichment sequencing (AgRenSeq). Yu et al. (2022) reported a similar success in a method not limited to identifying NLR-type genes which utilized positional mapping, mutagenesis, and RNA-Seq (MutRNA-Seq) to clone the stem rust resistance gene Sr62 from Ae. sharonensis. This gene was transformed into wheat and functionally validated for its resistance to 11 Pgt races. Whole-genome sequencing combined with association mapping was also successfully applied for rapid cloning of SrTA1662 in Ae. tauschii (Gaurav et al., 2021). The marker-trait associations reported in this study may serve as promising leads for additional gene cloning efforts in Ae. longissima, with the markers residing near putative NLR and FBD-LRR proteins as key candidates for investigation.

Whole genome sequencing of a subset of the ALDIVCO is underway to obtain a more robust genotypic dataset, which will allow for more precise identification of candidate genes associated with rust resistance. Additionally, a smaller subset of accessions will be sequenced to greater depth for the creation of an Ae. longissima pangenome to facilitate investigation of presence/absence and other structural variation in the genomes of this species.

Through this study we find that Ae. longissima is a rich source of diverse resistance to the devastating rust pathogens of wheat. The developed genomic resources along with genetic information such as the disease resistance MTAs reported here can lead to accelerated development of improved wheat germplasm with novel resistance from these secondary gene pools. This will be critical to the continual efforts to protect the world wheat supply from rapidly evolving pathogens.
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Introduction

In situ and ex situ conservation are the two main approaches for preserving genetic diversity. The advantages and disadvantages of the two approaches have been discussed but their genetic effects have not been fully evaluated.





Methods

In this study we investigate the effects of the two conservation approaches on genetic diversity in red clover. Seed samples collected from wild populations in Sweden and Norway in 1980, their subsequent generations created during seed regeneration at the gene bank and samples recollected from the same location as the original samples, were analyzed with microsatellite markers, alongside reference samples from cultivars.





Results

Overall, there was a differentiation between cultivars and the wild material and between wild material from Sweden and Norway. In general, the original collections clustered together with the later generations of the same accession in the gene bank, and with the recollected samples from the same location, and the level of diversity remained the same among samples of the same accession. Limited gene flow from cultivated varieties to the wild populations was detected; however, some wild individuals are likely to be escapees or affected by gene flow.





Discussion

In conclusion, there were examples of genetic changes within individual accessions both in situ and ex situ, as is also to be expected in any living population. However, we observed only limited genetic changes in both in situ and ex situ conservation over the generations included in this study and with the relatively large populations used in the ex situ conservation in the gene bank at NordGen.
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1 Introduction

Gene banks across the world serve the dual purpose of conserving threatened biodiversity and making their genetic resources accessible to plant breeders, researchers and others. With these goals in mind, national, regional and global efforts have collected genetic resources of a wide range of species, which for plants includes both crop landraces and cultivars as well as accessions of their wild relatives (e.g. Loskutov, 1999; Upadhyaya et al., 2008; Asdal et al., 2019). The aim has been to capture as much relevant genetic diversity as possible. As a result, some 7.4 million plant accessions are being conserved ex situ, the majority in more than 1750 seed gene banks worldwide (FAO, 2010).

Despite this impressive effort, concerns have been raised both regarding gaps in the collections and about the quality of long-term conservation in gene banks (FAO, 2010; Engels and Ebert, 2021). Part of the latter problem is the genetic effects of ex situ conservation in gene banks (e.g. Fu, 2017). Population genetic theory predicts that genetic drift during propagation will lead to loss of genetic diversity. In addition, gene flow (through contamination or pollen transfer), selection and mutation may, to a larger or smaller extent, change an ex situ preserved population and potentially adapt it to the gene bank environment. Empirical studies have confirmed that cross-pollinating species do change genetically during gene bank conservation (e.g. Chebotar et al., 2003; van Hintum et al., 2007; Solberg et al., 2015) and have detected the presence of genetic drift (Parzies et al., 2000; Chebotar et al., 2002; Chebotar et al., 2003). The extent of change can be minimized by appropriate gene bank management approaches, but these are often restricted by limited budgets, facilities, and personnel (FAO, 2010).

An alternative to gene bank conservation is preservation of wild populations in situ, in their natural habitat. While threatened by the risk of extinction, e.g. from environmental changes, habitat loss or changes in land use, these populations also have the potential to adapt to the changing environment (Exposito-Alonso et al., 2019; Fu et al., 2019), thus improving their chances of long-term survival. However, changes in natural populations can also be a threat, leading to reduced adaptation and/or loss of unique properties. Especially small populations can be problematic and display limited adaptation to local conditions (Leimu and Fischer, 2008), most likely due to random genetic drift (Blanquart et al., 2012). Another threat to in situ-conserved populations can be gene flow from cultivated plants. This occurs in most crops when cultivated next to closely related wild species (Ellstrand et al., 1999; Uwimana et al., 2012) and can result in maladaptive changes or even extinction (Todesco et al., 2016).

Red clover (Trifolium pratense L.) is an important component of fodder production around the world and is widely cultivated in the Nordic countries (Denmark, Norway, Sweden, Finland and Iceland). It is typically grown in mixtures with grasses such as timothy (Phleum pratense L.) and meadow fescue (Festuca pratensis Huds.) (Boller et al., 2010). The ability of red clover to fix nitrogen through symbiosis with Rhizobium bacteria reduces the need for supplementary nitrogen fertilizers (Boller and Nösberger, 1987; Nesheim and Øyen, 1994). In addition, clover has a low fiber and high protein content, which is beneficial to fodder quality (Katoch, 2022) and it is an important source of plant protein production in Nordic countries. The species is pollinated by insects, frequently by long-tongued bumblebees (Bombus sp) (Goulson et al., 2005) and it is self-incompatible (Williams and Silow, 1933). In cultivation, red clover is a fairly short-lived perennial, which can cause problems for farmers who may need to reseed their leys as frequently as every third year (Micke and Parsons, 2023). Studies have shown that red clover populations can quickly adapt to the climate in which they have been cultivated for generations (Collins et al., 2012) and plant breeding efforts are aiming for better survival in addition to high yields (Ergon and Bakken, 2022; Korelina et al., 2022).

Populations of red clover from natural environments have been an important starting point for plant breeding (Helgadóttir et al., 2000) and wild populations are expected to hold variation of significance for future crop improvement (Zanotto et al., 2021). For this reason, the collection and conservation of wild red clover have been a priority for the Nordic Gene Bank (NordGen) since its inauguration in 1979. Local populations are expected to be adapted to the climate and conditions of the area, provided that enough time has passed since establishment and that the population size is large enough (Leimu and Fischer, 2008), which seems to be the case in red clover (Joshi et al., 2001). In order to include local diversity in the Nordic ex situ collection, efforts have been made to sample across the whole geographic distribution in the Nordic countries. Today the Nordic collection includes over 500 red clover accessions (Asdal et al., 2019; GENBIS, 2022) of which half are wild populations collected from respectively Sweden (98 accessions), Norway (94 accessions), Finland (14 accessions), and Denmark (1 accession).

The main aim of this study is to investigate and compare the genetic effects of in situ and ex situ conservation using red clover collected in Sweden and Norway as an example. We examine the genetic diversity and composition of the accessions at different time points. The study includes both populations conserved in nature (in situ) and in the gene bank (ex situ) (Figure 1) to evaluate the evolutionary effects of gene bank propagation and processes affecting populations in nature.




Figure 1 | Investigation setup. Samples for molecular analysis are taken from the original collect, generation 1, generation 2 and from the wild population in 2013 (all indicated with blue text).






2 Materials and methods



2.1 Study material

To compare ex situ and in situ conservation of the same plant population (Figure 1), suitable samples were selected. As a first step, NordGen’s database was searched for red clover accessions fulfilling the following criteria: 1) collected in natural habitats, 2) sampled in the 1980s or earlier, 3) containing information on sampling location, including longitude and latitude, 4) stored at NordGen for more than one generation, and 5) with enough seeds available to conduct the study. Key issues were possibilities to compare different generations at the gene bank and adequate information to identify the original sampling location for carrying out recollections. After applying the above criteria, two geographic focus areas were selected, Västerbotten in Sweden and Innlandet in Norway (Figure 2). In both areas red clover accessions were sampled in 1980, but a larger number of suitable accessions were identified from Norway.




Figure 2 | Map of the study area and the area of origin of the studied accessions.



Collection trips to Sweden and Norway were conducted in the summer of 2013: Västerbotten in Sweden in June and Hedmark/Oppland in Norway in August. Leaf samples were collected and dried with silica gel in the field. For the Swedish accessions, the name of the nearby village and the longitude and latitude with four digits were available from the sampling in 1980, however, no details on the exact location had been noted. In 2013, it was possible to sample leaves from the same villages as two of the Swedish accessions sampled in 1980 (Table 1; Supplementary Table S1). In Norway the documentation was more detailed and the person originally responsible for the sampling in 1980, Petter Marum, was able to take part in the recollection. The original sampling location of nine accessions could therefore be identified and samples from eight of these are included in this study (Table 1; Supplementary Table S1).


Table 1 | Studied accessions, their origin, and genetic diversity.



In addition to the material collected in these natural habitats (hereafter called wild populations) and their offspring generations at the gene bank, a selection of cultivars and landraces were included (Table 1). These were included because they have been cultivated in the areas where the wild populations were sampled, either before 1980, or in the period 1980 – 2013, and they could therefore potentially have hybridized with local wild populations. All the cultivars included in the analysis are diploid. A tetraploid cultivar (‘Betty’) was included as a reference for a tetraploid microsatellite pattern but was not used for further comparisons.

In total, six cultivars, one landrace and ten accessions of wild red clover stored at NordGen were genotyped. For each wild accession, individuals from three or four conservation stages were included. These were the original collection (collected in 1980, henceforth referred to as “orig”) and regeneration cycle (generation) 1 (henceforth “gen1”) and sometimes 2 (henceforth “gen2”) at the gene bank, and for all accessions individuals collected in 2013 at, or close to, the original sampling location (henceforth recollections, “re”) (Table 1; Supplementary Table S1). An “accession” will hereafter refer to all individuals of all conservation stages identified by the same accession number, including recollections. A total of 16 individuals were analyzed from each conservation stage of each accession. Such a group of individuals will henceforth be referred to as a “sample”. Some of the gene bank material included in this study has also been analyzed morphologically (Solberg et al., 2015).




2.2 Genotyping

Dried leaf samples were powdered in a mixer mill (Merck Retsch mm 300) with a steel ball and DNA extraction carried out using the protocol described by Doyle and Doyle (1987), with the following modifications: after transferring the DNA-containing phase (approx. 450 μl) to clean tubes, 5 μl RNase (10 mg/ml) was added. Samples were then incubated at 37°C for 30 min. DNA was precipitated with 0.8 volume cold isopropanol, gently mixed and centrifuged 10 min at 13200 rpm. The supernatants were removed, and the pellets were washed in 500 μl wash buffer (76% ethanol, 0.2M sodium acetate), left at room temperature for 20 min. and centrifuged for 5 min. at 13200 rpm. They were then rinsed in a buffer (76% ethanol, 0.01 M ammonium acetate) and centrifuged at 13200 rpm for 5 min. Discarding the supernatants, the pellets were left to dry at room temperature. Pellets were re-suspended in 50 μl double distilled water. The amounts of DNA were determined using spectrophotometer analysis (BioSpectrometer, Eppendorf or QIAxpert, Qiagen).

The material was genotyped for a total of 23 microsatellite markers developed by Kölliker et al. (2006) and Sato et al. (2005) (Supplementary Table S2). For genotyping, PCR conditions were as follows in 20 μl reactions: 14.6 μl double distilled water, 2 μl buffer (10X), 0.4 μl dNTP (10 μm), 1 μl (10 μm) of each of forward and reverse primers, 0.12 μl Taq-polymerase (5U/μl) and 1 μl of DNA (5 ng/μl). Touchdown PCR were run at an Eppendorf Mastercycler (Supplementary Table S3). Fragment analyses were carried out at Uppsala Genome Centre, SciLife Lab Uppsala, Sweden.




2.3 Data cleaning

In total, 655 individuals from 41 samples, stemming from 18 accessions, were analyzed for the 23 loci. Initially, individuals for which more than 30% of the loci failed (too many alleles amplified or no amplification, 62 individuals) were removed. Following this, only three individuals remained of the tetraploid cultivar ‘Betty’ (NGB 13205), which were removed. Finally, one locus (RCS3620) with more than 30% failed individuals was also removed. This resulted in a data set consisting of 590 individuals from 40 samples (17 accessions) analyzed for 22 loci which was subsequently used for data analyses (Supplementary Table S4).

Wild red clover is diploid and so are the cultivars included in the genetic analyses, and therefore all analyses were done assuming fully diploid data. If more than two alleles were amplified for a certain locus and individual, this was treated as missing data. However, this was an infrequent occurrence in the analyzed data set occurring in less than 2% of the diploid loci.




2.4 Genetic data analyses

Genetic diversity was estimated as Nei’s h (Nei, 1973) using a purpose-written Perl script. The software R (R Core Team, 2022) was used for statistical testing (ANOVA, t-tests and tests for correlation) of diversity levels and level of differentiation. R was also used for calculating summary statistics describing the genetic diversity (packages hierfstat, poppr, and popGenReport). The amova.result and amova.test functions in the package poppr were used for carrying out AMOVA and for testing for significance, respectively.

Genetic structuring was investigated by calculating pairwise FST values, through PCA and with the software STRUCTURE (v 2.3.4) (Pritchard et al., 2000; Falush et al., 2003). Wright’s FST (Wright, 1951) was calculated between all pairs of accessions using a purpose-written Perl script. PCA of genetic data was carried out using the prcomp command in R treating the number of copies of each allele at each locus for the accession or individual as independent variables.

STRUCTURE was run using a diploid setting with a burn-in length of 20 000 iterations followed by 50 000 iterations for estimating the parameters, with 10 repeated runs at each level of predetermined clusters (K), with K ranging from 1 to 15. The software CLUMPP (v 1.1.2) (Jakobsson and Rosenberg, 2007) was used to compare the outcome of individual runs with the Greedy algorithm for 4 < K < 6 and with the LargeKGreedy algorithm for K ≥ 6. The number of clusters best describing the data was evaluated from the CLUMPP H’ values and ΔK calculated according to Evanno et al. (2005). Results were visualized using DISTRUCT (v 1.1) (Rosenberg, 2004).





3 Results



3.1 Potential polyploids

The analysis described in this paper was not designed to identify polyploids. However, there are indications that a few of the analyzed plants may be polyploid. In total, there were seven individuals where four or more loci amplified more than two alleles. This could be due to technical problems or suggest that these individuals are tetraploids. Of the seven, two were individuals from the original collections in 1980 the other five were from recollections in 2013. The tetraploid reference ‘Betty’ had an average of 7.4 loci per individual producing more than two alleles (in total 32,1% of the genotyped loci).




3.2 Genetic diversity

Per locus statistics are reported in Supplementary Table S5. Within-sample genetic diversity across all loci ranged from 0.645 for W-1574-orig to 0.821 for L-2486 (Table 1). When divided into groups based on the conservation stage, the “Cultivars” (including L-2486, a landrace accession) had significantly higher genetic diversity than either conservation stages (ANOVA, p = 1.44 * 10-5, Figure 3). Neither of the conservation stages differed significantly from each other in genetic diversity (ANOVA, p = 0.901, Table 2).




Figure 3 | Genetic diversity for different conservation status groups. Codes for conservation status corresponds to codes used in Table 1 with the exception of C which includes both cultivars and the landrace.




Table 2 | Average genetic diversity and standard deviation for accessions with different conservation status.



No significant differences in genetic diversity were detected between the original collections and the recollections of the same accession (paired t-test, p = 0.530) nor between the original collections and the first generation (paired t-test, p = 0.573), respectively. Later generations were not compared due to the limited number of populations with two or more generations. Within individual accessions there were examples both of regenerated samples having more and less genetic diversity than the corresponding original collections. Likewise, examples of both recollection samples with higher and lower genetic diversity than the original collections occurred.




3.3 Between-sample differentiation

To quantify the genetic differentiation among samples, FST values (Wright, 1951) were calculated between all pairs of samples (Supplementary Table S6). The differentiation was in general low with FST values ranging from 0.021 between W-1575-orig and W-1575-re (from Trøa in Hedmark, Norway) and 0.102 between ‘Lea’ (cultivar from Norway) and W-1574-orig (a wild/original accession collected in Siksjølia in Hedmark, Norway). Most, but not all, FST values were non-significant.

ANOVA showed that comparisons between different conservation stages (Figure 4) differed significantly (p < 4.68 * 10-9). FST values were higher for comparisons between pairs of original collections than for pairs of cultivars or pairs of recollections. Within-sample comparisons of accessions showed that FST values between the original collect and generation 1 were not significantly different from those when the original collect was compared with the recollections (paired t-test, p = 0.849). Removing accession W-1571, where the FST value between the original collect and generation 1 was unusually high (mean 0.062) did not affect these conclusions (paired t-test without W-1571, p = 0.334).




Figure 4 | Average FST values for pairwise comparisons of different conservation statuses within an accession (first four boxes) and all pairwise comparisons within a conservation status group (last three boxes). Codes for conservation status as in Figure 3.



FST values calculated between the original collections and generation 2, were in two of the three available cases higher than the corresponding FST values between the original collections and generation 1 (Supplementary Table S6). The same was true when comparing the original collections and the recollections. W-1571 had the highest FST values when its original collect was compared with generation 1, and to a lesser extent with generation 2 or with the recollections.

On average (across all loci), 0.35 of the alleles detected in one sample were shared when compared with another sample. Samples of the same accession at different conservation stages shared an average 0.44 alleles while samples from different accessions shared significantly fewer alleles, on average 0.363 (ANOVA, p = 9.67 *10-16). Comparisons of the original collections of accessions with generation 1 showed a higher proportion of shared alleles (0.483) than comparisons with the recollection (0.430), though not significantly so (paired t-test, p = 0.074).




3.4 Genetic clustering

AMOVA showed that the genetic diversity primarily occurred within samples, but with significant diversity also among samples within accessions and among accessions (Table 3). To identify similarities among samples and accessions, the data was explored for genetic clustering using the software STRUCTURE. CLUMPP H’ and ΔK values both suggested that the full dataset was best described by two genetic clusters. At this level of clustering all cultivars, L-2486 and the samples of the accession W-1577 formed a cluster separate from all other accessions and samples (Figure 5).


Table 3 | Results of AMOVA analysis of non cultivar accessions.






Figure 5 | Results of STRUCTURE analysis of all accessions at K = 2. Each analyzed individual is represented by a vertical line and samples are separated by black vertical line. The colors of the vertical lines decode the proportion of identity of that individual to each of the clusters explained by the investigated model.



When excluding the cultivars and landrace from the analysis (focusing only on the wild material), four clusters best described the data (Figure 6; Supplementary Figure S1). At this level of clustering, one cluster was formed by the three samples of W-1577 (blue in Figure 6). A second cluster (yellow in Figure 6) primarily consisted by the samples of W-1406 and W-1410 and to some extent W-1572. A third cluster (orange in Figure 6) was made up by the samples of the accessions W-1575, W-1576 and W-1578. The final cluster (green in Figure 6) contained the samples of the accessions W-1574 and W-13447 and to a certain extent W-1571. Generation 1 (but not 2) of W-1571, however, was primarily assigned to the yellow cluster.




Figure 6 | Results of STRUCTURE analysis excluding cultivar and landrace accessions at K = 4. Each analyzed individual is represented by a vertical line and samples are separated by black vertical line. The colors of the vertical lines decode the proportion of identity of that individual to each of the clusters explained by the investigated model.



PCA of the full dataset further elucidated the distribution of genetic diversity. The first and second principal component (PC) explained 7.75 and 5.65% of the variation, respectively and together separated the cultivars, the landrace and the accession W-1577, thereby replicating the results of the STRUCTURE analysis of the full data set at K = 2 (Figures 5, 7). Notably, although clustering with the cultivars in the STRUCTURE analysis, both L-2486 and W-1577 were differentiated from the cultivars along both PC1 and PC2, though in different directions along PC1 (Figure 7). When excluding cultivars, L-2486 and W-1577 PC1 and PC2 separated the Swedish accessions (W-1410 and W-1406) from the Norwegian ones with a partial overlap of W-1572 along PC1 (Figure 8). Pairwise FST-values between original wild populations were significantly positively correlated with the geographic distances between populations (c = 0.400, p < 0.01).




Figure 7 | Results of PCA. Each accession is denoted by a different color. Original collections are represented by circles, regeneration samples by diamonds, recollections by triangles and cultivars and the landrace are represented by square. Open squares denote Swedish cultivars and filled squares denotes Norwegian cultivars.






Figure 8 | Results of PCA after excluding cultivars, the landrace and the accession W-1577. Colors and shapes as in Figure 7.



For some accessions, for example W-1410 (pink in Figure 7), W-1578 (red), W-1574 (light blue) and W-13447 (medium blue), all samples clustered closely in the PCA. For other populations PCA results indicated a change in the genetic composition in either the regenerated samples (e.g. W-1572, brown), the recollected sample (W-1577, orange) or both (e.g. W-1575, dark blue; W-1571, turquoise). Individual level PCA showed that individuals from some samples clearly clustered with other accessions than that of designated to be their source (Supplementary Figure S2). However, non-cultivar individuals rarely clustered among cultivar individuals.





4 Discussion

Red clover is, and has been, an important fodder crop in both Sweden and Norway. Already around 1850, a considerable number of landraces of red clover existed in the Nordic countries, most of them in Sweden but also in Norway and Finland. When modern plant breeding started in the Nordic countries these landraces were the main gene pool from which the new cultivars were developed. In Sweden, modern breeding of red clover was initiated during the first half of the 20th century (Olsson, 1997). The breeding was based on genetic material collected from around the country (Julèn, 1997), and selection was based on performance with emphasize on yield but also winter hardiness and root rot resistance (e.g. Lundin and Jönsson, 1974). Later, exotic material from other European countries was included in the breeding programs to broaden the genetic base. A similar history is found in Norway where red clover breeding started some years later (Marum, 2009) but where several Swedish varieties have been marketed and exchange of genetic material has occurred.



4.1 Gene flow from cultivars into wild populations

Many studies support the existence of gene flow or introgression between crops and their close wild relatives (Ellstrand et al., 1999) and it is clear that alleles from cultivars can persist for many years in wild populations (Snow et al., 2010). Such gene flow can be a problem both from the view of the wild population, which can be affected by genetic swamping and/or outbreeding depression (Edmands, 2007; Todesco et al., 2016), and from an agricultural perspective if traits that increase weediness are transferred (Merotto et al., 2016; Le Corre et al., 2020). Knowledge of geneflow is therefore an important part in understanding the evolution and potential threats to wild and cultivated populations.

With the exception of NGB 7786 (‘Pradi’), the cultivars included in this study have been frequently cultivated in the investigated regions from the early 1950s and forward (Table 1), thus providing opportunity for hybridization. However, the genetic comparison of the cultivated and wild material supports a scenario with limited gene flow between the local cultivars and the wild red clover populations. The two types of material form separate groups/clusters (Figures 6, 7, except for W-1577) and FST values are also overall higher when comparing cultivated and wild material than when comparing samples within the two groups. This pattern of differentiation between the two groups can also be seen for morphological traits (Solberg et al., 2015) and adds to the general pattern observed in red clover with differentiation between cultivated materials and most samples from the wild, for example in the Nordic region (Osterman et al., 2021; Zanotto et al., 2021) and Russia (Semerikov et al., 2002). Taken together, this suggest that most wild red clover populations are not swamped by genetic material from cultivars and that the cultivars are not heavily affected by gene flow from wild populations.

However, not all accessions and individuals conform to the general pattern of differentiation between the cultivated and wild materials, and exceptions have been observed in other studies in red clover (Semerikov et al., 2002; Osterman et al., 2021). In the STRUCTURE analysis, W-1577 clusters with the cultivars and landrace (Figure 5), which could indicate that this population is a naturalized cultivar. However, in the PCA analysis (Figure 6), it is intermediate between the cultivars and the Norwegian wild accessions along PC1, instead suggesting gene flow from cultivars. Geneflow is further supported by the individual based PCA (Supplementary Figure S2) and the fact that W-1577 has the highest diversity among the original samples (Table 1). A putative geneflow event must thus have occurred prior to 1980 when the original collections were made.

Among the wild accessions, there are also several individuals that could potentially be escapees from cultivation or the result of gene flow from cultivars (individuals with large portion of green in Figure 5; Supplementary Figure S2). In most cases such putative escapees occur in the original samples or regeneration samples. Only in a single case, W-1571, is a putative escapee detected in a recollection sample, suggesting that the in situ conserved populations have not been subjected to substantial geneflow from cultivars during the time period 1980 – 2013.




4.2 Genetic structure within the main groups

This study was not designed to investigate genetic structure within cultivated material, and no differentiation is observed in the structure analysis with K = 2 (Figure 5). Higher levels of K (with lower explanatory power for the distribution of genetic diversity according to H’ and ΔK values) partitions the genetic diversity of the wild accessions while the cultivated material remains a single cluster. The PCA analysis (Figure 7) separates the landrace Bredånger (L-2486) from the cultivars, but there is no differentiation among the Swedish and Norwegian cultivars. This is in agreement with previous studies of red clover where cultivars, landraces and breeding populations from the different Nordic countries were not clearly separated (Osterman et al., 2021).

In contrast, we can observe signs of geographic clustering among the wild populations where isolation-by-distance is suggested by the significant correlation between pairwise FST values and geographic distances. In the sample-level PCA analysis of only the wild accessions, the two wild Swedish accessions form a group separate from the Norwegian wild samples, albeit with W-1572 generation 1 and 2 overlapping along PC1 (Figure 8). A similar distinction was detected by Osterman et al. (2021) using different accessions from the same region. It should thus be possible to identify genetic differentiation among wild red clover at a finer scale than the one previously described from Asia and Europe, and among different parts of Europe (Jones et al., 2020). The individual-level distribution of genetic diversity (Figure 6 and Supplementary Figure S2; Osterman et al., 2021), however, shows that neither samples nor accessions can be considered genetically homogenous but rather make up a continuum of genetic diversity.




4.3 No apparent short-term effect of ex situ conservation on the level of diversity

Evolutionary change occurs in all genetically diverse populations and plant populations in active conservation are no exception. Ex situ conservation often occurs at relatively small population sizes and hence ex situ conserved populations are expected to lose genetic diversity due to drift at a faster pace than natural populations, typically consisting of a higher number of individuals. Theory predicts that at least 40 individuals should be used for regeneration to assure conservation of alleles at a frequency of 10% or more and to conserve rarer alleles down to 5%, at least 100 individuals are needed (Crossa, 1989). For the accessions included in the current study, population sizes during regeneration have been between 50 and 100 individuals (Solberg et al., 2015) and should therefore be enough to conserve alleles above 5 - 10%. However, also with relatively high number of plants used for regeneration (120), bottleneck effects have been detected (Negri and Tiranti, 2010) and a general pattern of decreased genetic diversity has been observed in ex situ conserved plants, in particular outcrossing plants (Wei and Jiang, 2021). In this study, however, we find no support for either a systematic loss or gain of genetic diversity over the studied generations. Samples from later generations have neither more nor less genetic diversity than the original collections or the in situ recollection samples (Figure 3). Hence, with regards to conserving the level of genetic diversity we observe no difference between the ex situ and in situ conservation of Nordic red clover.




4.4 Changes in genetic composition during conservation

Previous morphological studies indicate significant directional changes during ex situ conservation in at least two of the eight wild Norwegian accessions studied here, and a general difference among generations for some morphological traits (Solberg et al., 2015). The observed change in these wild accessions was towards a morphology more typical for cultivars. In contrast with the morphological traits studied in Solberg et al. (2015) the microsatellite markers used in the current study are presumably selectively neutral. Pairwise FST values are in general low and non-significant within accessions (Supplementary Table S6) and no overall differences are detected between comparisons of original samples, different generations and the recollections (Figure 4). However, a more detailed picture emerges from the genetic clustering analyses and investigation of individual accessions.

For the accession W-1572 the original collect and the recollect are located relatively close to each other in the PCA but separate along PC2 (Figure 8). A large differentiation between the two might be expected since the meadow where the original sample was collected is now gone and replaced by a road and buildings, and the recollection was made on a roadside nearby. However, the pairwise FST value between the original collect and the recollect is lower than comparisons involving regeneration samples (Supplementary Table S6). The STRUCTURE analysis similarly shows a change in the genetic composition during ex situ conservation through an increase of the yellow component in generation 1 and 2 (Figure 6). This could suggest genetic drift during ex situ conservation, causing an increase in the frequency of a certain genotype (the yellow one), but the genetic diversity of the regeneration samples (0.732 for generation 1 and 0.725 for generation 2, respectively) is not markedly lower than that of the original collect. Solberg et al. (2015) also identify this accession to have changed significantly in some morphological traits from the original collect to generation 1 and suggest either gene flow or selection as probable causes. Whatever the cause, we observe larger changes ex situ than in the plants remaining in the wild.

In contrast, in W-1577 the data suggest higher differentiation between the original sample and the recollect than between the original and the regenerated sample. Pairwise FST values are higher when involving the recollect sample than when not and in the PCA the recollect sample is separated from the other two samples along PC2 (Figure 7). The old meadow where the original sample was collected is today replaced by cultivated land and the recollected sample was taken from a small semi-wild area between two copses of trees within a cultivated landscape. As this population is unprotected in the wild, it is unlikely to survive for long. It is fortunate that the ex situ conservation in the gene bank has conserved the variation in the original sample, even though the original population is most likely is the result of gene flow from a cultivar as discussed above.

The accession W-1571 is a particular case. Although the levels of genetic diversity of the different samples are comparable, it is the only accession with significant within-accession FST values. In both cases these FST values involved the sample from generation 1, W-1571-gen1. The differentiation of W-1571-gen1 from the original collect can also be seen in the STRUCTURE analysis (Figure 6) and for morphological traits (Solberg et al., 2015). The reason for this discrepancy is not clear, although a mislabeling is possible. Regardless, it seems clear that the correct genetic identity has been restored by generation 2.

Based on the genetic changes detected during in and ex situ conservation in this study we conclude that neither conservation method can be considered consistently superior to the other within the studied time frame and with neutral genetic markers. Chance events and the relative balance of evolutionary forces in any given population will determine the degree to which the genetic integrity of an accession is conserved. To some extent these forces can, and should, be controlled and minimized in ex situ conservation (FAO, 2014; AEGIS, 2023), but they will always be present.

Red clover is not a protected species in Norway or Sweden and none of the wild populations are located within protected areas. For some of the populations from which collections were made in 1980, the original location where the sample was collected no longer contain red clover. Among the eight Norwegian accessions three were originally sampled in areas that are today replaced by urban development or cultivated fields. This highlights the importance of ex situ conservation of genetic resources and stresses the need for active in situ conservation to assure long-term survival and continued evolution.
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Genome-wide prediction is a powerful tool in breeding. Initial results suggest that genome-wide approaches are also promising for enhancing the use of the genebank material: predicting the performance of plant genetic resources can unlock their hidden potential and fill the information gap in genebanks across the world and, hence, underpin prebreeding programs. As a proof of concept, we evaluated the power of across-genebank prediction for extensive germplasm collections relying on historical data on flowering/heading date, plant height, and thousand kernel weight of 9,344 barley (Hordeum vulgare L.) plant genetic resources from the German Federal Ex situ Genebank for Agricultural and Horticultural Crops (IPK) and of 1,089 accessions from the International Center for Agriculture Research in the Dry Areas (ICARDA) genebank. Based on prediction abilities for each trait, three scenarios for predictive characterization were compared: 1) a benchmark scenario, where test and training sets only contain ICARDA accessions, 2) across-genebank predictions using IPK as training and ICARDA as test set, and 3) integrated genebank predictions that include IPK with 30% of ICARDA accessions as a training set to predict the rest of ICARDA accessions. Within the population of ICARDA accessions, prediction abilities were low to moderate, which was presumably caused by a limited number of accessions used to train the model. Interestingly, ICARDA prediction abilities were boosted up to ninefold by using training sets composed of IPK plus 30% of ICARDA accessions. Pervasive genotype × environment interactions (GEIs) can become a potential obstacle to train robust genome-wide prediction models across genebanks. This suggests that the potential adverse effect of GEI on prediction ability was counterbalanced by the augmented training set with certain connectivity to the test set. Therefore, across-genebank predictions hold the promise to improve the curation of the world’s genebank collections and contribute significantly to the long-term development of traditional genebanks toward biodigital resource centers.
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Introduction

Collections of plant genetic resources (PGRs) are a valuable source of diversity that provides the basis for developing disease-resistant, nutrient-dense, and climate-resilient crop varieties (Hoisington et al., 1999). However, given the vastness of genebank holdings, selecting the most suitable accessions with specific desirable traits for breeding is challenging. The limited passport information and basic phenotypic characterization for important agronomic traits and the lack of robust and cost-efficient phenotyping capacities are currently chief among the bottlenecks restricting the full exploitation of plant genetic resources (Furbank and Tester, 2011; McCouch et al., 2013; Anglin et al., 2018). Because the characterization of entire collections in genebanks is resource-intensive and time-consuming, high-throughput genomic tools have been proposed to leverage the potential of genebank collections. Tremendous advances in genotyping technology sharply reduced the cost of genotyping, facilitating the generation of large-scale sequencing and genotyping datasets for entire genebank collections (Kilian and Graner, 2012). Pioneering international projects have thus genomically characterized comprehensive collections of genetic resources and are making this information available in biodigital resource centers. For instance, the Federal Ex situ Genebank hosted at the Leibniz Institute of Plant Genetics and Crop Plant Research (IPK) in Gatersleben, Germany, has genotyped its barley collection (22,626 accessions) using a genotyping by sequencing (GBS) platform (Milner et al., 2019). This information and the plant material can be accessed and visualized through the BRIDGE web portal (https://bridge.ipk-gatersleben.de/). The Seeds of Discovery initiative, which aims to promote the effective use of PGR, has characterized 37% and 66% of International Maize and Wheat Improvement Center (CIMMYT) and International Center for Agriculture Research in the Dry Areas (ICARDA) wheat genebank accessions, respectively, using sequencing-based diversity array technology (DArTseq; Sansaloni et al., 2020).

Systematic valorization of the produced genomic data has made rapid advances in subsequent genomic studies and breeding purposes. In combination with the genomic profile, genebank’s comprehensive historical phenotypic data, accumulated over the years, provided useful information about genetic gaps in collections (Volk et al., 2021). Different genomic approaches were widely implemented to close the gap between genebank management and prebreeding. For instance, genome-wide prediction has been proposed to effectively impute phenotypic information for entire genebank collections based on representative subsamples of entire collections for which genotypes and phenotypes have been recorded. These panels can be used as training populations for genotyped accessions lacking phenotypic records (Yu et al., 2016). Several studies have demonstrated the potential of using genome-wide prediction for genebank collections (Crossa et al., 2016; Kehel et al., 2020; Jiang et al., 2021; Schulthess et al., 2022). Alternatively, genome-wide prediction based on training datasets generated in other genebanks has the potential to increase the attractiveness of collections around the world by providing information to users for a wide range of traits. This approach has been used in a study to predict yield breeding values for winter wheat accessions maintained at INRAE (L’institut national de recherche pour l’agriculture, l’alimentation et l’environnement) using IPK-PGRs as training data, but the validation of the predictions was not implemented (Schulthess et al., 2022).

To fill this gap, we integrated our study data across the two important barley collections maintained at ICARDA and IPK. Prior to applying genomic prediction, a strategic pipeline to curate the non-orthogonal historical data was implemented for the IPK collection (González et al., 2018b). The same rigorous quality assessment including plausibility checks, outlier corrections, and bias estimation due to the historical seed regeneration patterns was applied independently for each of the winter, spring, and facultative ICARDA barley populations. Therefore, our study makes use of comprehensive historical phenotypic and genomic data of 9,344 and 1,089 barley accessions from IPK and ICARDA genebanks, respectively. The main goal was to evaluate the potential and limitations of genome-wide predictions across genebanks using IPK and ICARDA historical phenotypic data. In particular, our objectives were to 1) assess the quality of ICARDA historical data for heading date (HD), plant height (PH), and thousand kernel weight (TKW); 2) study the population structure of both IPK and ICARDA collections; 3) examine the prediction ability of the same given traits within ICARDA population defined by growth habit and row type; 4) assess the benefits of across-genebank prediction in imputing phenotypes of ICARDA accessions relying only on the IPK genebank (one-sided approach) or 5) on a combined IPK-plus-ICARDA training set (integrated approach).





Materials and methods




Phenotypic data records

Field experiments for 16,554 ICARDA barley accessions were performed from 1983 to 2012 in Tel Hadya, Syria (latitude 36.01°40′N, longitude 36.56°20′E, 284 m.a.s.l) and from 2016 to 2019 in Merchouch, Morocco (latitude 33°36′N, longitude 6°43′W, 394 m.a.s.l.) (Supplementary Table 1). Across traits, 48,882 data points were recorded for HD, PH, and TKW, mostly in unreplicated field trials. Heading date was recorded as the number of days when 50% of the plants in each observation plot have emerged to 75% from the flag leaf sheath (Z57 stage according to Zadoks et al., 1974) starting from the date of sowing. PH was measured from the ground level to the top of the spike, including awns, at the end of the flowering period. TKW was determined in grams by weighing a representative sample of grains harvested at ∼12.5% moisture basis, counting grains, and extrapolating the weight to 1,000 grains. Approximately 50% of the accessions were phenotyped for HD and PH for 2 years, while TKW had the lowest percentage (18.4%) of accessions with 2 years of observations. ICARDA collection included 7,576 spring, 881 winter, and 4,164 facultative barley accessions. In addition, approximately 14% of the accessions (2,369) have ambiguous growth habit records, and 9% (1,566) have no available information. The majority (72%) of the accessions were six-rowed type, while two-rowed barley represented 24% of the total collection. The classification of winter, spring, and facultative ICARDA accessions was not derived from a premeditated experimental design. Rather, the barley accessions were sown toward the end of November or the beginning of December, without deliberate consideration of vernalization treatments to induce the winter type. The accessions’ responses to prevailing environmental conditions were closely monitored and meticulously recorded. Under favorable circumstances, the presence of winter types became evident, as all spring accessions demonstrated successful progression to the heading and maturity stages. Nevertheless, in several instances, the natural ambient temperatures failed to provide sufficient vernalization, leading to the classification of certain accessions as winter or facultative types due to their inability to reach the heading stage, with only a limited number of plants in the plots achieving successful maturity. However, an interesting aspect emerged concerning facultative accessions being able to integrate cues from both winter and spring conditions, resulting in a marginally prolonged period to reach the heading stage. This growth type exhibits cold tolerance and can set seeds without the need for vernalization, indicating their adaptability to varying environmental cues.

Phenotypic data from IPK included information on 6,957 spring and 2,387 winter barley accessions collected from the IPK campus (Gatersleben, Germany; latitude 51°49′22.5″N, longitude 11°16′40.6″E, 110.5 m.a.s.l.). Spring barley subpopulation included 4,425 six-rowed and 2,532 two-rowed accessions. Winter subpopulations included 1,901 and 486 accessions of six-rowed and two-rowed accessions, respectively (Supplementary Table 2). The accessions were phenotyped for flowering time (FT), PH, and TKW (referred also to as thousand grain weight) during their regeneration in the past seven decades, and the associated phenotypic information was previously described in detail by González et al. (González et al., 2018a; González et al., 2018b). FT was recorded as the number of days when 50% of the plants in each observation plot reached the flowering counting from January 1 of each year for winter types and from the sowing date onward in the case of spring types. The flowering stage for both winter and spring corresponds to stage Z65 (Zadoks et al., 1974). High correlations have been reported between flowering time and heading date as a result of their closeness during crop phenology (Gol et al., 2021; Celestina et al., 2023). Therefore, we considered FT from IPK accessions as a proxy trait for HD of ICARDA material in across-genebank prediction. PH and TKW of IPK accessions were assessed as previously described for the ICARDA genebank. Each of the three traits was analyzed using a linear mixed model for quality assessment routines and performance estimation (González et al., 2018a; González et al., 2018b). Outlier removal led to high heritability estimates exceeding 0.8, and the resulting best linear unbiased estimations (BLUEs) for each of the traits were used in this study.





Phenotypic data quality assessment and performance estimates for ICARDA material

Phenotypic data analyses for the ICARDA collection were performed following the methods specified for the IPK genebank (González et al., 2018a; González et al., 2018b). Analyses were conducted for winter, spring, and facultative accessions separately, and the accessions with non-unique records of growth class were excluded. The following linear mixed model was applied:

	

where   is the m-dimensional vector of phenotypic records,   is the common intercept term,   is the n-dimensional vector of genotypic effects,   is an   design matrix allocating each record to the corresponding accession,   is the l-dimensional vector of year effects,   is an   design matrix allocating each record to the corresponding year,   is the s-dimensional vector of genotype-by-year interaction effects,   is the corresponding   design matrix, and   is the residual term. In Equation 1, we assumed that   is a fixed parameter, while the remaining components are random in the way  ,  ,  , and  . The broad-sense heritability was estimated as  , where  ,  ,  , and   are the estimates of the corresponding variance components,   is the harmonic mean of the number of evaluated years per genotype, and   is the harmonic mean of the number of replicates per genotype (Holland et al., 2003).

Model 1 was also used for the outlier test with slightly different assumptions, that is, treating   as a vector of fixed effects instead of random. The residuals were first standardized by the rescaled median absolute deviation from the median, and then a Bonferroni–Holm test was applied to flag the outliers (Bernal-Vasquez et al., 2016). A data point was declared as an outlier by the implemented test according to a predefined significance threshold of p-value < 0.05. After removing the outliers from the initial dataset, model 1 was fitted again to recompute variance components and broad-sense heritabilities as well as to calculate the genotypic BLUEs. For BLUE computation, the same assumptions in model 1 as specified for outlier correction were considered. All mixed models for phenotypic analyses were fitted using the ASReml R package version 4 (Butler et al., 2017).





Genomic data

A total of 22,626 accessions from the IPK were previously fingerprinted using GBS technology (Milner et al., 2019). In this study, 1,803 ICARDA accessions were characterized based on the same method: briefly, DNA was digested with PstI and MspI (New England Biolabs) restriction enzymes, and sequencing was performed with Illumina HiSeq 2500. Read mapping and variant calling were performed essentially as described by Milner et al. (2019). After adapter trimming with cutadapt (Martin, 2011), reads were aligned to the MorexV3 reference genome sequence assembly with BWA-MEM (Li, 2013). Alignment records were converted to Binary Alignment/Map format with samtools and sorted with Novosort (http://www.novocraft.com/products/novosort/). Variant calling was performed with bcftools (Li, 2011). Variant matrices were filtered and formatted with a custom script (ipk_dg_public, 2018) prior to input into R via the SNPRelate package (Zheng et al., 2012). Only bi-allelic single-nucleotide polymorphisms (SNPs) with less than 10% heterozygous calls were retained. After this filtering, GBS profiles were integrated with the BLUEs (after outlier correction) of 9,344 IPK and 1,116 ICARDA accessions with known row-type information (Supplementary Tables 1, 2). In this integrated dataset, a final total of 27,610 SNPs was retained after applying quality control criteria (call rate >0.95 and minor allele frequency (MAF) >0.05).





Population structure and genome-wide predictions

Genetic relationships among 1,116 ICARDA and 9,344 IPK accessions were investigated using a principal coordinate analysis (PCoA) based on the Euclidean distances computed from markers. PCoA was performed using the “ecodist” R package (version 2.0.9).

For genomic predictions, 27 ICARDA accessions having phenotypic information but belonging to the 2RF row-type group were excluded because this row type did not exist among IPK accessions. Row-type 2RF comprises barley accessions in which each spikelet contains two rows of seeds, the two outer rows of seeds being larger and more prominent, forming ridges along the length of the spikelet. The inner seeds may be smaller or less developed. The distinction between the two-rowed and 2RF classifications is based on the level of detail provided about the seed arrangement within the spikelet on the barley head. Among the genotyped ICARDA accessions, 1,071, 1,057, and 1,081 accessions were phenotyped for HD, PH, and TKW, respectively. For IPK, 9,341, 9,298, and 7,575 genotyped accessions had BLUEs for FT, PH, and TKW, respectively. Three different genome-wide prediction models were applied: 1) genomic best linear unbiased prediction (GBLUP; VanRaden, 2008), 2) extended genomic best linear unbiased prediction (EGBLUP; Jiang and Reif, 2015), and 3) reproducing kernel Hilbert space regression (RKHS; Gianola and van Kaam, 2008).

The GBLUP model exploits the additive effects of all markers and has the following form:



where   is the n-dimensional vector of BLUEs obtained from the phenotypic data analyses,   is the k-dimensional vector of fixed effects including covariates (if any) and the intercept,   is the corresponding design matrix (if there are no covariates in the model, then   the common intercept and   a column vector of ones),   is the n-dimensional random vector of (additive) genetic values, and   is the residual.   is the VanRaden G-matrix, where  ,   is the   matrix of marker profiles coded as  ,  , and  (  is the allele frequency),  , and   is the number of markers.

The EGBLUP model is an extension of the GBLUP model by considering additive-by-additive epistatic effects between all pairs of markers:



where   is the n-dimensional random vector of additive-by-additive genetic values, while all other notations are the same as in the GBLUP model. The epistatic covariance matrix was calculated as follows (Jiang and Reif, 2020):



where   denotes the Hadamard product of matrices.

The RKHS model originated from a semi-parametric approach, but its form is similar to the GBLUP model with a different covariance matrix (de Los Campos et al., 2010). The RKHS model exploits additive and epistatic effects among markers up to any order, but the weights for different orders of epistasis were implicitly fixed (Jiang and Reif, 2015). In our implementation, we followed the “kernel averaging” approach (de Los Campos et al., 2010); i.e., we considered the following:



where   and other notations are the same as specified in GBLUP. The element in the  th row and  th column of   is calculated as  , where   is the  th marker profile of the  th individual, and  .

All genomic prediction models were implemented using the R package BGLR (Pérez and de Los Campos, 2014).





Establishing genebank genomic prediction scenarios for ICARDA accessions

We evaluated the prediction ability of the GBLUP, EGBLUP, and RKHS models using the following scenarios for ICARDA accessions.




Within-genebank prediction

Fivefold cross-validation was applied separately within each growth class among ICARDA accessions. For each growth class, accessions were randomly divided into five subsets, each with balanced proportions of accessions sampled from both row types, of which four subsets served as the training set with the remaining as the test set. The sampling was repeated 20 times.





One-sided across-genebank prediction

Here, only information from the IPK barley collection was used to predict ICARDA accessions. Five sub-scenarios, 2a–e, with different combinations of training and test sets were considered to assess prediction ability in the case of merging the different row types and within each row-type subpopulation (Supplementary Table 3):

	Scenario 2a: Using winter IPK accessions as the training set to predict winter ICARDA accessions.

	Scenario 2b: Using spring IPK accessions as the training set to predict spring ICARDA accessions.



Since the number of IPK facultative types was small as compared with the rest of the two other growth classes (spring and winter), we decided not to treat them as a separate group to predict the facultative ICARDA accessions, but instead, we opted for the following scenarios:

	Scenario 2c: Using winter IPK accessions to predict ICARDA facultative accessions.

	Scenario 2d: Using spring IPK accessions to predict ICARDA facultative accessions.

	Scenario 2e: Pooling together winter and spring IPK accessions to predict ICARDA facultative accessions.







Integrated across-genebank prediction

In this approach, the same sub-scenarios described in scenario 2 were implemented with a slight adjustment of the training sets. The phenotypic records of 30% of ICARDA accessions were integrated with the respective phenotypic records of the IPK dataset to predict the rest of ICARDA accessions. Twenty random samplings were considered and performed separately.

For each scenario, each of the three genomic prediction models was implemented twice, one ignoring the row-type subgroup information and the other modeling the row type as a fixed covariate. The influence of the row type on the prediction ability was investigated by comparing the prediction abilities that resulted from these two cases. For all three scenarios, the prediction ability was estimated as the correlation between the observed and predicted values of all accessions in the test set. In addition, the prediction ability for each row-type subgroup was also calculated separately. The standard error was estimated using a bootstrap approach with 1,000 samplings.







Results




Broad genetic variation observed for the assessed traits

Linear mixed models combined with rigorous quality assessment were implemented for historical IPK data and described in detail in recent works (González et al., 2018a; González et al., 2018b). Briefly, based on a two-step quality control that considers plausibility checks of trait values and outlier corrections, high heritability estimates (above 0.8) were obtained for the traits under consideration (Supplementary Table 4). Moreover, heritability increased by 17% by removing a maximum of 2.5% outliers for the IPK collection. The same strategy was applied in the analysis of historical phenotypic data from ICARDA. The outlier correction resulted in the exclusion of up to 1.74% of the total accessions and increased the heritability by up to 41%, depending on the trait and growth class (Table 1). Heritabilities observed for the ICARDA barley accessions were lower than those for IPK (Table 1; Supplementary Table 4). This discrepancy in heritabilities can be attributed to several factors, including disparities in phenotyping conditions and prevailing environmental stresses. It is noteworthy that ICARDA accessions were grown in a harsh environment characterized by frequent drought and heat stress. Such challenging conditions can significantly impact the phenotypic expression of traits, resulting in lower heritability estimates. The stress-induced variability can mask the genetic component, leading to decreased heritability values. In contrast, the German environment provided an optimum growing condition for the IPK accessions and, hence, led to higher heritabilities by reducing the environmental noise, which could otherwise affect the genetic expression of the traits. TKW was the most heritable trait in each growth class with heritability estimates exceeding 0.65 (Table 1). In contrast, HD and PH had moderate heritabilities with values ranging from 0.32 to 0.50. Of the total number of accessions (two- and six-rowed row types) with both phenotypic and genotypic data (1,264), 1,089 accessions were retained after outlier correction (Supplementary Table 5). These accessions were used for genomic prediction analyses.


Table 1 | The number of outliers for each trait in each growth class and the influence of removing outliers on the estimated broad-sense heritability for ICARDA collection.



Regarding BLUEs, wide phenotypic variation was observed in each growth class for both genebank collections (Figure 1). For ICARDA accessions in general, HD was between 92.27 days and 165.92 days, PH between 33.19 cm and 136.05 cm, and TKW between 12.43 g and 71.7 g (Figure 1A). For IPK accessions, FT varied between 128.31 days and 178.15 days, PH between 50.44 cm and 176.51 cm, and TKW between 15.64 g and 68.44 g (Figure 1B). Except for FT across growth habits of IPK accessions, no significant average differences (p-value ≥ 0.05) were observed between either growth habits or row types within IPK and ICARDA genebanks indicating that the genotyped fractions of both collections cover a similar space of phenotypic diversity, at least for the assessed historic traits. However, the significantly earlier average in FT of IPK spring compared to winter accessions (Δ = 69.9 days, p-value< 2.2e−16) is most likely due to the different reference day, i.e., January 1 (winter types) vs. sowing date (spring types), used to express this trait. Moreover, no significant average differences were observed between IPK and ICARDA genebanks regarding PH and TKW (p-value ≥ 0.05).




Figure 1 | Box–whisker plots showing the distribution of best linear unbiased estimations of heading date (HD; days), flowering time (FT; days), plant height (PH; cm), and thousand kernel weight (TKW; g) of up to (A) 1,089 ICARDA and (B) 9,344 IPK accessions for two-rowed (white boxes) and six-rowed subgroups (gray boxes). Distribution is shown separately for winter, spring, and facultative barley.







The global diversity of the ICARDA collection was fully covered by the IPK collection

The genetic structure of ICARDA and IPK collections was investigated through a PCoA based on the Euclidean distance matrix estimated using 27,610 SNPs. At first glance, the accessions derived from the ICARDA genebank seem to occupy a relatively small area of IPK diversity space. However, this result should be interpreted carefully since only 1,116 genotyped ICARDA accessions were used in this analysis (Figure 2A). Extensive genotyping of the ICARDA collection is necessary to highlight the specifics of that collection. The facultative accessions of the ICARDA collection did not form a clearly delineated group from the rest of the accessions (Figure 2A). In the spring and winter barley subpopulations, the six-rowed and two-rowed accessions were clearly separated with some exceptions pointing to admixture (Figures 2B, C).




Figure 2 | Principal coordinate analyses (PCoAs) based on the Euclidean distances were estimated using 27,610 single-nucleotide polymorphisms (SNPs), 1,116 ICARDA, and 9,344 IPK accessions (A). Spring (B) and winter (C) populations were plotted separately for ICARDA and IPK accessions. (A) Principal coordinate analyses (PCoAs) for both ICARDA and IPK accessions. (B) Principal coordinate analyses (PCoAs) for spring ICARDA and IPK accessions. (C) Principal coordinate analyses (PCoAs) for winter ICARDA and IPK accessions.







Within-genebank genomic prediction of ICARDA accessions

The fivefold cross-validated prediction abilities within the population of ICARDA accessions varied widely among traits and populations defined by growth habits and row types (Figure 3). According to regression analysis, the heritability (Table 1) and size (Supplementary Table 5) of populations defined by growth habits explained 47% and 41% of the variation in the average prediction abilities, respectively. Overall, the prediction abilities depended only slightly on the choice of the prediction model: on average, GBLUP outperformed EGBLUP and RKHS by 2.79% and 5.39%, respectively (Supplementary Table 6). Therefore, GBLUP was chosen as the base model for the benchmark scenario. When row types were merged in a combined training set, average GBLUP prediction abilities improved 32.64% for two-rowed types, but only 0.27% for six-rowed accessions (Figure 3). The six-rowed populations were 3.9-fold larger than the two-rowed subpopulations, which can explain why the two-rowed benefited more from a combined training set (Supplementary Table 5). In most cases, modeling the row type as a covariate in genome-wide predictions either did not change or even decreased average prediction abilities, with TKW and HD predictions for two-rowed accessions being the most notable exceptions (Figure 4). From these optimization results, it was decided to omit the row-type covariate from all prediction scenarios.




Figure 3 | Fivefold cross-validated prediction abilities of genomic best linear unbiased prediction (GBLUP) for heading date (HD; days), plant height (PH; cm), and thousand kernel weight (TKW; g) obtained within ICARDA genebank modeling the row type as covariate (RT).






Figure 4 | Percentage change (%) in average prediction abilities from modeling the row type as a covariate within the population of ICARDA accessions using genomic best linear unbiased prediction (GBLUP) over omitting the row-type covariate for heading date (HD; days), plant height (PH; cm), and thousand kernel weight (TKW; g) according to different growth habits. Positive (negative) changes correspond to improvements (declines) in prediction ability.







Accurate prediction of ICARDA accessions relying on training sets exclusively composed of IPK material is trait-dependent

With some marginal trait-specific differences, the average prediction ability for ICARDA accessions of the one-sided across-genebank prediction approach was for EGBLUP 9.67% and 0.77% higher compared with GBLUP and RKHS, respectively (Supplementary Table 7). Therefore, we focused the following on the results for EGBLUP (Figure 5). Because of the small number of facultative types in the IPK collection, we first studied whether spring, winter, or a combined population is best suited to predict the performance of the facultative ICARDA accessions. Interestingly, a combined spring/winter IPK training population yielded the highest prediction ability of the facultative ICARDA accessions, with minor deviations observed for TKW, as compared to the spring-to-facultative scenario.




Figure 5 | Prediction abilities of extended genomic best linear unbiased prediction (EGBLUP) method for heading date (HD; days), plant height (PH; cm), and thousand kernel weight (TKW; g) of ICARDA accessions obtained by applying a one-sided across-genebank prediction approach. W_W, winter to winter (scenario 2a); S_S, spring to spring (scenario 2b); W_F, winter to facultative (scenario 2c); S_F, spring to facultative (scenario 2d); WS_F, winter and spring to facultative (scenario 2e).



Because TKW showed the highest heritability among ICARDA accessions, considerable predictive ability was shown for the given trait with small deviations from the within-genebank prediction scenario (Supplementary Table 4; Supplementary Figure 1). For PH, the one-sided across-genebank predictions of ICARDA spring and facultative accessions were in most cases lower than within the genebank but vice versa for the winter-to-winter scenario. In contrast, the prediction of HD, with the exception of the two-rowed spring type, was much less accurate across than within the genebank: the difference in prediction ability was rather large ranging from −97.37% to −28.38% (Supplementary Figure 1). Consequently, predictions across genebanks using the one-sided approach were not always fully resilient, which may be resolved via prediction using an integrated training population across genebanks.





Enhanced prediction ability by using an integrated approach across IPK and ICARDA genebanks

Using a training population combining IPK and ICARDA accessions to predict the performance of an ICARDA test population revealed that the average prediction abilities based on GBLUP proved to be the least accurate model. RKHS achieved 6.10% higher average prediction abilities than GBLUP and improved by 1.87% compared to EGBLUP (Supplementary Table 8). Nevertheless, the difference in prediction ability between traits differed only marginally. Hence, we focused on the prediction abilities of the RKHS model (Figure 6). For predicting the facultative ICARDA accessions, the average prediction abilities of the combined spring and winter IPK populations (WS-F) exceeded those of the winter (W-F) and spring (S-F) scenarios.




Figure 6 | Prediction abilities to reproduce kernel Hilbert space regression (RKHS) for heading date (HD; days), plant height (PH; cm), and thousand kernel weight (TKW; g) of ICARDA accessions in the integrated across-genebank prediction scenario. W_W, winter to winter (scenario 2a); S_S, spring to spring (scenario 2b); WS_F, winter and spring to facultative (scenario 2e).



To evaluate the usefulness of the across-genebank predictions, we compared the prediction abilities of the most accurate performing model found in the integrated across-genebank prediction scenario (RKHS) with those within ICARDA genebank prediction used as a benchmark scenario (GBLUP). With few exceptions (e.g., the spring-to-spring scenario of PH), prediction abilities were higher using the integrated across-genebank training dataset than within the ICARDA genebank (Table 2). Interestingly, two-rowed populations showed in general a greater increase in prediction abilities (131% on average) than the six-rowed populations (9.73%) by shifting from the within-genebank prediction scenario to the integrated across-genebank prediction scenario, with the most notorious case for PH of winter accessions (almost eightfold improvement).


Table 2 | Percentage change (%) in the prediction abilities of the best-performing models in the integrated across-genebank predictions over and within ICARDA genebank predictions for heading date (HD; days), plant height (PH; cm), and thousand kernel weight (TKW; g) across the different growth habits.








Discussion

Genebanks are considered a reservoir of untapped genetic diversity for potential climate-relevant traits and improved adaptation to various biotic and abiotic stresses (Anglin et al., 2018; Guerra et al., 2022; Leigh et al., 2022). Phenotypic characterizations and documentation of genebank material are essential to promote the effective use of plant genetic resources because without them, searching for valuable accessions with desirable agronomic traits is like searching blindfolded for the proverbial needle in a haystack (Mascher et al., 2019). However, the genetic landscape that genebank managers must navigate to access information of their accessions is labor- and resource-intensive. As an interesting alternative, we explored the potential of genome-wide predictions to overcome the phenotyping bottleneck and hence unlock the genetic merits of plant genetic resources in two genebanks. Comprehensive historical data from IPK and ICARDA on flowering/heading date, plant height, and thousand kernel weight collected during seed regeneration cycles were used to demonstrate the combined powers of across-genebank predictions to support genebanks with trait information on accessions.




Genome-wide prediction is a powerful tool to fill gaps in genebank information

Genome-wide predictions for ICARDA accessions were conducted at two levels: predictions within and across genebanks. Within the ICARDA genebank (Figure 3), which was set as a benchmark scenario, the prediction ability of heading date, plant height, and thousand kernel weight is positively associated with their heritability (Table 1). This relationship between prediction ability and heritability has been reported previously (de Oliveira et al., 2018; Arojju et al., 2020). Moreover, despite the statistical model applied, prediction abilities differed only marginally with GBLUP showing a slight advantage over other models (Supplementary Table 6). Therefore, we can propose the use of GBLUP as the default genomic prediction model to impute phenotypic values within a genebank. For the one-sided across-genebank predictions, despite the large differences in prediction ability between traits, the difference in prediction abilities was less pronounced between models (Supplementary Table 7). However, the best-performing model (EGBLUP), accounting for additive-by-additive epistasis, did not show sufficient prediction performance within the ICARDA genebank (Supplementary Figure 1). Interestingly, the integrated approach clearly underlined the contribution of the borrowed information from the ICARDA genebank to enhance the prediction ability (Table 2), hence making it more promising for predictions across two contrasting genebanks. Therefore, genome-wide prediction can be an excellent alternative to populate genebanks with phenotypic estimates in a cost- and time-effective way. This will help to bridge gaps between genebanks, enrich genebank information, and help in capturing the genetic diversity and allelic richness present across genebank collections. In the same context, we have demonstrated the profit of genome-wide prediction to predict the facultative type across genebanks using the pooled spring and winter populations and, hence, unlock the valuable diversity of this unique growth habit that provides the flexibility to be sown either in the fall as winter or even as a spring crop. Considering the relatively limited number of facultative types in the IPK collection, a promising approach would be to predict the growth habit of accessions with missing information, effectively extending the population size and, hence, bolstering predictive abilities. Furthermore, an intriguing alternative to genome-wide prediction would be the utilization of functional markers for classification. However, the current use of GBS data poses limitations, preventing a detailed functional marker-based classification, particularly for the haplotypes at VRN-H2 and VRN-H1. Nonetheless, we are optimistic that this limitation can be addressed with an increased density of genomic information. By leveraging genotypic data that incorporates information from functional markers with genome-wide prediction abilities, we could develop a compelling strategy that holds great potential for precise growth habit predictions. With these innovative methods on the horizon, we anticipate gaining a deeper and more nuanced understanding of growth habits in genebank accessions. The continuous advancement of genomic technologies and functional marker applications will undoubtedly pave the way for a new era of precision in predicting growth habits, fostering significant progress in barley breeding and crop management strategies.





Pervasive interaction between genotypes and target environments impacts across-genebank prediction

On a large scale, we observed that the IPK genebank covers most of the neutral molecular diversity existent among the portion genotyped of the ICARDA collection (Figure 2). In addition, for most evaluated traits across the different growth habits, modeling a population-structure-related covariable like row type did not improve predictabilities for ICARDA accessions (Figure 4). This suggests that other factors beyond population structure are influencing predictions for the ICARDA genebank and limit the prediction ability for situations where phenotypic data are exclusively available in one genebank. To gain more knowledge about this and minimize any confounding effect of population structure, we further explored the phenotypes of ICARDA-like IPK accessions and their close relatives from the ICARDA genebank (Euclidean distance< 0.01; Supplementary Figure 2). In the best case, the imperfect correlations between relative pairs were 0.63, 0.41, and 0.68 for HD, PH, and TKW, respectively. In fact, ICARDA accessions were phenotyped in the Central West Asia North Africa (CWANA) region, where the environmental conditions differ significantly from the European weather conditions due to frequent drought and terminal heat stress. We thus conclude that phenotypic plasticity as a result of the interaction between genotypes and the environment could be one of the main factors reducing the connectivity between training and test sets in across-genebank prediction scenarios.





Trait heritability and environment connectivity: two essential factors to improve prediction ability across genebanks

Genetic resources are vital for future food security. The deployment of advanced technologies would provide an unprecedented opportunity to profit from the immense natural diversity stored in genebanks. Following the successful proof-of-concept implementation of genome-wide predictions within genebank accessions (Crossa et al., 2016; Yu et al., 2016; Kehel et al., 2020; Jiang et al., 2021; Schulthess et al., 2022), we expanded this integrative strategy to a broader context for the enrichment of genebank phenotypic information across genebanks. The integrated across-genebank prediction was successfully applied to estimate the breeding value across two contrasting genebanks using a larger population size and larger marker density. However, the results were conditioned by two main factors: trait heritability and connectivity of the training population to the test set. To capture the variance resulting from the genotype × environment interaction (GEI), methods have been developed and applied to fit detailed variables in the models and deal with genetic/environmental heterogeneity within datasets (Crossa et al., 2022; Rogers and Holland, 2022). From our observations, we assume that a proportion of accessions from the ICARDA genebank with similar environmental features was informative enough to improve the prediction abilities. Particularly for historical multi-locations data, it would be also worthwhile to deploy models that take into consideration the time-series/spatial structure of different environmental conditions. Alternatively, due to the large effect of weather variables on the genotypic response of accessions held globally in genebanks, grouping the accessions into a small number of clusters with similar features (e.g., climate patterns and trial management) might be a feasible approach to identify mega-environments driving their separation. The identification of these mega-environments could provide useful information for optimized training populations and thus improve the prediction accuracy across genebanks.
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Shape is a primary determinant of consumer preference for many horticultural crops and it is also associated with many aspects of marketing, harvest mechanics, and postharvest handling. Perceptions of quality and preference often map to specific shapes of fruits, tubers, leaves, flowers, roots, and other plant organs. As a result, humans have greatly expanded the palette of shapes available for horticultural crops, in many cases creating a series of market classes where particular shapes predominate. Crop wild relatives possess organs shaped by natural selection, while domesticated species possess organs shaped by human desires. Selection for visually-pleasing shapes in vegetable crops resulted from a number of opportunistic factors, including modification of supernumerary cambia, allelic variation at loci that control fundamental processes such as cell division, cell elongation, transposon-mediated variation, and partitioning of photosynthate. Genes that control cell division patterning may be universal shape regulators in horticultural crops, influencing the form of fruits, tubers, and grains in disparate species. Crop wild relatives are often considered less relevant for modern breeding efforts when it comes to characteristics such as shape, however this view may be unnecessarily limiting. Useful allelic variation in wild species may not have been examined or exploited with respect to shape modifications, and newly emergent information on key genes and proteins may provide additional opportunities to regulate the form and contour of vegetable crops.
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1 From plant organs shaped by natural selection, humans have selected a diverse array of shapes in vegetable crops to satisfy consumer preferences

Shape is a primary determinant of consumer preference for many vegetable crops and it is associated with aspects of marketing, harvest mechanics, and postharvest handling (Peirce, 1991; Funk and Marshall, 2012). Perceptions of quality and preference often map to specific shapes for fruits, tubers, leaves, flowers, roots, and other plant organs, while certain crop shape abnormalities are signals of concern to vegetable consumers (Moser et al., 2011; Loebnitz and Grunert, 2018; Wiedmann et al., 2020). From crop wild relatives where fruits, tubers, and roots are the product of natural selection, humans have dramatically expanded the palette of shapes and sizes available for vegetable crops. In many cases, humans have created a series of market classes where particular shapes predominate (Luby et al., 2016). These shapes are funneled into market niches, where consumer preferences are specific and particular cultivars are recognized. To take but one example, the plethora of cultivars developed in recent centuries from non-pungent Capsicum annuum includes a wide range of market classes known as cherry, pimiento, sport, pepperoncini, Anaheim, banana, bell, cubanelle, and poblano types. These in turn represent a diverse array of shapes including round, cherry, blocky, bell, and berry, which are in widespread use in a variety of cuisines.

The human desire to use geometry to describe where we are and what things look like is primal (Ellenberg, 2021). Assessing the size, shape, and orientation of our surroundings is a constant draw on our conscious mind. And, when consciousness is altered by psychoactive substances, our minds conjure geometric shapes in startling colors and configurations (Bressloff et al., 2002). It appears that our desire to describe the shape and contour of our surroundings is a hard-wired part of our visual cortex (Bressloff et al., 2001). Food choices fit into these patterns, affirming the often-cited aphorism that “we eat with our eyes.” This adage has been experimentally verified, solidifying the relationship between visual stimuli and food shape (Delwiche, 2012). Experimental evidence from functional magnetic resonance imaging demonstrated that humans described curvilinear spaces as more beautiful than rectilinear spaces (Vartanian et al., 2013), and that the contemplation of curvilinear shapes exclusively activated the anterior cingulate cortex, a part of the brain associated with reward. Furthermore, activation of a neural network that underlies aesthetic evaluation of visual stimuli covaried with the perception of beauty. Munar et al. (2015) examined whether nonhuman great apes and humans exhibit visual preferences for curved contours using a forced choice experiment. They showed that humans’ preference for curved contours evolved from earlier primate species’ visual preferences, and suggest that it strengthened during human evolution as it became influenced by other cognitive processes. Although brain imaging studies on vegetable crop preferences have not yet been conducted, there is reason to suspect that food shape preferences are dictated to some degree by brain circuitry activated by visual stimuli.

Many horticultural crops have been selected with a specific focus on the shape of the organ that is most sought by humans. As can be expected, crop domestication has resulted in traits that have disadvantages in a natural selection context (Dwivedi et al., 2023); shape and size among them. Here, we focus on vegetable crops where the shape of the organ that is consumed has been substantially modified from its wild progenitors, including our understanding of its regulation at the morphological, genetic, and molecular level. As the mutations arose during domestication and ensuing selection over thousands of years, alleles were repurposed to create a set of market classes. For horticultural crops, market class is perhaps best defined as a grouping of similar types that are available in the marketplace, such as russet potatoes, cut and peel carrots, or cherry or beefsteak tomatoes. Within each of these market classes, many cultivars may be available, each with different breeding programs focusing on specific production and aesthetic features (Figure 1).




Figure 1 | Clockwise from upper left: market classes in carrot (Goldman, I.), carrot (Source: Ernst Benary seed catalog, Erfurt, Germany, 1876), beet (Source: Oravec, M.), onion (Source: Boyhan, 1198), pepper (Source: Naegele et al., 2016), melon (Source: Monforte et al., 2014), tomato (Source: Monforte et al., 2014).



A hallmark of artificial selection of crop wild relatives is the extreme modification of those plant organs that are of greatest interest to humans (Harlan, 1992). The profusion of modifications in leaves, roots, axillary buds, and floral organs in Brassica oleracea crops, resulting in cabbage, kohlrabi, Brussels sprouts, broccoli, cauliflower, and collards are an example of how particular plant organs have been targeted during domestication to create modern crops. Selection under domestication tends to exaggerate those traits of greatest interest to humans (Darwin, 1875). While the fruit-frugivore co-evolutionary relationship is well established (Lim et al., 2020), roots and tubers are less likely to be targets of herbivores. Nevertheless, roots and tubers in nature are likewise the product of natural selection and are therefore naturally selected for fitness traits such as water and nutrient uptake, carbohydrate storage, and physical support. Hominid evolution is characterized by an enhanced ability to digest starches, including seeds, roots, and tubers (Hardy and Brand-Miller, 2015; Fellows Yates et al., 2021), suggesting that these plant organs were among the earliest plant parts to be subjected to artificial selection. Artificial selection to modify these plant organs into vegetable crops is an example of how visual cues have driven crop evolution.

A parallel development by humans is selection for shape preferences in domesticated animals. Animal domestication followed many of the same pathways as plant domestication, satisfying human desires and heightening human preferences for particular traits. In a classic example, anatomical features of canines were shaped by artificial selection such that the muscle controlling raising of the inner eyebrow and widening the eyes is present in dogs but not wolves (Kaminski et al., 2019). Wolves possess only a small tendon for this purpose, and the movements that animate this muscle or tendon are of much greater intensity in dogs when they are in the presence of humans. Selection for these anatomical and behavioral modifications changed the contour of dog’s faces, making them more like human faces expressing sad emotions, and may therefore have promoted a nurturing response. Selection for body conformation in dairy cattle, including a suite of shape traits that were thought to predict productivity, has been practiced and studied for more than a century (Miglior et al., 2017). Charles Darwin famously used his understanding of the power of artificial selection on the shape of pigeons to develop his key ideas on evolution via natural selection (Desmond and Moore, 1991). Modifications to form and contour are among the most significant outcomes of artificial selection in both plants and animals.



1.1 Carrot and sweet potato

The genus Daucus in the Apiaceae family is native to central Asia. Wild carrot, Daucus carota var. carota, is a ubiquitous weed and the source of the domesticated vegetable. The wild carrot possesses only a very slightly swollen root that is often highly branched (Figure 2). In addition to modifications in life cycle, the most notable change in carrot domestication is the dramatic change in the size and shape of the root. Carrot is an example of a root crop where a large number of market classes- based primarily on shape- have been developed through breeding efforts (Mou, 2022). Examples of these include slim and elongated Imperator types for the cut and peel market, bulky Chantenay types for dicing, processing Danvers types for slicing and canning, cylindrical Nantes types for fresh eating, and Parisienne types for ball-shaped novelty carrots (Luby et al., 2016). There are between 10 to 15 recognized root shapes (types or market classes) in carrots today (Simon and Grezebelus, 2020). The different shapes often respond to different market needs and consumer preferences.




Figure 2 | Roots of wild relative versus cultivated carrot and beet. (A) Typical roots from wild carrot Daucus carota var carota, also known as wild carrot or Queen Anne’s Lace (left) and a modern breeding line of a carrot cultivar (right) derived from a cross of between Imperator and Chantenay market classes. (B) Typical roots from cultivated beet, Beta vulgaris (right), and wild relative, Beta vulgaris subsp. maritima (left), and the range of roots shapes present in (C) wild and (D) modern table beet. Root cross sections showing supernumerary cambia apparent in (E) wild relative, Beta vulgaris subsp. maritima (PI 546509), and (F) cultivated beet and (G) the same cross sections of wild (left) and cultivated (right) beet with a penny for scale.



Sweet potato (Ipomea batatas) was domesticated in Mesoamerica from the wild progenitor Ipomea trifida, which is native to Central America and parts of South America. This wild relative possesses fibrous roots and, in certain cases, small, thickened roots (Komaki and Katayama, 1999), which were likely exploited during domestication. Root primordia may form adventitious roots, which have the potential to form storage roots under certain growing conditions. Adventitious roots may also become fibrous roots or pencil roots, the latter of which are only very slightly thickened and are not consumed. The storage root that is characteristic of the modern sweet potato forms when the cambium expands and the starch storage tissue proliferates (Eserman et al., 2018). This in turn dramatically expands the root and modifies the root shape. The modern sweet potato is an important starchy root vegetable in global diets, and the key step in its development approximately 4,000 years ago was selection for starch storage and corresponding swollen rootedness. The crop has not generally been selected into market classes defined by shape, although there are some generalized market classes recognized in certain markets. A few examples include garnet (elongated with orange flesh), Japanese (tapered with white flesh), Jewel (less elongated with orange flesh), and Beauregard (elongated with yellow flesh). In general, sweet potato market classes may be described by exterior and interior flesh colors, which range from white to yellow, orange, and purple, and culinary uses. Root shape is typically prolate spheroid, which is the shape of a football where the middle is large and the two ends are tapered. It is also possible to find cultivars that are more tubular in shape, with significantly less swelling in the middle region.




1.2 Beet and onion

The genus Beta in the family Amaranthaceae contains several important biennial Beta vulgaris crop species, including sugar beet, Swiss chard, mangel or fodder beet, and table beet. Wild Beta species (Beta vulgaris subsp. maritima) from the Mediterranean region possess roots with supernumerary cambia that expand during growth, but they are only slightly swollen and often fibrous (Figure 2). It appears that the first cultivated forms of this species were leaf vegetables, as described by the Romans, followed by swollen rooted forms that exhibited a biennial life cycle (Ford-Lloyd, 2005). The beet storage shapes include cylindrical, globe-shape, flat or Egyptian shape, round, and baby beets. Growth in the girth of beet and carrot roots is due to meristematic activity in the vascular cambium, producing xylem on the inner side and phloem on the outer side of the stem (Robert et al., 2011). Thus, the growth of this crop is due to secondary growth produced by secondary xylem and phloem, which represents a distinct growth form. Many vegetables are derived from extensive growth in leaf, stem, petiole, ovary, and fruit tissues, whereas storage roots are characterized by this unique form of secondary growth in the root and hypocotyl.

Bulb onion originated from progenitors in the Irano-Turanian region in Central Asia. Onion progenitor species are found in rocky sites with shallow soils, and typically have very long juvenile phases of 3-10 years prior to flowering (Brewster, 2008). The progenitor of bulb onion was rhizomatous, and evolution within the subgenus Cepa, to which bulb onion belongs, resulted in the formation of a vertical rhizome. This feature appears as a disc-like stem from which leaves originate. Onion bulbs are comprised largely of swollen leaf bases, some of which terminate in bladed leaves and some of which do not, that are attached to a highly compressed stem. Shapes range from globular to round to ovate to flat; presumably due to the growth patterns of the swollen leaf bases (Figure 3).




Figure 3 | Common fruit, root, and bulb shapes in tomato, carrot, and onion. Sources: virtualherbarium.org, Virtual Herbarium, 2007; Simon, 2007; University of Georgia Onion Production Guide.






1.3 Tomato and pepper

The wild tomato species Solanum pimpinellifolium possesses fruits that are round and weigh approximately 1 g, whereas fruits from S. lycopersicum var. cerasiforme, the progenitor type from which tomatoes were domesticated, weigh 10–30 g and may possess oval or flat shapes in addition to the traditional round wild-type shape. Cultivated tomato fruits may reach 1 kg and beyond, and are found in a wide variety of shapes. Tomatoes have likewise been selected for a variety of fruit shapes, including globe, blocky, flattened, elongated, pear, heart, round, and cylindrical types (Sacco et al., 2015), or visually classified into eight fruit shape categories: flat, round, rectangular, ellipsoid, heart, long, obovoid, and oxheart (Rodriguez et al., 2010). References to shape in tomato go back at least as early as the 19th century. The Statistica murattiana (1811), a statistical report of agriculture and trade by mathematician Napoleone Sinibaldo Piaggio, reports that tomatoes were cultivated in a variety of shapes on the outskirts of Naples. Another agricultural treatise of the same year, L’ortolano dirozzato describes the shape of the varieties grown: schiacciato (squashed or flattened), globoso (spherical), and peretto (pear shape). This is likely the first mention of the pear-shaped tomato (Gentilcore, 2010), which became very popular in Italy and beyond.

Although round tomato fruits are in heavy demand globally, it is a given that humans also display preferences for non-wild-type shaped fruit. The Plant Genetic Resources Unit (PGRU) of the United States Department of Agriculture (USDA) has collected and preserved more than 6,600 accessions of tomato and its wild relatives. According to the morphological descriptors for fruit shape that have been characterized in about half of the collection, the predominant classes are slightly flattened, round, flat, high rounded, long, blocky, plum, pear, long oblong, and heart (Table 1). Only approximately 20% of these accessions display the round wild-type fruit shape. Data from the Economic Research Service (ERS) of the USDA indicate that tomatoes with round, plum/roma, or oval shapes are the predominant fruit shapes found in import and export markets for fresh tomatoes over the last several years. Notable among these data are the profusion of accessions and market classes that feature non wild-type fruits.


Table 1 | Primary fruit shapes among 2,979 accessions of tomato and its wild relatives in the USDA-NPGS collection.



Five distinct species of domesticated peppers exist, which were developed from wild species native to the Americas (Cao et al., 2022). Wild pepper fruits were erect, in contrast to domesticated fruits, which are pendent. Pendent fruit position allows for greater fruit size and protection from both predators and sun (Paran and van der Knaap, 2007). Selection for larger, blocky-shaped fruit took place more recently, with evidence of sweet-fruited types emerging in the last several centuries. The greatest variation in fruit shape and size occurs in the species Capsicum annuum. Some examples from this species include large, non-pungent, blocky-fruited types such as the bell pepper; poblano or ancho peppers with very dark green fruit and concave shoulders, rich flavors, and moderate pungency; long, slender, mild Anaheim or NuMex types used for roasting and for fresh eating; cayenne types, which are very thin and often ground into powder, to be used as an ingredient in soup, chili, and other dishes; Jalapeno types, which are small and dark green and a common ingredient in Mexican cuisine; pimiento or cherry types, which are small, red and round; and banana types, which are long, mild, tapered, and possess waxy fruit. Habanero types, which come from the species Capcisum chinense, are extremely pungent and have small, dimpled fruits. The species Capscium baccatum contains Aji peppers, which are smaller and more berry like. The species Capsicum frutescens contains the tabasco pepper, which has small, pendent fruit and is quite pungent.




1.4 Melon and watermelon

Wild relatives of melon (Cucumis melo) exhibit a range of phenotypic diversity in southern Asia, Australia, Africa, and India. Recent studies suggest that the crop may have been domesticated multiple times in both Africa and Asia (Endl et al., 2018). Wild melon fruits are round and typically weigh less than 50 g (Monforte et al., 2014). The initial domesticates may have been selected primarily for their lipid and protein-rich seeds, rather than for their fruits. Selection for an expanded mesocarp, resulting in fleshy domesticated melons, took place later. This diversifying selection developed dozens of melon types, including fruits that weigh more than 10 kg. Some of the primary melon types include cantaloupensis, which have deeply grooved exteriors and hard, scaly rinds; reticulatus, which have netted exteriors; inodorous, which can be round to oval and include fruits that have pointy shapes; and flexuosus, which is also known as the snake melon and may have slender, cucumber-like fruit. Western shipping melons, which are often referred to as cantaloupe, are round to oval in shape and typically netted and without sutures on the exterior. Eastern melons are round to overall, netted, and typically sutured. Casaba melons may be acorn-shaped with bright yellow exteriors. Honey Dew melons are round to oval with green-white exteriors. Crenshaw and canary melons have elongated acorn-shaped fruits with flattened stem ends. Charentais melons are globe to elongated in shape with netted or smooth exteriors. Mediterranean, Hami, and Rochet types have oval fruits, although there are Hami types that exhibit globe-shaped fruits. Persian and Japanese types have round to slightly oval fruits.

Watermelon belongs to the genus Citrullus. In addition to C. lanatus, the sweet watermelon consumed around the world, the genus also contains C. mucosospermus, C. amarus, C. colocynthis, C. rehmii, C. ecirrhosus and C. naudinianus (Chomicki and Renner, 2015). Northeast Africa, specifically the Darfur region of Sudan, is the likely region of domestication for the crop (Paris, 2015; Renner et al., 2017; Guo et al., 2019). Fruits may be round, oval, elongate, or spherical, and the fruit’s surface may be sutured or smooth. Recently, small-fruited types have surged in popularity in certain markets, but round and elongated melons remain popular in many world regions.





2 Assessment of organ shape in vegetable crops

Market class differences may represent subtle shifts in contour and shape, which have historically been classified visually. Because of the subjectivity of such assessments, precision is often lacking in describing differences in shape among representatives of different market classes. For example, European Union marketing standards for tomato list four market classes: round, ribbed, elongated/oblong, and cherry/cocktail (Commission implementing regulation (EU), 2011). No specific guidelines for the fruit shape in these market classes are provided, however the regulations do specify allowable size variation within a particular market class for marketing purposes. Regulations also describe restrictions and permission on certain aspects of shape such as “no excessive protuberances” and the allowability of a “small umbilicus,” but few specific details on shape per se are prescribed. United States marketing standards are similar in that no particular shape parameters are offered for tomato and only size grades must be marked. Furthermore, “Cerasiforme types” (cherry) and “Pyriforme types” (pear shaped) are exempt from marketing requirements entirely (United States Standards for Grades of Fresh Tomatoes, 1991). A similar situation exists for carrot, where the U.S. marketing requirements specify size grades but do not regulate shape (United States Standards for Grades of Carrot, 2020). Despite the lack of standardization in the commercial realm, tomatoes are classified scientifically based on contour points, followed by elliptical Fourier modeling (Visa et al., 2014). This type of classification allowed for the detection of 9 shape categories in tomato that are also discernable by growers. The contour measurements shape categories are round, rectangular, ellipsoid, flat, obovoid, oxheart, long rectangular, heart and long (Visa et al., 2014).

Carrot can be classified into a range of market classes, including Imperator/Cut-and-Peel (longest type), Danvers and Chantenay (large U.S. processing types), Nantes (fresh market type), Parisienne (shortest type), Amsterdam, Kuroda, Flakee, Belgian and Berlicum (Simon, 2000) and more. The difference among many of these types might be found in the characteristics of the shoulders and tips. For instance, Nantes and Danvers might differ in the tip, where Nantes types of exhibit tips with a greater degree of bluntness, and in the shoulder, where Danvers may have greater shoulder width. Imperator and Parisienne exhibit large differences in length, where Imperator types are used for “cut and peel” carrot products and Parisienne is primarily a specialty market small, round carrot. Kuroda and Chantenay both exhibit shoulders with prominent angles, but Chantenay types are typically much bulkier. Regardless of these differences, the fact that visual assessment is the only means for assignment to a market class means a greater level of subjectivity associated with shape.

Prior to the advent of digital imaging systems, hand measurements such as the ratio of crown diameter to root length, were used to assess root shape (Bradley et al., 1967). Bleasdale and Thompson (1963) proposed cylindricality (C), as defined as

	

where w is root fresh weight, r is the radius of the crown and l is the root length. The values of C lie between 0.33 for a cone and 1.0 for a cylinder. They also proposed that length of the roots was proportional to the logarithm of crown diameter. They further proposed two simple relationships: (i) that logarithm of diameter is linearly related to logarithm of weight; and (ii) length is linearly related to diameter. These relationships provided realistic predictions of yields of carrot and beet in diameter grades from observed weights in independent datasets. Stanhill (1977) reviewed the factors that influenced carrot shape. He summarized that besides large genetic-based differences, roots become more cylindrical with increasing plant density, at air temperatures below 18°C, in drier soils, when the shoots have been defoliated and when the plants are younger. Benjamin (1987) speculated that the shape of the storage root might relate to the spatial pattern of cross-linking of hydroxyproline-rich glycoproteins of cell walls (Stafstrom and Staehelin, 1988). Luby et al. (2016) found that while carrot market classes demonstrate some phenotypic and some genetic differences, they are largely a construct of breeders and are therefore malleable. For example, while cultivars from a single market class are more genetically similar than cultivars from different classes, principal component analysis of genotyping by sequencing (GBS) data showed that the first two principal components explained only 10% of the total variation among a collection of 140 US carrot cultivars, and only 12.5% of the variation within the USDA-Plant Introduction collection of carrot accessions collected from around the world.

Plant phenotyping has advanced substantially in the past several decades, and digital imaging has facilitated sophisticated approaches to contour and shape analysis of plant organs (Horgan et al., 2001; Brewer et al., 2007; Hameed et al., 2018; Brainard et al., 2021). Such approaches have made shape quantification quite precise. Imaging platforms allow for the quantification of contours such as shoulder and tip curvature in roots or the roundness of fruits that are not simply the product of length and width (Iwata et al., 1998; Miller et al., 2017; Turner et al., 2018). Other traits such as distal and proximal angles, and various degrees of obovoid, round and ellipsoid can now be quantified as well (Brewer et al., 2006; Rodriguez et al., 2010). Typically, these attributes are more intuitive to growers than analyses based on contour measurements.

Brainard et al. (2021) demonstrated a digital imaging platform for carrot that involves a three-stage workflow: image acquisition, image pre-processing, and image analysis. Images are staged to include a QR matrix barcode that contains identifying information for the sample as well as a scale bar for converting pixel measurements to physical distances. Images are acquired with a digital camera, and processed using a set of custom Python scripts which first convert RGB images to grayscale. These images are then smoothed and used to generate binary masks; which are black and white images in which the white pixels indicate the plant organ and black pixels the background. The tip of the root is identified through an algorithm that identifies points of maximum curvature along the root contour. A straightening procedure was then developed that uses Euclidean distance transformation to trace a root’s midline from the tip to the top of the root, and then samples the binary mask along vectors normal to the tangent of this midline. Curvature values of the straightened root are estimated by fitting splines to segments of the contour. Root size is measured as the total area of the binary mask. Tip angle is measured as the interior angle formed by the line segments connecting the tip of the carrot to contour points located 10% up the length of the carrot toward its top, while shoulder hull area is the area encompassed by background pixels in the rectangular region bounding the top 10% of the carrot. Principal component analysis of the root profile is also utilized to provide more agnostic measures of variability in shape and size.

Other approaches to assessing the shape of plant organs have been developed. Turner et al. (2018) developed a digital imaging platform for quantifying shoot and root shapes in carrot. They developed binary masks that were evaluated in a manner similar to that of Brainard et al. (2022). The software tool they developed is available through the CyVerse Discovery Environment web interface. This platform allowed for the assessment of shoot height, root length, root width, convex hull, eccentricity, equivalent diameter, Euler number, perimeter, solidity, petiole width, petiole number, and petiole length. Turner et al. used this platform to identify numerous quantitative trait loci (QTL) for shoot and root traits in carrot. Paulus (2019) pioneered the use of 3D sensing to image plant organs. Paulus describes techniques like laser triangulation, time-of-fight, terrestrial laser scanning for measuring traits like leaf width and length, plant size, and characteristics of plant organs. One approach with this platform is to use machine learning for shape assessment. Miller et al. (2017) developed a high-throughput method for assessing maize ear and kernel attributes from digital images. In their platform, an algorithm determines the average space each kernel occupies along the cob axis using a sliding-window Fourier transform analysis, while a second counts individual kernels. Another algorithm assesses the axes of each kernel following a Bayesian analysis of contour points, which finds the tip of the kernel. Ear and shape traits are then assessed via principal component analysis of contour points.

Elliptic Fourier Descriptors have also been developed as a tool for capturing and analyzing complex shape characteristics of plant organs. This technique employs a mathematical function to decompose curvatures into coefficients, representing frequencies or harmonics. These coefficients provide quantitative representations of shape, which can be further analyzed using principal component analysis. Elliptic Fourier Descriptors have been successfully applied to measure the shape of plant organs in various crops, including tomato, strawberry, radish, soybean, and buckwheat (Furuta et al., 1995; Iwata et al., 1998; Ohsawa et al., 1998; Visa et al., 2014; Nagamatsu et al., 2021).

Van der Knaap and colleagues developed a digital tool called Tomato Analyzer for analyzing the shape of fruits, including flat, ellipsoid, rectangular, oxheart, heart, long, obovoid, and round (Darrigues et al., 2008; Gonzalo and van der Knaap, 2008; Gonzalo et al., 2009; Rodriguez et al., 2010). The software automatically quantifies 37 shape attributes with unique mathematical descriptors. This platform is capable of assessing eccentricity, which relates to the position of the seed cavity inside of the fruit; asymmetry in fruit shape, which relates to the degree to which the fruit is top or bottom heavy; latitudinal section, which relates to the degree of uneven shape of the fruit or lobedness; thickness of the pericarp, septum, and placenta; and distal end protrusion and proximal end angle, which relate to the area of the protruded end of the fruit and the angle of the proximal end, respectively. Five different progeny populations derived from crosses between cultivated tomato Solanum lycopersicum and the wild relative Solanum pimpinellifolium were analyzed for fruit shape using this platform and numerous shape QTL distributed across the tomato genome were identified (Brewer et al., 2007; Gonzalo and van der Knaap, 2008). The platform has since been used by numerous researchers throughout the world to assess shape characteristics in horticultural crops.




3 Genetic and molecular mechanisms underlying shape and size

As laid out above, the selection for visually-pleasing shapes in vegetable crop fruits, roots, leaves, stems, tubers, and other organs has taken advantage of a number of opportunistic factors, including modification of supernumerary cambia, allelic variation at loci that control fundamental processes such as cell division and cell expansion, hormonal regulation, and partitioning of photosynthate (Figure 4). Some of the key genes associated with these shape modifications are presented in Table 2.




Figure 4 | Modes of expansion and shape formation in carrot, potato, tomato, and onion.




Table 2 | Examples of genes and proteins with influence on organ shape in vegetable crops.





3.1 Tomato

OVATE is the founding member of the OVATE Family Proteins (OFPs) class, and encodes a negative regulator of growth which reduces fruit length (Liu et al., 2002; Hackbusch et al., 2005; Wang et al., 2007). Pyriform fruit in tomato, which is associated with an obovoid shape, was shown to be associated with a single recessive allele more than 100 years ago (Hedrick and Booth, 1907). Oval-shaped fruit co-segregated with pear-shaped fruit, and this locus eventually became known as ovate, O. Liu et al. (2002) identified a SNP in one of the ORFs which was associated with an early stop codon in ovate, and a 75-amino acid truncation in the C-terminus of the predicted protein. A conserved domain in the OVATE gene was largely eliminated by this truncation.

Today, it is recognized that many plants contain OFPs and that these OFPs have multiple roles in plant development, in particular in organ shape not only in tomato but also in pepper, melon and potato (Liu et al., 2002; Wu et al., 2018; Lee et al., 2020; Borovsky et al., 2022; Martínez-Martínez et al., 2022). For example, a major QTL associated with fruit shape index and distal fruit end angle in pepper contains an ortholog of SlOFP20 (Borovsky et al., 2022; Lopez-Moreno et al., 2023). In tomato, the ovate mutation is not associated with a single type of change in fruit shape, but instead it appears that ovate interacts with modifiers to produce an array of fruit shapes (Rodriguez et al., 2013; Wang et al., 2016a; Wu et al., 2018).

The ovate allele is a result of a premature stop codon and relieves the inhibition on fruit growth resulting in elongated fruits (Liu et al., 2002). The naturally occurring ovate mutation is found in elongated tomato accessions with obovoid/pear-shaped fruits, as well as rectangular, ellipsoid and heart shaped fruits. The OVATE gene was cloned from the S. lycopersicum subspecies cerasiforme variety ‘Yellow Pear’, which implies that this mutation arose in the progenitor species and was maintained in the cultivated germplasm pool (Paran and van der Knaap, 2007; Rodríguez et al., 2011).

Another fruit shape gene originally found in tomato is SUN, encoding one of the members of the plant-specific gene families IQ67 domain protein/SUN-like (IQD/SUN). In tomato, the SUN locus contains a QTL that was originally revealed from a cross between the wild round-fruited S. pimpinellifolium and the cultivar ‘Sun1642’, which exhibits elongated fruit (Xiao et al., 2008). A 25 kb insertion present in ‘Sun1642’ but not in the wild species is associated with this fruit shape QTL. The locus arose from an interchromosomal gene duplication event mediated by a retrotransposon, Rider. This insertion provided an opportunity for increasing the expression of the gene relative to the ancestral version, leading to elongated fruit shape. In this case, the mutation resulted in a gain-of-function event. Subsequently, SUN family members have been shown in other crops to underlie shape variation such as rice, cucumber and watermelon (Duan et al., 2017; Pan et al., 2017; Dou et al., 2018; Legendre et al., 2020). Thus, like OFPs, SUN members are also often associated with produce shape in agricultural crops.

A highly conserved set of genes across plant species are WUSCHEL and CLAVATA3. IN tomato, fruit locule number and flat shape is controlled by FASCIATED (FAS, ie, CLAVATA3; Barrero and Tanksley, 2004; Xu et al., 2015) and LOCULE NUMBER (LC, ie, WUSCHEL). These genes control meristem organization and when mis-expressed, larger fruits ensue. None of the wild relatives of tomato carry mutations in these genes with the exception of lc (Blanca et al., 2015; Rodríguez et al., 2011; Wu et al., 2018). The LC, FAS, and SUN mutations appear to have arisen in the same ancestral population, while the OVATE mutation arose in a separate lineage (Rodriguez et al., 2010). For as long as humans have been selecting crops, such traits reflect human desires and preferences rather than those influenced only by natural selection.

Another gene that controls shape are members of the TONNEAU1 Recruiting Motif (TRM) family. TRMs interact with TONNEAU1 (TON1) which is a plant-specific protein that nevertheless shares protein domains with the animal centrosomal proteins (Camilleri et al., 2002; Azimzadeh et al., 2008). FASS/TON2 encodes the regulatory subunit of a Protein Phosphatase2A, and together with TON1 and TRM proteins forms the TTP (TON1-TRM-PP2A) complex (Spinner et al., 2013). TRMs recruit TON1 to the cytoskeleton through the M2 domain (Drevensek et al., 2012) and the TTP complex is required for the formation of the PPB and cell division (Spinner et al., 2013). Many members of the TRM protein family decorate microtubules in Nicotiana benthamiana cells (Drevensek et al., 2012; Wu et al., 2018; Zhang et al., 2023). IQD/SUNs interact with microtubules (Bürstenbinder et al., 2013; Bürstenbinder et al., 2017; Wendrich et al., 2018; Yang et al., 2019, Li et al., 2021) and regulate cell division pattern for organ shape regulation probably by facilitating PPB formation and division-plane orientation (Kumari et al., 2021). In tomato, OVATE interacts with a subset of the TRM family that contains the M8 motif and functions in organ shape regulation (Wu et al., 2018; Zhang et al., 2023). A knockout mutation in TRM5 partially rescued the elongated fruit shape caused by ovate and ofp20 (ovate/sov1) (Wu et al., 2018), while mutation in SlTRM19 further elongates the fruit shape in ovate/sov1 (Zhang et al., 2023). SUN/IQD also genetically interact with OVATE, OFP20, and TRM5 in tomato fruit shape regulation (van der Knaap et al., 2014; Snouffer et al., 2020). What is less well understood is how OFPs complicate the interaction of TRMs and IQD/SUNs at the microtubules, and the resulting effect on plant organ shape. Subcellularly, co-expression of tomato TRM5 and OVATE results in re-localization of TRM5 from the microtubules to the cytosol in Nicotiana benthamiana cells. On the other hand, co-expression of tomato TRM5 and OFP20 results in relocalization of OFP20 from the cytosol to the microtubules, and their interaction is OFP and M8 domains dependent as well as gene co-expression dependent (Wu et al., 2018; Zhang et al., 2023). These results suggest that specific OFP-TRM interaction may dictate the localization of the TTP complex and microtubule organization. Snouffer et al. (2020) have proposed a model for the interaction among OFPs, TRMs and IQDs in microtubule organization to impact cell division and, ultimately, organ shape. The expression of different OFPs over developmental time and space may also serve to coordinate cellular response and microtubule organization during organ outgrowth. Similar to OFP and SUNs, TRMs are also found to regulate shape in other crops such as pepper, rice and cucumber (Wang et al., 2015c; Wang et al., 2015d; Wu et al., 2018; Taitano, 2020; Xie et al., 2023).




3.2 Sweet potato and potato

Sweet potato is currently among the best models for the study of storage root formation. The cultivated sweet potato evolved from the wild tetraploid I. trifida and diploid I. trifida/I. tabascana species, which do not form storage roots (Ponniah et al., 2015). In sweet potato, the differentiation of vascular cambia causes cell division and expansion of parenchyma cells for storage of starch granules, which leads to rapid bulking and starchy root formation. Theory suggests that storage root initiation is influenced by cambium propagation and lignification. Three class I knotted-like homeobox (KNOX1) genes—SRF1, SRF5, and SRF6 modulate carbohydrate metabolism and cell division in sweet potato and play a primary role in storage root development (Ravi et al., 2014). Tanaka et al. (2008) suggested that KNOX1 genes may regulate cytokinin levels and therefore be involved in storage root development.

Several genes have been identified as controlling tuber formation in potato. Potato was domesticated in the Andes and adaptation to long days in Europe, North America, and parts of South America was associated with regulation at the StCDF1 locus. This locus affects tuberization via CONSTANS (Abelenda et al., 2016). Truncated alleles at this locus, mediated by transposable elements, deregulate the circadian clock and allow for tuberization under long days. Hardigan et al. (2017) found truncated alleles of StCDF1 from wild species were introgressed into adapted long-day cultivars at the main locus controlling maturity. Pandey et al. (2022) genotyped a diversity panel of 214 advanced clones and phenotyped it in three field environments in Texas. A genome wide association study (GWAS) revealed QTL for tuber shape and eye depth on chromosomes 5 and 10, one of which was located near this same StCDF1 locus.

Another important aspect of their findings concerns QTL for cell cycle and endoreduplication effects. Endoreduplication is associated with an absence of cytokinesis and successive rounds of DNA replication. Ploidy levels increase, along with cell size and volume. Endoreduplication has been associated with other storage tissues in domesticated species, such as maize. In this case, it appears that genes associated with modifications to the cell cycle may have been important regulators of size and shape of potato tubers. Hardigan et al. (2017) suggest that selection of endoreduplication promoting alleles during domestication may have been important contributors to size differences in domesticated potato.

Potato tubers vary in shape from flat/compressed to spindle shaped/elongated, and substantial variation exists in the wild diploid relatives of cultivated potato (Fan et al., 2022). Shape behaves as a quantitative trait, with the Ro locus on chromosome 10 as one of the primary QTL associated with shape traits. The potato tuber shape gene is controlled by the ortholog of tomato OFP20, located in the same syntenic region of the genome as tomato (Wu et al., 2018). Round is dominant to elongated when genotypes at the Ro locus alone are considered. Huang et al. (2022) identified a novel QTL for tuber shape in a population derived from a wild species, Solanum chacoense. They identified a QTL, TScha6, for tuber shape on chromosome 6. Four SSR markers and 20 CAPS markers near this QTL were used to screen a set of cultivars and breeding lines. One of the markers, C6-58.27_665, was significantly associated with tuber length/width ratio. The authors proposed the use of this marker in breeding for shape traits in potato.

StOFP20 has recently been shown to have a function in tuber shape. In potato, StOPF20 is highly expressed in the tuber initiation stage. Null mutation in StOFP20 turns round tuber shape into oval (Ju et al., 2023). Similar to tomato, StOFP20 can directly interact with three TRM proteins (StTRM5, StTRM19 and StTRM20), which was shown by yeast two-hybrid (Y2H) and firefly luciferase complementation assays (Ju et al, 2023). Engineering StOFP20 by modulating gene expression level also causes altered tuber shape in several potato varieties (Van Eyck et al., 2022).




3.3 Beet, carrot, parsnip, and turnip

Beet, carrot, parsnip, and turnip are all examples of biennial root crops domesticated from annual species, all of which had non-succulent roots, in an effort to produce a succulent vegetable. The vegetable in each case is largely composed of supernumerary cambia, possessing additional swollen and expanded xylem and phloem tissues beyond their primary xylem and phloem. It is this unique feature that allows for their girth and therefore their success as vegetables (Goldman, 2020). Photosynthate produced in the leaves and destined for fibrous roots and the shoot apical meristem are translocated via the storage organ. Similarly, water and nutrients are translocated from the fibrous roots to the storage root and eventually to the leaves. In species without swollen storage organs, photosynthate, water, and nutrients are transferred directly from root to stem. It is possible that the carbohydrates contained by underground storage organs were important energy sources during hominid evolution when other foods were scarce (Abelenda and Prat, 2013), which would have driven the domestication and evolution of root and tuber crops.

One of the primary differences associated with the contrast between fruit and root shape is related to cell division. Storage roots are characterized by cell division and expansion throughout their development (Milford, 1973; Ting and Wren, 1980; Hole et al., 1984; Benjamin, 1987). In contrast, fruit storage organs are characterized by an initial phase predominated by cell division, followed by a phase of cell expansion with no cell division. The storage organs of all four of these root crops develop by the formation of supernumerary cambia. In all four of these species, there is no distinct limit to the distance down the tap root these cambia can extend.

The storage of carbohydrate in these roots is made possible by storage parenchyma cells that are living, allowing the root to accumulate carbohydrate throughout its growth period. In all storage root crops like beet, carrot, parsnip, and turnip, the storage parenchyma cells are produced by secondary tissues, which arise from division of the vascular cambium. We might refer to these growth processes as anomalous growth, or growth that does not follow recognizable patterns that occur commonly in the majority of vascular plants. Growth in the girth of beet, carrot, parsnip, and turnip is due to meristematic activity in the vascular cambium, producing xylem on the inner side and phloem on the outer side of the stem (Robert et al., 2011). Robert et al. (2011) argue that growth via successive cambia provides an advantage to plants under water stressed conditions, and that species with successive cambia were common in drought or salt conditions.

More than 75 plant genera form successive cambial layers, each of which produce secondary xylem and phloem (Spicer and Groover, 2010). Wild relatives of the root/hypocotyl crops beet, carrot, parsnip, and turnip exhibit at least one additional cambial layer beyond the primary xylem and phloem, and the existence of these additional tissue layers were likely a key reason for the success of the domesticated forms. These forms exhibit growth along both a vertical plane perpendicular to the soil and a horizontal plane parallel with the soil. The relative degree of vertical and horizontal growth, as well as the portions of these cambial strips that swell, are some of the primary determinants of root/hypocotyl shape.

Among certain species in the genus Beta, the first cambial layer forms between the primary xylem and phloem and produces secondary xylem and phloem. The second cambial layer forms from the parenchyma tissue within the stem cortex and produces conjunctive tissue to the inside. Sometimes this cambial tissue produces secondary xylem and phloem directly, with new cambia coming from the oldest phloem tissue. Sometimes it functions as a master cambium, producing conjunctive tissue and new cambia on the inside. Regardless, there are repeating increments of secondary xylem and phloem in between conjunctive tissue. These repeating layers of supernumerary cambia are clearly apparent in both the wild relative, Beta vulgaris subsp. maritima, and cultivated table beet, Beta vulgaris (Figure 2). These tissues are of functional significance because the additional parenchyma can assist with both carbohydrate and water storage. The existence of these layers in wild predecessors allowed for relatively simple human selection for swelling and expansion, giving rise to the many root shape variants of cultivated beets today (Figure 2).

In carrot and parsnip, the vascular cambium produces a large amount of storage parenchyma in its secondary phloem tissue. This is where carbohydrates will be stored. This tissue also contains normal conducting cells typical of phloem, but they represent a small amount of this secondary phloem. Beet forms many concentric cambial layers, each of which produces xylem inwardly and phloem outwardly. Groups of lignified cells in the phloem give rise to the zoning or rings typical in a cross section of a beet root (Forbes and Watson, 1996). The red-pigmented rings consist of storage parenchyma, whereas the lighter colored rings are composed of xylem and phloem (Figure 2). The alternation of the lighter and darker bands shows how successive cambia represent a successful mechanism for the interspersing of vascular tissue (which input and remove stored sugars) between cylinders of storage tissue. In turnip, a small amount of secondary phloem is formed initially, but the secondary cambia in the xylem parenchyma divide to give rise to secondary phloem that are scattered through the xylem, and this helps distribute carbohydrate throughout the vegetable (Forbes and Watson, 1996).

Many key transcriptional regulators of developmental processes associated with the shoot apical meristem are also expressed in the cambial zone during secondary growth (Schrader et al., 2004). Groover (2005) hypothesized that genes involved in shoot apical meristem growth were co-opted during the evolution of cambia and secondary vascular growth. Despite the potential source for the origin of these genes, there are fundamental differences between the radially organized cambial zone and the three-dimensional organization of the shoot apical meristem.

Brainard et al. (2022) used a digital imaging system to perform a GWAS and calculated genomic-estimated breeding values (GEBVs) in segregating populations of carrot that had been developed by crossing parents from different market classes that possessed different shapes. They showed that the components of market class -and thus root shape- are polygenic traits, likely under the influence of many small effect QTL. High predictive ability of GEBVs were noted, reflecting high levels of additive genetic variance for shape traits. Multiple QTL were identified for length, aspect ratio, maximum width, and root fill. Root fill was described as a size-independent aspect of carrot root shape referring to the degree of maintenance of width along the length of the carrot root. In this sense, root fill is related to yield and biomass (Brainard et al., 2021). The root fill QTL was the first genetic characterization of the control of the vast majority of the variance in carrot root shape. In the diversity panel they used, QTL with relatively small effects were detected for some of the other shape parameters, although heritabilities associated with these traits were calculated as relatively high (Turner et al., 2018; Brainard et al., 2021). It is possible that selection for root shape occurred for numerous accessions in the diversity panel they studied, potentially complicating the search for common QTL controlling shape.

Brainard et al. (2022) reported several candidate genes for key QTL associated with shape in carrot, including the gene of DCv3_Chr5.21023, which has previously been shown to play a role in root development. This gene is a predicted piezo-type mechanosensitive ion channel, which may be associated with the ability of roots to penetrate through the soil profile (Mousavi et al., 2021). The DCv3_Chr9.36166 gene was found in region of a QTL associated with aspect ratio. This gene is a homolog of protein terminal ear1, which has been associated with abscisic acid-mediated root growth (Wang et al., 2018; Brainard et al., 2022). Three genes were found in linkage disequilibrium with a QTL on chromosome 2 associated with root fill. DCv3_Chr2.08059 encodes a homodomain-leucine zipper (HD-Zip) protein that has been linked to root development (Elhiti and Stasolla, 2009). DCv3_Chr2.08061 is a homolog of non-DNA-binding bHLH transcription factors that are involved in lateral root formation (Castelain et al., 2012). DCv3_Chr2.08063 is homologous to a AAA-ATPase protein found in Arabidopsis thaliana that has been found to drive adventitious root formation (Xu et al., 2018).

Wang et al. (2020a) found that RsOFP2.3 was the top candidate gene for the involvement of tuberous root shape in radish as its expression was negatively correlated with tuberous root elongation after the cortex splitting stage, and ectopic overexpression of the gene in Arabidopsis led to shorter but wider hypocotyl and siliques. This gene is another example of an OFP that regulates organ shape. Mitsui et al. (2015) performed transcriptomic analysis in radish that revealed genes in carbohydrate metabolism played an important role in root thickening.

Turnip is often considered a root crop, but the storage organ that comprises the crop is actually a hypocotyl plus a compressed stem and a root. It is, however, possible to see leaf scars toward the tops of the turnip (Liu et al., 2019), which can allow for the development of side shoots and to some extent parallels the situation in tuberous crops that are formed from underground stolons. Liu et al. (2019) have identified QTL for the production of side shoots in turnip. They have also pointed out the potential for adventitious root formation on the bottom of the root, which can result in a forked or fanged like appearance. They use the descriptor “hypocotyl-tuber” to more accurately describe the turnip. Liu et al. (2019) found that morphological changes occurred in the xylem of turnips 16 days after sowing that were predictive of eventual hypocotyl/root size and shape. The Bra-FLOR1 paralogue exhibited increased expression 16 days after sowing, at the point when the hypocotyl starts swelling. Since this gene is associated with flowering, the authors suspected a possible dual role of this gene in both reproductive growth and hypocotyl/root formation. The Bra-CYP735A2 gene was identified for its possible role in hypocotyl/root growth via trans-zeatin. Wu et al. (2021) crossed turnip with Chinese cabbage and identified QTL for swollen rootedness. Two of these QTL, FR1.1 and FR7.21, were confirmed in multiple populations. QTL FR7.1 was circumscribed to a 220 kb region containing 47 putative genes, one of which, Bra003652, is a homolog of AT1G78240 that plays a role in cell adhesion and tumor-like formation in Arabidopsis thaliana.

Iwata et al. (1998) used elliptic Fourier descriptors to describe radish root shape. The coefficients of these Fourier descriptors were associated with the shape characteristics of market classes for radish, and could be used for breeding shape related traits. Iwata et al. (2004) conducted a diallel analysis on root shape parameters measured over time in radish and concluded that length to width ratio is predictable at a very early growth stage, whereas tip bluntness and roundness of the middle portion of the root may only be accurately selected at harvest time. Wei et al. (2022) describe that the root shape of radish is measured with the ration of root length to root diameter at the maximum root diameter. The diameter of radish roots and the length of radish roots range from 1 to 30 cm and 3 to 200 cm, respectively. Radish roots are divided into 15 main shapes, including cylindrical, conical, oval, oblate, pear-shaped and round. Many QTL have been identified as responsible for variation in root shape. Wei et al. (2022) found seven QTL for root shape on five chromosomes (R1, R2, R4, R5 andR7).




3.4 Onion and related Alliums: carbohydrate storage in leaf bases

The onion bulb is comprised of overlapping swollen leaf bases that have accumulated water and carbohydrates as a result of the bulbing process. The stem upon which leaves are formed is compressed, but it expands radially to accommodate new leaves and roots forming during the early stages of plant growth (Brewster, 1990; Goldman, 2023b). At the top of the stem, a region of cell division known as the primary thickening meristem, is formed around the apical meristem. These cells contain starch granules. As leaves are added, the bases of older leaves are pushed away from the stem apex, travel down the side of the stem, and end up near the bottom of the stem. The primary thickening meristem’s lateral growth causes the apical meristem to sink below the shoulder of the stem (Brewster, 1990). The older bases of leaves split and decay.

During the bulbing process, the youngest leaves do not form leaf blades and instead develop into bladeless leaves. In all other leaves in the onion plant except these younger leaves, the length from the base of the leaf sheath to the pore from which the next leaf develops is less than the blade length. A ratio of the blade length/sheath length of less than one is associated with bulbing (Brewster, 1990; Brewster, 1997. Because these inner leaves do not have blades, they help to form a pseudostem, which is hollow. As bulb formation progresses, the outermost leaves develop into dry, thin skins to protect the bulb. A typical onion at maturity has 2-3 dry outer skins, enclosing 4-5 swollen sheaths from bladed leaves, which enclose 3-4 swollen bladeless leaves (Brewster, 1990). At the center of the bub are small leaf initials that contain blades, which emerge when the bulb breaks dormancy and sprouts. The degree to which the bladed and bladeless leaf bases swell is a primary determinant of bulb shape (Goldman, 2023b).

Lee et al. (2013) demonstrated that FLOWERING LOCUS T (FT) produces a mobile protein that regulates both flowering and bulb formation. Bulb formation is regulated by two antagonistic FT-like genes known as AcFT1 and AcFT4. The former promotes the formation of bulbs while the latter prevents the up-regulation of the former and inhibits bulbing. Long-day photoperiods downregulate AcFT4 and upregulate AcFT1, which results in bulb formation. It was later demonstrated that AcFT4 inhibits bulbing in short-day photoperiods. Ar Rashid et al. (2019) showed that AcFT, AcLFY, and GA3ox1 genes exhibited distinctive patterns of tissue specific expression in onion, with AcFT genes located at sites of perception in the leaf blade, and LFY genes at sites of response in the leaf base, where the bulbing response occurs.

During the growth of the onion plant, cells move through the basal region of the meristem into a transition zone and then into the leaf blade. Ar Rashid et al. (2019) describe the photosynthesizing leaf blade and basal portions of the leaf as the sites of perception and response, respectively. They examined gene expression at different points along the leaf and found that the genes AcFT1 and ACFT4 were produced in the same leaf tissue but exhibited different tissue specific expression patterns under long day or short-day photoperiods. Substantial gaps still exist in our understanding of how these genes regulate the formation of the bulb. Presumably, the greater the area of the leaf blade that swells during bulb formation, the more globe-shaped the bulb. Flatter bulbs shapes may be determined by smaller sections of leaf blade swelling in response to hormonal signals. That is, the site of response for leaf bases may vary in differentially-shaped onion cultivars. Pinpointing the specific sites responsible for swelling in leaf bases will be important in understanding how shape is regulated in onion bulbs.




3.5 Genetic control of hormonal regulation in root and fruit shape

Many studies have proposed that hormones play an important role in the elongation, formation, and thickening of storage roots; however, little is known about the determinants of root elongation in crops such as carrot and table beet. Roots contain a zone of cell division near the root cap, which also houses the root apical meristem. The zone of elongation of the root is located just above the area of cell division. The zone of elongation is where newly-developed cells begin to lengthen, resulting in a lengthening of the root itself. During early taproot development in sugar beet, genes involved in cell division and water and non-electrolyte small molecule transport, are preferentially expressed (Bellin et al., 2007). During the rapid growth stage of sugar beet taproots, genes controlled by hormones are up-regulated (Trebbi and McGrath, 2009). Zhang et al. (2017a) determined that several transcription factor family members were up-regulated during the rapid elongation phase of sugar beet taproot growth. In general, they found an antagonistic expression of brassinosteroid and auxin related genes during this phase; however, one of the sugar beet genotypes demonstrated up-regulation of cytokinin, auxin, and brassinosteroid signaling. Clearly, hormonal control is important in root elongation; however significant gaps exist in our knowledge of the genes associated with these processes in many root crops.

Cytokinins and auxins appear to be important in the early stages of sweet potato storage root development, while cytokinins and ABA) seem to be important in secondary thickening of these roots (Li et al., 2015; Huang et al., 2017). Eviatar-Ribak et al. (2013) found that the cytokinin biosynthesis gene LONELY GUY 1 changes axillary meristems into aerial minitubers in tomato. Transcriptomic analysis revealed that the minitubers have an altered hormonal balance. Eviatar-Ribak et al. (2013) concluded that cytokinins may function as universal regulators of storage organ formation in plants. In the system they studied, tuber-forming potential was suppressed within the axillary meristem. Unlocking the potential for storage organ formation through genetic mechanisms such as this may provide clues regarding the formation of root and tuber crops.

Cai et al. (2022) analyzed the transcriptome of fibrous roots and tuberous roots in three developmental stages in two sweet potato varieties. They found differentially expressed genes involved in signal transduction and carbohydrate metabolism, and proposed the trihelix transcription factor (Tai6.25300) as instrumental in tuberous root enlargement. The MADS box gene IbMADS1 (Ipomoea batatas MADS-box 1) has been implicated in hormonal regulation of tuberization in sweet potato (Ku et al., 2008). Transcriptomic profiling has been used to assess differences between wild type and cultivated sweet potato (Manoharan, 2017). The MADS box gene SRD1 has also been implicated in thickening of storage roots. Noh et al. (2010) found that SRD1 was involved in the auxin-mediated thickening of storage roots by affecting cell growth in the cambium and metaxlyem. The occurrence of SRD1 transcripts is mainly in the actively dividing cells, including the vascular and cambium cells, and the increase in endogenous indole-3-acetic acid (IAA) content and three auxin-inducible AUX/IAA gene transcripts concomitantly with SRD1 transcripts suggest the involvement of SRD1 during the early stage of storage root development. Ravi et al. (2014) described that the genes Ibkn1 and Ibkn2 activate cytokinin biosynthesis, which are involved in storage root development. Transcription factors derived from MADS box genes IbMADS1, IbMADS3, IbMADS4, and IbAGL17 induce a signal transduction pathway leading to storage root formation and development.

Wang et al. (2015a) examined the role of gibberellins in carrot root growth and development. They found that gibberellin levels in the roots initially increased and then decreased, but these levels were lower than those in the petioles and leaves. They found that gibberellin level may play a vital role in carrot elongation and expansion, and that carrot growth and development may be influenced by gibberellin biosynthetic genes. Ebener et al. (1993) examined a gene DcPRP1 and found it was associated with the formation of storage roots in carrot, particularly in response to wounding. They found that DcPRP1 is linked to secondary root growth and that it can be induced in carrot roots by auxin. Wang et al. (2015b) found 87 hormone-related differentially expressed genes at different stages of carrot root growth. Their findings suggest that hormones may regulate carrot root growth in a phase-dependent manner. Despite these results, much more work must be conducted in carrot and table beet to identify key regulators of storage root elongation; indeed, this is one of the major research gaps for these crops.

Not only in root crops, hormones including auxin, cytokinin, gibberellin, ethylene, and ABA have also been reported to affect fruit shape in diverse crops, the most recent review of which can be found in Wang et al. (2022a). In addition, one of the candidate genes, Solyc08g061930, of the fs8.1 locus for the elongated and blocky tomato fruit (Grandillo et al., 1996), encodes a protein that regulates cytokinin degradation (Sun et al., 2015), suggesting a function of cytokinin in the tomato fruit shape regulation. Furthermore, recent studies show that CLASS-II KNOX (TKN-II) genes regulate tomato fruit shape via gibberellin (Shtern et al., 2023), and CsTRM5 regulates cucumber fruit shape by affecting cell division direction and cell expansion with the involvement of ABA (Xie et al., 2023). In Cucurbits, ethylene regulates transcription factors (E2F-DP), OVATE, and TRM5 to determine a round or elongated fruit shape (Boualem et al., 2022). It has been long known that flower sex determination (female vs. bisexual flowers) affects fruit shape in Cucurbits (Rosa, 1928; Poole and Grimball, 1945; Kubicki, 1962; Wall, 1967). Generally, fruits from bisexual flowers are rounder than fruit originating from female flowers, although there are some exceptions (Tan et al., 2015). Ethelene is the key hormone in Cucurbit sex determination. Mutations in orthologs of a 1-aminocyclopropane-1-carboxylic acid synthase (ACS) gene is a key regulator of flower sex determination in watermelon (CitACS4/ClACS7), cucumber (CsACS2), melon (CmACS7) and squash (CpACS27A) (Boualem et al., 2008; Boualem et al., 2009; Li et al., 2009; Martínez et al., 2014; Boualem et al., 2015; Ji et al., 2015; Boualem et al., 2016; Ji et al., 2016; Manzano et al., 2016; Zhang et al., 2017b). Mutations that lower ACS expression or lead to a reduction in enzyme activity that results in reduced ethylene production promote development of bisexual flowers and thus rounder fruit. In strawberry, differential auxin content and expression of auxin-related genes probably contribute to an elongated fruit mutant (Li et al., 2023). In tomato, a crosstalk between miR319-targeted TCP4/LANCEOLATE, and OVATE and auxin has been proposed as the factor that establishes fruit shape (Carvalho et al., 2022).





4 Developmental aspects of shape regulation and common genetic mechanisms

The shape and size of organs is controlled by coordination of cell growth, cell division, patterning and differentiation (van der Knaap et al., 2014; Sablowski, 2016). The cell wall prevents cellular motility within plant tissues, and thus the direction in which plant cells divide is essential to determine the overall shape. Therefore, plant cells must tightly regulate the frequency and orientation of cell divisions to ensure precise organ growth. Organ shape can be further regulated through directional cell expansion. The timing of gene expression and the spatio-temporal regulation of protein function involved in these processes are essential in growth and morphogenesis, and alterations to expression or function can significantly impact the organ size and shape.

The centrosome in animals organizes the microtubules during different phases of the cell cycle. However, plants don’t have centrosomes and thus microtubules undergo a complex rearrangement during cell division, including the formation of a ring of microtubules encircling the cortex at the onset of mitosis during late G2 called the preprophase band (PPB). The PPB is a cytological landmark of the final division plane and distinguishes the site where the new cell plate will attach at cytokinesis (Müller et al., 2009; Duroc et al., 2010).

In recent years, three plant-specific families of proteins have emerged for their role in regulating fruit, seed, tuber, and leaf morphology. They are the OFPs, including the founding member OVATE in tomato; the OFP-interacting TRMs that are known to associate with a complex that regulate plant cell division; and the SUNs which are members of the IQD family, named after the sun locus in tomato (Snouffer et al., 2020). The ubiquity of these protein families indicates a common mechanism that appears to be modular to regulate plant organ shape in many if not all plant organs (Wu et al., 2018).

As mentioned above, perhaps the most convincing evidence to date for universal shape regulation in crops comes from Wu et al. (2018), who showed that OFPs and TRMs are important in controlling fruit, tuber, vegetable, and grain shapes in a variety of crop species including tomato, melon, cucumber, rice, and potato. They suggest that the relative expression and interaction of OFPs and TRMs are critical to the shape of plant organs such as leaves, flowers, fruits, tubers, and roots. They propose that the subcellular localization of these proteins, either as associated with microtubules or in the cytoplasm, can ultimately determine the growth and shape of particular organs. Furthermore, they demonstrate that the relocalization of OFPs and TRMs after their proteins interact implies a regulatory effect of these complexes in the early development of plant organs.

Tomato produces perfect flowers that exhibit five sepals, petals, and stamen each and two to four carpels which fuse during their initiation to form the seed cavities or locules in the ovary. In tomato, carpel primordia emerge from the floral center after the sepal, petal and stamen primordia, approximately 6 days after floral bud initiation. The carpel walls continue to enlarge and elongate while the central portion, comprised of the septum and the central column, results in the formation of the locular cavities (Xiao et al., 2009). Ovule development completes when the flower opens. Ovary shape regulated by OFP-TRM in tomato becomes visible during the earliest stages of carpel development (Kraus, 2019). SUN is highly expressed before and immediately after anthesis and begins impacting shape at this stage. While the exact developmental timing of OFP, TRM, and SUN in fruit shape determination is still under investigation, it is evident that they act early in floral development to regulate cell patterning in the proximo-distal and medio-lateral direction to control ovary shape well before anthesis (Wu et al., 2011; Wu et al., 2018).

Since cell division patterning influences organ shape under the control of OFP-TRM-SUN (Snouffer et al., 2020), it is possible that shape is similarly regulated in other organs, namely at the onset of primordia growth when patterned cell division is most critical. This cellular mechanism of shape explains why the morphology of disparate organs such as tubers and grains are controlled by genes of the same three families. As highlighted above, natural variation of organ shape in diverse crops including rice (GW7/GL7 (orthologue of AtTRM1, Wang et al., 2015c; Wang et al., 2015d), maize (maize ZmLNG1, homolog of Arabidopsis TRMs; Wang et al., 2022b), potato tuber (StOFP20 (Wu et al., 2018), cucumber CsTRM5 (Wu et al., 2018; Wang et al., 2020a, b), CsSun (Pan et al., 2017, Wang et al., 2020a, b), pepper CaOvate (Tsaballa et al., 2011), CaOFP20 (Borovsky et al. 2022), CaTRM25 (Taitano, 2020), melon CmOFP13 (Wu et al., 2018, Ma et al., 2022a, Martínez-Martínez et al., 2022), watermelon ClSUN25-26-27a (Dou et al., 2018; Legendre et al., 2020), pummelo CitOFP19 (Wu et al., 2022) and peach PpOFP2 (Guan et al., 2021).

Studies from genome editing or modification of gene expression of members from these three gene families also support their common function in organ shape regulation. For instance, loss of SlTRM5 leads to a rounder tomato fruit shape (Wu et al., 2018), which is also true of the knockout of CsTRM5 in suppressing cucumber fruit elongation (Xie et al., 2023). Knockout of SlTRM19 causes an elongated tomato fruit shape, and combination of the null mutants SlTRM19 and SlTRM17/20a further elongates the fruit shape (Zhang et al., 2023). Dysfunction of CsOVATE results in a longer cucumber fruit neck (Wang, 2022c). A null mutation in StOFP20 turns round potato tubers into oval shaped tubers (Ju et al., 2023), and modulating the expression level of this gene alters tuber shape potato (Van Eyck et al., 2022). Ectopic overexpression of peach PpOFP2 flattens tomato fruit shape (Guan et al., 2021). Overexpression of bottle gourd LsOVATE1 in tomatoes changes fruit shape (Feng et al., 2023). Overexpression of radish tuberous root shape candidate gene RsOFP2.3 in Arabidopsis results in shorter but wider hypocotyl and siliques (Wang et al., 2020a). Higher expression of CitOFP19 leads to pear-shaped ovary and fruit shape in tomato (Wu et al., 2022). Overexpression of watermelon ClIQD24 in tomato causes an elongated tomato fruit shape (Dou et al., 2022a). Overexpression of melon IQD/SUN genes (CmSUN23-24 or CmSUN25-26-27c) leads to an elongated fruit shape, while overexpression of GhIQD10 inhibits cotton fiber length (Ma et al., 2022b; Xu et al., 2023). CsSUN-expressed tomato shows elongated fruit shape with increased length and decreased diameter (Li et al., 2022). Paralogs of OFPs have been identified in apple and pear (Li et al., 2019; Ding et al., 2020), although no evidence has yet to associate these genes with shape regulation in these fruit crops. The continuous discovery of the involvement of TRMs, OFPs, and SUNs highlights the ubiquity of this pathway in controlling plant organ shapes.




5 Future prospects

Crop wild relatives are considered less relevant for modern breeding efforts with respect to characteristics such as shape, however this view may be unnecessarily limiting. Although they possess obvious utility in providing a point of comparison when studying how shape modifications have proceeded under domestication, crop wild relatives may provide even more value for future shape modifications. Useful allelic variation in wild species has not been fully examined with respect to its potential to support shape modifications. For example, wild populations of Daucus and Beta species possess supernumerary cambia but have only been selectively subjected to domesticating selection. This suggests that substantial variation may exist in wild populations that have remained untapped (deBock, 1986). Similar scenarios may exist for other root crops such as sweet potato and carrot. Since domestication was not conducted in a systematic way where wild populations were fully sampled for their diversity, wild species populations may contain useful variation for shape modifications that have not yet been tested. Rong et al. (2014) have shown that continued introgression of genes from wild species into domesticated populations may be in part responsible for the modern carrot.

Although traits from crop wild relatives have been mined to improve levels of disease and pest resistance in modern crops, breeders have not typically used these genetic resources for productivity traits (Goldman, 2023a). This is often because wild species chromosome segments may possess unfavorable alleles that can reduce crop productivity. However, this is not necessarily a universal phenomenon: Tanksley and McCouch (1997) crossed wild rice accessions to cultivated inbred lines. They found yield increases in progeny from these crosses, suggesting wild species might be more important contributors to productivity traits than previously thought. Gur and Zamir (2004) reported on traits from wild species of tomato that could increase yield in cultivated tomato even under water deficit conditions. Eshed and Zamir (1995) created an introgression population of Solanum pennelli chromosome segments in an elite Lycopersicon esculentum background, and found certain introgression lines with high yield and productivity. Johal et al. (2008) developed an approach called MAGIC (mutant-assisted gene identification and characterization) that makes use of mutants or variants in a trait of interest to identify novel variants for the trait. This technique may be able to identify naturally occurring variation that can be incorporated into breeding populations. Naturally occurring variation remains of interest to breeders (Zamir, 2008) not only for disease and pest resistance, but for productivity traits as well.

This research into the potential for yield increases following wide crosses with crop wild relatives suggests that for numerous other quality-associated traits – such as shape – the assumption that wild populations can have only negative impacts is almost certainly not the case. Given the relatively limited sampling of species-wide genetic diversity which has occurred thus far in domestication efforts, it is almost certainly the case that additional diversity at loci associated with the development processes driving shape determination remain unexplored. Furthermore, as concluded by Dohm et al. (2014), the breeding of sugar beet began only in the late 1700’s, with “domesticated” varieties being produced within only a few generations of selection. Redeveloping commercial varieties from wide crosses, particularly when equipped with modern selection and genetic methods, should therefore not be considered an insurmountable task. As such, these populations represent a valuable resource, both as objects of study in their own right, and as material for future crosses aiming at the development of novel shapes and novel genetic backgrounds, to support diversification of existing market classes.

Once orthologs of key shape genes from the gene families OFP, SUN, TRM, and others are identified and markers for these genes are developed, it should be possible to design precision breeding strategies that focus on shape traits. For example, a carrot breeding strategy to modify only the shoulder or tip of the root to a different shape may involve selection in a segregating population based on genotypes of markers known to be associated with particular shoulder or tip shapes. Furthermore, such breeding strategies might not require crosses of very divergent parents. Instead, variants may be identified from within-market class crosses, thereby shortening the time to cultivar development. In addition, identification of marker-shape associations should allow breeders to make inter-market class crosses and precisely select particular shapes while eliminating undesirable segregants. In this way, an important future benefit of defining the genetic control of vegetable crop shape may be both improved breeding efficiency and the use of a wider cross-section of germplasm in breeding efforts.
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Wheat leaf rust (Puccinia triticina) is one of the most significant fungal diseases of wheat, causing substantial yield losses worldwide. Infestation is currently being reduced by fungicide treatments and mostly vertical resistance. However, these measures often break down when the fungal virulence pattern changes, resulting in a breakdown of vertical resistances. In contrast, the prehaustorial resistance (phr) that occurs in the einkorn–wheat leaf rust interaction is race-independent, characterized by an early defense response of plants during the prehaustorial phase of infestation. Einkorn (Triticum monococcum) is closely related to Triticum urartu as a progenitor of wheat and generally shows a high level of resistance against leaf rust of wheat. Hence, einkorn can serve as a valuable source to improve the level of resistance to the pathogen in future wheat lines. In particular, einkorn accession PI272560 is known to exhibit a hypersensitive prehaustorial effector triggered immune reaction, preventing the infection of P. triticina. Remarkably, this effector-triggered immune reaction turned out to be atypical as it is non-race-specific (horizontal). To genetically dissect the prehaustorial resistance (phr) in PI272560, a biparental F2 population of 182 plants was established after crossing PI272560 with the susceptible T. boeoticum accession 36554. Three genetic maps comprising 2,465 DArT-seq markers were constructed, and a major QTL was detected on chromosome 5A. To locate underlying candidate genes, marker sequences flanking the respective QTL were aligned to the T. urartu reference genome and transcriptome data available from the parental accessions were used. Within the QTL interval of approximately 16.13 million base pairs, the expression of genes under inoculated and non-inoculated conditions was analyzed via a massive analysis of cDNA (MACE). Remarkably, a single gene located 3.4 Mbp from the peak marker within the major QTL was upregulated (20- to 95-fold) after the inoculation in the resistant accession in comparison to the susceptible T. boeoticum accession. This gene belongs to a berberine bridge enzyme-like protein that is suspected to interact on the plant surface with glycoside hydrolases (GH) secreted by the fungus and to induce a hypersensitive defense reaction in the plant after fungal infections.
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Introduction

Wheat leaf rust (Puccinia triticina) belongs to the economically most important obligate biotrophic pathogens of wheat (Bolton et al., 2008a; Bolton et al., 2008b; Kolmer, 2013). It is the causative agent of leaf rust, the most common rust of wheat worldwide reducing number of grains and thousand-grain weight, resulting in yield losses of up to 60% (Bancal et al., 2007; Bolton et al., 2008b; Kolmer, 2013). Uredinia, the typical leaf rust fruiting bodies formed during the asexual life cycle, occur on the upper surface and bottom side of leaves on susceptible wheat cultivars with a diameter of up to 1.5 mm (Kolmer, 2005; Kolmer, 2013). These uredinia harbor dikaryotic uredospores of approximately 20 µm. When the leaf epidermis ruptures, the orange-yellow uredospores are spread by the wind to infect new host plants under favorable conditions (i.e., 10°C to 20°C and high humidity) (Bolton et al., 2008a).

At the beginning of a successful penetration process, uredospores germinate 4 to 8 hours after inoculation (hai) and form a germ tube and an appressorium over stomata cells (Bolton et al., 2008a). Within 12–24 h after the formation of the anppressorium, an infection vesicle is generated, and infection hyphae grow between parenchymal cells and form haustorial mother cells (hmc) on the cell walls of mesophyll cells (Bolton et al., 2008b). Next, 24 h after the formation of an appressoria, haustoria start to develop (Serfling et al., 2016). They penetrate the host cells and generate an extrahaustorial membrane (Bolton et al., 2008b).

Race-specific resistance is known to be effective “posthaustorial”, thus after the formation of haustorial mother cells (Niks, 1988; Niks, 1991). Hypersensitive cell death is triggered by a gene-for-gene recognition of effectors (Ji et al., 2022, Kumar et al., 2021) and is contrary to adult plant resistance (APR) already active at the seedling stage. Moreover, race-specific resistance is vulnerable to breakdown by virulent races, which occurs after a mutation of an elicitor or the interacting resistance gene in the host. More than 100 leaf rust resistance genes (Lr-genes) have been described; however, only a few are carried by cultivars due to linkage drag and undesired agronomic properties (Mapuranga et al., 2022). The lifespan of such vertical/qualitative resistance carried by cultivars was calculated by Mapuranga et al. (2022) at 3 to 5 years. Hence, a horizontal/race-independent resistance that has the character of nonhost resistance to leaf rust as a host-specific pathogen could be more durable. This nonhost–pathogen interaction was exemplarily described for barley—P. triticina (Jafary et al., 2008; Haghdoust et al., 2021) and wheat—Blumeria hordei, P. hordei, and Magnaporthe oryzae (Delventhal et al., 2017). Nonhost interactions result in prehaustorial resistance (phr) and have also been observed in T. monococcum–P. triticina interactions (Serfling et al. 2016; Anker et al. 2001; Anker and Niks, 2001). Various studies have shown a different expression of pathogenesis-related (PR-) genes, peroxidases, chitinases, peroxidases, and beta 1,3 glucanase within the first 24 hai. However, the inheritance of nonhost resistance of T. monococcum to P. triticina has not yet been genetically analyzed.

Triticum monococcum accession PI272560 (Serfling et al., 2016) shows complete and nonhost resistance to six investigated leaf rust (Tables S1A, B) races (Serfling et al., 2016) and one leaf rust race tested by Niks (1991). This resistance was previously identified as a phr in which leaf rust develops few or no haustorial mother cells after infection because their formation is prevented by an effective defense reaction of the plant (Anker et al., 2001). Serfling et al. (2016) indicate an increased level of phenolic substances, peroxidase, and chitinase activity at the site of infection and pathogenesis-related genes in the first 24 hai in comparison to the partially susceptible T. boeoticum accession (36554). These results demonstrate transcriptome alterations and resistance mechanisms in the background of phr in PI272560. However, the genetic background and the inheritance of this resistance were not elucidated up to now. Therefore, this study aims to identify the genomic regions and candidate genes involved in the phr of T. monococcum based on microscopic analysis of fungal development, the defense reaction, and visual rating in a biparental F2 mapping population derived from T. monococcum accession PI272560 and T. boeoticum accession 36554. These investigations are complemented by data from transcriptome analysis by massive analysis of cDNA ends (MACE) of the parental accessions to be mapped into QTL regions.





Materials and methods




Plant material

The T. monococcum accession PI272560 (T. monococcum var. monococcum variety “Ungarn white”) (Anker et al., 2001) and the partially susceptible accession 36554 (T. boeoticum spp. thaoudar var. reuteri, variety “Angora”) (Anker et al., 2001; Serfling et al., 2016) were obtained from the gene bank of the Leibniz Institute of Plant Genetics and Crop Plant Research (IPK, Gatersleben, Germany) and the National Plant Germplasm System (NPGS) of the United States Department of Agriculture (Aberdeen, ID, USA). Einkorn accession 36554 has previously been identified as one of the most susceptible to wheat leaf rust by Lind (2005). After crossing, the resulting F2 seeds were germinated on moist filter paper in petri dishes and transferred to pots with a size of 11 cm × 11 cm (height and width), filled with soil (Archut-Fruhstorfer Erde, HAWITA, Oldenburg Germany). Cultivation was conducted at 80% ± 10% humidity, at 20°C ± 2°C, and at a light intensity higher than 300 ± 15 μmol under daylight conditions (16 h). The resistant accession PI272560 was used as a pollinator. Successful crossing was confirmed in F2 generation by phenotyping and genotyping of seedlings.





Leaf rust isolates, inoculation, microscopy, and phenotyping by visual rating

Ten-day-old 182 F2 plants were inoculated in a settling tower according to Hoogkamp et al. (1998). For that purpose, 3 mg of uredospores from single-spore isolate wxr77 was applied together with 2 mg of dry powdered clay to the parental accessions. This isolate originated from a collection of Nover and Lehmann (1967) (Serfling et al., 2016). Isolate wxr77 was also used for the inoculation of F2 progenies. Uredospores were multiplicated on leaves of the wheat variety Borenos. Then, 72 hai, fungal structures were stained with Calcofluor White M2R (Sigma Aldrich Chemie GmbH. Taufkirchen, Germany) as described by Rohringer (1977). Pictures were taken using an Axioskop 50 microscope and an Axiocam MRc camera connected to the software package Axiovision 4 (Carl Zeiss AG, Jena, Germany), using the filter set 02 (excitation filter G 365, beam splitter FT 395, and barrier filter LP 420). Autofluorescence of plant tissue was recorded using the filter set 05 (excitation filter BP 400-440, beam splitter FT 460, barrier filter LP 470) according to Serfling et al. (2016).

Three leaf segments from the middle of the third youngest leaf were taken for microscopic analysis. Ten infection sites were examined microscopically on three leaf segments per genotype so that haustorial mother cells from a total of 30 infection sites were analyzed at 48 and 72 hai. To assess the generation of uredospore pustules in relation to the investigated leaf area, pictures were taken using a stereo microscope (Stemi, 2000; Carl Zeiss, Jena, Germany) in combination with the digital camera Axiocam MRc and its software package Axiovision 4 (Carl Zeiss AG, Jena). Ten days after inoculation (dai) when the generation of uredospore pustules on the leaves was completed, macroscopic infection resistance was estimated according to McIntosh et al. (1995). This rating system allows the classification as “immune” (rated as “0”), “very resistant” (rated as “;”), “resistant” (rated as “1”), “moderately resistant” (rated as “2”), “moderately resistant to moderately susceptible” (rated as “3”), and “susceptible” (rated as “4”) in resistance testing of wheat to leaf rust. The letter “N” has been used to indicate a high degree of necrosis on leaves. However, in order to be able to calculate rating data for QTL analyses, the ratings were changed as follows: 0 (0),;, 1 (1, N), 2 (2), 3 (3), 4 (4).





DNA extraction, genotyping, and genetic map construction

About 1 µg of purified DNA from leaf samples of each F2 plant was extracted according to Stein et al. (2001) and sent to the Diversity Arrays Technology (DArT) Lab (Bruce, Australia, https://www.diversityarrays.com/) for DArT-seq analysis (https://www.diversityarrays.com/services/dartseq/). DArT-seq is an efficient genotyping-by-sequencing platform, based on restriction enzyme-mediated genome complexity reduction and sequencing of the restriction fragments (Edet et al., 2018). Codominant DArT-seq SNP markers were scored with a “0” (reference allele homozygote), “1” (SNP allele homozygote), and “2” (heterozygote: presence of both reference and SNP alleles), while dominant DArT-seq markers were scored in a binary fashion, with “1” and “0” representing presence or absence variation (PAV) of the restriction fragment with the marker sequence (Kilian et al., 2012). For the selection of markers, grouping, and construction of the genetic map, JoinMap (Van Ooijen, 2006) was applied. Monomorphic markers were removed. Subsequently, data files were converted into an “abh” matrix (codominant DArT markers), “db” matrix (SNP alleles from maternal parent 36554) and an “ac” matrix (SNP alleles from paternal parent PI272560).

All markers were analyzed for their goodness of fit to the appropriate expected segregation ratios (1:2:1, 1:3, or 3:1) using the chi-square (χ2) test (Olivera et al., 2013). All segregations showing a significant χ2 test at a level of 0.05, where the threshold for one degree of freedom (df) was 2.7 (ac; bd matrix) and that for 2 df was 4.59 (abh matrix), were excluded. Markers with >10% missing information and a significant segregation distortion (alpha 0.05) were removed. To avoid repulsion effects of dominant and codominant markers, different strategies were developed to cope with this issue (Knapp et al., 1995; Peng et al., 2000; Mester et al., 2003). Therefore, three different genetic maps were constructed according to Edet et al. (2018), that is, for codominant and dominant DArT-seq markers, respectively. Linkage groups were generated based on the population node at a stringency of the threshold value that enabled the formation of seven groups according to the number of chromosomes. Genetic distances were calculated according to Kosambi (1943). By applying a standard BLASTN search against the T. urartu genome according to Ling et al. (2018), unique positions of the DArT-Seq markers on the corresponding chromosomes were identified. Markers that could not be grouped into chromosomes by the Joinmap function “Group” were excluded from further analysis. In case that the orientation in maps was not the same after comparison of physical and genetic positions, the orientation of the corresponding linkage group was swapped.





Phenotypic data, statistical analysis, and QTL detection

Before QTL detection, phenotypic data were prepared as follows: Outliers were filtered out, if they were higher or lower than plus or minus three times the standard deviation of the mean. Then, quantile–quantile (QQ) plots were created to remove non-normal distributed data at the QQ plot residuals manually. Shapiro–Wilk tests (SW-tests, Shapiro and Wilk, 1965) were applied to confirm normal distribution. Abnormally distributed data were (log-) transformed, if possible. In that, the transformed visual rating scale nomenclature (McIntosh et al., 1995) was used for QTL analysis. Finally, a single-trait QTL simple interval mapping (SIM) analysis was conducted with MapQTL 5.0 by interval mapping (Van Ooijen, 2006; Kyazma, Wageningen, Netherlands).

To detect the respective thresholds of statistically significant LOD scores, permutation tests (1,000 repeats) were applied as previously described by Van Ooijen, 2006. Level of significance is needed to prove a QTL, and a relative cumulative count of 1 − 0.05 = 0.95 according to a p-value of 0.05 was used. Results from a MACE data of accessions PI272560 and 36554 8 hai, 16 hai, and 24 hai and a control variant without any inoculation (Serfling et al., 2016) were used to improve candidate gene identification. These MACE data comprised sequence tags of PI272560 and Tb36554 samples obtained 8 hai, 16 hai, and 24 hai with leaf rust isolate wxr77. MACE data from 8 hai, 16 hai, and 24 hai and in parallel data of the non-inoculated control samples were available (Serfling et al., 2016). To detect differences of the expression between the parental accessions, the relative expression values (REVs) of each MACE tag were calculated as follows.

	

	

By dividing the number of a MACE tag within a specific sample through the sample’s total MACE number, the sampling effect was eliminated (Serfling et al., 2016). REV1 describes the relative expression of a specific MACE tag of PI272560 vs. Tb36554, while REV2—vice versa—describes the relative expression of a specific MACE tag of Tb36554 vs. PI272560 at the same time segment and the same variant (inoculated or not inoculated). Since REV1< 1 values equal to REV2< −1 and REV2 values > −1 equal to REV1 > 1, only REV1 > 1 and REV2< −1 were considered. To anchor the MACE tags to the T. urartu genome (taxid 4572), a MEGABLAST (Morgulis et al., 2008) search against all T. urartu genes was applied with an exception cutoff of 0.001 (E-value). Finally, based on scores for homology, the best BLAST-hit of each MACE was considered, if the percentage identity scores were above 95% and matched a gene on the T. urartu chromosome 5A (Ling et al., 2018).






Results




Genetic map construction

After crossing PI272560 and the partially susceptible 36554, 182 F2 plants were genotyped using the DArT-seq array based on Jing et al. (2009). Out of 2,138 dominant markers and 7,984 codominant markers, after excluding monomorphic, as well as non-grouped markers and markers showing minor allele frequency<5% or a high number of missing data, 2,465 markers were included in three genetic maps. One map contains codominant SNP markers and two maps contain dominant markers for both parental alleles. The three different genetic maps have a size of 1,341.45, 945.29, and 1,046.52 cM (Table 1).


Table 1 | Distribution, positions, and number of markers of mapped DArT-seq markers within the three genetic maps (size is shown in cM) for dominant and codominant markers, respectively.



Furthermore, the sequenced T. urartu genome (Ling et al., 2018) was used to anchor the DArT-seq markers to base pair positions of the respective physical chromosomes (pseudomolecules). In general, the arrangement of markers in the genetic and physical maps was comparable. However, in a few cases, the chronology of markers differed, e.g., at the tips of the chromosomes or inside inverted chromosome fragments. The respective genetic maps, phenotypic data, and QTL LOD values along the chromosomes are summarized in Table S2.





Phenotypic data and QTL detection

After carrying out the SW-test, it became apparent that neither hmc data (48 hai and 72 hai) nor visual rating data (Table S3) are normally distributed, but right skewed. While a (log-) transformation to normal distribution succeeded to transform the 48 hai hmc data to normal distribution, the hmc data (72 hai) and macroscopic data remained non-normally distributed (Figure 1, Table 2). According to previous studies (Serfling et al., 2016), generation of hmc 48 hai differed in the amount of counted uredospore pustules per mm² in leaf tissue between 0.35 ± 0.17 of PI272560 and 2.54 ± 0.64 (36554) and 72 hai between 0.53 ± 0.05 and 11.38 ± 1.99. Seven days after the inoculation, the parental line PI272560 did not show any colonies whereas line 36554 showed 0.39 ± 0.06 uredospore pustules per mm². Phenotypes of the F2 population ranged between 0.18 and 8.67 hmc (48 hai), 0.87 and 16.83 hmc (72 hai), and from complete resistant (rated as “0”) to most susceptible phenotypes rated as “2”.




Figure 1 | Density plots and quantile–quantile plots of microscopically counted haustorial mother cells 48 and 72 hai and macroscopic resistance data. Macroscopic resistance data were obtained 10 days after inoculation (dai) after the generation of uredospore pustules. Original and (log-)transformed data are colored in blue and red, respectively. From 182 F2 genotypes, the distribution of the haustorial mother cell number (A) 48 h, (B) 72 h, visual rating, and (C) 10 days after the inoculation is shown. Quantile-quantile plots of HMC data (D) 48 hai, (E) 72 hai and (F) rating data 10 dai. Observed hmc and rating values of the parental lines are represented on the x-axis by gray markings.




Table 2 | Distribution of the haustorial mother cell number (hmc) and the rating score within the F2 mapping population 48 h after inoculation (hai), 72 hai, and after 10 days.



None of the three different phenotypic datasets correlate significantly (α = 0.01, 0.05, Spearman test) (Table 3). However, analysis of visual rating and hmc data at 72 hai led to the identification of a single QTL on chromosome 5A in two of the three genetic maps with a LOD value of 12.6 (hmc 72 hai) and 4.6 after processing visual rating (Table 4). Aligning the flanking and peak markers of these QTLs (Table 4) to the T. urartu reference genome revealed that both the hmc (72 hai) and rating-based QTL are located within the same physical interval in the T. urartu reference genome (Table 4). Both QTLs show the same peak with the SNP marker SNP_1364455 at the tip of the QTL (Table 4 and Table S2). Almost all (49 of 50) F2 genotypes showing the PI272560 allele were rated as completely resistant, whereas plants being heterozygous or homozygous for the 36554 allele harbor a considerably higher fraction of susceptible (rating 2 or 3) F2 plants (Figure 2).


Table 3 | Pearson correlation between rating data, haustorial mother cell (hmc) generation at 48 hai and at 72 hai.




Table 4 | QTL regions on chromosomes (chr.) 5A and 7A based on genetic maps calculated with dominant markers (dm) and codominant markers (cdm).






Figure 2 | Phenotypic data of genotypes carrying different alleles of the SNP_PI1364455 and 3570218 markers. Hmc = Haustorial mother cells. The “a” and “b” alleles represent genotypes that are homozygous for the PI272560 or Tb36554 allele. “h” represents heterozygous genotypes. (A, D) Haustorial mother cell data 48 hai, (B, E) haustorial mother cell data 72 hai, and (C, F) resistance data. Significant differences between the respective subgroups were calculated with a two-tailed independent t-test. p-values ≤ 0.05 or 0.01 were marked with one or two stars, respectively.



Complete resistance only occurs in genotypes homozygous for the PI272560 allele (Figure 2). Nevertheless, a positive effect of the PI272560 allele can be detected in heterozygous genotypes as they are significantly more resistant than genotypes homozygous for the 36554 allele (χ2 test, p-value = 0.003). However, notably, genotypes being homozygous for the allele of the susceptible parent 36554 were not completely susceptible. Figures 2A–C illustrate that the PI272560 allele of SNP_1364455 is associated with a lower amount of HMC 72 hai and a significantly reduced or even absent infestation 10 dpi.

Furthermore, a possible minor QTL just above the significance threshold could be detected on chromosome 7A at 48 hai (Table 4). According to a χ2 test, F2 plants carrying the 36554 allele of the respective peak marker 3570218 show a minor reduction of hmc compared to genotypes carrying the 36554 allele. However, no differences could be detected at 72 hai and visual rating after 10 days (Figures 2D–F).





Identification of candidate genes on chromosome 5A

Independent from the different genetic maps, DArT-seq markers in general show the same order on chromosome 5A compared to the T. urartu genome. Furthermore, both QTL for rating data and the number of hmc at 72 hai between the flanking markers colocalize within the same physical region (Figure 3; Table 4).




Figure 3 | QTL for hmc (72 hai) data and resistance rated in the codominant SNPs and dominant genetic map on genetic and physical scale on chromosome 5A. Million base pair (Mbp) positions according to the sequenced T. urartu genome (Ling et al., 2018) are illustrated to the right side. Genetic positions of the codominant and dominant maps are illustrated to the left. Logarithm of odds (LOD) values were plotted along the chromosomes on both sides. (A, B) illustrate the QTLs mapped along the genetic map that was constructed with codominant markers. (C, D) illustrate maps that were constructed with markers that were dominant for the PI272560 or Tb36554 allele. (A, C) show QTLs that were obtained with macroscopic resistance data after the generation of uredospore pustules (for more details, see text). (B, D) illustrate QTLs that were obtained with haustorial mother cell data 72 hai (for more details, see text). Red markers indicate the presence of significant QTL LOD values, according to a permutation test (alpha = 0.05). All QTLs colocalize within the same physical region. Illustrations were created with the software GenoTypeMapper (Deblieck et al., 2020).



After a permutation test at a level of α = 0.05, 729 genes (Ling et al., 2018) could be located based on their physical position within the QTL (trait hmc at 72 hai) on Chromosome 5A, ranging from 418.56 to 481.75 Mbp (Table 4, Table S4). Increasing the significance level from 0.950 to 0.999, the QTL region could be narrowed down to 10.6 Mbp., ranging from 443.16 to 453.78 Mbp. Within this region, the order of markers did not perfectly match the order of the physical T. urartu genome (Figure 3; Table S5). Therefore, based on the marker order in the genetic map, the size of the interval was increased to a region between 443.16 and 459.30 Mbp, comprising 217 genes (Ling et al., 2018; Table S4). MACE tags could be anchored to 117 of them.

Out of these 117 genes, 11 genes are exclusively expressed in PI272560 and 12 genes are expressed only in accession 36554 (Table 5). Overall, five of these genes are known to be involved in resistance reactions to fungal pathogens (Table 5).


Table 5 | Exclusively expressed tags in parents PI272560 and 36554 that could be anchored within the narrowed down QTL region on chromosome 5A.



Finally, differentially expressed MACE and their underlying genes were examined. For this purpose, the three MACE with the highest or lowest REV1 and REV2 values were identified 8–24 hai in inoculated and non-inoculated samples and summarized in Table 6: 8 and 14 MACE tags were quantitatively upregulated in 36554 and PI272560, respectively (Table 6; Figure 4).


Table 6 | Differentially expressed genes 8, 16, and 24 hai within the QTL interval on chromosome 5A.






Figure 4 | Heatmap of the most differentially expressed genes between PI272560 and 36554 in non-inoculated (columns from left to right) and inoculated variants at 8, 16, 24 hai. The number of tags per million (tpm) between PI272560 and 36554 for the same tags was compared according to the REV1 and REV2 equations. High and low expression values were colored in red and blue. For more detailed information about the REV1/REV2 values and anchoring of the MACE-tags to the genes, see the Materials and Methods section. Only MACE with complete expression information, i.e., under inoculated and non-inoculated conditions and at all time points, were considered.



Notably, one gene (TuG1812G0500002899), encoding a berberine bridge enzyme (BBE)-like Cyn d 4, showed a 95 times higher expression at 8 hai in PI272560 than in 36554. This gene is located exactly at the peak of the QTL on chromosome 5A at 450.397 Mbp, close to the marker SNP_1364455 (Table 6, Figures 3, 5). On a whole transcriptome level, the gene coding for a berberine bridge enzyme-like was one of the highest upregulated genes in PI272560 after inoculation in comparison to 36554 (Figures 5, 6; Table S6). Figures 5 and 6 illustrate the relative expression of MACE tags along chromosome 5A (Ling et al., 2018) and within the MACE data.




Figure 5 | MACE expression values on chromosome 5A. Relative expression values and positions of the MACE on chromosome 5A are illustrated on the x- and y-axes. Blue and red dots represent expression values (REV), obtained under non-inoculated conditions and inoculated conditions. They describe the x fold expression of a MACE relative to the resistant PI272560 and were calculated according to the REV1 and REV2 equations (for more details, see text). Negative relative expression values indicate a stronger expression of the MACE tag in 36554, whereas positive values indicate a stronger expression in the resistant parent PI272560. (A–C) illustrate the relative expression values that were calculated for the MACE 8 hai, 16 hai and 24 hai, respectively. The arrow between the dashed lines indicates the position of the MACE with the highest differential expression in the QTL interval on chromosome 5A. This MACE tag belongs to a Berberine bridge enzyme (BBE) and is 95-fold higher expressed in the resistant accession PI272560 8 hai.






Figure 6 | Relative expression values of MACE tags in inoculated and non-inoculated samples 8, 16, and 24 hai. Inoc = Inoculated, contr. = non-inoculated control samples. The number of tags per million (tpm) between PI272560 and 36554 for the same tags was compared (according to the REV1 and REV2 equations). Therefore, negative relative expression values indicate a stronger expression of the MACE tag in the parent 36554, whereas positive values indicate a stronger expression in the resistant parent PI272560. Red dots indicate the MACE of the genes within the QTL interval on chromosome five. Relative expression values were illustrated (A) 8 hai, (B)16 hai, and (C) 24 hai. The arrow highlights the position of the MACE with the highest differential expression in the QTL interval on chromosome 5A. This MACE belongs to a Berberine bridge enzyme (BBE) and is 95-fold higher expressed in the resistant accession PI272560 8 hai.








Discussion and conclusion

Today, only a few known Lr-genes are used in wheat varieties. Most are seedling resistances, which are generally vulnerable to being broken down by races with a changed virulence pattern (Periyannan et al., 2017; Zetzsche et al., 2020). Only a few non-race-specific resistances have been described, for instance, Lr34 and Lr67, which are quantitative and active at the adult plant development stages only (Hou et al., 2023). In most cases, obligate biotrophic fungal pathogens such as leaf rust are strictly host-specific. Therefore, one possibility to introduce durable leaf rust in wheat cultivars is single genes from alien species. Examples of these are the stem rust resistance genes Sr31, powdery mildew resistance Pm21, and resistance to eyespot disease resistance Pch1 (Ellis et al., 2014; Wulff and Moscou, 2014). Alien introgressions from rye (Secale cereale) contribute several resistance genes for powdery mildew, leaf, stripe, and stem rust, for example, Yr9, Lr25, and Lr26 (Johannson et al., 2020).

Hybridization between wheat and its wild relatives Aegilops sp., Triticum timopheevii, and Thinopyrum ponticum (Keilwagen et al., 2019) occurs naturally and is conducted during the breeding process. However, only a few rust resistances have been introgressed from diploid T. monococcum (Yr34, Chen et al., 2021; Sr22, Kerber and Dyck, 1973). A transfer of leaf rust resistance to wheat was reported by Hussien et al. (1997), whereas Noweiska et al. (2022) and Feuillet et al. (2003) showed that Lr10 is conserved in grass species with similarities to RPM1 in A. thaliana. Most T. monococcum accessions (84%) show a high level of resistance in contrast to most T. boeoticum accessions, including the partially susceptible T. boeoticum accession 36554 (Anker et al., 2001).

Hussien et al. (1997) analyzed three leaf rust resistances derived from T. monococcum, but did not identify their respective genetic positions. Two of them, Lr63 and LrTM16, were mapped on chromosome 3A and 2A in T. monococcum so far (Sodkiewicz et al., 2008; Noweiska et al., 2022). Loci associated to leaf rust resistances on chromosome 5A were identified in wheat based on the Bavarian MAGIC wheat (BMW) population (QLr.jki-5A.1; QLr.cim-5AC, Rollar et al., 2021), in a DH population derived from the Canadian wheat cultivar Carberry (Bokore et al., 2021) and the cultivar Lillian (Bokore et al., 2023). Remarkably, these QTLs explain only a low level of phenotypic variance with regard to the resistance level. Furthermore, they are either effective at the seedling or adult plant stage. In contrast to that, the resistance in Pi272560 is effective at all developmental stages (Figure 2C). To our best knowledge, no resistance with such a high efficiency was described on chromosome 5A so far. To understand the background of the prehaustorial leaf rust resistance of T. monococcum accessions, the development of fungal structures was analyzed (Jacobs et al., 1996). Expression studies and microscopical analyses have been performed in different studies (Anker et al., 2001; Sánchez-Martín et al., 2012; Serfling et al., 2016). Recognition of the pathogen by resistant accessions and first defense reactions based on hydrogen peroxide accumulation and antifungal compounds could already be observed 6 hai, so that the generation of hmc, haustoria, hyphae, and pustules was inhibited (Anker et al., 2001; Serfling et al., 2016). The number of hmc at 72 hai and rating data from the F2 genotypes showed right-skewed or binominal distribution but no segregation known for a single gene in the background. Furthermore, due to a possible nonhost resistance of T. monococcum to wheat leaf rust, an identification of different loci from both parents was expected since 36554 turned out to be partially resistant against P. triticina as well (Serfling et al., 2016).

A QTL analysis was performed to identify the effects of both genotypes on the segregating F2 population. The comparison of parental lines during the first 24 hai revealed a complex defense reaction comprising various mechanisms leading to an inhibition of the infection process. In accordance with previous studies of the host–pathogen interaction, a higher expression of genes known to be involved in the reaction to leaf rust could be observed. The comparison of the PI272560 and 36554 transcriptome showed clearly that pathogenesis-related genes such as Pr1, β-1,3-glucanases (Pr2), chitinases (Pr3), peroxidases (Pr9), and other Pr-genes were significantly more expressed in PI272560 after inoculation with wheat leaf rust (Table S7, Serfling et al., 2016). Remarkably, however, these genes are not located within the corresponding genomic interval (Ling et al., 2018) of the QTLs detected in the course of our study (Table 4). Hence, transcriptome analysis provided information regarding the different expressions of genes but not necessarily about the actual resistance gene in the background of an effective (prehaustorial) resistance.

Such a resistance includes an early onset of hypersensitive response (HR), which could be triggered by genes involved in upstream metabolic processes. This study aimed to combine a MACE approach with the construction of genetic mapping and QTL detection to identify the actual candidate genes for the observed resistance against leaf rust. As expected from the partial resistance of accession 36554, a minor QTL of accession 36554 was identified on chromosome 7A (Table 4), resulting in a reduced number of hmc 48 hai (Figure 2D). However, this QTL is of limited importance as it has no impact on pustule development (Figure 2F). One reason is most likely the host specificity of leaf rust to wheat, while T. monococcum is almost a nonhost for P. triticina (Dracatos et al., 2018).

Complex defense reactions could be observed shortly after the inoculation with leaf rust together with a high number of differentially expressed genes. According to our results, in a nonhost reaction of wheat to barley leaf rust, Delventhal et al. (2017) could detect 2,498 differentially expressed genes, while Serfling et al. (2016) could identify 311 different defense-related genes. However, these findings offer an overview of the entire transcriptome after infection and do not narrow down regions of the genome where genes are linked to the resistance response. Consequently, an F2 population of 182 F2 plants segregating for the hmc generation 48 and 72 hai and a visual rating are suitable to detect QTL resistance.

Remarkably, one QTL that could be detected on chromosome 5A from PI272560 (Table 4) appears to have a major effect on the resistance level (Figure 2). This effect was confirmed within the three different maps and phenotypic data, the hmc (72 hai), and rating data (Table 4, Figure 3). It is conceivable that owing to the recessive nature of the resistance (Figure 2C), the QTL was detected more clearly in the map showing dominant 36554 markers (Table 4) and not in the PI272560 map since repulsion effects of the recessive alleles, within the QTL and the dominant PI272560 markers, might have hampered the QTL identification. Interestingly, the QTL explains the reduced hmc generation of approximately 26% of the phenotypic variance (Table 4). However, almost all—49 of 50 plants—were homozygous for the PI272560 allele of the marker SNP_1364455 and showed phr (Figure 2C). The QTLs’ percentage of explained variance (P.E.V.) was likely underestimated because genotypes, being homozygous for the 36554 allele of marker SNP_1364455, were not clearly susceptible (Figure 2C). We know that 36554 is not completely susceptible to P. triticina (Serfling et al., 2016); thus, this observation is unsurprising. However, the underestimation of the P.E.V. value in this study is a useful example of how the actual effect of a QTL is determined depending on the parent’s resistance properties.

The identification of the QTL region on chromosome 5A reduced the number of possible candidate genes to 217. After the selection of exclusively expressed tags (Table 5) only six genes are related to defense responses to biotic stress. From these genes, one, coding for a microtubule binding protein (exclusively expressed in PI272560), is known to be involved in hypersensitive response including an accumulation of hydrogen peroxide in an incompatible interaction between wheat and wheat stripe rust (Wang et al., 2016).

The highest tpm could be detected constitutively in 36554 expressed uncharacterized protein with unknown function. Other genes, for instance, coding for a Wall-associated receptor kinase 3 are described as activators of signal cascades and have been identified as involved in leaf rust resistance comparable to APR. Hence, a significant impact on resistance at the seedling stage could not be expected in our investigation. Finally, the greatest differences in expression could be observed between the parental genotypes for an AT-hook motif nuclear-localized protein 10, which was 25.2 times higher expressed in 36554 and a BBE, which was 95.9 times higher expressed in PI272560 at 8 hai than in 36554 (Figures 4–6).

BBEs belong to the flavin-dependent oxidoreductases and are described as enzymes that can interact with damage-associated molecular pattern (DAMP) and initiate hypersensitive reactions (Locci et al., 2019). Daniel et al. (2017) termed BBEs in A. thaliana a “treasure trove of oxidative reactions”. A higher expression of BBE was also observed in a nonhost response of barley to wheat powdery mildew (Andrzejczak et al., 2020). In the case of the coffee Hemileia vastatrix (coffee rust) interaction, this enzyme could be identified as a biomarker for the initial phr against the fungus (Guerra-Guimarães et al., 2015; Silva et al., 2022). According to the results of Serfling et al. (2016), during the T. monococcum–wheat leaf rust interaction, as a defense reaction within the first 24 hai in coffee, increased peroxidase activity and PR-like proteins, for instance, chitinases, were detected. The BBE might initiate and trigger hypersensitive cell death, as observed by Serfling et al. (2016). The early time of higher expression could also explain the phr with a strongly reduced number of haustorial mother cells in resistant genotypes of the F2 population (Figures 2A–C).

Hence, the BBE could be one key enzyme for the basal defense response (Guerra-Guimarães et al., 2015), but is also an important enzyme in (nearly) nonhost resistance (Andrzejczak et al., 2020; Wan et al., 2021). As already mentioned by Anker et al. (2001), T. monococcum phenotypically shows almost nonhost resistance to wheat leaf rust. A typical sign of nonhost resistance to leaf rust is an early start of effective resistance reactions before the formation of the haustorium (Anker et al., 2001). In accession PI272560, such reactions and no haustoria could be observed (Serfling et al., 2016), but a BBE could not be detected in the study due to the restriction to specific gene ontology terms. To find suitable markers and detect genes in the background of the phr, a segregating population is a prerequisite. If molecular-assisted selection (MAS), for example, the SNP marker SNP_1364455, could be applied to transmit the resistance of PI272560 in current wheat elite varieties, this would be a possibility to establish a potential nonhost resistance with very long persistence and race independence. Examples of successful alien gene transmission of resistance genes into wheat are, for instance, the stem rust resistance genes Sr21, Sr22 (The, 1973), Sr35 (McIntosh et al., 1995), a leaf rust resistance (Hussien et al., 1997; Anker et al., 2001), and the powdery mildew resistance gene PmTmb (Shi et al., 1998).





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Author contributions

MD and AS established the plant material, performed the experiments, and wrote the manuscript. AS and FO conceived the basic idea of this research project and helped to improve the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This work was financially supported by the Deutsche Forschungsgemeinschaft (DFG) under the project number OR72/6-1.




Acknowledgments

We would especially like to thank Nico Pastor-Käppner for evaluating the experiments.





Conflict of interest

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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1252123/full#supplementary-material



Abbreviations

Hai, hours after inoculation; MACE, massive analysis of cDNA ends; DArT, Diversity Arrays Technology; TKW, thousand kernel weight; DAB, diaminobenzidine; P.E.V., percentage of explained variance; DAMP, damage-associated molecular pattern; MAS, molecular-assisted selection; HR, hypersensitive response; dai, days after inoculation.




References

 Andrzejczak, O. A., Sørensen, C. K., Wang, W.-Q., Kovalchuk, S., Hagensen, C. E., Jensen, O. N., et al. (2020). The effect of phytoglobin overexpression on the plant proteome during nonhost response of barley (Hordeum vulgare) to wheat powdery mildew (Blumeria graminis f. sp. tritici). Sci. Rep. 10, 9192. doi: 10.1038/s41598-020-65907-z

 Anker, C. C., and Niks, R. E. (2001). Prehaustorial resistance to the wheat leaf rust fungus, Puccinia triticina, in Triticum monococcum (s.s.). Euphytica 117, 209–215. doi: 10.1023/A:1026577307163

 Anker, C. C., Buntjer, J. B., and Niks, R. E. (2001). Morphological and molecular characterisation confirm that Triticum monococcum s.s. is resistant to wheat leaf rust. Theor. Appl. Genet. 103, 1093–1098. doi: 10.1007/s001220100667

 Bancal, M.-O., Robert, C., and Ney, B. (2007). Modelling wheat growth and yield losses from late epidemics of foliar diseases using loss of green leaf area per layer and pre-anthesis reserves. Ann. Bot. 100, 777–789. doi: 10.1093/aob/mcm163

 Bokore, F. E., Cuthbert, R. D., Knox, R. E., Hiebert, C. W., Pozniak, C. J., Berraies, S., et al. (2023). Genetic mapping of leaf rust (Puccinia triticina Eriks) resistance genes in six Canadian spring wheat cultivars. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1130768

 Bokore, F. E., Knox, R. E., Hiebert, C. W., Cuthbert, R. D., DePauw, R. M., Meyer, B., et al. (2021). A combination of leaf rust resistance genes, including lr34 and lr46, is the key to the durable resistance of the canadian wheat cultivar, carberry. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.775383

 Bolton, M. D., Kolmer, J. A., and Garvin, D. F. (2008b). Wheat leaf rust caused by Puccinia triticina. Mol. Plant Pathol. 9, 563–575. doi: 10.1111/j.1364-3703.2008.00487.x

 Bolton, M. D., Kolmer, J. A., Xu, W. W., and Garvin, D. F. (2008a). Lr34-mediated leaf rust resistance in wheat: transcript profiling reveals a high energetic demand supported by transient recruitment of multiple metabolic pathways. Mol. Plant Microbe Interact. 21, 1515–1527. doi: 10.1094/MPMI-21-12-1515

 Chen, S., Hegarty, J., Shen, T., Hua, L., Li, H., Luo, J., et al. (2021). Stripe rust resistance gene Yr34 (synonym Yr48) is located within a distal translocation of Triticum monococcum chromosome 5AmL into common wheat. Theor. Appl. Genet. 134, 2197–2211. doi: 10.1007/s00122-021-03816-z

 Daniel, B., Konrad, B., Toplak, M., Lahham, M., Messenlehner, J., Winkler, A., et al. (2017). The family of berberine bridge enzyme-like enzymes: A treasure-trove of oxidative reactions. Arch. Biochem. Biophys. 632, 88–103. doi: 10.1016/j.abb.2017.06.023

 Deblieck, M., Fatiukha, A., Grundman, N., Merchuk-Ovnat, L., Saranga, Y., Krugman, T., et al. (2020). GenoTypeMapper: graphical genotyping on genetic and sequence-based maps. Plant Methods 16, 123. doi: 10.1186/s13007-020-00665-7

 Delventhal, R., Rajaraman, J., Stefanato, F. L., Rehman, S., Aghnoum, R., McGrann, G. R. D., et al. (2017). A comparative analysis of nonhost resistance across the two Triticeae crop species wheat and barley. BMC Plant Biol. 17, 232. doi: 10.1186/s12870-017-1178-0

 Dracatos, P. M., Haghdoust, R., Singh, D., and Park, R. F. (2018). Exploring and exploiting the boundaries of host specificity using the cereal rust and mildew models. New Phytol. 218, 453–462. doi: 10.1111/nph.15044

 Edet, O. U., Gorafi, Y. S. A., Nasuda, S., and Tsujimoto, H. (2018). DArTseq-based analysis of genomic relationships among species of tribe Triticeae. Sci. Rep. 8, 16397. doi: 10.1038/s41598-018-34811-y

 Ellis, J. G., Lagudah, E. S., Spielmeyer, W., and Dodds, P. N. (2014). The past, present and future of breeding rust resistant wheat. Front. Plant Sci. 5. doi: 10.3389/fpls.2014.00641

 Feuillet, C., Travella, S., Stein, N., Albar, L., Nublat, A., and Keller, B. (2003). Map-based isolation of the leaf rust disease resistance gene Lr10 from the hexaploid wheat (Triticum aestivum L.) genome. Proc. Natl. Acad. Sci. U.S.A. 100, 15253–15258. doi: 10.1073/pnas.2435133100

 Guerra-Guimarães, L., Tenente, R., Pinheiro, C., Chaves, I., Silva, M., d., C., et al. (2015). Proteomic analysis of apoplastic fluid of Coffea arabica leaves highlights novel biomarkers for resistance against Hemileia vastatrix. Front. Plant Sci. 6. doi: 10.3389/fpls.2015.00478

 Haghdoust, R., Singh, D., Park, R. F., and Dracatos, P. M. (2021). Characterizing the genetic architecture of nonhost resistance in barley using pathogenically diverse Puccinia isolates. Phytopathology 111, 684–694. doi: 10.1094/PHYTO-05-20-0193-R

 Hoogkamp, T. J., Chen, W. Q., and Niks, R. E. (1998). Specificity of prehaustorial resistance to Puccinia hordei and to two inappropriate rust fungi in barley. Phytopathology 88, 856–861. doi: 10.1094/PHYTO.1998.88.8.856

 Hou, W., Lu, Q., Ma, L., Sun, X., Wang, L., Nie, J., et al. (2023). Mapping of quantitative trait loci for leaf rust resistance in the wheat population ‘Xinmai 26/Zhoumai 22’. J. Exp. Bot. 74, 3019–3032. doi: 10.1093/jxb/erad085

 Hussien, T., Bowden, R. L., Gill, B. S., Cox, T. S., and Marshall, D. S. (1997). Performance of Four New Leaf Rust Resistance Genes Transferred to Common Wheat from Aegilops tauschii and Triticum monococcum. Plant Dis. 81, 582–586. doi: 10.1094/PDIS.1997.81.6.582

 Jacobs, A. S., Pretorisu, Z. A., Kloppers, F. J., and Cox, T. S. (1996). Mechanisms associated with wheat leaf rust resistance derived from Triticum monococcum. Phytopathology 86, 588–595. doi: 10.1094/Phyto-86-588

 Jafary, H., Albertazzi, G., Marcel, T. C., and Niks, R. E. (2008). High diversity of genes for nonhost resistance of barley to heterologous rust fungi. Genetics 178, 2327–2339. doi: 10.1534/genetics.107.077552

 Ji, Z., Guo, W., Chen, X., Wang, C., and Zhao, K. (2022). Plant executor genes. Int. J. Mol. Sci. 23. doi: 10.3390/ijms23031524

 Jing, H.-C., Bayon, C., Kanyuka, K., Berry, S., Wenzl, P., Huttner, E., et al. (2009). DArT markers: diversity analyses, genomes comparison, mapping and integration with SSR markers in triticum monococcum. BMC Genomics 10, 458. doi: 10.1186/1471-2164-10-458

 Johansson, E., Henriksson, T., Prieto-Linde, M. L., Andersson, S., Ashraf, R., and Rahmatov, M. (2020). Diverse wheat-alien introgression lines as a basis for durable resistance and quality characteristics in bread wheat. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.01067

 Keilwagen, J., Lehnert, H., Berner, T., Beier, S., Scholz, U., Himmelbach, A., et al. (2019). Detecting large chromosomal modifications using short read data from genotyping-by-sequencing. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.01133

 Kerber, E. R., and Dyck, P. L. (1973). Inheritance of stem rust resistance transferred from diploid wheat (Triticum monococcum) to tetraploid and hexaploid wheat and chromosome location of the gene involved. Can. J. Genet. Cytol. 15, 397–409. doi: 10.1139/g73-050

 Kilian, A., Wenzl, P., Huttner, E., Carling, J., Xia, L., Blois, H., et al. (2012). Diversity arrays technology: a generic genome profiling technology on open platforms. Methods Mol. Biol. 888, 67–89. doi: 10.1007/978-1-61779-870-2_5

 Knapp, S. J., Holloway, J. L., Bridges, W. C., and Liu, B. H. (1995). Mapping dominant markers using F2 matings. Theor. Appl. Genet. 91, 74–81. doi: 10.1007/BF00220861

 Kolmer, J. A. (2005). Tracking wheat rust on a continental scale. Curr. Opin. Plant Biol. 8, 441–449. doi: 10.1016/j.pbi.2005.05.001

 Kolmer, J. (2013). Leaf rust of wheat: pathogen biology, variation and host resistance. Forests 4, 70–84. doi: 10.3390/f4010070

 Kosambi, D. D. (1943). The estimation of map distances from recombination values. Ann. Eugenics 12, 172–175. doi: 10.1111/j.1469-1809.1943.tb02321.x

 Kumar, J., Ramlal, A., Kumar, K., Rani, A., and Mishra, V. (2021). Signaling pathways and downstream effectors of host innate immunity in plants. Int. J. Mol. Sci. 22. doi: 10.3390/ijms22169022

 Lind, V. (2005). “Evaluation of Triticum monococcum for resistance to fungal pathogens with special emphasis on prehaustorial resistance to leaf rust,” in 2005: Conference paper. Eds.  E. Lipman, L. Maggioni, H. Knüpffer, R. Ellis, J. M. Leggett, G. Kleijer, L. Faberová, and A. Blanc (France, La Rochelle: Cereal genetic resources in Europe), 290–293.

 Ling, H.-Q., Ma, B., Shi, X., Liu, H., Dong, L., Sun, H., et al. (2018). Genome sequence of the progenitor of wheat A subgenome Triticum urartu. Nature 557, 424–428. doi: 10.1038/s41586-018-0108-0

 Locci, F., Benedetti, M., Pontiggia, D., Citterico, M., Caprari, C., Mattei, B., et al. (2019). An Arabidopsis berberine bridge enzyme-like protein specifically oxidizes cellulose oligomers and plays a role in immunity. Plant J. 98, 540–554. doi: 10.1111/tpj.14237

 Mapuranga, J., Zhang, N., Zhang, L., Liu, W., Chang, J., and Yang, W. (2022). Harnessing genetic resistance to rusts in wheat and integrated rust management methods to develop more durable resistant cultivars. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.951095

 McIntosh, R. A., Wellings, C. R., and Park, R. F. (1995). Wheat rusts: An atlas of resistance genes (Dordrecht: Kluwer).

 Mester, D. I., Ronin, Y. I., Hu, Y., Peng, J., Nevo, E., and Korol, A. B. (2003). Efficient multipoint mapping: making use of dominant repulsion-phase markers. Theor. Appl. Genet. 107, 1102–1112. doi: 10.1007/s00122-003-1305-1

 Niks, R. E. (1988). Nonhost plant species as donors for resistance to pathogens with narrow host range. II. Concepts and evidence on the genetic basis of nonhost resistance. Euphytica 37, 89–99. doi: 10.1007/BF00037229

 Niks, R. E. (1991). Prehaustorial and posthaustorial resistance to wheat leaf rust in diploid wheat seedlings. Phytopathology 81, 847. doi: 10.1094/Phyto-81-847

 Nover, I., and Lehmann, C. O. (1967). Resistenzeigenschaften im Gersten- und Weizensortiment Gatersleben. Die Kulturpflanze 15, 181–198. doi: 10.1007/BF02095713

 Noweiska, A., Bobrowska, R., and Kwiatek, M. T. (2022). Structural polymorphisms of chromosome 3Am containing lr63 leaf rust resistance loci reflect the geographical distribution of Triticum monococcum L. and related diploid wheats. Agriculture 12, 966. doi: 10.3390/agriculture12070966

 Olivera, P. D., Kilian, A., Wenzl, P., and Steffenson, B. J. (2013). Development of a genetic linkage map for Sharon goatgrass (Aegilops sharonensis) and mapping of a leaf rust resistance gene. Genome 56, 367–376. doi: 10.1139/gen-2013-0065

 Peng, J., Korol, A. B., Fahima, T., Röder, M. S., Ronin, Y. I., Li, Y. C., et al. (2000). Molecular genetic maps in wild emmer wheat, Triticum dicoccoides: genome-wide coverage, massive negative interference, and putative quasi-linkage. Genome Res. 10, 1509–1531. doi: 10.1101/gr.150300

 Periyannan, S., Milne, R. J., Figueroa, M., Lagudah, E. S., and Dodds, P. N. (2017). An overview of genetic rust resistance: From broad to specific mechanisms. PloS Pathog. 13, e1006380. doi: 10.1371/journal.ppat.1006380

 Rohringer, R. (1977). Calcofluor: an optical brightener for fluorescence microscopy of fungal plant parasites in leaves. Phytopathology 67, 808–810. doi: 10.1094/Phyto-67-808

 Rollar, S., Serfling, A., Geyer, M., Hartl, L., Mohler, V., and Ordon, F. (2021). QTL mapping of adult plant and seedling resistance to leaf rust (Puccinia triticina Eriks.) in a multiparent advanced generation intercross (MAGIC) wheat population. Theor. Appl. Genet. 134, 37–51. doi: 10.1007/s00122-020-03657-2

 Sánchez-Martín, J., Rubiales, D., Sillero, J. C., and Prats, E. (2012). Identification and characterization of sources of resistance in Avena sativa, A. byzantina and A. strigosa germplasm against a pathotype of Puccinia coronata f.sp. avenae with virulence against the Pc94 resistance gene. Plant Pathol. 61, 315–322. doi: 10.1111/j.1365-3059.2011.02514.x

 Serfling, A., Templer, S. E., Winter, P., and Ordon, F. (2016). Microscopic and Molecular Characterization of the Prehaustorial Resistance against Wheat Leaf Rust (Puccinia triticina) in Einkorn (Triticum monococcum). Front. Plant Sci. 7. doi: 10.3389/fpls.2016.01668

 Shapiro, S. S., and Wilk, M. B. (1965). An analysis of variance test for normality (Complete samples). Biometrika 52, 591. doi: 10.2307/2333709

 Shi, A. N., Leath, S., and Murphy, J. P. (1998). A major gene for powdery mildew resistance transferred to common wheat from wild einkorn wheat. Phytopathology 88, 144–147. doi: 10.1094/PHYTO.1998.88.2.144

 Silva,, Guerra-Guimarães, L., Diniz, I., Loureiro, A., Azinheira, H., Pereira, A. P., et al. (2022). An overview of the mechanisms involved in coffee-Hemileia vastatrix interactions: plant and pathogen perspectives. Agronomy 12, 326. doi: 10.3390/agronomy12020326. M. d. C.

 Sodkiewicz, W., Strzembicka, A., and Apolinarska, B. (2008). Chromosomal location in triticale of leaf rust resistance genes introduced from Triticum monococcum. Plant Breed. 127, 364–367. doi: 10.1111/j.1439-0523.2007.01485.x

 Stein, N., Herren, G., and Keller, B. (2001). A new DNA extraction method for high-throughput marker analysis in a large-genome species such as Triticum aestivum. Plant Breed. 120, 354–356. doi: 10.1046/j.1439-0523.2001.00615.x

 The, T. T. (1973). Chromosome location of genes conditioning stem rust resistance transferred from diploid to hexaploid wheat. Nat. New Biol. 241, 256. doi: 10.1038/newbio241256a0

 Van Ooijen, J. W. (2006). JoinMap 4.0, Software for the Calculation of Genetic Linkage Maps in Experimental Populations (Wageningen: Kyazma B.V).

 Wang, J., Wang, Y., Liu, X., Xu, Y., and Ma, Q. (2016). Microtubule polymerization functions in hypersensitive response and accumulation of H2O2 in wheat induced by the stripe rust. BioMed. Res. Int. 2016, 7830768. doi: 10.1155/2016/7830768

 Wan, W.-L., Kim, S.-T., Castel, B., Charoennit, N., and Chae, E. (2021). Genetics of autoimmunity in plants: an evolutionary genetics perspective. New Phytol. 229, 1215–1233. doi: 10.1111/nph.16947

 Wulff, B. B. H., and Moscou, M. J. (2014). Strategies for transferring resistance into wheat: from wide crosses to GM cassettes. Front Plant Sci. 5, 692. doi: 10.3389/fpls.2014.00692

 Zetzsche, H., Friedt, W., and Ordon, F. (2020). Breeding progress for pathogen resistance is a second major driver for yield increase in German winter wheat at contrasting N levels. Sci. Rep. 10, 20374. doi: 10.1038/s41598-020-77200-0




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Deblieck, Ordon and Serfling. 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) and the copyright owner(s) 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.




REVIEW

published: 25 October 2023

doi: 10.3389/fpls.2023.1277922

[image: image2]


Utilization of crop wild relatives for biotic and abiotic stress management in Indian mustard [Brassica juncea (L.) Czern. & Coss.]


Swati Verma 1†, Namo Dubey 2†, K. H. Singh 3, Nehanjali Parmar 3, Lal Singh 3, Dipika Sharma 3, Dipika Rana 4, Kalpana Thakur 1, Devina Vaidya 5 and Ajay Kumar Thakur 3*


1 College of Horticulture and Forestry Thunag, Dr. Yashwant Singh Parmar University of Horticulture and Forestry Nauni, Solan, HP, India, 2 School of Biochemistry, Devi Ahilya University, Indore, MP, India, 3 ICAR-Directorate of Rapeseed-Mustard Research, Bharatpur, Rajasthan, India, 4 School of Biological and Environmental Sciences, Shoolini University of Biotechnology and Management Sciences, Solan, HP, India, 5 Regional Horticultural Research and Training Station Bajaura, Dr. Y. S. Parmar University of Horticulture and Forestry, Solan, HP, India




Edited by: 

Mahesh Rao, Indian Council of Agricultural Research, India

Reviewed by: 

Cengiz Toker, Akdeniz University, Türkiye

Ajoy Kumar Roy, Indian Grassland and Fodder Research Institute (ICAR), India

*Correspondence: 

Ajay Kumar Thakur
 thakurak2010@gmail.com


†These authors have contributed equally to this work



Received: 15 August 2023

Accepted: 11 October 2023

Published: 25 October 2023

Citation:
Verma S, Dubey N, Singh KH, Parmar N, Singh L, Sharma D, Rana D, Thakur K, Vaidya D and Thakur AK (2023) Utilization of crop wild relatives for biotic and abiotic stress management in Indian mustard [Brassica juncea (L.) Czern. & Coss.]. Front. Plant Sci. 14:1277922. doi: 10.3389/fpls.2023.1277922



Brassica juncea (L.) Czern. & Coss. (Indian mustard) is an economically important edible oil crop. Over the years, plant breeders have developed many elite varieties of B. juncea with better yield traits, but research work on the introgression of stress resilience traits has largely been lagging due to scarcity of resistant donors. Crop wild relatives (CWRs) are the weedy relatives of domesticated plant species which are left unutilized in their natural habitat due to the presence of certain undesirable alleles which hamper their yield potential, and thus, their further domestication. CWRs of B. juncea namely include Sinapis alba L. (White mustard), B. tournefortii Gouan. (African mustard), B. fruticulosa Cirillo (Twiggy turnip), Camelina sativa L. (Gold-of-pleasure), Diplotaxis tenuisiliqua Delile (Wall rocket), D. erucoides L. (White wall rocket), D. muralis L. (Annual wall rocket), Crambe abyssinica R.E.Fr. (Abyssinian mustard), Erucastrum gallicum Willd. (Common dogmustard), E. cardaminoides Webb ex Christ (Dogmustard), Capsella bursa-pastoris L. (Shepherds purse), Lepidium sativum L. (Garden Cress) etc. These CWRs have withstood several regimes of biotic and abiotic stresses over the past thousands of years which led them to accumulate many useful alleles contributing in resistance against various environmental stresses. Thus, CWRs could serve as resourceful gene pools for introgression of stress resilience traits into Indian mustard. This review summarizes research work on the introgression of resistance against Sclerotinia stem rot (caused by Sclerotinia sclerotiorum), Alternaria blight (caused by Alternaria brassicae), white rust (caused by Albugo candida), aphid attack, drought and high temperature from CWRs into B. juncea. However, various pre- and post-fertilization barriers due to different ploidy levels are major stumbling blocks in the success of such programmes, therefore, we also insightfully discuss how the advances made in -omics technology could be helpful in assisting various breeding programmes aiming at improvisation of stress resilience traits in B. juncea.
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Introduction

Indian mustard [Brassica juncea (L.) Czern & Coss.] is an economically important, edible oilseed crop of Brassicaceae family belonging to the rapeseed-mustard (RM) group. B. juncea is cultivated in India, China, Bangladesh, Pakistan, Australia, Canada and some European countries (Choudhury et al., 2023). It is predominantly cultivated as an oilseed crop in India over an estimated area of 6.2 million hectare, contributing to >85% of RM acreage (Singh et al., 2022). Indian mustard oil is widely consumed as an edible oil. Mustard oil has a unique ratio of omega-3 and omega-6 fatty acids with many benefits related to cardiac health (Manchanda and Passi, 2016). Mustard oil is also rich in alpha-tocopherol and antioxidants offering many other additional health benefits. Besides edible purposes, mustard oil is also used in body massages for increasing muscle strength and treating skin problems, and in manufacturing processes of paints and varnishes (Thakur et al., 2020). After oil extraction, the left-out seed meal is used as a protein-rich feed for farm animals, especially poultry. The vegetative part of mustard is consumed as a very popular delicious cuisine known as ‘Sarson Ka Saag’ in the northern part of India (Ananthanarayan et al., 2019).

The actual yield potential of B. juncea can be realized upto 3500-4000 kg/ha, but despite continuous breeding efforts over a period of last four decades, the national average productivity of Indian mustard still hovers around 1400 Kg/ha (Sinha et al., 2020). The overall production and productivity of this oilseed crop is hampered by several biotic (Alternaria blight caused by Sclerotinia sclerotiorum, stem rot caused by Alternaria brassicae, white rust caused by Albugo candida, powdery mildew caused by Erysiphe cruciferarum, aphids) and abiotic factors (drought, high temperature stress - both at seedling stage and terminal stage, salinity and frost) (Thakur et al., 2020). While, due to taste preferences for mustard oil, an escalating per-capita consumption, and thus market demand is being constantly observed. India is importing large quantities of edible oil from different countries to meet the huge edible oil demands of its population. This is amounting to washing out a large exchequer of money (Sharma et al., 2022). It has been estimated that by 2025, the demand of edible oil in India will increase upto 34 million tonnes, and out of this, around 14 million tonnes had to be met by Indian mustard alone (Singh et al., 2022). Throughout the globe, various Brassica research groups are making concerted efforts for developing elite high-yielding varieties of B. juncea having resistance against biotic and abiotic stresses (Chauhan et al., 2011). Among different biotic stressors, except for some Brassica germplasm showing resistance against white rust, no other crossable germplasm sources have been identified for developing B. juncea varieties which could be resistant to Alternaria blight, stem rot and powdery mildew. Among abiotic stresses, several salinity tolerant B. juncea varieties including CS 52, CS 54, CS 56 and CS 58 have been released in India (Tripathi et al., 2012). However, no robust donor line has been identified to develop resistance against drought, frost and high temperature stress in B. juncea.

Crop wild relatives (CWRs) are the weedy, wild relatives of domesticated plants, which usually occur and are maintained mostly in their centers of origin (Kashyap et al., 2022; Jain et al., 2023). CWRs have been left unexploited in nature because of the presence of some undesirable genes/alleles contributing as yield barriers. CWRs of B. juncea majorly include Sinapis alba L. (White mustard), B. tournefortii Gouan. (African mustard), B. fruticulosa Cirillo (Twiggy turnip), Camelina sativa L. (Gold-of-pleasure), Diplotaxis tenuisiliqua Delile (Wall rocket), D. erucoides L. (White wall rocket), D. muralis L. (Annual wall rocket), Crambe abyssinica R.E.Fr. (Abyssinian mustard), Erucastrum gallicum Willd. (Common dogmustard), E. cardaminoides Webb ex Christ (Dog mustard), Capsella bursa-pastoris L. (Shepherds purse), Lepidium sativum L. (Garden Cress) etc. (Singh et al., 2021a). Over the years, these CWRs have withstood the selection pressure of various biotic and abiotic stress factors, developed the resistance mechanisms gradually and inherited it over the generations. A list of CWRs of B. juncea, their common name, ploidy level, genome size, chromosome number and economic importance is given in Table 1. The rigorous use of these CWRs as potential allele donors in conventional breeding programmes is hampered due to their different ploidy levels, or certain pre- and post-fertilization barriers. Further, the introduction of undesirable alleles from the CWRs into B. juncea due to linkage drag might result in heavy yield penalties (Bohra et al., 2022). In the past few decades, certain technological interventions have been devised for the introgression of resistance traits from CWRs into the cultivated varieties of B. juncea. These techniques include protoplast fusion, embryo rescue, repeated back-cross breeding with the recurrent parent followed by open pollination and new omics techniques. This review summarizes the efforts of various research groups in utilizing CWRs for combating the adverse effects of biotic and abiotic stresses on Indian mustard yield.


Table 1 | List of CWRs of Brassica juncea, their common name, ploidy level, genome size, chromosome number and economic importance.







Use of CWRs for introgression of biotic stress resistance traits into B. juncea

Various biotic stresses adversely affect the yield of Indian mustard. In India, more than thirty diseases are known to affect mustard growth and yields (Saharan et al., 2005). Among them, few inflict serious damages upon mustard production depending upon their prevalence over vast geographical locations. Namely, stem rot, Alternaria leaf spot and white rust are major diseases caused by fungal pathogens which may amount to more than 90% yield losses in this oilseed crop (Saharan and Mehta, 2008; Kumar et al., 2012; Kamoun et al., 2015; Jyoti et al., 2021; Singh et al., 2021a). Besides these, parasitic feeding by aphid pest Lipaphis erysimi Kalt. leads to stunted growth, very less seed formation, and decreased oil content in Indian mustard. In the following section we discuss the efforts made by various research groups for introducing resistance traits from CWRs into Indian mustard.





Sclerotinia stem rot resistance

White rot or stem rot caused by S. sclerotiorum is a serious fungal disease of Indian mustard. Due to changes in climatic conditions, Sclerotinia stem rot (SSR) has become a very serious disease of mustard. This necrotrophic fungus causes yield losses ranging from 5-100% in mustard production (Saharan and Mehta, 2008; Uloth et al., 2016; Sharma et al., 2018; Singh et al., 2021a). It also impacts mustard oil quality and reduces oil content (Inturrisi et al., 2021). Due to prolonged survival and broad infection ability, the management of SSR utilizing cultural and chemical practices could be less rewarding (Kamal et al., 2016; Singh et al., 2020). S. sclerotiorum is a broad host range phytopathogen which overpowers the plant defense mechanism through their interacting virulence factors (Rodriguez-Moreno et al., 2018). Recently, Gupta et al. (2022) reported the draft genome sequence of S. sclerotiorum “ESR-01”, an Indian isolate, and its secretory effector repertoire. It highlights the secretome, effector, carbohydrate active enzymes and PHI-base repertoire associated with the S. sclerotiorum genome. This knowledge has been quite helpful in refining the understanding of S. sclerotiorum-Brassica interaction.

Inadequate variation is found in Brassica germplasm for complete genetic resistance against S. sclerotiorum infection (Rana et al., 2017; Atri et al., 2019). The wild allies of Brassicaceae, viz., B. fruticulosa, C. bursa-pastoris, D. tenuisiliqua, E. gallicum, E. cardaminoides carry high levels of resistance against stem rot pathogen infection (Chen et al., 2007; Garg et al., 2010; Mei et al., 2011). Some of them are being utilized in different research programmes for transfer of SSR into B. juncea. In a study by Kumari et al. (2020a), two fertile and stable allohexaploid were generated by protoplast fusion between B. juncea and S. alba. These symmetric hybrids (2n = 60) remained stable throughout consecutive generations and displayed significant resistance against SSR (Kumari et al., 2020a). In another attempt, the SSR resistance from B. fruticulosa has been introgressed into Indian mustard (Rana et al., 2017). The developed introgressed lines (ILs) of B. juncea-B. fruticulosa had been assessed for their resistance against Sclerotinia. The cytogenetic characterization of 28 ILs showed substitution of predominantly terminal B. fruticulosa segments located on B-genome chromosomes (Rana et al., 2017). Resistance responses to S. sclerotiorum were repeat-evaluated and different ILs were genotyped for 202 transferable and 60 candidate gene simple sequence repeats. A total of 10 highly significant marker trait associations (MTAs) were achieved by association mapping. Selected ILs showed high levels of resistance against SSR (Rana et al., 2017). It has now become possible to exploit historical recombination events by utilizing genome-wide association studies (GWAS) to achieve improved mapping resolution (Tibbs Cortes et al., 2021). Genotyping by sequencing (GBS) of 88 ILs of B. juncea-B. fruticulosa helped in studying marker trait associations (MTA’s) and reported 49 significant SNPs corresponding to different loci on different chromosomes (Atri et al., 2019). This also helped in prediction of the candidate disease genes belonging to various protein families and developed an understanding of the immune responses against S. sclerotiorum in mustard. The generated marker datasets could be utilized for assisted transfer of introgressed resistant loci associated with SSR resistance into superior Brassica cultivars (Atri et al., 2019).

E. cardaminoides, another wild relative of B. juncea, is a likely source of resistance to many diseases including SSR (Gomez-Campo et al., 1999; Chandra et al., 2004). A set of B. juncea-E. cardaminoides ILs with genomic regions associated with SSR resistance was developed by Rana et al. (2019). The ILs had been evaluated for resistance responses against SSR over three crop seasons. Different SNPs associated with leucine rich repeat-receptor like kinases (LRR-RLK) genes, genetic factors associated with pathogen-associated molecular patterns (PAMPs) and effector-triggered immunity (ETI) belonging to three R-genes encoding toll-interleukin receptor- nucleotide-binding site- leucine-rich repeat (TIR-NBS-LRR) proteins have been identified in this study (Rana et al., 2019). These could be major contributing factors in SSR resistance responses. However, it is likely that some of these marker-trait associations may involve small SSR resistance responses from gene pool already present in Indian mustard. Significantly higher resistance in developed B. juncea-E. cardaminoides ILs indicated that majority of this response is due to introgression of genes from wild E. cardaminoides (Rana et al., 2019). Accelerated transcriptomic and genomics research on the developed B. juncea-CWR ILs would clarify the mechanisms underlying pathogenesis of S. sclerotiorum in B. juncea. Rana et al. (2019) have proposed taking up transcriptome-based research on S. sclerotiorum-B. juncea interaction. It would help the researchers in understanding how S. sclerotiorum infection interferes with different hormone signaling pathways to hijack B. juncea defense system. Further, spatial, and temporal changes in gene expression would be helpful in gaining advanced insights into events that lead to disease development and colonization of tissues by this pathogen. As proposed, use of E. cardaminoides specific oligo-probes for cytogenetical mapping of all the introgression sites in developed ILs would be helpful in understanding the CWR-specific contribution to S. sclerotiorum resistance in developed ILs.





Alternaria blight resistance

The seed borne fungal pathogens of Alternaria spp. are causal agents of Alternaria leaf blight disease of B. juncea. Both, Alternaria brassicicola and A. brassicae cause Alternaria leaf blight (Sharma et al., 2022). Among the two, A. brassicae is reported to be more virulent, while, A. brassicicola co-inhabits the infected plant tissue (Sharma et al., 2002). An estimated crop-damage of upto 10-70% in B. juncea is inflicted by Alternaria leaf blight alone (Kumar and Kolte, 2012; Gupta et al., 2020), making it a serious disease of oilseed mustard. Disease infected plants are characterized by concentric ring spots which merge to develop big necrotic patches (Bohra et al., 2022). Susceptibility to Alternaria leaf blight is shown by almost all cultivated varieties of Indian mustard (Jyoti et al., 2021). Resistance to Alternaria blight is a polygenic character, therefore, introgression of traits through horizontal breeding could be a more appropriate way to transfer these traits into cultivated Brassicas. However, there is a lack of resistant crossable germplasm in cultivated B. juncea. Many cruciferous wild relatives are known to exhibit significant levels of resistance against Alternaria leaf blight. These include B. desnottesii, Camelina sativa, Diplotaxis berthautii, D. catholica, D. cretacea, D. erucoides, and E. gallicum (Sharma et al., 2002). Yet, various compatibility barriers (both pre- and post-fertilization barriers) impede the research programs aiming introgression of Alternaria blight resistance traits from CWRs into cultivated B. juncea (Vasupalli et al., 2017).

Embryo rescue techniques have been proposed as a strategy for introgression of resistant traits from CWRs into cultivated Indian mustard (Kumar et al., 2001; Bhat et al., 2006; Vasupalli et al., 2017). S. alba, a wild ally of crop Brassicas, carries significant resistance against Alternaria black spot. In the past, attempts have been made for the development of symmetric somatic hybrids with Indian mustard. However, such attempts mostly resulted in production of male sterile hybrids, hybrids with variable pollen fertility and seed set, overall unstable hybrids (Gaikwad et al., 1996). D. erucoides, a CWR of Brassicas, shows high levels of resistance against the Alternaria blight pathogen, A. brassicae. Bhat et al. (2006) attempted to introgress Alternaria blight resistance from D. erucoides to B. juncea using B. rapa as bridging species. After two successive backcrossing of the progenies with the recurrent parent i.e., B. juncea, the BC2 interspecific hybrids were advanced to BC2F7 generation and simultaneously screened for Alternaria blight resistance, which resulted in some promising resistant Indian mustard lines (Bhat et al., 2006). Kumari et al. (2020b) generated B. juncea-S. alba hybrids through protoplast fusion. Two generated hybrids were reported to be symmetric, while, third had significant resemblance to B. juncea and thus was found asymmetric. The hybrids exhibited complete male and female fertile characteristics and normal back crossing progenies. High resistance to A. brassicae infection was observed in both (Kumari et al., 2020b).

An assessment of transcriptional activation of glucosinolate biosynthetic genes and glucosinolate accumulation in Alternaria resistant D. erucoides and susceptible B. juncea species has highlighted few potential candidate genes which augment resistance to Alternaria blight (Choudhury et al., 2022). More jasmonate defense signaling-mediated transcriptional activation of candidate secondary metabolites and glucosinolate (GSL) biosynthesis genes is being observed in D. erucoides than B. juncea. The higher accumulation of defense-related GSL compounds was also reported in D. erucoides in comparison to B. juncea when infected with A. brassicae (Choudhury et al., 2022). The study is important in highlighting a few possible candidate genes for engineering defense responses of susceptible mustard cultivars against Alternaria blight (Choudhury et al., 2022). It becomes a herculean task to screen the successive progenies for the introgressed target trait in the crosses involving B. juncea and CWRs. This is because the cross-combination of different ploidy levels of the parent species results in a large amount of heterogeneity of the progenies. Thus, more area, time and labor inputs are required for screening of the progenies. The screening process can be facilitated by development of molecular markers which are closely associated with the target trait. Recently, Choudhury et al. (2023) developed sequence-tagged sites (STS) markers closely associated with the introgressed target trait i.e. Alternaria blight resistance by resequencing of a resistant and a susceptible line of BC2F7 generation of a cross between B. juncea and D. erucoides.

It is evident from the above cited literature that robust screening and scoring of CWRs-A. brassicae pathogen-host interactions, for the identification of reliable R-gene sources in the Brassica wild allies is needed. Further studies on generation of symmetric and stable somatic hybrids between B. juncea and wild allies through successful bridging of ploidy gaps would be helpful in successful introgression of Alterneria blight resistance into cultivated B. juncea varieties. Improving knowledge about elicitors and effectors for A. brassicae would also be important for devising successful disease management strategies for Alternaria blight disease in Indian mustard.





White rust resistance

White rust is another major disease of Indian mustard. It is caused by biotrophic oomycete fungal pathogen Albugo candida (Kamoun et al., 2015). White rust is characterized by appearance of white to pale-colored pustules containing zoospores on the abaxial surface of leaves, stems and inflorescence. Therefore, the disease is sometimes also termed as white blister rust (Holub et al., 1995). Chlorosis is also observed over adaxial leaf surfaces. Systemic infection may cause stagehead leading to loss of seed formation (Verma et al., 1975; Chand et al., 2022). In B. juncea, 23-89% yield losses were reported by white rust infection (Lakra and Saharan, 1989; Chand et al., 2022).

Due to the persisting racial variation of A. candida, the known genes which offer resistance against this pathogen are often ineffective (Mehta et al., 2023). It is being suggested that among the wild relatives, B. tournefortii, could be utilized in breeding programmes for introgression of tolerance/resistance to white rust disease (Kumar, 2015). Vasupalli et al. (2017) developed B. juncea introgression lines using resistant D. erucoides as donor and susceptible B. juncea as the recurrent parent. Firstly, to bridge the ploidy gap between donor and the recurrent parent, B. rapa was used as bridging species. D. erucoides × B. rapa hybrid was developed by embryo rescue, and amphiploids were developed by colchicine doubling. This amphidiploid ‘eru-rapa’ was crossed reciprocally with B. juncea. After backcrossing with B. juncea, the BC1F1 progenies obtained were further backcrossed. The BC2F1 progeny was selfed and further progenies progressed through selfing (Bhat et al., 2006; Vasupalli et al., 2017). Mehta et al. (2023) utilized these ILs for studying their resistance characteristics against A. candida. Among these ILs, ERJ 39, ERJ 12, and ERJ 15, have shown resistance when inoculated with multiple isolates of the pathogen, A. candida at cotyledonary leaf, true leaf, and adult plant stages. While, ERJ 108, ERJ 157, ERJ 159, ERJ 13, and ERJ 32 exhibited resistance against single isolates of A. candida (Mehta et al., 2023). Thus, these ILs could be useful sources of genetic resistance against A. candida.

In India, consistent B. juncea germplasm exploration and pre-breeding efforts, followed by rigorous screening of germplasm and breeding lines at multi locations, both at the uniform disease nurseries (UDN) and national disease nurseries (NDN) levels under the All India Crop Improvement Programme on Rapeseed-Mustard (AICRP-RM) has led to the identification of more than twenty five white rust resistance (WRR) donors among B. juncea germplasm which are being registered at ICAR-NBPGR, New Delhi (Kumar et al., 2019). These white rust resistant donors are being utilized in different WRR breeding programmes of B. juncea in India. Currently, CWRs could be a less sought after solution for resistance against white rust due to availability of WRR germplasm of B. juncea.





Aphid resistance

Among the various insect species which infest Brassica species, mustard aphid, Lipaphis erysimi Kalt. is reported to cause major losses to Brassica yield (Patel et al., 2004; Patel et al., 2019). Fast multiplication of these aphids along with phloem sap-feeding mechanism affects plant growth, and leads to poor seed formation with low oil content (Rohilla et al., 2004; Rana, 2005). Across different agro-climatic conditions, and severity of infection and crop growth stage, L. erysimi is known to cause damage ranging from 35.4-91.3% to mustard crop (Ahuja et al., 2010; Kular and Kumar, 2011). Use of synthetic insecticides and other chemical control measures for checking the spread of this pest causes serious environmental pollution which imposes health hazards (Abbaszadeh et al., 2011). This caters the need for robust screening of plant genomic sources for successful introgression of traits for aphid resistance into Indian mustard.

During initial attempts, embryo rescue had been deployed for developing inter-specific hybrids between B. juncea and B. tournefortii. One of the partially fertile hybrids obtained out of these crosses exhibited tolerance to aphid attack (Kumar et al., 2001). A study pertaining to screening of weedy and wild allies for resistance to L. erysimi, identified B. fruticulosa and B. montana as most promising CWRs for this trait (Kumar et al., 2011). B. fruticulosa was crossed with B. juncea as a donor parent to synthesize the amphiploid AD-4. Resistance to L. erysimi, was exhibited by both B. juncea introgression and amphiploid lines. High accumulation of lectins was proposed to be the resistance mechanism in B. fruticulosa and amphiploid AD-4 (Kumar et al., 2011). In further studies, Atri et al. (2012) attempted introgression of aphid resistance from B. fruticulosa into B. juncea. They deployed the artificially synthesized amphiploid, AD-4 (B. fruticulosa × B. rapa var. brown sarson), as a bridge to transfer resistant traits from B. fruticulosa to B. juncea (Atri et al., 2012). Normal meiosis and pollen grain fertility was exhibited by many introgression lines which carried the euploid chromosome number (2n = 36). Intriguing transcriptomic studies on B. juncea infestation with a natural host (L. erysimi) and non-natural host cowpea aphid (A. craccivora) has highlighted the mechanistic differences of defense response activation in B. juncea by both species (Duhlian et al., 2020). This has shed light on transcriptional reprogramming of the host with respect to the genes regulating oxidative homeostasis, defense hormones and secondary metabolite pathways in B. juncea during aphid invasion (Duhlian et al., 2020).

Due to scarcity of high yielding aphid-resistant cultivars, the menace of aphid attack in Indian mustard is mainly managed by spray of harmful insecticides (Sachan and Purwar, 2007). This further necessitates the need for a genetic solution for resistance against aphid attack. For reducing the economic losses posed by aphids, CWRs could prove to be a sought-after genetic solution. Therefore, primarily, it is important to mine the genetic resistance resources among CWRs of Indian mustard. We have tabulated recent research on the utilization of crop wild relatives for the introgression of biotic and abiotic stress resistance into B. juncea (Table 2).


Table 2 | Recent research on the utilization of crop wild relatives for the introgression of biotic and abiotic stress resistance into B. juncea.







Use of CWRs for introgression of abiotic stress resistance traits into B. juncea

Environmental factors, like high temperatures, water scarcity and soil salinity cause significant losses to crop yields (Yadav et al., 2020). Constant efforts are being made to explore abiotic stress regulation responses in B. juncea, which mostly are multi-genetically regulated. Due to changes in global environmental conditions, there is an urgent need to develop water use efficient and heat stress tolerant Indian mustard genotypes (Singh and Choudhary, 2003; Gill et al., 2012; Singh et al., 2021b). Genetic diversity available among CWRs could be a useful resource for introgression of these abiotic stress resilience traits into high yielding cultivars of Indian mustard (Kapazoglou et al., 2023; Kashyap et al., 2023).





Drought stress

According to Shekhawat et al. (2012), B. juncea is cultivated in nearly 85% of total harvested area, out of which, 37% is mainly rain-fed. Thus, the crop produces and quality of Indian mustard is intensively affected by drought stress. Impacts of drought stress are more severe in the eastern and western parts of India which are more prone to drought (Chauhan et al., 2007). Water stress during stem elongation and pod development stages affects pod setting, thus affecting overall yield of mustard. Drought stress causes yield losses ranging from 17-94% in Indian mustard (Akanksha et al., 2020). Introgression of drought tolerance traits into Indian mustard might include transfer of different morpho-physio and biochemical traits which control drought-tolerance characteristics (Singh and Choudhary, 2003). There is an urgent need for the development of water-use-efficient Indian mustard varieties, and CWRs might serve as useful resources for developing ones. Research studies have highlighted the differential regulation of certain genes and transcription factors under drought stress in Indian mustard (Bhardwaj et al., 2015; Wei et al., 2023). This has shed light on the coding transcripts which could be associated with drought tolerance traits in B. juncea.

Previous studies report S. alba, a wild relative of Indian mustard, to be drought tolerant (Warwick, 1993). Recently, a study involving wild species and U-triangle species of Brassica for their potential tolerance to drought during germination and early seedling stage reported B. fruticulosa as drought tolerant (Kashyap et al., 2023). Under PEG-induced drought stress conditions, B. fruticulosa exhibited increased proline content than the control plants (Kashyap et al., 2023). In another study, the genome-wide transcriptional profiling of S. alba leaves under drought and rewatering conditions revealed numerous gene expression changes under such conditions (Dong et al., 2012). Overall, down-regulation of 309 genes and up-regulation of 248 genes was reported under these conditions. Identified differentially expressed genes were shown to be involved in cell division, catalytic and metabolic process functions (Dong et al., 2012). Broad classification highlighted two categories of gene functions in this study, one encoding protective proteins, like, oxidoreductase, and another encoding regulatory proteins, like, transcription factors (Dong et al., 2012). Further, studies might be helpful in detailed revelation of B. fruticulosa and S. alba genetic factors which control the drought tolerance characteristics in these CWRs.

The potential of somatic hybridization and embryo rescue has not yet been fully utilized for introgression of drought tolerance traits from CWRs into the cultivated high yielding varieties of B. juncea because of post-fertilization barriers leading to embryo abortion. In this regard, the potential of S. alba and B. fruticulosa reported to exhibit drought resistance traits could be explored in future research programmes.





High temperature stress

Mostly grown in rabi season, Indian mustard grows well in tropical and sub-tropical regions as winter oilseed crop (Thakur et al., 2020). Temperature growth conditions for optimal germination and seed set ranges between 25°C to 33°C (Wilson et al., 2014). Heat stress affects B. juncea growth both at early (germination and seedling stage) and late (flowering and seed ripening stage) stages, resulting in economic losses to mustard production (Sandhu et al., 2019). Crop wild relatives (CWRs) could serve as useful resources for transfer of heat resilience traits into B. juncea. Along with some other stress resistant traits, S. alba also possesses heat stress tolerance traits. Through protoplast fusion, Kumari et al. (2018) developed hybrids between B. juncea and S. alba for transferring of genes responsible for A. Brassicae and heat stress tolerance. They were successful in generating somatic hybrids showing resistance against A. brassicae, which were able to set seeds at temperatures greater than 38°C, thus, also exhibiting characteristics related to heat tolerance. A recent study conducted by Kashyap et al. (2023) highlights heat stress tolerance characteristics of another wild ally of Indian mustard, B. tournefortii (Rawa). When exposed to heat stress, B. tournefortii (Rawa) showed maximum percent increase in germination (38.46%). This study highlights heat tolerance capacities of B. tournefortii (Rawa) during early stages of growth, i.e. germination (Kashyap et al., 2023).

Studies pertaining to utilizing wild allies for introgression of heat stress resilience into Indian mustard are still in infancy. The above surveyed literature suggests that at this stage, it would be beneficial to take up studies concerning evaluation of different B. juncea CWRs for their heat tolerance traits. The advances made in transcriptomics and genomics could be utilized for identification of specific genes responsible for regulation of heat stress tolerance in CWRs. This would largely facilitate further research work on introgression of heat stress tolerance traits from CWRs into B. juncea. Figure 1 illustrates the utilization of specific CWRs for the introgression of biotic/abiotic stress resistance traits into B. juncea.




Figure 1 | Utilization of specific CWRs for the introgression of biotic/abiotic stress resistance traits into B. juncea and modern -omics approaches which could be further helpful in assisting successful introgression.







Various methods and molecular techniques to facilitate successful introgression of traits from CWRs into B. juncea




Somatic hybridization and embryo rescue

Several wild plant species exhibit sexual incompatibility with crop species, thereby rendering the genes found in wild forms inaccessible (Branca and Cartea, 2010). Reproductive compatibility in Brassica species is complex, with intricate partial barriers between many of them (Han et al., 2021). This is difficult due to the pre- and post-fertilization barriers and abortion of hybrid embryos obtained after inter-specific crosses. Due to the advancements made in in vitro culture and embryo rescue, some success has been obtained in development of interspecific hybrids (Pen et al., 2018; Akmal, 2021). The embryo culture technique has proved to be a powerful tool for overcoming post-fertilization barriers between distantly related species, enabling successful hybridization (Pen et al., 2018; Akmal, 2021).

By continuous refinement of organ culture protocols, gradual progress is being achieved in obtaining stable inter-generic hybrids utilizing in vitro embryo culture methods (Akmal, 2021). Interspecific hybrid production through embryo rescue is often deployed in Brassica to overcome post-fertilization barriers. The success of this technique relies on the developmental stage of the rescued embryos (Katche et al., 2019). It is being suggested that embryo rescue can be deployed as early as 10 to 30 days after pollination in Brassica (Quazi, 1988; Inomata, 1993; Yuping and Wojciechowski, 2000). Different groups reported use of embryo culture and ovary culture for production of interspecific hybrids between B. juncea and B. campestris, and between B. juncea and B. napus (Mohapatra and Bajaj, 1988; Zhang et al., 2001; Zhang et al., 2003). Literature discussed in the above sections of this review reports successful utilization of embryo rescue for the transfer of useful traits related to climate resilience from CWRs into B. juncea (Kumar et al., 2001; Bhat et al., 2006; Vasupalli et al., 2017). However, till yet, the efforts to produce interspecific hybrids between CWRs and cultivated Brassica are still in infancy. The success of embryo rescue is largely dependent upon the stage of embryos, composition of the medium, and on the genotype to some extent (Katche et al., 2019; Ripa et al., 2020). Therefore, further standardization of protocols pertaining to these parameters would be largely helpful in obtaining successful inter-specific hybrids between B. juncea and CWRs. Figure 2 depicts the stress-resistance traits associated with S. alba and protocol for generation of inter-generic hybrids of B. juncea and S. alba using ovary culture and embryo rescue technique.




Figure 2 | Abiotic and biotic stress tolerance traits associated with S. alba and protocol for generation of inter-generic hybrids of B. juncea and S. alba using ovary culture and embryo rescue technique.







Use of CWRs for cytoplasmic male sterility system development for hybrid breeding in B. juncea

Strong hybrid vigor is shown by Brassicaceae crops which have long been subject to F1 hybrid breeding. Cytoplasmic male sterility (CMS) system is often relied upon for successful F1 seed production in Brassicaceae (Yamagishi and Bhat, 2014). When cytoplasm of an alien species is present in the genetic background of another species, this confers CMS (Yamagishi and Bhat, 2014). During earlier attempts, B. juncea var. ‘Pusa Bold’, with the cytoplasmic background of Diplotaxis siifolia was developed through wide hybridization (Rao et al., 1994). The cytoplasmic substitution was achieved by repeated backcross of synthetic alloploid (D. siifolia x B. juncea) with B. juncea (Rao et al., 1994). Later, another CMS system was developed in B. juncea following repeated backcrossing of the somatic hybrid Moricandia arvensis (2n = 28, MM) + B. juncea (2n = 36, AABB), carrying mitochondria and chloroplasts from M. arvensis, to B. juncea (Prakash et al., 1998). Subsequently, Malik et al. (1999) developed two CMS lines using the bridgecross hybrids (D. erucoides × B. campestris) × B. juncea and (D. berthautii × B. campestris) × B. juncea. These were backcrossed with B. juncea (Malik et al., 1999). Further, an improved cytoplasmic male sterile (CMS) system of B. juncea having cytoplasm of the wild species D. berthautii was developed by Bhat et al. (2008). The fertility restorers of M. arvensis and D. catholica-based alloplasmic CMS systems of B. juncea were deployed for restoring the male fertility in these developed CMS lines (Bhat et al., 2008).

Among the various CMS systems adopted in breeding programmes of Brassica crops (Ogura, 1968; Yamagishi and Bhat, 2014; Katche et al., 2019), Ogura CMS system has been the most widely utilized. In this system, alien cytoplasm has been obtained by crossing B. napus to Japanese radish (Raphanus sativus) (Ogura, 1968). Complete pollen abortion, ease of transfer and high progeny sterility rates, reaching 100%, are the various advantages associated with Ogura CMS system (Ren et al., 2022). This system has been extensively deployed in B. napus, B. juncea and B. oleracea (Yamagishi and Bhat, 2014). Wild relatives are often utilized for the development of male sterile lines to help hybrid production (Katche et al., 2019). Among the various CMS systems developed in B. juncea, one CMS system is developed by incorporation of cytoplasm from wild relative B. fruticulosa (Atri et al., 2016). This has been achieved by the backcross substitution of B. juncea (2n = 36; AABB) nucleus into the cytoplasm of B. fruticulosa. Complete and stable male sterility was observed in the B. juncea genotypes which developed rudimentary anthers with sterile pollen grains and no observed changes in other vegetative parts (Atri et al., 2016). Successful B. fruticulosa introgression was documented in at least three chromosomes of B. juncea. Further, F1, F2 and test cross progenies were developed by hybridization between cytoplasmic male sterile and fertility restoring genotypes (Atri et al., 2016). The CMS-fertility-restorer system developed utilizing wild relatives of B. juncea holds significant potential for hybrid seed production in Indian mustard. Detailed studies on evolutionary relationships of CMS and fertility restorer genes would be helpful in establishing efficient F1 hybrid breeding systems in Brassicaceae crops.





Modern -omics tools and techniques

In the context of global climate change, CWRs could be promising genetic resources of abiotic and biotic stress resistance (Kapazoglou et al., 2023). In the recent past, successful breeding efforts have certainly helped in introgression of stress-resistant traits from CWRs into B. juncea. However, genetic bottlenecks have always been an issue (Kumar et al., 2011; Atri et al., 2012; Kapazoglou et al., 2023). The primary step for the introduction of any novel gene into a crop involves successful identification of reliable genetic resources associated with these traits. Future research on transcriptomic profiling (RNA-seq) of CWRs alone, and in comparison with B. juncea cultivars would unravel the molecular mechanisms specifically associated with stress tolerance in CWRs. This would be helpful in the generation of a comparative transcriptomic-profile of the genomic regions, specific stress-responsive genes and biochemical pathways associated with stress tolerance in CWRs and cultivated counterparts of B. juncea. Whole genome sequencing and super-pangenomic research would help in gaining an insight into the total gene pool and the available genetic diversity of CWRs of B. juncea (Khan et al., 2020). It would also facilitate development of molecular markers which could be utilized for targeted B. juncea breeding programs. Additionally, it would be helpful in enhancing our existing knowledge on the complex genetic relationships and genomic introgression events which have occurred between CWRs and B. juncea.

In the recent past, cutting-edge genomics research has led to accurate functional characterization of various genes. It has also helped in elucidating the molecular regulators which may underlie biotic/abiotic stress tolerance (Tirnaz et al., 2022; Kapazoglou et al., 2023). Modern genomics research could be helpful in elucidation of novel gene functions in wild relatives of B. juncea. In this regard, CWR mutant and over-expression lines could be deployed for assessment of accurate gene functions associated with oil and fatty acid composition and quality. Till today, any research on this aspect is largely lacking. The identified novel-genes could be used for genetic transformation of B. juncea with the aim of bio-fortification of oil quality. Bohra et al. (2022) have reviewed in detail how the genetic potential of CWRs can be reaped for producing future crops.






Conclusions and future perspectives

Due to reduced stringency for the selection of yield-related traits, CWRs of B. juncea are valuable sources of resistance against various biotic and abiotic stresses. As reviewed, different crop wild relatives viz. B. fruticulosa, B. tournefortii, B. montana, D. erucoides, S. alba and E. cardaminoides have been used as donors for introgression of stress resistance traits into cultivated B. juncea. However, researchers need to design a pragmatic approach, case-by-case basis for resolving the pre- and post-fertilization barriers for successful transfer of traits of interest. Taking into consideration the ploidy levels of the donor and recipient species, some researchers have opted for utilization of bridge species like B. rapa (diploid species). While, others deployed protoplast fusion and embryo rescue for development of inter-generic hybrids of B. juncea and CWRs with improved stress resistance. For the stabilization of newly introduced traits many generations of recurrent parent back-crossing and open-pollination is further required in these hybrids. Therefore, in every generation, it becomes a herculean task to screen the desired hybrid plants expressing the trait of interest by crop genotyping and phenotyping.

In the past few years, the advances made in omics technologies have discovered novel information on the molecular regulators of biotic and abiotic stress tolerance in different crop plants. These -omics advances have yet not been fully utilized for mining of genes and molecular regulators of stress tolerance in B. juncea CWRs. While, use of transcriptomics would enhance our knowledge on differential regulation of various genes under stress, further genomics studies would be helpful in functional characterization of these genes, followed by their targeted transfer into elite high yielding varieties of B. juncea using biotechnological tools. Further, whole genome sequencing of CWRs and pangenomics would increase our understanding of how genotypic and phenotypic diversity was shaped during domestication/selection processes from CWRs to B. juncea. This would also be helpful in solving the challenges related to breeding and conservation of genetic resources. The whole genome sequencing of CWRs would pave the way for identification of the genes governing resistance to a particular trait and thus suitable molecular markers/candidate-gene specific markers may be deployed for selection of the desired plants, ensuring the trait introgression.
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Most plant conservation strategies generally overlook the intra-specific genetic diversity of crop gene pools. Focusing on forage crops and their wild relatives, we present a novel approach to address the conservation of these species on meadows. Two-thirds of Swiss agricultural land is green land, mostly used for forage purposes, and their genetic diversity is being threatened. We focused here on eight plant associations gathering at least 18 taxa considered priority crop wild relatives of forage crops. Since 2020, about 1,217 high-quality surfaces (representing 1,566 hectares) nationwide have been integrated into an innovative auction-based policy instrument dedicated to conserving these populations. Here, we report the benefits and hurdles of implementing this bottom-up approach and try to estimate the quality of conservation of the forage plants’ CWR gene pool. Although we focus on the Swiss case, our approach to in situ conservation offers opportunities to effectively guide conservation in other contexts. We also discuss possible ways to improve CWR conservation policy, particularly the need to better consider the populations and habitat levels.
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Introduction

According to the latest International Union for Conservation of Nature (IUCN) red list, about 35% of species are threatened with extinction (IUCN, 2023). While networks of protected areas are in place and recognized by the recently agreed Kunming-Montreal Global Biodiversity Framework, these measures appear not sufficient to maintain a minimum level of genetic diversity (Newbold et al., 2015; Tobón-Niedfeldt et al., 2022; Exposito-Alonso, 2023), particularly given global climate change (Li et al., 2006; Schwager and Berg, 2019; Ranius et al., 2023). Thus, innovative approaches are needed to extend the protection measures in species and valuable areas to preserve, but not necessarily considered a very high priority in conservation planning. From this perspective, progenitors of cultivated species, referred to as Crop Wild Relatives (CWR) are particularly representative. CWR taxa that are related to crops used for food, feed, and more generally agriculture, do not necessarily represent the taxa that are the most threatened, but preserving their intra and interspecific diversity is essential for the future of breeding (Dempewolf et al., 2017). In addition, the conservation of crops themselves often focused on the discrete taxa or units (like in the IUCN red list) and less on population diversity and evolution (Coates et al., 2018). In recent years, the conservation planning of CWR has substantially improved (Khoury et al., 2013; Castañeda-Álvarez et al., 2016). This planning usually gathers both ex situ measures (genebanks) and the identification of priority sites for in situ conservation (Teso et al., 2021). Beyond nature reserves, it has been shown that an important part of the CWR distribution is distributed in the agricultural area (Petitpierre et al., 2023). Efforts to identify gaps in the CWR collections concentrate on specific genetic diversity, focusing primarily on “gene pools” and “taxon groups” (Maxted et al., 2006). However, addressing directly the intra-specific diversity remains essential, particularly to breeders.

CWRs of forage crops often relate to common (not threatened) genera (Agroscope, 2023). A peculiarity of these species is their economic value being tightly associated with the various plant associations in which they are growing, and not, as most other CWR are, exclusively to one taxon (Rubio Teso et al., 2021). Therefore, any efficient measure to conserve both intra and inter-specific diversity of CWR of forage taxa must take into consideration the association’s level. This is a serious challenge both in terms of spatial and temporal monitoring, as well as for designing appropriate conservation measures. Here we present an innovative program of measures coupled with subsidies that have been deployed to take into account the challenges of CWR of forage crops spatially and timely.

Agricultural policy frames a large portion of agriculture-related environmental pressures and is intertwined with environmental policy (Mattison and Norris, 2005). In Switzerland, agriculture covers a third of the country (Guntern et al., 2012). Meanwhile, agri-environmental subsidies, which represent about 15% of the total subsidies allocated for agriculture nationally (Walter et al., 2013), have a central role to play in modulating these pressures. The in situ conservation instrument of CWR of forage crops presented here (hereafter the “in situ program”) is a very minor part of the complex regime of measures implemented over the last thirty years to promote multifunctional agriculture. Most of the subsidies targeting environmental objectives so far have been following cross-compliance schemes: the farmers are paid based on the proof of ecological performances they provide. More precisely, 7% of the land is considered an “ecological compensation area” (ECAs, Jarrett and Moser, 2013). It is estimated that 98% of farms are now complying with these standards. Since 2014, ECAs have been divided into two categories (a basic “quality 1” and an enhanced “quality 2” level) depending on species richness and localization. ECA-associated measures distinguish two distinct levels of qualities that entail species richness, limited fertilization, pesticide use, crop rotation and animal welfare. On top of ECAs that are within agricultural surfaces (fields, groves, grasslands), summer grazing surfaces are also included in the biodiversity subsidies, while representing a relatively small portion of the money (30 million CHF) allocated compared with subsidies allocated to “quality” and “network” surfaces (383 million CHF). Interestingly, for results-oriented quality 2 surfaces, local authorities (cantons) can edict some particular specifications to enhance the quality of biodiversity conservation locally. On top of the Q1/Q2 system, a third and partially overlapping category of subsidies is given to networks of valuable surfaces that allow regional projects. These complementary approaches, mixing top-down subsidies on quality surfaces and bottom-up support of local networks improving biodiversity, have been gradually put into force and adapted during the last three decades.

Switzerland is often considered a “green land” with 606,000 ha of pastures and natural meadows that altogether represent about 60% of the agriculture area (FOAG, 2022), pretty much in line with global standards (FAO, 2010). Forage crops mostly consist of various population mixtures of grasses (Poaceae) and legumes (Fabaceae). Important traits have been improved by breeding programs in some species, like yields, digestibility and disease resistance (Capstaff and Miller, 2018). In Switzerland, a list of optimised ecotypes is published annually and covers six legumes and sixteen grass species (Agroscope, 2023). All these species are also considered as priority CWR according to the recently published Swiss CWR checklist, except for Onobrychis viciifolia Scop. (Petitpierre et al., 2023). These ecotypes are usually sold and sown as mixtures. While a pro-active breeding effort is undergone for these forage crops, the long-term quantity and quality of forage produced by these meadows depend on their access to the largest possible genetic diversity. Across the country, there is a relatively large variety of meadows all over the various eco-geographical regions that are also cultivated very differently, from extensive to high-input intensive surfaces (Pazúr et al., 2021). Changes in management over time, particularly concerning tillage, fertilisation, early harvesting and over-sowing are important when aiming at conserving genetic diversity. One of the most significant examples is the estimated 98% decrease in Arrhenatherion meadows since the 1950s (Bosshard, 2015). Promoting ways to conserve the genetic diversity in these surfaces would also preserve the long-term security of an important gene pool for breeding in an ever-changing climate.

We describe here an innovative strategy to improve the conservation of the priority CWR of forage crops in Switzerland. We analyse the dynamics of deployment of the in situ program and try to evaluate the extent to which this program allows sufficient protection of both inter and intra-specific biodiversity. More generally, we discuss whether similar measures could be relevant for other low-intensive surfaces containing other CWR taxa. While new aspirations of the Global Biodiversity Framework have just emerged, developing new efficient strategies to manage plant conservation outside protected areas seems a very timely challenge.





Description: designing the in situ program

The agri-environmental measures in Switzerland follow a cross-compliance scheme based on a complex combination of target and result-oriented measures. The focus on in situ conservation has been triggered by a political push included in the Swiss political agriculture plan 2014-17 (Swiss Federal Council, 2014), setting the base for novel measures that later coagulate into the in situ program. The objectives of the in situ program combine conservation of genetic diversity, sustainable use and long-term adaptation, pretty much in line with more general objectives like the Target 4 of the Global Biodiversity Framework (CBD, 2022). In this respect, the program wished to maintain the land-use intensity stable and without any addition of exogenous genetics over a relatively long period (at least eight years). Meanwhile, reporting of floristic quality and access to research and breeding is guaranteed.

The modalities of the in situ program have been designed by a working group gathering conservationists, scientists, breeders and representatives from local authorities and coordinated by the federal authorities. After an initial phase of design, three possible schemes could be short-listed, ranging from a standard top-down subsidy scheme to an entirely bottom-up network of saving/spending surfaces (Table 1). The first option allows identification by experts of particularly high-quality surfaces but was perceived as quite limited in its scope (low efficiency). It also struggled to comply with constitutional legal principles of “equal treatment” amongst beneficiaries. The bottom-up option (option 2, Table 1) was initially perceived as potentially heavy in terms of administrative burden but has been nonetheless deployed as an independent public-private initiative (Regioflora, 2023). Due to practical (more difficult seed harvesting) and financial (compensatory measures too expensive), this option was mostly concentrated over extensive surfaces. The third and only remaining option (auction-based, Table 1) that has been shifted into the pilot phase combined a trade-off between centralised quality control and bottom-up voluntary participation. Only surfaces were considered when (motivated) farmers actively participated in the published call in the first place.


Table 1 | Three options were designed and discussed with the expert group before the implementation of the in situ program.



The in situ program offers to protect surfaces up to two hectares per farm in all ecogeographic zones. These surfaces must show a specific quality (no or neglectable neophytes and stable population for at least eight years without exogenic sowing) and correspond to one of the targeted species associations (Table 2). Importantly, these surfaces should not be already considered by any other agri-environmental measures and should be localised outside the grazing surfaces. This virtually tells that the in situ surfaces are a new space for conservation on agricultural land. Since its inception in 2021 and in the absence of ex ante quantifiable objective for a sufficient degree of conservation (see discussion below), a maximum quota of 2,750 hectares over the eleven Swiss biogeographic regions and 26 cantons has been set and opened for distribution. This quota also took into account sharing the administrative burden for every canton evenly. Eight plant associations were prioritised in total (Table 2) and at least one target taxa (Table 3) should be present on any surface considered in the program. The attribution scheme is one originality of the in situ program compared to the existing agri-environmental measures. Local public authorities (cantons) are regularly opening a call for surfaces until the quota of the maximum surface is attributed. The selected candidate surfaces are then checked, the floristic quality controlled by expert botanists and only the best surfaces retained in coordination with federal authorities. Noteworthy, the farmer is actually paying the controls him/herself: there is mechanically a first cost-benefits evaluation at the farm level that select for a particular subset of “motivated” participants. The selected surfaces are integrated into the program for the next eight years and receive a contribution accordingly (CHF 450.- per ha in 2022). To test the feasibility and relevance of the option 3 design, two pilots have been conducted starting in 2018 and 2019 in cantons Graubunden and Luzern respectively. Following a call organized by the local administrations, contributions have been distributed and the dynamics of adoption followed. These pilots allowed the identification of some limitations and issues in recruiting farmers who would be willing to participate. After some adaptations, the in situ program was deployed nationally in 2021 (with the first surfaces to be accounted for in 2022).


Table 2 | List of the eight plant associations considered in the in situ program.




Table 3 | Target taxa of the in situ program and their representation on surfaces included in the program.







Methods

Each site included in the in situ program is characterised by spatial coordinates, area, abundance of the target species and attributed association. The identification of plant associations was done by the farmers upon subscription and verified by certified botanists during the selection process, as described in the previous paragraph.




Potential distribution of the sites and stratified sampling

We analyzed the disparity between the actual distribution of sites from this bottom-up in situ program and a stratified sampling across environmental and geographical gradients. Such balanced sampling is anticipated to catch a broad spectrum of the intra-specific genetic diversity (Tobón-Niedfeldt et al., 2022). For this objective, it was essential to determine the potential distribution of the candidate meadows throughout Switzerland’s biogeographical regions and agricultural zones. To map out the complete potential distribution of the candidate sites within the program, we used the shapefiles of the agricultural area in Switzerland (FOAG, 2023). We retained only areas corresponding to permanent meadows, pastures and wooded pastures i.e. areas with codes 613, 616 and 625. These categories are the only eligible for the in situ program. Moreover, we excluded ECAs from the layers as they belong to other subsidy instruments (Supplementary Figure S1).

The GIS layers were sourced from the Federal Office of Agriculture in April 2023. For faster data manipulation, vector layers were rasterized to a 10 m resolution using the terra library (Hijmans et al., 2023) in the R software, version 4.0.3 (R Core Team, 2020).

To delineate different strata along biogeographical and altitudinal gradients, we overlaid the map of Switzerland’s biogeographical regions (FOEN, 2022) with the map of its agricultural zones (FOAG, 2023). Biogeographical regions are delineated based on shared similar ecological characteristics and history. However, they lack a finer subdivision along the altitudinal gradient (FOEN, 2022). For this, the distinct agricultural zones of Switzerland are useful as they are subdivided based on altitude levels, climate, transport routes and topography. They encompass seven zones, ranging from the lowlands to the alpine levels (FOAG, 2023). Out of 84 theoretical units (12 bioregions * 7 agricultural zones), we identified 66 biogeographical strata, as some of the strata were not present across all the biogeographical regions (Supplementary Figure S2).

Therefore, we could identify the potential area for the in situ program in each stratum (Supplementary Table 1). Balanced stratified sampling assumes an equal sampling effort within each stratum. However, some strata have only very few potential areas (Supplementary Table 1). For strata with a potential area equal to or lower than 420 ha, we assumed that only one-tenth of these small areas could be sampled. Therefore, a proportional sampling was assessed in these small strata.





Potential distribution of the associations

For each association, the list of characteristic, dominant or companion species was sourced from Dietl and Jorquera, 2015; Eggenberg et al., 2015 (Supplementary Table 2). For each of these species, a potential distribution map was derived from species distribution models (SDMs) linking species observations to topo-climatic layers (Guisan and Thuiller, 2005; Elith and Leathwick, 2009). We used the same methods, data and environmental datasets as described in Petitpierre et al., 2023. To summarize, species with enough occurrences (n ≥ 10) were associated with an initial set of 33 environmental layers describing topography, climate and remote sensing factors. An initial selection process retained only the most relevant variable, keeping between two and nine variables, depending on the species (see Appendix 1 in Petitpierre et al. (2023)). These variables were then related to species occurrences by combining three modelling algorithms (general additive models, MaxEnt and gradient boosting model) into an ensemble modelling approach (Thuiller et al., 2004; Araujo and New, 2007), or an ensemble of small models (ESM, Breiner et al., 2015) depending on the number of observations. This approach produced continuous suitability maps for each species at a resolution of 100 m. These continuous maps were reclassified into binary maps (i.e. potential presences and absences) by setting a suitability threshold to obtain an omission ratio of 10%. The map of the potential distribution of each association was then obtained by stacking the potential distribution maps of the species contained in the association. In the stacking, maps of characteristic species were given a weight of 1.2 while the other species had an assigned weight of 0.2, i.e. five times less than the characteristic species. Therefore, the stacking of the species potential maps of each association produced a map of a continuous association score. This score was also reclassified into a binary score (i.e. favourable or unfavourable) by comparing the potential distribution of the association with the observed distribution of the associations in the InfoFlora database (Infoflora, 2023), which is the competence centre for information on the wild plants of Switzerland. It contains more than 11’000’000 observations of the Swiss flora and associations score were calculated at a 100 m resolution for Switzerland. The continuous association score of the potential maps of the associations was binarized by setting a threshold to obtain an omission ratio of 5% regarding the observed distribution of the associations, except for Poion alpinae where it was set to 7.5% for a more plausible distribution, according expert’s opinion.





Priority CWR beyond the primary target species of the in situ program

To obtain a more exhaustive list of plant species located at each site of the in situ program (Supplementary Table 3), we extracted the observations from the InfoFlora database in a radius of 75 m around the coordinates of each site and kept the observations of the priority CWR of Switzerland. Only occurrences observed between 01.01.2002 and 31.08.2022, and with a coordinate uncertainty smaller than 150 m were retained. Importantly, as the observations of the InfoFlora database consist of different types of datasets (opportunistic observations, monitoring, surveys), more species can be present around the sites and not being reported in the database.






Impact of the in situ program on forage crop diversity




Adoption rates and actual proportion of surfaces incorporated

Taking the actual stand of deployment (57% quotes filled), the next point is, therefore, to identify where the next surfaces should be ideally situated to significantly improve the conservation of target species and associations. To what extent would the 1’566 hectares included in the program provide sufficient coverage? And if not, how to incentivize the other cantons or farmers to participate? Is the auction-based system the more appropriate scheme when the offer is not sufficient to fill the quotas? Two years after inception, 1’217 surfaces could be integrated into the in situ program, covering a total of 1’566 hectares (Figure 1C). This covers 57% of the allocated quota (2’750 ha) distributed in 23 out of 26 cantons. Some cantons simply did not find any suitable surfaces in the first round, other were reluctant or even refused to participate, as the program was judged not worthy in terms of costs/benefits balance. While the modalities of the in situ program are by definition bottom-up, there is no direct control over the localization of the surfaces being integrated, nor their floristic quality. The relative quantity of each association within the allocated surfaces is only monitored indirectly.




Figure 1 | The seven agricultural zones (A) were crossed with 12 bioregions (B) to delineate 66 biogeographic units in Switzerland. The current distribution of surfaces subscribing to the in situ program (C) is contrasted with theoretical targeted needs to get a distribution approaching a balanced stratified sampling of 2750 ha (D). Bioregions of Switzerland consist of Jura and Randen (1), Lake Geneva Basin (2), Rhine Basin (3), Western Plateau (4), Eastern Plateau (5), Prealps (6), Northern Alps (7), Western Central Alps (8), Eastern Central Alps (9), Engadin (10), Southern Alps (11) and Southern Ticino (12).







Evaluation of sampling needs and potential biases

Considering the surfaces already integrated into the program (Figure 1C), the sites are distributed across 49 biogeographical strata (out of 66; 75%). The potential area for the eligible sites is bigger than 100 ha in 9 empty strata (Supplementary Table 1). We can observe a bias in surfaces considered in the in situ program towards the East of the country (Figure 1). A balanced stratified sampling of 2’750 ha would tend towards 51.63 ha in each stratum with a potential area ≥ 420 ha and 10% of the potential area in strata with a smaller potential (surfaces for each biogeographical unit (Figures 1A, B; Supplementary Table 1). The current distribution of the sites is only weakly correlated to such a balanced stratified sampling (Pearson’s correlation = 0.33, p-value = 0.007) with a significantly different distribution (Chi-square test p-values <0.001). To reach a distribution close to a stratified sampling, the next sites should in priority target the Prealps, Central Western Alps and Southern Ticino regions with about 150 to 190 ha to add, while Rhine Basin, East Central Alps are slightly over-represented with an excess of about 120 ha (Supplementary Table 1). It appears that the biogeographical pattern of the deficit in surfaces occurs mostly in the Alps (Figure 1), but when looking at the finest strata level, lowlands in South-Western Switzerland should also be complemented to tend to a more balanced distribution across the strata (Supplementary Figure S3). This analysis also reveals that Engadin, Eastern Plateau and the Rhine basin are already well covered by the existing network of surfaces, with only 15 to 50 ha to add in these regions (Supplementary Table 1, Supplementary Figure S2). The current distribution of the surfaces is correlated to the distribution of a proportional sampling, i.e. to the distribution of the potential candidate meadows (Pearson’s correlation = 0.81, p-value <0.001) but remains significantly different (Chi-square test p-values <0.001, Supplementary Table 1).





Representation of plant associations

Next, based on floristic data controls, we assessed the actual proportions of each plant association in the instrument after two years of inception (Figure 2). To check whether the frequencies of the associations that have been included in the in situ program are representative, we compared the current observed distributions with the modelled distributions of each association. The associations’ frequencies of the current surfaces are positively correlated with the associations’ potential distribution frequencies (Pearson’s correlation = 0.64) but this correlation is not significant (p-value = 0.086, Figure 2). A Chi-square supports that the current frequency of the associations is independent of the frequency of the modelled distributions of the associations (p-value = 0.016). This indicates a relatively even representativity of each association except for the overrepresentation of Poo pratensis-lolietum perennis and the underrepresentation of Cynosurion and Poion alpinae (Figure 2). While Poion alpinae might not be the most threatened association considered in this program, its floristic quality is highly dependent on nitrogen levels/intensification and therefore very unevenly distributed (Eggenberg et al., 2015). It is also possible that many Poion alpinae surfaces are already integrated into other instruments dedicated to pastures, and therefore not considered here.




Figure 2 | Frequency of each plant association among the current sites of the program (light blue, obs) and the modelled distributions of these associations (dark blue, pot). Detailed composition of each plant association is given in Table 2.



To refine the evaluation of the effectiveness of the in situ program, and to allow a diagnostic on whether and how to fill the rest of the surface quotas, we evaluate for each association their potential suitability and compare it to the actual surfaces already in the instrument. Visually comparing the suitability of each association to the actual extent of surfaces in the program allows a quick and easy diagnostic (Figure 3). Typically, while a vast majority of the Arrhenatherion surfaces are located in the Jura and Eastern Switzerland, the suitability map flags other potentially interesting surfaces in the Western Plateau and the Western Central Alps (Figure 3). Arrhenatherion representation in the program is almost comprehensive compared to the frequency of other associations (Figure 2). However, more sampling effort is necessary in these underrepresented regions to cover the diversity across the full elevational and biogeographical gradient.




Figure 3 | Potential suitability for the eight associations (green area, pot) and current sites of the program belonging to the association (purple dots).







Impact of the in situ program on CWR

Primary targets. All 18 target species are logically distributed across the 1’217 current sites included in the in situ program. However, observation data were missing for 5 sites in the analysed dataset. The rarest species is Onobrychis viciifolia (9 sites), whereas Trifolium repens is the most widely distributed, observed in 1’029 sites (Table 3). On average, each target species can be found in 391.17 +/- 326.86 sites. Each site includes between 1 and 15 target species, with an average of 5.79+/- 2.12 target species.

Other Priority CWR. The presence of at least one of the 18 target species is mandatory to qualify a surface for the in situ program. Except for Onobrychis viciifolia, these species are listed as national priority CWR. Meanwhile, the extent to which other priority CWR from the 285 taxa of the Swiss priority CWR checklist (Petitpierre et al., 2023) could also be present in these surfaces remains unexplored. These “secondary” targets could also be considered contributing to increase the actual effectiveness of this instrument. Other Swiss priority CWR were found in 358 sites (29%). These sites comprise between 1 and 18 supplementary priority CWR. In total, the current distribution of the sites includes 108 priority CWR (38% of the taxa; Supplementary Table 3). There are between 1 and 24 priority CWR per site, with an average of 6.76 +/- 2.88 priority CWR species per site. 9 sites (0.74%) comprise 8 species with a threatened Red List status (i.e. CR, DD, EN, NT, RE or VU). The contribution of the in situ surfaces to the overall diversity conservation appears therefore positive, not only for the primary targets but also for other priority CWR.






Actionable recommendations




Considering various diversity levels for an efficient CWR conservation

Most CWR conservation strategies focus on the “taxa” level (Maxted et al., 2006), but conserving biodiversity is more complex. Taking advantage of the example of in situ conservation of forage plants presented here, we would like to emphasize the various aspects that need to be considered for an efficient conservation design, namely specific and ecosystem diversity (taxa/species numbers and plant populations), phylogenetic diversity (particularly between crops and CWR) and finally intra-specific or allelic diversity.




Specific diversity

The most accessible “level” of diversity in plants is surely through the taxa representation, but care should be taken to also consider the diversity between communities and at landscape scale (referred to as beta and gamma biodiversity respectively). Agricultural practices using forage plants offer an interesting example of the importance of plant associations: identification and work at the farm level do indeed exclusively occur at the association level (and not at the taxon level). In Switzerland, conventional breeding work is concentrated at the single-taxa level, while the products of these forage crops are subsequently commercialized as mixtures (aiming at rebuilding the various plant associations). The primary targets of the in situ program were therefore gathered in 8 distinct plant associations (Table 3), but it is important to consider that differences among the associations themselves can be relatively important (depending for example on the level of fertilisation). Some meadow restoration programs use local seed transfers without systematically considering the actual identity or genetic diversity of the taxa transferred (Hedberg and Kotowski, 2010; Listl et al., 2018; Slodowicz et al., 2023). These practices risk the uniformization of the genepool in the long term. The in situ program uses plant association and their relative distribution as a proxy to conserve the beta biodiversity, while not explicitly measuring it.





Phylogenetic diversity

In addition, the inter-taxon relationship (the phylogenetic diversity) can also be considered to evaluate the diversity of target surfaces (Laity et al., 2015; Gumbs et al., 2021; Gonzalez-Orozco and Parra-Quijano, 2023). Considering phylogenetic diversity is particularly important to the CWR context, as the phylogenetic distance from a CWR to its crop is often linked to its actual use in breeding programs. To emphasize the importance of cytogenetic compatibility, some authors refer to crop wild phytorelatives (CWP, Viruel et al., 2021) to better illustrate this nuance and help in possible prioritizing. More work is necessary to integrate phylogenetic diversity into the in situ program and try to understand the dynamic evolution of the meadow’s population.





Intra-specific/allelic diversity

Intra-specific genetic diversity of forage grasslands, i.e. diversity below the taxonomic species level, is rarely considered and its measure is relatively demanding (Flanagan et al., 2018). However, allelic diversity appears as a key element for effectively informing conservation planning. For example, using multispecies amplicon sequencing allowed a primary evaluation of the allelic diversity of some meadows for grasses and legumes species (Loera-Sanchez et al., 2022). Such approaches may be useful for the in situ program: they can bring more insights into the genetic variability gathered by this instrument and set possible ways to control its evolution through time. A spatially stratified approach to population selection for an in situ conservation strategy has been shown to improve allelic conservation and intra-specific diversity (Tobón-Niedfeldt et al., 2022). Such a quantifiable measure of efficiency of the in situ program could in turn allow better tailoring of the measures and complementary surfaces.

The in situ program presented here takes into consideration the specific diversity, both at a taxa and association level, but data are lacking for both phylogenetic and intra-specific/allelic diversity. The underlying rationale that “more surfaces are better”, which has essentially been driven by practical or political reasons remains to be shown and a lot of questions remain open: what are the optimal surfaces to achieve decent conservation of priority CWR (is 2’750 ha a reasonable target)?, and to what extent the de facto fragmentation of the measure is not a limiting factor to achieve the conservation objectives, particularly in terms of allelic and phylogenetic diversity? At best, our analysis shows that the sites allocated so far do not completely cover altitudinal and biogeographical gradients, whereas stratified sampling along these gradients is crucial for preserving overall diversity (e.g. Gonzalez-Orozco and Parra-Quijano, 2023). More research included in the monitoring and evaluation of the in situ conservation program is needed to allow a clearer evaluation of the efficiency of conservation of the priority CWR through these instruments. For example, there is not enough data to formally determine whether there are enough surfaces (planned or effectively deployed) to conserve rare allelic variations (Whitlock et al., 2016).

Considering its moderate cost and fast inception speed, if proven successful in maintaining diversity, the in situ program could be extended to other priority CWR: 285 taxa have been prioritised in a national survey, of which 18 are included in the actual in situ programs (Petitpierre et al., 2023). The extension of the in situ program to other CWR will take advantage of the 39 complementary CWR regions that have been identified during the survey and will consider CWR of food, feed and medicinal crops (Petitpierre et al., 2023).

Most in situ conservation policies are led side by side with ex situ conservation (e.g. Phillips et al., 2016). Informing and coordinating the in situ conservation of CWR while flagging the need for ex situ conservation appears like a reasonable approach. It is referred to as the trans situ conservation (Riordan and Nabhan, 2019). Trans situ conservation aims primarily at coordinating in and ex situ conservation efforts possibly in a single coherent policy effort, to improve the efficiency of conservation, avoid duplication of work and modulate possible storage artefacts like genetic drift (Lauterbach et al., 2012). In Switzerland, ex situ conservation of wild plants and in particular crop wild relatives is still in its infancy. Standardized protocols are missing, and the ex situ conservation of complex seed mixtures from priority populations would require more research. As described for the in situ program, eco-geographical distribution modelling can be very informative for the efficient design of ex situ conservation policy as well. Generally, fluctuating and contradictory standards for ex and in situ conservation would greatly benefit a stratified and more systematic approach.






In situ conservation of CWR as a policy challenge

The global governance of plant genetic resources historically first concentrated on ex situ conservation (Curry, 2022). Following a recent paradigm shift, it is now also considering in situ conservation as a critical approach to conserving biodiversity. In its second report on the State of the World plant genetic resources, the FAO wrote: “There is a need for more effective policies, legislation and regulations governing the on-farm management of plant genetic resources for food and agriculture, both inside and outside protected areas” (FAO, 2010). This view is combined with the Seed Treaty provision on the conservation of CWR in its Art. 5d: “Promote in situ conservation of wild crop relatives and wild plants for food production, including in protected areas, by supporting, inter alia, the efforts of indigenous and local communities” (FAO, 2010) and provide strong legal support to CWR in situ conservation. Several examples of in situ measures have already been reported, for example, the four types of in situ CWR measures spreading across more than 57 initiatives across Europe: CWR genetic networks, potential genetic networks, people and institutional networks and project-associated initiatives (Alvarez Muniz et al., 2020). It also appears that a vast portion of so-called in situ conservation happens passively, i.e. including CWR already included in an existing protected area. Surveys on in situ measures for CWR reveal a large array of practices and tend to overestimate the actual measures dedicated to CWR conservation (Rubio Teso et al., 2021). The CWR conservation, particularly for taxa that are not necessarily threatened or are situated on agricultural land (Petitpierre et al., 2023), does fall in a “grey zone” between conventional conservation (red-list based) strategies and ex situ collections for breeding purposes. The in situ program is an attempt to address this conservation gap.

One of the first challenges to answer to the requirements of the international framework is to build measures that would be adapted to the Swiss context, particularly to its complex federal structure and subsidies regime. After an extensive consultation and testing phase, the current model inception combined a top-down resource allocation covering up to a theoretical maximum 2’750 ha and a bottom-up approach, where farmers could decide whether to participate in the program. Now two seasons into the program, half of the surface’s quota has been assigned. Two major issues appeared: 1. The addition of a new -supplementary- instrument on top of the whole subsidy machinery is a clear disincentive for farmers. While the instrument concentrates on new surfaces not yet considered by other measures, it remains that the cost-benefit for participation might be perceived as too high. Integration of the in situ program into other existing subsidies or cross-compliance programs might be a possible alternative. Overall, participation in the in situ program was strongly correlated with the support and dedication of the local authorities. 2. The bottom-up approach does not allow for fine control over the surfaces to be targeted: it is not necessarily the best or enough surfaces that will be integrated at first (like the Poion alpinae deficit observed in the current state of deployment, Figure 2). A complementary approach that would specifically target complementary high-value populations could be a possible way forward. Some additional target associations could also possibly extend the scope of the instrument, like for example the acidophilic Festuca-Agrostis meadows. In any case, the involvement of local stakeholders and experts in the flagging of high-value surfaces would be necessary. However, favouring certain farmers over the quality of their surfaces could breach some legal requirements related to equal treatment.

The in situ program represents about 1% of the total amount allocated to biodiversity subsidies to agrobiodiversity and a very small fraction of the surfaces integrated in these schemes (representing in total 190’609 ha in 2022, (FOAG, 2022). Meanwhile, extensive meadows and pastures still represent the vast majority targeted by ECAs. Therefore, it may be important to consider the overlaps between in situ surfaces and other ECA surfaces in terms of plant associations, (given that one condition to add a surface to the in situ program is that they should not be covered by other ECAs) it remains possible that some species or populations would be already under the scope of other measures, for example as Q1 or Q2 surfaces. Identifying such overlap is essential to avoid redundancy and guarantee overall policy coherence. In addition, as with any wild species, the CWR taxa considered in the in situ program are generally also present outside the agricultural area, and the distribution and diversity of the population outside cultivated meadows should also be taken into account for conservation. In such cases, species-rich surfaces -may- be protected under the various networks of natural reserves and other protected areas. Meanwhile, 22% of Swiss priority CWR were not significantly better covered by protected areas (excluding the in situ surfaces) than any random species (Petitpierre et al., 2023). Taken together, the exact relationship between in situ surfaces as a relatively restricted portion of the overall grass (cultivated or natural) meadows emphasizes the complexity of evaluating the instrument, particularly at the taxa level.

Although it appears in our analysis that considering conservation of forage CWR at the population level can in practice be a promising way to mobilize resources at the farm level. An additional concern towards the efficiency of the instrument that cannot be disregarded is the timing of obligations. A minimal 8-year engagement was foreseen in the in situ program, with controls being held regularly. While 8 years is a significant time for a farmer, it remains a possible weakness that can hardly be addressed: It is hoped that once the first round is over, the political and farmer commitments will not be eroded. Long-term management (particularly along altitudinal gradients) should take into consideration climate change. Additional work is needed to evaluate the extent to which the in situ surface network will be impacted, and whether measures could be already taken to mitigate these changes. Several modelling have already been performed on local case studies, like in Holland (Treuren et al., 2017) and Norway (Phillips et al., 2017) and include recommendations towards better coordination with ex situ conservation.






Conclusion

Conservation strategies need to be dynamic and adapt to changes in the natural processes involved and the many anthropogenic cues that are altering habitats (Pressey et al., 2007). Particularly for in situ conservation, this is a timely challenge, given that European grassland alpine ecosystems are predicted to be heavily impacted by climate change (Schwager and Berg, 2019). The in situ program is a novel way of thinking about how to extend conservation outside protected areas towards agricultural lands. Other initiatives that aim to empower local communities and farmers in the conservation of CWR are also emerging gradually (Wainwright et al., 2019; Drucker et al., 2023). This is in line with the newly agreed Global Biodiversity Framework and the consideration of “other efficient conservation measures” (OECM) that are key elements of Target 2 of the GBF (IUCN WCPA Task Force on OECMs, 2019; CBD, 2022). One of the biggest advantages and simultaneously challenges of the program is the bottom-up design, based on a voluntary subscription by farmers themselves. Interestingly, it appears that most difficulties in the program onset were originating from local administrative bodies rather than farmers. This approach fosters a high degree of compliance and motivation: on one hand, only farmers who were concerned and motivated participate: It secures an element of recognition in the broader role of farmers towards agroecosystems and society at large. On the other hand, it shows some limits when it comes to comprehensively safeguarding biodiversity along the whole altitudinal and biogeographical gradients. It seems essential to use complementary conservation programs to target complementary valuable areas that would not have been successfully covered by such an auction-based program. Beyond the Swiss case study, the in situ program could represent a very promising strategy to improve CWR conservation and allow to protection of agrobiodiversity at large.
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Introduction

The introgression of genetic material from one species to another through wide hybridization and repeated back-crossing, plays an important role in genetic modification and enriching the cultivated gene-pool with novel genetic variations. Okra (Abelmoschus esculentus [(L.) Moench)] is a popular vegetable crop with high dietary fibre and protein, rich in essential amino acids, lysine and tryptophan. The wild Abelmoschus genepool has many desirable traits like ornamental value, short internodal length, more number of productive branches, extended bearing, perennation tendency, reduced fruit length (more consumer preferred trait), high mucilage content (medicinal value), abiotic stress tolerances such as drought, high temperature and biotic stress  resistances such as okra Yellow Vein Mosaic Virus (YVMV) and Enation Leaf Curl Virus (ELCV) diseases. The repeated use of elite breeding lines led to narrowing of the genetic base of the okra crop, one of the major factors attributed to breakdown of resistance/ tolerance to biotic stresses. YVMV and ELCV are the two major diseases, causing significant yield loss in okra. Hence, wide hybridization was attempted to transfer tolerance genes from wild species to the cultivated genepool to widen the genetic base.





Material and methods

The screening of germplasm of wild Abelmoschus species at hotspots led to the identification of tolerant species (Abelmoschus pungens var. mizoramensis, A. enbeepeegeearensis, A. caillei, A. tetraphyllus and A. angulosus var. grandiflorus), which were further used in a wide-hybridization programme to generate interspecific hybrids with the cultivated okra. Presence of pre- and post-zygotic barriers to interspecific geneflow, differences in ploidy levels and genotype specific variations in chromosome numbers led to varying degrees of sterility in F1 plants of interspecific crosses. This was overcome by doubling the chromosome number of interspecific hybrids by applying Colchicine at the seedling stage. The 113 cross derivatives generated comprising amphidiploids in the F1 generation (30), F3 (14), one each in F2 and F4 generations, back cross generation in BC1F2 (03), BC1F3 (25), and BC2F3 (02), crosses between amphidiploids (27), multi-cross combinations (07) and inter-specific cross (between A. sagittifolius × A. moschatus subsp. moschatus) selfed derivatives at F8 generation (03) were characterized in the present study. Besides they were advanced through selfing and backcrossing.





Results and Discussion

The amphidiploids were found to possess many desirable genes with a considerable magnitude of linkage drag. Majority of the wide cross derivatives had an intermediate fruit morphology and dominance of wild characters viz., hispid fruits, stem, leaves, tough fruit fibre, vigorous perennial growth habit and prolonged flowering and fruiting. The fruit morphology of three BC progenies exhibited a high morphological resemblance to the cultivated okra, confirming successful transfer of useful genes to the cultivated okra genepool. The detailed morphological characteristics of the various combinations of Abelmoschus amphidiploids and the genetic enhancement of the genepool achieved in this process is reported here.





Keywords: pre-breeding, crop wild relatives, amphidiploids, polyploidization, morphological characterization, colchicine





Introduction

Introgression, the transfer of genes between species mediated primarily by backcrossing (Anderson, 1949; Twyford and Ennos, 2012) plays an important role in the evolution of plant species. It results in genetic modification and enrichment of the genepool for crop improvement programs. The extent of introgression in nature is limited though not prevented by the existence of reproductive barriers that filter natural geneflow (Mallet, 2005; Slotte et al., 2008). Several successful attempts to break interspecific barriers to gene flow have been documented in different crops, which resulted in new genomic combinations (Joseph et al., 2017). Though breeders are consistently interested in introgressing genes conferring desirable traits from wild to cultivated species, the process is elaborate due to the predominance of linkage drag exhibited by the introgressed lines.

Okra (Abelmoschus esculentus L. Moench), a popular traditional vegetable under the family Malvaceae, is grown throughout the tropical and subtropical regions of the world and in warmer parts of the temperate zone. Tender fruits are used as vegetables, in addition to their leaves, buds, and flowers being consumed especially in West Africa (Sharma, 1993). Further, the fiber extracted from the waste stems can be used to make paper pulp or fuel ( Gogoi et al., 2017), while the foliage can be used as biomass (Sharma, 1993). Okra mucilage has potential use in food and non-food products and for medicinal purposes (Ortaç et al., 2018; Peng et al., 2019). Studies also demonstrated the presence of bioactive compounds in plant parts such as leaves, flowers, and seeds (Adelakun et al., 2009; Zhang et al., 2020; Adetuyi et al., 2012; Olawuyi and Lee, 2021). Recently, the effects of okra leaves, fruits, and seed extracts on European sea bass (Dicentrarchus labrax) leukocytes and their cytotoxic, bactericidal, and antioxidant properties were reported by Guebebia et al. (2023). Okra has a vast potential for earning foreign exchange, as it has a significant share in fresh vegetable export of India (2,442.96 million US$ fresh vegetable export during 2022–2023; https://agriexchange.apeda.gov.in/IndExp/PortNew.aspx accessed on Aug 3, 2023).

Breeding efforts are in full swing to develop novel ideotypes with branching behavior, shorter internodes, multi-flory, ramiflory, and nutritional quality. However, the cultivation of okra is facing serious threats due to two major viral diseases, namely, okra Yellow Vein Mosaic Virus (YVMV) and Enation Leaf Curl Virus (ELCV) diseases. Among them, YVMV disease is the most severe constraint responsible for 90% to 100% yield loss depending upon the stage of infection. These diseases reduce the yield substantially and affect the marketability of the fruits (Sanwal et al., 2014a). The virus is readily transmitted by grafting and through the insect vector, whitefly (Bemisia tabaci Gen.) (Varma, 1952). Host-plant tolerance to viruses is one of the most practical, economical, and environment-friendly strategies for reducing yield loss in okra (Ayam et al., 2018). Intensive efforts were underway in India to develop virus-tolerant varieties, and it resulted in the release of several varieties, namely, Pusa Sawani, Arka Anamika, Arka Abhay, and Parbhani Kranti. The host-plant tolerance has been overcome by the evolution of new variants of the viruses because of the development of new strains or due to recombination in virus strains (Sanwal et al., 2014b). Another major reason for the breakdown of resistance would be due to the emergence of the polyphagous ‘B’ biotype of B. tabaci, with its increased host range resulting in the infection of the Gemini virus in previously unaffected crops (Chowda-Reddy et al., 2012). Presently, none of the cultivated okra varieties or hybrids have stable tolerance to YVMV disease (Sandeep et al., 2022).

Undomesticated crop wild relatives are rich sources of genes providing resistance to various diseases, pests, and unfavorable environmental conditions (Rattan and Kumar, 2020). In addition to disease resistance, other agronomic traits such as male sterility (Sigareva and Earle, 1997 in cabbage) and abiotic stress tolerance (Wei et al., 2015 in tobacco) have also been transferred by wide hybridization. Successful development and characterization of amphidiploids have been reported in several crops such as wheat (Zhang et al., 2016; Song et al., 2019; Klimushina et al., 2020; Zuo et al., 2020; Ren et al., 2022), rice (Wang et al., 2013; Kumar et al., 2019), peanut (de Paula et al., 2017; Li-Na et al., 2017; Favero et al., 2020; Ballén-Taborda et al., 2022), Brassica (Thomsen, 1990; Song et al., 1993), Vigna (Mjnocha et al., 1991), Dianthus (Nimura et al., 2006), Cucumis (Chen et al., 2002), and Solanum (Khan et al., 2013; Zhou et al., 2018). Even though many workers have attempted and succeeded in developing interspecific hybrids, the introgressed lines could be utilized only after eliminating the fertility barriers associated with the hybrids.

Dark green fruits, high mucilage content, extended bearing, perennation propensity, high branching, reduced fruit length, and tolerance to drought, high temperature, and okra YVMV disease are some of the favorable characteristics of the wild okra species (Sandeep et al., 2022). John et al. (2013a) reported that wild relatives, namely, Abelmoschus angulosus var. grandiflorus Thwaites, Abelmoschus crinitus Wall., Abelmoschus ficulneus (L.) Wight & Arn., Abelmoschus tetraphyllus (Roxb. ex Hornem.) Wall., Abelmoschus pungens var. mizoramensis K.J.John, Krishnaraj & K.Pradheep, and Abelmoschus enbeepeegearensis K.J.John, Scariah, Nissar, K.V.Bhat & S.R.Yadav did not express any YVMV disease symptoms under field epiphytotic conditions. Similarly, Gangopadhyay et al. (2016) reported field-level tolerance to this disease in accessions belonging to Abelmoschus caillei (A.Chev.) J.M.C.Stevels, Abelmoschus manihot (L.) Medik., and Abelmoschus moschatus Medik. species. Further, A. manihot (L.) Medik. subsp. tetraphyllus (Roxb. Ex Hornem.) Borss. Waalk. was reported as one of the most prominent species exploited worldwide as a source of resistance/tolerance to YVMV, jassids, and fruit borer (Gangopadhyay et al., 2016; Badiger and Yadav, 2019; Patel et al., 2021). Santhiya et al. (2022) also reported the promising accessions of A. moschatus (IC141055), A. tetraphyllus (IC90476-1), and A. caillei (Sikkim), which showed very low incidence of YVMV disease and no incidence of ELCV disease under natural epiphytotic screening. Accessions IC203833 and IC470751 of A. angulosus were reported by Singh et al. (2023a) to be highly resistant to YVMV disease under artificial screening conditions using viruliferous whitefly-mediated mass inoculation. However, elaborate and systematic studies on screening of available wild relatives of Abelmoschus and their utilization in breeding programs are still limited.

Hence, an intensive and systematic wide hybridization or pre-breeding program is required to identify and transfer the genes for tolerance to abiotic and biotic stresses from the wild Abelmoschus species to the cultivated species. Several earlier attempts of wide hybridization in okra have been reported, which include Pal et al. (1952) and Kuwada (1966) for A. esculentus with Abelmoschus tuberculatus; Kuwada (1974) for A. tuberculatus with A. manihot; Akhond et al. (2000) for A. esculentus with A. moschatus; and Samarajeewa (2003) for A. esculentus with A. angulosus and A. esculentus with A. caillei. Further, Manju and Gopimony (2009) succeeded in the development of the variety ‘Anjitha’ by inducing mutation through gamma irradiation of interspecific hybrids of A. esculentus cv. Kiran × A. manihot. Further, Nagaraju et al. (2019) carried out interspecific hybridization using 10 wild species and Amiteye et al. (2019) using A. esculentus and A. caillei. Rattan and Kumar (2020) developed the protocol for embryo rescue of interspecific hybrids involving A. esculentus × A. tetraphyllus. Badiger et al. (2023) elaborated the pollen germination, pollen–pistil interaction, and crossability studies in interspecific and induced colchiploid populations involving crosses between A. esculentus and wild species, viz., A. manihot var. tetraphyllus and A. moschatus. Even though several studies on wide hybridization and development of successful amphidiploids are available, this is the first-of-its-kind report on the characterization of amphidiploids developed through wide hybridizations in the Abelmoschus genus. The present report addresses the following objectives: 1) to document the morphological variability in amphidiploid derivatives among different wild Abelmoschus species and okra and 2) to identify the utility of the Abelmoschus amphidiploids as genetic stocks and sources of useful genes in a variety of development programs.





Materials and methods

Crossability studies and wide hybridization work were started in 2009–2013 and 2015–2017 under the Indian Council of Agricultural Research (ICAR)—National Agricultural Innovation Project (NAIP) and continued under the ICAR-Extramural Project of the ICAR-Horticultural Sciences Division and later under the ICAR-Emeritus Scientist Programme (2018–2021). Initially, under the NAIP, interspecific hybridization was attempted between different Abelmoschus species, primarily for establishing crossability relationships, thereby understanding the genetic relationships between the species based on fertility and secondarily to derive new recombinants to be used in breeding programs (John et al., 2013a). Further, under the subsequent project, the available wild species (44 accns. of 11 Abelmoschus taxa) conserved in the Medium Term Storage (MTS) module of ICAR—National Bureau of Plant Genetic Resources (NBPGR), Regional Station, Thrissur, Kerala, India, were evaluated for resistance/tolerance to okra YVMV and ELCV diseases at three hot spot locations, namely, Varanasi, Guntur, and New Delhi, India. The wild Abelmoschus taxa include A. moschatus subsp. moschatus, A. caillei, A. tetraphyllus, A. pungens var. mizoramensis, A. angulosus var. grandiflorus, A. enbeepeegearensis, A. crinitus, Abelmoschus palianus, A. tuberculatus, A. ficulneus, and Abelmoschus sagittifolius. This led to the identification of tolerant accessions of A. enbeepeegearensis and A. angulosus var. grandiflorus. These tolerant accessions along with other reported sources of virus tolerance (John et al., 2013a) were selected for wide hybridization. It includes 18 accessions of A. esculentus (10 accns. and eight released varieties), one of A. caillei, and eight of wild Abelmoschus spp., the details of which are given in Table 1.


Table 1 | The details of cultivated and wild Abelmoschus germplasm used in the wide hybridization program.






Hybridization

Hybridization is the critical step for obtaining successful hybrids, as anthesis time, anther dehiscence, and pollen viability of the wild species affect the success of the process. Mature flower buds of the female parent were emasculated before anthesis by shaving off the anthers in the previous evening and covered with butter paper selfing bags. Ready-to-open flower buds of the male parent were also covered at the same time to prevent pollen contamination. Pollen from the male parent was collected and dusted onto the receptive stigma of emasculated flowers between 9:00 AM and 10:00 AM (next day) under Thrissur, Kerala conditions and again covered with butter paper bags to avoid pollination with undesirable pollen and then tagged. The selfing bags were removed 3 days after pollination to allow the fruits to develop properly. The tagged fruits upon maturity were harvested, and hybrid seeds were extracted and stored for 3–6 months in a cool place.





Colchicine treatment

The interspecific F1 seeds were scarified by rubbing on sandpaper and soaked overnight in distilled water before sowing. Seedlings were raised in polybags, and half the number of seedlings in all cross combinations were subjected to colchicine treatment. The untreated seedlings were transplanted into pots and allowed to grow under optimal conditions. The untreated seedlings were grown separately, and it was found that the F1 set fruits were without seed set. The pollen grains from these hybrids were found to be pale cream colored, indicating the sterility of the pollen. In order to overcome the sterility in the interspecific hybrids, emerging seedlings at the third leaf stage (epicotyl leaves fully grown and third leaf emergence stage) were subjected to colchicine treatment, 0.10% for 3 days from 7:00 AM to 11:00 AM at 20–30-min intervals using cotton swab method (Figure 1A). As per this method, the cotton swab placed on the apical meristem was soaked with 0.10% colchicine at regular intervals with one drop of the solution. After completion of the application each day, the cotton swab was washed with distilled water, and on the fourth day, the cotton swab was removed (Joseph et al., 2017). The treated plants were regularly sprayed with artificial growth formulations of mineral supplements to boost growth. All treated seedlings were provided with support to withstand weight due to enlarged tissue on account of chromosome doubling, and plants were given an optimal growth environment by shifting them to a mist house.




Figure 1 | (A) Colchicine treatment using cotton swab method on interspecific hybrid seedlings. Inset: close-up photograph of colchicine treatment. (B) Colchicine un-treated and treated seedlings. (C) Bulging at the colchicine-treated site.







General observations on colchicine-treated seedlings

The seedlings exhibited scorching symptoms in the apical region after the colchicine treatment, but mortality depended on the genotype of the seedlings and the prevailing environmental conditions. The third leaf was crumbled or retarded in its growth and in some cases was partially dried. The epicotyl leaves became succulent and turgid and changed their color from light green to dark green (Figure 1B). The epicotyl leaf petioles became shortened compared to the normal seedlings. It took nearly 3–4 weeks for the seedling to overcome the stress induced by the colchicine treatment. Bulging near the collar region, resembling a tumor-like appearance developed at the site of colchicine treatment, was considered an indication of polyploidization (Suma et al., 2020) (Figure 1C). The surviving seedlings were transplanted to standard pots and provided optimal growth conditions following a set of practices recommended for okra. The fertile amphidiploids were further selfed for one more generation to stabilize the genetic architecture (Joseph et al., 2017). Hence, the seeds from the amphidiploids (C0 generation) were harvested and used for generation advancement for the next season. The flowchart detailing the development and advancement of amphidiploids and the timeline depicting the wide hybridization program in okra are presented in Figures 2, 3, respectively.




Figure 2 | Flowchart of wide hybridization, Abelmoschus amphidiploid development, and generation advancement.






Figure 3 | Timeline showing the wide hybridization program in okra.







Naming of amphidiploids

The amphidiploids were named considering their generation, indigenous collection/exotic collection (IC/EC) number of the cultivated species (A. esculentus or A. caillei), and the name of the species/subspecies/variety taxon of the wild Abelmoschus used for hybridization followed by the plant number of the colchiploid selected. For instance, C3/106/mizo30-4 is an amphidiploid in which the capital letter “C” denotes the colchicine-treated offsprings (synonymous to “F”, the filial generation used in general hybridization events) and the subscript “3” the generation of the amphidiploid followed by the last two/three digits of the number of A. esculentus (e.g., 106 of IC260106 in the above-mentioned amphidiploid). It is followed by the first four letters of the lowest taxon of the wild Abelmoschus (mizo of A. pungens var. mizoramensis) species used in the hybridization, followed by the plant numbers of the amphidiploid selected in the subsequent generations. However, in C1Pusamizo and C1Arkamosc (variant) derivatives, the lowest taxon name of wild Abelmoschus species was followed by the last three digits of the IC/EC number of the wild species used in hybridization, viz., C1Pusamizo235-02 and C1Arkamosc (variant) 750-01, followed by plant number selected. Further, for convenience, the selfed derivatives in the F2 and F3 generations were coded as AM series and the multi-cross combinations as B series (Tables 2B, E, F). The surviving amphidiploids were further advanced through selfing up to the C2/C3 generation. The advanced amphidiploids were screened for tolerance/resistance to okra YVMV and ELCV diseases under natural epiphytotic conditions in New Delhi, Guntur (Andhra Pradesh) and Thrissur (Kerala), India, during 2017–2018. The amphidiploid derivatives presumed to have acquired genes from cultivated okra (with low spininess and intermediate fruit length) and found to be tolerant to YVMV disease along with a profuse and extended bearing habit were selected for generation advancement by selfing or backcrossing under the ICAR-Emeritus Scientist Programme.


Table 2A | Details of pedigree information of amphidiploid derivatives in F1 generation.




Table 2B | Details of pedigree information of selfed amphidiploid derivatives in F2, F3, and F4 generations.




Table 2C | Details of pedigree information of backcrossed amphidiploid derivatives.




Table 2D | Details of pedigree information of crosses between amphidiploid derivatives.




Table 2E | Details of pedigree information of multi-cross combinations.




Table 2F | Details of pedigree information of interspecific cross derivatives at F8 generation.



Hence, in the present study, the amphidiploids developed over the years in various generations included a total of 113 derivatives comprising amphidiploids in the F1 generation (30); F3 (14); one each in the F2 and F4 generations; backcross generation in BC1F2 (03), BC1F3 (25), and BC2F3 (02); crosses between amphidiploids (27); multi-cross combinations (07); and interspecific cross [between A. sagittifolius (Kurz) Merr. (Syn. A. moschatus subsp. tuberosus Borss.Waalk.) and A. moschatus subsp. moschatus] selfed derivatives at the F8 generation (03). Polyploidization using colchicine treatment was not undertaken in the cross between A. sagittifolius and A. moschatus subsp. moschatus, as seed setting (few) was observed in this cross. The pedigree information of the amphidiploids is given in Tables 2A–F. Data were taken for 11 quantitative (flower and fruit characteristics) and one qualitative [(presence of spiny hairs scored as absent (0), soft hairs (1), and spiny hairs (2)] characteristics following Charrier (1984) and minimal descriptors for okra (Srivastava et al., 2001). Observations on general morphology (growth habit, branching pattern, nature of lobing of leaves, and presence of red/purple color on the plant parts) were also taken. The diverse amphidiploids were raised in the field from June to November 2021 at ICAR-NBPGR, Regional Station, Vellanikkara, Thrissur, Kerala, India, located at 10.5480°N, 76.2830°E, to understand the variability pattern, to identify desirable segregants, and for generation advancement. The temperature during the crop period was between 23.4°C and 32.5°C, with a mean rainfall ranging from 19.20 mm to 626.9 mm and with an average of 18.16 rainy days per month. The data were analyzed using Microsoft Excel 2019, and summary statistics for each category of amphidiploids (mean, range, standard deviation, and coefficient of variation) were derived.






Results

Interspecific hybridization followed by polyploidization resulted in diverse amphidiploids, which in general exhibited intermediate phenotypic traits with dominant wild characteristics (Figure 4). Wild Abelmoschus species differ from the cultivated types, with respect to the growth habit, branching pattern, density of indumentum (hairiness over plant parts), length and width of the epicalyx, persistence of epicalyx at maturity, fruit length, and growth duration (perennial nature). For reference, Table 3 shows the characteristics of various Abelmoschus spp. used in this study. Basal orthotropic branching; shallow lobing of the older leaves (at bottom) and deep lobing of the top leaves; reddish coloration on the stems, petioles, and nodal region; and yellow flowers were the frequently observed characteristics in the amphidiploids. Additionally, prolific and extended bearing and densely hirsute fruits were regularly observed. The number of ridges on the fruit surface was invariably five in all the derivatives.




Figure 4 | Variability in fruits of various amphidiploid derivatives.




Table 3 | Characteristics of wild Abelmoschus species used in wide hybridization program.






Selfed amphidiploid derivatives

Thirty out of the 113 crosses were amphidiploids in the F1 generation. Twenty-six were crossed between Pusa Sawani and A. pungens var. mizoramensis (IC624236 and IC624235 in 20 and 6 crosses, respectively) and four between Pusa Sawani and A. moschatus variant (EC306750). In all the above crosses, Pusa Sawani was the female parent. Of them, the plants of the amphidiploid derivatives with A. pungens var. mizoramensis as male parent exhibited similar morphology. The stems, petioles, and fruits were highly hispid, and a reddish color was observed on the stems and petioles. Further, the flower buds of C1Pusamizo236 and C1Pusamizo235 derivatives were clustered at the top, resembling the wild parent A. pungens var. mizoramensis (Figures 5A–C). The fruit length and width ranged from 6.13 cm (C1Pusamizo236-26) to 8.83 cm (C1Arkamosc (variant)-750-04) and 2.03 cm (C1Pusamizo236-02) to 2.93 cm (C1Pusamizo236-18), respectively (Table 4A). The epicalyces were medium broad (0.69 cm) and became withered/detached from the fruit at maturity. The majority of them possessed spiny hairs on the fruits. However, the fruits of C1Pusamizo236-14, C1Pusamizo236-02, C1Pusamizo236-30, C1Pusamizo235-09, C1Pusamizo235-02, and C1Pusamizo23-06 were characterized by soft spiny hairs (Supplementary Table 1A). As there was a wide range in the number of seeds per fruit among the C1Pusamizo derivatives (8.50 to 98.25), the coefficient of variation (CV) was high (49.90%) compared to other characteristics.




Figure 5 | (A) Reddish coloration on stems and petioles. (B) Clustered flower buds in C1Pusamizo derivatives. (C) Hispid fruits.




Table 4A | Summary statistics of the selfed derivatives comprising F1, F2, F3, and F4 generations.




Table 4B | Summary statistics of the BC derivatives comprising BC1F3, BC1F2, and BC2F3 generations.




Table 4C | Summary statistics of the crosses between amphidiploid derivatives, multi-cross combinations, and interspecific cross selfed derivatives.



Out of the remaining 16 amphidiploids, 14 were in the F3, and there was one each in the F2 and F4 generations. Among them, seven were progenies selected from the amphidiploid C3/50/mizo30 and three from C3/106/mizo30. Further, one derivative each from C3/50/mizo24, C4/50/mizo24, C3/50/mizo34, C3/87/gran4, C3/817/gran, and C2Ruchitetra (Table 2B) were also included. The A. esculentus genotype used in 10 amphidiploids was IC265650 (C3/50/mizo30 derivatives) and IC260106 in three (C3/106/mizo30) derivatives. IC412987 was the A. esculentus genotype in C3/87/gran4 and Ruchi in C2Ruchitetra1. An erect tall growth habit with basal branching, reddish streaks on the stems, and profuse growth were common characteristics. They also exhibited extended life span, prolific flowering and fruit set, and medium-long spiny ovoid elongate fruits. The fruits of AM-8 were reddish with spiny hairs (Figure 6A), which possessed the maximum length (8.96 cm) among the selfed derivatives. The fruit width was maximum in AM-23 (C3/87/gran4), measuring a mean value of 2.80 cm (Figure 6B) (Supplementary Table 1B). However, the young fruit surface was soft with a spongy nature in AM-3, a segregant of C3/106/mizo30 (Figure 6C). C2/Ruchi/tetra1 exhibited an intermediate fruit length (7.25 cm) with a fusiform shape (Figure 6D). AM-25 (C3/817/gran) was the only derivative with A. caillei as the female parent. The plants of this derivative exhibited green stems, red color at the nodes, broad epicalyces (0.77 cm), and fruits with a mean length of 6.23 cm. The number of seeds per fruit ranged from 9 (AM-23) to 53 (AM-3). Seed shattering was also observed in these amphidiploids. General variability in fruit characteristics among selected selfed derivatives is depicted in Figure 6E.




Figure 6 | Fruit variability in selfed derivatives of F2, F3, and F4 generation. (A) Reddish fruits of AM-8. (B) Short fruit of AM-23. (C) Soft and spongy fruit of AM-3. (D) Fruit of C2/Ruchi/tetra1 with intermediate fruit length. (E) General variability in fruits of selfed derivatives.







Backcrossed derivatives

Twenty-five backcrossed derivatives that developed (BC1F3) also exhibited variability with respect to the growth habit, branching behavior, density of indumentum, and leaf and fruit characteristics. The number of seeds per fruit was the highly variable characteristic indicated by the high CV of 72.97% (Table 4B; Supplementary Table 1C). Fruit length ranged from 3.80 cm (short fruit length resembling wild types) to 13.60 cm (resembling cultivated types) with a mean of 9.23 cm (Table 4B). The plants of C3/50/mizo34 × Parbhani Kranti had purplish stems, petioles with red dorsal and green ventral sides, intermediate epicalyces (0.50 cm), and medium-long fruits (10.75 cm) (Figure 7A). Additionally, they also possessed mildly lobed leaves at the bottom and deeply lobed at the top, and hispid stems and leaves. However, in C3/50/mizo34 × Salkeerthi, the plants exhibited segregation with respect to stem color (purplish green and purple stems) (Figure 7B). They also exhibited hispid stems, petioles, and fruits; intermediate epicalyx width (0.57 cm); and prominent basal branching. Nonetheless, tall plants with green stems having light reddish patches and the absence of basal branching were the characteristic features of C3/50/mizo1 × IC31398A. It produced medium-long fruits (7.70 cm) (Figure 7C) with soft hairs. Reddish purple patches on the stems and petioles, hispid stems, petioles and leaves, and red epicalyces were observed in C3/50/mizo34 × South Canara Local and C3/50/mizo34 × South Canara Local. A similar kind of reddish coloration on the stems, petioles, and epicalyces was observed in plants of C3/50/mizo34 × Arka Anamika. C3/741/mizo9 × EC169415, C3/50/mizo27 × Arka Anamika, and C3/106 mizo6(4) × IC22232 also exhibited wild characteristics like basal branching and late flowering. In contrast to the above, the fruits of C3/50/mizo27 × IC22232 were velvety (Figure 7D), with wide epicalyces (0.80 cm), even though IC22232 and IC265650 (accessions involved in the cross) belong to the A. esculentus (with linear epicalyx) taxon.




Figure 7 | (A) Fruit of C3/50/mizo34 × Parbhani Kranti. (B) Segregation in stem color in C3/50/mizo34 × Salkeerthi. (C) Medium-long fruits of C3/50/mizo1 × IC31398A. (D) Velvety fruits of C3/50/mizo34 × IC22232. (E) Tall growth habit of C3/106/mizo6 × Hissar Unnat. (F-1, F-2) Fruits of C3/106/mizo6 × Kashi Vibhuti and C3/106/mizo6 × Hissar Unnat with low trichome density. (G-1, G-2) Short fruits of B16 × Arka Anamika and B13 × Arka Anamika.



Similarly, a robust tall growth habit, green stem, reddish spots and streaks along the stems, and reddish color at the nodes were observed among the plants of the derivatives C3/87/gran2 × EC169415. Epicalyx was broader (0.60 cm) and non-persistent; fruits were longer than those of the other amphidiploids (12.33 cm). It also exhibited mildly lobed leaves at the base and deeply lobed toward the top. C3/741/gran12 × IC31398A also had stems, petioles, fruits, and leaves covered with thick spiny hairs. Leaf lobing was like the former one, with red coloration at the node, with an average of 19 seeds per fruit; however, epicalyx persisted up to a certain maturity of the fruit. Branching extended up to half the height of the plants. The plants of C3/106/mizo6 × Hissar Unnat were also very tall with basal branching (Figure 7E), reddish stems and petioles, and prominent spiny hairs on them. The tall nature, robust growth, and low trichome density in fruits (Figures 7F-1, F-2) were common in all derivatives involving C3/106/mizo6. The fruit hairs were soft in B-16 × Arka Anamika and B-13 × Arka Anamika (BC1F2) (Figures 7G-1, G-2). C3/50/mizo1 × Kashi Lalima exhibited reddish coloration on the stems, epicalyces, flower buds, and petioles but with green hispid fruits and medium broad epicalyces (Figures 8A–C). The plants of derivative C3/87/gran2 × Arka Anamika were an intermediate type with a semi-dwarf habit but with highly spiny and reddish stems, basal branching, medium-long fruits (8.53 cm), and medium broad epicalyces (0.43 cm). However, the fruit surface was soft and hairy. Non-spiny fruit surface was observed in four amphidiploids (Ruchi × AM-24, Ruchi × AM-6, C3/50/mizo27 × IC22232, and C3/50/mizo27 × IC31398A). The fruits of the first two resembled the morphology of cultivated okra having mean fruit length of 12.55 and 13.60 cm and with slender linear epicalyces. The number of seeds per fruit was 40 in Ruchi × AM-24 and 24 in Ruchi × AM-6.




Figure 8 | (A) Fruit. (B) Flower bud with epicalyx. (C) Flower base of C3/50/mizo1 × A.esculentus cv. Kashi Lalima. (D) Kashi Lalima.



Among the derivatives in the BC1F2 and BC2F3 generations, Ruchi × AMPK-1, Ruchi × AM25, B-13 × Arka Anamika, and B-16 × Arka Anamika were wild types with short to medium fruits (6.02 cm–7.46 cm) (Supplementary Table 1D) with the presence of soft to nil hairs. However, in B-16 × Arka Anamika, fewer branching was a distinct characteristic. Arka Anamika × AMPK-1 (BC2F3) exhibited morphology of cultivated A. esculentus with long fruits (11.40 cm) devoid of spiny hairs on the fruit, with the number of seeds as high as 60 per fruit. Narrow variability was exhibited among the derivatives for epicalyx width (0.73 cm–0.97 cm) and fruit width (2.00–2.68 cm) as demonstrated by the narrow range and low CV of 11.01% and 11.90%, respectively (Table 4B). However, the range of seed setting in fruits was wide (4.33–60.00). Figures 9A–C depict the backcross derivatives with cultivated okra-type fruits.




Figure 9 | Backcrossed derivatives with cultivated okra morphology (A) Ruchi × AM-6. (B) Ruchi × AM-24. (C) Arka Anamika × AMPK-1.







Cross between amphidiploids

Twenty-seven cross derivatives developed by crossing between amphidiploids had also exhibited variation, as revealed by the wide range in characteristics like fruit length (3.30–9.29 cm), number of epicalyx segments (5.00–10.00), number of seeds per fruit (7.33–33.25), petal length (4.90–10.10 cm), petal width (3.77–10.53 cm), and flower diameter (5.70–16.70 cm) (Table 4C). B-13 × AM-24, a derivative of cross involving A. esculentus, A. angulosus var. grandiflorus, A. tetraphyllus, and A. pungens var. mizoramensis (Table 2D), exhibited maximum values for fruit length (9.29 cm) and number of epicalyx segments (10.0). The minimum values for fruit width (1.73 cm), epicalyx length (1.20 cm), epicalyx width (0.13 cm), petal length (3.77 cm), petal width (3.77 cm), flower diameter (5.70 cm), and the absence of spiny hairs on the fruit surface were also shown by this derivative (Supplementary Table 1E). The plants of B-4 × AM-24 and B9 × AM-25 were vigorous, with profuse branching and fruiting. However, B-9 × AM-23 plants were distinct, with comparatively small flowers (diameter 7.50 cm), broad epicalyces, and broadly lobed leaves and without spiny hairs on the plant parts. Thirteen derivatives possessed either red color throughout or red spots or red striations on the stems. Red coloration at the nodal region was also a frequently observed characteristic in many derivatives.

AM-24 × B-4 was a cross between two amphidiploids in which B4 was a progeny of a three-way cross involving Arka Anamika, A. tetraphyllus (IC253122), and A. palianus (IC0624218). The fruits had an average length of 5.60 cm, a width of 2.70 cm, and six epicalyces measuring 2.76 cm × 0.83 cm, and soft trichomes. The increase in the length of fruits was evident in the derivatives, namely, B-16 × AM-24, B-15 × AM-25, AM-25 × CR-1, and B-13 × AM-24 (Figures 10A–D). AM-25 × CR-1 (A. esculentus IC260106 × A. sagittifolius IC470750)]) was the only cross involving A. sagittifolius in this category; however, none of the distinct characteristics of A. sagittifolius (pink flowers, slender epicalyces, soft fruits, and long peduncles) were observed.




Figure 10 | Increase in fruit length in derivatives of cross between amphidiploids (A) B-15 × AM-25, (B) AM-25 × CR-1, (C) B-13 × AM-24, and (D) B-16 × AM-24.







Multi-cross combinations

All the derivatives of multi-cross combinations had medium-wide epicalyces to wide epicalyces (range 0.43–1.10 cm) with medium spiny hairs on the fruit surface. A wide range was observed in fruit length (3.80–9.70 cm), in contrast to a narrow range in fruit width (2.10–2.55 cm). The number of seeds per fruit exhibited maximum CV (39.48%), and the values ranged from 8.50 (B-9) to 24.33 (B-4). The fruits of B-5 had on average nine epicalyx segments per fruit and fruit length of 9.04 cm. The number of epicalyx segments in the derivatives under this category ranged from 5.0 (B-15) to 9.0 (B-5). However, the fruits of B-15 were short (3.80 cm), with only five epicalyx segments with length and width ranging from 2.90 cm and 0.90 cm, respectively. Fruit peduncle length was maximum (4.08 cm) in B-5 (Table 4C; Supplementary Table 1F). B-9 exhibited maximum values for flower diameter (14.80 cm); however, B-5 and B-13 exhibited maximum values for petal length and width, respectively.





Interspecific cross selfed derivatives

Three interspecific cross selfed derivatives of the cross, i.e., A. sagittifolius × A. moschatus subsp. moschatus, advanced to the F8 generation (Table 4C; Supplementary Table 1G) were also included in the study. Two of them (AM-13 and AM-19) exhibited the characteristics of A. moschatus having fruits with slender linear epicalyces, soft to no hairs, and oblong capsules with acute apex and bright yellow flowers (Figures 11A–C). The fruit length and width ranged from 7.82 to 8.56 cm and 2.53 to 2.63 cm, respectively. Similar to A. moschatus, the number of epicalyx segments varied from 7.33 to 9.67 with a mean of 8.83 per fruit. The length and width of epicalyx segments were 2.18 cm and 0.38 cm, respectively. In contrast to basal branching, branching throughout the nodes was a peculiar characteristic observed in these derivatives. The flower diameter ranged from 10.77 to 13.05 cm with a mean of 11.74 cm (Table 4C). AM-13 did not exhibit spiny hairs on the fruits, and the number of seeds also varied significantly from the other two derivatives (Supplementary Table 1G). The fruit peduncle length ranged from 4.30 cm to 5.22 cm with an average of 4.79 cm in the derivatives.




Figure 11 | (A) Slender epicalyx. (B) Bright yellow flower. (C) Oblong fruit of AM-19.








Discussion

A promising breeding method for the creation of new genetic variability in a crop species is wide hybridization, which became a routine practice in crops such as wheat after the advancement of hybridization techniques (Mujeeb-Kazi and Rajaram, 2002). The dynamics of geneflow existing between the cultivated and wild species of Abelmoschus is less studied as compared to other vegetable crops. Earlier studies revealed that “it is more difficult to cross cultivated species with wild species of Abelmoschus” as evident from several attempts made for interspecific hybridization by various authors (Joshi and Hardas, 1956; Kuwada, 1957; Hamon and Yapo, 1985). Wild relatives of okra represent a good source of variation for breeding programs, particularly for traits related to biotic and abiotic stresses, and fruit quality (Sandeep et al., 2022). Hence, wild species that remain unexploited may be used via pre-breeding approaches for developing desirable introgressed lines.

In the present investigation, interspecific crosses involving A. esculentus and wild relatives, followed by polyploidization, generated considerable variability in the amphidiploid derivatives. These results reaffirmed the earlier reports on the successful interspecific hybridization to generate considerable variability (Reddy, 2010; Arunkumar, 2015; Patel et al., 2021; Badiger et al., 2023; Singh et al., 2023b) and the existence of barriers to the transmission of gene flow from wild species to the cultivated ones (Rajamony et al., 2006; Jatkar et al., 2007; Badiger et al., 2023). Widely variable amphidiploids have also been generated from the hybrids of wheat and related species of the genera Aegilops, Secale, and Thinopyrum by Nemeth et al. (2015). Rapid phenotypic changes in synthetic allopolyploids in Brassica napus have also been reported by several workers, which were attributed to mechanisms such as recombination between homoeologous chromosomes and alterations in the expression pattern and DNA methylation status of genes (Song et al., 1995; Schranz and Osborn, 2000; Lukens et al., 2006; Gaeta et al., 2007; Xu et al., 2009; Szadkowski et al., 2010). However, in contrast to this, Sheela (1994) reported a strong genetic mechanism preventing free recombination in the interspecific hybrid population of Abelmoschus.

In the present study, the majority of the okra amphidiploids exhibited intermediate morphology, especially with respect to the fruit characteristics, which is in conjunction with the observations in amphidiploids developed between Cucumis sativus L. and Cucumis hystrix Chakrav. (Chen et al., 2002) and Solanum melongena L. and Solanum aculeatissimum Jacq. (Zhou et al., 2018), where the synthetic amphidiploid plants possessed some characteristics common either to cultivated or to the wild parents. Further, the greater vigor of the amphidiploids may be attributed to the heterozygosity of different genomes (Nasrallah et al., 2000; Chen, 2010; Fujimoto et al., 2011). Badiger et al. (2023) observed that the interspecific hybrids developed between A. esculentus and wild species (A. manihot var. tetraphyllus and A. moschatus) showed intermediate morphological traits with greater alliance toward their wild parents. In the present study, distinct variation was also apparent in the indumentum density among the amphidiploid derivatives. The purple coloration on the stems, petioles, and nodal region in the majority of the amphidiploids was inherited from the wild parent A. pungens var. mizoramensis. This taxon as described originally by John et al. (2020) exhibits dark-purple blotches at nodes, and these blotches extend to the internodes. It was interesting to note that the recovery and survival rate of the amphidiploids with A. pungens var. mizoramensis were high compared to those of other combinations (A. esculentus with other wild species) after colchiploidization, reaffirming the findings of Rana and Arora (1991) that there is a genetic affinity between A. esculentus and A. pungens.




Selfed amphidiploid derivatives

Wild characteristics, namely, shorter fruit length, hispid nature, and seed dehiscence from the apex of the fruit, were prominent in the amphidiploids in the F1 generation; however, profuse and extended bearing were observed. As linkage drag was prominent, they required repeated backcrossing to accumulate the desirable genome of the recurrent parent. The similarity in morphology among the C1Pusamizo derivatives may be attributed to the heterozygosity in all the F1 individuals leading to a uniform homogenous population. The increase in fruit length was evident (range of fruit length 6.13–8.83 cm) (Table 4A) against the range of fruit length in A. pungens var. mizoramensis (3.5–5.0 cm) (Table 3). IC624235 and IC624236 (both collections from Nagaland, India) were the A. pungens var. mizoramensis genotypes used. Among them, a higher seed setting (more than 45 seeds) was obtained in amphidiploids involving IC624235, except in C1Pusamizo235-03. This reveals that there is genotype-specific cross compatibility between A. esculentus and A. pungens var. mizoramensis. The persistence of epicalyces at fruit maturity was not observed in the derivatives in contrast to the persistent epicalyces in the wild parent (John et al., 2020). Regarding the derivatives involving A. esculentus and A. moschatus variant, the seed setting ranged from 22.75 to 98.25, indicating that the seed setting was possible by using A. esculentus as a female parent. Badiger et al. (2023) also confirmed that viable seeds were obtained in the direct cross. They reported that A. moschatus × A. esculentus crosses (reciprocal cross) suffered from severe pre-zygotic barriers that resulted in the formation of aborted embryos with partially filled seeds. C1Arkamosc (variant)750-02 produced fruits like A. moschatus, confirming the dominance of genes from the wild parent. As A. moschatus, a perennial species, is reported to be tolerant to other multiple biotic stresses such as powdery mildew, jassids, whitefly, fruit, and shoot borer (Badiger and Yadav, 2019; Yadav et al., 2019), it can be utilized in multiple pest and disease resistance breeding (Badiger et al., 2023). The perennation tendency and profuse-bearing habit of amphidiploids can also be exploited for selecting segregants to be used as a home garden vegetable, as a single plant in the kitchen garden can suffice the okra requirement of a family throughout the year. For commercial cultivation, genotypes bearing during the off-season will also fetch higher prices for the farmers.

The amphidiploids in the F2, F3, and F4 generations also exhibited wide variations with respect to the number of seeds per fruit. The seed set was even as low as nine seeds per fruit in AM-23, a cross between A. esculentus and A. angulosus var. grandiflorus. This low seed set might be owing to genetic imbalances due to improper bivalent formations during meiosis because of genomic differences in parents (A. angulosus var. grandiflorus as 2n = 66; A. esculentus as 2n = 130) (Merita et al., 2012). The epicalyx width, one of the important taxonomic characteristics, was maximum in the amphidiploid AM-23 (C3/87/gran4) (1.60 cm) (Supplementary Table 1B), indicating that the trait might have been transferred from the male parent IC613527 (A. angulosus var. grandiflorus), which has comparable epicalyx width ranging from 1.30 to 1.50 cm in general (Table 3) (Yadav et al., 2014). C2/Ruchi/tetra1 had plant morphology similar to that of A. tetraphyllus, with purplish stems, very vigorous growth, and orthotropic basal branching. It developed fruits with an average length of 7.25 cm and without prickly spines (the only amphidiploid without spiny hairs among the advanced selfed derivatives). This contrasted with the fruit length in A. tetraphyllus, which ranges from 3.50 to 5.50 cm (Pandey et al., 2016), indicating the transfer of useful genes from cultivar Ruchi. Similar kinds of naturally introgressed lines (with enhanced fruit length and fusiform shape) can be observed when A. tetraphyllus and A. esculentus are grown in the adjacent or same fields in the previous season. AM-4, a derivative selected from the cross between A. esculentus IC265650 and A. pungens var. mizoramensis IC0624222, was observed to have a maximum value for flower diameter (13.93 cm), which exceeded the mean flower diameter of both the parents.

All the derivatives produced showed yellow flowers with extended flowering periods, giving scope for identifying segregants with ornamental qualities with perennial nature. We also identified novel types with profuse flowering, suitable for deriving ornamental types in the selections among C1Pusamizo14, C1Pusamizo02, C1Pusamizo30, C1Pusamizo09, and C1Pusamizo06, which were less hispid too. However, horticultural practices like pruning need to be standardized to maintain them as a bushy plant. Cui et al. (2018) reported the prospects of the development of perennial wheat through hybridization between wheat and wheatgrasses (Thinopyrum spp.). Similar valuable trait-specific amphidiploids of Triticum turgidum subsp. durum–Aegilops longissima with high iron and zinc contents (Tiwari et al., 2008) and T. turgidum–Aegilops umbellulata with strong tillering ability, stripe rust resistance, and seed size-related traits (Song et al., 2019) have also been reported. Similarly in vegetables, the hull-less seed trait was transferred from Cucurbita pepo to Cucurbita moschata through interspecific hybridization (Kaur et al., 2023).





Backcrossed derivatives

The traits from wild species exhibit dominance; accordingly, the amphidiploids developed possessed a high hispid nature of the plant parts. To recover the traits of a cultivated parent, backcrossing was initiated in the F2/F3 stage. Irrespective of the recurrent parent used in backcrossing, our focus was on the selection of segregants with intermediate to long fruits with less spiny hairs on the fruit surface, extended and profuse bearing, and a greater number of seeds per fruit. Wide variability was observed among the BC derivatives with respect to the fruit morphology varying from true wild types to the cultivated types, in addition to the intermediate types. Similar results of morphological divergence among backcrossed progenies developed from the interspecific hybrids of Brassica oleracea var. alboglabra × Brassica rapa L. var. purpurea were reported by Zhang et al. (2016). The increase in fruit length indicates the gene flow from the cultivated types. Basal branching observed among the derivatives may be a dominant characteristic, as the majority of the derivatives exhibited this characteristic. The segregants without basal branching may be selected in the advanced generations, as this characteristic impedes easy harvesting and reduces the number of plants that can be accommodated in unit areas during commercial cultivation. The characteristic reddish spots and patches along the stems and petioles and tall nature in derivatives with A. pungens var. mizoramensis as one of the parents indicated that these characteristics might have transferred from this wild parent. A. pungens var. mizoramensis exhibit purplish spots on the younger stems and attain height up to c. 3 m as reported by Yadav et al. (2014) and John et al. (2020). Similarly, the characteristics, namely, the persistence of epicalyces at fruit maturity and red coloration at the nodal region in C3/741/gran12 × IC31398A, might have been inherited from the wild parent, A. angulosus var. grandiflorus, which is reported to have these characteristics (Yadav et al., 2014). C3/50/mizo34 × IC31340C and C3/50/mizo27 × IC31340C, the derivatives from the same male parent, had similar morphology. The plants shared characteristics like the presence of reddish spots on the stems, medium-wide epicalyces, and soft to spiny hairs on the stems, leaves, petioles, and fruits. It was observed that seed setting was less than 10 per fruit in 12 backcrossed derivatives (Supplementary Table 1C), which may be attributed to the genotype differentiation in crossability behavior.

Among the BC1F3s, Ruchi × AM-24 and Ruchi × AM-6 were the desirable segregants with long fusiform fruits with as high as 60 seeds per fruit. Arka Anamika × AMPK-1, a derivative in the BC2F3 generation, also exhibited the morphology of cultivated A. esculentus (Figures 9A–C). However, more backcrossing will be needed to re-constitute the genome of cultivated okra. The flow of genes from the cultivated to the amphidiploids was apparent in the BC derivative involving Kashi Lalima also. Kashi Lalima is a variety of okra released from ICAR-Indian Institute of Vegetable Research, Varanasi, Uttar Pradesh, India, bearing reddish-purple fruits rich in anthocyanin and phenolics and red-colored stems, petioles, and leaves (Figure 8D) (https://iivr.icar.gov.in/kashi-lalima-vror-157 accessed on July 12, 2023). C3/50/mizo1 × Kashi Lalima exhibited reddish-colored stems, epicalyces, and petioles, which might have been inherited from the cultivated variety. However, it produced green hispid fruits (8.10 × 1.80 cm) with medium broad epicalyces (0.35 cm) inherited from the wild parent (Figures 8A–D). The desirable backcrossed derivatives may be screened at hot spot locations of YVMV and ELCV diseases, and the tolerant/resistant lines may be included in the breeding programs. Arunkumar (2015) and Singh et al. (2023b) identified resistant backcross derivatives of the cross between A. esculentus and A. caillei and A. esculentus and A. manihot, respectively.





Crosses between amphidiploids and multi-cross combinations

As a penultimate objective, the amphidiploids were crossed among themselves to induce maximum recombination between the different genomes so that there is a greater probability of obtaining desirable segregants. This was supported by the views of Favero et al. (2020) in Arachis sp. that there is a possibility to obtain complex hybrid derivatives generated by crossing between the amphidiploids with high crossability rates. In the present investigation, all the derivatives developed by crossing between amphidiploids yielded plants with prominent basal branching with broader mildly lobed leaves at the bottom and deeply lobed ones at the top. This is in concurrence with the report of Sutar et al. (2013) regarding the presence of angular or palmatifid lower leaves and palmisect upper leaves in A. palianus, palmatifid lower leaves in A. angulosus Wall. ex Wight et Arn. var. mahendragiriensis R.C.Misra var. nov. (Misra et al., 2018), and broadly orbicular lower leaves in A. pungens var. mizoramensis (John et al., 2020).

B-16 × AM-24 was one of the desirable segregants, with medium-long fruits (8.88 cm), closer to the cultivated type, though with some wild-type morphology. The average fruit length of the wild species used in the above cross, viz., A. tetraphyllus, A. angulosus var. grandiflorus, and A. pungens var. mizoramensis, was 3.50 to 4.50 cm, 3.00 to 4.00 cm, and 3.50 to 5.00 cm, respectively (Table 3). Hence, the increase in fruit length can be attributed to the transfer of genes conferring fruit length from the A. esculentus genome. This trend also manifested in B-15 × AM-25 (8.53 cm), AM-25 × CR-1 (8.37 cm), and B-13 × AM-24 (9.29 cm). However, this increase was not exhibited in the characteristic number of seeds per fruit, which ranged from 7.33 to 33.25 with an average of 18.50 seeds (Table 4C). B-16 × AM-23, a derivative of cross involving A. esculentus, A. angulosus var. grandiflorus, and A. tetraphyllus, possessed the largest flower among all the derivatives with an average flower diameter of 16.70 cm. Nonetheless, the flower diameter was minimum (5.70 cm) in B-13 × AM-24, a smaller value than any of its parents. The flower diameter of the parental species ranged from 6.00 to 7.00 cm in A. esculentus and A. angulosus var. grandiflorus, 7.00 to 8.00 cm in A. pungens var. mizoramensis, and 5.00 to 7.00 cm in A. tetraphyllus (Table 3). Except for B-9 × AM-25 and B-15 × AM-25, all the derivatives had A. pungens var. mizoramensis as one of their parents. B-9 × AM-25 recorded the maximum value for the width of epicalyx segments among the crosses between amphidiploids. Seven derivatives, namely, B-16 × AM-24, B-15 × AM-25, B-13 × AM-24, B-16 × AM-23, B-2 × AM-25, B-9 × AM-23, and B-4 × Was-15, were devoid of spiny trichomes on their fruit.

All the multi-cross combinations had medium spiny fruits (Supplementary Table 1F). Three derivatives, namely, B-5, B-6, and B-9, had intermediate fruit characteristics, indicating the probability of increasing fruit length through backcrossing. The results are encouraging considering that simultaneous introgression of genes from four wild Arachis species into peanuts was possible through the development of complex hybrids by crossing between amphidiploids of Arachis spp. (Favero et al., 2020). Further, the derivatives from these complex multi-crosses can be used for conducting basic studies to understand the genetic mechanisms of virus tolerance in Abelmoschus. Such derivatives can help in the identification of alternate genes for tolerance in okra.





Interspecific cross selfed derivatives

In addition to searching germplasm for virus tolerance, interspecific crosses were also made to investigate the prospects of obtaining other desirable traits from the wild germplasm. A. sagittifolius (a wild taxon bearing tuberous roots, slender epicalyces, and white to pale yellow to dark pinkish flowers) was crossed with A. moschatus subsp. moschatus (bearing non-tuberous tap roots, slender epicalyces, and yellow flowers with dark purple-centered corolla). The F1s developed yielded plants with deep red color with ornamental potential, both as a candidate for flowerbeds and as potted plants. The ornamental F1 hybrids had tuberous tap roots and perennation ability, which can be easily propagated through stem cuttings. They hardly needed any care and could easily grow throughout the year in tropical climates (John et al., 2013a; John et al., 2013b). The F2s of the cross produced flowers of various shades of pink, yellow, light red, and dark red and combinations of these colors. However, the selfed derivatives of the present study produced bright yellow flowers only, as yellow-flowered segregants were selected from the early segregating generation. Further, they have attained homozygosity for the characteristics at the F8 generation. Both direct and reciprocal crosses can be attempted further to derive more diverse segregants. The derivatives have the potential to act as a source of powdery mildew tolerance in okra breeding.





Fertility restoration in amphidiploids

The number of seeds set per fruit increased significantly in the amphidiploids, and it ranged from 4.00 to 98.00 per fruit. Seven derivatives produced more than 50 seeds per fruit, which include four selfed amphidiploid derivatives, one backcrossed, and two interspecific cross selfed derivatives. However, the number of seeds was less than 10 in 22 derivatives, which comprised 13 BCs, two selfed, and seven derivatives of the crosses between amphidiploids. The wide range in value for this trait also indicates that there is genotype specificity in crossability between different species, as crosses of wild Abelmoschus with different genotypes of A. esculentus had different degrees of fertility restoration leading to differed numbers of seeds per fruit (Merita et al., 2012). Profuse fruit bearing was observed in the majority of the amphidiploids even though seed setting propensity was different. Bhat et al. (2014) reported high irregularities in meiotic chromosome pairing such as the formation of multivalent associations, lower frequency of bivalents with more rod over ring bivalents, and higher number of univalents in the interspecific hybrids involving various Abelmoschus species. Similar reports of low frequency of multivalent formation and lagging chromosomes were observed during meiosis in synthetic amphidiploids developed from interspecific hybrids between S. melongena and S. aculeatissimum (Zhou et al., 2018). These results also highlight the need to conduct detailed cytogenetic analyses of interspecific hybrids and their derivatives in Abelmoschus. Reports on the chromosome counts of all the available taxa are also limited. Table 5 depicts the chromosome counts of wild Abelmoschus species used in the present study.


Table 5 | Chromosome numbers of different Abelmoschus spp. used in the study.



In general, shorter fruit stalk observed in amphidiploids revealed that the gene controlling this trait has been incorporated from cultivated types. A. esculentus is reported to have fruit stalk length ranging from 1.99 to 3.00 cm (Reddy et al., 2022) and that of A. caillei ranging from 1.55 to 6.11 cm (AdeOluwa and Kehinde, 2011). However, the fruit stalk length of wild species is longer, viz., A. palianus with 4 cm (Sutar et al., 2013), A. moschatus with 6.0–15.3 cm (Yadav et al., 2014; Gangopadhyay et al., 2016), and A. enbeepeegearensis with 4.3–4.5 cm (John et al., 2013c).






Conclusion

The interspecific hybridization and subsequent polyploidization created tremendous variability among the amphidiploids. A considerable number of amphidiploids exhibited wild characteristics. However, amphidiploids with cultivated species morphology and intermediate types with longer fruits and less trichome density were also recorded. As the wild relatives used in the wide hybridization are reported to be the source of field resistance/tolerance to okra YVMV and ELCV diseases, the new synthetic amphidiploids would be a valuable source for okra improvement. Out of the 113 amphidiploids characterized, three derivatives, viz., Ruchi × AM-24, Ruchi × AM-6, and Arka Anamika × AMPK-1, expressed the phenotype of the cultivated okra with long fruits, less trichome density and basal branching, and low spininess, which can be directly used as breeding lines. The ornamental potential of interspecific crosses such as AM-13 and AM-19 may also be tapped. Profusely flowering C1Pusamizo derivatives could be advanced further for deriving suitable ornamental types. The presence of more seeds per fruit in certain derivatives indicated that fertility restoration and advancing of generation through backcrossing can yield desirable segregants with okra morphology. Other desirable traits like profuse tillering, perennation nature thereby extended flowering and fruiting, off-season bearing, and ornamental qualities can also be exploited. All the derivatives were advanced by backcrossing (72 lines), selfing (48 lines), and bulking the open-pollinated seeds (all 113 lines). Multi-location testing for YVMV disease tolerance of the advanced lines is in progress, which will help to study the reaction of resistance gene(s) in hosts to various strains of YVMV, which in turn will help the breeders to identify major genes controlling known physiological basis of resistance. Hence, the genetic stocks in the form of interspecific derivatives developed here involve seven different wild species and are a reservoir of sources of genes with tolerance to YVMV and ELCV as well as several other characteristics of importance to okra improvement. However, more systematic analyses are required so that genes for tolerance and other traits can be identified and tagged with molecular markers to facilitate their marker-assisted transfer in okra improvement programs. The variations among derivatives for strain level tolerances are to be investigated using this material to enhance their utilization.

The amphidiploid derivatives can also be analyzed through a genome-wide association study (GWAS) so that trait-linked associations can be identified. As reported by Daunay et al. (1993) in eggplant, there is the possibility of bringing back the amphidiploid status to the diploid level, followed by backcrossing with the cultivated okra to easily introgress the valuable traits. Further, there are still chances of evolving diverse derivatives from the bulked population, as segregation was observed in some of the derivatives. As stated by Stalker (2017), the incorporation of genes from the wild species will also contribute to the reduction of production costs, since the introduction of these genes contributes to a decrease in the incidence of diseases, thereby reducing pesticide use and, thus, generating great savings for the producer/farmer.
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Terminal drought is one of the most common and devastating climatic stress factors affecting durum wheat (Triticum durum Desf.) production worldwide. The wild relatives of this crop are deemed a vast potential source of useful alleles to adapt to this stress. A nested association mapping (NAM) panel was generated using as a recurrent parent the Moroccan variety ‘Nachit’ derived from Triticum dicoccoides and known for its large grain size. This was recombined to three top-performing lines derived from T. dicoccoides, T. araraticum, and Aegilops speltoides, for a total of 426 inbred progenies. This NAM was evaluated across eight environments (Syria, Lebanon, and Morocco) experiencing different degrees of terminal moisture stress over two crop seasons. Our results showed that drought stress caused on average 41% loss in yield and that 1,000-kernel weight (TKW) was the most important trait for adaptation to it. Genotyping with the 25K TraitGenetics array resulted in a consensus map of 1,678 polymorphic SNPs, spanning 1,723 cM aligned to the reference ‘Svevo’ genome assembly. Kinship distinguished the progenies in three clades matching the parent of origin. A total of 18 stable quantitative trait loci (QTLs) were identified as controlling various traits but independent from flowering time. The most significant genomic regions were named Q.ICD.NAM-04, Q.ICD.NAM-14, and Q.ICD.NAM-16. Allelic investigation in a second germplasm panel confirmed that carrying the positive allele at all three loci produced an average TKW advantage of 25.6% when field-tested under drought conditions. The underlying SNPs were converted to Kompetitive Allele-Specific PCR (KASP) markers and successfully validated in a third germplasm set, where they explained up to 19% of phenotypic variation for TKW under moisture stress. These findings confirm the identification of critical loci for drought adaptation derived from wild relatives that can now be readily exploited via molecular breeding.
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Introduction

Durum wheat (Triticum durum Desf.) is one of the most important cereal crops worldwide (Gonzalez-Segura et al., 2014) and one of the central pillars of global food security in the Mediterranean region (Graziano et al., 2020) where more than 50% of durum wheat production is concentrated (Sall et al., 2019). Along the Mediterranean, cultivation is mostly conducted in rainfed conditions with both drought and heat stress frequently occurring during the grain filling stage (Palta and Turner, 2018; Xynias et al., 2020) causing a severe reduction in grain yield (Slafer et al., 2005; Daryanto et al., 2016; Sarto et al., 2017). In Syria, the drought of the 2008–2009 season resulted in a 50% reduction of durum wheat production and 45% in the dry season of 2013–2014 and up to 63% in the dry season of 2017–2018 (Annual Agriculture Statistical Abstract, 2020). Similarly, Morocco experienced a 50% reduction in total durum wheat production in the extremely dry season of 2021–2022 (United States Department of Agriculture, Foreign Agricultural Service, 2022).

Maintaining farms’ productivity despite severe drought stress requires the deployment of tolerant varieties (Van Oosten et al., 2016). However, the narrow genetic base of many durum wheat breeding programs (Jing et al., 2013; Bassi and Nachit, 2019; Mazzucotelli et al., 2020) has led to a reduction in allelic diversity, which reduces the chances of developing novel germplasm capable of adapting to these stresses (Makai et al., 2016). Thus, many authors suggest the integration of wider germplasm such as landraces, primitive wheat, and crop wild relatives (CWRs) into the breeding process to increase useful genetic variance (Reynolds et al., 2018; Ledesma-Ramírez et al., 2019). CWRs have survived for millennia in harsh environments without the help of human farmers and should hence represent true treasure troves of useful alleles (Kiani et al., 2015; Masoomi-Aladizgeh et al., 2015; Zhang et al., 2016; El Haddad et al., 2020). The usefulness of primitive wheat and CWR for durum wheat is well documented as a source of resistance to all major biotic (Marais et al., 2005; Marais et al., 2010; Babaiants et al., 2012; Bassi et al., 2019; El Haddad et al., 2020) and abiotic stresses (Sall et al., 2018; Djanaguiraman et al., 2019). A fitting example is the Moroccan cultivar ‘Nachit’ derived from T. dicoccoides, which achieved higher yield potential and grain size when grown under drought conditions (Taghouti et al., 2023). Aberkane et al. (2021) also revealed that durum genotypes derived from T. urartu and T. dicoccoides were the top performers under drought stress. Similarly, El Haddad et al. (2021) confirmed that integrating CWR into durum wheat elite lines improved their overall performances: elites derived from T. dicoccoides and Aegilops speltoides were more tolerant to climatic stresses, while T. araraticum-derived lines had better pasta firmness and bread-making quality.

Despite the overall improvement that CWR provided, tagging with molecular markers their most useful alleles remains the most strategic method to easily transfer CWR-positive traits into modern cultivars. Mapping populations (MP) for QTL discovery and germplasm panels for genome-wide association studies (GWAS) are ideal methods to associate alleles to the trait they influence. However, when seeking the identification of CWR-derived alleles, some additional considerations are needed. In fact, a CWR allele is by definition “rare” and cannot be effectively studied by GWAS unless multiple lines of the panel carry it. It is instead possible to identify it by MP, but this approach typically suffers from a limited ability to transfer the discovery to other genetic backgrounds. Hence, the use of combined multiple mapping approaches has become the method of choice to identify CWR alleles (Scott et al., 2020). In particular, the nested association mapping (NAM) approach relies on one (or more) recurrent parent that is recombined into several “donor” parents. The result is a balanced panel of progenies with several “donor” alleles contrasting the “recurrent” allele so that the effects of both can be identified via QTL analysis and GWAS (Alahmad et al., 2020; Alahmad et al., 2022; Chidzanga et al., 2022).

In this study, we developed a large NAM of top-yielding durum wheat elites derived from CWR and tested it across eight environments experiencing contrasting levels of terminal moisture stress. The most stable and top-performing entries were defined using AMMI wide adaptation index’ (AWAI). Ultimately, the genomic regions associated with the tolerance were identified by GWAS and QTL analysis, then confirmed by allelic investigation in a second germplasm panel, and finally validated to Kompetitive Allele-Specific PCR (KASP) in a third panel.





Materials and methods




Plant material




Nested association mapping (NAM) panel 1

A durum wheat NAM of 426 F5-derived recombinant inbred lines (RILs) was obtained by crossing to the same recurrent parent three top-performing donor lines originating from the International Center for Agricultural Research in Dry Areas (ICARDA) to produce three subpopulations (Table S1). The recurrent parent was ‘Nachit’ (Amedakul1/TdicoSyrCol//Loukos), a Moroccan variety released in 2017, generated by a top cross of two elites to T. dicoccoides collected from Syria (Taghouti et al., 2023). ‘Nachit’ was selected as a recurrent parent because of its deep root system suitable to tolerate terminal drought (El Hassouni et al., 2018), early flowering, and very large grain size (Taghouti et al., 2023). The first donor parent was the elite ‘DAWRYT110’ (Amedakul1/TdicoSyrCol//Cham1) derived from a top cross with T. dicoccoides and deemed tolerant to terminal drought (El Haddad et al., 2021), contributing 146 RILs. The second donor parent was ‘Faraj’ (T. araraticum F4/3/Arthur71/Lahn//Blk2/Lahn/4/Quarmal), which is a Moroccan cultivar released in 2007 for its adaptation to low moisture conditions, characterized by delayed flowering and carrying a T. araraticum insertion that ensures resistance to Hessian fly (Bassi et al., 2019), contributing 138 RILs. The third donor was ‘Jabal’ (Korifla/AegspeltoidesSyr//Mrb5) derived from a top cross with Ae. speltoides, released in Morocco in 2021 for its shallow root system well adapted to the Atlas Mountains rocky soils (El Haddad et al., 2020), contributing 142 RILs.





Genome-wide association study panel 2

A second panel named the “GWAS panel” was investigated to confirm the NAM discoveries. The panel was described in detail by Kabbaj et al. (2017). Briefly, it comprises 96 landraces from 24 countries and 288 cultivars and elite breeding lines from eight countries. A total of 10 subpopulations have been identified within it (Kabbaj et al., 2017), and it has already been successfully used to identify the genomic loci involved in resistance to a damaging insect pest (Bassi et al., 2019), phenology (Gupta et al., 2020), and its responses to heat stress (El Hassouni et al., 2019) and moisture stress (Zaïm et al., 2023). This panel includes the parents of the NAM populations and their sister lines.





Marker-assisted selection validation panel 3

A third panel defined as the “marker-assisted selection (MAS) validation panel” was used to further validate the discovery. It includes 80 of ICARDA’s elites that constituted the 2020 International Nurseries 43rd IDON. These elites were derived by breeding selection after recombining the recurrent and donor parents with other elite lines (Table S2).






Field trials

For the NAM panel, field trials were conducted during the two growing seasons 2018/2019 (19) and 2019/2020 (20), in eight different agroclimatic conditions (environments) across three countries (Syria, Lebanon, and Morocco) as described in Table S3. During season 19, planting was done in Lebanon under rainfed conditions at the station of Kfardan located 20 km east of Baalbek (34°01′01.2″N, 36°04′02.6″E) with an elevation of 1,100 m above sea level and in Syria at the station of Alsefera located 25 km southeast of Aleppo (36°04′00″N, 37°22′00″E) with an elevation of 348 m above sea level under rainfed conditions and at the station of Hemiama located 56 km east of Aleppo (36°09′N, 37°42′E) with an elevation of 356 m above sea level under supplemental irrigation. In season 20, planting occurred under rainfed and supplementary irrigated conditions in Lebanon at the station of Kfardan and in Syria at the station of Hemiama, while in Morocco, planting occurred under rainfed conditions only at the station of Marchouch (333403.10 0 N and 63800.10 0 W) with an elevation of 421 m above sea level. A total of three environments (Syr19, Syr20, and Leb20) received supplemental irrigation to avoid the occurrence of terminal drought and generate contrasting phenotypic effects. In Syr19, two gravity irrigations of 20 mm each 2 weeks apart were provided after flowering (stage of Zadok’s scale 65); in Syr20, one gravity irrigation of 20 mm was provided at flowering time (Z65) and two additional ones of 20 mm each were provided 2 weeks apart; in Leb20, one-sprinkle irrigation of 20 mm was provided 4 weeks after flowering. The remaining five environments (Leb19, Leb20, Mor20, Syr19, and Syr20) were rainfed and exposed the germplasm to severe terminal drought during the grain filling stage, with the following cumulative rainfalls after flowering: 8, 20, 18, 13, and 10 total mm, respectively. All moisture details are presented in Table S4.

Daily climatic information was collected from weather stations located at each test site. A climate matrix with maximum, minimum, and average temperatures and total moisture was calculated for four major growth stages for each environment: 1 month before sowing till sowing, sowing until the end of the vegetative stage (Z00–Z58), flowering stage (Z60–Z69), and grain filling period between flowering and maturity (Z71–Z92) as described in Table S4. The climate variables were then regressed against the average value at each location for GY and TKW. Significant interactions identified the climate factors influencing these traits. The significant climatic factors were then used to cluster the environments using Ward’s method based on Euclidean distance via dendextend R package (Galili and Dendextend, 2015). Two environmental clusters were determined as drought-affected and not affected, and combined analysis across environments was performed for each using ANOVA setting environments and genotypes as random factors.

Agronomic practices varied based on the location but followed the general guidelines of timely sowing between the 15th of November and the 15th of December, with 50 kg ha−1 of phosphorus, nitrogen, and potassium provided as base fertilization before planting and a total of 100 kg ha−1 of nitrogen provided in two equal split applications, the first one 4 weeks after emergence and the second before booting (Z45). One tank mixture of herbicide was applied before flowering to provide protection against monocots and dicots, and it was followed by mechanical weeding as needed to ensure clean plots.

In all sites, the accessions and the four parents were planted in a partially replicated (augmented) design of 10 blocks of size 48 including again in each block the four parents (Nachit, DAWRYT110, Faraj, Jabal) as replicated checks. The plot planting surface was of 1.5 m2 at a sowing density of 130 kg ha−1.

The GWAS panel was tested as presented in detail by Gupta et al. (2020) using plots of size 3 m2 and a partially replicated (augmented) design of 19 blocks each with four replicated checks. A total of 13 environments were used to define the phenological variation by Gupta et al. (2020). Among these, the results collected for 1,000-kernel size (TKW) were obtained from five environments experiencing terminal drought stress. The BLUEs of these individual environmental values were combined into one by expressing the performance of each entry as the average of the ratio to the best entry at each site.

The MAS validation panel is an international nursery of ICARDA, and as such, it was planted across 42 international locations by partners (Bassi and Sanchez-Garcia, 2017). Among these locations, seven environments experienced terminal drought stress. As per the GWAS panel, the best linear unbiased estimators for the TKW results from these individual environments were combined into one value by expressing the performance of each entry as the average of the ratio to the best entry at each site.





Phenotypic data recording

The following traits were measured for each plot. Days from germination to the time of heading (DtH) was determined when 50% of the plot showed spikes emerging from the flag leaf (Z59) as a proxy to measure flowering time, which is harder to measure correctly in the autogamous and cleistogamous wheat flower. Days to maturity (DtM) was defined as the number of days from the germination date to the date when 50% of the spikes turned yellow (Z91–92). The grain filling period (GFP) was defined as the number of days elapsing between DtH and DtM. Plant height (PLH) was measured in cm from the ground to the top of a representative ear excluding its awns. Spikes per meter square (Spk.m2) was defined as the number of fertile spikes per linear meter, counted in one row of the plot, and then multiplied by 4 to obtain the number per m2. Grain yield (GY) was measured as the weight of the grains harvested from the plot expressed in kg, divided by the number of m2 harvested for the plot, and then multiplied by 10,000 m2 to obtain yield in kg ha−1. Thousand kernel weight (TKW) was obtained by weighting 200 random kernels and multiplying the value by 5. Grain filling rate (GFR) defines the speed at which a given genotype fills its grains, and it is calculated as TKW divided by GFP. The number of grains per meter square (Gr.m2) was calculated using the weight of the grains harvested from a 1.5-m2 area and the average weight of one kernel derived from the TKW value, as per:




The number of grains per spike (Grn.Spk) was calculated by dividing the number of grains per unit area by the number of spikes recorded for the same area, as follows:

	





Phenotypic data analysis

Spatial analysis was used to correct field differences using the row and column design by the statgenSTA package of R version 3.2.1 (R Core Team, 2017) and obtain the best linear unbiased predictors (BLUPs) for each environment of each trait. The single environment performances were then combined for each of the two climatic clusters (drought-stressed and non-drought-stressed) and across all environments using the package agricolae (R Core Team, 2017). Heritability was calculated based on the modified method suggested by Burton and Devane (1953). The phenotypic correlation between GY and all the other traits was computed using Multi Environment Trial Analysis with R for Windows (META R) (Alvarado et al., 2015), while the path analysis used R version 3.2.1 with the agricolae package (R Core Team, 2017). The “AMMI wide adaptation index” (AWAI) for GY and TKW was calculated using the following formula:

	

where i is the number of significant interaction principal components axes (IPCAs) for the AMMI and si is the percentage of total G×E variation explained by each IPCA. AWAI values close to “0” are obtained for the most widely adapted germplasm (Bassi and Sanchez-Garcia, 2017). In order to determine the best genotypes combining both GY potential and stability, a biplot was drawn between the BLUP and AWAI scores.





Molecular analysis of NAM panel 1

The NAM population was genotyped using the 25K TraitGenetics array (GmbH, Gatersleben, Germany), which combines the most polymorphic markers from the Axiom Breeder Array and the Illumina Infinium 90K (Mulugeta et al., 2023). High-fidelity polymorphic SNPs were defined as those having less than 1% missing data and a minor allele frequency superior to 10% as can be expected in a biparental population. All SNPs were aligned to the Svevo genome assembly (Maccaferri et al., 2019). Three linkage maps were generated (one for each subpopulation) as described in Table S1 using QTL IciMapping V4.2 (Meng et al., 2015), assigning markers to different linkage groups through the “MAP” function at LOD of 5, and then ordering them at LOD of 3 using the “by anchor order” algorithm to respect their physical position. The Kosambi mapping function was then used to generate the three individual maps. These were combined into a consensus map using the CMP function: first by regrouping markers at a distance of less than 20 cM to obtain one group for each chromosome, then using the “by anchor order option” to measure the genetic distances between markers along the consensus map based on their relative positions on each individual map.

Linkage disequilibrium (LD) decay was estimated using the Neanderthal method (Jujumaan, 2017) for the consensus map using r2 = 0.2 as the threshold for significant linkage. The genetic structure of the populations was evaluated using the Bayesian clustering algorithm in Structure 2.3.2 software (Pritchard et al., 2000). A neighbor-joining tree was generated by calculating the genetic distance defined by Power Marker 3.25 (Liu and Muse, 2005) as calculated by Nei et al. (1983), and then the result was imported to MEGA V.10.2.5 software for analysis (Kumar et al., 2018).

Marker-trait associations (MTAs) were searched for the following phenotypic combinations: all traits’ BLUP value for each genotype in each environment, the combined value for the drought-stressed cluster, the combined value for the not stressed cluster, and combined across all environments. For GY and TKW, the investigation included the AWAI value. Associations were searched by QTL mapping for each individual subpopulation using the BIP function by ICIM-ADD in IciMapping V4.2 software (Meng et al., 2015). The mapping parameters were set as follows: QTL walking speed of 4 cM and stepwise regression probability of 0.001. Both GLM and MLM methods were tested, but GLM was found better fitting and generating more significant associations, which is not uncommon for panels with limited and clearly structured subpopulations, as it is the case for a NAM. So, the power of the NAM design was exploited to run genome-wide association analysis (GWAS) for all populations using a general linear model (GLM) with covariate parameter Q (population structure) in TASSEL v.5 (Bradbury et al., 2007), setting a kinship matrix with k = 3 and imposing DtH as covariate in all analyses to remove the strong effects of flowering genes from the study.

For both GWAS and QTL analysis, the threshold LOD for significance was set by the LD-protected Bonferroni method (Duggal et al., 2008; Bassi et al., 2019): 266 hypotheses of MTAs were investigated and calculated as the map size (1,879 cM) divided by the LD decay value (7.06 cM), which defined a significant threshold of LOD = 3.4 (p < 0.01). In addition, Pearson’s critical values (Pearson, 1985) defined r2 = 0.054 as the significance threshold for the minimum phenotypic variance explained by each marker. Only MTAs with LOD and r2 superior to these threshold values were considered valid and presented here. Markers underlying MTA falling at less than twice the LD distance from each other were deemed impossible to distinguish genetically by the NAM panel and, hence, were declared as belonging to the same QTL.





Validation studies in GWAS panel 2 and MAS panel 3

The three-step procedure to reduce type II errors is depicted in Figure S1 and described hereafter using the NAM for QTL discovery, GWAS for allelic investigation, and the MAS panel for validation. Panel 2 GWAS was genotyped by the 35K Axiom breeder array as explained in detail in Kabbaj et al. (2017). The allelic investigation was conducted for the GWAS panel 2 to confirm which QTL identified in NAM panel 1 was additive in nature. Alignment between the QTLs identified in the 25K array of panel 1 NAM and Axiom 35K array was achieved using the relative physical positioning of marker probes on the Svevo assembly by blast with a similarity cutoff set at 99% (Maccaferri et al., 2019). Discrete classes of alleles were defined for the main MTA within each QTL associated with TKW. Genotypes within classes were defined as replicates (random), and their phenotypic performances under drought stress were tested in a two-way linear analysis of variance (ANOVA). The least significant difference (LSD) test was used to determine significantly superior classes of alleles using the LSD test function of the agricolae package (R Core Team, 2017; De Mendiburu and Yaseen, 2020).The 25K array markers underlying MTA associated with TKW were converted to KASP markers by submitting their array sequences to LGC Genomics for proprietary in-silico design. Those designs that passed the “success likelihood criteria” were purchased and used to genotype the MAS validation panel 3. The primer sequences cannot be publicly disclosed, but the markers are commercially available for use by providing the marker ID reported here. For this panel, the correlation significance threshold was calculated at r = 0.105 (p < 0.05) (Pearson, 1985). In addition, the top 20 and bottom 20 lines in terms of TKW performances were considered as the true positive and true negative. Hence, the accuracy was calculated as the ratio of the correct allelic call, sensitivity as the ratio of the correct positive allelic calls among the top 20 lines, and specificity as the ratio of the correct negative allelic calls among the bottom 20 lines.






Results




Moisture effect on traits and NAM genotypes’ responses

The regression analysis against the climate matrix identified the amount of moisture during the vegetative stage as the main factor influencing GY, while for TKW, it was the moisture amount during flowering and grain filling that were the most critical climatic factors (Table S5). Two clusters were obtained when grouping environments based on these three critical climatic factors: a moisture-stressed cluster of five environments (Syr rainfed 19 and 20, Leb rainfed 19 and 20, and Mor rainfed 20) and a second non-moisture-stressed cluster of three environments (Syr irrigated 19 and 20 and Leb irrigated 20) (Figure S2). For overall moisture, the lowest value was recorded at Mor rainfed 20 with just 209.5 mm, while the highest was Leb irrigated 20 season with 498.8 mm.

The descriptive statistics for the 430 NAM genotypes evaluated across the eight environments is reported in Table S6. The combined analysis of variance across eight environments shows that the effects of genotypes, environment, and their interactions were highly significant for all traits. TKW was the most heritable trait of the study (H2 = 0.94) and also GY had good values thanks to the NAM design (H2 = 0.52), while it was 0.42 for Spk.m2 and 0.65 for Grn.Spk and above 0.70 for all phenological traits (DTH, DTM, and GFR). Among the parents, the top yielder was Faraj with 3,221 kg ha−1 followed by Nachit, Jabal, and DAWRYT110 with 3,185, 3,172, and 3,121 kg ha−1, respectively. Pop1 (Nachit/DAWRYT110) recorded the highest average GY at 3,180 kg ha−1 and Pop3 (Nachit/Jabal) had the lowest at 3,158 kg ha−1. The GY performance of the tested genotypes across environments (BLUP) varied from 2,970 kg ha−1 for the lowest yielding progeny NAM-153 which belongs to Pop2 (Nachit/Faraj) to 3,269 kg ha−1 for the highest yielding progeny NAM-119 from Pop1 (Nachit/DAWRYT110).

The average value for TKW across environments was 43.5 g, with the parent Nachit having the highest score, followed by Jabal, Faraj, and DAWRYT110. Both Pop1 (Nachit/DAWRYT110) and Pop3 (Nachit/Jabal) reached an average of 45 g, while Pop2 (Nachit/Faraj) reached only 40 g. In fact, the top progeny for TKW was NAM-400 at 47.8 g from Pop3 (Nachit/Jabal) and the lowest was NAM-164 at 33.4 g from Pop2 (Nachit/Faraj) (Figure 1).




Figure 1 | Distribution of performances of the NAM panel for 1,000 kernel weight (TKW, left side) and grain yield (GY, right side) presented as BLUP calculated across the drought-stressed cluster (top) and the non-stressed cluster (bottom). The populations are color-coded as per the parent naming (blue: pop1 Nachit/DWARYT110, orange: Pop2 Nachit/Faraj, gray: Pop3 Nachit/Jabal). The performances of the parents are presented as vertical arrows in the corresponding bin. The LSD for each experiment is presented as a horizontal black line to help determine significant differences among BLUPs.



The two clusters of environments show diverse effects (Table S7 and Figure S3): under non-stressed conditions, GY averaged 4,251 kg ha−1, while under moisture stress, it was 2,520 kg ha−1 (41% reduction). When assessing the parents’ performances within the two clusters, Faraj remained the top yielder with 2,566 and 4,347 kg ha−1 under moisture-stressed and non-stressed conditions, respectively. Within the moisture-stressed cluster, the progeny NAM-041 from Pop1 (Nachit/DWARYT110) recorded the highest GY at 2,670 kg ha−1 equal to a 4.8% increase over its recurrent parent (Nachit) and 7.5% over its donor parent (DAWRYT110). Within the non-stressed cluster, the progeny NAM-413 from Pop3 (Nachit/Jabal) was the top yielder at 4,588 kg ha−1 equal to a 7.1% increase over its recurrent parent (Nachit) and 7.9% over its donor parent (Jabal). Whereas, TKW witnessed an average 6% reduction between the two clusters, shifting from an average of 45 g under non-stressed conditions to 43 g when the stress occurred. Nachit was the top parent within the moisture stress cluster at 44.7 g, while Jabal was the best parent under non-stressed conditions at 45.7 g. Under both conditions, Nachit and Jabal were the top parents. Progeny NAM-120 from Pop1 (Nachit/DAWRYT110) was the top line at 47.5 g under moisture-stressed conditions equal to a 6.2% gain over the recurrent parent, while for the non-stressed cluster, the top genotypes all belonged to Pop3 (Nachit/Jabal).

AWAI identifies stable genotypes by measuring the size of their deviation from the AMMI axis, which represents the response to G×E factors. Nevertheless, stable genotypes might also result from overall low GY performances. For that reason, it is good practice to combine the GY genetic (G) potential measured as the performances across all tested environments (BLUP) and GY stability (G×E) by AWAI (Figure S4). The top parent for G and G×E was Nachit. Among the progenies, NAM-032, NAM-034, NAM-058, and NAM-060 all belonging to Pop1 (Nachit/DAWRYT110), NAM-248 and NAM-252 from Pop2 (Nachit/Faraj), and NAM-302 and NAM-342 from Pop3 (Nachit/Jabal) were the top performers.





Interactions among traits under moisture-stressed and non-stressed conditions

Within the non-stress cluster, GY was positively influenced by PLH (p < 0.01), Spk.m2 (p < 0.01), and TKW (p < 0.05), while DtH (p < 0.01) and DtM (p < 0.01) had a negative effect (Table 1). Path coefficient analysis (Table S8) defines the trait priorities to better distinguish the effect: TKW was identified as the strongest influencing trait on GY (0.49), followed by PLH (0.41) and Spk.m2 (0.38). An indirect effect was recorded for the GFR since it influences GY through the determination of TKW (0.45). As expected, there was an inverse relationship between TKW and Grn.Spk (−0.23). Within the moisture stress cluster of environments, GY was strongly influenced (p < 0.01) by TKW, Grn.Spk, Spk.m2, PLH, and GFP, while it was negatively impacted by DtH (Table 1). Path coefficient analysis confirmed that TKW had the highest positive direct effect on GY (0.7), followed by Grn.Spk (0.69) and Spk.m2 (0.46). Also, GFR had the highest positive indirect effect on GY through TKW (0.62) (Table S9).


Table 1 | Correlation between grain yield, yield components, and associated traits in stressed (below diagonal) and non-stressed (above diagonal) conditions.







Discovery of marker–trait associations in panel 1: NAM

The final consensus map of the NAM panel 1 incorporated 1,678 polymorphic markers with an average PIC of 0.28 grouped into 14 linkage groups spanning 1,723 cM. The largest chromosome was 7A consisting of 158 markers spanning 179 cM, and the smallest chromosome was 4B consisting of 38 markers covering 51 cM (Table S10). Imposing a kinship split with a k = 3 on the 426 RIL genotypes (Figure 2A) reidentified the three original subpopulations derived from different donor parents, confirming their relative genetic diversity, as well as the cluster analysis (Figure 2B) classified the 426 RIL genotypes into three groups based on genetic difference among their parents, and a genetic similarity was observed between the recurrent parent ‘Nachit’ and ‘DAWRYT110’ compared with ‘Jabal’ and ‘Faraj’.




Figure 2 | Population structure of three NAM populations (k = 3) shown as kinship. The Y-axis is the subpopulation relationship and the X-axis is the genotypes (A) and the phylogenetic tree based on the genetic distance calculated by neighbor-joining (B). The progenies and parents are color-coded as per the legend.



Marker–trait association (MTA) analysis identified a total of 181 MTAs as meeting the minimum required threshold for LOD and r2 considering all traits and conditions tested. Based on their genetic position, these could be merged into 18 QTLs appearing in two or more environments and identified by both QTL analysis and GWAS. These were numbered Q.ICD.NAM-01 to Q.ICD.NAM-18 (Tables 2 and S11). Q.ICD.NAM-01 was identified on chromosome (chr) 1A (2.6–8 cM) at LOD of 7.4 associated with GY across two moisture-stressed environments and AWAI for TKW. It was also associated with PLH. Q.ICD.NAM-02 was identified on chr 1A (16–26.3 cM) at LOD of 9.7 associated with TKW in one moisture-stressed environment and GY in one moisture-stressed environment. Q.ICD.NAM-03 was identified at 48–50.12 cM on chr 1A (LOD = 11.4) explaining 5.7%–13.1% of the phenotypic variation (PV) for TKW across five environments, four of which were moisture-stressed, also co-associated with PLH, Grn.Spk, and AWAI for TKW. Q.ICD.NAM-04 was identified on the distal peri-telomeric region of chr 1B (LOD = 13.1) explaining 6% to 10.3% of the PV for TKW across five environments, four of which were moisture-stressed. This locus was also associated with GY across three moisture-stressed environments explaining 29.0%–47.8% PV and with AWAI for TKW. Q.ICD.NAM-05 was located on chromosome 2A (112.7–124 cM) at LOD of 9.7 and related to TKW across two moisture-stressed environments, GY in one moisture-stressed environment, and stability index AWAI for GY and PLH. Q.ICD.NAM-06 was identified on the distal peri-telomeric region of chromosome 2B (LOD = 8.9) explaining 28.7% to 46.5% PV for GY within the moisture-stressed cluster. This QTL was also associated with TKW in one moisture-stressed environment and with the stability index (AWAI) for GY. Q.ICD.NAM-07 was identified at 70.4–84 cM on chr 3A (LOD = 8.5) explaining 5.42%–6.04% of the PV for TKW across two moisture-stressed environments. This locus was also associated with AWAI for TKW and  related with GY across one moisture-stressed and with PLH at one irrigated environment and across all environments. Q.ICD.NAM-08 is located between 36 cM and 48 cM on chr 3B (LOD = 9.3) explaining 5.8% to 44.7% of PV for TKW within the moisture-stressed cluster and 28.0% to 48.4% of the PV for GY in the same cluster of environments. It was also associated with Grn.Spk and with AWAI for GY. Q.ICD.NAM-09 was identified on the proximal peri-centromeric region of chr 4B (LOD = 6.8) explaining 28.5% to 46.4% of the PV for GY at two moisture-stressed environments. This QTL was also associated with PLH. Q.ICD.NAM-10 was located on chr 4B (30.5–40 cM) at LOD of 7.3 and associated with TKW across two moisture-stressed environments, GY in one moisture-stressed environment, and PLH. Q.ICD.NAM-11 was identified on the proximal peri-centromeric region of chr 5A (LOD = 11.1) explaining 49.6%–59.1% of the PV for GY across two moisture-stressed environments. This locus was also associated with TKW in one moisture-stressed environment and with PLH. Q.ICD.NAM-12 was identified on chr 5A (61.29–72 cM) at LOD of 7.6 and associated with GY across two moisture-stressed environments and with PLH across the combined irrigated cluster and across all environments. Q.ICD.NAM-13 was identified at 38.4–52 cM on chr 5B (LOD = 11.5) explaining 5.6%–8.4% of PV for TKW across four environments, three of which were moisture-stressed. It was also co-associated with GY under one moisture-stressed environment. Q.ICD.NAM-14 was identified at 60–72 cM on chr 6A (LOD = 9.1) explaining 5.2% to 7.2% of the PV for TKW across four environments, three of which were moisture-stressed. It also was co-associated with GY under one moisture-stressed environment and with PLH across environments. Q.ICD.NAM-15 was identified at 39.4–52 cM on chr 6B (LOD = 11.2) explaining 5.4%–31.4% of the PV for TKW across four moisture-stressed environments. It was also associated with GY across three moisture-stressed environments, Grn.Spk, and AWAI for GY. Q.ICD.NAM-16 was identified at 4–13.8 cM on chr 7A (LOD = 13.5) explaining 5.4–10.21 of the PV for TKW across six environments, five of which moisture-stressed. This QTL was also associated with GY across one moisture-stressed environments and PLH across environments. Q.ICD.NAM-17 was identified at 20–33.8 cM on chr 7A (LOD = 13.1) explaining 6.6%–13.1% of the PV for TKW across four environments, three of which were moisture-stressed. This locus was also associated with GY across two moisture-stressed environments explaining 28.2%–46% of its PV and with PLH across both moisture clusters. Q.ICD.NAM-18 was located at 36–50.0 cM on chr 7B (LOD = 13.2) explaining 5.8%–11.1% of the PV for TKW across six environments, five of which were moisture-stressed. It was also associated with GY in one moisture-stressed environment and AWAI for GY.


Table 2 | Stable quantitative trait loci (QTLs) associated with multiple traits in a cluster of environments of stressed, non-stressed, and combined across all and the stability index (AWAI).







Effect of multiple QTLs for 1,000-kernels weight by allelic investigation: panels 1 and 2

The NAM panel was generated to segregate for TKW, the main trait of interest from the recurrent parent Nachit. Also, TKW showed a strong influence on GY under both moisture-stressed and non-stressed conditions. A total of 15 QTL associated with TKW including 14 co-associated with GY were investigated in NAM panel 1. Three QTLs (Q.ICD.NAM-04, Q.ICD.NAM-14, and Q.ICD.NAM-16) were confirmed by means of haplotype analysis when field-tested under drought conditions. To confirm that the effect of these loci was not spurious nor unique to the mapping populations under study, a second germplasm set named the “panel 2 GWAS” was investigated. This panel includes the parents of the NAM populations and several of their sister lines, in addition to other lines.

Within the NAM panel 1, a total of four allelic classes were identified, with haplotype 1 (Hap1), which carries a positive allele at each locus, achieving a significantly (p < 0.01) superior TKW of 44.2 g under moisture-stressed conditions, followed by Hap2 and Hap3 with only two positive alleles at 42.9 g and 39.8 g, respectively, and lastly Hap4 with the lowest TKW average of 38.9 g and carrying three negative alleles (Figure 3). The allelic study for the NAM confirmed the additive nature of these three QTLs achieving a 12.1% increase in TKW under drought stress. In addition, the allelic study confirmed that Nachit and Jabal both carry Hap1, while DAWRYT110 carries Hap3 and Faraj carries Hap4.The allelic investigation was carried out also in the panel 2 GWAS to confirm that six haplotypes existed in the broader germplasm set (Figure 4). Hap1 was confirmed as the significantly (p < 0.01) superior combination at an average TKW of 43 g across moisture-stressed environments, followed by Hap3 with positive alleles on chr 1B and 7A at 41 g, which in this case was significantly superior to Hap2 with positive alleles on chr 6A and 7A. The additional Hap5 and Hap6 carrying only one positive allele at chr 6A and 7A, respectively, were not significantly better than Hap4 which does not carry any positive alleles and reached an average TKW of 32 g. Hence, in this second panel, the three positive alleles resulted in an average increase of 25.6% for TKW under moisture stress.




Figure 3 | Effect of allelic combinations on 1,000-kernel weight for NAM accessions tested under drought-stressed conditions. The accessions were divided into four clusters based on their haplotype at three major QTLs. Letters above the whiskers indicate significant differences between the clusters.






Figure 4 | Effect of allelic combinations on 1,000-kernel weight for the “GWAS panel” tested under drought-stressed conditions. The accessions were divided into six clusters based on their haplotype for three major QTLs. Letters above the whiskers indicate significant differences between the clusters.







Validation of markers by KASP: panel 3

“Validation” is a critical step required to convert QTL discovery into actual usable solutions for breeders by MAS or genomic selection. The conversion to KASP was attempted for those markers underlying the three QTLs investigated: Q.ICD.NAM-04, Q.ICD.NAM-14, and Q.ICD.NAM-16. A total of 10 KASP markers were used to genotype the validation set (Figure 5). Of these, five resulted as monomorphic in this germplasm panel, while five were polymorphic and passed the significance threshold for TKW under drought. AX-94507963 resulted as the most suitable to select for Q.ICD.NAM-04 with the highest correlation (r = 0.18) and accuracy (0.60). AX-94421698 was the only validated KASP for selecting the positive allele at Q.ICD.NAM-14 with a correlation of 0.13 and perfect specificity, while AX-94634646 was the most suitable to select the positive allele at Q.ICD.NAM-16 with 0.17 correlation and high sensitivity (0.80). Overall, only three of ICARDA’s elite lines (IDON43-56, IDON43-75, and IDON43-72) carried the positive allele at all three loci. These reached high TKW and carried T. dicoccoides in their pedigrees.




Figure 5 | Validation of Kompetitive Allele-Specific PCR (KASP) markers on an independent set of elite ICARDA lines tested under drought stress for TKW.








Discussion




Phenotypic performance of the NAM population

Drought stress is a major environmental factor limiting wheat production globally (Lascano et al., 2001; Daryanto et al., 2016; Negisho et al., 2022), and its effect affects grain yield and its components (Turner et al., 2014; Ayed et al., 2017; Khadka et al., 2020; Arriagada et al., 2022). In our study, drought stress caused a 41% loss in GY, which matches the values reported by Sukumaran et al. (2018) and Aberkane et al. (2020). However, the effect of drought stress on GY differs depending on the growth stage of occurrence, its duration, and its severity (Dehgahi et al., 2014; Semenov et al., 2014; González-Ribot et al., 2017; Sarto et al., 2017). Here, drought stress occurred primarily during the flowering and grain filling period, causing a 6% average reduction in TKW. Under both stressed and non-stressed conditions, TKW had a positive significant effect on GY, which was further confirmed by path analysis. This is in good agreement with other studies that also suggest TKW as an ideal trait to improve GY in durum wheat, especially to adapt to drought stress (García del Moral et al., 2003; Royo et al., 2014; González-Ribot et al., 2017). In fact, Nachit and several NAM progenies capable of achieving the highest TKW were also the top yielders and most stable. Furthermore, the high heritability and strong genetic control of TKW make it a trait of choice to achieve fast genetic improvement for tolerance to moisture stress (Xu et al., 2017). For that reason, further genetic dissection of this trait was sought.





QTLs associated with grain yield and 1,000-kernel weight

Three subpopulations were identified based on structure and phylogenetic tree analysis, and the close genetic relation between the recurrent parent ‘Nachit’ and the donor parent ‘DAWRYT110’ was because they both have T. dicoccoides and Amedakul1 in their pedigree compared with the donor parent ‘Faraj’ which has T. araraticum in its pedigree and the same for the donor parent ‘Jabal’ which has Ae. speltoides in its pedigree.

The combined use of QTL analysis and GWAS applied to the NAM population discovered 18 QTLs on all chromosomes except 4A, 10 of them located on genome A and eight on genome B, 14 QTLs associated with TKW and GY, one QTL associated with TKW on chr 1A, and three QTLs associated with GY on chr 1A, 4B, and 5A. This fact highlights how the genetic contribution to TKW is highly related to the final GY performances under the studied conditions.

Chromosome 1A had three QTLs: Q.ICD.NAM-01 responsible for GY, Q.ICD.NAM-02 associated with both TKW and GY, and Q.ICD.NAM-03 linked to TKW. A similar region was previously identified by other studies under different water regimes for TKW (Ogbonnaya et al., 2017) and for GY (Tura et al., 2020; Zandipour et al., 2020). QTL Q.ICD.NAM-04 has been associated in this study with TKW across five environments and AWAI for TKW. A study by Maccaferri et al. (2015) involving 208 RILs derived from a cross between an elite durum cultivar and wild emmer also identified a stable QTL for TKW on chr 1B with a strong likely overlap with what was reported here. Similarly, Rehman Arif et al. (2020) reported two QTLs associated with TKW in the RIL population in the same region under drought stress. Fatiukha et al. (2020) identified stable QTLs for TKW on chromosomes 2A and 3A under five different environments using a population derived from T. dicoccoides which show a good overlap with our identified Q.ICD.NAM-05 and Q.ICD.NAM-07. Peleg et al. (2009) reported four stable QTLs for GY under both irrigated and water-limited conditions on chromosomes 2B, 4B, 4A, and 5A in a tetraploid wheat population derived from wild emmer (T. dicoccoides). In that study, QTLs overlapping with Q.ICD.NAM-06 on chr 2B and Q.ICD.NAM-11 on chr 5A positions were identified. Roncallo et al. (2017) reported three stable QTLs for GY across environments on chromosomes 3B and 2B using RIL durum wheat populations. Their reported QHi.cerz-2BS.1 shows a good overlap with our identified Q.ICD.NAM-06, and in both cases, these QTLs explained large PV.

Maccaferri et al. (2008) and Graziani et al. (2014) identified a stable QTL under both irrigated and rainfed conditions across eight water regime environments related to TKW and GY located on chromosome 3B using the RIL population, which shows a good overlap with our identified Q.ICD.NAM-08 also associated with GY and TKW across moisture-stressed environments. Zaïm et al. (2020) studied four RIL populations of durum wheat tested under drought stress conditions and identified six QTLs associated with GY. A likely overlap could be found for Q.ICD.NAM-06, Q.ICD.NAM-09, and Q.ICD.NAM-10. In addition, there were six individual QTLs for TKW located on chromosomes 1B, 4B, 6A, 6B, and 7A. A good overlap can be established by their reported Qicd.TKW.005 located on 6B and our identified Q.ICD.NAM-15 which was associated with TKW across four moisture-stressed environments and their Qicd.TKW.006 located on 7AS and our identified Q.ICD.NAM-16 responsible for the control of TKW across six environments. In particular, the QTL on chromosome 4B had also previously been confirmed as conferring drought tolerance in both bread wheat and durum wheat (Kadam et al., 2012; Wang et al., 2019; Rabbi et al., 2021).

Sukumaran et al. (2018) reported a strong association with TKW under yield potential, drought stress, and heat stress conditions for a region on chr 5B with a likely overlap to our reported Q.ICD.NAM-013. Similarly, Q.ICD.NAM-14 which controls TKW identified here also shows a likely overlap with a QTL reported by Avni et al. (2018) on the long arm of chr 6A named mQTL-GW-6A. In that study, a major candidate gene named “TtGRF4-A” was identified as associated with increased TKW. In the same region on 6A, Alahmad et al. (2019) reported a major QTL associated with seminal root angle (qSRA-6A) and TKW when assessing eight NAM durum wheat populations. Fatiukha et al. (2021) studied a RIL population derived from a cross between durum wheat and wild emmer to reveal two major QTLs associated with GY and TKW on chr 7B that show a likely overlap with our reported Q.ICD.NAM-18 which was associated with GY and TKW under drought conditions. In addition, they detected a QTL on chr 7A associated with TKW which overlaps with our reported Q.ICD.NAM-17 which is responsible for TKW across three moisture-stressed environments.

All the identified QTLs have been likely reported previously confirming the solidity of the study conducted. Out of 15 QTLs associated with TKW, three QTLs (Q.ICD.NAM.04, Q.ICD.NAM.14, and Q.ICD.NAM.16) on chromosomes 1B, 6A, and 7A appeared as the most critical for drought tolerance and associated with TKW and GY traits in three or more moisture-stressed environments and identified by both QTL analysis and GWAS. These three genomic regions were used to investigate the allelic combination responsible for TKW under drought conditions.





Pyramiding drought-tolerant QTLs

Three QTLs (Q.ICD.NAM-04, Q.ICD.NAM-14, and Q.ICD.NAM-16) confirmed their additive nature by showing a 12.1% gain in TKW under drought stress for NAM lines carrying the positive allele at all three loci (Hap1). Furthermore, the same allelic investigation in a broader panel confirmed a positive gain of 25.6% for Hap1. Interestingly, the large-seeded varieties Nachit and Jabal both carry Hap1, which confirms the importance of these three QTLs. On the other hand, the 6% (+2.8 g) transgressive segregation for TKW demonstrated by NAM-120 (Nachit/DAWRYT110) carrying the Hap1 suggests that additional useful loci beyond these three might be available from DAWRYT110 (Hap3).

Nevertheless, one KASP was validated for each QTL with AX-94507963 tagging Q.ICD.NAM-04, AX-94421698 tagging Q.ICD.NAM-14, and AX-94634646 tagging Q.ICD.NAM-16. These three markers combined represent a ready resource for breeders to rapidly pyramid useful TKW starting from T. dicoccoides from the donor line Nachit. Because of Nachit’s origin from T. dicoccoides, because the only elites identified carrying the three alleles also include T. dicoccoides in their pedigrees, and because Maccaferri et al. (2015) reported Q.ICD.NAM-04 in a RIL study derived from T. dicoccoides, it is highly likely that the reported useful alleles are in fact originating from wild emmer. Nachit is currently undergoing whole genome sequencing and assembly, which once completed shall clarify the ancestral origin of the loci described here.






Conclusions

To meet the future demand for durum wheat grains despite the climatic changes (Mulugeta et al., 2023), a significant increase in production is necessary (Sakuma and Schnurbusch, 2020). The indirect selection of production-related traits under more stringent genetic control is a potential solution to favor rapid pyramiding of useful alleles (Tadesse et al., 2019; Colasuonno et al., 2021). Larger 1,000-kernel weight is a demanded trait by the milling industry, thanks to its effect of increasing semolina yield, while it is also a production-related trait under strong genetic control and a major tolerance mechanism against terminal moisture stress. As such, the reported identification of useful alleles from recent durum wheat varieties should represent an opportunity for all breeders to rapidly improve TKW. For those breeders interested in accessing the donor parent Nachit (Taghouti et al., 2023), this is readily available as part of the Global Durum Panel (Mazzucotelli et al., 2020) as GDPv2-153 or GDPv1-152. Furthermore, the use of a three germplasm panel approach has allowed the identification and rapid validation of KASP markers that should significantly simplify the pyramiding of these alleles. The use of CWR-derived populations has likely contributed to the identification of novel alleles that were not previously available for durum wheat and that could be readily transferred also to bread wheat.
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Alternaria blight is a devastating disease that causes significant crop losses in oilseed Brassicas every year. Adoption of conventional breeding to generate disease-resistant varieties has so far been unsuccessful due to the lack of suitable resistant source germplasms of cultivated Brassica spp. A thorough understanding of the molecular basis of resistance, as well as the identification of defense-related genes involved in resistance responses in closely related wild germplasms, would substantially aid in disease management. In the current study, a comparative transcriptome profiling was performed using Illumina based RNA-seq to detect differentially expressed genes (DEGs) specifically modulated in response to Alternaria brassicicola infection in resistant Sinapis alba, a close relative of Brassicas, and the highly susceptible Brassica rapa. The analysis revealed that, at 48 hpi (hours post inoculation), 3396 genes were upregulated and 23239 were downregulated, whereas at 72 hpi, 4023 genes were upregulated and 21116 were downregulated. Furthermore, a large number of defense response genes were detected to be specifically regulated as a result of Alternaria infection. The transcriptome data was validated using qPCR-based expression profiling for selected defense-related DEGs, that revealed significantly higher fold change in gene expression in S. alba when compared to B. rapa. Expression of most of the selected genes was elevated across all the time points under study with significantly higher expression towards the later time point of 72 hpi in the resistant germplasm. S. alba activates a stronger defense response reaction against the disease by deploying an array of genes and transcription factors involved in a wide range of biological processes such as pathogen recognition, signal transduction, cell wall modification, antioxidation, transcription regulation, etc. Overall, the study provides new insights on resistance of S. alba against A. brassicicola, which will aid in devising strategies for breeding resistant varieties of oilseed Brassica.
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1 Introduction

Alternaria blight, also known as Alternaria leaf spot is one of the most destructive diseases of oilseed Brassicas all over the world. The disease results in yield losses of up to 50% and is becoming a major threat to Brassica species (Jyoti et al., 2021). In India, it has been reported to cause losses of up to 70% (Kumar et al., 2016). Alternaria blight is mainly caused by two necrotrophic fungi, Alternaria brassicicola and A. brassicae, that are mostly found co-inhabiting the same plant. These pathogens are influenced by climatic conditions with their highest occurrence during the winter season (Humpherson-Jones and Phelps, 1989). The disease affects the aerial parts of the plant at all stages of growth including the siliquae and seeds and, at advanced stages of infection, leads to complete decay of the whole plant (Meena et al., 2016; Mandal et al., 2018; Macioszek et al., 2020). Infection by A. brassicicola initially results in the appearance of tiny blackish spots on the lower leaves, that later enlarge to develop distinct, round spots of varying sizes with yellow halos and concentric rings (Meena et al., 2016). The disease reduces the photosynthetic potential of plants, affecting normal growth thereby resulting in lowered oil content (Saharan et al., 2016). Thus, for reviving the yield potential of oilseed Brassicas, management of the disease is one of the foremost concerns. Management of Alternaria blight mostly relies on the application of fungicides, but the use of broad-spectrum chemicals poses serious threat to the environment besides resulting in the development of resistance in pathogens. Adoption of conventional breeding strategies to develop resistant cultivars against the disease is confounded due to non-availability of suitable resistance sources within the available germplasm of cultivated species of Brassica. Among the oilseed Brassicas, Brassica rapa is the most susceptible to Alternaria blight (Aneja and Agnihotri, 2016). However, Sinapis alba, a closely related wild species belonging to the Brassicaceae family, is reported to show resistance against the Alternaria pathogens (Hansen and Earle, 1997; Mazumder et al., 2013; Fatima et al., 2019a; Yadav et al., 2020). Reports state that close genetic relationship and the ease of forming hybrids between S. alba and Brassica make it a potential donor of resistance and other agronomic traits to Brassica crops (Brown et al., 1997; Jiang et al., 2013a).

An interaction between a plant and a pathogen can be compatible or incompatible involving a series of events, starting from recognition of the pathogen to development of a response in the plant. Pathogens secrete specific effectors molecules in order to establish pathogenicity in response to which, the host plant derived metabolic products trigger a defense response. Generally, a plant system activates two forms of defenses in response to pathogen attack. Initially, the basal response is activated that involves recognition of pathogen specific effector molecules such as fungal chitin, bacterial flagellins, lipopolysaccharides etc., together known as pattern recognition receptors (PRRs), which leads to activation of PAMP (pathogen associated molecular pattern)- triggered immunity (PTI). Subsequently, the plant activates a second line of defense which involves the host specific resistance (R) genes that can identify effectors and, can be perceived by the pathogen avirulence (Avr) genes, resulting in effector- triggered immunity (ETI) (Flor, 1971; Albersheim and Anderson-Prouty, 1975; Jones and Takemoto, 2004). PTI and ETI result in a range of downstream responses such as reactive oxygen species (ROS) burst, calcium influx, phytohormone mediated signal transduction, closure of stomata, modification of cell wall and biosynthesis of a varied set of secondary metabolites and antimicrobials, that prevent or restrict pathogen spread (Meng and Zhang, 2013; Andersen et al., 2018; Peng et al., 2018).

Several studies are being carried out worldwide to explore plant-pathogen interactions and understand mechanisms of pathogenicity and host defense in different plant species including oilseed Brassicas. The development of new technologies to carry out genome-wide studies, the accessibility of genomic and sequence data and the development of data analysis platforms have greatly facilitated the characterization of transcriptomic responses associated with plant-pathogen interactions. Transcriptome analysis based on RNA sequencing (RNA-seq) has led to a considerable understanding of molecular mechanisms underlying specific biological processes that result in pathogenesis or host resistance (Meng et al., 2021a; Borah et al., 2022). Studies on B. rapa infected with Plasmodiophora brassicae have detected differential expression of genes associated with effector recognition, Ca2+ influx, cell wall modification, transcription factors, pathogenesis related (PR) genes, etc. (Chu et al., 2014; Chen et al., 2016). Similarly, transcriptomics has been utilized to identify genes associated with resistance to Leptosphaeria maculans infection in B. napus (Becker et al., 2017; Becker et al., 2019). A global RNA-seq study was carried out to identify gene functions at the time of initial infection by Sclerotinia sclerotiorum on susceptible B. napus cv. Westar and resistant B. napus cv. Zhongyou 821 plants (Girard et al., 2017), which detected ethylene responsive factors associated with host resistance. Lately, Chittem et al. (2020) performed transcriptome profiling in order to understand the molecular basis of B. napus and S. sclerotiorum interaction. They carried out differential gene expression analysis during the establishment of stem rot disease on two canola lines varying in susceptibility to the pathogen. Recently, transcriptome expression profiling was done in B. juncea during growth and infection by A. brassicae which revealed that 4,430 genes were differentially expressed during infection (Rajarammohan, 2023).

Development of disease resistant varieties is one of the major challenges of sustainable crop production. Exploring and utilizing novel sources of resistance such as the wild or close relatives, and identification of defense related genes involved in resistance response from such species, would greatly contribute towards management of phytopathogens. The transfer of genes from germplasms such as S. alba to cultivated Brassica spp. is a highly potential approach towards development of varieties resistant to Alternaria blight. In order to achieve this, it is not only essential to dissect the mechanisms underlying the defense pathways, but identification and characterization of resistance-related candidate genes is a pre-requisite. With this background, in a previous study, we attempted to screen host resistance in S. alba against the necrotrophic pathogen A. brassicicola and characterize the S. alba - A. brassicicola interaction through pathogenicity and morpho-histopathological studies using B. rapa- A. brassicicola interaction as a reference. The study had revealed S. alba to be considerably resistant to A. brassicicola whereas B. rapa as expected, was extremely susceptible. We therefore hypothesized that, a comparative transcriptomic analysis among these resistant and susceptible germplasms would be able to identify specific genes involved in defense against the Alternaria pathogen. In this study, we performed a comprehensive RNA-seq based analysis to elucidate the A. brassicicola induced defense responses in S. alba, in comparison with the highly susceptible cultivar B. rapa var. Toria across different time points after pathogen inoculation. The investigation revealed that the differences between resistance and susceptibility were associated with the magnitude of expression changes in a suite of genes involved in pathogen recognition, signaling cascades, cell wall modification, antioxidation, transcription regulation, biosynthesis of defense-related proteins, etc. The results were supported by quantification of expression levels of some potential candidate defense-related genes. Overall, the research provides insights on the intricate molecular processes behind S. alba's immune response against A. brassicicola and offers a useful resource for devising efficient strategies of disease management.




2 Materials and methods



2.1 Plant materials and artificial pathogen inoculation

For the present investigation, two sets of plant materials were used: B. rapa var. Toria (variety TS-38) which is highly susceptible and, S. alba which is resistant to Alternaria blight. The seeds of B. rapa and S. alba were procured from the Regional Agricultural Research Station, Nagaon, Assam, and the National Bureau of Plant Genetic Resources, New Delhi, respectively. The seeds were treated with 70% ethyl alcohol for 2 min, rinsed with sterile double distilled water, and then surface sterilized with 4% sodium hypochlorite for 10 min and, finally rinsed three times with sterile double distilled water. After soaking on a sterile filter paper, the seeds were sown in small plastic pots containing a mixture of cocopeat and vermiculite (3:1) under a greenhouse. The experiment was done in 3 replicates with each pot containing 3 plants. At 5-6 leaf stage, the plants were transferred to individual pots and maintained in a growth chamber at a temperature of 23°C, 90% relative humidity and light intensity of 12.5 µmol m-2 s-1 with 16 h/8 h light/dark cycle for 7 days until artificial inoculation.

The pure cultures of A. brassicicola isolated from diseased leaf tissues of B. rapa were used to artificially inoculate both the sets of susceptible and resistant plants. For inoculation, A. brassicicola spore suspension was prepared using well sporulating cultures growing on potato dextrose agar (PDA) medium in petri-plates, using sterile double distilled water and the concentration was adjusted to 5×104 spores ml-1 (Doullah et al., 2006). The spore suspension was sprayed on both sides of the leaves and then the complete plant, and the plants used as control were sprayed with sterile double distilled water. The plants were covered with polybags for 24 hours to maintain humidity. Leaf tissues were collected from the plants at different time points namely, 0, 24, 48 and, 72 hours post-inoculation (hpi) from both, pathogen inoculated (treated) and mock-inoculated (control) sets of plants, in at least three biological replicates. The leaf samples collected were immediately immersed in liquid nitrogen and later stored at -80°C.




2.2 Isolation of total RNA, library preparation and sequencing

Total RNA was extracted from the leaf samples collected after artificial pathogen inoculation i.e., from both sets of tissues (resistant and susceptible) collected at 0, 24, 48 and, 72 hpi using TRIzol® reagent (Invitrogen™, USA) following standard instructions. The RNA samples were treated with 1 μl of 2U DNase I (RNase-free) (Invitrogen™, USA) by incubating at 37°C for 30 min to eliminate DNA. To check the quality of the isolated total RNA, the samples were electrophoresed in a denaturing 1% agarose gel. The concentration and purity of the extracted RNA were checked using a NanoDrop™ One/OneC Microvolume UV-Vis spectrophotometer (Thermo Fisher Scientific, USA). At least three RNA samples were pooled from each set of experiment for all the time points. The total RNA, pooled from three biological replicates, extracted from the tissues at two time points namely, 48 and 72 hpi, were outsourced to Bencos Research Solutions Pvt. Ltd., Mumbai, for transcriptome sequencing using the Illumina NovaSeq 6000 Platform.




2.3 RNA-seq analysis and identification of differentially expressed genes

The raw reads obtained after sequencing were subjected to standard quality control and, the adaptors and low-quality sequences (Q<30) were trimmed using the Cutadapt tool (Martin, 2011). The quality reads generated were mapped to the Alternaria genome using HISAT2 to check and remove the reads of fungal origin. The unmapped reads were extracted and mapped with the B. rapa reference genome by using the HISAT2 splice aligner tool (Kim et al., 2019) and per sample read counts were generated using Cufflink. The read counts were then subjected to differential gene expression analysis using Cuffdiff. The grouping of the samples for DEG analysis was done based on the two selected time points, namely 48 hpi and 72 hpi, at which the gene expression of the susceptible and resistant sets of plants were detected. To differentiate between significantly upregulated and downregulated genes, log2 fold change ≥+1.5 and ≤-1.5 were considered. Heatmap was generated for data quality assessment by sample clustering and visualization of top 100 upregulated DEGs on the basis of their normalized read count information. Gene ontology (GO) enrichment analysis of DEGs was performed with g:Profiler (Reimand et al., 2011).




2.4 Quantitative PCR based validation and gene expression profiling

For qPCR studies, the first strand cDNAs were synthesized from 1 µg total RNA extracted from each of the collected tissue sample by using the PrimeScript™ RT kit with gDNA Eraser (Takara Bio USA, Inc.) following manufacturer’s instructions. Primers for selected genes were designed using the PrimerQuest Tool by IDT. Expression analysis of 8 selected DEGs was performed in the Real-Time PCR system Quant studio 5 (Applied Biosystems, USA), using TB Green Premix Ex Taq II (Tli RNase H Plus) (2X) (Takara Bio USA, Inc.). Each reaction mixture consisted of 5 μl 2X TB Green Premix Ex Taq II, 10 μM forward and reverse primers (gene specific), appropriate volume of cDNA (10 ng) and nuclease free water in a total volume of 10 μl. The PCR profile followed was: initial denaturation at 95°C/10 min, followed by 30 cycles of denaturation at 95°C/15 sec, annealing at gene specific temperature (60°C) for 30 sec and, finally extension at 72°C for 30 sec. All experiments were performed twice by using three technical replicates and three biological replicates. Actin 2 was taken as the reference gene for the study. The details of the selected genes and primers used in the qPCR analysis are given in Supplementary Table 1. The relative fold change in gene expression was calculated using the 2-ΔΔCT method (Livak and Schmittgen, 2001) and transformed to log2 value. Statistical analysis was done by two-way ANOVA in excel. The significant difference of relative expression level between the two germplasms at different time points was determined at p-value p < 0.05.





3 Results



3.1 Disease development

The differences in symptoms of Alternaria blight between the resistant S. alba and susceptible B. rapa, after artificial inoculation with A. brassicicola, were clearly apparent at all the time points under study (Figure 1). In B. rapa, the symptoms were seen as very small dark greyish brown to blackish spots on leaf surfaces at around 24 hpi. The symptoms became distinct within 48-72 hpi with a yellow halo surrounding the lesions. On the other hand, in case of S. alba, no symptoms were seen until 5-7 days post-inoculation (dpi). The necrotic spots on B. rapa grew over time and covered almost the entire leaf lamina within 7-10 dpi, whereas in S. alba, the spots did not grow any further even after 10 dpi.




Figure 1 | Symptom development on B. rapa (susceptible) and S. alba (resistant) inoculated with A. brassicicola. Distinct symptoms occurred at 48 hpi on B. rapa that became more prominent at 72 hpi but no visible symptoms appeared on resistant S. alba during these time points.






3.2 RNA-seq, mapping and identification of differentially expressed genes

For RNA-seq experiments, paired end sequencing libraries were prepared from the pooled total RNA samples that passed the quality control test. The samples with RNA integrity number (RIN value) ≥ 8 as determined by Agilent Bioanalyzer 2100 were further chosen for library preparation. Binary data was converted into FASTQ utilizing Illumina package bcl2fastq (v.0.11.8). A total of 39,150,854 and 39,690,944 raw reads were obtained from B. rapa samples at 48 and 72 hpi respectively. From the S. alba samples, 37,040,439 and 42,696,304 raw reads were obtained at 48 and 72 hpi respectively. The numbers of quality reads for these samples were 38,644,791, 39,398,767, 36,528,092 and 42,004,916. Mapping of the reads with the pathogen genome revealed that around 0.8% of the reads mapped with Alternaria which were discarded, while the rest were used for analysis. The mapping percentages for B. rapa at 48 and 72 hpi were found to be 96.63% and 92.87% respectively, while those for S. alba at 48 and 72 hpi were 79.41% and 78.46%, respectively (Supplementary Data Sheet 1). The RNA-seq data has been submitted to the publicly-available repository of NCBI, Sequence Read Archive (SRA) (PRJNA784760).

The assembly of the mapped reads with reference B. rapa genome revealed a vast set of genes at log2 fold change ±1.5, that resulted in the identification of 26635 DEGs at 48 hpi and 25139 DEGs at 72 hpi. A total of 3396 genes were found to be upregulated and 23239 genes were downregulated at 48 hpi while, 4023 and 21116 genes were upregulated and downregulated respectively at 72 hpi. The analysis clearly depicts that the number of genes downregulated was much higher than the number of upregulated genes. The enrichment data of genes differentially expressed during the host-pathogen interaction were further searched for common genes across the two time points. A total of 391 genes were upregulated and 5474 genes were downregulated commonly across 48 and 72 hpi (Supplementary Data Sheet 2). Out of 5865 genes that were found to be commonly expressed at 48 and 72 hpi, 52 genes were exclusively expressed in S. alba upon A. brassicicola infection. The heatmap analysis of top 100 upregulated genes revealed a high expression of genes in S. alba at 48 and 72 hpi in comparison to B. rapa in response to A. brassicicola infection (Figure 2).




Figure 2 | Heatmap of top 100 DEGs upregulated in response to A. brassicicola infection at 48 hpi and 72 hpi clearly depicting a distinct pattern of gene expression among the resistant and susceptible germplasms (S1- S. alba at 48 hpi; S2- S. alba at 72 hpi; T1- B. rapa at 48 hpi; T2- B. rapa at 72 hpi).






3.3 Functional annotation and enrichment analysis

Functional annotation through GO analysis annotated the DEGs regulated in response to A. brassicicola infection into different classes of molecular function (MF), biological process (BP) and, cellular component (CC) (Supplementary Data Sheet 2). The analysis revealed that the upregulated DEGs were annotated into 3 classes of MF namely, hexosyltransferase activity, oxygen evolving activity, glycosyltransferase activity; 7 classes of BP namely, photosynthesis, photosynthesis-light reaction, photosynthesis-light harvesting, generation of precursor metabolites and energy, photosystem II stabilization, xyloglucan metabolic process, photosystem II assembly and; 9 classes of CC namely, photosystem, photosystem II oxygen evolving complex, photosynthetic membrane, thylakoid, photosystem II, oxidoreductase complex, thylakoid membrane, cell wall and, external encapsulating structure (Figure 3). Among MF, the highly enriched classes were ‘glycosyltransferase activity’ and ‘hexosyltransferase activity’ with 20 and 15 annotated genes respectively. In case of BP, the most highly enriched classes were ‘photosynthesis’ and ‘generation of precursor metabolites and energy’ each with 20 annotated genes. Similarly, under CC, the most highly enriched classes were ‘photosynthetic membrane’ and ‘thylakoid’ each having 11 annotated genes.




Figure 3 | Functional enrichment analysis of DEGs upregulated in response to A. brassicicola infection, using g:Profiler. In the figure, the size of the circle represents the number of genes under the categories of MF, BP and CC.



The downregulated DEGs were annotated into 7 classes of MF namely, DNA-binding transcription factor activity, transcription regulator activity, DNA binding, protein binding, glutathione oxidoreductase activity, protein heterodimerization activity, disulfide oxidoreductase activity; 46 classes of BP namely, regulation of biological process, biological regulation, regulation of cellular process, regulation of nucleobase-containing compound metabolic process, regulation of nitrogen compound metabolic process, regulation of macromolecule metabolic process, regulation of primary metabolic process, regulation of RNA biosynthetic process, regulation of nucleic acid-templated transcription, regulation of DNA-templated transcription, regulation of cellular metabolic process, regulation of RNA metabolic process, regulation of metabolic process, regulation of macromolecule biosynthetic process, regulation of gene expression, regulation of cellular biosynthetic process, regulation of biosynthetic process, RNA biosynthetic process, nucleic acid-templated transcription, DNA-templated transcription, DNA-templated DNA replication, regulation of DNA replication, nucleobase-containing compound biosynthetic process, aromatic compound biosynthetic process, regulation of DNA-templated DNA replication, heterocycle biosynthetic process, organic cyclic compound biosynthetic process, regulation of DNA endoreduplication, regulation of cell cycle, response to stimulus, cell cycle DNA replication, regulation of cell cycle process, DNA endoreduplication, nucleic acid metabolic process, mitochondrial RNA metabolic process, RNA metabolic process, protein ubiquitination, response to chemical, response to endogenous stimulus, response to organic substance, response to hormone, regulation of DNA metabolic process, hormone-mediated signaling pathway, defense response, macromolecule biosynthetic process, protein modification by small protein conjugation and; 6 classes of CC namely, nucleosome, protein-DNA complex, DNA packaging complex, chromatin, extracellular matrix and chromosome (Figure 4).




Figure 4 | Functional enrichment analysis of DEGs downregulated in response to A. brassicicola infection, using g:Profiler. In the figure, the size of the circle represents the number of genes under the categories of MF, BP and CC.






3.4 Defense related genes upregulated in response to A. brassicicola infection

Upon inoculation with A. brassicicola, a large number of defense response genes were highly upregulated across 48 and 72 hpi in S. alba and B. rapa. The BLAST analysis of the DEGs revealed that numerous defense and resistance related genes particularly those related to signal transduction, receptor like protein kinases, ubiquitination, cell wall reinforcement, antioxidation, transcription factors (TFs), etc. were significantly upregulated in response to A. brassicicola infection. Some of the important genes include calmodulin, calcium binding protein, leucine-rich repeat transmembrane protein kinase, peroxidase, GSDL-motif lipase, WRKY, F-box, leucine-rich repeat, cytochrome related proteins, cyclin dependent protein kinase, ubiquitin protein ligase, glycosyl transferase, cellulose synthase, proline rich protein glycosyl hydrolase, expansin, auxin responsive protein, etc. Furthermore, 52 DEGs were found to be exclusively expressed in S. alba upon A. brassicicola infection. Some of the important defense related genes such as polygalacturonase inhibiting protein, ubiquitin-protein ligase, calcium-ion binding proteins/calmodulin-dependent protein kinase, cytochrome P450, peroxidase, ankyrin repeat family protein, etc. were exclusively expressed in S. alba across both the time points.

A large number of protein kinase genes were found to be upregulated commonly across both 48 and 72 hpi such as CDPK6, CDPK related kinase1, CRK1, SnRK2.4, SnRK, CIPK20, CYCP2, BSK3, BAM3, pfkB-type carbohydrate kinase family protein, LRR transmembrane protein kinase, etc. Out of the 35 protein kinase genes detected, CDPK6, glycerophosphodiester phosphodiesterase/kinase, pfkB-type carbohydrate kinase family protein and 2 protein kinase putative, were exclusively expressed in S. alba. In addition, we have identified 4 LRR protein kinase genes and 1 LRR protein that were highly induced during A. brassicicola infection across both the time points particularly at 48 hpi. Infection also resulted in the upregulation of several calcium sensing/calcium-ion binding proteins such as CAM7, CML38, CRK1, PSBQ-2, ATDEK1 etc. The expression of most of these genes was observed to be consistent across both the time points.

Several cell wall- related genes were also highly upregulated across the time period of study such as, xyloglucan endo-transglycosylase-related protein, expansin, endo-xyloglucan transferase, pectinase and polygalacturonase inhibitor proteins (PGIP) and pectin methylesterase inhibitors (PMEI). Among these, PGIP2 and XTR3 were exclusively upregulated in S. alba. Moreover, we have identified several CYP proteins such as, CYP71B3, CYP71B35, cytochrome B561-related, CYP71B14, CYP78A9 and CYP86A2. The genes CYP71B14 and CYP71B35 were exclusively expressed in S. alba across both the time points. Moreover, genes involved in lipid hydrolysis were also found to be highly upregulated in the present study. Several transcripts of lipases such as GDSL-motif lipase/hydrolase family protein, GLIP3; carboxylesterase/lipase, lipase class 3 family protein and family II extracellular lipase 1 were upregulated across the two time points upon infection by the necrotrophic pathogen. In addition, the upregulation of several ubiquitin-related genes was detected including ubiquitin-protein ligase-PUB22, PUB26, PB1, UPL4-ubiquitin-protein ligase, UBP11 and ubiquitin family protein. Out of these, UPL4 and UPB11 were exclusively expressed in S. alba in response to A. brassicicola infection.

A large number of TFs have also been found to be highly upregulated across the two time points after infection with A. brassicicola. We have identified a total of 24 TFs including ERF, WRKY, bZIP and MYB, which are known to play important roles in plant defense response against biotic and abiotic stresses. ERF1 was highly upregulated at 48 hpi whereas HB53 was found to be upregulated at 72 hpi. Besides, other classes of defense related genes such as auxin responsive gene, ankyrin repeat family protein, glycosyl hydrolase, 1-aminocyclopropane-1-carboxylate synthase (ACS8), MLP-like protein, glutaredoxin family protein etc. were also significantly upregulated upon infection.




3.5 Validation of differential gene expression

In order to validate the RNA-seq based differential gene expression analysis, 8 defense related DEGs which were found to be significantly upregulated in S. alba upon A. brassicicola infection were chosen and their expression levels were profiled across the selected time points namely, 0, 24, 48 and 72 hpi, in both the resistant and susceptible germplasms by qPCR. The selected defense related genes were WRKY (WRKY domain protein), CYP (cytochrome P450), F-box (F-box domain protein), peroxidase, LRR-RK (leucine rich repeat transmembrane protein kinase), LRR (leucine-rich repeat), calmodulin, and bZIP (basic leucine zipper domain) (Supplementary Data Sheet 3). We were particularly interested in studying the differential expression patterns of these genes across the two contrasting germplasms. The qPCR study revealed that all the genes were activated upon infection by the pathogen and the expression patterns could be correlated with the RNA-seq data. We observed significantly higher transcript levels of majority of the genes in resistant S. alba compared to susceptible B. rapa (Figure 5). It was also observed that most of the defense response genes had a significantly higher basal expression level in S. alba as compared to B. rapa. Interestingly, the expression patterns of almost all the genes remained elevated in the resistant germplasm across all the time points, with significantly higher expression towards the later time point of 72 hpi.




Figure 5 | qPCR based expression profiling of selected genes in B. rapa and S. alba, induced upon artificial inoculation by A. brassicicola, across different time points (0, 24, 48 and, 72 hpi). Each reaction was performed thrice and the values represent the average of three technical replicates (analyzed by two-way ANOVA in Excel, p < 0.05).



Peroxidase (Bra023862) gene showed consistently higher expression pattern in S. alba as compared to B. rapa across the time course, starting from 0 hpi (8.47-fold), 24 hpi (8.052-fold) and 48 hpi (7.631-fold). Its expression further increased significantly at 72 hpi (11.067-fold) in S. alba. The expression of LRR-RK (Bra021758) and LRR (Bra004336) genes also showed a similar trend of significantly high expression in S. alba compared to B. rapa throughout the time points. The LRR-RK gene showed a very high expression in S. alba at 0 hpi (8.063-fold) that slightly lowered at 24 hpi (3.80-fold), but gradually increased towards 48 hpi (4.768-fold) and 72 hpi (6.40-fold). The LRR gene also showed a similar trend with significantly higher expression at 0 hpi (7.163-fold) which lowered at 24 hpi (1.972-fold), but again increased towards 48 hpi (8.102-fold) and 72 hpi (8.801-fold). Whereas in B. rapa, the expression of both these genes remained low all through. A very high expression of calcium sensor protein, calmodulin (Bra019453) gene was seen at 0 hpi (6.047-fold), that slightly lowered across 24 hpi (3.309-fold) and 48 hpi (3.883-fold) but again increased considerably at 72 hpi (6.972-fold) in S. alba.

The expression patterns of defense related TFs like bZIP (Bra007380) and WRKY (Bra000362) were also observed to be high post-inoculation. It was observed that throughout the time course, expression of WRKY increased gradually in S. alba starting from 2.753-fold at 0 hpi to 4.656-, 5.987- and 6.531-fold across 24 hpi, 48 hpi and 72 hpi respectively, which are significantly high compared to those in B. rapa. The expression of bZIP in S. alba remained high across all the time points with a fold change of 6.061 at 0 hpi, followed by 3.729-fold at 24 hpi. Its expression further increased by 7.691-fold at 48 hpi and 10.727-fold at 72 hpi. Comparatively, in B. rapa, bZIP was expressed at much lower levels.

The expression of two other important defense response genes cytochrome P450 (CYP) (Bra003019) and F-box (Bra031435) genes were also studied and validated by qPCR. In both the germplasms, the expression level of CYP increased at 24 hpi but significant induction could be seen at 48 hpi (7.147-fold) and 72 hpi (11.694-fold) in S. alba compared to B. rapa. In a similar manner, expression of F-box gene was significantly high in S. alba as compared to B. rapa. The gene showed high expression levels with fold changes of 2.102 and 2.987 across 0 hpi and 24 hpi respectively. It further increased towards 48 hpi (8.340-fold) and 72 hpi (7.237-fold) in S. alba.





4 Discussion

Plant-pathogen interactions consist of an interplay of complex interconnected biological pathways, and transcriptome profiling has facilitated the understanding of the molecular cues and cellular systems that are involved in these interactions (Wani and Ashraf, 2018; Neik et al., 2020). RNA-seq along with other advanced approaches has aided faster detection of candidate genes and dissection of intricate molecular processes implicated in plant defense against biotic stresses. For the first time, we report here an extensive RNA-seq based differential gene expression analysis among the resistant germplasm S. alba and the susceptible B. rapa during infection by the necrotrophic fungus A. brassicicola. The investigation detected a large number of defense or resistance related DEGs specifically modulated upon infection and studied their expression, particularly during the incompatible S. alba - A. brassicicola interaction in order to identify genes associated with resistance responses. Depending upon lesion development, from mid stage to distinct symptom development stage on B. rapa, we selected two time points i.e., 48 hpi and 72 hpi in order to identify the candidate genes involved in resistance against A. brassicicola. Eight such defense related genes were selected for validation of the transcriptomic data through qPCR across 0, 24, 48 and 72 hpi. A similar time period was selected to study the defense responses in Brachypodium distachyon upon infection by Fusarium graminearum and Magnaporthe oryzae, based on lesion development (Zhu et al., 2021a). In a study carried out by Chen et al. (2016) in two near isogenic lines of B. rapa, the clubroot susceptible ‘BJN3-2’ and resistant ‘CRBJN3-2’ in response to P. brassicae, 1875 genes were found to be upregulated and 2103 downregulated, across 0, 12, 72 and 96 hpi. Again in B. oleracea, gene expression analysis identified 885 DEGs between control and F. oxysporum f.sp. conglutinans infected roots of highly resistant R4P1, across 4, 12, 24 and 48 hpi (Xing et al., 2016). In B. napus, RNA-seq revealed that 584, 582, 526, 371, 822 and 1283 genes were upregulated at 1, 3, 6, 12, 24 and 48 hpi respectively, in response to S. sclerotiorum infection (Seifbarghi et al., 2017). In a similar study on S. sclerotiorum susceptible and resistant B. napus lines, 1301 and 1214 DEGs were found to be upregulated during 8-16 hpi and 24-48 hpi respectively in the susceptible line and, 1311 and 1335 DEGs were detected in the resistant line at the same time periods during interaction with the stem rot disease pathogen (Chittem et al., 2020). Compared to these plant-pathogen interaction studies on various Brassica spp., our investigation revealed a much higher number of transcripts that were specifically modulated upon inoculation. Thus, the study has been able to extensively dissect the defense transcriptomes of A. brassicicola infected resistant S. alba and susceptible B. rapa, and display the relative transcript abundances of various suites of defense related genes across the chosen time points.



4.1 Ca2+ signaling regulated defense responses

To defend against pathogens, plants have evolved a wide range of strategies of which Ca2+ signaling is a primary defense reaction. The rapid increase in Ca2+ levels in the cytoplasm in response to pathogen attack, along with Ca2+ sensors, play key roles in the activation of defense responses via expression of defense-related genes and hypersensitive response (HR). Some of the well identified plant defense signaling elements include CaM (calmodulin), CMLs (calmodulin-like proteins) and CaM-binding proteins (Ranty et al., 2006). Plant Ca2+ sensors have been classified into four main groups- Ca2+ dependent protein kinases (CDPKs), calcineurin B-like (CBL), the CaM group and the CML family (McCormack et al., 2005; Zhu et al., 2015). The CDPKs play an important role in plant immunity by mediating and transmitting defense signals in response to pathogen associated molecular proteins (PAMPs) and effector molecules (Liu et al., 2017). Nicotiana tabacum CDPK2 gene is reported to be activated when treated with fungal elicitor Avr9 in Cf-9 tobacco leaves (Romeis et al., 2000; Romeis et al., 2001). In the present study, several calcium sensing proteins such as CDPK6, CAM7, CML38, calcium ion binding, CaM binding and CDPK related kinase1, have been identified out of which CDPK6 was exclusively expressed in S. alba indicating its potential role in mediating resistance responses against A. brassicicola. The qPCR analysis showed that the calmodulin gene CAM7 (Bra019453) was highly upregulated upon infection in S. alba in comparison with B. rapa. These results indicate a rapid activation of calcium signaling in response to A. brassicicola, which might have greatly contributed towards initiating a strong defense response against the pathogen. In Arabidopsis and tobacco, the constitutive expression of soybean CMLs SCaM4 and SCaM5, led to the induction of pathogenesis-related (PR) genes and increased resistance to a vast range of pathogens (Ranty et al., 2006). According to another report, the overexpression of soybean SCaM-4/-5 in tobacco enhanced resistance to several pathogens including bacteria, fungi and viruses (Heo et al., 1999). Furthermore, in Arabidopsis, constitutive expression of SCaM-5 resulted in increased resistance to Pseudomonas syringae (Park et al., 2004). Besides, a study by Rao et al. (2014) states that overexpression of SCaM-4 in soybean enhances tolerance to two necrotrophic fungi namely, Alternaria tenuissima and Phomopsis longicolla, and Phytophthora sojae confirming that CaM/CMLs take part in plant immune responses. Recently, in rice, consistent upregulation of OsCBP60g-3, OsCBP60g-4, OsCBP60a and OsSARD-like1 genes was observed in response to M. oryzae as well as Xanthomonas oryzae (Kumari et al., 2022). The CaM-binding protein AtBAG6, has also been reported to induce programmed cell death in plants (Kang et al., 2006). This was seen in case of S. alba where necrosis was observed at the infection site without further progression of the disease lesion even after 7-10 dpi. Thus, an increase in the expression of calcium signaling and calmodulin genes might have triggered the expression of defense related genes leading to HR in S. alba against A. brassicicola.




4.2 Leucine rich repeat-receptor like kinase mediated defense response

The leucine rich repeat-receptor like kinases (LRR-RKs) constitute the largest family of receptor proteins in plants. Various reports have suggested that in addition to LRR-RKs, RLPs are essential for plant innate immune response and development (Stergiopoulos and de Wit, 2009; Belkhadir et al., 2014). These kinases play an active role in recognizing PAMPs thereby regulating resistance responses to fungal invasion. In our study, the expressions of LRR-RK (Bra021758) as well as the recognition domain LRR (Bra004336) were found to be highly induced in S. alba in comparison with B. rapa. A similar induction of an uncharacterized LRR-RLK gene (7-fold) was reported in case of “uzu” barley in response to infection with F. culmorum at 48 hours post-fungal treatment (Ali et al., 2014). In another study, gene expression studies revealed that, wheat TaLRRK-6D was highly expressed in response to F. graminearum invasion and its mycotoxic virulence factor deoxynivalenol (Thapa et al., 2018). Again, in wheat, the gene TaRLP1.1 was reported to be involved in resistance against stripe rust caused by Puccinia striiformis f.sp. tritici (Jiang et al., 2013b). In rice, the LRR-RLP gene OsRLP1, was found to be significantly induced upon infection with rice black-streaked dwarf virus (Zhang et al., 2021a). Moreover, transcriptome studies have demonstrated the involvement of RLKs, RLPs along with WAKLs and TIR-NBS in B. napus-Leptosphaeria maculans interaction (Becker et al., 2017).

In our study, the expression of LRR gene was significantly upregulated in resistant S. alba immediately after infection. However, as the plant tried to cope up with pathogen invasion, the expression of the gene lowered at 24 hpi but later increased again after 48 hpi. Upregulation of LRR genes was observed in resistant chickpea cultivar, CDC Luna and CDC Corinne at 24, 48 and 72 hpi after infection with Ascochyta rabiei (Sagi et al., 2017). The LRR regions in resistance genes activate signal transduction in plants thereby inducing the expression of defense-related genes (Shanmugam, 2005). In tomato, the induction of NBS-LRR gene was reported to be positively correlated with resistance against Phytophthora infestans (Jiang et al., 2018). Moreover, the CC-NBS-LRR gene RppM, has been found to confer resistance to southern corn rust (Xu et al., 2018). Similarly in rice, the NBS-LRR protein PID3, interacts with OsRac1 to activate the expression of transcription activator RAI1, resulting in resistance against M. oryzae (Zhou et al., 2019). In a recent study, soybean NBS-LRR gene Rps11 was reported to be involved in broad spectrum resistance to P. sojae (Wang et al., 2021). Earlier studies had also reported that upregulation of NBS-LRR genes activate defense responses in S. alba and Brassica spp. upon infection by Alternaria pathogens (Ghose et al., 2008; Fatima et al., 2019b). Thus, higher transcript levels of LRR along with LRR-RK in S. alba across all the time points in our study, clearly indicate their involvement in resistance against Alternaria.




4.3 Signaling pathways mediated by protein kinases

In addition to CDPKs and LRR-RKs, several other classes of protein kinase genes have been observed to be significantly upregulated during the A. brassicicola- S. alba/ B. rapa interaction. This demonstrates their roles in mediating crucial signaling pathways for defense against the necrotroph. Protein kinases catalyze reversible phosphorylation and modulate the key processes required for activation of plant defense responses through coordinating signaling networks during pathogen recognition (Romeis et al., 2001; Jiang et al., 2022). The cysteine rich receptor-like kinases (CRKs) are a major class of plant receptor like kinases that have been reported to perform key roles in cell death and disease resistance (Quezada et al., 2019). In our study, a CRK gene was noticeably upregulated across both the time points. In addition, previous studies had identified two pfkB type carbohydrate kinases, FLN1 and FLN2 in S. alba and A. thaliana as the components of the thylakoid bound PEP complex (Gilkerson et al., 2012). The exclusive expression of a pfkB type carbohydrate kinase was also observed in S. alba in our study that suggests its potential role in mediating defense responses. The sucrose non-fermentation-related protein kinase, SnRK, is a Se/Thr protein kinase that plays a major role in plant stress response by phosphorylating target proteins during signaling pathways (Wang et al., 2019). Moreover, the CIPKs are Ser/Thr protein kinases, classified to SNF1-related kinases 3 (SnRK3), which are targeted by CBL to take part in calcium signaling (Ma et al., 2020). The significant upregulation of several Ser/Thr protein kinase genes in the study depicts that these enzymes have a crucial role to play in activating defense responses against A. brassicicola. Additionally, we have noticed high upregulation of a glycerophosphodiester phosphodiesterase kinase (GDPD) gene. Its exclusive expression in S. alba indicates that it might have played a major role in conferring resistance to A. brassicicola.




4.4 Cell wall modification

The plant cell wall acts as a physical barrier, the first line of defense, to invasion by microbial pathogens where a number of changes occur in response to pathogen attack (Malinovsky et al., 2014). The necrotrophic fungi synthesize diverse enzymes to degrade the cell wall matrix. In order to combat this, plant cell wall maintains its integrity by inhibiting cell wall damaging enzymes via expressing several enzymes such as PGIP (polygalacturonase inhibiting protein) (Khandagale et al., 2022). The PGIPs protect the cell wall from pathogen attack with the help of polygalacturonases (Kalunke et al., 2015). PGIPs also protect pectin from degradation and lead to the synthesis of compounds that can be recognized by damage associated molecular patterns (DAMPs) which ultimately activate PTI, thereby slowing down pathogen colonization (Federici et al., 2006). PGIP2 was found to be exclusively and noticeably expressed in the resistant germplasm S. alba in response to A. brassicicola infection in our study, which suggests its potential role in preventing pathogen colonization. Upregulation of such genes have also been observed in response to Alternaria porri in onion (Khandagale et al., 2022). In addition, several genes encoding xyloglucan endotransglycosylase/hydrolase (XTH) have been upregulated in the study. The plant XTHs are involved in cell wall remodeling and expansion, and several XTH genes have been reported to be differentially expressed in response to fungal infection in plants (Sharmin et al., 2012; Stratilova et al., 2020; Niraula et al., 2021). Additionally, genes for other important cell wall associated proteins such as hydroxyproline-rich glycoprotein, proline-rich protein and glycine-rich protein were also highly upregulated in the present study. Such proteins are important structural components of the cell wall with potential antimicrobial properties (Deepak et al., 2010; Halder et al., 2019). The cross-linking of hydroxyproline-rich glycoproteins, in particular, strengthens the cell walls thus preventing pathogen colonization thereby, significantly contributing to defense against infection (Deepak et al., 2007; Deepak et al., 2010). Thus, these genes are likely to play key roles in conferring resistance responses against A. brassicicola through cell wall modification and reinforcement.




4.5 Cytochrome P450s as important regulators of defense

In plants, the cytochrome P450s (CYPs) constitute the largest family of enzymes that are implicated in diverse biological and biosynthetic processes, primarily, the detoxification of xenobiotics and plant defense responses to stresses. These enzymes are involved in the biosynthesis of antioxidants, pigments, signaling molecules, cell wall components, fatty acids and, defense related compounds or secondary metabolites such as alkaloids, flavonoids, phenylpropanoids, phytoalexins, etc. (Pandian et al., 2020). In our study, several CYPs including CYP71B3, CYP71B35, CYP71B14, CYP78A9, CYP86A2, were detected to be significantly upregulated in response to A. brassicicola infection during the course of study, especially at the later stage of infection. Moreover, the qPCR analysis revealed that CYP71B14 (Bra003019) was upregulated by 7.147-fold at 48 hpi and further by 11.694-fold at 72 hpi, in S. alba. These results indicate that CYPs have a significant role to play in generating a strong defense response against A. brassicicola. The CYP proteins are involved in the biosynthesis of cell wall components and epicuticular wax which act as the primary structural barrier against pathogen attack in plants (Pandian et al., 2020). Moreover, synthesis of two phytoalexins- sinalbins A and B has already been reported to be produced in S. alba against A. brassicae, that are associated with partial resistance (Pedras and Zaharia, 2000). Several reports state that the CYP450 genes play a crucial role in jasmonic acid (JA) induced immunity and are involved in disease resistance against necrotrophic as well as other pathogens. In Arabidopsis, the CYP450 protein CYP82C2 regulates JA-induced resistance to necrotrophic fungus Botrytis cinerea (Liu et al., 2010). Similarly, the cotton GhCYP82D gene reportedly imparts resistance to pathogens by modulating the octadecanoid pathway (Sun et al., 2014). A recent report states that rice CYP protein CYP716A16 is involved in broad spectrum resistance to the necrotroph Rhizoctonia solani and hemibiotroph X. oryzae pv. oryzae, through regulation of JA-dependent defense signaling and ROS levels (Wang et al., 2022). Hence, high expression of CYP genes demonstrates their active role in resistance against the necrotrophic fungus A. brassicicola, most likely through a JA-dependent pathway by way of production of antimicrobials and reinforcement of cell wall.




4.6 Regulation of ROS and antioxidant defense

A class of PR proteins consists of peroxidases, which act as antioxidant enzymes associated with oxidative stress responses during initial infection process. These enzymes are involved in cross-linking of call wall polymers or initiation of signaling pathways ultimately leading to HR and PR gene expression (Mir et al., 2015; Kaur et al., 2022). In the present study, we have found the exclusive expression of peroxidase 30 gene (Bra023862) upon inoculation by the necrotrophic pathogen. Moreover, in the qPCR analysis, we detected a very high level of expression of the peroxidase gene in S. alba as compared to B. rapa. These results clearly indicate its defense related function against infection by the Alternaria pathogen. A class III peroxidase family gene, AtPRX53, was shown to be upregulated during Heterodera schachti infection in Arabidopsis (Puthoff et al., 2003; Szakasits et al., 2009). Similarly, upregulation of peroxidase genes was observed in rice upon infection with M. oryzae (Mir et al., 2015). In apple, upregulation of peroxidase genes was reported in response to A. alternata causing Alternaria blotch disease (Zhang et al., 2015). Additionally, other related enzymes such as glutathione s-transferase, glutaredoxin and catalase have also been upregulated in our study which suggests their crucial role in defense against the necrotroph.




4.7 Lipases associated with defense

Lipids maintain structural integrity of cells and act as signal transduction mediators at the host-pathogen interface thus, play important roles in host-pathogen interactions especially in the induction of systemic acquired resistance (Gao et al., 2015; Mehta et al., 2021). Plant immunity associated with lipids involves the activation of lipases, the lipid hydrolyzing enzymes, that breakdown or convert lipids into subcellular compartments (Lee and Park, 2019). The GDSL lipases (GLIPs) are a subclass of lipolytic enzymes that are characterized by a GDSL motif and are reported to play major roles in plant immunity, mainly in rice and Arabidopsis (Oh et al., 2005; Lee et al., 2009; Gao et al., 2017). AtGLIP1, the GLIP of Arabidopsis, has been found to possess antimicrobial activity and regulate resistance to A. brassicicola in combination with ethylene signaling (Oh et al., 2005; Kwon et al., 2009). Similarly, both GLIP1 and GLIP3 have been shown to provide resistance to Botrytis cinerea in Arabidopsis (Han et al., 2019). Our results also indicate significant upregulation of lipase genes such as GDSL-motif lipase/hydrolase family protein and GLIP3, which clearly suggests their possible involvement in generating defense responses against A. brassicicola.




4.8 TFs in defense transcriptional reprogramming

Several TFs are key regulators of plant immune system and are involved in the regulation of PTI and ETI. The common families of TFs implicated in plant resistance responses against pathogens include WRKY, bZIP, NAC, AP2/ERF (Apetala2/Ethylene Responsive Factor) and bHLH (basic helix-loop-helix) (Pandey and Somssich, 2009; Campos et al., 2022). Pathogens invading the plant cell wall trigger the activation of phenylpropanoid pathway for plant defense. Phenylpropanoids are antimicrobial compounds that are induced, and play crucial roles during plant−pathogen interactions (Naoumkina et al., 2010). The phenylpropanoid pathway is regulated by TFs such as WRKY, MYB, bZIP, NAC etc. (Meng et al., 2021b). In the current study also, we have observed upregulation of WRKY and MYB across both the time points. The qPCR analysis further revealed significantly high expression of one WRKY family transcription factor (Bra000362) in S. alba as compared to B. rapa. The Arabidopsis AtWRKY22 and AtWRKY29 have been reported to be important components of MAPK (mitogen activated protein kinase) regulated defense responses against pathogens (Asai et al., 2002). The upregulation of several WRKY genes was also observed in seedlings of B. distachyon inoculated with F. graminearum and M. grisea (Wen et al., 2014). Likewise in rice, overexpression of WRKY22 gene enhanced resistance to Pyricularia oryzae indicating its role as a positive regulator of defense (Cheng and Wang, 2014). Recently, Shen et al. (2023) have reported the upregulation of WRKY33 in B. oleracea during A. brassicicola infection in broccoli lines. WRKY33 reportedly confers resistance to necrotrophic pathogens and regulates the indolic glucosinolate metabolic pathway leading to resistance against A. brassicicola in Arabidopsis and Brassica crops (Zheng et al., 2006; Tao et al., 2022). In a similar manner, two bZIP TFs namely, ATBZIP2 and BZIP61 were upregulated in our study, in response to Alternaria infection. One bZIP gene (Bra007380) was found to exhibit significantly higher expression in the qPCR analysis, which demonstrates its crucial role in defense against the necrotrophic pathogen. The bZIP TFs are reported to play active roles in induction of resistance in Arabidopsis (Jakoby et al., 2002; Lee et al., 2006). Overexpression of MebZIP3 and MebZIP5 has been found to enhance callose deposition leading to improved resistance to cassava blight (Li et al., 2017). Enhanced resistance to S. sclerotiorum and P. sojae has been observed in transgenic soybean through overexpression of the GmbZIP15 gene (Zhang et al., 2021b). StbZIP61 and StNPR3L have been reported to regulate salicylic acid-mediated resistance against P. infestans infection in potato (Zhou et al., 2018). In addition, we observed significant upregulation of two MYB and one ERF gene upon A. brassicicola infection. These TFs also play important roles in regulating stress responses in plants, principally as activators of PR gene expression (Al-Attala et al., 2014; Zang et al., 2020). The overexpression of Arabidopsis AtERF96 has been reported to enhance resistance to necrotrophic pathogens such as Botrytis cinerea and Pectobacterium carotovorum (Catinot et al., 2015). Similarly in maize, overexpression of ZmERF105 reportedly improved resistance to Exserohilum turcicum and the lines were found to show enhanced PR gene expression along with higher activity of superoxide dismutase and peroxidase (Zang et al., 2020). In case of wheat, TaMYB29 has been reported to activate defense against the stripe rust fungus through H2O2 accumulation and PR gene expression (Zhu et al., 2021b). Remarkably, several TFs and some downstream phenylpropanoid pathway genes have been observed to be commonly downregulated in S. alba and B. rapa during the period of the current study. Further research particularly at later time points after inoculation would only establish their expression trend with progress of infection. Zheng et al. (2019) studied the basal and cultivar specific resistance of B. napus towards V. longisporum and detected an overall increase in phenylpropanoid synthesis and expression of key genes of the pathway starting at 7 dpi (days post inoculation), which is quite late compared to the time points studied in the present investigation. It is therefore likely that the TFs and the genes implicated in phenylpropanoid biosynthesis could be upregulated at the later stages of infection by A. brassicicola. Moreover, a number of WRKY, NAC and MYB TFs have also been reported to act as negative regulators of plant defense, particularly the phenylpropanoid pathway, and are targeted by pathogens to enhance plant susceptibility (Liu et al., 2015; Seo et al., 2015; Yuan et al., 2019; Cao et al., 2020).





5 Conclusion

The study has generated a significant amount of information about the genes regulated during the interactions between the necrotroph A. brassicicola and the resistant cultivar S. alba, as well as susceptible B. rapa. It has also resulted in the identification of numerous gene candidates related to defense thereby providing insights into mechanisms underlying the interaction with A. brassicicola. Furthermore, the analysis demonstrated that the differences between resistance and susceptibility against infection by the necrotroph could be associated with a host-specific regulation of expression of a suite of genes involved in pathogen recognition, signal transduction, cell wall modification, antioxidation, transcription regulation and biosynthesis of defense-related proteins. Complete functional characterization of the key defense response genes could be done in the future, as they would make excellent candidates for generating Alternaria-resistant Brassica varieties.
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The knowledge of pollen morphology, suitable storage condition, and species compatibility is vital for a successful grapevine improvement programme. Ten grape genotypes from three different species, viz., Vitis vinifera L., Vitis parviflora Roxb., and Vitis champini Planc., were studied for their pollen structure and pollen storage with the objective of determining their utilization in grape rootstock improvement programs. Pollen morphology was examined through the use of a scanning electron microscope (SEM). The viability of the pollen was assessed using 2,3,5-triphenyltetrazolium chloride (TTC). In vitro pollen germination was investigated using the semi-solid medium with 10 % sucrose, 100 mg/L boric acid, and 300 mg/L calcium nitrate. The results revealed variations in pollen micro-morphology in 10 genotypes, with distinct pollen dimensions, shapes, and exine ornamentation. However, species-wise, no clear difference was found for these parameters. Pollen of V. parviflora Roxb. and Dogridge was acolporated and did not germinate. The remaining eight genotypes exhibited tricolporated pollen and showed satisfactory in vitro pollen germination. Storage temperature and duration interactions showed that, at room temperature, pollen of most of the grape genotypes can be stored for up to 1 day only with an acceptable pollen germination rate (>30 %). However, storage for up to 7 days was successfully achieved at 4 °C, except for ‘Pearl of Csaba’. The most effective storage conditions were found to be at −20 °C and −196 °C (in liquid N2), enabling pollen storage for a period of up to 30 days, and can be used for pollination to overcome the challenge of asynchronous flowering. Four interspecific combinations were studied for their compatibility, among which V. parviflora Roxb. × V. vinifera L. (Pusa Navrang) and V. parviflora Roxb. × V. champini Planc. (Salt Creek) showed high cross-compatibility, offering their potential use for grape rootstock breeding. However, V. parviflora Roxb. × V. vinifera L. (Male Hybrid) recorded the lowest compatibility index among studied crosses. In the case of self-pollinated flowers from V. parviflora Roxb. and V. parviflora Roxb. × V. champini Planc. (Dogridge), pollen failed to germinate on the stigma due to male sterility caused by acolporated pollen. As a result, the flowers of these genotypes functioned as females, which means they are ideal female parents for grape breeding without the need for the tedious process of emasculation.
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Introduction

The grapevine, scientifically known as Vitis vinifera L., is a member of the Vitaceae family, which includes approximately 60 inter-fertile wild Vitis species found in Asia, North America, and Europe. The European grape (V. vinifera L.) originated primarily in the Caucasus region between the Caspian Sea and the Black Sea. In contrast, the American grapes, including Vitis labrusca, other species of Euvitis, and Muscadinia, originated in North America (Winkler, 1965). The Himalayan region of India may be considered a secondary center of origin (Sankaran and Dinesh, 2020). Grape cultivation stands as a highly profitable venture in India, particularly thriving in subtropical and tropical zones. In the fiscal year 2022–23, India emerged as a major exporter, dispatching 267,950.39 metric tons of fresh grapes with a total value of Rs. 2,543.42 crores or 313.70 USD million (Anonymous, 2023).

Pollen plays a critical role in grape production, influencing fruit setting volume. The fertility of grape pollen depends on its viability and germination potential (Lombardo et al., 1978). In the context of breeding, palynological studies are mandatory before designing rootstock and scion hybridization programs. Under palynological research, cultivated plants are characterized based on pollen grain micro-morphology, which is a vital indicator for taxonomic and fertility purposes, and is frequently used to address theoretical and applied aspects of production. Inconsistent yields in specific grapevine types might be linked to different pollen types like bicolporate, acolporate, shriveled, or collapsed forms (Caporali et al., 2003; Abreu et al., 2006). At the same time, grape cultivars with a pollen germination rate equal to or greater than 30% can be employed as effective pollinators (Fidan, 1975), a significant factor in cultivar selection for grape vineyards. However, palynological studies can be used to study the complicated fertilization biology of grapevines (Sabir, 2015). Variation in pollen morphology is captured by palynological studies performed by Cargnello et al. (1980); Dzyuba et al. (2006), and Gallardo et al. (2009). Usually, pollen of V. vinifera L. is tricolporated, i.e., the presence of three furrows, with a prolate to triangular shape (Abreu et al., 2006; Alva et al., 2015). In addition to this, pollen storage enables hybridization between desired parent genotypes cultivated in different geographic locations, especially when their flowering is asynchronous within a region (Sharafi and Bahmani, 2011; Mesnoua et al., 2018).

Initial grape rootstock improvement used the pure form of V. riparia Michx. and V. rupestris Scheele. as rootstock and they were easy to root and graft compatible with V. vinifera L. However, in some cases, like Vitis berlandieri Planchon., rooting and grafting were difficult. Hence, later on, hybridization of two different species was attempted for grape rootstock breeding, viz., V. berlandieri × V. rupestris (Bavaresco et al., 2015) and V. riparia × V. rupestris (Pavloušek, 2015).

Vitis champini cv. Dogridge dominates the Indian grape industry as the primary commercially favored rootstock due to its benefits in terms of moisture stress tolerance, chloride exclusion, and enhanced scion vigor (Somkuwar et al., 2012). However, relying solely on Dogridge poses a significant risk to the grape industry, as its performance can be variable under different climatic conditions, e.g., Dogridge can induce higher vigor in the scion under tropical and subtropical climates, reducing bud fruitfulness (Satisha et al., 2010). Various Vitis species, including V. champinii, V. berlandierii, V. rupestris, Vitis longii, and Vitis parviflora, have shown the ability to produce biochemical compounds that influence the physiology, root structure, development, and distribution of the scion (Somkuwar et al., 2012), which can be utilized for rootstock improvement.

Harnessing the vast pool of genetic diversity remains largely untapped in grape rootstock breeding specifically under Indian conditions. Popular grape rootstocks have a narrow genetic base derived from a few American grape species (Riaz et al., 2019). V. parviflora Roxb., a Himalayan wild grape species, possesses desirable traits such as moderate vigor, drought resistance, and multiple disease resistance, making it a promising candidate as a rootstock (Singh et al., 2022). Combining the traits of this wild species with those of other grape species may result in rootstock tolerant to abiotic and biotic stresses with wider adaptability. However, comprehensive knowledge of its combining ability in terms of pollen–pistil interaction, fruit set percentage, seed setting percentage, and other factors is essential for grape improvement work. In light of this context, the study involved an examination of the pollen micro-morphology of different grape genotypes. The subsequent sections focused on examining pollen storage, specifically targeting the challenge posed by asynchronous flowering. Additionally, the study explored the compatibility of V. parviflora with other Vitis species, aiming to strengthen the grape rootstock breeding program by leveraging genetic diversity for enhanced adaptability and stress resistance.





Materials and methods




Plant material

The experiment was carried out at a vineyard (28°38′37.8″N, 77°09′27.8″E) of the Division of Fruits and Horticultural Technology, ICAR-Indian Agricultural Research Institute, New Delhi, in 2023. The plant materials for the study were comprised of 10 grape genotypes belonging to three species, i.e., V. vinifera L., V. champini Planc., and V. parviflora Roxb., and were selected for pollen micro-morphology and storage studies (Table 1). All vines were own-rooted, 10 years old, and trained on a bower system. For cross-compatibility study, Salt Creek (V. champini Planc.), Male Hybrid (V. vinifera L.), Pusa Navrang (V. vinifera L.), and Dogridge (V. champini Planc.) were used as male parents and V. parviflora Roxb. as a female parent.


Table 1 | Description of Vitis genotypes.







Pollen collection

Inflorescences expected to bloom within 7–8 days were covered with perforated butter paper bags. Pollen was collected from bagged panicles of three vines of each genotype between 7 am to 9 am. These panicles were monitored regularly and excised when they reached “EL 23 Full flowering: 50 % flower hoods fallen” according to the Eichhorn and Lorenz (E-L) system (Lorenz et al., 1995). Subsequently, the collected clusters were transferred to the laboratory and dried for 24 hours at room temperature. Collected floral debris was passed through sieves to obtain pollen and transferred to 1.5ml vials by brush (Rane et al., 2023).





Scanning electron microscopy of pollen

Dehydration of pollen was performed by placing vials with their lids open in the silica gel desiccator at 4 °C until analysis with proper labeling to maintain their identity and avoid contamination (Lukšić et al., 2022). After dehydration, the small quantities of pollen were mounted for examination using a fine brush on aluminum stubs that were coated with double-sided transparent tape. Subsequently, a 0.02-µm-thick gold layer was applied using a sputter coater (EMITECH SC7620 mini sputter coater). At each stage, contamination of samples by pollen from different genotypes was avoided. The samples were examined at 10 kV using a scanning electron microscope (TESCAN VEGA3). Measurements of 30 pollen grains from each cultivar were taken and recorded as data for three separate replicates per genotype, with each replicate consisting of 10 pollen grains. These observations were made at a magnification of ×3,000 for whole grain and ×15,000 for exine ornamentation. The pollen traits were, namely, number of apertures, length of polar axis (P), length of equatorial axis (E), P/E ratio, length and width of colpus, mesocolpium width, and exine surface ornamentation. Shapes of pollen were categorized according to Erdtman (1971).





Pollen storage

The pollen samples for storage study were prepared separately. For this purpose, pollen was stored in sealed vials with proper labeling. Pollen of Early Perlette Selection (EPS), Pearl of Csaba (POC), PER, Pusa Navrang (PN), Beauty Seedless (BS), Flame Seedless (FS), Male Hybrid (MH), and Salt Creek (SC) was stored under four different storage conditions, viz., at room temperature, 4 °C, −20 °C, and −196 °C (in liquid N2). In vitro pollen germination and viability were tested after the 0th day (just after fresh pollen collection), 1st day, 3rd day, 5th day, 7th day, 15th day, and 30th day of storage under each storage condition. The samples were stored in multiple sets of vials for each genotype to minimize the stress linked to thawing.





Pollen viability

The determination of pollen viability was performed by using 1% of 2,3,5-triphenyltetrazolium chloride (TTC) diluted in a 50 % sucrose solution (Shivanna, 2003 modified). One drop of solution was placed on a labeled slide, and stored pollen grains were spread with a brush on the slide and covered with a coverslip on the top. The slides were placed in a Petri dish and placed in the dark at 35°C with 50 % relative humidity (RH) for 6 hours. Pollen viability counts were made under a light microscope (OLYMPUS CX33, Tokyo, Japan). Pollen grains were considered viable if they were stained with orange or bright red color. Three randomly chosen microscopic areas (each with a minimum of 100 pollen grains) were used to count the pollen grains on each slide.





In vitro pollen germination

In vitro pollen germination was observed on standardized semi-solid medium containing 10 % sucrose + 100 mg/L boric acid + 300 mg/L calcium nitrate and agar 0.6%, at pH 5.85 (Supplementary Table 1). A small rectangular piece of medium was removed by a scalpel and placed on a labeled slide. Pollen grains were dusted uniformly on the surface of the medium with a fine brush. Slides were placed in a Petri dish with damp filter paper and covered with a lid to avoid drying of the medium and maintain humidity. The Petri dishes were placed in a dark environment for incubation. The growth of pollen tubes on the medium was observed under a light microscope (OLYMPUS CX33) after 24 hours of incubation. Pollen grain was considered germinated if the length of the tube exceeded the pollen (Nepi and Franchi, 2000). The germination rate was calculated by counting three fields per sample, each comprising 100 pollen grains.





Cross-compatibility study




Crossing

The cross-combinations, V. parviflora Roxb. × V. vinifera L. (Pusa Navrang), V. parviflora Roxb. × V. vinifera L. (Male Hybrid), V. parviflora Roxb. × V. champini Planc. (Salt Creek), V. parviflora Roxb. × V. champini Planc. (Dogridge), and selfed V. parviflora Roxb. were considered for crossing and cross-compatibility study. Pollen of the male parents [PN, MH, SC, and DR] was collected freshly from previously bagged clusters in the morning by shaking the clusters on Petri dishes when almost 50 % of the flowers were opened. After pollination, the whole cluster was immediately covered with a butter paper bag to avoid unwanted cross-pollination and marked with tags with details of parents and the date of pollination.





Fixation of crossed pistils

After 24 hours of pollination, flowers were fixed in a formalin-aceto-alcohol (FAA) solution with a composition of 37% formaldehyde (10 ml), 95 % ethyl alcohol (50 ml), glacial acetic acid (5 ml), and water (35 ml) as specified by García-Breijo et al., (2020). After fixation, flowers were immediately stored in the refrigerator at 4 °C until analysis. The remaining crossed clusters were kept for fruit set observation and were allowed to grow similarly to other clusters on the vine in open sunlight throughout berry development and maturation (Sabir, 2015).





Fluorescence microscopy for in vivo pollen tube growth

The flowers that had been fixed were longitudinally sectioned to 20 µm using a freezing microtome (Thermo Scientific Microm HM550, Waltham, MA, USA). These sections were then subjected to staining with aniline blue (0.1% in phosphate-buffered saline (PBS) buffer) for 15 minutes. Following staining, the sections were rinsed with distilled water and affixed to a microscope slide using mounting medium. Mounted sections were examined using a fluorescence microscope (García-Breijo et al., 2020). For fluorescence microscopy, a Nikon H600L fluorescence microscope with a DAPI cube (excitation filter 362–396 nm, dichroic mirror 415 nm, barrier filter 432–482 nm) was used. A total of 25 pistils were observed for each cross-combination.





Fruit set, number of seeds per berry, and compatibility index

Crossability indices like final berry retention (fruit set %), the number of seeds per berry, and compatibility index (Patil et al., 2013) were calculated from observed data. Fully ripened berries were harvested and cut to count the number of seeds per fruit. The number of seeds was calculated from 150 berries from each combination. The compatibility index was determined using the ratio of the number of fully mature seeds harvested to the total count of flowers that could be pollinated (Wang et al., 2022).






Statistical analysis

Analysis of variance (ANOVA) was performed using PROG GLM of the SAS software package, version 9.4 (SAS Institute, Cary, NC, USA). Pollen dimension and shape-related parameters were analyzed through one-way ANOVA. Further, a two-way ANOVA was performed for each genotype separately, with storage temperature and duration as the factors, to study their impact on pollen germination (%) and viability. Tukey's Honest Significant Difference (HSD) test was used to identify the pairwise significant differences among the various factors and their interactions. Data were transformed using square root transformation of the form (x + 0.5), {i.e.√(x + 0.5)} for the parameters like colpus length, colpus width, mesocolpium width, pollen viability, and fruit set (%), and arcsine transformation was used for pollen germination (%) to make it amenable for ANOVA. A p < 0.05 was considered statistically significant.






Results




Type of flower and its relationship with pollen micro-morphology

Among the 10 Vitis genotypes investigated in this study, EPS, PN, POC, PER, BS, and FS from V. vinifera L. were identified as hermaphrodites, exhibiting well-developed stamens and pistils. However, two genotypes, MH from V. vinifera L. and SC from V. champini Planch., were functionally male, having a rudimentary ovary and well-developed stamens (Figure 1). VP and DR (V. champini Planc.) had well-developed pistils and reflexed stamens. The pollen of genotypes with reflexed stamens (DR and VP) exhibited inaperturate or acolporate pollen, which was subprolate (P/E ratio: 1.14–1.33) in shape (Figures 2A, B and Table 2). However, the remaining genotypes were tricolporate and prolate (P/E ratio: 1.33–2.00) in shape (Figures 2C–J and Table 2). The EPS and MH genotypes had reticulate exine ornamentation, while BS had reticulate-striate exine ornamentation. The remaining genotypes, i.e., PN, PER, POC, FS, DR, and VP, possess foveolate-perforate exine ornamentation.




Figure 1 | Types of flowers in grape genotypes. Flowers with reflexed stamens in Dogridge (A), Vitis parviflora Roxb. (B) Functionally staminate flower in Male hybrid (C) and Salt Creek (D). Hermaphrodite flower in Early Perlette Selection (E), Pearl of Csaba (F), Pusa Navrang (G), Perlette (H), Flame Seedless (I), and Beauty Seedless (J).






Figure 2 | Scanning electron microscopy image of pollen in equatorial view and detailed exine pollen surface in Dogridge (A), Vitis parviflora Roxb. (B), Male hybrid (C), Salt Creek (D), Early Perlette Selection (E), Pearl of Csaba (F), Pusa Navrang (G), Perlette (H), Flame Seedless (I), and Beauty Seedless (J).




Table 2 | Pollen micro-morphology details of various grape genotypes observed under SEM.



The study of pollen dimensions (Table 2) showed that the length of the polar axis ranged from 23.524 µm to 31.181 µm and that the length of the equatorial axis ranged from 14.090 µm to 20.657 µm among the 10 grape genotypes. The average values for the P/E ratio varied between 1.255 and 1.962. The P/E ratio did not differ significantly in the tricolporate type of pollen. However, acolporate or inaperturate pollen had the lowest P/E ratio. The minimum colpus length (22.119 µm) was recorded in genotype BS. However, PN had the maximum colpus width (0.809 µm), which differed non-significantly from PER (0.653 µm). However, the minimum colpus width (0.378 µm) was observed in MH, which was statistically non-significant with EPS, POS, BS, FS, and SC. Considerable variation was also recorded in the mesocolpium width of all studied genotypes ranging from 9.886 µm to 13.599 µm (Table 2).





Characteristics of fresh pollen

In all studied Vitis genotypes, maximum germination and viability were recorded in fresh pollen (Figure 3). The germination of fresh pollen ranged from 40.4% (POC) to 90.4 % (FS) (Table 3), while pollen viability rate ranged from 40% (POC) to 95 % (FS). Notably, there was a higher degree of variation observed among the genotypes concerning both pollen viability and germination. However, pollen of DR and VP were inaperturate and did not germinate in vitro, but they did show viability during staining by TTC (Figure 4). The pollen of these two genotypes was not studied further for storage studies.




Figure 3 | Determination of pollen germination and viability. In vitro pollen germination. (A) Pollen viability determination by TTC. (B) Blue arrow, non-viable; red arrow, viable. TTC, 2,3,5-triphenyltetrazolium chloride.




Table 3 | Effect of storage temperature and duration on the in vitro pollen germination of different Vitis genotypes.






Figure 4 | Inaperturate pollen of Vitis parviflora Roxb. showing no pollen germination (A) and showing pollen viability by staining with red color (B). Blue arrow, non-viable; red arrow, viable.







Effect of storage temperature on the germination and viability of pollen

In this study, four different temperatures, viz., room temperature, 4 °C, −20 °C, and −196 °C, were used to store pollen. For better understanding and to reduce the repetition, the results are discussed storage temperature-wise. At all the storage temperatures in every genotype, the maximum pollen germination and pollen viability was on the day of collection (Tables 3, 4).


Table 4 | Effect of storage temperature and duration on the pollen viability of different Vitis genotypes.



Pollen stored at room temperature recorded a sharp reduction in germination and viability rate over time in all the genotypes. At room temperature, pollen showed germination and viability extending up to the seventh day of storage. Beyond this period, it declined to zero in all grape genotypes except POC and PN. In the case of these two genotypes, storage for only 3 days was possible. However, the acceptable pollen germination percentage of >30% was found up to only the first day of storage in PN, POC, and BS; up to the third day in EPS; up to the fifth day in PER and MH; and a maximum of up to 7 days in FS and SC (Tables 3, 4). FS and SC recorded pollen germination rates of 51.6 % and 46.7 %, respectively, even on the seventh day of storage, which is significantly higher than those of other studied genotypes under similar storage conditions. In all the genotypes, pollen germination was consistently the lowest when stored at room temperature, regardless of the duration. The decline in both pollen germination and viability occurred notably faster at room temperature compared to the other storage temperatures.

Pollen germination and pollen viability at 4 °C are presented in Tables 3, 4. In all genotypes, pollen germination was more than acceptable, i.e., 30 % during 30 days of storage except in POC, which had it for only up to the third day of storage. In all the genotypes, pollen viability was significantly higher at 4 °C as compared to room temperature.

In all the genotypes, pollen germination percentage had a non-significant difference during the whole storage period at −20 °C and −196°C except in POC. Pollen stored at −196 °C maintained higher pollen germination compared to other storage conditions. However, in the case of pollen viability, the non-significant difference between pollen viability at different storage durations exists only at −196°C. The pollen storage at −20 °C had intermediate pollen viability with respect to pollen viability at −4°C and −196 °C.





Cross-compatibility




In vivo pollen tube growth

The in vivo study of pollen tube growth was conducted in three aspects, including pollen germination on the stigmatic surface and the initiation of pollen tube growth, the extension of pollen tubes reaching halfway or the base of the style canal, and the penetration of pollen tubes into the ovule. In VP/PN, notable pollen germination was observed on the stigmatic surface, leading to the abundant growth of pollen tubes within the stigma and style tissues (Figure 5A). Furthermore, there was significant growth of pollen tubes along the transmission tissue (Figure 5B). In the majority of the flowers, the pollen tubes grew significantly and extended to the base of the stylar canal. However, in a few flowers, the pollen tubes followed a shorter path, finishing their growth in the middle of the stylar canal. Notably, in some crossed flowers, the pollen tubes managed to penetrate the ovule by entering through the micropyle after 24 hours of pollination (Figure 5C). In VP/SC, good pollen germination was observed on the stigma along with profuse pollen tube growth in the stylar tissue (Figure 6A). Additionally, in most of the flowers, pollen tubes reached the base of the stylar canal after 24 hours of pollination. A significant number of pollen tubes along the transmission tissue were observed (Figures 6B, C). In VP/MH, slow pollen tube growth was observed, and pollen tubes entered more than half of the stylar canal after 24 hours of pollination but did not reach the base of the stylar canal (Figures 7A, B). In VP/DG, pollen grains did not germinate on the stigma (Figure 8). Similarly, in selfed flowers of VP, no pollen germination was observed on the stigmatic surface (Figure 9).




Figure 5 | Longitudinal aniline blue-stained, fluorescent, frozen section (20 μm) of Vitis parviflora Roxb. × Pusa Navrang (Vitis vinifera L.) flowers. Pistil with visible abundant germinating pollen grains (A). Pollen tubes penetrating transmission tissues of the style, with most of the pollen tubes reaching the base of the stylar canal. Magnified stigma with growing pollen tubes (B). Pollen tube penetrating inside the ovule (C).






Figure 6 | Longitudinal aniline blue-stained, fluorescent, frozen section (20 μm) of Vitis parviflora Roxb. × Salt Creek (Vitis champini Planc.) flowers. Pistil with visible abundant germinating pollen grains; pollen tubes penetrating the transmission tissues of the style, with most of the pollen tubes reaching the base of the stylar canal (A). Stigma with growing pollen tubes (B). Pollen tubes reaching the base of the ovary (C).






Figure 7 | Longitudinal aniline blue-stained, fluorescent, frozen section (20 μm) of Vitis parviflora Roxb. × Male Hybrid (V. vinifera L.) flowers. Pollen germination on the stigma (A). Pollen tubes reaching up to half of the stylar canal after 24 hours of pollination (B).






Figure 8 | Longitudinal aniline blue-stained, fluorescent, frozen section (20 μm) of Vitis parviflora Roxb. × Dogridge (Vitis champini Planch.) flower. No pollen tube growth (pollen germination) on the stigma.






Figure 9 | Longitudinal, frozen section (20 μm) of a selfed flower of Vitis parviflora Roxb. Bright-field image: papillous stigma, visible ungerminated pollen grains on the selfed V. parviflora Roxb. flower (A). Fluorescent image showing no pollen tube growth (pollen germination) in the selfed flower of V. parviflora Roxb. (B).







Crossability indices

Among the four crosses, the significantly higher berry retention percentage (61.14 %) was recorded in VP/SC followed by VP/PN (52.05 %) and the lowest (23.25%) in VP/MH (Table 5). No fruit set was observed in VP/DG. The compatibility index value for VP/SC was 1.183 while 1.154 for VP/PN. The lowest compatibility index (0.511) was recorded in VP/MH. The highest number of seeds per fruit was recorded in VP/PN (2.36) followed by VP/SC (2.246) and VP/MH (1.986).


Table 5 | Fruit setting rate, average number of seeds per berry, and compatibility index of four interspecific crosses.









Discussion




Pollen micro-morphology

Palynology is primarily concerned with the study of various pollen features, which could be utilized in plant classification and phylogenetic studies (Claxton et al., 2005; Al-Hakimi et al., 2017) at the same time; the applied part of pollen-based information could be utilized for many purposes, viz., crop improvement and conservation of plant genetic resources. In this study, the basic purpose behind studying pollen-based features, i.e., the palynology of grape genotypes of three different species with asynchronous flowering (Supplementary Figure 1), was to find out the possibility of their utilization in successful pollination and fertilization for grape rootstock improvement. These three grape species, V. vinifera L., V. champini Planc., and V. parviflora Roxb., cannot be differentiated based on the pollen micro-morphology, as the genotypes that belonged to them did not indicate marked variation in parameters like polar, equatorial axes and colpus dimensions. Similar to our findings, Soares et al. (2013) observed variations in Passiflora edulis and Passiflora setacea, but these variations were not significant enough to differentiate them. However, Joujeh et al. (2019) found variations in pollen color, exine ornamentation pattern, and density of spines distributed on the exine surface of six species of Centaurea genus, which can be utilized for deciding taxonomic position.

Apertures are key pollen micro-morphology-based features for identifying pollen grains. According to Moore and Webb (1978), these apertures are the primary characteristics utilized in distinguishing variations among pollen grains or spore fossils. In this study, two categories of pollen were found based on the number of apertures. The first one comprises acolporated pollen found in DR (V. champini Planc.) and VP (V. parviflora Roxb.). The second group characterized by tricolporate pollen consists of eight grape genotypes, including genotypes from V. vinifera and V. champini Planc. The presence of an aperture determines the functionality of pollen. The presence of two forms of pollen (acolporate and tricolporate), i.e., pollen dimorphism, is documented in various species of Vitis, namely, V. riparia Michx. (Kevan et al., 1985), Vitis aestivalis Michx. (Kevan et al., 1988), and Vitis coignetiae Pulliat. (Kimura et al., 1988), and represents a form of functional dioecy. The presence of an aperture is also linked to the type of flower. Genotypes having inaperturate (acolporate) pollen typically exhibit well-developed pistils surrounded by reflexed and short stamens (Vasconcelos et al., 2009). This floral structure is linked with the production of inaperturate pollen, which is generally considered sterile or non-functional (Meneghetti et al., 2006; Barbieri et al., 2012). In contrast, tricolporate pollen is linked to hermaphrodite flowers (Pratt, 1971; Punt et al., 2003; Vasconcelos et al., 2009). Acolporate pollen lacks furrows (Furness, 2007); as a result, it cannot germinate (Abreu et al., 2006). Meanwhile, tricolporate pollen has three furrows, is fertile, and can germinate (Padureanu and Patras, 2018). This was further reflected in the fertility of the pollen of these genotypes (Tables 3, 4; Figures 5–9). The presence of acolporate/inaperturate pollen within the same genus or species is linked with their different development from the normal one. A gene, INAPERTURATE POLLEN1 (INP1), specifically involved in the formation of pollen apertures, has been recently isolated and characterized in Arabidopsis thaliana; the loss of INP1 entails the lack of furrows and is responsible for the formation of inaperturate pollen (Dobritsa and Coerper, 2012). It further results in the uniform thickening of cell walls of pollen, lack of colpi, and an abnormal round shape. This could be the probable cause of acolporate pollen in DR and VP in this study.

Acolporated pollen in DR (V. champini Planc.) and V. parviflora Roxb. was unable to germinate on in vitro medium but was stained with TTC (Figure 4). The observed color change is attributed to the reduction of a colorless, soluble tetrazolium salt to form a visually detectable, reddish insoluble material known as formazan. This reduction is facilitated by dehydrogenase enzymes present specifically in metabolically active cells. However, there were no furrows on the pollen, so pollen tubes did not form (Caporali et al., 2003). A similar finding was reported in other species like Solanum appendiculatum (Zavada and Anderson, 1997) and Arabidopsis (Dobritsa and Coerper, 2012). Additionally, other morphological features, including shape and wall ornamentation, play a crucial role in pollen identification. However, dimension-based pollen parameters like polar axis, equatorial axis, mesocolpium width, and colpus length and width showed variation in different grape genotypes but did not follow any specific pattern with respect to the species they belong to (Lukšić et al., 2022). All the grape genotypes except EPS and BS exhibited foveolate-perforate exine ornamentation (Marasali et al., 2005; Abreu et al., 2006; Lukšić et al., 2022). EPS and BS both are from V. vinifera L., and they showed reticulate (Padureanu and Patras, 2018) and reticulate striate exine ornamentation, respectively.





Pollen storage

Fresh pollen of each grape genotype exhibited a distinct pollen germination percentage. For instance, FS recorded a germination rate of 90.4 %, while POC showed a lower rate of 40.4 %. This suggests that the pollen from each genotype possesses inherent characteristics influencing its ability to germinate under specific conditions as observed by Kelen and Demirtas (2003) in grapes. Similarly, significant variation in fresh pollen germination has been reported within the same genus or species, as reported in the case of the Serbian Autochthon Apple (Ćalić et al., 2021) and crape myrtle (Lagerstromia spp.) (Akond et al., 2012). Probably, this could be a reason behind the fact that some grape genotypes are good pollinators as compared to others (Pereira et al., 2018; Wang et al., 2022), similar findings have been reported in Annona (Pereira et al., 2014) and plum (Đorđević et al., 2022).

The effect of different storage temperatures and durations on in vitro pollen germination revealed that the initial pollen germination was the highest on the day of collection for all genotypes and reduced as storage duration was prolonged. Storage of pollen at lower temperatures (4 °C, −20° C, and −80 °C) has been reported to increase its longevity in various plant species, as reported in Pistachio (Aldahadha et al., 2020), hazel (Novara et al., 2017), mango (Dutta et al., 2013), litchi (Wang et al., 2015), and kiwi (Borghezan et al., 2011). The reduction in pollen germination percentage was significant at room temperature but minimal at −196 °C. As pollen ages, the following occurs: a deterioration in its intracellular structure, a decline in enzyme activity, an increase in the presence of free radicals, and processes such as de-esterification and lipid peroxidation. These factors collectively result in increased cellular component leakage when the pollen is rehydrated (Taylor and Hepler, 1997). When pollen is stored at low temperatures, the metabolic processes within the pollen grains may be diminished or suppressed, leading to an extension of the pollen grain lifespan (Ćalić et al., 2021; Đorđević et al., 2022). This phenomenon explains the minimal alterations in pollen germination and viability observed throughout the entire storage duration at −196 °C. In the study, the logic behind the selection of these four temperatures was to check the possibility of successful pollen storage under available storage facilities to support the grape hybridization program. If pollen needs to be stored for next-day pollination use, it can be stored at room temperature. For a 30-day storage period, pollen can be effectively stored at 4 °C for each genotype, excluding POC. Laboratories commonly have refrigerators, making this a practical option. However, for genotypes involved in grape hybridization and with access to storage facilities at −20 °C and −196 °C (liquid nitrogen), it is advisable to utilize these options for optimal pollen storage within the 30-day timeframe of the flowering period (Supplementary Figure 1). This ensures successful pollen preservation for use in the grape hybridization program.





Male sterility: an indicator of functional femaleness

Our findings indicated that VP and DR had acolporated pollen grains lacking apertures (Table 1), preventing germination on in vitro pollen germination medi (Anderson and Symon, 1989; Penny and Steven, 2009). Similarly, self-pollination experiments with VP and VP/DG confirmed the absence of pollen germination on the stigma (Figures 8, 9). This proves that VP and DR are male sterile or functional female and can be utilized as female parents without the need for emasculation, thus saving time and effort (Kaul, 1988).





Cross-compatibility and pollen–pistil interaction

Four cross-combinations belonged to V. parviflora Roxb. × V. vinifera L. (VP/MH and VP/PN), V. parviflora Roxb. × V. champini Planc. (VP/SC and VP/DG), and V. parviflora Roxb. × V. parviflora Roxb. VP/VP was studied to find out cross-compatibility (Figures 5–9). It was evident from the pollen tube growth inside the pistil in VP/SC and VP/PN that it had a high degree of compatibility in pollen–pistil interaction. Aniline blue fluorescence microscopy revealed a greater number of germinating pollen on the stigmatic surface, with pollen tubes reaching the base of the stylar canal and even entering the ovules through the micropyle within 24 hours of pollination in VP/SC and VP/PN combinations. This strong compatibility was reflected in higher fruit set percentages, an increased average number of seeds per berry, and compatibility indices in VP/SC and VP/PN cross-combinations. More pollen tube growth (García-Breijo et al., 2020) and more seeds per berry indicate more compatibility among parents (Békefi and Halász, 2005; Cerovic et al., 2021).

While in VP/MH, pollen tubes did not reach the base of the stylar canal; most of the pollen tubes reached more than half of the stylar canal after 24 hours of pollination. Despite that, slower pollen tube growth for successful fertilization occurred, resulting in the production of seeds. Thus, the pollen tubes must have continued to grow for more than 24 hours after pollination and then fertilized the ovules. As a result, lower berry retention (23.25%) and number of seeds per berry (1.986) were recorded. The slower pollen tube growth could have led to reduced fertilization and subsequent fruit set as reported by Adachi et al. (2009) in autotetraploid cultivars of apple. Similarly, Pasonen et al. (2001) reported a significant positive correlation between pollen-tube growth rate and seed mass in Betula pendula. Conversely in VP/MH, although the in vitro pollen germination was higher (71.7 %) (at par with SC), the fruit set (23.25 %) was significantly less as compared to VP/SC along with the lowest compatibility index (0.511) among all successful cross-combinations (Badiger et al., 2023).






Conclusion

The present study revealed diverse palynological characteristics based on the presence or absence of colpus and variations in pollen dimensions. There was no particular trend for these parameters with respect to the species. The study also identified the presence of male sterility in V. parviflora Roxb. and Dogridge. The pollen storage temperatures −20 °C and −196 °C were found to be efficient for up to 30 days. V. parviflora Roxb. × V. vinifera L. (Pusa Navrang) and V. parviflora Roxb. × V. champini Planc. (Salt Creek) stood out as highly cross-compatible combinations, showing superior fertility indices, and may be exploited for the rootstock breeding of grapes.
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stressors and their introgression into B. juncea
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os0 Genotyping by sequencing of B. juncea-B. fruticulosa ILs for studying MTAs for SSR-resistance Atri et al. (2019)
Development of introgression lines of B. juncea-E. cardaminoides for SSR resistance Rana et al. (2019)
Generation of somatic hybrids of B. juncea and S. alba with resistance against SSR Kumari et al. (2020a)
2; Alternaria blight Introgression of Alternaria blight resistance from D. erucoides into B. juncea Bhat et al. (2006)
Generation of B. juncea-S. alba somatic hybrids with resistance against Alternaria Kumari et al. (2020a)
Identification of key glucosinolate biosynthesis genes for Alternaria blight resistance in D. erucoides Choudhury et al.
(2023)
3. ‘White rust Development of D. erucoides-B. juncea ILs Bhat et al. (2006);
Vasupalli et al. (2017)
Studying the resistance responses of D. erucoides-B. juncea ILs against different Albugo candida isolates Mehta et al. (2023)
4. Aphids Screening of B. fruticulosa and B. montana for resistance against aphid attack Kumar et al. (2011)
Development of B. fruticulosa-B. juncea ILs for introgression of aphid resistance Atri et al. (2012)
5 Drought stress Transcriptome studies on genes involved in drought tolerance responses in S. alba Kashyap et al. (2023)
Evaluation of drought tolerance characteristics in B. fruticulosa Dong et al. (2012)
6. Heat stress B. juncea-S. alba ILs showed successful seed set under high temperature stress Kumari et al. (2018)

Evaluation of heat stress tolerance in B. tournefortii Kashyap et al. (2023)
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§ 446399596 2831.01 = RRM_dom TC418597 98.8 0 -5.32 -4.57 -2.19 -4.62 -2.46 -2.99
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o 446979590 2842.01 compl1717_c0_seql = 98.3 113 =279 ~7.47 =5.96 -10.56 | -7.57 -11.64
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3 449881343 2882.01 Nup205 compl6121_c0_seql | 93.6 113 -4.19 3.09 1.65 -19.92 | -2.83 0.00
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451320962 2914.01 TC412143 100.0 0 —4.06 -25.24 0.00 -4.98 -13.96 -9.78
2.19E-

453763106 2954.01 | UBX_dom comp23758_c0_seql | 98.9 90 3.10 1.68 -4.86 -2.81 -1.33 -1.40

456345861 2988.01 = PPC_dom TC406617 99.8 0 -16.44 -25.24 0.00 -2.16 0.00 -8.85
4.16E-

458108792 3015.01 = HARBII-like comp6659_c0_seql 88.6 76 -6.01 -20.57 -12.23 -6.33 -10.67 -18.08
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449473077 2873.01 comp9650_c0_seql 95.7 90 4.11 24.24 11.06 5.79 6.77 23.30

449922178 2884.01 TC245439 94.0 0 393 357 1.10 8.08 4.18 47.25
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o

£
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% 450397572 comp28850_c0_seql 98.4 88 7.16 -1.81 3.20 95.85 218 -1.15
450415454 2901.01 TC241640 90.4 0 0.00 0.00 0.00 0.00 6.09 0.00
452635874 2930.01 | Glyco_trans_8 TC371124 97.6 0 118 297 851 1.03 1.02 6.44
457231755 3004.01 | Chaperone_DnaK TC262056 94.8 0 =131 1.49 7.14 -1.30 -1.03 -1.49

Position of less expressed genes in P1272560 and higher expressed genes in comparison to accession 36554 are shown. From tags showing a hit to genes within the T. urartu genome, the
percentage identity (pident), expectation value (E-value), and the last six digits of T. urartu gene IDs (TuG1812Gxxxx.xx) are shown. Number of tags within variants and time segments are shown
as tags per million tags (tpm). Tpm detected in P1272560 and 36554 were compared to obtain the relative expression values (REV) 1 and 2 (Materials and Methods section). The position within
the T. urartu genome is shown in base pairs (bp) for the inoculated (inoc.) and non-inoculated (contr.) variants.
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2872.01 Tonoplast dicarboxylate
449461624 . transporter TCA17826 - 843 SE-71 | 0.82 - - - - -
g Jsorr | Fasciclin arabinogalactan
8 450096292 . protein 7 TC393310 - 932 0 - 070 - - - -
* 2931.01 &
452761127 : Protein LTV1 homolog TC390467 98.9 126 - - - 067 - -
2937.01 Cationic amino acid
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From tags showing a hit to genes within the T.urartu genome, the percentage identity (pident), expectation value (E-value), and the last six digits of T. urartu gene IDs (TuG1812Gxxxx.xx) are
shown. Number of tags within variants and time segments are shown as tags per million (tpm). Genes related to abiotic or abiotic stress were marked with one or two asterisks.





OPS/images/fpls.2023.1252123/table4.jpg
Interval Interval

(cM) (Mbp). . Markername
Hmc at 72
5A cdm hai 73.94-103.37 418.56-481.75 10.9 -1.62 SNP_1364455 453.78 4.56 2.80
5A ‘ cdm Rating 61.64-120.36 386.36-501.64 269 -0.29 SNP_1364455 453.78 12.39 2.80
Hmc at 72
5A dm hai 55.77 449.77 11.0 -1.49 2326504 449.77 4.51 4.40
Hmc at 48
7A dm hai 188.39-191.59 1.24-3.57 60.9 1.86 1252815 701.29 13.87 13.70

QTL intervals of genetic maps (centiMorgan, cM) were compared to the physical position available from the T. urartu genome (million base pairs, Mbp). Using different phenotypic data as traits,
the percentage of explained variance (PEV), logarithm of odds (LOD), and additive effect (add.) were calculated. ¢M and Mbp position of markers that directly flank the QTLs region above the
LOD-cutoff value of the respective chromosome. The LOD-cutoff values were determined after a permutation test with 1,000 repeats and indicate a significance level of p = 0.05.
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Visual Hmc at 48 Hmc at 72

rating hai hai
Visual rating 100 0.03 0.07
Hmc at 48
hai -0.14 1.00 -0.14
HMC at 72
hai -0.03 0.07 1.00-

Significant correlations are marked by *(ct = 0.1), **(ct = 0.05), and ***(o. = 0.01).
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HMC number HMC number

(48 hai) (72 hai)
Minimum | 0.18 0.60 0.00
st
Quartile 0.93 1.90 0.00
Median 147 3.50 0.00
Mean 1.97 5.05 0.24
3rd
Quartile 252 7.80 0.00
Maximum | 8.67 17.80 2.00
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Dominant markers for the Dominant markers for the

Codominant markers PI272560 allele 36554 allele
Positions = Markers Positions Markers Size Positions ~ Markers  Size Physical size
1A 225 74 18255 299 239 12057 306 199 169.18 584,104,260
2A 223 69 18538 | 233 155 1786 215 118 143.88 753,704,009
3A 251 48 222.88 281 148 184.45 294 137 197.28 747,003,405
4A 171 36 151.44 226 120 147.42 156 61 112.21 619,557,940
5A 206 78 167.39 201 135 112.44 168 107 97.41 661,454,495
6A 184 35 166.87 294 198 153.42 192 76 134.97 575,711,938
7A 296 54 26494 | 288 232 109.13 290 146 19159 719,654,360
Sum | 1,556 394 134145 | 1,822 1,227 94529 1,621 844 | 1,046.52

As a comparison, the physical size of T. urartu chromosomes s shown in base pairs (bp).
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Pathogen Rac Isolate Virulence/avirulence formula® | Source

Puccinia TTTTF* | 02MN84A-1- 5,6, 7b, 8a, 9a, 9b, 9d, 9e, 9g, 10, 11, Y. Jin (USDA-ARS Cereal Disease Laboratory. St. Paul, MN)

graminis f. sp. 2 17, 21, 30, 36, 38, McN, Tmp/24, 31
tritici
P. graminis f. TTKSK* | 04KEN156/04 5, 6, 7b, 8a, 9a, 9b, 9d, 9e, 9g, 10, 11, Y. Jin (USDA-ARS Cereal Disease Laboratory. St. Paul, MN)
sp. tritici 17, 21, 30, 31, 38, McN/24, 36, Tmp
P. graminis f. TTRTF 14GEO189-1- 5, 6, 7b, 8a, 9a, 9b, 9d, 9e, 9g, 10, 11, Y. Jin (USDA-ARS Cereal Disease Laboratory. St. Paul, MN)
sp. tritici B 21, 36, McN, Tmp/17, 30, 24, 31, 38
P. graminis f. QFCSC 06ND76C 5, 8a, 9a, 94, 9g, 10, 17, 21, 35, McN/6, Y. Jin (USDA-ARS Cereal Disease Laboratory. St. Paul, MN)
sp. tritici 7b, 9e, 9b, 11, 22, 24, 31, 30, 36, 38,
Tmp
P. triticina THBJG* 99ND588DLL 1, 2a, 2c, 3a, 16, 26, 10, 14a, 18/9, 24, J. Kolmer (USDA-ARS Cereal Disease Laboratory. St. Paul, MN)
3ka, 11, 17,30, B
P. triticina BBBDB* | JAK 14a/1, 2a, 2¢, 3a, 9, 16, 24, 26, 3ka, 11, J. Kolmer (USDA-ARS Cereal Disease Laboratory. St. Paul, MN)
17, 30, B, 10, 18
P. triticina BBBQD CA 12 B, 10, 39/1, 2a, 2¢, 3, 9, 16, 24, 26, 3ka, J. Kolmer (USDA-ARS Cereal Disease Laboratory. St. Paul, MN)
11, 17, 30, 14a, 18, 21, 28, 42
P. triticina TBBGS 14 US 154-1 1, 2a, 2¢, 3, 10, 21, 28, 39/9, 16, 24, 26, J. Kolmer (USDA-ARS Cereal Disease Laboratory. St. Paul, MN)
3ka, 11, 17, 30, B, 14a, 18, 42
P. striiformis PSTv37* | 10-106 6,7,8,9, 17,27, 43, 44, Trl, Exp2/1, 5, X. Chen (USDA-ARS Wheat Genetics, Physiology, Quality, and Disease
f. sp. tritici 10, 15, 24, 32, SP, Tye Research Unit and Department of Plant Pathology, Washington State
University, Pullman, WA)
P. striiformis PSTv40 10-391 6,7,8,9, 10, 24, 27, 32, 43, 44, Trl, X. Chen (USDA-ARS Wheat Genetics, Physiology, Quality, and Disease
£, sp. tritici Exp2/1, 5, 15, 17, SP, Tye Research Unit and Department of Plant Pathology, Washington State
University, Pullman, WA)
P. striiformis PSTv218 | 2008-012 6,7,8,9, 10, 24, 32, 43, 44, SP, Trl, X. Chen (USDA-ARS Wheat Genetics, Physiology, Quality, and Disease
f. sp. tritici Exp2/1, 5, 15, 17, 27, Tye Research Unit and Department of Plant Pathology, Washington State

University, Pullman, WA)

“Races of the pathogens were characterized on the respective wheat differential host sets for stem rust (Roelfs and Martens, 1988; Jin et al., 2008), leaf rust (Long and Kolmer, 1989), and stripe rust
(Wan and Chen, 2014).

"The virulence/avirulence formulae represent the resistance genes of the differential wheat genotypes for which the pathogen races possess virulence or avirulence.

* Races previously evaluated by Huang et al. (2018).
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Pathogen Race Resistant® sceptible® eterogeneous®

Puccinia graminis f. sp. tritici TTTTF* 64 (18.5%) 221 (63.9%) 61 (17.6%) 346
P. graminis {. sp. tritici | TTKSK* 249 (80.6%) 45 (14.6%) 15 (4.9%) 309
P. graminis f. sp. tritici TTRTF 155 (43.7%) 152 (42.8%) 48 (13.5%) 355
P. graminis {. sp. tritici QFCSC 354 (99.7%) 0 (0.0%) 1(03%) 355
P. triticina THBJG* 246 (66.0%) 76 (20.4%) 51 (13.7%) 373
P. triticina BBBDB* 179 (52.2%) 102 (29.7%) 62 (18.1%) 343
P. triticina BBBQD 218 (61.4%) 68 (19.2%) 69 (19.4%) 355
P. triticina TBBGS 243 (68.5%) 24 (6.8%) 88 (24.8%) 355
P. strifformis £. sp. tritici PSTv37* 188 (49.5%) 165 (43.4%) 27 (7.1%) 380
P. striiformis f. sp. tritici PSTv40 191 (53.7%) 53 (14.9%) 112 (31.5%) 356
P. strifformis f. sp. tritici PSTv218 282 (79.0%) 19 (5.3%) 56 (15.7%) 357

*Number of resistant (those exhibiting infection types [ITs] of 0 to 2+ for stem and leaf rust, and 0 to 6 for stripe rust) accessions observed to each pathogen race. Frequency is given in parentheses.
Number of susceptible (those exhibiting ITs of 3- to 4 for stem and leaf rust, and 7 to 9 for stripe rust) accessions observed to each pathogen race. Frequency is given in parentheses.
“Heterogeneous indicates that individual accessions exhibited a mixture of distinctly resistant and susceptible plants.

*Races previously evaluated by Huang et al. (2018).
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Chrom: Position p- n

Putative candidate gene(s)

atiooeh Rf:)e POPUIENQH.:? gentfied " arker D some (Mbp) valle | obsb | [MAFS | effect? function®

Pt TBBGS MLM ‘Whole $25_363051049 25 363.05 263E-07 264 047 148
FarmCPU 4.64E-13 264 0.47 122 Cyclic nucleotide-gated cation channel o-3
BLINK 9.48E-09 264 0.47 L1

Pgt TTKSK FarmCPU ~ Whole $25_602532465 25 60253 293E-09 278 0.28 072

F-box protein family-like,
BLINK 3407 | 278 028 082 F-box family protein,
LURP-one-like protein

BLINK  Subpop2 296E-15 120 043 128
Pt PSTVi0 | FarmCPU  Whole §35_669959829 3s 669.96 600E-12 293 02 076
BLINK 250E-15 | 293 02 193 WRKY transcription factor,
PSTV218 | FarmCPU LIsE0S 332 02 gss; | WREY tBscipton facior
BLINK 9SIE13 332 02 073
Pt QFCSC | MLM Subpop 2 $35_835968584 35 83597 463E08 160 0.04 143 Digease resistance protcin (NBS-LRR),
FarmCPU 897626 160 | 004 1os: | Selcompepticabxenip BB
domain-containing protein/tetratricopeptide
BLINK 475E15 160 0.04 12 | repeat (TPR)-containing protein
Pt THBJG | FarmCPU  Whole §35_885155266 38 885.16 138E08 302 019 097 | Ebox family protein,
Disease resistance protein (NBS-LRR),
Tescs [[BUNK soee | 2u hatly %' Pm-like disease resistance protein (NBS-
THBJG | BLINK L52E-10 | 302 019 18 LRR)
Pt TITTE | MM Subpop 2 $4S_697635226 15 697,61 174E08 135 004 247

NAD(P)-linked oxidoreductase-like protein,
FarmCPU 7.63E-18 135 004 165 Protein kinase,
Protein FARI-RELATED SEQUENCE 5

BLINK 3SE32 135 004 333
gt TITIF | MLM Subpop 2 §55_535624330 ss 53562 Le7E07 | 135 oo 255
— ssep | s oor | s | Tonoplstdicarboxylte ransporer,
E3 ubiquitin-protein ligase-like protein
BLINK LaE27 | 135 004 301
n BBEDB | MLM Whole SUN_49934383 UN 1993 L6IE0s | 262 04l 293
FarmCPU 75E1 | 22 o4l 189
F-box/ FBD/LRR like protein
BLINK ABEIS | 22 o4l 301
BBBQD | BLINK 69E10 280 | 042 154
P BEBDB | BLINK  Subpop2 SUN 232304889 uN 33 SRE | 12 016 L6
TBBGS | BLINK s0E2 us o1 16 | pocrmpianii s,
THBIG | FarmCPU 360E09 138 013 Lig | BroteoBARL-RECATED SEQUENCES
BLINK L2816 | 138 013 183

* All GWAS models were performed independently in the whole population and in each of two subpopulations. The two subpopulations were identified via K-means clustering.
® Number of accessions with observations for each trait in the relevant population(s).

< MAF, minor allele frequency.

* Absolute value of allelic efect size, or postulated effect of the allele on a phenotype.

 Gene annotation s according to the reference assembly of Ac. longissima (accession AEG-6782-2, Avni et al., 2022). Genes listed are within 1 Mbp of the significant marker.
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Ruchix AM-24 (C5/50/mizo34)

Ruchi x AM-6 (C5/50/miz024)

AM-24 (C4/50/mizo34) x Salkeerthi

C3/50/miz027 x 1C22232

AM-24 (C5/50/miz034) x Parbhani Kranti

C5/741/mizo9 x EC169415

C3/50/mizo27 x Arka Anamika

C3/106/mizo6-(4) x 1C22232

AM-6 (C4/50/mizo24) x 1C31340C

C5/50/miz027 x 1C31340C

C5/87/gran2 x EC169415

C3/741/gran12 x IC31398A

C3/106/mizo6(4) x Kashi Vibhuti

AM-24 (C4/50/mizo34) x South Canara Local

C3/106/mizo6 (2) x 1C22232

C3/50/miz027 x IC31398A

AM-24 (C3/50/miz034) x Arka Anamika

C3/50/miz027 x Kashi Vibhuti

Cs3/741/gran12 x IC32398A

C3/106/mizo6 (6) x Kashi Vibhuti

C5/50/mizo24 x South Canara Local

Cs3/50/mizol x IC31398A

C3/50/mizol x Kashi Lalima

C3/106/mizo6 x Hissar Unnat

Cs/87gran2 x Arka Anamika

B13 [(A. esculentus x A. angulosus var.
grandiflorus) x (A. esculentus x Abelmoschus
tetraphyllus)) x Arka Anamika

B-16 [(A. esculentus x A. angulosus var.
grandiflorus) x (A. esculentus x A.
tetraphyllus)] x Arka Anamika

Ruchi x AM-25 (C,/817/gran)

Arka Anamika x AMPK-1 [AM-24 (C3/50/
mizo34) x Parbhani Kranti)]

Ruchi x AMPK-1 [AM-24 (C3/50/mizo34) x
Parbhani Kranti)]

Gn, generation.

Female parent

Abelmoschus esculentus cv. Ruchi

A. esculentus cv. Ruchi

A. esculentus 1C265650 x A. pungens var.
mizoramensis 1C0624223

A. esculentus 1C265650 x A. pungens var.
mizoramensis 100624224

A. esculentus 1C265650 x A. pungens var.
mizoramensis 1C0624225

A. esculentus IC306741 x A. pungens var.
mizoramensis 1C0624226

A. esculentus 1C265650 x A. pungens var.
mizoramensis 1C0624225

A. esculentus 1C260106 x A. pungens var.
mizoramensis 1C0624225

A. esculentus 1C265650 x A. pungens var.
mizoramensis 1C0624225

A. esculentus 1C265650 x A. pungens var.
mizoramensis 1C0624226

A. esculentus 1C412987 x Abelmoschus angulosus var.

grandiflorus 10613527

A. esculentus 1C306741 x A. angulosus var.
grandiflorus 1C613527

A. esculentus 1C260106 x A. pungens var.
mizoramensis 100624225

A. esculentus 1C265650 x A. pungens var.
mizoramensis 100624225

A. esculentus 1C265650 x A. pungens var.
mizoramensis 10624225

A. esculentus 1C265650 x A. pungens var.
mizoramensis 10624225

A. esculentus 1C265650 x A. pungens var.
mizoramensis 1C0624225

A. esculentus 1C265650 x A. pungens var.
mizoramensis 1C0624225

A. esculentus 1C306741 x A. angulosus var.
grandiflorus 10613527

A. esculentus 1C260106 x A. pungens var.
mizoramensis 1C0624225

A. esculentus 1C265650 x A. pungens var.
mizoramensis 1C0624225

A. esculentus 1C265650 x A. pungens var.
mizoramensis 1C0624225

A. esculentus 1C265650 x A. pungens var.
mizoramensis 100624225

A. esculentus 1C260106 x A. pungens var.
mizoramensis 100624225

A. esculentus 1C412987 x A. angulosus var.
grandiflorus 10613527

[A. esculentus 1C265650 x A. angulosus var.
grandiflorus 1C613527) x [(A. esculentus cv. Arka
Anamika x A. fetraphyllus 1C253122)]

[A. esculentus 1C265650 x A. angulosus var.
grandiflorus 1C613527] x [(A. esculentus Arka
Anamika x A. fetraphyllus 1C253122)]

A. esculentus cv. Ruchi

A. esculentus Arka Anamika

A. esculentus cv. Ruchi

Male parent

AM-24 (A. esculentus 1C265650 x
Abelmoschus pungens var. mizoramensis
1C0624222)

AM-6 (A. esculentus 1C265650 x A.
pungens var. mizoramensis 1C0624222)

A. esculentus cv. Salkeerthi

A. esculentus 122232

A. esculentus cv. Parbhani Kranti

A. esculentus EC169416

A. esculentus cv. Arka Anamika

A. esculentus 1C22232

A. esculentus 1C31340C

A. esculentus 1C31340C

A. esculentus EC169415

A. esculentus IC31398A

A. esculentus cv. Kashi Vibhuti

A. esculentus cv. South Canara Local

A. esculentus 1C22232

A. esculentus IC31398A

A. esculentus cv. Arka Anamika

A. esculentus cv. Kashi Vibhuti

A. esculentus 1C32398A

A. esculentus cv. Kashi Vibhuti

A. esculentus cv. South Canara Local

A. esculentus IC31398A

A. esculentus cv. Kashi Lalima

A. esculentus cv.Hissar Unnat

A. esculentus cv. Arka Anamika

A. esculentus cv. Arka Anamika

A. esculentus Arka Anamika

Abelmoschus caillei IC566817 x A.
angulosus var. grandiflorus 10613527

A. esculentus 1C265650 x A. pungens var.
mizoramensis 1C0624222 x A. esculentus
cv. Parbhani Kranti

[A. esculentus 1C265650 x A. pungens var.

mizoramensis 1C0624222] x A. esculentus
cv. Parbhani Kranti

BC,F;

BC,F;

BC,F3

BC,Fs

BC,F;

BC,F;

BC,Fs

BC,F;

BC,F3

BC,Fs

BC,Fs

BCFs

BC,Fs

BC,Fs

BC,F;

BC,Fs

BC,Fs

BC,F;

BC,F3

BC,Fs

BC,F;

BC,F;

BC,Fs

BC,F;

BC,F;
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BC,F,

BC,F,
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Amphidiploid

Amphidiploid code Female parent Male parent e
5 AM22 ;ﬁézeér;g;;hus esculentus ;{(?oeg;:;;};us pungens var. mizoramensis C4/50/mizo30 5
2 AM-3 A. esculentus 1C260106 A. pungens var. mizoramensis 100624222 C3/106/mizo30 F3
3 AM-4 A. esculentus 1C265650 A. pungens var. mizoramensis 1C0624222 C3/50/mizo30 F3
4 ' AM-5 A. esculentus 1C265650 A. pungens var. mizoramensis 1C0624222 C3/50/mizo30 F3
5 AM-6 A. esculentus 1C265650 A. pungens var. mizoramensis 100624222 C3/50/mizo24 F3
6 AM-8 A. esculentus 1C265650 A. pungens var. mizoramensis 100624222 C5/50/mizo30 Fs
7 AM-9 A. esculentus 1C260106 A. pungens var. mizoramensis 100624222 C3/106/mizo30 F;
8 AM-10 bulk A. esculentus 1C265650 A. pungens var. mizoramensis 1C0624222 C3/50/mizo30 bulk Fs
9 AM-12 A. esculentus 1C265650 A. pungens var. mizoramensis 100624222 C4/50/mizo24 Ey
10 AM-14 A. esculentus 1C265650 A. pungens var. mizoramensis 1C0624222 C3/50/mizo30 F3
11 AM-15 A. esculentus 1C260106 A. pungens var. mizoramensis 100624222 C5/106/mizo30 Fs
12 AM-17 bulk A. esculentus 1C265650 A. pungens var. mizoramensis 1C0624222 C3/50/mizo30 bulk F;
13 AM-23 A. esculentus 1C412987 Abelmoschus angulosus var. grandiflorus C4/87/gran4 F,
1C613527
14 AM-24 A. esculentus 1C265650 A. pungens var. mizoramensis 1C0624222 C3/50/mizo34 Fs
15 AM-25 A. caillei 1C566817 A. angulosus var. grandiflorus 10613527 C5/817/gran F3
16 z:;h;lal;elmoschus A. esculentus cv. Ruchi A. tetraphyllus Cy/Ruchitetral F,

Gn, generation.
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Amphidiploid name

1 Pusa Sawani Abelmoschus pungens var. mizoramensis 1624236 C,Pusamizo236-29

2 Pusa Sawani A. pungens var. mizoramensis 1624236 C,Pusamiz0236-26 Fy
3 Pusa Sawani A. pungens var. mizoramensis 1C624236 C,Pusamiz0236-25 Fy
4 Pusa Sawani A. pungens var. mizoramensis 10624236 C,Pusamiz0236-24 F,
5 Pusa Sawani A. pungens var. mizoramensis 10624236 C,Pusamizo236-22 F
6 Pusa Sawani A. pungens var. mizoramensis 1624236 C,Pusamiz0236-21 Fy
74 Pusa Sawani A. pungens var. mizoramensis 1C624236 C,Pusamizo236-18 F
8 Pusa Sawani A. pungens var. mizoramensis 1C624236 C,Pusamiz0236-16 F,
9 Pusa Sawani A. pungens var. mizoramensis 1C624236 C,Pusamiz0236-15 F,
10 Pusa Sawani A. pungens var. mizoramensis 10624236 C,Pusamiz0236-20 F,
11 Pusa Sawani A. pungens var. mizoramensis 10624236 C,Pusamiz0236-27 F,
12 Pusa Sawani A. pungens var. mizoramensis 1624236 C,Pusamizo236-05 Fy
13 Pusa Sawani A. pungens var. mizoramensis 1C624236 C,Pusamiz0236-06 F,
14 Pusa Sawani A. pungens var. mizoramensis 1C624236 C,Pusamiz0236-07 F,
15 Pusa Sawani A. pungens var. mizoramensis 1C624236 C,Pusamiz0236-11 F,
16 Pusa Sawani A. pungens var. mizoramensis 10624236 C,Pusamiz0236-12 F,
17 Pusa Sawani A. pungens var. mizoramensis 1624236 C,Pusamizo236-14 F
18 Pusa Sawani A. pungens var. mizoramensis 10624236 C,Pusamizo236-02 Fy
19 Pusa Sawani A. pungens var. mizoramensis 1C624236 C,Pusamiz0236-30 F,
20 Pusa Sawani A. pungens var. mizoramensis 10624236 C,Pusamiz0236-04 F,
21 Pusa Sawani A. pungens var. mizoramensis 10624235 C,Pusamiz0235-09 F,
22 Pusa Sawani A. pungens var. mizoramensis 10624235 C,Pusamiz0235-04 F
23 Pusa Sawani A. pungens var. mizoramensis 1624235 C,Pusamiz0235-03 F,
24 Pusa Sawani A. pungens var. mizoramensis 1C624235 C,Pusamiz0235-02 Fy
25 Pusa Sawani A. pungens var. mizoramensis 10624235 C,Pusamiz0235-01 F,
26 Pusa Sawani A. pungens var. mizoramensis 10624235 C,Pusamiz0235-06 F,
27 Arka Anamika Abelmoschus moschatus variant EC306750 (1) CyArkamosc (variant)750-01 F
28 Arka Anamika A. moschatus variant EC306750 (2) C,Arkamosc (variant)750-02 F,
29 Arka Anamika A. moschatus variant EC306750 (4) C,Arkamosc (variant)750-04 Fy
30 Arka Anamika A. moschatus variant EC306750 (7) C,Arkamosc (variant)750-07 F,

Gn, generation.
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Accession no. Name of the species NEITH Collection so
1 Pusa Sawani Abelmoschus esculentus Cultivated Released variety
2 Arka Anamika A. esculentus Cultivated Released variety
3 | Parbhani Kranti A. esculentus Cultivated Released variety
4 | Salkeerthi A. esculentus Cultivated Released variety
5 | Kashi Lalima A. esculentus Cultivated Released variety
6 Kashi Vibhuti A. esculentus Cultivated Released variety
Z Hissar Unnat A. esculentus Cultivated Released variety
8 South Canara Local A. esculentus Cultivated Karnataka, India
9 | 1C412987 A. esculentus Cultivated Tamil Nadu, India
10 IC260106 A. esculentus Cultivated Tamil Nadu, India
11 EC306741 A. esculentus Cultivated Singapore
12 1C22232 A. esculentus Cultivated Madhya Pradesh, India
13 1C31340C A. esculentus Cultivated India
14 IC31398A A. esculentus Cultivated India
15 | IC32398A A. esculentus Cultivated India
16 1C265650 A. esculentus Cultivated Kerala, India
17 EC169416 A. esculentus Cultivated -
18 EC169415 A. esculentus Cultivated Philippines
19 1C566817 Abelmoschus caillei Cultivated India
20 1C624222 Abelmoschus pungens var. mizoramensis wild Mizoram, India
21 1C624235 A. pungens var. mizoramensis wild Nagaland, India
22 | IC624236 A. pungens var. mizoramensis wild Nagaland, India
23 | IC253122 Abelmoschus tetraphyllus wild India
24 | IC613527 Abelmoschus angulosus var. grandiflorus wild Kerala, India
25 1C582757 Abelmoschus enbeepeegearensis wild Kerala, India
26 1C624218 Abelmoschus palianus wild Chhattisgarh, India
27 EC306750 Abelmoschus moschatus (variant) wild Singapore
28 | 1C624232 A. moschatus subsp. moschatus wild Kerala, India
29 | IC470750 Abelmoschus sagittifolius wild Kerala, India
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Trifolium repens L. s.l. 1029
Dactylis glomerata L. 931
Lolium perenne L. 838
Poa pratensis L. 704
Trifolium pratense L. s.l. 681
Alopecurus pratensis L. 503
Trisetum flavescens (L.) P. Beauv. 469
Festuca rubra aggr. 362
Lolium multiflorum Lam. 332
Arrhenatherum elatius (L.) ]. & C. Presl 329
Festuca pratensis Huds. s.1 282
Cynosurus cristatus L. 210
Phleum pratense L. 148
Lotus corniculatus L. 88

Festuca arundinacea Schreb. s.1. 78

Agrostis gigantea Roth 29

Medicago sativa L. 19

Onobrychis viciifolia Scop. 9

Atleast one of these taxa must be present on the surface to pretend to be included in the in situ
program. Noteworthy, all taxa have been considered as Swiss priority CWR except for
Onobrychis viciifolia (Petitpierre et al., 2023).
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Name Indicator taxa Altitude Intensity of cultiva
Arrhenatherion Arrhenatherum elatus till 800 m Semi-intensive
Campanula patula

Crepis biennis
Geranium pratense
Malva moschata

Heracleum Dactylis Dactylis till 1200 m Semi-intensive 11
Trifolium
Taraxacum

Lolietum multiflorae Lolium multiflorum till 600 m Intensive 13

Poa trivialis

Trifolio-alopecuretum Alopecurus pratensis till 1400 m Semi-intensive 14
Trifolium, Poa, Dactylis

Poo pratensis-lolietum perennis Poa pratensis till 1400 m Semi-intensive 15
Lolium multiflorum
Trifolium

Polygono-trisetion Campanula rhomboidalis 800-2000 m Intensive 452
Cardaminopsis helleri

Centaurea pseudophrygia
Muscari botroyides
Narcissus radiiflorus
Polygonum alpinum
Thlaspi brachypetalum

Cynosurion Crepis cappillaris till 1600 m Semi-intensive 453
Gaudinia fragilis
Leontodon autumnalis
Phleum bertolonii
Senecio jacobaea
Veronica filiformis

Poion alpinae Cerastium fontanum 1400-2500 m Semi-intensive 454
Crepis aurea
Phleum rhaeticum

Surface nomenclatures refer to two sources: Eggenberg et al, 2015 and Dietl and Jorquera, 2015. Indicator taxa are detrimental to identifying the association type but are mostly distinct from the
primary target species of the in situ program (listed in Table 3).
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hard to implement
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too high). Legal
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further tested and
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surfaces by the
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compliance is
expected

Option 3 has been retained for a secondary test phase in two pilot cantons (Graubunden and
Luzern) for two seasons.
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Position Non- Combi-

Locus Chr Trait Main marker 2 Stressed AWAI
cM stressed ned
1 1A GY, BS00011235_51 2.6-8.0 74 49.5 * * * #
PLH, AWAL - o : :
2 1A GY, TKW Tdurum_contigl3459_543 0.0-10.3 9.7 163 *
TKW, Gr_spk,
1A - 1 48.0-50. 114 1. £ ¥ %
3 PLEL AWAT AX-9507948 8.0-50.1 317
TKW, .
= . . ,
4 1B GY, AWAI Tdurum_contigl 2899_347 115.6-129.1 13.1 47.6
TKW, GY, < * “ * *
5 24 PLH, Awal | Tdurum_contigl3459_543 12.7-124.0 9.7 41.1
6 2B % AX-158567848 116.0-128.0 89 445 * * *
TKW, AWAT : e : :
GY, TKW, :
2 4-84. z 28. ki % § %
7 3A AWAL pLy | Tdurum_contig86206_149 70.4-84.0 85 8.0
GY, TKW,
8 3B Gr_spk, Kukri_c32046_493 36.0-48.0 93 484 * * %
AWAI
9 4B GY, PLH BS00039936_51 16.0-24.0 6.8 163 * * *
10 4B SY TGWA25K-TG0216 30.5-40.0 73 475 * * *
TKW, PLH B A : :
11 5A GY, AX-95200348 0.0-12.0 111 59.1 % % ¥
TKW, PLH A . .
12 5A GY, PLH wsnp_Ra_c17216_26044790 613-72.0 7.6 147 * * *
13 5B TKW, GY AX-89660974 384-52.0 115 6.1 * *
TKW, . . .
14 6A & AX-111052948 60.7 9.1 28.9
15 6B ThW: AX-109395546 39.4-52.0 112 46.0 * %
GY, Gr_spk B o ’ .
TKW, . . .
16 7A &P AX-158601039 40-13.8 135 19.3
17 7A St RAC875_rep_c111788_253 20-33.78 131 46.00 ¢ *
PLH, TKW PG - é i i
18 7B TIoWs Td tig8448_363 36-49.96 132 42.08 * * *
& awa lurum_contig8448_ -49. & ;

GY, grain yield; TKW, 1,000-kernel weight; Gr_spk, grains per spike; PLH, plant height.
“Significant QTL.
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Trait TKW spk PLH GFR GFP DTH D
GY - 0.1 -0.02 051 056 006 008 -0.16* -0.23*
TKW 0.26** - ~046** -0.07 -0.02 092** 023 -0.23* -0.10*
Gr_spk 042+ -038** - 0.11* 0.10* -04 -0.15* 021 0.16*
Spk_m2 V 033* -0.09 -0.13* - 035 -0.03 -0.11* 0.07 -0.05
PLH 037* 0.46** -0.04 032+ - -0.01 -0.03 -0.04 ~0.17*%
GFR 0.08 0.88* -0.39* -025* 027* - ~0.11 0.05 ~0.09
GFP 0.15* 0.42* -0.15* -0.07 0.13* 0.13* - -0.86* -0.1
DTH -0.10% -053* 017* 024 -0.19* -043* —0.44%* - 056
DTM 0.09 0.04 0.01 0.15* 0.03 ‘ -0.17** » 046" 038 -

GY, grain yield; TKW, 1,000-kernel weight; Gr_spk, grains per spike; Spk_mz2, spikes per m? PLH, plant height; GFR, grain filling rate; GEP, grain filling period; DTH, days to heading; DTM,
days to maturity.

*Significant at the probability level 0.05.

**Significant at the probability level 0.01.
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Abelmoschus 2n=72
moschatus subsp.
moschatus and
A. moschatus
subsp. tuberosus Merita et al. (2012)
Abelmoschus 2n = 66
angulosus var.
grandiflorus
A. angulosus var. 2n =56 Ford (1938)
angulosus
Abelmoschus 2n = 1% Singh and Bhatnagar (1975)
caillei (syn. T
Abelmoschus 185-199 Siemonsma (1982a); Siemonsma
manihot var. (1982b)
caillei)
Abelmoschus 2n = 66 Ford (1938)
esculentus
2n=72 Teshima (1933); Ugale et al.
(1976); Kamalova (1977)
2n =118 Tischler (1931)
2n = 120 Tischler (1931); Purewal and
Randhawa (1947)
2n =130 Skovsted (1935); Joshi and Hardas
(1953); Joshi and Hardas (1976);
Gadwal et al. (1968); Joshi et al.
(1974); Singh and Bhatnagar
(1975); Merita et al. (2012)
2n =132 Medwedewa (1936); Roy and Jha
(1958); Breslavetz et al. (1934);
Ford (1938)
A. manihot 130 Ugale et al. (1976)
subsp. T
78 Skovsted (1935)

tetraphyllus
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Crosses between amphidiploid Interspecific cross selfed deriv-

derivatives Multi-cross combinations i
Characteristics
Ccv CV
Mean S Range Mean SD Range Mean SD
3.30- 380~
FL (cm) 641 143 2240 7.61 262 345 7.82-856 | 7.95 055 694
929 9.70
1.73- 210~
FW (cm) 240 035 1474 234 0.17 7.254 253-2.63 | 250 0.14 557
3.15 255
5.00- 500
NEpS 1666 641 1.09 1697 50 6.76 127 18.82 7.33-9.67 | 883 130 14.74
FPL (cm) L0 328 076 23.04 280~ 3.41 054 16.02 430-5.22 | 479 046 9.66
490 - : . 408 ’ § : o ) : :
7.33- 850~ 1100~
NSPE 18.49 8.56 46.30 1652 652 39.48 56.17 39.65 70.60
3325 2433 85.25
EpCL (cm) L2 241 043 18.00 %40 271 023 840 1.73-240 | 2.8 038 17.67
pCL (cm g y . . o7 ; . 2 73-2. ; . .
0.13- 043
EpCW (cm) 117 080 024 30.66 16 071 024 34.17 0.17-0.73 | 038 031 79.82
490- 690~
PL (cm) 845 135 15.99 8.49 0.82 9.746 7.43-880 | 8.06 069 8.56
10.10 9.37
3.77- 7.20-
PW (cm) 852 173 2027 8.71 098 11.32 570-840 | 7.00 135 19.33
10.53 10.37
5.70- 9.20- 10.77-
FwD 12,04 27 226 117 1.68 14. 1174 118 10.04
D (cm) 1670 ? g 14.80 6 6 3 13.05 7 00

FL, fruit length; FW, fruit width; NEPS, no. of epicalyx segments; NR, no. of ridges; FPL, fruit peduncle length; NSPE, no. of seeds per fruit; EpCL, epicalyx length; ExCW, epicalyx width; PL, petal
length; PW, petal width; FwD, flower diameter.
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BC,F3 generation BC;F> and BC,F3 generations

Characteristics

Mean SD CV (%) Mean SD
FL (cm) 3.80-13.60 923 222 24.03 6.02-11.40 749 226 30.16
FW (cm) 1.60-2.90 230 035 15.05 2.00-2.68 234 0.28 11.90
NEpS 5.00-10.00 721 0.97 13.42 5.67-8.00 ' 6.60 0.92 14.01
FPL (cm) 1.55-4.50 344 069 20.17 2.60-3.76 s 0.52 17.06
" NSPE 4.00-46.75 15.86 1158 72.97 4.33-60.00 2403 2267 9432
EpCL (cm) 1.40-3.93 262 043 16.52 1.80-2.53 218 032 14.77
EpCW (cm) 0.10-0.80 0.57 0.17 29.56 0.73-0.97 0.84 0.09 11.01
PL (cm) 4.30-10.97 835 147 17.61 6.80-9.67 820 131 16.03
PW (cm) 3.60-9.93 8.36 1.53 18.25 6.50-10.00 7.87 146 [ 18.56
FwD (cm) 5.90-15.17 11.96 225 18.79 9.30-13.40 1143 198 17.33

EL, fruit length; W, fruit width; NEpS, no. of epicalyx segments; NR, no. of ridges; FPL, fruit peduncle length; NSPF, no. of seeds per fruit; EpCL, epicalyx length; EpCW, epicalyx width; PL, petal
length; PW, petal width; FwD, flower diameter.
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F1 generation F, F3, and F4 generations

Mean SD CV (%) Mean

FL(cm) | 6.13-8.83 731 071 9.78 6.04-8.96 7.6 091 1192
W

203-2.93 239 024 9.96 1.5-2.80 245 031 1249
(cm)
NEpS 4.33-9.00 6.46 097 15.01 4.00-7.67 6.46 094 1458
FPL

2.1-4.48 2.73 0.56 2042 232-4.14 329 047 1423
(cm)
NSPF 8.5-98.25 31.94 1594 199 9.00-52.75 2648 1337 50.49
EpCL

15-3.17 213 043 2025 2.07-2.93 2556 025 9.74
(cm)
EpCW

0.17-0.97 0.69 0.19 274 0.5 0-1.60 081 024 2955
(cm)
PL

6.6-9.57 7.78 074 9.48 7.27-10.00 8.63 072 834
(cm)
EW 623-9.77 8.15 0.86 1052 7.33-9.80 874 08 9.11
(cm)
FwD
em) 1047 12.08 0.84 6.97 1030-13.93 1234 097 7.88

FL, fruit length; W, fruit width; NEpS, no. of epicalyx segments; NR, no. of ridges; FPL, fruit peduncle length; NSPE, no. of seeds per fruit; EpCL, epicalyx length; EpCW, epicalyx width; PL, petal
length; PW, petal width; FwD, flower diameter.
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Hairiness

on fruit
Abelmoschus Annual 7.0- 2.0- 6.0- 2.5- Long
5 2.1-24 0.5-0.6 Li 6.0-7.0 T tul
esculentus herb 300 30 100 35 fusiform near omentutose
Annual or Lanceolate
Ab,d'fm“hm biannual 60- e 7.0-9.0 5 o to lance- 1.0-3.5 04-1.5 Ova!?- 60~ Tomentulose
caillei 18.0 4.0 26 deltoid 10.0
herb ovate
Aspungensyar. Perennial 3.3= 25| 4050 5 2% | ovid 23-25 | 10-13 Lanceolate | 7.0-8.0 | DenelY
mizoramensis shrub 5.0 3.0 26 hirsute
Abelmoschus Annual 3.5- 14- 40-50 5 20- Oblong to 23— 09-13 Ovate- 50-70 | Pub .
tetraphyllus subshrub 45 15 O 29 ovoid 227 o cordate . ubescent
Abe”l”"“h”‘ Annual 30- 13- o s 23 Owidto oo - 5070 | Densely
g s Var subshrub | 4.0 15 : 25 oblong — o ol 070 hispid
grandiflorus
Abelmoschus Perennial 3.5- 2.5- 10.0- 4.3-
{ 2.0-3.5 0.1-0.2 Li; .0-9.0 ft strigul
enbeepeegearensis | herb 41 30 110 > 4 Onete o i 8 St dngles
Ovate to
Abelmoschus Annual 35- 2.5- 20- Broadly Densely
5.0-7.0 5 1.8-2.0 0.3-0.5 ) 7.0-8.0
palianus herb 4.0 27 4.0 ovate et hirsute
ovate
Abelmoschus
Annual 5.0- 2.0- 6.0- Ovoid or . 5
moschatus subsp. snderdiial | 60 25 7.0-8.0 5 153 globose 0.8-0.9 0.1 Linear 7.0-9.0  Soft strigulose
moschatus
Abelmoschus Perennial 4.5- 2.5- 10.0- 6.5- Ovoid or R 8.0- .
o 5 2.0-2.6 0.1-0.2 Linear Soft strigulose
sagittifolius herb 5.0 32 11.0 133 globose 10.0

FL, fruit length; W, fruit width; NEpS, no. of epicalyx segments; NR, no. of ridges; FPL, fruit peduncle length; FS, fruit shape; EpCL, epicalyx length; EpCW, epicalyx width; SEpCS, shape of
epicalyx segment; FwD, flower diameter.
Source: John et al., 2013¢; Sutar et al., 2013; Yadav et al,, 2014; Pandey et al., 2016.
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Amphidiploid code Female parent Male parent

1 AM-7 Abelmoschus sagittifolius 1C470750 Abelmoschus moschatus subsp. moschatus 100624232 Fg
AM-13 A. sagittifolius 1C470750 A. moschatus subsp. moschatus 1C0624232 Fg
3 AM-19 A. sagittifolius 1C470750 A. moschatus subsp. moschatus 1C0624232 Fg

Gn, generation.
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Female parent Male parent

[A. esculentus 1C265650 x A.

s (A. esculentus Arka Anamika x A.
angulosus var. grandiflorus

tetraphyllus 1C253122)

B-16 [(Abelmoschus esculentus x Abelmoschus angulosus var. grandiflorus) x
(A. esculentus x Abelmoschus tetraphyllus)]

1C613527)
5 B-15 [(A. esculentus x Abelmoschus pungens var. mizoramensis) x (A. A esculentus 1C265650 x A. pungens | (A. esculentus Arka Anamika x A.
esculentus x A. tetraphyllus)] var. mizoramensis 100624222 tetraphyllus 1C253122)
A 1C2 A
B-13 [(A. esculentus x A. angulosus var. grandiflorus) x (A. esculentus x A. esculentus1C263650 ¢ (A. esculentus Arka Anamika x A.
3 tetraphyllus)] angulosus var. grandiflorus tetraphyllus 1C253122)
Py 1C613527 Py
A esculentus IC265650 x A.
B-9 [(A. esculentus x A. angulosus var. grandiflorus) x (A. esculentus x A. Ssen PO (A. esculentus Arka Anamika x A.
4 tetraphyllus)) angulosus var. grandiflorus tetraphyllus 1C253122)
Py 1613527 »
A esculentus 1C265650 x A.
B B-6 [(A. esculentus x A. angulosus var. grandiflorus) x (A. esculentus x A. E;‘“ entus 1C: - % [A. esculentus 1C265650 X A. pungens
j . angulosus var. grandiflorus : ;
pungens var. mizoramensis)| i var. mizoramensis 100624222
A. esculentus 1C2 A
. B-5 [(A. esculentus x A. angulosus var. grandiflorus) x (A. esculentus x A. ang;;z;‘;"‘:: gfaijffslfni [A. esculentus IC265650 x A. pungens
pungens var. mizoramensis)) 1C613527 var. mizoramensis 1C0624222
(A esculentus Arka Anamika x A.
7 B-4 [(A. esculentus x A. tetraphyllus) x A. palianus)] (4 esculentus Aska Anamika x A. palianus 100624218

tetraphyllus 1C253122)
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B-9 [(Abelmoschus esculentus x Abelmoschus angulosus var.

grandiflorus) x (A. esculentus x Abelmoschus tetraphyllus)] x

AM-24 (C4/50/mizo34)

Female parent

A. esculentus 1C265650 x A. angulosus var. grandiflorus
1C613527) x [(A. esculentus Arka Anamika x A.
tetraphyllus 1C253122))]

Male parent

A. esculentus 1C265650 x
Abelmoschus pungens var.
mizoramensis 1C0624222

19

20

21

22

23

24

25

26

27

B-5 [(A. esculentus x A. angulosus var. grandiflorus) x (A.

esculentus x A. pungens var. mizoramensis)] x AM-6 (C5/50/

mizo24)

B-2 [(WAS43 (A. esculentus x A. tetraphyllus) x Ruchi)] x
AM-24 (C4/50/mizo34)

B-4 [(A. esculentus x A. tetraphyllus) x Abelmoschus
palianus)] x AM-24 (C4/50/mizo34)

B-9 [(A. esculentus x A. angulosus var. grandiflorus) x (A.
esculentus x A. tetraphyllus)] x AM-25 (Cy/817/gran)

B-16 [(A. esculentus x A. angulosus var. grandiflorus) x (A.
esculentus x A. tetraphyllus)] x AM-6 (Cy/50/mizo24)

B-2 [(WAS43 (A. esculentus x A. tetraphyllus) x Ruchi)] x
AM-6 (Cy/50/mizo24)

B-16[(A. esculentus x A. angulosus var. grandiflorus) x (A.
esculentus x A. tetraphyllus)] x AM-24 (C5/50/miz034)

B-15 [(A. esculentus x A. pungens var. mizoramensis) x (A.
esculentus x A. tetraphyllus)] x AM-25 (C5/817/gran)

B-13 [(A. esculentus x A. angulosus var. grandiflorus) x (A.
esculentus x A. tetraphyllus)] x AM-6 (C5/50/mizo24)

B-15 [(A. esculentus x A. pungens var. mizoramensis) x (A.
esculentus x A. tetraphyllus)] x AM-24 (C4/50/mizo34)

B-9 [(A. esculentus x A. angulosus var. grandiflorus) x (A.
esculentus x A. tetraphyllus)] x AM-6 (C5/50/mizo24)

B-13 [(A. esculentus x A. angulosus var. grandiflorus) x (A.
esculentus x A. tetraphyllus)] x AM-24 (C4/50/miz034)

AM-24 (C4/50/miz034) x B-4 [(A. esculentus x A.
tetraphyllus) x A. palianus)]

AM-6 (C4/50/miz024) x [(A. esculentus x A. tetraphyllus)]

B-14 [(A. esculentus x A. pungens var. mizoramensis) x (A.
esculentus x A. tetraphyllus)] x AM-6 (C5/50/miz024)

B-13 [(A. esculentus x A. angulosus var. grandiflorus) x (A.
esculentus x A. tetraphyllus)] x AM-25 (Cs/817/gran)

B-9 [(A. esculentus x A. angulosus var. grandiflorus) x (A.
esculentus x A. tetraphyllus)] x AM-10 (C5/50/miz030 bulk)

AM-23 (C4/87/gran4) x AM-6 (C5/50/miz024)

B-12 [AM-13 (A. esculentus x A. pungens var. mizoramensis)

x A. palianus] x AM-6 (C3/50/mizo24)

B-16 [(A. esculentus x A. angulosus var. grandiflorus) x (A.
esculentus x A. tetraphyllus)] x AM-23 (C5/87/grand4)

B-2 [(WAS-43 (A. esculentus x A. tetraphyllus) x Ruchi)] x
AM-23 (C;/87/gran4)

B-2 [(WAS-43 (A. esculentus x A. tetraphyllus) x Ruchi)] x
AM-25 (C5/817/gran)

B-14 [(A. esculentus x A. pungens var. mizoramensis) x (A.
esculentus x A. tetraphyllus)] x AM-25 (C5/817/gran)

B-9 [(A. esculentus x A. angulosus var. grandiflorus) x (A.
esculentus x A. tetraphyllus)] x AM-23 (C+/87/grand)

AM-25 (C5/817/gran) x CR-1 [(A. esculentus x A.
sagittifolius)]

B-4 [(A. esculentus x A. tetraphyllus) x A. palianus)] x
WAS-15 (A. enbeepeegearensis)

A. esculentus 1C265650 x A. angulosus var. grandiflorus
1C613527] x [A. esculentus 1C265650 x A. pungens var.
mizoramensis 1C0624222]

(A. esculentus Arka Anamika x A. tetraphyllus
1C253122)] x A. esculentus cv. Ruchi

(A. esculentus Arka Anamika x A. tetraphyllus
1C253122)] x A. palianus 100624218

A. esculentus 1C265650 x A. angulosus var. grandiflorus
1C613527] x [(A. esculentus Arka Anamika x A.
tetraphyllus 1C253122)]

A. esculentus 1C265650 x A. angulosus var. grandiflorus
1C613527) x [(A. esculentus Arka Anamika x A.
tetraphyllus 1C253122)]

(A. esculentus Arka Anamika x A. tetraphyllus
1C253122)] x A. esculentus cv. Ruchi

A. esculentus 1C265650 x A. angulosus var. grandiflorus
1C613527] x [(A. esculentus Arka Anamika x A.
tetraphyllus 1C253122)

A. esculentus 1C265650 x A. pungens var. mizoramensis
1C0624222]x (A. esculentus Arka Anamika x A.
tetraphyllus 1C253122)

A. esculentus 1C265650 x A. angulosus var. grandiflorus
1C613527] x [(A. esculentus Arka Anamika x A.
tetraphyllus 1C253122)

A. esculentus 1C265650 x A. pungens var. mizoramensis
1C0624222] x [(A. esculentus Arka Anamika x A.
tetraphyllus 1C253122)

A. esculentus 1C265650 x A. angulosus var. grandiflorus
1C613527] x [(A. esculentus Arka Anamika x A.
tetraphyllus 1C253122)

A. esculentus 1C265650 x A. angulosus var. grandiflorus
1C613527] x [(A. esculentus Arka Anamika x A.
tetraphyllus 1C253122)

A. esculentus 1C265650 x A. pungens var. mizoramensis
1C0624222]

A. esculentus 1C265650 x A. pungens var. mizoramensis
1C0624222

A. esculentus 1C265650 x A. pungens var. mizoramensis
1C0624222]x [(A. esculentus Arka Anamika x A.
tetraphyllus 1C253122)]

A. esculentus 1C265650 x A. angulosus var. grandiflorus
1C613527] x ((A. esculentus Arka Anamika x A.
tetraphyllus 1C253122)]

A. esculentus 1C265650 x A. angulosus var. grandiflorus
1C613527] x [(A. esculentus Arka Anamika x A.
tetraphyllus 1C253122)]

A. esculentus 1C412987 x A. angulosus var. grandiflorus
1C613527]

A. esculentus 1C265650 x A. pungens var. mizoramensis
1C0624222] x A. palianus

A. esculentus 1C265650 x A. angulosus var. grandiflorus
1C613527] x [(A. esculentus Arka Anamika x A.
tetraphyllus 1C253122)]

(A. esculentus Arka Anamika x A. fetraphyllus 1C253122)
X A. esculentus cv. Ruchi

(A. esculentus Arka Anamika x A. tetraphyllus 1C253122)
x A. esculentus cv. Ruchi

[A. esculentus 1C265650 x A. pungens var. mizoramensis
1C0624222] x [(A. esculentus Arka Anamika x A.
tetraphyllus 1C253122)]

[A. esculentus 1C265650 x A. angulosus var. grandiflorus
1C613527] x [(A. esculentus Arka Anamika x A.
tetraphyllus 1C253122)]

A, caillei 1C566817 x A. angulosus var. grandiflorus
1C613527

(A. esculentus Arka Anamika x A. fetraphyllus 1C253122)
x A. palianus 100624218

A. esculentus TC265650 x A.
[pungens var. mizoramensis
1C0624222

A. esculentus 1C265650 x A.
pungens var. mizoramensis
1C0624222

A. esculentus 1C265650 x A.
pungens var. mizoramensis
1C0624222

AM25 (Abelmoschus caillei
1C566817 x A. angulosus var.
grandiflorus 1C613527)

A. esculentus 1C265650 x A.
pungens var. mizoramensis
1C0624222

A. esculentus 1C265650 x A.
pungens var. mizoramensis
1C0624222

A. esculentus 1C265650 x A.
pungens var. mizoramensis
1C0624222

AM25 (A. caillei IC566817 x A.
angulosus var. grandiflorus
1C613527)

A. esculentus 1C265650 x A.
pungens var. mizoramensis
1C0624222

A. esculentus 1C265650 x A.
pungens var. mizoramensis
1C0624222

A. esculentus 1C265650 x A.
pungens var. mizoramensis
1C0624222

A. esculentus 1C265650 x A.
pungens var. mizoramensis
1C0624222

(A. esculentus Arka Anamika x A.
tetraphyllus 1C253122) x A.
palianus 10624218

A. esculentus Arka Anamika x A.
tetraphyllus 1C253122

A. esculentus 1C265650 x A.
pungens var. mizoramensis
1C0624222

A. caillei 1C566817 x A. angulosus
var. grandiflorus 1C613527

A. esculentus 1C265650 x A.
[pungens var. mizoramensis
1C0624222

A. esculentus 1C265650 x A.
pungens var. mizoramensis
1C0624222

A. esculentus TC265650 x A.
pungens var. mizoramensis
1C0624222

[A. esculentus 1C265650 x A.
angulosus var. grandiflorus
1C613527]

[A. esculentus 1C412987 x A.
angulosus var. grandiflorus
1C613527]

A. caillei 1C566817 x A. angulosus
var. grandiflorus 1C613527

A. caillei 1C566817x A. angulosus
var. grandiflorus 1C613527

[A. esculentus IC412987 x A.
angulosus var. grandiflorus
1C613527]

CR-1 [A. esculentus 1C260106 x A.
sagittifolius 1C470750]

WAS-15 (A. enbeepeegearensis
1C582757)
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Cross-

combination

Compatibility
index

Average no. of
seeds/berry

1. VP/SC
2. VP/MH
3. VP/PN
4. VP/DG

LSD (p < 0.05)

No. of polli- Final berry reten-
nated flowers tion (%)
792 61.14°
654 2325
759 52.05°
782 0
(2:296)

Least significant difference (LSD) values in parentheses indicate LSD for transformed data.
The same superscript indicates that the values do not differ significantly.

937

293

876

1.183

0.511

1.154

2246
1.986
236"
0

(1.965)
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Genotype Temperature 0% day 15 day 3" day 5% day 7*" day 15" day 30" day

of storage of storage of storage of storage of storage of storage of storage

Early RT 46.2° 33.2¢ 24.6° 15.6" 08 0¢
Perlette 4°C —_— 733%® 73.3% 73.9% 729 68.3" 64.6"
Selection -20°C ) 759" 758" 749* 74.9* 74 735"
~196°C 746" 74.5% 74* 74% 746" 74.9°
Pusa Navrang RT 416" 20.48 o o o o
4°C . 61.8"¢ 6054 6074 55.6°%¢ 53.1% 486
-20°C 666 643" 63.2° 59.6°4 57vd 55.5%% 533%
-196°C 63.5%¢ 6320 624" 62.3" 629" 62
Pearl RT 36.6™ 23 o o o o
of Csaba 4°C a0 38.4% 37.9% 37.6% 37.2% 29.9% 18.2¢
-20°C 389° 39° 383 37.9% 34:1°% 26.6°
-196°C 40.3* 41° 40.7* 39.4° 395 39.8*
Perlette RT 57.5%¢ 41.6° 43¢ 45° o o
4°C i 635" 63.5% 62.7% 59.5% 508" 45.8°
-20°C ’ 63.5% 64" 633" 63.9° 63.1" 63"
-196°C 652" 65.2° 64.2" 64.9° 64 64°
Beauty RT 50.4° 29.7¢ 15.5° 9.9" 08 08
Seedless 4°C 725 706" 68.1° 67.2° 649" 61.4" 56.4%
-20°C ’ 713 70.2° 70.2* 70.6* 68.8" 656"
-196°C 69.6" 69.1° 70* 69.6" 70.2* 70.2*
Flame RT 75%h 712" 614 53.9 4.8+ o'
Seedless 4C - 90.5%4 88.6™¢ #37%% 827 80.6% 73.58"
-20°C 911 90.5%4 88.3"¢ 87.6"¢ 85.6™< 83.5
-196°C 926" 92.3% 931 916" 91.3%¢ 924%
Male Hybrid RT 50.6° 36.6" 3421 30.6° 0¢ ¢
4°C 756 736" 710 70.7°¢ 69.3"¢ 61.6% 58.3%
-20°C : 73.8% 73% 721 71.3%® 66.9°4 64.8>¢
-196°C 742% 749" 73725, 73.1% 73.3%® 736"
Salt Creek RT 70244 55.1¢f 50.8" 477 0% 08
4°C . 773 74,64 73.6+¢ 69.7>4 65.2°¢ 64.6%
-20°C fle 776" 774" 77 764 76.7°° 76"
-196°C 7434 75024 74.2%4 74,6 72384 73544

The same superscript indicates that the values do not differ significantly.
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Genotype Temperature 0 day 1t day 3 day 5t day 7" day 15* day 30*" day

of storage of of storage of storage of storage of storage of storage
storage

Early RT 43.2% 317 24.1% 103¢ o o
Perlette 4C rash 72 716" 713" 69.2° 64.2° 61.9%
Selection -20°C ) 70.3 69.9° 69.6" 68.2° 66.5" 64.4°
-196°C 715" 722 70.2° 705 69.6" 70.3*

Pusa Navrang RT 39¢ 16.3° of o o o
4°C e 59.3% 59.8° 57.7% 54.5%¢ 48.84 44.6
-20°C ’ 60.5* 60.5 589" 56.7° 53.7°¢ 50.3"¢
-196°C 582 58.8% 59 588" 59.4% 58.9%

Pearl RT 311 35° o of o o
of Csaba 4°C s04 362" 34.2% 29.9%¢ 25.1% 2224 12,6
-20°C ’ 39.2° 392 363" 3.4 303" 22.6°

-196°C 39.8° 39.9° 38.7° 392 385" 383

Perlette RT 56.7°¢ 47.14 31.8° 07" o of
4°C caist 626" 62" 605" 57.3%¢ 51.5%4 42.5%

-20°C : 63.5° 636 62.5% 60.5" 60.8" 60"
-196°C 63.9° 633" 632% 634 633" 62.2%

Beauty RT 47.8° 28.8¢ 13.4° 7° o o
Seedless 4C P 63.5% 63.6 61.3% 60.5% 58a° 53.3%
-20°C : 66.2" 663" 63.5% 638" 63.5% 629

-196°C 65.8" 66.4° 65.5° 65.3" 66.4° 66.1°

Flame RT 71:1%% 68.6% 594 516" 298 ¢
Seedless 4°C 9045 88.5° 865" 835 81.4%¢ 79.6%4 70.5%4¢
-20°C ’ 892" 89.3% 87.8% 868" 84.9% 82.5%¢
-196°C 886" 87.2% 874" 865" 87.2" 865"

Male Hybrid RT 44.14 41% 323 26.7° 0¢ 0%
4°C — 69.3* 69.3" 687 66.8" 55.9° 513
-20°C ) 70.6™ 70.7% 704 69.8" 622" 60.4%
-196°C 7L1¢ 68 67 68.1°" 68.1°° 67.3%

Salt Creek RT 68.1° 56.7% 492° 46.7° o o
4°C 767 732" 73% 71.3%¢ 68.2° 6435 624
-20°C ) 74.3 74.2* 736" 73.6® 2% 70.9%
-196°C 725% 724" 719" 726" 72 723"

The same superscript indicates that the values do not differ significantly.
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Genotype Polar axis Equatorial P/ Mesocolpium Exine

(P, um) axis (E, pm) E width (um) surface
ornamentation

EPS 28.600"™ 15,509 1.864" | Prolate* 24754 0.506" 12,001 Reticulate
PN 26.097" 14.786% 1.769° | Prolate* 22,668 0.809 10.856% Foveolate-perforate
POC 27.692% 14.199¢ 1.962 | Prolate* 24,163 0.509% 9.886° Foveolate-perforate
PER 27.571% 15,515 1.786° | Prolate* 23379 0.653* 11.503% Foveolate-perforate
BS 25.802% 14.090% 1.842° | Prolate* 22.119° 0.542" 10.944% Reticulate-Striate
ES 25.546" 14.148¢ 1.827° | Prolate* 24574° 0.533%¢ 11.187% Foveolate-perforate
MH 31181° 16.706% 1.867 | Prolate* 28.027* 0.378° 13.599* Reticulate
sC 28.373% 15.039%¢ 1.887* | Prolate* 23.840% 0.509% 11.428" Foveolate-perforate
DG 26.115" 18.754" 1.264" Sub of od od Foveolate-perforate
prolate**
vP 23.524° 18.754% 1.255° Sub ot ot od Foveolate-perforate
prolate**
LSD (p 2097 1.39 0.148 (0.137) (0.006) (0.525)
<0.05)

EPS, Early Perlette Selection; PN, Pusa Navrang; POC, Pearl of Csaba; PER, Perlette; BS, Beauty Seedless; FS, Flame Seedless; MH, Male Hybrid; SC, Salt Creek; VP, Vitis parviflora Roxb; DG,
Dogridge; SEM, scanning electron microscopy.

According to Erdtman (1971).

*P/E ratio = 1.33-2.00 (prolate).

**P/E ratio = 1.14:1.33 (subprolate).

Least significant difference (LSD) values in parentheses indicate LSD for transformed data. The same superscript indicates that the values do not differ significantly.
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Vitis vinifera L.

1. Pearl of Csaba (POC): Earliest variety in North India. Used in hybridization
programs for inducing earliness and sweetness (Chadha and Shikhamany, 1999).

2. Perlette (PER): Hybrid of Scolokertek Hiralynoje x Sultania marble. The early
variety of North India ripens by the third week of May to third week of June
depending upon the region of cultivation (Chadha and Shikhamany, 1999).

3. Early Perlette Selection (EPS): The early genotype was selected from Perlette
from TARL It is earlier in flowering than Pearl of Csaba and Perlette.

4. Beauty Seedless (BS): It is an introduction from California, USA. An early
ripening, colored, seedless, prolific bearing grape variety (Chadha and
Shikhamany, 1999).

5. Pusa Navrang (PN): It is a cross between Madeleine Angevine and Ruby Red.
Teinturier grape hybrid with early ripening and basal bearing. Vines are resistant
to anthracnose (Chadha and Shikhamany, 1999).

6. Flame Seedless (FS): Hybrid introduced from USA. Early maturing, higher
yield with better fruit quality, loose bunches, and tolerance to rain (Chadha and
Shikhamany, 1999).

7. Male Hybrid (MH): It is hybrid rootstock developed from Banqui Abyad x
Victory (74-9) with functional male flowers.

1. Vitis champini Planc.

1. Dogridge (DR): Rootstock, resistant to nematodes and tolerant to salinity.
Vines have very vigorous spreading and prostrate habit. Recommended for use
in lighter and less fertile sandy soils as well as drought-prone areas (Chadha and
Shikhamany, 1999).

2. Salt Creek (SC) Syn. Ramsay: Rootstock, resistant to nematodes and tolerant
to salinity. It imparts great vigor to scions but not as much as Dogridge can
(Chadha and Shikhamany, 1999).

Ill. Vitis parviflora Roxb.

1. VP: It is indigenous to the Himalayan region in India. It is used in the
breeding program to induce disease-pest resistance and tolerance to drought
(Chadha and Shikhamany, 1999).
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Accession Accession Origin Description Diversity ( No \[}

number name country polymorphic  individuals
(county) loci (%) alysed
W-1406-orig NGB 1406 REMBACKA Sweden Collected in grassland, no 0713 21 (95%) 16
GB0201 (Visterbotten)  cultivation for the last 30 years.

Could be semi-wild.

‘W-1406-genl First ex situ regeneration, 0.763 21 (95%) 15
Jokioinen
‘W-1406-re Collected in field margin, 0.771 21 (95%) 16

modern forage cultivar mix
sown in area close by

‘W-1410-orig NGB 1410 SKARPMYRBERG Sweden Collected in grassland, no 0.656 21 (95%) 6
GB0601 (Visterbotten)  cultivation for at least 20 years
‘W-1410-genl First ex situ regeneration, 0.741 21 (95%) 16

Landvik, cage isolation

‘W-1410-re Collected in an abandoned 0.728 21 (95%) 16
field, no red clover sown for at
least 40 years

‘W-1571-orig NGB 1571 TROA 09-6-48-1 Norway Collected from grassland on a 0.690 21 (95%) 13
(Hedmark) south facing slope grazed by
sheep. Area next to a field.

‘W-1571-genl First ex situ regeneration, 0.704 21 (95%) 15
Loken, distance isolation

W-1571-gen2 Second ex situ regeneration, 0.726 20 (91%) 14
Landvik, cage isolation

W-1571-re Sampled from the same 0.739 21 (95%) 16
location as in 1980. Collected in
field margin
‘W-1572-orig NGB 1572 TORRUD 09-6-48-  Norway Collected from an old meadow 0.733 21 (95%) 16
2 (Hedmark) not used since 1953, 100 plants
W-1572-genl First ex situ regeneration, 0.732 21 (95%) 11

Loken, distance isolation

W-1572-gen2 Second ex situ regeneration, 0.725 21 (95%) 14
Landvik, cage isolation

‘W-1572-re The original old meadow is 0.742 21 (95%) 16
gone, the road has been rebuilt
and an access road and new
buildings constructed. Samples
collected on the roadside

W-1574-orig NGB 1574 SIKSJ@LIA 09-6- Norway Collected from grazed 0.645 20 (91%) 16
48-5 (Hedmark) mountain grassland on a
southwest facing slope

‘W-1574-genl First ex situ regeneration, 0.653 21 (95%) 16
Loken, distance isolation

W-1574-re The area where the original 0.690 21 (95%) 15
collection was made is now
ploughed and re-sown.
Collection made from the
neighbouring field where no red
clover has been sown.

W-1575-orig NGB 1575 TROA 09-6-48-6 Norway Collected from an old meadow 0.724 21 (95%) 14
(Hedmark) not used for many years (at
least for 25 years)

‘W-1575-genl First ex situ regeneration, 0.683 21 (95%) 15
Loken, distance isolation

‘W-1575-gen2 Second ex situ regeneration, 0.692 21 (95%) 16
Landvik, cage isolation

W-1575-re Collection in the area sampled 0.695 21 (95%) 12
in 1980, now partly cut as a
lawn. No cultivation during the
last 60 years.

‘W-1576-orig NGB 1576 AUKRUST 09-6- Norway Collected in a field margin close 0.708 21 (95%) 15
49-1 (Oppland) to the farm, southwest facing
slope of the valley, 100 plants.

‘W-1576-genl First ex situ regeneration, 0.724 21 (95%) 16
Loken, distance isolation

‘W-1576-re Collection in an area with 0.697 21 (95%) 16
sparce deciduous forest, next to
a pasture which has been
recently sown. The original
collection in 1980 most likely
took place in the margin of the

latter.
‘W-1577-orig NGB 1577 Qy 09-6-49-2 Norway Collected from an old 0.760 21 (95%) 15
(Oppland) abandoned dry meadow on a

southeast facing slope, 100
individuals. The presence of
non-native lucerne suggests that
the meadow have been sown
with cultivars.

‘W-1577-genl First ex situ regeneration, 0.707 21 (95%) 13
Loken, distance isolation

W-1577-re Most of the area that was 0.663 20 (91%) 7
sampled in 1980 no longer
contain red clover (cultivated
land). Samples taken in a small
area between two copses of

trees.
W-1578-orig NGB 1578 EINBU 09-6-49-3  Norway Collected in natural population 0.728 21 (95%) 16
(Oppland) by the roadside, 100 plants
W-1578-genl First ex situ regeneration, 0723 21 (95%) 16

Loken, distance isolation

‘W-1578-re Collection from roadside where 0.726 21 (95%) 15
the original collection was
made.
‘W-13447-orig NGB 13447 09-6-48-3 Norway Collected in a natural pasture 0.682 19 (86%) 16
(Hedmark) grazed by cattle, 50 plants
‘W-13447-genl First ex situ regeneration, 0.680 20 (91%) 15

Landvik, cage isolation

‘W-13447-re Collected at the same location 0.694 20 (91%) 15
as in 1980
C-2183 NGB 2183 ‘Molstad” Norway Released as cultivar 1953. 0.785 21 (95%) 16

Diploid. Originated from a
landrace cultivated on Molstad
farm, which had its origin in
seeds imported in the 1850s.
The most cultivated variety in
Norway for a long time.

C-2745 NGB 2745 ‘Bjorn’ Sweden Released 1977. Diploid. 0.794 21 (95%) 16
Developed from the old cultivar
‘Offer” with the aim to improve
resistance to clover rot.

C-7786 NGB 7786 “‘Pradi’ Norway Released 1981. Diploid. 0.789 21 (95%) 16
Selection from semi-wild/wild
Norwegian material.

C-11155 NGB 11155 ‘Nordi’ Norway Released 1989. Diploid. 0.782 21 (95%) 15
Selection in Molstad for clover
rot (Sclerotinia trifoliorum)
resistance.

C-13203 NGB 13203 ‘Bjursele” Sweden Local cultivar released in 1962, 0.782 21 (95%) 16
withdrawn 2006. Diploid.
Extensively used in
Visterbotten.

Lea ‘Lea’ Norway Released 2002. Diploid. 0.778 21 (95%) 16
Developed at Planteforsk Loken
from Synl 2x88, Bjursele and

Nordi
L-2486 NGB 2486 Bredinger Sweden Originally from a harvest in 0.821 21 (95%) 16
1953.
NGB 13205 “Betty’ Sweden The first tetraploid cultivar for Not analysed, Not analysed Not analysed
northern Sweden. Released used as

1992. reference
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Between accessions 9 304.3917
Between samples within accessions 23 258.1385
Within samples 446 2173.3273
Total 478 2735.8575
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