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Editorial on the Research Topic 


Plant genotyping: from traditional markers to modern technologies


Unlike external plant traits, the naked human eye cannot distinguish the genotypes that comprise the underlying genetic material responsible for these phenotypic traits. To make genotypes accessible for research and further understanding and use in plant breeding and related topics, various genotyping methods have become available. Plant genotyping began with quite complex methods based on the direct hybridization of DNA fragments using labelled probes to identify specific genes, which required large quantities of target DNA (as in the case of Restriction fragment length polymorphism, or RFLP). After some years, they evolved into a large series of relatively simpler and cheaper PCR-based methods. These latter reached a peak with very polymorphic and straightforward markers, like microsatellites or SSR (Simple sequence repeats), which were then followed by DNA sequencing and fragment analysis, PCR and qPCR, allele-specific molecular probes and primers, and today’s modern and advanced microchip-DNA technology involving hundreds to thousands of simultaneous reactions.

The current status of our knowledge and progress in plant genotyping was updated in this Research Topic, where we have detailed the available methods and technologies used to target various genes of interest in different plant species. A wide and diverse range of areas were covered and addressed in our Research Topic, from traditional molecular markers to modern microarray technologies. Various scientific approaches and research ideas were incorporated, all aimed at achieving a better understanding of and practical application of plant genotyping. This has led to the resulting 14 published papers that follow.

As mentioned above, SSR markers are a simple, versatile, and straightforward molecular tool for plant genotyping. Yin et al. used SSR markers for practical identification and distinctness testing of a non-heading Chinese cabbage (Brassica campestris ssp. chinensis Makino). This is a very important test that establishes distinctness, uniformity, and stability (DUS), which are essential factors required for the granting of plant variety rights (PVRs). The authors tested 287 SSR markers for genotyping of 423 non-heading Chinese cabbage varieties, and they used four fluorescent dyes, FAM, HEX, TAMRA and ROX, for the labelling of forward primers. Importantly, two methods were used for scoring, polyacrylamide gel electrophoresis (PAGE) and fluorescence capillary electrophoresis. The resulting 23 core SSR markers were finally selected, enabling perfect genotyping of the majority of the studied non-heading Chinese cabbage varieties. Therefore, a combination of SSR genotyping with simple morphological markers in a field trial provided more accurate and efficient identification of the varieties for the distinctness test. Based on clustering analysis, the authors designated 423 varieties into three Clades and nice coloured photos illustrated their clear distinctness. This is one of the best examples of the simple and elegant application of plant genotyping using SSR markers in crops like non-heading Chinese cabbage.

An oat (Avena sativa L.) germplasm collection (132 cultivars and pure lines) with diverse origins was described by Mathias-Ramwell et al. for phenotype and genotype characterization within a Chilean breeding program. Specifically in Chile, a single cultivar (Supernova-INIA) is predominant, covering over 90% of the oat cultivated area. Therefore, this has forced the development of new oat varieties adapted to the changed climate, which is severely affecting the Southern part of Chile. This study combined the evaluation of 28 phenotypic traits and genotyping with 14 SSR markers that were previously reported as informative in oat. The studied oat germplasm collection exhibited a high phenotypic diversity (H’ = 0.68) and grouped into three clusters. This result differed from the SSR-based Structure analysis indicating for the existence of two sub-populations with low genetic distance (0.24), despite moderate (He = 0.58) average genetic diversity. In summary, the combination of both phenotypic data and SSR-based genotyping supported the possibility to obtain genetic gain in the medium to short term in this breeding effort, opening the opportunity for improved oat germplasm materials.

Semalaiyappan et al. focused on pearl millet [Pennisetum glaucum (L.) R. Br.; syn. Cenchrus americanus (L.) Morrone], a strategic climate-resilient C4 crop and an important staple food in Asia and Africa. The authors retrieved 4K SNPs from 925 whole-genome sequences and carried out genotyping of 373 genetically diverse pearl millet inbred lines. Their genotyping of the SNP panel exhibited a uniform distribution across the entire genome. All studied accessions were effectively designated and differentiated using the SNP panel into two major groups (B and R lines) based on the genetic diversity analysis. The studied 4K SNP panel was reported as very useful for various genomics and molecular breeding applications in pearl millet, including mapping of agronomically important traits and genomic selection.

Genotyping of trees represents a very complicated process and is usually carried out on individuals established and grown over a very long time-frame. However, Wu et al. carried out genetic analysis of 69 parents and 1,793 third-generation offspring (ramets) in the seeds of orchard Chinese fir [Cunninghamia lanceolata (Lamb.) Hook]. This was very extensive research involving both morphological and molecular analyses. The authors used traditional SSR markers for plant genotyping to study the mating system and flowering phenology of trees. The SSR genotyping was based on fluorescent labels, FAM or HEX dyes, attached to forward primers. This approach is well known and widely used for plant genotyping, and it was very suitable for this study of Chinese fir trees. The results described genetic co-ancestry among parental genotypes that was detected in the third generation of ramets genotypes. Effective pollination (68.1%) occurred within 50 m, and it was successful if about 30% of male and female flowers overlapped in their flowering. It is important to emphasize that such an accurate and delicate study was achievable through plant genotyping using SSR markers.

Another study of a forest species was presented by Yan et al. The authors reported on the application of SSR markers for genotyping, analysis of genetic diversity and population structure in a collection of 161 Korean pine clones (Pinus koraiensis Siebold & Zucc.), originating from seven populations in Northeast China. A set of 77 alleles derived from 11 SSRs would at first seem very small but this was sufficient to accurately distinguish each clone. However, a rather low genetic diversity was exhibited among different populations, but diversity was higher within each studied population, explaining 98% of the total observed variation. This is a very unusual result for genotyping of Korean pine populations. Moreover, only one population, from Lushiuhe, was isolated and differentiated clearly. The set of 11 SSR markers used was proposed as a fingerprinting tool able to identify any specimen of Korean pine, and this final result can be potentially used for the breeding of this species.

Modern high-throughput genotyping microarrays provide thousands of simultaneous reactions, and Ding et al. presented a report on the successful application of 55K SNP microarrays for analysis of time to heading and maturity in a diverse group of 239 bread wheat accessions (Triticum aestivum L.). Starting from genome-wide association study (GWAS), the authors carried out three-year experiments in four environments. For genotyping, 16,649 high-quality SNP markers were selected and in the results of GWAS, 238 and 55 SNP markers were found to be strongly associated with time to heading and maturity, respectively. Finally, the authors identified only nine marker-trait associations in different environments with highest scores across the entire group of studied wheat genotypes. This resulted in nine SNPs in the most promising candidate genes controlling traits for time to heading and maturity in bread wheat. Many genes are involved in the control of such important traits as heading and maturity, and the authors discussed functions of these candidate genes in the paper: Zinc transporter and Zinc finger family protein, Glycosyltransferase and S-acyltransferase, F-box protein and Cytochrome P450, Calcium-dependent protein kinase and Photosystem II stability/assembly factor, and Cytokinin phosphoribohydrolase.

A genome-wide association study of sorghum was carried out by Wang et al. focusing on plant colour of sorghum [Sorghum bicolor (L.) Moench], which influences various traits such as seed colour as well as disease resistance and phytoalexin production. Using a sorghum mini-core collection, the authors assessed the colour of leaf sheaths and blades across three environments and conducted genome-wide association mapping with 6,094,317 SNP markers. Eight QTLs were identified and linked to plant colour, containing up-to 1-3 candidate genes each. These findings offer insights for the application of plant genotyping for plant colour development and in sorghum molecular breeding.

Two studies of maize (Zea mays L.) populations were based on the Iowa Stiff Stalk Synthetic (BSSS) germplasm stock. In the first paper, Ledesma et al. described the molecular characterization of the collection of DH lines derived from the unselected BSSS population (C0) and those after 17 cycles of reciprocal recurrent selection in BSSS (C17). The progenies of a hybrid population between C0 and C17 were genotyped with a set of 24,885 SNP markers distributed among 10 maize chromosomes for evaluation of their genetic variability. The authors also studied the possible loss of genetic diversity during the recurrent selection process from C0 to C17. The reported results confirmed a net loss of variability with the degree of differentiation between C0 and C17 DH groups. The different contribution of the progenitors of DH lines derived from C0, C17 or their hybrid was mostly explained by genome-wide genetic drift. Additionally, complementary to allelic selection occurred during the reciprocal recurrent breeding supported by phenotype analysis data.

The continuation of the previous study with maize was reported by Ledesma et al. The authors applied GWAS for maize plant architecture traits, which were modified during the selection of BSSS populations with a very big impact on grain moisture and yield, root and stock lodging. Using the same approach, the authors compared phenotypes and genotypes of DH lines derived from BSSS recurrent selection. It included C17 DH, reciprocal recurrent selection (R) and from their hybrid. Plant phenotypes and studied agronomic traits as well as identified genes or genomic regions were associated with modifications in the plant architecture. Additionally, plant density and grain yield traits, including flowering time and time from anthesis to silking, showed high heritability and were more common for the BSSS(R)C17 DH lines. Finally, a considerable number of SNPs were identified in the genetic regions with promising candidate genes associated with plant architecture traits using the entire set of DH lines. Therefore, the genetic basis of the studied traits can be elucidated for marker-assisted selection schemes in maize breeding in future.

The effect of nitrogen fertilization levels on three related traits in maize (plant height, grain yield, and time from anthesis to silking) was explored by Sanchez et al., where phenotypic analysis was combined with GWAS for nitrogen use efficiency (NUE). For this purpose, 181 double haploid (DH) maize lines were studied using GWAS with 62,077 SNPs for plant genotyping. For three studied traits, data were collected from conditions of high or low nitrogen, under three environments, for both per se and testcross trials. Interestingly, significant genetic variation was observed among the DH lines and their respective testcrosses, using three GWAS models. Additionally, some testcrosses from exotic introgression lines were superior compared to the check hybrid. Finally, some SNPs were associated with agronomic traits under both high and low nitrogen. At the same time, these SNPs belonged to gene models and were related to stress response and nitrogen metabolism. In summary, this SNP-based GWAS analysis revealed the existence of several promising alleles in the maize germplasm panel with genes controlling key agronomic traits.

Genotyping by sequencing (GBS) is another approach for high-throughput plant genotyping. Lu et al. studied resistance of cabbage lines (Brassica oleracea L. var. capitate) to black rot disease (Xanthomonas campestris pv. campestris). The authors used GBS for QTL analysis of resistance in the F2:3 hybrid population from a cross between resistant (BR155) and susceptible (SC31) parents. The genetic map was established with 7,940 SNP markers, and QTL analysis was carried out for disease resistance in 126 hybrid progenies over three seasons. In the results, the authors reported about seven identified QTLs with only one major QTL, qCaBR1, in chromosome C06. In the genetic interval of the major QTL 96 genes were annotated, but only eight of these genes showed responses to biotic and pathogenic factors. These candidate genes are listed as follows: Chorismate mutase, ß-1,4-N-acetylglucosaminyltransferase, Ethylene receptor, Plastid movement impaired, DNA ligase, Leucine-rich repeat protein kinase, RNA-binding family protein, and Early-responsive to dehydration protein.

Kiwifruit (Actinidia chinensis var. chinensis) can be attacked by one of the worst all plagues, Pseudomonas syringae pv. actinidiae (Psa). Therefore, the development of resistant germplasm is always a priority in the breeding of this species. Indeed, seedlings of certain genotypes can be highly susceptible to this disease, reaching up to 100% mortality. Flay et al. approached the search for QTLs associated to resistance to Psa, using a Bulk segregant analysis (BSA) approach. For this purpose, the authors analysed the effect of removing plants with Psa symptoms on the total allele frequency in the produced incomplete-factorial-cross population. The genotype-distinct diploid parents were used in this population consisting of 28 F1 families. Only surviving plants from the different families were selected, their DNA was bulked, and QTLs were identified along with their detection accuracy. In addition, each family was assigned to a single bulk grouping according to the genetic contribution of a separate parent to each family. Finally, 11 QTLs were identified based on the deviation of allelic frequencies in the surviving populations in two independent analyses. This information was based on SNPs derived from a 30× bulk sequencing analysis. The authors have used their findings to initiate the development of novel molecular markers applied to the selection of kiwi lines with Psa resistance.

The development of universal markers for plant mitochondrial genomes is challenging because of their variability in size, gene order and sequence conservation. Grosser et al. presented a very interesting report exploring genetic polymorphism in mitochondrial introns to distinguish plant species. This is a very novel and non-traditional approach for differential plant genotyping. The researchers tested PCR primer sets across different angiosperm species and found that amplicon length was much more polymorphic among genera but significantly less within genera. The authors confirmed their results in different plant species. This study emphasized the utility of genetic polymorphism in intron length in the mitochondrial genome across various plant species. The presented results were estimated as providing important and valuable tools for potential applications in evolutionary studies and molecular-genetic research.

Very different was a paper presented by Tran et al., describing a method for single copy transgene identification through qPCR using the example of transgenic rice (Oryza sativa L.). The authors established a qPCR protocol for the reference gene OsSBE4, encoding starch branching enzyme, and the nos terminator used in the transgenic construct. The data reported a near 100% accuracy for the method in distinguishing homozygous single-insert transgenic plants. This assay could be successfully applied to other transgenic rice plants that have the nos terminator in their construct. The standard conditions for qPCR can be used with relatively inexpensive dyes, such as SYBR Green. Therefore, the suggested qPCR method could be cost-effective and suitable for lower budget laboratories that are involved in rice transgenic research, or even modified to test transgenics of other species through the selection of primers for a known reference gene that perform comparably to the nos primers. The genotyping approach presented in the paper can be targeted not only toward transgene copy number, but also can be used to detect duplication of indigenous genes.

In summary, all 14 papers published in this Research Topic deal with very different aspects of plant biology, ecology, molecular genetics, and genomics, covering different crops and plant species, and quite diverse experimental designs. However, all these papers are united under the single topic of plant genotyping using different types of molecular markers. Some authors used the more traditional SSR markers while others were interested in SNP studies using GWAS and GBS technologies. The last group of researchers were compelled to investigate genetic polymorphism of intron length in mitochondrial genome or methods for the identification of transgene or endogenous gene copy numbers. In this regard, all presented results for plant genotyping are important not only in advancing scientific progress, but for their practical application in crop breeding, supporting biodiversity and biosecurity, and the analysis of plant-derived products for use in food, medicine, or other industries.
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Seed orchards represent the link between forest breeding and conifer production forests, and their mating patterns determine the genetic quality of seed orchard crops to a large extent. We genotyped the parental clones and their open pollination offspring in the third-generation seed orchard of Chinese fir using microsatellite markers and observed the synchronization of florescence in the seed orchard to understand the genetic diversity and mating structure of the seed orchard population. Genetic coancestry among parental clones was detected in the third generation seed orchard of Chinese fir, and the genetic diversity of the open-pollinated offspring was slightly higher than that of the parental clones. The external pollen contamination rate ranged from 10.1% to 33.7%, 80% of the offspring were produced by 44% of the parental clones in the orchard, and no evidence of selfing was found. We found that 68.1% of the effective pollination occurred within 50 m, and 19.9% of the effective pollination occurred in the nearest neighbors. We also found that successful mating requires about 30% of florescence overlap between males and females, and there was a significant positive correlation between male reproductive energy and male parental contribution. Our results provide a valuable reference for the management and design of advanced generation seed orchards.
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1 Introduction

The tree selection breeding program aims to improve the economic value of future forests by planting excellent tree species with the highest genetic gain and diversity (El-Kassaby, 1995). A forest seed orchard is a special artificial forest composed of excellent clones or families selected manually, built according to the design requirements, and intensively managed (Hodge and White, 1993). A seed orchard is one of the most effective ways for conifer breeding; not only can it provide a large number of high-quality seeds, but it can also serve as a breeding base for improved varieties. Hence, a seed orchard is an important link in the breeding system from low to high levels (Sheng, 2014). They represent vectors that connect breeding and afforestation activities through packaging gain and the diversity of genetically improved seed crops (El-Kassaby, 1992; El-Kassaby, 2000a; El-Kassaby, 2000b). To fulfill this role, seed orchards are expected to function as closed, perfect panmictic populations (Eriksson et al., 1973), an ideal scenario that is rarely met due to the commonly observed variations in reproductive success and phenology among parental clones (Chen et al., 2019; Bian et al., 2020) as well as external gene flow (pollen contamination) from the ambient environment (El-Kassaby and Ritland, 1986; El-Kassaby, 1995). Therefore, maintaining genetic diversity in forest breeding programs is an arduous task, reflecting the trade-off between genetic diversity and genetic gain (El-Kassaby, 1995).

The mating pattern and genetic diversity level of seed orchards largely determine their adaptability, biological and abiotic resistance, and sustainability (Grattapaglia et al., 2014; Chen et al., 2018). The mating pattern of a seed orchard is mainly caused by the variation of female and male fertility between parents (Nielsen and Hansen, 2011), the difference in reproductive success rate (Torimaru et al., 2012; Funda et al., 2016), the synchronization of the flowering period (Li et al., 2011; Zhang et al., 2016; Muñoz-Gutiérrez et al., 2020), and the difference in pollen competitiveness (Nikkanen et al., 2000; Aronen et al., 2002). However, mating patterns have become more complex due to their expected co-ancestry accumulation in advanced generation breeding programs and seed orchards (Yang et al., 2021). An uneven parental gametic contribution (Chen et al., 2018), inbreeding, and pollen contamination (Wei et al., 2015; Yang et al., 2017; Song et al., 2018) may affect the genetic diversity of offspring and potential seed yield and quality.

Chinese fir (Cunninghamia lanceolata (Lamb.) Hook) has been deforested and utilized for about 8000 years and cultivated for more than 2000 years in China (Sheng, 2014). According to the ninth inventory of China’s forest resources, the area of Chinese fir plantation reached 9.87 million ha, and the volume reached 755 million m3. Genetic improvement of Chinese fir began in the 1950s. The first generation seed orchard, the second generation seed orchard, and the third generation seed orchard have been established successively, and the multi-generation genetic improvement procedure (Shi, 1994) and technical regulations for the seed orchard construction of Chinese fir (Xu et al., 2013) have been formulated. The fourth generation breeding process has started. However, with the rapid development of Chinese fir seed orchard generation, studies on parental mating patterns and flowering synchronization in the seed orchard are lacking. In addition, due to the increasing proportion of improved seeds used in afforestation activities, knowledge of the genetic variability of the seed orchard is crucial. Therefore, the evaluation of the mating mode and flowering synchronization of the seed orchard has important guiding significance for evaluating the function of seed orchards, implementing scientific management, and improving the seed yield and quality of seed orchards.

Here, we conducted a genetic analysis of parental and offspring genotypes in the third-generation seed orchard of Chinese fir in Fujian Province, China. We unraveled the population’s mating system and flowering phenology using SSR genetic markers. Our research results describe the genetic diversity and pedigree structure and depict the mating system and its influencing factors in advanced generation seed orchards. In addition, our research provides insights for future breeding plans.



2 Materials and methods


2.1 Site data

The experimental site is located in the third-generation seed orchard of Chinese fir at Weimin state-owned Forest Farm, Nanping City, Fujian Province, China (long. 117.68471°E, lat. 27.049212°N). The mean annual temperature is 18.3 °C, and the annual precipitation is 1882 mm. The seed orchard was established in 2010, covering an area of 6.4 ha. The seed orchard has 69 parents, with 1793 ramets. It consists of seven blocks with 5 m × 5 m spacing. The 69 parents were divided into two groups, A and B (i.e., 1–35 and 36–69), which were staggered in seven blocks. Each block was distributed with an adjusted random block design. The spacing between plants of the same clone was greater than 20 m, avoiding the adjacent distribution of ramets of the same clone. A pollen isolation zone (Pinus massoniana Lamb., Phyllostachys edulis (Carriere) J. Houzeau) greater than 250 m was set around the seed orchard. In November 2019, seeds were collected in blocks 3 and 4. The cones of 45 parent clones were collected (24 parent clones had no cones), and the location of the mother trees was marked. Seedlings were raised in containers at Wugong Mountain Forest Farm, Jiangxi Province, China (long. 114.247439°E, lat. 27.297688°N). In September 2021, young leaves of seedlings were collected for DNA extraction, and 2–16 individuals were collected from each family. A total of 20 family samples were collected, and 288 offspring individuals’ buds were collected (Table S1).



2.2 Genotyping

The total DNA of seed orchard parents and offspring seedlings was extracted with a CTAB plant genomic DNA rapid extraction kit (Adlai, Beijing, China). The DNA quality and concentration were detected by NanoDrop 2000. Six dinucleotides and six trinucleotide SSR markers (Li et al., 2015; Wen et al., 2015) were used for genotyping (Table 1). The forward primer of each primer pair was labeled with one of two fluorescent dyes (i.e., FAM or HEX) (Sangon Biotech, Shanghai, China). Polymerase chain reaction (PCR) analysis was carried out in 15 µL reaction volume: 50 ng genomic DNA template, 0.6 µL 10uM F-primer (including fluorescent primer), 0.6 µL 10uM R-primer, 12.8 µL 1.1 × Golden Star T6 Super PCR Mix (TsingKe, Beijing, China). The cycling parameters are also referred to in (Wen et al., 2015) The PCR cycling conditions consisted of an initial denaturation step of 95°C for 5 min; followed by 35 cycles of denaturation at 94°C for 30 s, annealing for 30 s (depending on the annealing temperature of the primer used, see Table 1), extension at 72°C for 30 s; and final extension at 72°C for 10 min. The amplification products were separated on the ABI3730 DNA analyzer (Applied Biosystems) using GeneScan-500 (LIZ) (Applied Biosystems) as an internal size standard. Allele binning and genotyping were performed automatically with Genemapper 4.0 software (Applied Biosystems) and later manually checked.


Table 1 | Primer information and characteristics of 12 microsatellite markers were evaluated using all samples in the present study.





2.3 Data analyses


2.3.1 Genetic diversity analyses

GenALEx 6.5.1 (Peakall and Smouse, 2012) was used to calculate the genetic diversity of parents and offspring by analyzing the following parameters: observed (Na) and effective (Ae) number of alleles per locus, observed (Ho) and expected (He) heterozygosity, the Shannon diversity index (I), and fixation index (F) with F = (He – Ho)/He. The CERVUS 3.0 software (Kalinowski et al., 2007) was used to calculate parameters of genetic diversity: polymorphic information content (PIC), frequency of null alleles (Null), and Hardy–Weinberg equilibrium (HW).



2.3.2 Paternity analysis

Paternity analysis was conducted using the CERVUS 3.0 software (Kalinowski et al., 2007). Ten thousand simulations were performed with 95% (strict) and 80% (loose) confidence levels. The critical LOD score was obtained by analyzing the simulated materials. The candidate father ratio and mistyped genotyping were set to 0.85 and 0.01, respectively, and the minimum number of loci was seven. The principle of CERVUS paternity analysis is that if the difference between the most probable and the second-most probable paternity exceeds a specific threshold (estimated through the simulation stage), the parent is set as candidate paternity (Kalinowski et al., 2007). We estimate the pollen contamination based on the individuals that do not match the father in the paternal analysis. The lower limit of the pollen contamination was based on the specific allele (29/288) in offspring, and the upper limit was that all unmatched individuals are produced by the peripheral pollen (97/288).

We estimated the male effective population size (Ne) following Funda et al. (2008). In order to compare the effective population size between orchards’ crops and offspring population, we also estimated Ne with the linkage disequilibrium (LD) method in the program LDNE (Waples and Do, 2008).



2.3.3 Florescence

The fixed plant observation method of Bian et al. (2020) was used to observe the flower amount and flowering period. Four standard ramets with medium growth were selected for each clone in the seed orchard. The sunny side of each crown was divided into upper, middle, and lower layers. A branch with a medium flower amount was selected in each layer. The development process of male and female flowers was observed in spring, once a day until the end of the flowering period. The number of male and female flowers of the whole plant was observed at the last flowering stage. The evaluation criteria for each period of flowering of a single cone are referenced by Chen et al. (2019) and Bian et al. (2020).

The synchronization index of florescence proposed by Askew and Blush (1990) was used to evaluate the overlap of florescence. The basic idea was to evaluate the overlapping degree of the receptive and pollination stages among different genotypes. The calculation formula is given in Eq. 1:




where Sij is the synchronization index of florescence of clone i for the male parent and clone j for the female parent, Mki is the loose pollen ratio of male strobilus of the ith grafted clone on the kth day; Pkj is the ratio at which the jth grafted clone is in the fertile period on the kth day; n is the number of days from the earliest flowering to the latest ending of male and female strobilus. When the florescence of male and female parents completely overlapped, Sij = 1; when there is no overlap at all, Sij = 0; In case of partial overlap, then 0 <Sij< 1. It is worth noting that Chinese fir is a monoecious species, and the same clone can be used as both male and female parents,Sij ≠  Sji



2.3.4 Co-ancestry

Co-ancestry between parental clones was estimated using the triadic likelihood estimator (TrioML) with the software COANCESTRY (Wang, 2011). TrioML is expected to produce T of zero for unrelated cultivars, ~0.25 for half-sibs, and ~0.5 for full-sibs (Wang, 2011). Using a relatively small number of loci and possible genotyping errors reduced our estimated reliable T, so we applied TrioML to six superior cultivars of Chinese fir of known parentage (six hybrid combinations). From these cultivars, the lowest T estimated from first-degree relatives (full siblings or parent-offspring) was 0.4511; we thus used T ≥ 0.4511 as a cutoff to identify first-degree relatives. Similarly, the maximum T-value of seven parental clones from different sources selected in the three first-generation seed orchards was 0.1641. We believe that the combination with T< 0.1641 was not related. Although these values may represent the true pedigree relationship, it is also possible that other complex mating schemes, such as backcross between generations, produce T-values equivalent to first-degree relatives. The relatedness between parental clones was represented by a weightless and directionless network, plotted with the R package ‘igraph’ (Csardi and Nepusz, 2006).





3 Results


3.1 Genetic diversity of parental and offspring population

In the analysis of 12 pairs of primers, the observed number of alleles (Na) varied from 4 (wx2-4) to 9 (wx2-6) in third-generation seed orchard parental clones, with a mean value of 6.083 (Table S2). The mean effective number of alleles (Ae) was 2.615. Among loci, observed heterozygosity (Ho) and expected heterozygosity (He) ranged from 0.375 to 0.853 and from 0.397 to 0.793, with means of 0.528 and 0.572, respectively. Primer wx2-8 showed significant deviation from Hardy–Weinberg equilibrium. A total of 80 alleles were amplified from 12 microsatellite loci in 288 Chinese fir offspring, with an average of 6.667 per primer (Table S3). Ho and He values ranged from 0.439 to 0.835 and 0.412 to 0.741, with means of 0.614 and 0.574, respectively. Loci wx1, wx2, wx2-8, wx2-4 and s123 significantly deviated from the Hardy–Weinberg equilibrium. Compared to the parental population, the observed number of alleles (Na), and the proportion of observed heterozygosity in the offspring displayed an increase(Ho=0.528 and He=0.572, Ho=0.614 and He=0.574).r



3.2 Co-ancestry between parental clones

We found that most parental clone pairs were uncorrelated (86.19%), and the estimated T was less than 0.1641 (Figure 1A). In fact, most of the combinations estimated T = 0 (56.01%) or less than 0.1 (77.15%). In addition, 11.85% of the combinations were between 0.1641 and 0.4511 (Figure 1A), indicating that they are related but may not be first-degree relatives and may be half-sib. Finally, 1.96% of the combinations were identified as first-degree relatives, of which the estimated T of the three combinations was equal to one (Figure 2B), so we were led to believe that they are clones of each other. Overall, 46 (65.7%) of the third-generation seed orchard parental clones had at least one first-degree relative (Figure 2A); P18 and P19 had five close relatives, followed by P3 and P7, which had four first-degree relatives. Any parental clone of the seed orchard had at least three related parental clones in the seed orchard (Figure 3A); P3, P4, and P7 had 18 parental clones related to them (Figure 3B).




Figure 1 | Histogram of paired TrioML values. (A) Histogram of paired TrioML values of parental clones in the third-generation seed orchard. (B) Histogram of paired TrioML values between parents with 191 cases of mating success. The red dotted line represents the unrelated cutoff of the parental clones (T = 0.1641), and the blue dotted line represents the threshold above which pairwise comparisons were considered first-degree relatives (T = 0.4511).






Figure 2 | First-degree relationships within the Chinese fir germplasm collection. (A) Histogram of the number of first-degree relatives in the thirdgeneration seed orchard of Chinese fir. (B) A network of parental clones shows connections between first-degree relatives. The T (TrioML) of the parental clones in the red oval was one, and they were considered clones of one another.






Figure 3 | Relatives within the Chinese fir germplasm collection. (A) Histogram of the number of relatives in the third-generation seed orchard of Chinese fir. (B) A network of parental clones showing connections between relatives. The two circles connected by the red lines represent parental clone pairs were first-degree relatives, and the blue lines represent that parental clone pairs were related but probably not first-degree relatives. The larger the circle, the more parental clones were related to it.





3.3 Paternal analysis of the open-pollinated offspring

The results of parental analysis of 288 offspring showed that no selfing was found, and the outcrossing rate was 100% (Table 2). There were 191 (66.3%) offspring that were matched to the paternal clones, the remaining 97 offspring individuals were not matched, and 29 individuals in the offspring population found alleles (Na) unique to the offspring that did not appear in the parental population, which indicated that the pollen contamination rate of the seed orchard was 10.1%–33.7%, the average pollen contamination of the family was 32.3% ± 3.6%. There were 58 (86.6%) parental clones that participated in pollination. The effective pollination times of clones ranged from 1 to 11 (Figure 4A). The parental clone called P49 had the most pollination times, with a contribution rate of 5.76%. We found that 44% of the paternal clones produced 80% of the offspring, which indicated that the contribution rate of paternal clones in the seed orchard was unbalanced (Figure 4B).


Table 2 | Paternity analysis for the 288 offspring.






Figure 4 | Distribution of paternal contributions and cumulative paternal contribution. (A) Distribution of paternal contributions of the 58 identified paternal clones in the Chinese fir clonal seed orchard. (B) Relationship between the cumulative number of clones (%) and cumulative paternal contribution (%) in the seed orchard.



Male effective population of seed orchard offspring (♂Ne) was 37.57, and ♂Ne/N ratio was 0.54 (Table S4). If it is assumed that each pollen contamination involved a single father, the ♂Ne increased considerably (by 103%). The Ne of parents and offspring population in seed orchard estimated by LD method was 49.00 and 62.30 respectively.



3.4 Effective pollen transmission distance

The effective propagation of pollen among clones in the seed orchard was random, and there was no obvious specific direction for pollination. The distance between each mother tree and its corresponding pollen donor was 5–176 m, and the average propagation distance was 49 m (Table 3); 68.1% of the effective pollination was within 50 m, and 19.9% of the effective pollination occurred in adjacent areas. All maternal clones showed substantial variation in mean pollination distance, with a mean coefficient of variation of pollination distance of 84.6% (Table 3).


Table 3 | The difference in mean pollen transmission distance among female parent clones.





3.5 Florescence synchronization

The synchronization index of florescence (S) for the Chinese fir parental clones was 0.48, with a minimum value of 0.045 and a maximum value of 1.00. Nine clones did not produce female flowers; consequently, their S-values were set to zero (red column in Figure 5). In the 191 cases of successful reproduction, the lowest S-value was 0.278 (dotted line in Figure 5). Excluding the clonal parents that did not produce female flowers, only 7% of the mating combinations in the seed orchard had an S-value lower than 0.278.




Figure 5 | Distribution of the synchronization index of florescence (S) of the clones in the Chinese r clonal seed orchard. The red column indicates the nine clones that did not produce female flowers. equal to zero; The dotted line indicates the lowest S-value of mating success.





3.6 Mating success

The paternal contribution of clones was significantly different (Chi-square test, p<0.001), and the number of ramets of clones explained 6.86% of the paternal contribution (Figure 6A). There was a significant difference in the number of flowers per clone among clones in the seed orchard (ANOVA, p<0.001; Table S5), and a positive correlation between the number of male flowers per clone and their paternal contribution rate (r = 0.32, p = 0.0141); their pollen yield explained 8.91% of the paternal contribution (Figure 6B). The S-value of mating success was not related to its paternal contribution (Figure 6C). There was a weak negative correlation between paternal contribution and T value of parents with mating success (r = - 0.12, p = 0.082) (Figure 6D). In addition, we found that the T-value of most mating parents (91.7%) was less than 0.1641 in 191 cases of mating success, which indicated that most parental clones of mating success were not related, and 8.3% of parents were related but did not reach the level of first-degree relatives (Figure 1B).




Figure 6 | Relationship between reproductive factors and paternal contribution. (A) Relationship between the number of ramets per clone and paternal contribution per clone in the seed orchard. Red dots represent that pairwise comparisons were considered clones. (B) Relationship between the number of male flowers per clone and paternal contribution per clone in the seed orchard. (C) Relationship between the synchronization index of florescence (S) and the paternal contribution per clone in the seed orchard. (D) Relationship between the T (TrioML) and the paternal contribution per clone in the seed orchard. R2= R-Squared; r= Pearson correlation coefficient.






4 Discussion


4.1 Genetic diversity and co-ancestry

The main function of forest seed orchards is to produce a large number of genetically improved seeds without reducing genetic diversity (Chaloupková et al., 2019). For a long rotation species, the area where the species is planted should monitor the deployment of improved Germplasm to ensure that the level of genetic diversity is maintained and equivalent to the natural regeneration stand (Ruņģis et al., 2019). In this study, we compared the genetic diversity indexes of parental clones and offspring populations in the third-generation seed orchard of Chinese fir trees. The results show that the genetic diversity of parental clones and offspring was high, the mean observed heterozygosity (Ho) and expected heterozygosity (He) of parental clones were 0.528 and 0.572, and other coniferous seed orchard plants also had similar levels (Larix kaempferi, He = 0.525; Larix olgensis, He = 0.5833) (Wei et al., 2015; Chen et al., 2018). The expected heterozygosity (He) was slightly lower than that of the Chinese fir provenance population in the same province (He = 0.625) (Duan et al., 2017), which may be related to the population size and the generations of Chinese fir seed orchard. One study showed that the genetic diversity of the advanced generation breeding population gradually decreased as breeding progressed (Li et al., 2020). The Ho and He of the free pollinated offspring in the Chinese fir third-generation seed orchard were 0.614 and 0.575, respectively. The genetic diversity of the free-pollinated offspring was slightly higher than that of the parental clones. Similar reports have also been made on Picea abies (L.) Karst. (Sønstebø et al., 2018), L. kaempferi (Chen et al., 2018), and other tree species (Chaix et al., 2003; Yang et al., 2016). The genetic diversity of the progenies was higher than that of the parental clones, which was related to the introduction of new alleles and haplotypes by external pollen (Kess and El-Kassaby, 2015). In this study, the seed orchard had high pollen pollution (10.1%–33.7%).

Mating between relatives in the seed orchard population usually leads to the reduction of seed yield and the performance of inbreeding seedlings, which will continue throughout the tree life cycle (Woods and Heaman, 1989; Woods et al., 2001; Wang et al., 2004; Stoehr et al., 2014). In this study, genetic coancestry among parental clones was detected in the third generation seed orchard of Chinese fir, more than half (65.71%) of the parental clones had at least one first-degree relative, and any parental clone of the seed orchard had at least three related parental clones in the seed orchard. The build-up of co-ancestry had also been found in the advanced generation seed orchards of Pinus tabuliformis Carrière and Pinus sylvestris var. mongolica (Yang et al., 2020; Yang et al., 2021). This phenomenon of the build-up of co-ancestry was related to the determination of the progeny in the seed orchards and the selection of breeding populations. The families with the best performance often contributed more selected individuals than those with poor performance (Yang et al., 2021). The understanding of the parental relationship in seed orchards not only has important guiding significance for the breeding plan and process but also can be used as the basis for the spatial deployment design of parental clones in seed orchards.



4.2 Selfing and pollen contamination

Most trees are outbreeding species that have developed different mechanisms against selfing: dioecism, gametophytic self-incompatibility, the avoidance of contemporary flowering of male and female parts in hermaphrodite flowers, the separation of female and male flowers in different parts of the crown, or frequent abortion of embryos after selfing resulting in empty seeds (Liesebach et al., 2021). Selfing will cause recession, resulting in higher seedling mortality, etiolated seedlings, and poor individual vitality (Moriguchi et al., 2005). Therefore, evaluating and reducing the selfing rate of seed orchards in such ideal closed environments is very important.

It has been reported that the selfing rate of most conifer seed orchards is at low levels, with 5.1% for Pinus sylvestris L. (Funda et al., 2015), 0.45% for Platycladus orientalis (Huang et al., 2018), 1.85% for L. olgensis (Wei et al., 2015), 1.74%–6% for P. abies (L.) Karst. (Sønstebø et al., 2018); but there are exceptions, the selfing rate of a Pseudotsuga menziesii (Mirb.) Franco seed orchard is 12%–17% (Korecký and El-Kassaby, 2016; Song et al., 2018). Selfing was not detected in this study. On the one hand, it was related to the configuration of the seed orchard, and the distance between ramets of the same clone was more than 20 m; on the other hand, it is related to the tree species characteristics of Chinese fir (wind pollination), as female flowers in the phenological period mostly grow at the top of the trees (Zhang, 2005), and the seed orchard has auxiliary pollination measures. Similarly, selfing was not detected in the 1.5th generation seed orchard of red-heart Chinese fir (Chen et al., 2021). Previous studies have found that the self-pollination of Chinese fir can produce normally developed offspring (Xu et al., 2015; He et al., 2016), but all the cases of self-pollination were controlled pollination (only the pollen of its own clones). We speculated that the mating of open pollination of Chinese fir might be related to the affinity of pollen, as female flowers may preferentially choose the pollen of unrelated clones in the fertilization process. When the pollen of other clones is low or absent, plant-selective selfing provides reproductive security for the population. However, this conjecture about Chinese fir needs to be verified by further research. We also found low levels of inbreeding (Figure 6B). Inbreeding has generally been regarded as something to avoid in seed orchards, lesser relatedness between parents would lead to more successful fruiting, with inbreeding depression expressed only later in the established plantation (Mullin et al., 2019). It is generally recommended to manage the breeding population with separate sublines so that individual, unrelated seed orchard parents can be selected from each subline (McKeand and Bridgwater, 1998). This way focus on the gene pool of the seed orchard crop from the orchard. In an addition, Lindgren et al. (2009) recommended that under the constraint of overall genetic diversity (or number of states), the relatedness of pairs of seed-orchard parents were penalized to reduce the expected inbreeding.

Pollen contamination from outside the seed orchard tends to increase the genetic diversity of the seed orchard with a small number of parental clones (El-Kassaby and Ritland, 1986; Lindgren and Prescher, 2005), but it may also lead to the introduction of poor genetic material, so it should be prevented (Pakull et al., 2021). The mean pollen contamination in the two seed orchards of P. abies (L.) Karst. was 22.9%, P. menziesii (Mirb.) Franco seed orchards reported pollen contamination rates of 10%–18%, and up to 28% under natural conditions (Sk Lai et al., 2010; Kess and El-Kassaby, 2015; Korecký and El-Kassaby, 2016; Song et al., 2018). In this study, even if there was an isolation zone far greater than the mean pollen transmission distance, the pollen contamination rate of the third-generation seed orchard of Chinese fir was between 10.1% and 33.7%; moreover, the unique allele (Na) of the offspring was also observed. We speculate that there was a large area of farmland between blocks 3-4 and 6-7 where the farmers planted Chinese fir on farmland after the farmland was abandoned, and these trees reached the stage of reproductive development. We believe that these Chinese firs were the source of pollen contamination donors.

Knowledge about the effective population size and pollen pollution is crucial to the establishment and management of seed orchards (Sønstebø et al., 2018). The effective population size is lower than the number of parents in the seed orchard (i.e., the number of parents), and the ratio of male effective population size to the census population size (♂Ne/N) was 0.54 in the seed orchard, which is consistent with most previous studies on the seed orchard (Funda and El-Kassaby, 2012; Sønstebø et al., 2018). The Ne estimated by LD method was larger than that estimated by paternity analysis (♂Ne), which is related to the high level of pollen contamination in the seed orchard, the pollen contamination increased the effective population size (Nikkanen and Ruotsalainen, 2000).



4.3 Paternal contribution and pollen transmission distance

It is generally believed that equal paternal contribution is very important for improving the genetic quality of seeds (El-Kassaby and Reynolds, 1990; Wheeler and Jech, 1992; Stoehr et al., 1998). Equal parental representativeness tends to produce the same gamete contribution as the parents in the seed orchard, thus reflecting their allele frequencies and meeting the basic quantitative genetic hypothesis of trait generation transmission (El-Kassaby and Sziklai, 1982). However, this is an ideal state based on the assumption of an equal reproductive yield of parents (male and female gametes) (Moriguchi et al., 2004). In this study, the paternal contribution rate of the third-generation Chinese fir seed orchard was in an unbalanced state, 80% of the gamete contribution comes from 44% of the parental population, and a similar proportion has been reported in other conifer seed orchards (Sk Lai et al., 2010; Song et al., 2018; Pakull et al., 2021; Heuchel et al., 2022). The reproductive success of the male parent was related to the number of ramets of the clone and the distribution of the male parent of the clone, Torimaru et al.(2012) found that the number of ramets of each clone was positively correlated with their paternal contribution in P. sylvestris seed orchard. In this study, we also found this positive correlation (r = 0.26), and the paternal contribution of clones was significantly different. The number of ramets of clones explained relatively little (6.86%) for the contribution of male parents. The mating success of male parents also depends on the pollen yield, flowering phenology, germination vigor of pollen grains, germination time, pollen tube growth rate, selective fertilization, and other traits (Aronen et al., 2002). Still, the major premise was that male and female florescence overlap. Our study showed that the mean S-value was 0.555 and the minimum S-value was 0.278 in 191 successful mating cases, which indicates that pollination can be completed so long as there is about a 30% overlap in florescence, even though there was no obvious correlation between the S-values and the paternal contribution rate (Figure 6C). It follows that the flowering phenology was not the main reason for the unbalanced paternal contribution. There was a significant difference in the number of male flowers among clones in the seed orchard (p<0.001) and a positive correlation between the number of male flowers per clone and their paternal contribution rate (r = 0.32). The pollen yield explained 8.91% of the contribution of male parents, noting that a higher proportion (~75%) of the more accurate index (pollen weight per clone) was used in the P. sylvestris L. seed orchard (Torimaru et al., 2012).

Knowledge of the effective pollination distance and mating system is important for the protection and management decisions of seed orchards and tree populations (Sork et al., 2002; Funda et al., 2008). In this study, the mean effective pollination distance of the third-generation seed orchard of Chinese fir was 47 m, and the longest distance was 176 m; 65.4% of the effective pollination occurred within 50 m, and 19.9% of the effective pollination occurred in the neighborhood, thus supporting the pollen transmission mode of short distance transmission. The pollination distance of Chinese fir maternal clones depends on their position in the seed orchard and the affinity between mating gametes. The wind direction (Feng et al., 2010), meteorological factors, (Huang et al., 2018) and management measures (such as auxiliary pollination) of the seed orchard during the flowering period will have an impact on the mattings. Pollen movement and embryo competition are complex processes. Previous studies on the pollen transmission of Chinese fir have shown that the pollen diffusion distance of Chinese fir is between 150 m and 600 m (Jiang et al., 1986; Chen, 1991; Chen et al., 1996). This gap may be due to different research methods. Previous studies mostly focused on direct observations of pollen density at different locations. The effectiveness and accuracy of this method were unstable and, in most cases, will not truly reflect the actual pollination and gene flow. The pollen dispersion law also depends on the population size, spatial distribution, and habitat characteristics (Ou, 2012).



4.4 Implications for the management and spatial design of a Chinese fir advanced generation seed orchard

Evaluation of mating patterns and pedigree structure of seed orchards can provide valuable information for scientific management and layout design of seed orchards. The limited number of marker loci used in this study, together with the difficulty of correctly scoring null alleles in these marker systems may have constrained assignment precision (Funda et al., 2015). SNP (single nucleotide polymorphism) analyses based on hundreds or thousands of markers have led to a stronger power of precise parentage reconstruction than microsatellite SSRs (Laucou et al., 2018). They have become more and more popular because they can be high throughput genotyping through next-generation sequencing (NGS) at a moderate cost (Zheng et al., 2019). The application of this technology in higher-generation seed orchard populations should be strengthened in future studies.

As the material for paternity analysis is the normal growth and development of the seed orchard’s progeny population, most empty and astringent seeds (inactive) or seeds containing lethal alleles were produced by selfing, and the death of seeds at the germination stage was excluded (González-Martínez et al., 2001). Therefore, the actual selfing rate may be higher than reported in this study. The size limit of the offspring population may also ignore some successful mating cases, but the entire study simulates the production process of advanced generation seed orchards. From flowering and mating to the offspring plants with normal development, it can provide effective guidance for production practice.

Based on the universality of tree species distribution, seed orchards have been established in both marginal and central production areas. The mating systems of seed orchards are different under the trend of climate in different distribution areas and global climates. Therefore, a more comprehensive study is needed in different regions and years in future studies. Due to the annual and seasonal differences in the reproductive capacity of parents in seed orchards (Funda et al., 2009; Muñoz-Gutiérrez et al., 2020), continuous observation of mating and florescence in seed orchards is greatly significant to the management and construction of seed orchards and the formulation of breeding policies. However, continuous observation is a laborious and costly study. The individual contributions of parents in P. abies (L.) Karst. seed orchard was well correlated between the two studied years (Sønstebø et al., 2018). In this study, the number of ramets per clone and the yield of male flowers are positively related to the paternal contribution. The arrangement of the unequal number of plants could be considered in the seed orchard configuration design when establishing the seed orchard, and the reproductive capacity can be used as a predictor of the high yield of parents in the seed orchard.

A higher pollen pollution rate will reduce the genetic gain of offspring. Additional seed orchard management measures are needed to avoid high pollution rates. A first step in avoiding pollen pollution would be to remove the single Chinese fir tree near the seed orchard, implement intensive management of the seed orchard, and set up isolation areas. Although the effective transmission distance of pollen in this study was 5–176 m, the pollen particles were small and light (Ma et al., 2017), and the dispersion distance was greater than 600 m (Chen et al., 1996), which justifies that the isolation area should be greater than 600 m. Although the mating success of Chinese fir had a loose male and female florescence overlap (about 30%), the uneven male parental contribution may lead to the seeds having common ancestors and reduce the stability and adaptability of the progeny stand. Therefore, it is necessary to implement pollen management strategies, such as controlling pollination and supplementing large-scale pollination, to improve the genetic quality of the produced seeds (Kaya et al., 2006; Stoehr et al., 2006; Fernandes et al., 2008; Funda and El-Kassaby, 2012; Chen et al., 2018). Management measures such as delaying flowering can be implemented for parents who do not encounter flowering (Funda and El-Kassaby, 2012). Inbreeding should be avoided in seed orchard production, but inbreeding is inevitable in recurrent selection. This study found that most matings occur within a given distance, and 19.90% occur in the nearest neighbors in the advanced seed orchard of Chinese fir. Moreover, we also found nearly 10% of inbreeding. Therefore, it is requisite to design the layout of seed orchards to separate related parental clones to maximize the spatial distance between them and minimize the impact of inbreeding. Traditional methods, such as adjusted random block design and grouping arrangement, were often used in the layout of Chinese fir seed orchards, but are no longer used in advanced generation seed orchards. Based on the development of computer algorithms, many excellent seed orchard layout designs have emerged, such as COOL (Bell and Fletcher, 1978), MI (Lstibůrek and El-Kassaby, 2010; Lstibůrek et al., 2015), R2SCR (El-Kassaby et al., 2014), ONA (Chaloupková et al., 2016), and IAPGA (Yang et al., 2020). However, the meeting of male and female gametes at florescence is the premise of mating, and the amount of male and female flowers is the embodiment of fertility. In recent years, new bionic intelligent algorithms have emerged and been optimized, making it possible to design the layout of complex advanced generation seed orchards that combine relationship, florescence, and flower amount.




5 Conclusion

Monitoring genetic diversity and mating patterns is especially important in high-generation seed orchards. Correlation studies of parental clones in seed orchards and pollination dynamics could prove helpful in making management decisions aimed at improving the genetic quality of seeds and in protecting the genetic resources of seed orchards. Our conclusions are as follows. (1) Genetic coancestry among parental clones was detected in the third generation seed orchard of Chinese fir; (2) The seed orchard had a high level of outcrossing (100%), and no selfing offspring were found; (3) The parental contribution in the Chinese fir seed orchard was unbalanced, and the male parental contribution showed a significant positive correlation with the number of ramets of the clone and the number of male flowers of the clone, but was not correlated with the flowering synchronization; (4) The efficient pollination of seed orchards mostly occurs at close range. In addition, we also found a small proportion of mating between related clones. Assessment of pollination dynamics should become a routine procedure in advanced generation seed orchard management to monitor the progress of orchard crop inbreeding and fitness. The results from this research are significant for the management and construction of seed orchards and the formulation of new breeding strategies in the future.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below in the article.



Author contributions

AD and HW designed the experiments. HW, SZ and XW participated in data collection and phenotype measurement. AD and SZ participated in data analysis and processing. AD and JZ conceived the project and obtained fundings. JZ performed the field management. HW wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by the national key research and development project of China of the “14th five-year plan”: “Research on Breeding of high-yield, high-quality and high-efficiency new varieties of Chinese Fir”.



Acknowledgments

The authors are grateful to the anonymous reviewers and handling Editor for their constructive comments to improve the manuscript.



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.2022.1042290/full#supplementary-material



References

 Aronen, T., Nikkanen, T., Harju, A., Tiimonen, H., and Häggman, H. (2002). Pollen competition and seed-siring success in Picea abies. Theor. Appl. Genet. 104, 638–642. doi: 10.1007/s00122-001-0789-9

 Askew, G. R., and Blush, T. D. (1990). Short note: An index of phenological overlap in flowering for clonal conifer seed orchards. Silvae Genetica 39, 168–171.

 Bell, G. D., and Fletcher, A. M. (1978). Computer organised orchard layouts (COOL) based on the permutated neighbourhood design concept. Silvae Genet. 27, 223–225.

 Bian, L. M., Huang, D., Zhang, X. F., Tong, X. L., Ye, D. Q., and Shi, J. S. (2020). Analysis on flowering phenology and synchronization indexes of Chinese fir clonal archive. J. Nanjing Forestry Univ. (Natural Sci. Edition) 44 (6), 207–212. doi: 10.3969/j.issn.1000-2006.202009016

 Chaix, G., Gerber, S., Razafimaharo, V., Vigneron, P., Verhaegen, D., and Hamon, S. (2003). Gene flow estimation with microsatellites in a Malagasy seed orchard of Eucalyptus grandis. Theor. Appl. Genet. 107, 705–712. doi: 10.1007/s00122-003-1294-0

 Chaloupková, K., Stejskal, J., El-Kassaby, Y. A., and Lstibůrek, M. (2016). Optimum neighborhood seed orchard design. Tree Genet. Genomes 12, 105. doi: 10.1007/s11295-016-1067-y

 Chaloupková, K., Stejskal, J., El-Kassaby, Y., Frampton, J., and Lstibůrek, M. (2019). Current advances in seed orchard layouts: Two case studies in conifers. Forests 10 (2), 93. doi: 10.3390/f10020093

 Chen, X. Y. (1991). “Observation and analysis of pollen dispersal in Chinese fir seed orchard,” in  Symposium on forest genetic improvement Vol. 19 (Beijing, China: China Forestry Society genetic breeding Society Press).

 Chen, X. Y., Li, W. G., Pan, Q. M., and Yang, M. S. (1996). Study on spatial distribution and propagation distance of pollen in Chinese fir seed orchard. J. Beijing Forestry Univ. 18 (2), 24–30.

 Chen, X., Sun, X., Dong, L., and Zhang, S. (2018). Mating patterns and pollen dispersal in a Japanese larch (Larix kaempferi) clonal seed orchard: A case study. Sci. China Life Sci. 61, 1011–1023. doi: 10.1007/s11427-018-9305-7

 Chen, X., Xu, H., Xiao, F., Sun, S., Lou, Y., Zou, Y., et al. (2021). Genetic diversity and paternity analyses in a 1.5th generation seed orchard of chenshan red-heart Chinese fir. J. Nanjing Forestry Univ. ( Natural Sci. Edition) 45 (3), 87–92.

 Chen, T., Zhang, Z., Chu, X. L., Jin, G. Q., Zhou, Z. C., and Feng, Z. P. (2019). The flowering synchronicity of second-generation clonal seed orchard of masson pine (Pinus massoniana). Scientia Silvae Sinicae 55 (1), 146–156. doi: 10.11707/j.1001-7488.20190117

 Csardi, G., and Nepusz, T. (2006). The igraph software package for complex network research. InterJournal, Complex Systems 1695, 1–9.

 Duan, H., Cao, S., Zheng, H., Hu, D., Lin, J., Cui, B., et al. (2017). Genetic characterization of Chinese fir from six provinces in southern China and construction of a core collection. Sci. Rep. 7 (1), 13814. doi: 10.1038/s41598-017-13219-0

 El-Kassaby, Y. A. (1992). Domestication and genetic diversity - should we be concerned? Forestry Chronicle 68, 687–700. doi: 10.5558/tfc68687-6

 El-Kassaby, Y. A. (1995). Evaluation of the tree-improvement delivery system: factors affecting genetic potential. Tree Physiol. 15, 545–550. doi: 10.1093/treephys/15.7-8.545

 El-Kassaby, Y. A. (2000a). “Effect of forest tree domestication on gene pools,” in Forest conservation genetics: Principles and practice (Canberra, Australia: CSIRO Publishing-CABI Publishing).

 El-Kassaby, Y. A. (2000b). Representation of Douglas-fir and western hemlock families in seedling crops as affected by seed biology and nursery crop management practices. For. Genet. 7, 305–315.

 El-Kassaby, Y. A., Fayed, M., Klápště, J., and Lstibůrek, M. (2014). Randomized, replicated, staggered clonal-row (R2SCR) seed orchard design. Tree Genet. Genomes 10 (3), 555–563. doi: 10.1007/s11295-014-0703-7

 El-Kassaby, Y., and Reynolds, S. (1990). Reproductive phenology, parental balance, and supplemental mass pollination in a sitka-spruce seed-orchard. For. Ecol. Manage. 31, 45–54. doi: 10.1016/0378-1127(90)90110-W

 El-Kassaby, Y. A., and Ritland, Y. A. (1986). The relation of outcrossing and contamination to reproductive phenology and supplemental mass pollination in a Douglas-fir seed orchard. Silvae Genetica 35 (5), 240–244.

 El-Kassaby, Y. A., and Sziklai, O. (1982). Genetic variation of allozyme and quantitative traits in a selected Douglas-fir (Pseudotsuga menziesii var. menziesii (Mirb.) Franco) population. For. Ecol. Manage. 4, 115–126. doi: 10.1016/0378-1127(82)90009-3

 Eriksson, G., Lindgren, D., and Jonsson, A. (1973). Flowering in a clone trial of Picea abies Karst. Stud. For. Suec 110, 1–45.

 Feng, F. J., Sui, X., Chen, M. M., Zhao, D., Han, H. J., and Li, M. H. (2010). Mode of pollen spread in clonal seed orchard of Pinus koraiensis. J. Biophys. Chem. 01, 33–39. doi: 10.4236/jbpc.2010.11004

 Fernandes, L., Rocheta, M., Cordeiro, J., Pereira, S., Gerber, S., Oliveira, M. M., et al. (2008). Genetic variation, mating patterns and gene flow in a Pinus pinaster aiton clonal seed orchard. Ann. For. Sci. 65, 706–706. doi: 10.1051/forest:2008049

 Funda, T., Chen, C. C., Cherdsak, L., M.A.Kenawy, A., and El-Kassaby, Y. A. (2008). Pedigree and mating system analyses in a western larch (Larix occidentalis nutt.) experimental population. Ann. For. Sci. 65, 705. doi: 10.1051/forest2008055

 Funda, T., and El-Kassaby, Y. A. (2012). Seed orchard genetics. CAB Reviews: Perspect. Agriculture Veterinary Science Nutr. Natural Resour. 7 (13), 1–23. doi: 10.1079/PAVSNNR20127013

 Funda, T., Lstiburek, M., Lachout, P., Klapste, J., and El-Kassaby, Y. A. (2009). Optimization of combined genetic gain and diversity for collection and deployment of seed orchard crops. Tree Genet. Genomes 5, 583–593. doi: 10.1007/s11295-009-0211-3

 Funda, T., Wennström, U., Almqvist, C., Andersson Gull, B., and Wang, X.-R. (2016). Mating dynamics of scots pine in isolation tents. Tree Genet. Genomes 12, 112. doi: 10.1007/s11295-016-1074-z

 Funda, T., Wennström, U., Almqvist, C., Torimaru, T., Gull, B. A., and Wang, X.-R. (2015). Low rates of pollen contamination in a scots pine seed orchard in Sweden: the exception or the norm? Scandinavian J. ofForest Res. 30 (7), 573–586. doi: 10.1080/02827581.2015.1036306

 González-Martínez, S., Salvador, L., Agúndez, D., Alia, R., and Gil, L. (2001). Geographical variation of gene diversity of pinus pinaster ait. in the Iberian peninsula (Dordrecht-Boston-London: Kluwer Academic Publishers).

 Grattapaglia, D., Do Amaral Diener, P. S., and Dos Santos, G. A. (2014). Performance of microsatellites for parentage assignment following mass controlled pollination in a clonal seed orchard of loblolly pine (Pinus taeda l.). Tree Genet. Genomes 10, 1631–1643. doi: 10.1007/s11295-014-0784-3

 He, G., Qi, M., Cheng, Y., Xu, Z., Luo, X., and He, B. (2016). Methods for parent apolegamy of Chinese fir in cross breeding. Acta Agriculturae Universitatis Jiangxiensis 38 (4), 646–535. doi: 10.13836/j.jjau.2016092

 Heuchel, A., Hall, D., Zhao, W., Gao, J., Wennström, U., and Wang, X.-R. (2022). Genetic diversity and background pollen contamination in Norway spruce and scots pine seed orchard crops. Forestry Res. 2, 1–12. doi: 10.48130/FR-2022-0008

 Hodge, G. R., and White, T. L. (1993). Advanced-generation wind-pollinated seed orchard design. New Forests 7, 213–236. doi: 10.1007/BF00127387

 Huang, L. S., Song, J. Y., Sun, Y. Q., Gao, Q., Jiao, S. Q., Zhou, S. S., et al. (2018). Pollination dynamics in a Platycladus orientalis seed orchard as revealed by partial pedigree reconstruction. Can. J. For. Res. 48 (8), 952–957. doi: 10.1139/cjfr-2018-0077

 Jiang, S., Shi, J. S., Zhang, Y. H., Zhou, C. G., and Hu, C. Y. (1986). “A preliminary study on pollen transmission distance of Cunninghamia lanceolata (Lamb.) hook,” in The fifth symposium on forest tree genetics and breeding in China, vol. 94. (Harbin, China: Northeast Forestry University Press).

 Kalinowski, S., Taper, M., and Marshall, T. (2007). Revising how the computer program CERVUS accommodates genotyping error increases success in paternity assignment. Mol. Ecol. 16, 1099–1106. doi: 10.1111/j.1365-294X.2007.03089.x

 Kaya, N., Isik, K., and Adams, W. T. (2006). Mating system and pollen contamination in a Pinus brutia seed orchard. New Forests 31, 409–416. doi: 10.1007/s11056-005-0876-x

 Kess, T., and El-Kassaby, Y. A. (2015). Estimates of pollen contamination and selfing in a coastal Douglas-fir seed orchard. Scandinavian J. For. Res. 30 (4), 266–275. doi: 10.1080/02827581.2015.1012112

 Korecký, J., and El-Kassaby, Y. A. (2016). Pollination dynamics variation in a Douglas-fir seed orchard as revealed by microsatellite analysis. Silva Fennica 50 (4), 1682. doi: 10.14214/sf.1682

 Laucou, V., Launay, A., Bacilieri, R., Lacombe, T., Adam-Blondon, A. F., Berard, A., et al. (2018). Extended diversity analysis of cultivated grapevine vitis vinifera with 10K genome-wide SNPs. PloS One 13, e0192540. doi: 10.1371/journal.pone.0192540

 Liesebach, H., Liepe, K., and Bäucker, C. (2021). Towards new seed orchard designs in Germany – a review. Silvae Genetica 70, 84–98. doi: 10.2478/sg-2021-0007

 Lindgren, D., Danusevicˇius, D., and Rosvall, O. (2009). Unequal deployment of clones to seed orchards by considering genetic gain, relatedness and gene diversity. Forestry 82 (1), 17–28. doi: 10.1093/forestry/cpn033

 Lindgren, D., and Prescher, F. (2005). Optimal clone number for seed orchards with tested clones. Silvae Genetica 54, 80–92. doi: 10.1515/sg-2005-0013

 Li, W., Wang, X., and Li, Y. (2011). Stability in and correlation between factors influencing genetic quality of seed lots in seed orchard of Pinus tabuliformis carr. over a 12-year span. PloS One 6, e23544. doi: 10.1371/journal.pone.0023544

 Li, Y. X., Wang, Z. S., Sui, J. K., Zeng, Y. F., Duan, A. G., and Zhang, J. G. (2015). Isolation and characterization of microsatellite loci for Cunninghamia lanceolata (Lamb.) hook. Genet. Mol. Res. 14, 453–456. doi: 10.4238/2015.January.23.19

 Li, X., Wang, L. B., Wen, Y. F., Lin, J., Wu, X. T., Yuan, M. L., et al. (2020). Genetic diversity of of Chinese fir (Cunninghamia lanceolata) breeding population among different generations. Scientia Silvae Sinicae 56 (11), 53–61. doi: 10.11707/j.1001-7488.20201106

 Lstibůrek, M., and El-Kassaby, Y. (2010). Minimum-inbreeding seed orchard design. For. Sci. 56, 603–608.

 Lstibůrek, M., Stejskal, J., Misevicius, A., Korecky, J., and El-Kassaby, Y. (2015). Expansion of the minimum-inbreeding seed orchard design to operational scale. Tree Genet. Genomes 11, 12. doi: 10.1007/s11295-015-0842-5

 Ma, K. B., Tang, L., and Cui, J. W. (2017). Change of morphological structure during pollen development process in Cunninghamia lanceolate. Guihaia 37 (10), 1342–1347. doi: 10.11931/guihaia.gxzw201612042

 McKeand, S. E., and Bridgwater, F. E. (1998). A strategy for the third breeding cycle of loblolly pine in the southeastern U.S. Silvae Genetica. 47 (4), 223–234.

 Moriguchi, Y., Taira, H., Tani, N., and Tsumura, Y. (2004). Variation of paternal contribution in a seed orchard of Cryptomeria japonica determined using microsatellite markers. Can. J. For. Res. 34, 1683–1690. doi: 10.1139/x04-029

 Moriguchi, Y., Tani, N., Itoo, S., Kanehira, F., Tanaka, K., Yomogida, H., et al. (2005). Gene flow and mating system in five Cryptomeria japonica d. don seed orchards as revealed by analysis of microsatellite markers. Tree Genet. 1 (4), 174–183. doi: 10.1007/s11295-005-0023-z

 Mullin, T. J., Persson, T., Abrahamsson, S., and Andersson Gull, B. (2019). Effects of inbreeding depression on seed production in scots pine (Pinus sylvestris). Can. J. For. Res. 49, 854–860. doi: 10.1139/cjfr-2019-0049

 Muñoz-Gutiérrez, L., Vargas-Hernández, J. J., López-Upton, J., Ramírez-Herrera, C., and Jiménez-Casas, M. (2020). Clonal variation in phenological synchronization and cone production in a Pinus patula seed orchard. Silvae Genetica 69, 130–138. doi: 10.2478/sg-2020-0018

 Nielsen, U. B., and Hansen, O. K. (2011). Genetic worth and diversity across 18 years in a nordmann fir clonal seed orchard. Ann. For. Sci. 69, 69–80. doi: 10.1007/s13595-011-0159-y

 Nikkanen, T., Aronen, T., Häggman, H., and Venäläinen, M. (2000). Variation in pollen viability among Picea abies genotypes – potential for unequal paternal success. Theor. Appl. Genet. 101 (4), 511–518. doi: 10.1007/s001220051510

 Nikkanen, T., and Ruotsalainen, S. (2000). Variation in flowering abundance and its impact on the genetic diversity of the seed crop in a Norway spruce seed orchard. Silva Fennica 34 (3), 626. doi: 10.14214/sf.626

 Ou, J. L. (2012). Pollen dispersal, in vitro competition and open-pollinated offspring fitness in natural populations of betula alnoides. (Chinese Academy of Forestry: Master).

 Pakull, B., Eusemann, P., Wojacki, J., Ahnert, D., and Liesebach, H. (2021). Genetic diversity of seeds from four German Douglas fir (Pseudotsuga menziesii) seed orchards. Eur. J. For. Res. 140, 1543–1557. doi: 10.1007/s10342-021-01419-3

 Peakall, R., and Smouse, P. E. (2012). GenAlEx 6.5: genetic analysis in excel. population genetic software for teaching and research–an update. Bioinformatics 28, 2537–2539. doi: 10.1093/bioinformatics/bts460

 Ruņģis, D., Luguza, S., Bāders, E., Šķipars, V., and Jansons, Ā. (2019). Comparison of genetic diversity in naturally regenerated Norway spruce stands and seed orchard progeny trials. Forests 10 (10), 926. doi: 10.3390/f10100926

 Sønstebø, J. H., Tollefsrud, M. M., Myking, T., Steffenrem, A., Nilsen, A. E., Edvardsen, Ø.M., et al. (2018). Genetic diversity of Norway spruce (Picea abies (L.) karst.) seed orchard crops: Effects of number of parents, seed year, and pollen contamination. For. Ecol. Manage. 411, 132–141. doi: 10.1016/j.foreco.2018.01.009

 Sheng, W. T. (2014). Plantation forest and their silviculture systems in China (Beijing, China: China Forestry Press).

 Shi, J. S. (1994). Present situation of genetic improvement of Cunninghamia lanceolata in fujian province and its technical countermeasures. Fujian Forestry Sci. Technol. 21 (3), 28–31.

 Sk Lai, B., Funda, T., Liewlaksaneeyanawin, C., Klápště, J., Niejenhuis, A., Cook, C., et al. (2010). Pollination dynamics in a Douglas-fir seed orchard as revealed by pedigree reconstruction. Ann. For. Sci. 67, 808–808. doi: 10.1051/forest/2010044

 Song, J., Ratcliffe, B., Kess, T., Lai, B. S., Korecky, J., and El-Kassaby, Y. A. (2018). Temporal quantification of mating system parameters in a coastal Douglas-fir seed orchard under manipulated pollination environment. Sci. Rep. 8, 11593. doi: 10.1038/s41598-018-30041-4

 Sork, V. L., Davis, F. W., Smouse, P. E., Apsit, V. J., Dyer, R. J., Fernandez, J. F., et al. (2002). Pollen movement in declining populations of California valley oak, quercus lobata: where have all the fathers gone? Mol. Ecol. 11, 1657–1668. doi: 10.1046/j.1365-294X.2002.01574.x

 Stoehr, M., Mehl, H., Nicholson, G., Pieper, G., and Newton, C. (2006). Evaluating supplemental mass pollination efficacy in a lodgepole pine orchard in British Columbia using chloroplast DNA markers. New Forests 31, 83–90. doi: 10.1007/s11056-004-5398-4

 Stoehr, M. U., Orvar, B. L., Vo, T. M., Gawley, J. R., Webber, J. E., and Newton, C. H. (1998). Application of a chloroplast DNA marker in seed orchard management evaluations of Douglas-fir. Can. J. For. Res. 28, 187–195. doi: 10.1139/x97-201

 Stoehr, M., Ott, P., and Woods, J. (2014). Inbreeding in mid-rotation coastal Douglas-fir: implications for breeding. Ann. For. Sci. 72, 195–204. doi: 10.1007/s13595-014-0414-0

 Torimaru, T., Wennstrom, U., Lindgren, D., and Wang, X. R. (2012). Effects of male fecundity, interindividual distance and anisotropic pollen dispersal on mating success in a scots pine (Pinus sylvestris) seed orchard. Heredity (Edinb) 108, 312–321. doi: 10.1038/hdy.2011.76

 Wang, J. (2011). COANCESTRY: a program for simulating, estimating and analysing relatedness and inbreeding coefficients. Mol. Ecol. Resour. 11, 141–145. doi: 10.1111/j.1755-0998.2010.02885.x

 Wang, T., Aitken, S. N., Woods, J. H., Polsson, K., and Magnussen, S. (2004). Effects of inbreeding on coastal Douglas fir growth and yield in operational plantations: a model-based approach. Theor. Appl. Genet. 108, 1162–1171. doi: 10.1007/s00122-003-1534-3

 Waples, R. S., and Do, C. (2008). LDNE: A program for estimating effective population size from data on linkage disequilibrium. Mol. Ecol. Resour. 8, 753–756. doi: 10.1111/j.1755-0998.2007.02061.x

 Wei, Z. G., Qu, Z. S., Hou, Y. Y., Zhang, L. J., Yang, C. P., and Wei, H. R. (2015). Genetic diversity and paternal analysis of openpollinated progenies of Larix olgensis seed orchard. J. Nat. Sci. 1, e19.

 Wen, Y. F., Han, W. J., Zhou, H., and Xu, G. B. (2015). SSR mining and development of EST-SSR markers for Cunninghamia lanceolata based on transcriptome sequences. Scientia Silvae Sinicae 51 (11), 41–49. doi: 10.11707/j.1001-7488.20151106

 Wheeler, N., and Jech, K. (1992). The use of electrophoretic markers in seed orchard research. New Forests 6, 311–328. doi: 10.1007/BF00120650

 Woods, J. H., and Heaman, J. C. (1989). Effect of different inbreeding levels on filled seed production in Douglas-fir. Can. J. For. Res. 19, 54–59. doi: 10.1139/x89-007

 Woods, J. H., Wang, T., and Aitken, S. (2001). Effects of inbreeding on coastal Douglas fir nursery performance. Silvae Genetica 51, 163–170.

 Xu, Q., Wu, C., and Xu, Z. (2015). Analysis of Chinese fir full diallel progeny genetic variation. Hunan Forestry Sci. Technol. 42 (6), 7–12. doi: 10.3969/j.issn.1003-5710.2015.06.002

 Xu, Q. Q., Xu, Z. K., Zhang, X., Rong, J. P., and Gu, Y. C. (2013). Study and formulation of the technical regulations for construction of the Chinese fir seed orchard. Hubei forestry Sci. Technol. 42 (4), 84–87.

 Yang, B., Niu, S., El-Kassaby, Y. A., and Li, W. (2021). Monitoring genetic diversity across Pinus tabuliformis seed orchard generations using SSR markers. Can. J. For. Res. 51, 1534–1540. doi: 10.1139/cjfr-2020-0479

 Yang, B., Sun, H., Qi, J., Niu, S., El-Kassaby, Y. A., and Li, W. (2020). Improved genetic distance-based spatial deployment can effectively minimize inbreeding in seed orchard. For. Ecosyst. 7, 10. doi: 10.1186/s40663-020-0220-0

 Yang, H. B., Zhang, R., and Zhou, Z. C. (2016). Genetic diversity and mating system in a seed orchard of Schima superba. Scientia Silvae Sinicae 52 (12), 66–73.

 Yang, H., Zhang, R., and Zhou, Z. (2017). Pollen dispersal, mating patterns and pollen contamination in an insect-pollinated seed orchard of Schima superba gardn. et champ. New Forests 48, 431–444. doi: 10.1007/s11056-017-9568-6

 Zhang, Z. W. (2005). Studies on Chinese fir reproduction characteristics (Huazhong Agricultural University: Doctor).

 Zhang, X., Tang, X. J., and Cheng, G. Y. (2016). Flowering synchronization of Phellodendrom amurense in seed orchard. J. Northeast Forestry Univ. 44 (7), 46–50. doi: 10.13759/j.cnki.dlxb.2016.07.010

 Zheng, H., Hu, D., Wei, R., Yan, S., and Wang, R. (2019). Chinese Fir breeding in the high-throughput sequencing era: Insights from SNPs. Forests 10 (8), 681. doi: 10.3390/f10080681



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 © 2022 Wu, Zhao, Wang, Duan and Zhang. 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.




ORIGINAL RESEARCH

published: 10 January 2023

doi: 10.3389/fpls.2022.1068883

[image: image2]


Development of a new AgriSeq 4K mid-density SNP genotyping panel and its utility in pearl millet breeding


Janani Semalaiyappan 1, Sivasubramani Selvanayagam 2, Abhishek Rathore 3, SK. Gupta 2, Animikha Chakraborty 1, Krishna Reddy Gujjula 4, Suren Haktan 4, Aswini Viswanath 1, Renuka Malipatil 1, Priya Shah 1, Mahalingam Govindaraj 5, John Carlos Ignacio 6, Sanjana Reddy 1, Ashok Kumar Singh 7 and Nepolean Thirunavukkarasu 1*


1 Genomics and Molecular Breeding Lab, ICAR-Indian Institute of Millets Research, Rajendranagar, India, 2 Accelerated Crop Improvement, International Crop Research Institute for the Semi-Arid Tropics (ICRISAT), Hyderabad, India, 3 Excellence in Breeding (EiB) Platform, The International Maize and Wheat Improvement Center (CIMMYT), El Batán, Mexico, 4 Bioinformatics, Thermo Fisher Scientific, Austin, TX, United States, 5 HarvestPlus, International Center for Tropical Agriculture, Cali, Colombia, 6 Department of Horticulture and Crop Science, The Ohio State University, Wooster, OH, United States, 7 ICAR-Indian Agricultural Research Institute, New Delhi, India




Edited by: 

Satoshi Watanabe, Saga University, Japan

Reviewed by: 

Narayanan Manikanda Boopathi, Tamil Nadu Agricultural University, India

Lalit Arya, National Bureau of Plant Genetic Resources (ICAR), India

Lohithaswa Hirenallur Chandappa, University of Agricultural Sciences, Bangalore, India

*Correspondence: 

Nepolean Thirunavukkarasu
 tnepolean@gmail.com

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


Received: 13 October 2022

Accepted: 15 December 2022

Published: 10 January 2023

Citation:
Semalaiyappan J, Selvanayagam S, Rathore A, Gupta S, Chakraborty A, Gujjula KR, Haktan S, Viswanath A, Malipatil R, Shah P, Govindaraj M, Ignacio JC, Reddy S, Singh AK and Thirunavukkarasu N (2023) Development of a new AgriSeq 4K mid-density SNP genotyping panel and its utility in pearl millet breeding. Front. Plant Sci. 13:1068883. doi: 10.3389/fpls.2022.1068883



Pearl millet is a crucial nutrient-rich staple food in Asia and Africa and adapted to the climate of semi-arid topics. Since the genomic resources in pearl millet are very limited, we have developed a brand-new mid-density 4K SNP panel and demonstrated its utility in genetic studies. A set of 4K SNPs were mined from 925 whole-genome sequences through a comprehensive in-silico pipeline. Three hundred and seventy-three genetically diverse pearl millet inbreds were genotyped using the newly-developed 4K SNPs through the AgriSeq Targeted Genotyping by Sequencing technology. The 4K SNPs were uniformly distributed across the pearl millet genome and showed considerable polymorphism information content (0.23), genetic diversity (0.29), expected heterozygosity (0.29), and observed heterozygosity (0.03). The SNP panel successfully differentiated the accessions into two major groups, namely B and R lines, through genetic diversity, PCA, and structure models as per their pedigree. The linkage disequilibrium (LD) analysis showed Chr3 had higher LD regions while Chr1 and Chr2 had more low LD regions. The genetic divergence between the B- and R-line populations was 13%, and within the sub-population variability was 87%. In this experiment, we have mined 4K SNPs and optimized the genotyping protocol through AgriSeq technology for routine use, which is cost-effective, fast, and highly reproducible. The newly developed 4K mid-density SNP panel will be useful in genomics and molecular breeding experiments such as assessing the genetic diversity, trait mapping, backcross breeding, and genomic selection in pearl millet.
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Introduction

Pearl millet (Pennisetum glaucum (L) R. Br., syn. Cenchrus americanus (L.) Morrone) is a strategic climate-resilient C4 crop. It has an inherent ability to provide sustainable yield even in harsh ecologies, making it an economically secure and favorable crop for farmers in semi-arid and arid regions of the world. Pearl millet is also known for nutritional security as it is competent to address malnutrition issues (Nambiar et al., 2011; Kanatti et al., 2014). In traditional plant breeding, superior genotypes have been selected visually. With the discovery of genetic markers, crop breeding heavily depends upon the reliable and cost-effective marker system. Developing viable markers and genotyping platforms in any crop is imperative to accelerate the varietal turnover.

Various marker genotyping methods such as expressed sequence tags- derived simple sequence repeats (EST-SSRs) (Senthilvel et al., 2008; Rajaram et al., 2013), genomic simple sequence repeats (gSSRs), (Qi et al., 2004), DArT array Technology (DArTs) (Senthilvel et al., 2010; Supriya et al., 2011), and single nucleotide polymorphisms (SNPs) (Sehgal et al., 2012) have been developed and used to characterize the pearl millet genome, identification of quantitative trait loci (QTLs) and marker-assisted breeding (MAB)

activities. The EST-SSRs were developed and utilized in the genetic mapping and MAB programs targeting the traits such as yield and drought resistance in pearl millet (Senthilvel et al., 2010). Through DArT and SSRs marker systems, the QTLs for grain iron and zinc content and rust resistance were identified in the RILs population of pearl millet (Ambawat et al., 2016; Kumar et al., 2016; Kumar et al., 2018). Later, the EST-derived SNPs markers were developed in pearl millet and deployed for identifying the major QTLs-associated candidate genes for drought tolerance using two mapping populations (Sehgal et al., 2012). The de-novo sequencing of the pearl millet genome (1.79 Gb), (Varshney et al., 2017) provided an opportunity to explore the genome comprehensively and develop new genomic resources. They have a great potential for understanding the genetic architecture and quantitative traits as well as improving such traits in pearl millet.

There are mainly three types of throughput platforms, namely high-density (10’s of thousands of SNPs), mid-density (a few thousand SNPs), and low-density (less than 100 SNPs), generally used for genotyping purposes. The high-density platforms are usually applicable for whole genome studies and trait mapping but are very tedious, expensive, laborious, and time-consuming. High-density platforms such as Illumina, PacBio, genotyping-by-sequencing (GBS), and restriction site-associated DNA sequencing (RAD) provide tens of thousands of genome-wide SNPs. The mid-density platforms, which include AgriSeq (Koelewijn, 2018), DartTag (Kilian et al., 2012; Ren et al., 2015), and RiCA (Arbelaez et al., 2019) have their applicability in genotyping 1000 to 5000 SNPs and are highly advantageous in terms of being time-efficient and user-friendly with rapid data interpretation. Low-density platforms are mainly used to track specific QTLs or genes. TaqMan and KASP™ (Kompetitive Allele-Specific Polymerase chain reaction) are the widely used low-density SNP platforms (Thomson et al., 2012; Ganal et al., 2019). Array-based SNP chips are developed in several crops by including the identified SNPs printed on the chip. For example, in maize, Illumina developed a golden gate assay Illumina® 1536 SNP chip and Illumina® MaizeSNP50 Beadchip (www.illumina.com/maizeSNP50, Wu et al., 2014) and has been used for various genetic applications (Thirunavukkarasu et al., 2013; Nepolean et al., 2014; Thirunavukkarasu et al., 2017).

The mid-density genotyping approach is highly efficient, informative, and cost-effective as it can be used in various genomics and molecular breeding experiments such as diversity assessment, trait mapping, marker-assisted breeding, and genomic selection. Although a crop with immense economic and social importance, pearl millet has been neglected for a long time, and not enough efforts have been made to explore genomic resources. Hence, the objectives of the experiment were to mine a mid-density panel of 4000 SNPs from 925 whole genome sequences of pearl millet, to develop a functional, robust, and reproducible genotyping protocol through AgriSeq technology, to characterize the newly developed SNPs in a set of 373 genetically diverse pearl millet B and R lines and to demonstrate its utility in genetic studies.



Material and methods


Mining SNPs

The whole-genome resequences (WGRS) from two sets of pearl millet accessions (Varshney et al., 2017) were considered for developing the mdi-density marker panel− 1. The Pearl Millet Inbred Germplasm Association Panel (PMiGAP) representing 345 genotypes (263 landraces or traditional cultivars, 46 breeding lines, 25 advanced or improved cultivars, and 11 accessions with unknown biological status) (hereafter “Group A” genotypes) and 2. Diverse breeding lines representing 580 genotypes (260 B and 320 R lines) (hereafter “Group B” genotypes), assuming to accommodate possible racial and geographical representation of pearl millet breeding diversity.


Extraction of SNPs from the Group A and B genotypes

The variant data (32 million SNPs) from the Groups A and B genotypes were retrieved from the pearl millet genome project (Varshney et al., 2017). These variants were pruned for site coverage (90%) and minimum minor allele frequency (0.01) using Tassel (version 5.2.51), which resulted in 276K bi-allelic SNP markers. Filtration of the markers mentioned above for specificity, polymorphic information content (PIC), flanking SNPs on windows (50bp), and presence of flanking SSRs (with pearl millet reference genome v1.1) resulted in 67K SNPs. For the specificity check, we used Bowtie (v1.1.2) with no variations allowed upon mapping. Only the SNPs falling on exons were taken forward from the filtered variants. This marker set was further put on two independent random selection exercises, using the purity tool (https://bitbucket.org/jcignacio/purity/wiki/Home), for picking an initial set of 6000 markers each that can carry maximum genetic information. These two sets (from different iterations) filtered for high LD (LDBlockShow) and redundant markers, resulting in 2000 SNPs each for Group A (2K set I) and B genotypes (2K set II), respectively. The 2K sets I and II together formed a 4K mid-density SNP panel (4K set). The 4K panel were functionally annotated using SnpEff (v4.3t) with predicted pearl millet reference annotations (Figure 1).




Figure 1 | In-silico pipeline used in extraction of 4K mid-density SNPs from the 925 genetically diverse pearl millet genome sequences.






SNP assay design

The selected SNPs were passed through AgriSeq’s design quality control process. The quality check was performed using the pearl millet reference genome (accession: GCA_002174835.2) and then submitted to the primer design phase. The primer designs were in-silico checked for specificity and sensitivity of the intended target/marker regions using pearl millet reference genome. Finally, 4000 SNPs were selected to constitute the custom 4K SNP GBS pearl millet panel.


Sequencing

The AgriSeq targeted-GBS solution utilizes a highly efficient multiplexed PCR chemistry where hundreds to thousands of markers can be targeted and uniformly amplified in a single reaction. Three eighty-four samples were prepared for sequencing using the AgriSeq HTS Library Kit (A34143-Life Technologies). In short, DNA concentrations were normalized to 3.3 ng/µL for a total of 10 ng DNA per 10 µL reaction. Normalized DNA was combined with the AgriSeq custom primer panel and AgriSeq amplification master mix. For amplification of genomic targets, the following thermocycling programs were used; 99°C for 2 minutes, then 15 cycles of 99°C for 15s and 60°C for 4 minutes. Amplicons were prepared for ligation with pre-ligation enzyme digestion at 50°C for 10 minutes, 55°C for 10 minutes, and 60°C for 20 minutes. IonCode™ Barcode Adapters 385-768 Kit (A36546-Life Technologies) were ligated to the digested products with barcoding enzyme and buffer. Labeled amplicons were then pooled, cleaned up, amplified, and normalized. Following library preparation, libraries were loaded onto an Ion 540™ sequencing Chip Kit (A42849) via the Ion 540™ Kit-Chef (A43541-Life Technologies) and Ion Chef. Sequencing was performed on the Ion S5 system (Thermo Fisher, Inc. Waltham, MA). After sequencing, genotyping was performed automatically by Torrent Variant Caller (TVC) on the Torrent Suite Server (TS).



Genotyping

The variant calling pipeline is fully automated and optimized for analyzing Ion Torrent sequencing data on Torrent Suite Server (Thermo Fisher Scientific). This workflow comprises several series of steps. First, signal processing files are automatically transferred from the sequencing platform to the S5 server and then converted to raw reads (FASTQ). After that, the sequenced reads were de-multiplexed to individual samples using the barcode sequences. For each sample, the sequenced reads from the targeted regions were mapped to the pearl millet reference genome using TMAP- Torrent Mapping Alignment Program (https://github.com/iontorrent/TS/tree/master/Analysis/TMAP) followed by genotyping using TVC-Torrent Variant Caller (https://github.com/iontorrent/Torrent-Variant-Caller-stable). The genotypes were reported in different formats TOP, TOP/BOT, and actual alleles using AgriSum Toolkit, an AgriSeq TS plugin (https://assets.thermofisher.com/TFS-assets/LSG/manuals/MAN0018917_AgriSum_plugin_UB.pdf).




Data analysis


SNP statistics

A set of 373 pearl millet inbreds consisting of 195 B-lines and 182 R-lines received from ICRISAT, Hyderabad (Supplementary Table S1) were subjected to genotyping using the newly developed 4K SNP panel. The genotyping data were analyzed for several metrics, namely PIC, Nei’s genetic diversity (GD), minor allele frequency (MAF), expected heterozygosity (He), and observed heterozygosity (Ho). The parameters mentioned above were calculated using the SnpReady package in R (Granato et al., 2018).



Principal component analysis

PCA was conducted using the snpgdsPCA function available in SNPRelate (Zheng et al., 2012). The percentage of variation was calculated for the first 15 principal components, and the genotypes were plotted on a three-dimensional scale using the first three components.



Analysis of molecular variance

The variance at the molecular level of 373 genotypes between and within B- and R-line groups was analyzed through GENEALEX version 6.503 (Peakall and Smouse, 2006) with 999 permutations of the data set using PhiPT value (an analog of fixation index FST). PhiPT in AMOVA, a measure that provides significant insights into the evolutionary processes that influence the structure of genetic variation within and among subgroups, was used to calculate the degree of genetic divergence. PhiPT value represents the ratio of the variance within subgroups to the overall variance between subgroups (Keneni et al., 2012). The high PhiPT value indicates the more significant differences between the subgroups.



Diversity assessment

DARwin (version 6.0.9) (Perrier and Jacquemoud-Collet, 2006) was used for measuring the genetic diversity among the accessions. The unweighted neighbor-joining approach was used to visualize the phylogenetic tree from the dissimilarity coefficient based on a simple matching approach.



Linkage disequilibrium

The extent of the LD in the 373 genotypes in all three set SNP markers was evaluated using TASSEL 5 (Bradbury et al., 2007). For each pair of SNP markers, the squared correlation coefficient (r2), which measures the correlation between alleles at two loci, was computed along with its corresponding P-value. The SNPs with all MAF, 15% heterozygotes, and 20% missing were included in this analysis. LD values of all pair-wise SNPs were shown in triangle LD plots using TASSEL the genome-wide and chromosome-wise LD patterns.



Population structure

The population structure of the accessions was estimated using an MCMC (Markov Chain Monte Carlo) model implemented in STRUCTURE version 2.3.4 (Pritchard et al., 2000). The data set was evaluated for each K value (2 to 10) with five iterations. The burn-in and MCMC replication numbers were set to 200000 for each run. The most probable K value was determined using the log probability of the data [LnP(D)] and delta K(ΔK) in Structure Harvester (Earl and Vonholdt, 2012). After the optimum K was determined, the graphical representation of the population structure was displayed using the CLUMPACK beta version (Kopelman et al., 2015).





Results


Basic statistics

For the preliminary statistics, the genotypic data from the two SNP sets, 2K set I and 2K set II, were compared since they were derived from two different sets of genotypes. Then, the combined genotypic data, the 4K set, was used for the remaining statistical studies. The data were used to calculate the marker call rate, i.e., the percentage of samples for a particular marker that generate a genotype call. The mean and the median marker call rate for the 2K set I was 93.8% and 98.9%, respectively, while it was 82.9% and 98.9%, respectively, for the 2K set II. For the combined 4K Set, the mean and the median marker call rate was 88.2% and 98.1%, respectively.

In 2K sets I and II, most SNPs were located on chromosomes 2, 1, and 3. Chr2 had comparatively more SNPs in both sets (set I-17.9% and set II-18.8%) (Figure 2). The major allele frequency ranged from 0.5 to 0.99 in both sets, while set I had a higher mean frequency (0.86) over set II (0.73). On the other hand, higher MAF was observed in set II (0.2) over set I (0.14). In set I, 815 detected SNPs was involved in various biological processes contributing to 40.8% of total SNPs, while 31.3% (625) and 43.4% (868) of SNPs were involved in molecular function and cellular components, respectively. Set II showed a similar number of SNPs (832, 39.39%) involved in various biological processes. SNPs involved in molecular function were higher (1137, 53.83%), and cellular components were lesser (344, 16.28%) when compared to Set I (Figure 2). The SNPs identified in the downstream region were 645 and 685, upstream regions were 482 and 651, exon regions were 237 and 293, and intron regions were 636 and 483 for sets I and II, respectively.




Figure 2 | (A) Circos plot showing the location and uniform distribution of 4K mid-density SNPs (outer circle), SNP IDs (inner most circle), and PIC values (middle circle) across pearl millet chromosomes. (B) Gene ontology of 4K SNPs classified as biological process, cellular component and molecular function.



The PIC, Ho, and He values were determined using the SNPReady for the data 2K set I, 2K set II, and combined 4K set (Table 1). The PIC for both the sets, 2K set I and II, ranged from 0 to 0.38, while the mean PIC was high in 2K set II (0.3). When comparing sets I and II, 62% of the SNPs showed more than average PIC in 2K set II. About 58% from set II and 44% of SNPs from the 4K set possessed a PIC value that was more than the average. R lines of 2K set II showed the highest mean PIC of 0.28 among all sets, while B-lines showed the highest PIC value (0.27) in the same data set.


Table 1 | Characteristics of the 2K Set I, 2K Set II and 4K Set of SNPs genotyped in a set of 373 B- and R-lines of pearl millet.



The observed heterozygosity (Ho) in 2K set I and 2K set II and 4K set ranged from 0 to 0.21, 0 to 0.41 and 0 to 0.31, while the expected heterozygosity (He) ranged from 0 to 0.21, 0 to 0.38 and 0to 0.3, respectively. 2K set II showed the highest average observed and expected heterozygosity (Ho= 0.04 and He= 0.38). When comparing the B- and R-lines groups, the B-lines had more average Ho in 2K set II and 4K set than the R-lines, whereas the R lines had more average He over the B-lines among all three data sets (Table 1).



Genetic diversity, PCA, and population structure analysis

The grouping behavior of B and R lines was characterized using the 4K set data through genetic diversity, principal component analysis, and structure models.

The SNP frequency-based genetic dissimilarity matrix available in DARwin-6.0 was employed to study the genetic diversity among the 373 genotypes, which included 195 B- and 182-R lines. The NJ-based statistics grouped all the B- and R-lines into two clear-cut major groups (Figure 3) with additional sub-clusters in the respective groups. The first major group (G-I) consisted of 191 B- and 21 R-lines and the second major group (G-II) consisted of 155 R- and 4 B-lines. We also found that one set of R-lines (6 genotypes) formed a small third group. The G-I was further separated into three sub-groups (SG-IA, SG-IA, and SG-IC). SG-IA had 167 B- and 21 R-lines, while SG-IB and SG-IC had 11 and 13 B-lines, respectively. The second major group G-II further grouped the R lines into three subgroups. SG-IIA had 147 R-lines and one B-line, SG-IIB consisted of 2 R-lines and 3 B-lines, and SG-IIC formed by 6 R-lines.




Figure 3 | Hierarchical (A) and radial (B) topologies showing the clustering pattern of 373 pearl millet lines based on 4K SNP data.



We have also noticed cross-grouping of genotypes, where the R-lines, namely, ICMR 100258, ICMR 102545, ICMR 102497, ICMR 102499, ICMR 11555, ICMR 14111, ICMR 16444, ICMR 16333, ICMR 19888, ICMR 15111, ICMR 07333, ICMR 0755, ICMR 10111, ICMR 13666, ICMR 11888, ICMR 10222, ICMR 07666 and ICMR 15333 grouped with B- line clusters and B lines, ICMB 101839, ICMB 101912, ICMB 1502 and ICMA1 19888 grouped with R-line clusters (Figure 3).

The average mean Nei’s genetic diversity (GD) among all 373 genotypes was 0.29. Comparing the B- and R-lines, the mean genetic diversity (0.28) of the R lines was higher than the B lines (0.26). Here, 57% of SNPs covered more than the mean GD value among all accessions.

The pair-wise genetic dissimilarity analysis showed that the dissimilarity coefficient for the entire population ranged from 0.003 to 0.68. The minimum and maximum genetic dissimilarly between B- and R-line groups were 0.006 and 0.68, respectively. Within B- and R-line groups, the R-line pairs showed higher genetic dissimilarity (maximum 0.66) over the B-line pairs (maximum 0.58). The total dissimilarity measured in the population was classified into low (0.00 to 0.25), medium (0.25 to 0.50), and high (>0.50) to understand the frequency of pairs present in the respective dissimilarity group. It was observed that 817, 36, and 228 pairs from the B × R, B × B, and R × R groups fell in the high category. On the other hand, 158, 2431, and 1766 pairs were identified as having low genetic dissimilarity under the B × R, B × B, and R × R groups, respectively. It explained that the diversity among the R × R lines was much higher than the B × B lines.

In the B × R group, genotypes namely, ICMR 100258, ICMR 16333, ICMR 102277, ICMA1 101813, ICMA1 101805, and ICMA1 1803 showed significant genetic diversity over others as they frequently occurred under the high-dissimilarity level. ICMB 92888, ICMB 92111, ICMR 13666, ICMA4 03111, ICMA1 18888, and ICMA1 11999 displayed a high level of genetic relatedness, as the dissimilarity coefficient was the lowest among other pairs. Based on the frequency of occurrence, ICMB 101791 and ICMA1 1803 (within B-lines) and ICMR 100258 and ICMR 16333 (within R-lines) were the genotypes showing a high level of genetic diversity with the other genotypes in their respective groups.

Principal components were generated for the 373 genotypes using the function SnpgdsPCA available in the SNPRelate R package. The percentage of variation calculated for the first 15 principal components was 34%, and the three-dimensional plotting of genotypes was done for the first three components (Figure 4) to determine the grouping pattern of the genotypes. The PCA grouped all the genotypes into two major groups, namely, B and R lines, according to their pedigree which agreed with the genetic diversity model results.




Figure 4 | 3D plot of the principal components from 4K SNP data set explaining a clear-cut separation B- and R-line groups of pearl millet.



We further investigated the presence of population structure in the 373 genotypes using Structure v2.3.4. The result showed that using mean LnP(K) and delta K values, population structure analysis reveals that the best-assumed group for the current population is 2 (Figure 5). The first sub-population (red color) had 193 genotypes, of which 185 were B-lines and eight were R-lines. A total of 184 genotypes, including 179 R-lines and five B-lines, made up the second sub-population cluster (green color). The genotypes of the B-line cluster (182) and the R-line cluster (108) lie in the > (70-90%) allele frequency range. About 23% of genotype accessions from both population clusters showed some admixtures. The structure model separated the whole population according to the pedigree and matched with the results of GD and PCA models.




Figure 5 | (A) A graphical display of the genetic structure of 373 pearl millet inbreds at K value 2 to 7 forming different clusters and exhibiting different levels of admixture. (B) Population structure analysis with mean LnP(K) and delta K values, showing the best assumed groups for the given population is 2.





Genetic variation among and within group of accessions

AMOVA was performed to estimate the genetic differentiation of populations within and between B- and R-line groups. The results showed that a significant difference was available between the B- and R-line groups. The variation among and within the B- and R-line groups accounted for 13% and 87% of the total variation, respectively. The estimated pairwise PhiPT (Analog of fixation index FST) value between the B- and R-line groups was 0.13. (Table 2).


Table 2 | Analysis of molecular variance of 4K SNPs for the 195 B-lines and 182 R-lines of pearl millet.





Linkage disequilibrium

The r2 was used to estimate LD between all SNPs of the 4K set on each chromosome through TASSEL 5 (Bradbury et al., 2007). Among seven chromosomes, Chr3 showed the highest LD, followed by Chr4, Chr5, and Chr6, while Chr7 showed the lowest LD (Figure 6).




Figure 6 | (A) Triangle plot of all seven chromosomes representing pairwise LD among all 4K SNPs. Pairwise LD values are plotted on both the X- and Y-axes; above the diagonal displays squared correlation coefficient (r2) value and below the diagonal displays the corresponding P-values. (B) The LD plot of a Chr3 region displays a high LD pattern in a distance of 6.3 Kb to 1.5 Mb for 7 SNP pairs.



Based on the r2 value, the LD level was classified as high (0.90-1.00), moderate (0.50-0.90), low (0.10-0.50), and very low (0.00-0.01). Around 278 pairwise SNP were classified as high LD (r2 >0.90) across the genome. Around 113 SNP pairs showed high LD (0.90-1) at chr3, followed by Chr2, and chr6, which had 47 and 35 high LD SNP pairs, respectively. Clusters of SNP pairs in high LD were primarily found in Chr3, followed by Chr2 and Chr6. A high LD block spanning the length of ~1.5 Mb in the middle of Chr3 (Figure 6) where three SNP pairs covered 1.5Mb distance and 4 SNP pairs covered 291kb. Chr1 had 14 pairs of SNPs between 0.90 - 1 r2 range, the least among all chromosomes. The length of high LD regions (r2 ≥ 0.90) ranged from 3 bp to ~117 Mb. More than 2000 SNP pairs were observed in a moderate LD range (0.50 to 0.90). Of this, Chr3 had the highest pairs (1123) followed by Chr4 (349) and Chr2 (248). The length of the LD blocks was identified in the range of ~27 bp to ~150.93 Mb under the moderate LD category. Around 28K pairs of SNPs have demonstrated low LD (0.10-0.50). Among all, the highest number of pairs was found in Chr3 (15,154 pairs) followed by Chr2 (8,916 pairs) and Chr5 (7037 pairs). The length of the genomic region in the low LD range was extended from 1 Mb to ~300 Mb. More than 167K pairs of SNPs showed a very low LD of <0.10. Chr2 had a high number of LD pairs (~33K), followed by Chr1 (29K) and Chr4 (17K) under the low LD class.




Discussion

Plant breeding dynamics have changed since the 1980s with the development of molecular marker technologies (Hamrick, 1989). Marker-based genetic map facilitates plant genetics and breeding programs that bear the information for desired genes, alleles, or haplotypes. In pearl millet, Liu et al. (1994) created the first genetic map based on 181 RFLP markers. Later, (Qi et al., 2004) identified 353 RFLPs and 65 SSRs for linkage mapping. Further, other linkage maps were developed using EST-SSRs and DArT markers (Senthilvel et al., 2008; Supriya et al., 2011). These linkage maps suffer a high degree of marker clustering and lack uniform coverage.

Over the last decade, SNPs have been generated in several crops and have become the most popular genetic marker in trait mapping, molecular breeding, and population genetics experiments. The real explanation for SNPs becoming the marker of choice is their high abundance, even distribution in coding and non-coding regions, and the bi-allelic nature corresponding to the models studied in population genetics and co-dominant mode of inheritance (Khlestkina and Salina, 2006). Additionally, SNP genotyping offers logistical advantages such as a lower rate of genotyping error and greater ease of automating large-scale genotyping (Elshire et al., 2011).

Recent advances in NGS technologies have transformed the pace and precision of plant genomics, providing low-cost genotyping platforms that enable SNPs to be more readily used (Ganal et al., 2012). GBS is an NGS-based SNP detection method to perceive genome-wide SNPs and perform genotyping studies (Elshire et al., 2011). GBS technology provides large data volumes to a range of agronomically essential crops at a low cost per data point, irrespective of previous knowledge of genetic information, genome size, or ploidy information (Scheben et al., 2018).

SNP genotyping with precise sample tracking, collection, and DNA extraction is a potent tool to reshape breeding programs and increase selection gain (Chen et al., 2002). Despite the advantage of having less bias, the high-density SNP genotyping platforms require a sophisticated and complex pipeline with a deep understanding of bioinformatics to analyze the data, which limits the applicability of NGS in many breeding programs (Chen et al., 2014). On the other hand, the mid-density SNP markers are adequate for many breeding experiments at substantially lower cost and complication. Using SNP markers, a 1K RiCA mid-density panel was developed in rice (Arbelaez et al., 2019). Mid-density markers from DArTAG platform were available in maize (3305 SNPs), pigeon pea (2000 SNPs), wheat (3900 SNPs), common bean (1861 SNPs), groundnut (2500 SNPs), cowpea (2602 SNPs), and potato (2147 SNPs) (https://excellenceinbreeding.org). In pearl millet, the de-novo genome sequencing, followed by reference-based sequencing of 925 accessions (Varshney et al., 2017), paves the way for developing new SNP tools. Among different SNP densities, a medium density is a worthy addition to the genomic toolbox in pearl millet. Since there is no medium-density genotyping platform available in pearl millet, we developed a viable, cost-effective, and robust 4K SNP panel through “AgriSeq” genotyping technology and demonstrated its functional utility in genetic studies using 373 B and R lines.


The SNP markers overview

The newly developed two 2K sets of SNPs, namely sets I and II, identified independently from the whole-genome sequences PMiGAP panel (345 genotypes) and breeding lines (580 genotypes), respectively, were distributed uniformly across the pearl millet chromosomes (Figure 2A). The gene ontology results showed that 2004, 1646, and 968 SNPs were associated with molecular function, biological process, and cellular component, respectively. Among various molecular functions, ATP binding was associated with more SNPs (318) followed by protein binding (235) and DNA binding (166) classes. More than 30 SNPs were associated with abiotic, oxidative, salt, and osmotic stresses under the biological process category. Nine SNPs identified in the cellular process category were related to heat shock responses. Membrane and nuclear-related functions were the top ones, as 38% of SNPs captured them from the cellular component.

The polymorphism information content (PIC) is one of the important measures to calibrate the informativeness of the marker. The higher value indicated that a marker has more alleles and can discriminate most individuals in a population (Botstein et al., 1980). Markers in our experiment had a PIC value as high as 0.38. The 2K set II had a high PIC (0.3) than 2K set I (0.16), while the combined 4K set had an average PIC of 0.23. The average expected heterozygosity (He) was higher (0.29) than the observed heterozygosity (Ho) (0.03) in the 4K set. The low level of observed heterozygosity was attributed to the fact that the inbreds attained almost homozygosity across loci, with minimal residual heterozygosity in the population. Among B- and R-lines, the observed heterozygosity in B-lines was higher than over R-lines. The selected marker panel genotyped through “AgriSeq” technology proved its utility as it discriminated the homozygotes and heterozygotes.



Genetic diversity, PCA, and population structure

The pattern and degree of genetic diversity among 373 genotypes representing the gene pool of B and R groups were examined using 4K set SNPs. All genotypes were divided into two major groups based on the NJ analysis of the genetic dissimilarity coefficients. The B- and R- lines were further grouped into three subgroups, with some of the B-lines clustered with R-lines and vice-versa due to the fact that they share some level of parentage with the respective neighbors. The cross-grouping of B and R lines was also found in previous studies in pearl millet (Nepolean et al., 2012). Pairs with different levels of genetic dissimilarity were identified in both B and R groups. R groups had higher mean genetic diversity over B-lines. The higher gene diversity and the more alleles detected in R-lines were attributed to the broader genetic base of these lines while breeding these pollinator lines. The genetic distance among the lines will provide an opportunity to select precise crosses in heterosis breeding programs (Thirunavukkarasu et al., 2013). A set of highly genetically dissimilar pairs were identified within the B- and R-line pools. New B- and R-lines can be created by exploiting the genetic variability available in the respective pools (Table 3). Additionally, pairs with high genetic dissimilarity between B- and R-line pools were identified. These pairs can be used for generating heterotic combinations by exploiting the GCA and other beneficial agronomic traits (Table 4).


Table 3 | Pairs of highly genetically dissimilar (>0.45) lines captured by the 4K SNP panel for use in developing new lines in respective B- and R-line pools.




Table 4 | Pairs of highly genetically dissimilar (>0.5) lines captured by the 4K SNP panel for use in developing new hybrid combinations.



The number of subpopulations was validated by plotting the PCA of the genetic data. PCA captures the continuous axes of genetic variation by correlating and ranking the genotypes (Price et al., 2006). The PCA showed two major groups plotted in the first three axes. There is great diversity within these subgroups, as evidenced by the fact that the first 15 PCA components explained more than 34% of the variation and broader divergence of the lines. Population structure plays an integral part in understanding evolutionary genetics and illustrating the diversity of a population. In the present study, the structure model revealed that the 373 genotypes from diverse sources originated from two genetic populations (K= 2), which were expected as they belong to different B and R breeding groups. Population structure also revealed a smaller amount of admixture between the two populations, which explained that they share common breeding history. While developing the B and R lines, the lines from other groups might have been used to introduce new and valuable traits unavailable in the respective pools.

The grouping of B and R lines in our study can be traced back to the history of breeding in pearl millet. The B- and R-lines are named female lines and pollinator lines, respectively, in hybrid breeding. These two groups represent a putative heterotic genotype pool having favorable alleles for increasing the yield. In order to maintain the heterotic potential between B and R lines, line development programs strictly used the lines within respective groups, and new hybrids were generated using B and R line crosses. Hence, separate genetic pools have been maintained between two different populations. Our newly developed 4K SNP panel captured the genetic properties such as genetic diversity, PCA, and population structure of the B and R lines. The genetic relationship between and among B and R line groups will be helpful in developing new heterotic pools and segregating populations for trait mapping, and conducting association mapping and genomic selection experiments.



Genetic variation among and within group of accessions

The B and R line groups, classified based on the pedigree, were analyzed to characterize the genetic differentiation between and within the subgroups using AMOVA. The relative contribution between populations to the overall genetic variation is described by phi-statistics (PhiPT), a modified form of Wright’s F(Fst). The genetic variation between individuals within a population and the population’s divergence from the Hardy-Weinberg proportions are measured by Fst (Wright et al., 1978). The AMOVA results of the current experiment showed that the majority of the variation within sub-populations accounted for 87% (P <0.001) of the total variation, and the between-population differences accounted for 13% (P <0.001) of the variation (Table 2). It indicated that a large part of the accessions within the groups showed a high-level genetic variability. Previously, a set of 213 old and 166 newly-generated pearl millet parental lines were genotyped by 28 SSRs, and the subsequent AMOVA analysis of the old and new sets showed that the genetic variation between B and R lines was 16.98% and 9.22%, respectively (Gupta et al., 2015).

This was further supported by the combined AMOVA of both sets, which showed a significant difference between the B- and R-line groups. A range of 0 to 0.05, 0.05 to 0.15, 0.15 to 0.25, and >0.25 indicate little, moderate, large, and great genetic differences, respectively (Wright et al., 1978). While comparing the genetic differentiation, rice showed PhiPT value of 0.130 between the indica and japonica groups (Luong et al., 2021), and the Ethiopian sorghum group showed 0.252 between B- and R-lines (Mindaye et al., 2015). Finger millet revealed a moderate genetic differentiation (Fst = 0.352) among seven population sub-groups (Brhane et al., 2022). Pearl millet demonstrated genetic differentiation at a PhiPT value of 0.130 for the chosen genotypes, similar to those studies. It also implied that the current marker set used in this experiment could extract the molecular variance at a population level and can be used for further applications such as designing crosses based on genetic diversity, developing mapping populations for trait mapping, and conducting genomic selection experiments.



Linkage disequilibrium

The potential response to both natural and artificial selection is constrained by the non-random association of alleles at two or more loci, which also offers information about past events. LD reflects the history of natural selection, gene conversion, mutation, and other forces influencing gene frequency and evolution. LD provides insight into previous evolutionary events and explains the co-evolution of linked sets of genes. LD-based on Pearson correlations (r2) is a squared value of the correlation between pairs of markers across the genome. The details of the LD pattern are used in mapping genes associated with complex quantitative traits. In association studies, it has frequently been discovered that markers directly related to the mutation exhibit less LD than those more distantly related. The test of LD is crucial because it will help to quickly and efficiently choose the SNP markers that can be used for trait mapping and selection studies.

In our result, uniformly distributed markers showed the regions of high and low LD on various chromosomes of pearl millet (Figure 6). Comparing the high LD pairs on all chromosomes, Chr3 captured 40% high LD pairs, and the length of the high-LD pairs on Chr3 ranged from 1Mb to 117Mb. Chr3 is the longest one (346 Mb) among all chromosomes, so that it would have captured more LD events. The higher LD in Chr3 is attributed to the low level of recombination events and fixation of alleles. Among high LD (r2 <0.90) SNP pairs, 63% were derived from PMiGAP, and 36% SNPs from breeding lines since the PMiGAP represented the accessions with greater genetic diversity over the cultivated breeding lines and was clearly captured by the newly developed 4K SNP panel. The knowledge of LD regions from the B and R lines of the pearl millet genomes characterized by the newly developed mid-density set provides the opportunity to exploit them in the genetic characterization of diverse germplasm, trait mapping, and genomic selection experiments.




Conclusions

We have successfully identified and validated a mid-density marker set for routine genotyping of pearl millet lines and its usefulness for various genomic studies. By mining 925 pearl millet genomes comprising genetically diverse wild and breeding lines, a set of 4112 SNPs were identified. A panel of 373 B and R lines was genotyped by these SNPs using the Agri-Seq platform. The results showed that the newly developed SNPs were uniformly distributed across the genome and had significant PIC and gene diversity. The SNP panel was used to group the genotypes through diversity, PCA, and structure models. All three statistics showed consistent results where they separated the accessions into two major groups, B and R lines. The LD analysis showed the regions of high and low LD. The AMOVA revealed a significant distinction between the B- and R-line groups and the extent of genetic divergence within and across and R lines groups. This research demonstrated that pearl millet has a high degree of genetic diversity and variable levels of LD across the genome, which are highly beneficial in developing heterotic groups for hybrid breeding. The experiment revealed that our mid-density 4K SNP panel genotyped by AgriSeq technology had a high level of information, making them suitable for several uses, including trait mapping, marker-assisted backcrossing, and genomic selection for pearl millet improvement.



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

NT conceptualized the experiment. JS, SS, AR, AC, JI performed the data analysis. SKG, RM, MG, SR contributed and maintained the genotypes. KG, SH, AV performed the genotyping experiments. All authors contributed to the final manuscript. All authors read and approved the manuscript. All authors contributed to the article and approved the submitted version.



Funding

The experiment was funded by the Bill and Melinda Gates Foundation project (INV-008187) and the ICAR-Indian Institute of Millets Research project (CI/2018-23/120).



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.2022.1068883/full#supplementary-material



References

 Ambawat, S., Senthilvel, S., Hash, C. T., Nepolean, T., Rajaram, V., Eshwar, K., et al. (2016). QTL mapping of pearl millet rust resistance using an integrated DArT-and SSR-based linkage map. Euphytica 209 (2), 461–476. doi: 10.1007/s10681-016-1671-9

 Arbelaez, J. D., Dwiyanti, M. S., Tandayu, E., Llantada, K., Jarana, A., Ignacio, J. C., et al. (2019). 1k-RiCA (1K-rice custom amplicon) a novel genotyping amplicon-based SNP assay for genetics and breeding applications in rice. Rice 12 (1), 1–15. doi: 10.1186/s12284-019-0311-0

Excellence in breeding platform. Available at: https://excellenceinbreeding.org (Accessed July,2022).

 Botstein, D., White, R. L., Skolnick, M., and Davis, R. W. (1980). Construction of a genetic linkage map in man using restriction fragment length polymorphisms. Am. J. Hum. Genet. 32 (3), 314.

 Bradbury, P. J., Zhang, Z., Kroon, D. E., Casstevens, T. M., Ramdoss, Y., and Buckler, E. S. (2007). TASSEL: software for association mapping of complex traits in diverse samples. Bioinformatics 23 (19), 2633–2635. doi: 10.1093/bioinformatics/btm308

 Brhane, H., Haileselassie, T., Tesfaye, K., Ortiz, R., Hammenhag, C., Abreha, K. B., et al. (2022). Novel gbs-based snp markers for finger millet and their use in genetic diversity analyses Vol. 13 (Frontiers in Genetics). doi: 10.3389/fgene.2022.848627

 Chen, M., Presting, G., Barbazuk, W. B., Goicoechea, J. L., Blackmon, B., Fang, G., et al. (2002). An integrated physical and genetic map of the rice genome. Plant Cell 14 (3), 537–545. doi: 10.1105/tpc.010485

 Chen, H., Xie, W., He, H., Yu, H., Chen, W., Li, J., et al. (2014). A high-density SNP genotyping array for rice biology and molecular breeding (Mol Plant 7:541–553). doi: 10.1093/mp/sst135

 Earl, D. A., and Vonholdt, B. M. (2012). Structure harvester: a website and program for visualizing structure output and implementing the evanno method. conserv. Genet. Resour. 4, 359–361. doi: 10.1007/s12686-011-9548-7

 Elshire, R. J., Glaubitz, J. C., Sun, Q., Poland, J. A., Kawamoto, K., Buckler, E. S., et al. (2011). A robust, simple genotyping-by-sequencing (GBS) approach for high diversity species. PloS One 6, e19379. doi: 10.1371/journal.pone.0019379

 Ganal, M. W., Plieske, J., Hohmeyer, A., Polley, A., and Röder, M. S. (2019). “High-throughput genotyping for cereal research and breeding,” in Applications of genetic and genomic research in cereals (Woodhead Publishing), pp3–p17. doi: 10.1016/B978-0-08-102163-7.00001-6

 Ganal, M. W., Polley, A., Graner, E. M., et al. (2012). Large SNP arrays for genotyping in crop plants. J Biosci 37, 821–828. doi: 10.1007/s12038-012-9225-3

 Granato, I. S., Galli, G., de Oliveira Couto, E. G., Mendonça, L. F., and Fritsche-Neto, R. (2018). snpReady: a tool to assist breeders in genomic analysis. Mol. Breed. 38 (8), 1–7. doi: 10.1007/s11032-018-0844-8

 Gupta, S. K., Nepolean, T., Sankar, S. M., Rathore, A., Das, R. R., Rai, K. N., et al. (2015). Patterns of molecular diversity in current and previously developed hybrid parents of pearl millet [Pennisetum glaucum (L.) r. br.]. Am. J. Plant Sci. 6 (11), 1697–1712. doi: 10.4236/ajps.2015.611169

 Hamrick, J. L., and Godt, M. W.. (1996). Effects of life history traits on genetic diversity in plant species. Philosophical Transactions of the Royal Society of London. . Series B: Biological Sciences 351 (1345), 1291–1298.

 Kanatti, A., Rai, K. N., Radhika, K., Govindaraj, M., Sahrawat, K. L., Srinivasu, K., et al. (2014). Relationship of grain iron and zinc content with grain yield in pearl millet hybrids. Crop Improv. 41, 91–96. Availabe at: http://oar.icrisat.org/id/eprint/8894.

 Keneni, G., Bekele, E., Imtiaz, M., Dagne, K., Getu, E., and Assefa, F. (2012). Genetic diversity and population structure of Ethiopian chickpea (Cicer arietinum l.) germplasm accessions from different geographical origins as revealed by microsatellite markers. Plant Mol. Biol. Rep. 30 (3), 654–665. doi: 10.1007/s11105-011-0374-6

 Khlestkina, E. K., and Salina, E. A. (2006). SNP markers: Methods of analysis, ways of development, and comparison on an example of common wheat. Russ J. Genet. 42, 585–594. doi: 10.1134/S1022795406060019

 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

 Koelewijn, H. P. (2018). “Advancing vegetable breeding with applied biosystems™ AgriSeq™ targeted genotyping by sequencing (GBS),” In Plant and Animal Genome XXVI Conference, (January 13-17, 2018). PAG.

 Kopelman, N. M., Mayzel, J., Jakobsson, M., Rosenberg, N. A., and Mayrose, I. (2015). Clumpak: a program for identifying clustering modes and packaging population structure inferences across K. Mol. Ecol. Resour. 15 (5), 1179–1191. doi: 10.1111/1755-0998.12387

 Kumar, S., Hash, C., Nepolean, T., Mahendrakar, M., Satyavathi, C., Singh, G., et al. (2018). Mapping grain iron and zinc content quantitative trait loci in an iniadi-derived immortal population of pearl millet. Genes 9, 248. doi: 10.3390/genes9050248

 Kumar, S., Hash, C. T., Thirunavukkarasu, N., Singh, G., Rajaram, V., Rathore, A., et al. (2016). Mapping quantitave trait loci controlling high iron and zinc in self and open pollinated grains of pearl millet [Pennisetum glaucum (L) r. Br. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.01636

 Liu, C. J., Witcombe, J. R., Pittaway, T. S., Nash, M., Hash, C. T., Busso, C. S., et al. (1994). An RFLP-based genetic map of pearl millet (Pennisetum glaucum). Theoret. Appl. Genet. 89 (4), 481–487. doi: 10.1007/BF00225384

 Luong, N. H., Linh, L. H., Shim, K. C., Adeva, C., Lee, H. S., and Ahn, S. N. (2021). Genetic structure and geographical differentiation of traditional rice (Oryza sativa l.) from northern Vietnam. Plants 10 (10), 2094. doi: 10.3390/plants10102094

 Mindaye, T. T., Mace, E. S., Godwin, I. D., and Jordan, D. R. (2015). Genetic differentiation analysis for the identification of complementary parental pools for sorghum hybrid breeding in Ethiopia. Theor. Appl. Genet. 128 (9), 1765–1775. doi: 10.1007/s00122-015-2545-6

 Nambiar, V. S., Dhaduk, J. J., Sareen, N., Shahu, T., and Desai, R. (2011). Potential functional implications of pearl millet (Pennisetum glaucum) in health and disease. J. Appl. Pharm. Sci. 01, 62–67. doi: 10.1105/tpc.109.068437

 Nepolean, T., Firoz, H., Kanika, A., Rinku, S., Kaliyugam, S., Swati, M., et al. (2014). Functional mechanisms of drought tolerance in subtropical maize (Zea mays l.) identified using genome-wide association mapping. BMC Genomics 15 (1182), 1–12. doi: 10.1186/1471-2164-15-1182

 Nepolean, T., Gupta, S. K., Dwivedi, S. L., Bhattacharjee, R., Rai, K. N., and Hash, C. T. (2012). Genetic diversity in maintainer and restorer lines of pearl millet. Crop Sci. 52, 2555–2563. doi: 10.2135/cropsci2011.11.0597

 Peakall, R. O. D., and Smouse, P. E. (2006). GENALEX 6: genetic analysis in excel. population genetic software for teaching and research. Mol. Ecol. Notes 6 (1), 288–295. doi: 10.1111/j.1471-8286.2005.01155.x

 Perrier, X., and Jacquemoud-Collet, J. P. (2006) DARwinSoftware. Available at: http://darwin.cirad.fr/darwin (Accessed July, 2022).

 Price, A. L., Patterson, N. J., Plenge, R. M., Weinblatt, M. E., Shadick, N. A., and Reich, D. (2006). Principal components analysis corrects for stratification in genome-wide association studies. Nat. Genet. 38 (8), 904–909. doi: 10.1038/ng1847

 Pritchard, J. K., Stephens, M., and Donnelly, P. (2000). Inference of population structure using multilocus genotype data. Genetics 155, 945–959. doi: 10.1093/genetics/155.2.945

 Qi, X., Pittaway, T. S., Lindup, S., Liu, H., Waterman, E., Padi, F. K., et al. (2004). An integrated genetic map and a new set of simple sequence repeat markers for pearl millet, pennisetum glaucum. Theor. Appl. Genet. 109, 1485–1493. doi: 10.3835/plantgenome2012.06.0006

 Rajaram, V., Nepolean, T., Senthilvel, S., Varshney, R. K., Vadez, V., Srivastava, R. K., et al. (2013). Pearl millet [Pennisetum glaucum (L.) r. br.] consensus linkage map constructed using four RIL mapping populations and newly developed EST-SSRs. BMC Genomics 14, 159. doi: 10.1007/s00122-004-1765-y

 Ren, R., Ray, R., Li, P., Xu, J., Zhang, M., Liu, G., et al. (2015). Construction of a high-density DArTseq SNP-based genetic map and identification of genomic regions with segregation distortion in a genetic population derived from a cross between feral and cultivated-type watermelon. Mol. Genet. Genomics 290, 1457–1470. doi: 10.1007/s00438-015-0997-7

 Scheben, A., Batley, J., and Edwards, D. (2018). Revolution in genotyping platforms for crop improvement. In  R. Varshney, M. Pandey, and A. Chitikineni (eds) Plant Genetics and Molecular Biology. Advances in Biochemical Engineering/Biotechnology (Berlin, Heidelberg: Springer) 164. doi: 10.1007/10_2017_47

 Sehgal, D., Rajaram, V., Armstead, I. P., Vadez, V., Yadav, Y. P., Hash, C. T., et al. (2012). Integration of gene-based markers in a pearl millet genetic map for identification of candidate genes underlying drought tolerance quantitative trait loci. BMC Plant Biol. 12 (1), 9. doi: 10.1007/s00122-013-2197-3

 Senthilvel, S., Jayashree, B., Mahalakshmi, V., Kumar, P. S., Nakka, S., Nepolean, T., et al. (2008). Development and mapping of simple sequence repeat markers for pearl millet from data mining of expressed sequence tags. BMC Plant Biol. 8, 119. doi: 10.1371/journal.pone.0122165

 Senthilvel, S., Nepolean, T., Supriya, A., Rajaram, V., Kumar, S., Hash, C. T., et al. (2010). “Development of a molecular linkage map of pearl millet integrating DArT and SSR markers,” in Plant and Animal Genome Conference, San Diego, CA. 9–13. doi: 10.1186/1471-2229-8-119

 Supriya, A., Senthilvel, S., Nepolean, T., Eshwar, K., Rajaram, V., Shaw, R., et al. (2011). Development of a molecular linkage map of pearl millet integrating DArT and SSR markers. Theor. Appl. Genet. 123, 239–250. doi: 10.1371/journal.pgen.1004982

 Thirunavukkarasu, N., Hossain, F., Shiriga, K., Mittal, S., Arora, K., Rathore, A., et al. (2013). Unraveling the genetic architecture of subtropical maize (Zea maysL.) lines to assess their utility in breeding programs. BMC Genomics 14 (1), 1–13. doi: 10.1186/1471-2164-14-877

 Thirunavukkarasu, N., Sharma, R., Singh, N., Shiriga, K., Mohan, S., Mittal, S., et al. (2017). Genomewide expression and functional interactions of genes under drought stress in maize. Int. J. Genomics 2017, 1–13. doi: 10.1155/2017/2568706

 Thomson, M. J., Zhao, K., Wright, M., McNally, K. L., Rey, J., Tung, C. W., et al. (2012). High-throughput single nucleotide polymorphism genotyping for breeding applications in rice using the BeadXpress platform. Mol. Breed. 29 (4), 875–886. doi: 10.1007/s11032-011-9663-x

 Varshney, R. K., Shi, C., Thudi, M., Mariac, C., Wallace, J., Qi, P., et al. (2017). Pearl millet genome sequence provides a resource to improve agronomic traits in arid environments. Nat. Biotechnol. 35 (10), 969–976. doi: 10.1038/nbt.3943

 Wright, S. (1978). Evolution and the genetics of populations, volume 4: variability within and among natural populations (Vol. 4) (University of Chicago press).

 Wright, S. (1978). ) Evolution and the Genetics of Populations. Vol. 4. Variability within and among Natural Populations (Chicago: University of Chicago press).

 Wu, X., Li, Y., Shi, Y., Song, Y., Wang, T., Huang, Y., et al. (2014). Fine genetic characterization of elite maize germplasm using high-throughput SNP genotyping. Theor. Appl. Genet. 127, 621–631. doi: 10.1007/s00122-013-2246-y

 Zheng, X., Levine, D., Shen, J., Gogarten, S. M., Laurie, C., and Weir, B. S. (2012). A high-performance computing toolset for relatedness and principal component analysis of SNP data. Bioinformatics 28 (24), 3326–3328. doi: 10.1093/bioinformatics/bts606


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 Semalaiyappan, Selvanayagam, Rathore, Gupta, Chakraborty, Gujjula, Haktan, Viswanath, Malipatil, Shah, Govindaraj, Ignacio, Reddy, Singh and Thirunavukkarasu. 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.




ORIGINAL RESEARCH

published: 16 January 2023

doi: 10.3389/fpls.2022.1079571

[image: image2]



Genetic diversity analysis and fingerprint construction of Korean pine (Pinus koraiensis) clonal seed orchard



Pingyu Yan 1, Zixiong Xie 1, Kele Feng 1, Xinyu Qiu 2, Lei Zhang 1 and Hanguo Zhang 1*


1 State Key Laboratory of Tree Genetics and Breeding, Northeast Forestry University, Harbin,  China, 2 Heilongjiang Academy of Forestry, Harbin,  China




Edited by: 

Patricio Hinrichsen, Agricultural Research Institute, Chile

Reviewed by: 

Kevin Kit Siong Ng, Forest Research Institute Malaysia (FRIM), Malaysia

Heino Konrad, Austrian Research Centre for Forests (BFW), Austria

*Correspondence: 

Hanguo Zhang
 hanguozhang1@sina.com

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


Received: 25 October 2022

Accepted: 29 December 2022

Published: 16 January 2023

Citation:
Yan P, Xie Z, Feng K, Qiu X, Zhang L and Zhang H (2023) Genetic diversity analysis and fingerprint construction of Korean pine (Pinus koraiensis) clonal seed orchard. Front. Plant Sci. 13:1079571. doi: 10.3389/fpls.2022.1079571



Korean pine is a native tree species in Northeast China. In order to meet the needs of germplasm resource evaluation and molecular marker-assisted breeding of Korean pine, we collected Korean pine clones from 7 populations in Northeast China, analyzed the genetic diversity and genetic structure by SSR molecular marker technology and clustered them to revealed the inter- and intrapopulation differentiation characteristics of each clone. The fingerprint profiles of 161 Korean pine clones were also constructed. 77 alleles were detected for 11 markers, and 18 genotypes were identified on average for each marker. The PIC of the different markers ranged from 0.155-0.855, and the combination of PI and PIsibs for the 11 markers was 3.1 × 10-8 and 1.14 × 10-3, respectively. MANOVA showed that genetic variation existed mainly within populations, accounting for 98% of the total variation. The level of genetic differentiation among populations was low, with an average Nm between populations of 11.036. Genetic diversity is lower in the Lushuihe population and higher in the Tieli population. The 161 Korean pine clones were divided into 4 or 7 populations, and the 7 populations were not clearly distinguished from each other, with only the Lushuihe population showing partial differentiation. There is no significant correlation between the genetic distance of Korean pine populations and the geographical distance of their superior tree sources. This result can provide recommendations for future Korean pine breeding programs. The combination of 11 markers could completely distinguish 161 clones and establish the fingerprint. Genetic diversity of Korean pine clones from the 7 populations was abundant, and the genetic distances of individuals and populations were evenly dispersed. The fingerprint map can be used for the identification of Korean pine clones.
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  1 Introduction

Genetic diversity is the basis of evolution (Hughes et al., 2008) and provides the raw material for evolution of natural selection (Nevo, 1988; Zhang et al., 2022). Intraspecific genetic variation is the basis and most basic level of biodiversity (Pauls et al., 2013), and it is important for the evolution and conservation of species (Ellegren and Galtier, 2016). The level of genetic diversity within a population affects the productivity, growth and stability of that population (Hughes et al., 2008). Genetic diversity may not necessarily enable a population to persist, but reduced genetic diversity in a population may have long-term effects on its future evolution, as well as on its adaptive capacity in times of environmental change (Jump et al., 2009; Markert et al., 2010). The assessment of genetic diversity within and among populations is important for decision-making in genetic conservation programs, because studying the relationship between genetic diversity and fitness can predict the importance of genetic diversity for a given population (Eding et al., 2002). The genetic basis of a breeding population determines the genetic quality and long-term potential of breeding programs and products (Ivetić et al., 2016). The size of parental populations determines the level of genetic diversity in new stands (Flint-Garcia, 2013), so it is in our best interest to maintain diversity and promote systematic redundancy and resilience (Ledig, 1992). To avoid population genetic bottlenecks and maintain maximum effective population size, appropriate sampling strategies can maximize increase genetic diversity in the population of seed production (Ivetic et al., 2016). Regular monitoring of trends in genetic diversity utilization in breeding programs can provide breeders with options for developing new varieties and hybrids (Govindaraj et al., 2015; Jin et al., 2016).

Korean pine (Pinus koraiensis), a genus of pine in the family Pinaceae, National Key Conserved Wild Plants of Grade II in China, is a native species in northeast China (Lim, 2012). Traditionally, Korean pine is a good tree species capable of providing wood, pulp and oil. In addition, the seed of Korean pine is the most popular pine nut due to its nutritional value (Yoon et al., 1989; Wolff et al., 2000), high amounts of crude protein, crude fat, polysaccharides and crude fiber as well as vitamins, minerals and trace elements (Ca, P, Mn, Co, Cu and Zn) (Nergiz and Donmez, 2004; Zadernowski et al., 2009). The market demand for superior Korean pine seeds has promoted the development of Korean pine clones seed orchard, which were established in China as early as the early 1960s, and the technical system for the creation from fringe picking to seedlings management was proposed in the 1970s. Subsequently, Korean pine clones seed orchards were established in many places in northeast China to improve the genetic quality of Korean pine seeds that can be used for afforestation. At the same time, research on productivity techniques, flowering and fruiting patterns in Korean pine seed orchards is also being conducted (An et al., 1992). These excellent Korean pine resources have become important conventional breeding materials and are used in traditional breeding studies, including analysis of fruiting traits, selection of superior clones, analysis of seed traits, nutrient composition, variation studies of seed traits, genetic diversity analysis and studies on phenotypic diversity of needles and cones in Korean pine seed orchard (Zhang et al., 2015b; Tong et al., 2019; Weihuai et al., 2019; Pingyu et al., 2020; Qianping, 2020; Longhai et al., 2021). In addition, studies on the reaction conditions of ISSR, SSR and SRAP in Korean pine, laying the foundation for genetic differentiation of Korean pine populations based on molecular markers (Feng et al., 2004; Feng et al., 2010; Zhao et al., 2010).

Follow-up surveys conducted to confirm clones have generally shown that mislabeling of seed orchard divisions is relatively common (Wheeler and Jech, 1992). Plant varieties are often identified by morphology, traditionally. However, it is difficult to identify different clones morphologically, because there is little morphological variation among clones, and some morphological appearances are susceptible to environmental factors. The limitations of genetic markers for phenotype have led to the development of more effective-directly DNA-based markers called molecular markers, which is specific DNA fragments representing genome-level differences (Agarwal et al., 2008). Microsatellite is ideal for identifying individuals and studying genetic diversity, due to their ubiquity, reproducibility, a high level of polymorphism, co-dominant and high levels of transferability (Guan et al., 2019; Lv et al., 2020; Nn et al., 2020; Carletti et al., 2021). Therefore, SSR has been used for genetic diversity studies, genetic linkage, and fingerprinting of many important economic tree species, such as Date palm (Ziziphus jujuba Mill.), Poplar (Populus L.), and Pear (Pyrus spp) (Liang et al., 2005; Gao et al., 2012; Ma et al., 2012), as well as pines such as Masson pine (Pinus massoniana) (Afeng, 2005) and Camphor pine (Pinus sylvestris var. mongolica) (Huili et al., 2022).

In this study, we collected 161 clones from 7 Korean pine seed orchards in northeastern China. 11 SSR genotyping data of 161 clones of Korean pine were obtained by capillary electrophoresis. The fingerprint map of Korean pine clones was established, which provides a strong guarantee of technology for resource sharing and the distribution application of superior clones, and has important value in property protection and promotion of superior seed. In addition, the genetic diversity and genetic structure of Korean pine clones seed orchard are evaluated and systematically described, which can help improve the utilization efficiency of Korean pine resources, guide the development of further breeding strategies, and provide a basis for the scientific utilization of Korean pine germplasm resources.


 2 Materials and methods

 2.1 Plant materials and DNA extraction

In this study, a total of 161 clones were collected from 7 Korean pine seed orchards in Heilongjiang and Jilin Province, whose superior tree (refers to individuals with excellent growth, timber and resistance adaptations in natural or planted forests with similar environmental conditions, such as the same stand conditions, the same forest age and the same forestry measures) originated from 6 sites in Changbai Mountains and Xiaoxinganling, the main distribution areas of Korean pine ( Table 1 ). Total of 805 samples collected, with 5 ramets has collected from each clone. Annual conifers of Korean pine were collected and snap-frozen in liquid nitrogen for DNA extraction.

 Table 1 | Summary of material source information. 



Total DNA of Korean pine samples was extracted using the DP-320 Plant Genome Extraction Kit (Tiangen, Beijing, China). The integrity of genomic DNA was examined using a 1% agarose gel, and DNA concentration and quality were examined using Micro-Spectrophotometer (Bio-DL, Shanghai, China.) after extraction. The concentration of each DNA sample was diluted to 10 ng/μL and stored at -20°C.


 2.2 SSR primer selection and genotyping

A total 142 primer pairs from the published SSR primers of 7 species of Pinaceae (Pinus taeda, Pinus albicaulis, Pinus dabeshanensis, Pinus armandii, Pinus koraiensis and Pinus massoniana) were selected and synthesized by Sangon Biotech (Shanghai) Co., Ltd., Shanghai, China (Liewlaksaneeyanawin et al., 2004; Echt et al., 2011; Yu et al., 2012; Dou et al., 2013; Xiang et al., 2015; Zhouxian et al., 2015; Zhang et al., 2015a; Dong et al., 2016; Lea et al., 2018; Li et al., 2020). Ten samples of DNA were randomly selected for polymorphism screening of synthesized primers. A PCR system was performed on DNA Engine thermal cycler (Biometra, Ilmenau OT Langewiesen, Germany) in 20μl volumes containing 0.5 μM each of forward and reverse primers, 200 μM dNTP, 2.0 μL 10×buffer, 2 U Taq DNA polymerase (TransGen Biotech Co., Beijing, China), and around 10 ng DNA. The PCR program was as follows: 3 min at 94°C, 35 cycles of 30 s at 94°C, 30 s at Tm ( Table 2 ), and 15 s at 72°; and a final extension at 72°C for 7 min.

 Table 2 | SSR primer information of Korean pine. 



The PCR products were then detected by 7% PAGE, and 11 SSR markers with good reproducibility and significant polymorphism were selected finally. Forward primer of each marker was labelled at the 5’ end with fluorescent dye HEX, 6-FAM, ROX, or TAM. PCR was performed under light-protected conditions with the same reaction system as above. All PCR products were sent to Sangon Biotech (Shanghai) Co., Ltd., Shanghai, China for capillary electrophoresis genotyping by ABI 3730XL (Applied Biosystems, Foster City, CA, USA) and the identification genotype data were collected for subsequent analysis.


 2.3 Data analysis

 2.3.1 Analysis of marker polymorphism and identification power

The DNA polymorphism information was processed into a data matrix, and the data matrix was converted into various formats by DataFormater 2.7 for further analysis (Wenqiang et al., 2016). Genetic parameters such as number of alleles (Na), number of effective alleles (Ne), Shannon diversity index (I), observed heterozygosity (Ho) and expected heterozygosity (He) of each primer was calculated using Popgen 32 (Li et al., 2003), primer polymorphism information content (PIC) was calculated using PowerMarker V3.25 (Liu and Muse, 2005), and primer identity probabilities (PI) and random identity probabilities (PIsibs) were calculated using GenAIEX 6.51b2 (Peakall and Smouse, 2006). Significant deviations from both the Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium (LD) between all pairs of SSR loci were identified by Genepop v4.2 (Raymond and Rousset, 1995).


 2.3.2 Genetic structure and genetic diversity analysis

GenAIEX 6.51b2 was used to calculate the number of alleles (Na), Shannon diversity index (I), number of effective alleles (Ne), number of more than 5% alleles (Na, F>5), observed heterozygosity (Ho), expected heterozygosity (He), unbiased expected heterozygosity (uHe), F-fixed index (F), and number of private loci (NPA) for each population (Peakall and Smouse, 2006). MANOVA, principal coordinates analysis (PCoA) and generation of interpopulation genetic differentiation coefficient (Fst) and gene flow (Nm) matrices were performed using GenAIEX 6.51b2 to delineate genetic variation between and within populations (Peakall and Smouse, 2006). Genetic distance matrix of clones clustering maps was generated by NtSys 2.10e and used for constructing a neighbor-joining dendrogram in MEGA 11 (Tohme et al., 1996; Tamura et al., 2011). Neighbor-joining dendrogram between populations was also constructed in MEGA 11 based on Nei genetic distance (Tamura et al., 2011).

Based on the latitude and longitude of the source location of superior tree, the geographical distance between the source locations of superior tree was calculated by the following formula:

 

R is the radii of the earth (6371.0 km);

X1, X2, Y1, Y2 are two location coordinates radians;

Radians= coordinates * Π/180;

SPSS v19.0 software was used to detect the correlation between geographic distance and genetic distance among the 6 superior tree sources.

The genetic structure was investigated in software STRUCTURE v2.3.4 using an admixed model with 100,000 burn-ins followed by 100,000 iterations (Ravelombola et al., 2018). Markov Chain Monte Carlo iterations run 10 times of a number (K = 2-18) of genetically homogeneous clusters. The operation results were imported into the Structure Harvester website (https://taylor0.biology.ucla.edu/structureHarvester/) (Earl and vonHoldt, 2012), and the optimal K values were selected according to the method of Evanno et al. (Evanno et al., 2005).


 2.3.3 Fingerprint mapping construction

The fingerprint map of 161 clones was generated by combining the 11 pairs of SSR primers obtained from screening, sorting them in order from smallest to largest according to the size of the target fragment. The clone genotypes were coded using letters and arranged in a certain order to obtain the clone gene code. The name, scientific name and location of the clone, the source of the superior tree and the fingerprint code were organized into a separate Excel and uploaded to the online platform (https://cli.im/) to obtain the corresponding QR code for each clone (Li et al., 2022).




 3 Result

 3.1 Analysis of SSR marker polymorphism and discriminatory ability

There were 55 combinations of loci in the whole population, of which 4 pairs (7.27%) had LD between loci combinations at the significance level of P<0.001. The results of primer genetic analysis ( Table 3 ) showed that a total of 75 alleles were detected at the 11 SSR loci, of which 33.004 were effective alleles, with the mean value of major allele frequency was 0.622. 186 genotypes were identified, with an average of 16.909 genotypes per marker, and the observed heterozygosity and expected heterozygosity on average were 0.451 and 0.514, respectively. The mean values of Shannon diversity index and Nei diversity index were 1.094 and 0.512, respectively, indicating the high genetic diversity among clones. The polymorphism information content (PIC) of 11 markers ranged from 0.155 to 0.855, among which 10 markers showed moderate or high polymorphism relatively. All markers can effectively analyze the genetic structure and genetic diversity of Korean pine clones.

 Table 3 | Genetic diversity parameters of 11 SSR marker. 



Two key statistical values, PI and PIsibs, were calculated to assess the ability to identify 11 markers for Korean pine clones ( Table 3 ). PI for each molecular marker ranged from 0.028-0.593 with a mean value of 0.393. PIsibs is often defined as the upper PI limit, and the PIsibs of the 11 SSR markers ranged from 0.320-0.773 with a mean value of 0.565. The cumulative probability of identity of markers according to the obtained data ( Figure 1 ), PI tended to 0 when the number of marker combinations is 7 and PIsibs tended to 0 when the number of marker combinations is 11. Assuming that all marker loci are independent of each other, the probability of two random Korean pine clones having the exact same multi-locus genotype combination among all 11 molecular markers is estimated to be 3.1×10-8, and the combined PIsibs was 1.14×10-3. 161 Korean pine clones could be considered to be completely distinguished by the 11 SSR markers. The above results prove that the combination of these markers not only had high polymorphism but also showed a strong potential for fingerprint recognition.

 

Figure 1 | Identification ability of SSR markers in Korean pine clones. 




 3.2 Analysis of genetic structure and genetic diversity

 3.2.1 Analysis of genetic variation among populations

MANOVA was performed to determine variate characteristics of the 7 populations, and the results showed that ( Table 4 ): population genetic differentiation coefficient (Fst) was 0.044 (P< 0.001), indicating a low level of genetic differentiation among populations. Genetic variation existed mainly within populations, accounting for 98% of the total variation, and the incidence of genetic variation among populations was only 2%. All of which indicated that there were extensive exchanges of genetic resources within each population. The level of genetic differentiation between populations was low, while the genetic variation within populations was much higher than that between populations. The inbreeding coefficient (Fis) was 0.078 (Fis > 0), indicating the presence of homozygous excess and the presence of interpopulation inbreeding.

 Table 4 | MANOVA for the population of Korean pine clones. 



 Fst and Nm between two populations were calculated for seven populations to reveal genetic differences and gene flow among different populations of Korean pine clones. The results showed that ( Figure 2 ): the Fst ranged from 0.012-0.047 with an average of 0.025, and the Nm ranged from 5.013-19.750 with an average of 11.036 among different populations, indicating that the genetic differentiation range among populations was small and there was a high frequency of genetic exchange. The highest Fst and the lowest Nm were found between the Lushuihe and Weihe, which may be due to the long geographical distance between Lushuihe and Hebei, the superior tree source of these two populations ( Figure 3 ).

 

Figure 2 | Genetic differentiation coefficients (lower left) and gene flow (upper right) between populations. (BH, Bohai; HG, Hegang; LSH, Lushuihe; WH, Weihe; LK, Linkou; TL, Tieli; SCZ, Sanchazi). 



 

Figure 3 | Geographical distribution of superior tree source of Korean pine populations. (Light blue indicates Heilongjiang Province and light purple indicates Jilin Province. The geographic conditions for each site can be found in  Table 1 ). 




 3.2.2 Analysis of genetic diversity within populations

To assess genetic diversity and genetic differentiation of these 7 populations, genetic diversity analysis was performed and results showed that ( Table 5 ): the level of genetic differentiation within 7 populations did not vary significantly, with Tieli population having the highest genetic diversity and the highest number of alleles, Shannon diversity index, observed heterozygosity at 55, 1.087, 0.479 respectively. the lowest Shannon diversity index and observed heterozygosity was in Lushuihe population with 0.915, 0.473 respectively.

 Table 5 | Genetic parameters of 7 Korean pine populations. 



The fixation index (F) ranged from -0.115 (Weihe) to 0.128 (Tieli), with an average of 0.061. F>0 indicates heterozygote deficiency, over-purity and inbreeding in Korean pine populations. Overall, the Tieli population showed high genetic diversity, while the Weihe population showed relatively lower genetic diversity, and no inbreeding was detected in this population.

The results of principal coordinate analysis (PCoA) of Korean pine clones from 7 populations showed that Coordinates 1 explained 9.93% of the variation and Coordinates 2 explained 7.45% of the variation, indicating that each of the above molecular markers has a high degree of independence. There is a high degree of distribution overlap among populations in the figure, with the Lushuihe population having an extensive distribution and some clones showing relative independence, while the other populations are relatively clustered, with the Linkou population being more dispersed. There is some genetic divergence between the Weihe population and the Tieli population, and the distribution range of Weihe is the smallest, indicating that the genetic diversity of clones within the Weihe population is low ( Figure 4 ), which is similar to the results of the Shannon diversity index in  Table 5 .

 

Figure 4 | Principal coordinates analysis (PCoA) of Korean pine clones. (BH, Bohai; HG, Hegang; LSH, Lushuihe; WH, Weihe; LK, Linkou; TL, Tieli; SCZ, Sanchazi). 




 3.2.3 Analysis of cluster and genetic structure

The results of cluster analysis among populations by the Nei genetic distance matrix showed ( Figure 5A ): The genetic distance among populations was small and the level of genetic differentiation was low, which was consistent with the results of MANOVA. The genetic distance between Bohai and Hegang, Lushuihe and Linkou was similar respectively, but the genetic distance of Weihe was far from Sanchazi. Lushuihe and Sanchazi were more independent, which was similar to the results of PCoA. However, it is worth noting that Hegang and Linkou have the same source location of superior tree, but they do not have the closest genetic relationship with each other. The correlation analysis between Nei genetic distance and geographic distance revealed that the Person coefficient was 0.075 (P=0.704), indicating the insignificant correlation between genetic distance and geographic distance of their superior tree sources.

 

Figure 5 | Neighbor-joining tree of populations and clones. (A) Neighbor-joining tree of 7 populations. (B) Neighbor-joining tree of 161Korean pine clons. (BH, Bohai; HG, Hegang; LSH, Lushuihe; WH, Weihe; LK, Linkou; TL, Tieli; SCZ, Sanchazi). 



The genetic distances of 161 clones were calculated by NTsys 2.10e software, and the results of clustering using MEGA showed that ( Figure 5B ): the clones from different sources were not clearly separated from each other, and the clones in each cluster did not come from the same location or the same superior source. The clones from different places were dispersed in each cluster. Clustering results did not correlate significantly with the location of the clones. The above results indicate that there is a high degree of gene exchange among populations and little genetic differentiation among populations. However, clones from Changbai Mountain are highly distributed on the left side of the clustering map, while clones from Xiaoxinganling are highly distributed on the right side and the lower part of the clustering map in general. Similar to the results of the principal coordinate analysis, although the populations were not clearly divided, the clones of different populations had corresponding distribution ranges. For example, clones from Weihe had a small and relatively concentrated distribution range, which was consistent with the results of analysis of population diversity and the principal coordinate analysis, indicating that the genetic relationships among populations were similar and reflecting the degree of genetic differentiation within populations.

Structure analysis was performed on all the reference materials. ΔK had a maximum value when K=4 and 7 in K=2-18 ( Figures 6A, B ), indicating that the 161 clones could be divided into 4 classes or 7 classes. The populations were not clearly differentiated and no individuals had 100% population affiliation in both cases ( Figures 6C, D ). However, the Lushuihe partial clones had a significantly high probability of occurrence in a certain population, indicating that the Lushuihe population partial clones had relative genetic independence, which was similar to the results of PCoA.

 

Figure 6 | STRUCTURE analysis of Korean pine population. (A) Calculation of population structure using Mean LnP (K). (B) Relations between the optional number of cluster K and Delta K(C) Genetic structure map of 7 populations of Korean pine based on STRUCTURE analysis (K = 4). (D) Genetic structure map of 7 populations of Korean pine based on STRUCTURE analysis (K = 7). 





 3.3 Fingerprint mapping construction

Based on the genotyping data detected by 11 SSR markers, multiple locus matching analysis was performed in GenAlex 6.51 for 161 Korean pine clones. There is no identical genotype detected in two varieties, indicating that each of the 161 clones had its own unique SSR multi-locus genotype combination. The molecular markers were sorted according to the order of the target fragments from smallest to largest, and each marker consisted of two alleles. The molecular fingerprints of all 161 clones were generated according to the blocks with different color marking the different genotypes under each marker ( Figure 7 ), with each color representing a variant locus information and each clone having a unique color block combination.

 

Figure 7 | Molecular fingerprinting of Korean pine clones. (The different color blocks represent the corresponding allele fragment sizes). 



The genotyping data of each marker are indicated by letters respectively, and sorted in the order of amplified fragments from smallest to largest, and each clone gets its corresponding 22-digit letter code ( Supplementary Table S1 ).

The name, location, source and genotyping data of each clone were uploaded to the QR code generation platform (https://cli.im/batch) to generate a unique QR code for each clone, which can be scanned to obtain specific information of the clone ( Supplementary Figure S1 ).



 4 Discussion

The genetic diversity of a population determines whether a population can adapt to a complex environment, and the higher the genetic diversity, the more adaptable the population is to different environments and the more resistant it is to shocks arising from environmental changes (Wachowiak et al., 2011). In order to develop a reasonable and effective breeding strategy, accelerate the process of genetic improvements of Korean pine, it is important to analyze the genetic diversity of Korean pine clone resources and evaluate the genetic structure of seed orchards by using SSR molecular marker. SSR markers have the advantages of codominance, stable amplification and good repeatability, which is a common method for genetic diversity analysis (Hao et al., 2017); at the same time, SSR molecular markers have strong specificity, clear bands and accurate data, which is suitable for the construction of fingerprint profile for a large number of resources (Park et al., 2009). Initially, we screened 11 Korean pine SSR loci, and the average values of Na and He for the 11 loci were 6.818, 0.514. PIC is an important parameter for expressing the degree of genetic diversity among plants, and its evaluation is beneficial to the establishment of plant gene pools and the acceleration of the breeding process (Avval, 2017). The average PIC of the SSR loci screened in this study was 0.475, showing moderate polymorphism (Botstein et al., 1980). Therefore, it is suitable for the genetic diversity evaluation of Korean pine breeding resources. The LD between 4 pairs of loci reached a significant level of P<0.001, but was not concentrated at one locus, and the results of PCoA showed that the molecular markers were highly independent, indicating that the screened loci were evenly distributed in the Korean pine genome and relatively independent in the process of transmission from generation to generation.

In order to elucidate the genetic variation among Korean pine populations, molecular variation analysis was conducted. The results showed that the genetic variation of Korean pine mainly originated from inter-individuals, accounting for 98%, and interpopulation variation accounted for only 2%. This indicates that the genetic differentiation within populations is much greater than between populations, which is consistent with the results of Feng et al. (Feng et al., 2006). The result is consistent with higher genetic diversity within populations and higher gene flow between populations. Therefore, we should pay attention to the selection of individuals within the population when the Korean pine population with high genetic diversity was constructed in the later stage, which is beneficial to the genetic improvement of Korean pine. The genetic diversity analysis of 7 populations revealed the differences in the level of genetic diversity among different populations, Tieli has the highest level of genetic diversity (I=1.087), the genetic diversity of Weihe population was low (I=0.915). Nevertheless, Weihe population is the only one with a fixed index (F) less than 0, indicating that the genetic diversity of this population is low, but there is no heterozygosity deficiency or inbreeding. Heterozygosity is often used to measure the degree of genetic variation and can provide useful information for the conservation of species (Schmidt et al., 2021). The results of this study based on SSR molecular markers showed that the overall He and Ho of 7 populations were 0.514 and 0.451. From a biological point of view, Korean pine is a monoecious, cross-pollinated plant that can generate new genotypes through genetic recombination, which is probably the main reason why Korean pine populations maintain a high genetic diversity. The Ho is smaller than He among these populations, except for the Weihe population, which indicating the presence of heterozygote deficiency, this may be due to inbreeding, non-random mating or disruption of population structure (Liao et al., 2019). Therefore, further analysis for the reason of heterozygote deficiency is necessary in future studies.

Genetic structure reveals the distribution patterns of genetic diversity between and within populations, reflects the adaptive potential of various species to their environment (Melo et al., 2014). Seven Korean pine populations in this study can be divided into 4 or 7 classes, and different populations are mismatched in classifications. Lushuihe population shows partial independence relatively, and the corresponding results were obtained by clustering results, which is consistent with the results of the principal coordinate analysis mentioned above. The results of interpopulation differentiation also show that the Lushuihe population has higher genetic differentiation and lower gene flow with other populations, which may be due to the relatively isolated population structure caused by the relatively unique geographical location of Lushuihe. Correlation analysis showed that there was no significant correlation between genetic distance and sources of superior tree’s geographical distance of Korean pine populations, which was also previously reported in Feng et al. (2009).

Screening and identifying the core SSR primer combinations suitable for variety identification is the key to constructing DNA fingerprinting. It is required that the core SSR primer combinations screened and identified have good marker polymorphism, and secondly, it is required that as few markers as possible are used to distinguish as many germplasms as possible. Construction of fingerprint profiles of Korean pine clones provides an important basis for the identification of resources from the 7 seed orchards. The DNA fingerprint profile of Korean pine clones based on SSR primer combinations can be directly used to identify the authenticity of clones in the 7 seed orchards, solving the long-standing problem of Korean pine clone identification. It is important for the selection and breeding of Korean pine clone in these 7 seed orchards. The critical point to ponder, the established fingerprint panel or Korean pine clonal identification was based on 7 seed orchards in northeast China. It does not cover the distribution range of the species which also can be found in Korea, Russia, Mongolia & Japan. Hence, this clonal identification tool developed will solely useful within China (limited to the resources from the 7 seed orchards).

In this study, 11 SSR markers were screened out, which could be used for the construction of fingerprints of Korean pine clones and the evaluation of genetic structure of the population. Genetic analysis of 7 populations of Korean pine using 11 SSR primers revealed the level of genetic diversity and genetic differentiation among and within populations. According to the genetic characteristics of Korean pine clone populations, the development of corresponding breeding strategies can maximize the breeding potential of Korean pine seed orchards and provide a scientific basis for the subsequent development and utilization of Korean pine germplasm. The DNA fingerprints of 161 Korean pine clones were constructed, which is an effective strategy for the identification of Korean pine clone, it will provide strong DNA evidence for identification of variety and superior seed validation.
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As a widely cultivated vegetable in China and Southeast Asia, the breeding of non-heading Chinese cabbage (Brassica campestris ssp. chinensis Makino) is widespread; more than 400 varieties have been granted new plant variety rights (PVRs) in China. Distinctness is one of the key requirements for the granting of PVRs, and molecular markers are widely used as a robust supplementary method for similar variety selection in the distinctness test. Although many genome-wide molecular markers have been developed, they have not all been well used in variety identification and tests of distinctness of non-heading Chinese cabbage. In this study, by using 423 non-heading Chinese cabbage varieties collected from different regions of China, 287 simple sequence repeat (SSR) markers were screened for polymorphisms, and 23 core markers were finally selected. The polymorphic information content (PIC) values of the 23 SSR markers ranged from 0.555 to 0.911, with an average of 0.693, and the average number of alleles per marker was 13.65. Using these 23 SSR markers, 418 out of 423 varieties could be distinguished, with a discrimination rate of 99.994%. Field tests indicated that those undistinguished varieties were very similar and could be further distinguished by a few morphological characteristics. According to the clustering results, the 423 varieties could be divided into three groups: pak-choi, caitai, and tacai. The similarity coefficient between the SSR markers and morphological characteristics was moderate (0.53), and the efficiency of variety identification was significantly improved by using a combination of SSR markers and morphological characteristics.




Keywords: non-heading Chinese cabbage, SSR, variety identification, DUS test, genetic diversity




1 Introduction

Non-heading Chinese cabbage (Brassica campestris ssp. chinensis Makino) is a subspecies of Brassica in the family Brassicaceae. It is usually diploid (2n = 20, AA) and comprises five types: pak-choi (var. communis Tesn et Lee), caitai (var. tsai-tai Hort), tacai (var. rosularism Tesn et Lee), taicai (var. tai-tsai Hort), and duotoucai (var. multiceps Hort) (Hou and Song, 2012). Originating in China, it has a long history of cultivation, with its leaves being the main product (Hou et al., 2020). Given its strong adaptability, short growth cycle, and rich nutritional value, the non-heading Chinese cabbage is widely planted not only in China, but also in Southeast Asia, Europe, and America, and is gradually becoming a global vegetable. Non-heading Chinese cabbage breeding is widespread in China. As of August 2022, the number of applications for plant variety rights (PVRs) of non-heading Chinese cabbage in China had reached 436. However, owing to the lack of outstanding inbred lines and germplasm resources, the genetic background of newly developed varieties of non-heading Chinese cabbage is becoming narrower, and variety identification is becoming more and more difficult.

A distinctness, uniformity, and stability (DUS) test is the key technical support for the granting of PVRs, in which the distinctness test is the key step. To assess distinctness, the candidate variety needs to be compared with any other commonly known varieties. To ensure the effectiveness and accuracy of the distinctness assessment, the construction of the database of commonly known varieties is very urgent and necessary. The effectiveness and accuracy of any distinctness assessment relies on the existence of a comprehensive and accurate database of commonly known varieties. The currently available database is based on the morphological characterization of commonly known varieties, which, although accurate and scientifically robust, also has several limitations, being slow, expensive, resource intensive, and time-consuming (Liu et al., 2012). In addition, as morphological characteristics are easily affected by environmental factors, such as temperature, light, and fertilizer application, and data collected in different ecological places or in different seasons may be quite different, which may cause errors when screening for similar varieties using the distinctness test. DNA molecular marker technology can directly detect differences on a DNA level among varieties; this technology is not easily affected by environmental conditions, does not require field planting, and is fast and efficient. It has been widely used in variety identification and is recommended as a supplementary method to construct a variety database for variety management, especially for screening for similar varieties using the distinctness test developed by the UPOV (International Union for the Protection of New Varieties of Plants). In contrast to other molecular markers, simple sequence repeat (SSR) markers have the advantages of clear loci, simple technology, and reliable detection results, and are recommended as one of the preferred markers for plant variety identification and database construction by UPOV (Zhou et al., 2020). SSR markers have been widely used in identifying Brassicaceae Burnett vegetables, such as Chinese cabbage, Brassica juncea, broccoli, and cauliflower (Zhan et al., 2014; Yan et al., 2021; Chu et al., 2020), and are also used in the identification and genetic diversity assessment of non-heading Chinese cabbage (Wang et al., 2008; Liu et al., 2014; Yu et al., 2014; Liu et al., 2021). However, in previous studies in non-heading Chinese cabbage, the SSR markers selected were comparatively low in polymorphism and could not meet the needs of large-scale variety identification (Li, 2010; Liu et al., 2014). The varieties that could be identified were usually limited to one or a few types, and did not cover all five types of non-heading Chinese cabbage; in addition, SSR data were mainly obtained by polyacrylamide gel electrophoresis, which was not conducive to genotyping and data-sharing. Therefore, it is necessary to establish a high-throughput SSR molecular identification system with a strong discriminatory ability that covers various types of non-heading Chinese cabbage, and which may provide a robust technical support for screening similar varieties using distinctness tests, identification of variety authenticity, and protection of PVRs.

In this study, by using non-heading Chinese cabbage varieties covering all the five types from all the main production areas in China, we tried to select a core set of SSR markers with high levels of polymorphism and strong discriminatory ability suitable for both polyacrylamide gel electrophoresis and capillary electrophoresis platforms. Based on the core SSR markers, an SSR fingerprint database could be constructed to provide a powerful support for similar variety screening of distinctness tests and variety identification of non-heading Chinese cabbage varieties.



2 Materials and methods


2.1 Plant materials and DNA extraction

Non-heading Chinese cabbage has rich morphological diversity and exhibits significant differences among variety types (
Figure 1
). A total of 423 non-heading Chinese cabbage varieties covering five subspecies, pak-choi, caitai, tacai, taicai, and duotoucai (
Table S1
), were collected in this study, among which two varieties were from northeast China, 40 were from north and central China, 36 were from south China, 335 were from east China, and 10 from Japan. In addition, 21 varieties with diverse morphological characteristics were used for first-round SSR marker screening (
Table S2
). The young leaves from 30 individual plants were collected for total genomic DNA extraction, using the cetyltrimethylammonium bromide (CTAB) method, as previously described (Tang et al., 2007).




Figure 1 | 
Different types of non-heading Chinese cabbage varieties: (A–D) pak-choi; (E–H) caitai; (I–K) tacai; and (L) duotoucai.





2.2 SSR-PCR reaction

A total of 287 markers were selected from previous studies (Lowe et al., 2002; Wang et al., 2008; Ban, 2009; Cheng et al., 2009; Li, 2010; Liu et al., 2014; Song et al., 2015; Chen et al., 2017; Liu, 2017; Li et al., 2018; He et al., 2021) (
Table S3
). The selected SSR markers were labelled with 6-FAM (6-carboxyfluorescein), HEX (hexachlorofluorescein), ROX (6-carboxyl-X-rhodamine; passive reference dye), and TAMRA (5-carboxytetramethylrhodamine) fluorescent dyes at the 5′ end of the forward primer. The total volume of the polymerase chain reaction (PCR) was 20 µL, with a dNTP concentration of 0.20 mmol/L, and concentrations of forward and reverse primers of 0.25 µmol/L, 0.05 U/µL of Taq total genomic DNA polymerase, 1 × PCR buffer (containing Mg2+, 2.5 mmol/l), and 50 ng/µL of DNA, and with the addition of double-distilled H2O up to a total of 20 µL. The PCR reaction conditions were as follows: pre-denaturation at 94°C for 5 minutes; denaturation at 94°C for 30 seconds, annealing at 55°C for 30 seconds, extension at 72°C for 45 seconds, for a total of 35 cycles; followed by extension at 72°C for 10 minutes; and then storage of the PCR reaction at 4°C.



2.3 Detection of PCR amplification products

During the first round of primer screening, primers were selected and detected by 6% polyacrylamide gel electrophoresis (PAGE) (Bao, 2015), with a constant power of 80 W; 2 µL of PCR product was added to each sample hole, and silver staining was performed after electrophoresis for 1–1.5 hours. Then the primers screened during the first round were labeled with different fluorescent dyes and were further screened and detected by a DNA analyzer (ABI3730).



2.4 Morphological evaluation

From December 2021 to March 2022, 423 non-heading Chinese cabbage varieties were planted at the Shanghai DUS testing base. In accordance with non-heading Chinese cabbage DUS test guidelines (http://www.nybkjfzzx.cn), 30 morphological characteristics were investigated (
Table 1
): four qualitative characteristics, 11 pseudo-qualitative characteristics, and 15 quantitative characteristics. The Shannon–Wiener diversity index of morphological characteristics was calculated as H′ = –∑(Pi) (lnPi), where Pi is the proportion of individuals to total individuals of this species. The 'Pi' is an explanation of the formula, and the specific number of individuals depends on the expression state of the characteristics. were assigned a code from 1 to 9. For each characteristic of a variety, the expressed state was coded as 1 and the non-expressed state was coded as 0. The programming language R was used for 0 or 1 data format conversion, to build a 0/1 data matrix.


Table 1 | 
Details of morphological characteristics investigated in 423 non-heading Chinese cabbage varieties.





2.5 Data analysis

Raw electrophoresis data were read by SSR Analyzer V1.2.6 software (Wang et al., 2018). The genetic distance between different varieties was calculated by PowerMarker V3.25 software (Liu and Muse, 2005), and the unweighted pair group method with arithmetic means (UPGMA) clustering map based on Nei’s genetic distance was constructed using MEGA5.0 software (Kumar et al., 2004). Genetic diversity parameters, including minor allele frequency (MAF), observed number of alleles (Na), observed heterozygosity (Ho), expected heterozygosity (He), polymorphic information content (PIC), and fixation index (Fst), were calculated using GenAlEx 6.51 software (Peakall and Smouse, 2012), which was also used for principal component analysis (PCA) and analysis of molecular variance (AMOVA). Combining morphological and molecular data, NTSYS2.11 software was used for genetic similarity analysis (James, 1987). Using qualitative data in the similarity module, the original 0/1 matrix generated by the morphological characteristic code and genotype data was adopted to calculate the genetic similarity (GS). The Mantel test was used to confirm the correlation between the similarity coefficient matrix generated from the morphological data and the SSR genotype data. Structure 2.34 software was used to analyze the population genetic structure from different regions of China (Falush et al., 2007). Assuming that the population number K was 1–10 and was tested one by one, each K-value was estimated to be repeated 20 times: 5,000 iterations were not counted and the MCMC (Markov chain Monte Carlo) value was 50,000. The average value of lnP (D) was used for population estimation, the optimal population number was determined by the maximum likelihood method, and the corresponding K-value was calculated. Finally, we used NTSYS2.11 software to test the similarity of the phenotypic data of 14 varieties (five candidate varieties, with their corresponding similar varieties provided by applicants, and those screened by the SSR fingerprint database in this study).




3 Results


3.1 Establishment of variety identification system for non-heading Chinese cabbage



3.1.1 Core primer screening and polymorphism analysis

During the first round of primer screening, 21 representative varieties were used for PCR amplification, and 6% PAGE was used for electrophoresis (
Figure 2A
). As a result, 57 pairs of primers with high levels of polymorphism were screened. During the second round of primer screening, fluorescent dyes were labelled at the 5′ end of each of the 57 pairs of primers, and the fluorescent markers were used to amplify 96 varieties by capillary electrophoresis (
Figures 2B–E
). Based on the criteria of stable and simple fluorescence peak, low missing rate, high levels of polymorphism, and even distribution on chromosomes, 23 pairs of primers were finally selected as core primers, with the size of alleles ranging from 99 bp (SSR221) to 355 bp (SSR227). Detailed information on those primers is provided in 
Table 2
.




Figure 2 | 
Allelic variation in 21 non-heading Chinese cabbage varieties using by primer SSR256. (A) Allelic variation in 21 varieties using PAGE. M, DNA marker; the number 1–21 in Figure 1a corresponds to the variety number in 
Table S2
. (B–E) show the allelic variations in varieties 17, 9, 14, and 16 by fluorescence capillary electrophoresis. PAGE, polyacrylamide gel electrophoresis.





Table 2 | 
Chromosome distribution and allelic variation range of the 23 primer sequences studied.




Using 23 pairs of primers, 423 non-heading Chinese cabbage varieties were detected and a total of 314 alleles were obtained, with an average of 13.65 alleles per marker (
Table 3
). The variation range of MAF was 0.209 (SSR222) to 0.611 (SSR101), with an average of 0.419; the Ho amplitude ranged from 0.322 (SSR101) to 0.732 (SSR256), with an average of 0.530; the He amplitude was between 0.590 (SSR125) and 0.916 (SSR222); the PIC value ranged from 0.555 (SSR56) to 0.911 (SSR222), greater than 0.5, indicating high levels of polymorphism of all 23 markers; and the Fst of each molecular marker ranged from 0.045 (SSR221) to 0.547 (SSR266), with an average of 0.270. The above parameters showed that the 23 markers selected were high in polymorphism and could be used for genetic diversity detection among non-heading Chinese cabbage varieties, variety identification, and similar variety screening for the distinctness test.


Table 3 | 
Genetic parameters of the 23 SSR markers.





3.1.2 Allelic sites calibration and database construction

According to the original capillary electrophoresis data, different allelic sites were named, and each allele’s corresponding reference varieties were selected to calibrate systematic errors among different experimental batches or detection platforms. The size of allelic sites corresponding to each primer and the corresponding reference varieties are listed in 
Table S4
.

Based on the allelic sites data detected on the 423 non-heading Chinese cabbage varieties, the DNA molecular database was successfully constructed using SSR Analyzer V1.2.6 software. To improve the efficiency of database construction, 23 pairs of fluorescent primers were further divided into five groups (
Table 4
) according to the fluorescent color and amplified fragment size. Primers in each group could be mixed for multiple fluorescent capillary electrophoresis.


Table 4 | 
Grouping of 23 core primers according to different fluorescent-labelled colors.





3.1.3 Discrimination power of core primers

To assess the accuracy and efficiency of core primers in distinguishing varieties, the 423 non-heading Chinese cabbage varieties were clustered based on the Nei’s distance of 23 SSR markers (
Figure 3
). The clustering results showed that 418 out of the 423 varieties combinations could be distinguished by the 23 core primers, and that five groups could not be distinguished,because the genetic distance between varieties in each group was close to zero. By using the formula [(423 * 422)/2 – 5]/(423 * 422)/2, the distinguishing rate for the 23 core SSR markers in 423 varieties was calculated to be 99.994%. By clustering, the 423 varieties could be divided into three main groups. In Pop1(n=226), besides duotoucais, the other varieties were pak-chois; Pop2(n=83) contained 52 pak-chois, 13 tacais, 17 caitais, and one taicai; and Pop3(n=93) comprised 19 pak-chois and 74 caitais. In addition, some local varieties were clustered separately, such as Shangwudong (412), Paopaoqing (286), and Xiangqingcai (308). Similarly, we conducted PCA to verify the clustering results, and principal coordinates 1 and 2 accounted for 19.39% and 7.13%, respectively, of the variation in the site information data (
Figure 4
). The AMOVA results showed that 66% of the variation came from within individuals. The genetic variation among individuals was greater than that among populations (
Table S5
). The fixation index (Fst) value was 0.134 (p < 0.001), indicating a high level of genetic differentiation among populations.




Figure 3 | 
Cluster of 423 non-heading Chinese cabbage varieties based on Nei’s distance of 23 simple sequence repeat (SSR) markers. ▲ represents two varieties with zero difference in the number of alleles; ★ represents two varieties with one difference in the number of alleles.







Figure 4 | 
Principal component analysis (PCA) of 423 non-heading Chinese cabbage varieties based on 23 simple sequence repeat (SSR) markers. PCA results explained 19.39% and 7.13%, respectively, of the total variance by calculating the first two principal components.






3.2 Population structure analysis of the tested varieties

To explore the population distribution characteristics of non-heading Chinese cabbage, the population structure of 423 varieties was analyzed using the genotype data. The results showed that, for K = 1–10, the value of lnP (D) increased with the increase in K-value (
Figure 5A
). A population structure distribution map based on Δk was constructed (
Figure 5B
), and the 423 varieties could be divided into three subgroups (
Figure 5C
). There were 84 varieties in subgroup I, from east China (n = 70), south China (n = 6), north China (n = 1), central China (n = 4), and Japan (n = 3); 138 varieties in subgroup II, from east China (n = 113), south China (n = 10), north China (n = 7), central China (n = 5), and Japan (n = 3); and 201 varieties in subgroup III, from east China (n = 152), south China (n = 20), north China (n = 14), central China (n = 9), northeast China (n = 2), and Japan (n = 4) (
Figure 5C
).




Figure 5 | 
Population structure analysis of 423 non-heading Chinese cabbage varieties based on 23 simple sequence repeat (SSR) markers. (A) The mean value of lnP (D) was used to estimate the population structure, and the range of K-values was 1–10. (B) Using the curve of ΔK obtained by lnP (D), the optimal K-value was determined to be 3. (C) The 423 non-heading Chinese cabbage varieties studied clustered in three subgroups (subgroup I, red; subgroup II, green; and subgroup III, blue). Each histogram represents a variety in which different colors represent the estimated component coefficients using Q-values.




The population structure analysis showed that most genetic differences among non-heading Chinese cabbage varieties could be attributed to the geographical origins of the varieties. Varieties in subgroup I were mainly from east China, and varieties from east China also accounted for a large proportion of the other two subgroups; the caitai varieties were mainly from south China and clustered in subgroup II; and varieties from north China and northeast China were mainly clustered in subgroup III.



3.3 Correlation analysis between SSR markers and morphological characteristics

Descriptive statistics were based on 30 phenotypic characteristics of 423 non-heading Chinese cabbage varieties. The Shannon–Wiener diversity index of 30 characteristics ranged from 0 to 2.01, with an average of 1.03. In order to understand the relationship between SSR markers and morphological characteristics, the data from 30 morphological characteristics (markers) and those from the 23 core primers were converted into the 0/1 format, and the similarity coefficient of the two markers was calculated. The results showed that the similarity coefficient of the morphological markers and the SSR markers was moderate (r = 0.53) (
Figure 6
). Therefore, combining morphological and SSR markers would be more helpful for identifying non-heading Chinese cabbage.




Figure 6 | 
Comparison of morphological distance and molecular distance of 423 non-heading Chinese cabbage varieties. The abscissa is morphological distance, and the ordinate is molecular distance. The similarity coefficient is 0.53.




Five groups not distinguished by the 23 core markers, ‘Yanchun’ and ‘Yanlv’, ‘Guanmei No. 2’ and ‘Jinpin No. 3’, ‘Jingguan No. 1’ and ‘Huaxin’, ‘Jingguan No. 1’ and ‘Xinxiaqing No. 2’, and ‘Huaxin’ and ‘Xinxiaqing No. 2’, were further compared through a field growing test. The plants in each group were very similar (
Figure 7
), although in each group slight differences were found in some visually observed characteristics such as seed coat color, plumpness of cabbage, leaf margin undulation, or bubble degree (
Table S6
). The variance analysis of six quantitative characteristics also revealed the existence of some differences in leaf length, leaf width, petiole length, and petiole thickness in four group varieties, but not in the group comprising ‘Guanmei No. 2’ and ‘Jinpin No. 3’ (
Figure 7
). These results indicated a certain degree of consistency in the identification of varieties between SSR markers and morphological characteristics. The identification results based on morphological characteristics were more accurate and reliable than those based on SSR markers and, when used together with the molecular markers, could obviously improve identification efficiency.




Figure 7 | 
Phenotype comparison and quantitative characteristics ANOVA of five groups of varieties with no differences in simple sequence repeat (SSR) markers: ‘Yanchun’ and ‘Yanlv’ (A, B); ‘Guanmei No. 2’ and ‘Jinpin No. 3’ (C, D); ‘Jingguan No. 1’ and ‘Huaxin’, ‘Jingguan No. 1’ and ‘Xinxiaqing No. 2’, and ‘Huaxin’ and ‘Xinxiaqing No. 2’ (E, F). Ten plants were used for the analysis (*significant at p < 0.05; **highly significant at p < 0.01).





3.4 Application of the SSR fingerprint database

In order to evaluate the application of the SSR fingerprint database in screening for similar varieties using the distinctness test, we selected five candidate varieties for which PVRs had been applied, and compared the similar varieties provided by the applicants (five varieties) with those screened by the SSR fingerprint database (five varieties) through the field planting test. (One of the varieties screened by the molecular fingerprint database was the same as the breeder provided, so there were 14 varieties.) The morphological characteristics comparison showed that four candidate varieties were similar to varieties screened by the SSR fingerprint database in this study (
Figure 8
). The morphological similarity between ‘Huiwu No. 17’ and ‘Tadiwu No. 1’ was 0.73, that between ‘Huaerziqingfei’ and ‘Dongfangqinggeng’ was 0.53, that between ‘Heihuanghou’ and ‘Heimeigui’ was 0.48, and that between ‘Rehuo No. 16’ and ‘Jinpinxinxia’ was 0.67.




Figure 8 | 
Similarity analysis of candidate varieties and their corresponding similar varieties based on 30 morphological characteristics. The scale at the bottom is the similarity coefficient. *: candidate varieties; **: varieties screened by SSR fingerprint database; ▲: the applicant submitted similar varieties.




As for candidate variety ‘CT9970’, it was more similar to the similar variety ‘Biangubaicai’ selected by the SSR fingerprint database than to the variety ‘Lingxia 55’ provided by its applicant. Breeding process analysis showed that ‘CT9970’ originated from ‘Biangubaicai’ and retained most of its morphological characteristics, whereas ‘Lingxia 55’ was the F1 generation of ‘CT9970’ and ‘CL45’ (caitai variety), and resulted in low levels of similarity with ‘CT9970’.

Thus, through morphological verification, the SSR fingerprint database can be used not only to screen similar varieties in the distinctness test, but also to preliminarily assess their genetic relationship.




4 Discussion

With the completion of whole-genome sequencing of non-heading Chinese cabbage, more SSR markers have been developed and utilized (Li et al., 2020). Because of the advantages of codominance and high levels of polymorphism, SSR markers provide an effective tool for studying the genetic diversity of non-heading Chinese cabbage (Li et al., 2021). In recent years, SSR markers have been widely used in predicting the genetic diversity and germplasm identification of non-heading Chinese cabbage germplasm resources (Han et al., 2008; Ma, 2015; Li et al., 2017; Li et al., 2018). In this study, by using 423 non-heading Chinese cabbage varieties with rich and diverse phenotypes, 23 pairs of SSR primers (out of 287 analyzed) with better performance than those used in previous studies (Xue et al., 2014; Yang et al., 2020) were identified (average PIC value of 0.693). This may be attributed to the large number of varieties collected, their rich genetic diversity, and the highly accurate capillary electrophoresis detection method used in this study.

Clustering results in this study showed that most of the 423 non-heading Chinese cabbage varieties fell into one of three main groups, pak-choi, caitai, and tacai, which was in line with the actual status of breeding and production. In the study of Ma et al. (2015), Pak-choi varieties are clustered with Caitai, and Tacai in different degrees, which was similar to the research results of this study. In addition, PCA in this study also showed that there was obvious interspecific crossing and extensive gene exchange between the pak-choi and caitai genetic backgrounds (
Figure 4
), but this phenomenon has been seldom mentioned in previous studies.

According to a previous study, purple is not completely dominant over green in the inheritance of non-heading Chinese cabbage, and the purple color largely depends on anthocyanin content (Zhu, 2017). However, we observed that the hybrid progeny of crosses between a green and a purple non-heading Chinese cabbage variety showed a distribution that was largely skewed towards the phenotype of purple parent, suggesting that all varieties of purple non-heading Chinese cabbage are likely to have the same genetic background.

The genetic diversity of non-heading Chinese cabbage was related to geographical origin (Wang et al., 2008; Liu et al., 2014). Population structure analysis in this study showed that, in east China, germplasm resources were more abundant and genetic diversity was greater, and the three provinces of Jiangsu, Zhejiang, and Fujian in east China had relatively independent genetic structures, which confirmed that non-heading Chinese cabbage in China might originate from the Jianghuai area (Cao et al., 1997).

Recent studies have shown that different varieties can be effectively distinguished and analyzed through complementary differences in morphological markers and molecular markers (Lee and Park, 2017). This complementary method is usually used in germplasm identification (Delfini et al., 2007; Haliloglu et al., 2022) and genetic diversity analysis (Guo et al., 2020; Chikh-Rouhou et al., 2021). Theoretically, one morphological characteristic would be usually regulated by multiple genes. In this study, only five groups could not be distinguished by the 23 core markers, and the field growing comparison test showed that varieties in each of the five groups were very similar but were still distinguishable by some visually observed or measured characteristic. Molecular markers correlated to a medium extent (r = 0.53) with morphological characteristics, which was higher than that in a previous study on peanuts (0.347) (Hong et al., 2021), but no functional molecular markers associated with morphological characteristics in non-heading Chinese cabbage were found in this study. Therefore, without enough functional markers, molecular markers cannot completely replace morphological markers, but a combination of both types of markers would be more accurate and efficient in variety identification and in similar variety screening for the distinctness test.



5 Conclusion

In this study, 23 out of 287 SSR markers were selected as the core markers, with an average PIC value of 0.693 and an average number of alleles of 13.65. Based on the 23 core markers, the SSR fingerprint database comprising 423 non-heading Chinese cabbage varieties was constructed, in which 418 out of the 423 varieties could be distinguished with a discrimination rate of 99.994%. The SSR fingerprint database constructed in this study could be used not only in the identification of varieties but also for similar varieties screening of distinctness test.
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Plant genomes are comprised of nuclear, plastid and mitochondrial components characterized by different patterns of inheritance and evolution. Genetic markers from the three genomes provide complementary tools for investigations of inheritance, genetic relationships and phenotypic contributions. Plant mitochondrial genomes are challenging for universal marker development because they are highly variable in terms of size, gene order and intergenic sequences and highly conserved with respect to protein-coding sequences. PCR amplification of introns with primers that anneal to conserved, flanking exons is effective for the development of polymorphic nuclear genome markers. The potential for plant mitochondrial intron polymorphisms to distinguish between congeneric species or intraspecific varieties has not been systematically investigated and is possibly constrained by requirements for intron secondary structure and interactions with co-evolved organelle intron splicing factors. To explore the potential for broadly applicable plant mitochondrial intron markers, PCR primer sets based upon conserved sequences flanking 11 introns common to seven angiosperm species were tested across a range of plant orders. PCR-amplified introns were screened for indel polymorphisms among a group of cross-compatible Citrus species and relatives; two Raphanus sativus mitotypes; representatives of the two Phaseolus vulgaris gene pools; and congeneric pairs of Cynodon, Cenchrus, Solanum, and Vaccinium species. All introns were successfully amplified from each plant entry. Length polymorphisms distinguishable by gel electrophoresis were common among genera but infrequent within genera. Sequencing of three introns amplified from 16 entries identified additional short indel polymorphisms and nucleotide substitutions that separated Citrus, Cynodon, Cenchrus and Vaccinium congeners, but failed to distinguish Solanum congeners or representatives of the Phaseolus vulgaris major gene pools. The ability of primer sets to amplify a wider range of plant species’ introns and the presence of intron polymorphisms that distinguish congeners was confirmed by in silico analysis. While mitochondrial intron variation is limited in comparison to nuclear introns, these exon-based primer sets provide robust tools for the amplification of mitochondrial introns across a wide range of plant species wherein useful polymorphisms can be identified.




Keywords: group II intron, indel polymorphism, organelle genome, PCR-based markers, plant mitochondria, single nucleotide polymorphism





Introduction

Plant genetic information is distributed among nuclear, plastid and mitochondrial genomes (Mahapatra et al., 2021; Camus et al., 2022), and genetic markers for each genome provide complementary tools for investigations of inheritance and evolution (Qiu et al., 1999; Duminil and Besnard, 2021; Besse, 2021; Camus et al., 2022). Although genome sequencing is the gold standard for such studies, convenient PCR-based markers retain utility and appeal (Egan et al., 2012; Hodel et al., 2016; Besse, 2021). The distinctive features of each genome necessitate different strategies for marker development and create different opportunities for application. Plant plastid genomes are relatively conserved in gene order, moderately conserved in coding sequences and more polymorphic with respect to introns and intergenic spacers (Wicke et al., 2011), facilitating the development of universal primers for the PCR amplification and subsequent characterization of more variable regions. Amplified plastid sequences such as rbcL, matK are the core of the DNA barcoding approach for distinguishing plant species (CBOL Plant Working Group, 2009), with the BOLD database facilitating applications (Ratnasingham and Hebert, 2007), and with intergenic spacer regions proving more variable and useful in distinguishing closer relatives (Shaw et al., 2014). Barcoding is also being combined with plastid genome sequencing for broader applicability and enhanced resolution (Tonti-Filippini et al., 2017). Plant mitochondrial markers provide an important adjunct to plastid DNA markers (Duminil and Besnard, 2021). Mitochondrial genotype can have a significant influence on plant phenotype (Bock et al., 2014; Colombatti et al., 2014; Hu et al., 2014; Dourmap et al., 2020). It is therefore important to be able to track mitochondrial contributions in sexual crosses and somatic cell fusions. Both plastid and plant mitochondrial genomes have uni-parental inheritance patterns, but these are not always concordant with respect to parent of origin (Camus et al., 2022). Moreover, horizontal gene transfer, observed in both organelle genomes, is especially prevalent in plant mitochondria (Keeling, 2009; Archibald and Richards, 2010). Plant mitochondrial gene coding sequences are, with some exceptions (Mower et al., 2007), highly conserved (Wolfe et al., 1987; Drouin et al., 2008), but genome size, gene order and intergenic sequences vary exensively between, and even within, plant species (Sloan, 2013; Gualberto and Newton, 2017). Mitochondrial restriction fragment length polymorphisms (RFLPs) are therefore readily detected within plant species (Levings and Pring, 1977; Palmer and Herbon, 1988), but the development of polymorphic PCR-based mitochondrial markers that work across a wide range of plant species is problematic. The lack of conserved gene order precludes the development of universal primer sets that will anneal to conserved coding sequences and amplify the highly polymorphic intergenic sequences.

Minisatellites and microsatellites (tandem repeats of 10 to 100, or less than 10 base pairs, respectively) identified within the sequenced mitochondrial genomes of some plant species have provided the basis for PCR-based polymorphic markers. Minisatellite repeat number polymorphisms have demonstrated intraspecific variation in Beta vulgaris, B. maritima (Nishizawa et al., 2000; Nishizawa et al., 2007), Picea abies (Sperisen et al., 2001; Bastien et al., 2003), Pinus banksiana (Godbout et al., 2005), and Pinus ponderosa (Mitton et al., 2000), as well as interspecific polymorphisms in Brassica and Oryza species (Honma et al., 2011). Interspecific, but not intraspecific, variation for a Gn microsatellite is present in the genus Pinus (Soranzo et al., 1999), whereas a compound, highly polymorphic microsatellite region reveals both intra- and interspecific variation in Abies (Jaramillo-Correa et al., 2013). Tandemly repeat mitochondrial loci are not generally conserved across diverse plant taxa and are not always polymorphic between related taxa, but recent work has identified extensive mitochondrial microsatellites among plant species (de Freitas et al., 2022; Xiong et al., 2022). These studies and databases of plant mitochondrial microsatellite repeats (Kumar et al., 2014; Sablok et al., 2015) facilitate the experimental search for loci that are polymorphic in specific taxa.

Plant mitochondrial introns present an under-explored approach for the development of more universal, PCR-based mitochondrial genome markers. PCR amplification of polymorphic introns with primers designed to conserved flanking exon sequences (Lessa, 1992) has allowed the development of nuclear genome markers in plant species having limited genomic information (Gupta et al., 2011; Li et al., 2012; Chandra et al., 2013; Kim et al., 2015) or limited genetic variability (Wang et al., 2010; Galeano et al., 2012). Angiosperm mitochondrial genomes encode 20-24 group II introns. Although sporadic intron loss is observed among evolutionary lineages, many of these introns are common to the sequenced angiosperm mitochondrial genomes (Kubo and Mikami, 2007), and flanked by conserved coding sequences that can be exploited for universal primer development. Laroche et al. (1997) surveyed the genomic sequences of six mitochondrial introns that were located within five genes and were common to five different angiosperm species and concluded that plant mitochondrial introns could provide a source of polymorphic markers. Across these species, base substitutions per site were higher within introns than within exons. Insertion-deletion (indel) polymorphisms were observed at 0.2-0.5 times the frequency of base substitutions. These sequence comparisons were made across a small set of diverse angiosperm genera, and so did not determine whether plant mitochondrial introns are commonly polymorphic between cross-compatible species or within species – situations in which polymorphisms could function as useful genetic markers. These points require investigation as correct splicing of plant organelle group II introns depends upon a complex intron secondary structure and upon RNA-protein interactions with multiple, co-evolving, nuclear-encoded splicing factors (Bonen, 2008; de Longevialle et al., 2010; Brown et al., 2014) –requirements that potentially constrain the degree of intron polymorphism that can be found among close relatives.

DNA markers based upon PCR-amplified plant mitochondrial intron sequences have proved useful in some cases. While most plant mitochondrial microsatellite and minisatellite repeats are located in intergenic regions, polymorphic examples are found within introns (Sperisen et al., 2001; Godbout et al., 2005; Jaramillo-Correa et al., 2013; Potter et al., 2013; Xiong et al., 2022). Duminil et al. (2002) designed primer pairs for the amplification of 16 different introns, based upon the mitochondrial genome sequences of Arabidopsis thaliana and Beta vulgaris. These primer sets amplify their corresponding introns in 20-28 of 28 diverse angiosperm species, and some have been investigated for polymorphisms in related species. The PCR amplified NADH dehydrogenase subunit 1 intron 2 (nad1i2), NADH dehydrogenase subunit 4 intron 1 (nad4i1) and intron 2 (nad4i2) are not polymorphic within Quercus robur, but distinguish between Q. robur and Q. rubra (Demesure et al., 1995). Notably, complex mitochondrial SSR loci analyzed across 88 genomes are especially prevalent in the introns of nad2, nad4 and nad7 genes (Xiong et al., 2022).

Mitochondrial intron polymorphisms also have utility in citrus breeding and genetics. Commercial citrus types are complex hybrids with at least three maternal lineages among them - Citrus maxima (pummelo), C. reticulata (mandarin) and C. medica (citron). The genus overall has complex taxonomy (Moore, 2001; Wu et al., 2018). Froelicher et al. (2011) amplified short, internal, regions of Citrus NADH dehydrogenase subunit 2 intron 3 (nad2i3), NADH dehydrogenase subunit 5 intron 2 (nad5i2), and NADH dehydrogenase subunit 7 intron 1 (nad7i1), with primers based upon A. thaliana and B. vulgaris mitochondrial genome sequences. Citrus and citrus relatives are polymorphic for indels in these introns, which collectively identify seven Citrus mitotypes. Intron-flanking primers designed from alignment of conserved DNA sequences flanking introns common to seven sequenced angiosperm mitochondrial genomes (Grosser, 2011) generate intron amplification products that distinguish C. maxima from C. reticulata (Satpute et al., 2015) and C. maxima from C. japonica (kumquat) (Omar et al., 2017). Here, we demonstrate the utility of these primer sets for amplification of their target introns not only in the previously studied C. maxima, C. reticulata and C. Japonica lineages, but also across diverse angiosperm species. We further investigate the amplified introns for indel and single nucleotide polymorphisms (SNPs) that distinguish mitochondrial genomes within a plant species or between congeneric plant relatives, wherein polymorphic mitochondrial markers have potential applications in studies of evolution and inheritance.





Materials and methods




Plant materials and DNA extraction

The plant materials used in this study (Table 1) were selected to explore primer amplification across across six angiosperm orders and to investigate whether intron amplification products could, at least, distinguish congener species of agricultural importance within these orders. These included two commercial Raphanus sativus mitotypes confirmed by PCR markers as described by Kim et al. (2007), representatives of the two major Phaseolus vulgaris gene pools (Bhakta et al., 2017), congener species representatives of Cenchrus, Citrus, Cynodon, Solanum and Vaccinium, along with Poncirus trifoliata, which is cross-compatible with Citrus species (Moreira et al., 2002) and considered by some to fall within the genus Citrus (Ollitrault et al., 2020). Citrus materials were from the University of Florida Citrus Research and Education Center, Lake Alfred, Florida and Harris Citrus Nursery, Lithia, FL. The Cynodon entries were from the USDA National Plant Germplasm System. The Phaseolus, Cenchrus, Solanum and Vaccinium entries were obtained from the University of Florida research programs of Dr. C.E. Vallejos, Dr. L. Sollenberger, Dr. C.E. Vallejos, and Dr. J. Olmstead, respectively. Total cellular DNA was extracted from leaf samples by a modification of the cetyl trimethylammonium bromide (CTAB) method in which 50 mg of tissue was combined with 750 μl of CTAB buffer (Murray et al., 1980) and 10 μg of DNase-free RNase A in a FastPrep™ Lysing Matrix A tube, disrupted for 40 s in a FastPrep®-24 Instrument (MP Biomedicals LLC, Santa Ana, CA) and incubated at 65°C for 5 min. Cellular and lysing matrix debris was removed by centrifugation at 13,000 xg for 10 min at room temperature. Supernatants were extracted with an equal volume of chloroform-isoamyl alcohol mixed in a ratio of 24:1. DNA was precipitated from the aqueous phase by the addition of a 2/3 volume of isopropyl alcohol and recovered by centrifugation at 13,000 xg for 10 min at room temperature. The pellets were washed in 750 μl of 70% ethanol, air dried and rehydrated in 80 ul of 1 mM Trizma base, 0.1 mM di-sodium ethylene diamine tetra acetic acid (Na2EDTA), 1 mM NaCl, pH 8. The concentration of DNA samples was determined from the absorbance at 260 nm.


Table 1 | Plant materials and intron sequence GenBank accession numbers.







DNA amplification and fractionation

The PCR primers used in this work (Table 2; Grosser, 2011) were designed against introns of the mitochondrial nad1, nad2, nad4, nad5, nad7 and cyctochrome c maturation Fc (ccmFc) genes because these introns were common to seven plant species’ mitochondrial genomes: A. thaliana (Unseld et al., 1997), B. napus (Handa, 2003), B. vulgaris (Kubo et al., 2000), N. tabacum (Sugiyama et al., 2005), O. sativa (Notsu et al., 2002), T. aestivum (Ogihara et al., 2005), and Z. mays (Allen et al., 2007). The National Center for Biotechnology Information (NCBI) accession numbers for these genomes are NC_001284, NC_002511, NC_008285, NC_006581, NC_007886, NC_007579, and NC_007982, respectively (https://www.ncbi.nlm.nih.gov/genome/organelle/, accessed 1/20/2023). Primer pairs were designed manually based upon the highly conserved coding regions flanking intron sequences or, in some cases, from conserved sequences within introns.


Table 2 | Primers for amplification and sequencing of plant mitochondrial introns.



PCR amplification reactions were performed on replicate DNA preparations made from different plants of each entry, with the exception of the two Cynodon entries. For these only a single pot culture was available, so replicate DNA extractions were prepared from the single culture of each. PCR reactions of 50 μl contained 25-100 ng of DNA, 0.2 µM of each primer, 0.125 mM dNTPs, 1.25 units of high fidelity, TAKARA EXTAQ Hot Start DNA polymerase (Clontech, Mountain View, CA) in 1X TAKARA Hot Start reaction buffer. This high-fidelity polymerase was selected due to the length of the amplified introns and the intent to sequence PCR products. Amplification was for 30 cycles of 1 min at 94°C, 2 min at 55°C, and 3 min at 72°C. Electrophoresis through 1% agarose gels was performed to survey PCR reactions for successful amplification. The DNA Hyperladder II (Bioline Inc., Cambridge, MA) was used as a size marker. Electrophoresis was at 100V for 100 min in Tris-Borate-EDTA (TBE) buffer (10 mM Trizma base, 10 mM boric acid, 2.5 mM Na2EDTA, pH 8.2). Gels were stained in 0.5 μg/ml ethidium bromide for 20 min and viewed over a UV transilluminator in a Molecular Imager® Gel Doc™ XR System (Bio Rad Laboratories, Inc. Hercules, CA). Gel images were captured with the Quantity One® 1-D Analysis Software (Bio Rad Laboratories, Inc.) and exported as.tif files. The AdvanCE™ FS96 capillary electrophoresis system (Advanced Analytical Technologies Inc., Ames, IA) was used to estimate the length of PCR amplification products in DNA base pairs (bp). Amplification products were diluted 1:15 in TE buffer (10 mM Trizma Base 1 mM Na2EDTA, pH 8) and fractionated by use of the DNF-915 dsDNA 915 Reagent Kit (Advanced Analytical Technologies Inc.) according to the supplier’s instructions. Indel polymorphisms were confirmed by electrophoresis of DNA amplification products, individually and mixed, through Criterion™ precast 5% polyacrylamide gels (Bio-Rad Laboratories Inc., Hercules, CA) run in TBE buffer for 740 Volt-h and imaged as described above.





DNA sequencing and sequence analysis

The amplification products of ccmFci1, nad5i4, nad7i1were purified for DNA sequencing through use of the QIAquick PCR Purification Kit (Qiagen Inc., Valencia, CA) according to supplier’s instructions. Purified amplification products were fully sequenced in both directions by the University of Florida Interdisciplinary Center for Biotechnology Research (ICBR) Sanger Sequencing Core Laboratory in Gainesville, FL or by Eurofins USA. Intron sequences and their corresponding GenBank Accession numbers are listed in Table 1. The sequences were aligned on the MultAlin web server (Corpet, 1988) (http://multalin.toulouse.inra.fr/multalin/, accessed 9/2/2022). Nucleotide substitutions per site (K0) were calculated by the formula of Kimura (1980) based upon pairwise alignments of sequences with all indels removed. Indels per site (I) were calculated as the number of indels in a pairwise alignment divided by the number of nucleotides in the alignment with indels removed (Laroche et al., 1997). Intron sequences found to differ between congener species were also analyzed for potential restriction fragment polymorphisms with the NEB cutter V 2.0 tool (Vincze et al., 2003) (http://nc2.neb.com/NEBcutter2/index.php, accessed 1/26/2023).





In silico prediction of intron amplification products

Prediction of intron amplification products across a wider range of plant taxa was performed through application of the Primer-BLAST tool (Ye et al., 2012) (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) to selected plant mitochondrial genomes in the NCBI organelle genome database (https://www.ncbi.nlm.nih.gov/genome/organelle/) (both accessed 1/20/2023). Genomes queried included early andiosperms Magnolia biondii (NC_049134.1) (Dong et al., 2020) and Magnolia officinalis (NC_064401) (unpublished), which could potentially differ in sequence from later diverged andiosperms. Additional orders of monocots were selected to complement the single order (Poales) investigated experimentally. These included Allium cepa male-sterilizing (KU318712.1) (Kim et al., 2016) and normal (AP018390.1) (Tsujimura and Terachi, 2018) cytoplasms representing monocot order Asparagales; Cocos nucifera (KX028885.1) (Aljohi et al., 2016) representing monocot order Arecacales; and Zostera japonica (NC_068803.1) (Chen et al., 2022) and Zostera marina (KX808392.1)(Petersen et al., 2017) representing monocot order Alismatales. Also included were dicots Silene conica (JF40490.1-JF50629.1), Silene noctiflora (KP053825.1-KP053880.1), Silene latifolia (HM562727.1) and Silene vulgaris (JF750427.1-JF750430.1). Silene is an important model genus that includes species exhibiting unusual patterns of mitochondrial genome expansion and nucleotide substitution, which potentially affect primer performance and utility. Silene conica and Silene noctiflora provide tests of primers on expanded mitochondrial genomes that exhibit accelerated nucleotide substitution rates in comparison to Silene latifolia and Silene vulgaris (Sloan et al., 2012).






Results




Mitochondrial intron amplification across angiosperm taxa

The intron primer sets (Table 2) successfully amplified the target intron in each of the 19 entries investigated (Figure 1, Table 3). PCR reactions generally produced a single major product, although additional products of low abundance were detected for some nad2i1, nad5i4 and nad7i3 amplifications (Figure 1).




Figure 1 | Mitochondrial intron lengths vary between but are conserved within plant genera. PCR amplification products of 11 plant mitochondrial introns were analyzed by polyacrylamide gel electrophoresis. M corresponds to a 100 base pair (bp) DNA ladder. DNA templates for PCR were as follows: 1) Solanum pinnellii LA716, 2) Solanum lycopersicon Bonny Best, 3) Raphanus sativus Red Velvet, 4) Raphanus sativus April Cross, 5) Cynodon dactylon Royal Cape, 6) Cynodon transvaalensis Frankenwald Fine, 7) Cenchrus americanus Tifleaf3, 8) Cenchrus purpureus Merkeron, 9) Poncirus trifoliata English Large Flower, 10) Citrus japonica Meiwa, 11) Citrus medica Etrog, 12) Citrus maxima Hirado Buntan, 13) Citrus reticulata Ponkan, 14) Citrus paradisi Ruby Red, 15) Citrus sinensis Valencia, 16) Vaccinium virgatum Tifblue, 17) Vaccinium corymbosum Blue Crop, 18) Phaseolus vulgaris Calima, 19) Phaseolus vulgaris Jamapa.




Table 3 | Intron PCR product lengtha estimated by Advance™ capillary electrophoresis.



The increasing number of complete plant mitochondrial genome sequences enabled investigation of the potential for these primer sets to amplify target introns in additional taxa. Primer-BLAST analysis of selected fully sequenced mitochondrial genomes predicted successful application of the introns in early angiosperms represented by Magnolia biondii and Magnolia officionalis; additional orders of monocots represented by Allium cepa, Cocos nucifera, Zoster japonica and Zoster marina; and an additional order of dicots represented by Silene conica, Silene latifolia, Silene noctifolora and Silene vulgaris (Table 4). Of the 121 primer-accession combinations tested, 79 predicted a single amplification product produced by perfectly matched primers. An additional 18 combinations predicted a single amplification product produced by primers with only one or two mis-matched nucleotides between the target genome and primer set. The 11 primer sets are therefore predicted to be useful for the amplification of mitochondrial introns across the angiosperms. Primers were predicted to be less effective for plant mitochondrial genomes that exhibit exceptionally high rates of genome expansion and nucleotide substitution. Silene conica and Silene noctiflora represent expanded mitochondrial genomes with accelerated nucleotide substitution rates in comparison to Silene latifolia and Silene vulgaris (Sloan et al., 2012). While all primer sets were predicted to amplify single products in Silene latifolia and Silene vulgaris, most primer sets predicted multiple, weak matches to Silene conica and Silene noctiflora. Nevertheless, 3-4 primer sets were still predicted to work well for these two templates (Table 4).


Table 4 | Intron PCR product length predicted by Primer-BLASTa.







Intron length polymorphisms

The fractionation of experimentally produced intron amplification products by gel electrophoresis (Figure 1) and AdvanCE™ FS96 capillary electrophoresis (Table 3) demonstrated significant intron length variation among diverse angiosperm genera, in agreement with primer-BLAST observations (Table 4). Intron lengths, as estimated by the AdvanCE™ capillary technique, varied across genera by as few as 40 nucleotides in the case of nad5i1 to as many as 539 nucleotides in the case of nad7i2. This was excluding the extreme size (4284 nucleotides) of Phaseolus ccmFci1, which likely reflects a split intron. Length polymorphisms between congener species were, however, few in number and challenging to detect by electrophoresis. The well-to-well variation of the AdvanCE™ FS96 precluded use of length values to detect small indel polymorphisms in relatively large DNA amplification products. Length polymorphisms were identified by fractionation of amplification products on polyacrylamide gels (Figure 1) and confirmed by acrylamide gel electrophoresis of PCR product mixtures (Figure 2) for congeners of Cenchrus (ccmFci1 and nad2i4), Cynodon (nad7i2) and Citrus (nad7i1 and nad7i2) species. Intron length polymorphisms are summarized in Table 5. The three Citrus maternal lineages and C. japonica were individually distinguished by the combination of nad7i1 and nad7i2 polymorphisms. C. paradisi (grapefruit) and C. sinensis (orange) were not distinguished from their respective C. maxima and C. reticulata maternal lineages. Citrus species were distinguished from P. trifoliata by length polymorphisms in ccmFci1, nad2i1, nad7i1, and nad7i2. Electrophoresis did not, however, distinguish the introns of the two Vaccinium or Solanum species, Phaseolus gene pools, or Raphanus sativus mitotypes.




Figure 2 | Mitochondrial intron length polymorphisms that distinguish related species. PCR amplification products of mitochondrial introns were separated by polyacrylamide gel electrophoresis. PCR products were analyzed individually and as mixtures to confirm the indel polymorphisms. M corresponds to a 100 base pair (bp) DNA ladder. DNA templates for PCR were as follows: 1) Cynodon dactylon Royal Cape, 2) Cynodon transvaalensis Frankenwald Fine, 3) Cenchrus americanus Tifleaf3, 4) Cenchrus purpureus Merkeron, 5) Poncirus trifoliata English Large Flower, 6) Citrus japonica Meiwa, 7) Citrus medica Etrog, 8) Citrus maxima Hirado Buntan, 9) Citrus reticulata Ponkan. Polymorphisms between Cenchrus spp. were confirmed for ccmFci1 and nad2i4 and between Cynodon spp. for nad7i2. CcmFci1, nad2i1, and nad7i1 polymorphisms differentiated P. trifoliata (5) from Citrus species (7-9). Nad7i1 also distinguished C. reticulata (9) from C. japonica, C. medica and C. maxima (6-8), whereas nad7i2 polymorphisms distinguished P. trifoliata, C. maxima and C. reticulata (5, 8, 9) from C. japonica and C. medica (6, 7).




Table 5 | Experimentally identified intron length polymorphisms between congener species.



Primer-BLAST demonstrated that short length polymorphisms often distinguish congener species’ mitochondrial introns (Table 4). In Allium, introns differing by 8, 10 and 28 nucleotides distinguished the male sterilizing cytoplasm, derived by interspecific introgression (Manjunathagowda et al., 2021), from the normal cytoplasm. Magnolia biondii and Magnolia officinalis varied in seven introns with length differences ranging from 6 to 46 nucleotides. Silene vulgaris differed from Silene latifolia in nine introns having length variations ranging from 4-24 nucleotides. Zoster japonica and Zoster marina were polymorphic with respect to length in eight introns. While five of these differences ranged from 3-61 nucleotides, length polymorphisms of 316, 320 and 276 nucleotides were predicted for ccmFci1, nad2i4 and nad7i3, respectively. DNA sequence information clearly allows detection of mitochondrial intron length polymorphisms that distinguish related plant species.





Intron sequence analysis

CcmFci1, nad5i4 and nad7i1 introns amplified from 16 entries were sequenced to further characterize indels detected by electrophoresis and to search for additional indels, along with SNPs (Figures S1, S2, and S3, respectively). Citrus sinensis (sweet orange with the C. reticulata maternal lineage) was not included, and heteroplasmy or seed mixtures in the two commercial Raphanus sativus accessions precluded obtaining quality sequences for comparison of these two mitotypes within this species. With respect to intra-species variation, nad5i4 and nad7i1 sequences did not distinguish the two gene pools of Phaseolus vulgaris. The Phaseolus ccmFci1 shared 632 5’ nucleotides and 133 3’ nucleotides with other species separated by a 3353 nucleotide insertion (Figure S1B). The two Phaseolus accessions were polymorphic for one SNP and a 4 base indel within the 3353 nucleotide insertion, but were not polymorphic with respect to the intron regions. Moreover, the three C. paradisi introns were not polymorphic with respect to those of their C. maxima maternal ancestor. Sequencing further characterized indels detected by gel electrophoresis and revealed additional length polymorphisms (Table 5). The ccmFci1 length polymorphism differentiating P. trifoliata from Citrus entries was due to separate deletions of 8, 9, and 17 nucleotides in P. trifoliata compared to Citrus (Figure S1A). Similarly, the polymorphism in nad7i1 was caused by separate deletions of 9, 8, and 9 nucleotides in P. trifoliata relative to C. maxima, C. medica and C. japonica. C. reticulata shared the 8 nucleotide deletion with P. trifoliata, while C. medica carried a unique 8 nucleotide deletion (Figure S3). The ccmFci1 sequence distinguishing Cenchrus congeners was a 4 nucleotide indel (Figure S1A). Additional length polymorphisms identified by sequencing included a 4 nucleotide nad5i4 indel that distinguished Cynodon congeners (Figure S2) and a 4 nucleotide nad7i1 that distinguished Cenchrus congeners (Figure S3). Sequencing did not reveal indel polymorphisms between Vaccinium or Solanum congeners.

Sequences of three introns identified only nine SNPs that distinguished congener species (Table 6). The nad5i4 sequence alignment (Figure S2) revealed a SNP that distinguished V. corymbosum from V. virgatum. This was the only Vaccinium polymorphism identified in this study. Three nad5i4 SNPs distinguished C. dactylon from C. transvaalensis (Figure S2). In addition to the nad7i1 indels, a nad7i1 SNP was found to distinguish C. reticulata from other Citrus species (Figure S3). Of the nine SNPs, only one was a C/T difference that could possibly be erased at the RNA level by plant mitochondrial C-to-T RNA editing. In these comparisons, the frequency of SNPs per site (K0) within genera was low - zero in the case of ccmFci1. The average K0 for nad5i4 and nad7i1 in congeneric species comparisons was 0.03 and 0.01, respectively, that of comparisons among dicot genera (Table 7). The frequency of indels per site (I) within genera was also low, 0.02-0.10 of I for comparisons among dicot genera (Table 7).


Table 6 | Intron nucleotidea polymorphisms between congener species.




Table 7 | Average nucleotide substitutions (K0) and indels (I) per site within genera and between dicot generab.



While sequence analysis is the most direct means of identifying length and SNP variation in amplified introns, these polymorphisms also create restriction pattern differences. Analysis of sequenced introns with NEB Cutter (Table S1) associated unique restriction patterns with the variant alleles reported in Tables 5 and 6. The only exception was the SNP that distinguished Vaccinium corymbosum and Vaccinium virgatum nad5i4 created no RFLPs across the 112 enzymes predicted by the NEB Cutter tool to cut these templates.






Discussion




Universal primers for amplification of plant mitochondrial introns

The 11 PCR primer sets used in this work demonstrated robust amplification of the target mitochondrial introns across 16 species representing eight plant genera and seven plant orders. Primer-BLAST analysis with these same primer sets predicted successful amplification of mitochondrial introns from early angiosperms and additional orders of monocots and dicots. This expands and improves the available universal primers for plant mitochondrial introns (Demesure et al., 1995; Dumolin-Lapegue et al., 1997; Duminil et al., 2002). Aleksić (2016) found limited applicability of previously developed universal mitochondrial primers to legume (Fabaceae) species and suggested family-specific primers as a more practical approach. The primer sets employed here successfully amplified the mitochondrial introns of P. vulgaris as a representative legume. Previous universal primer design strategies (Duminil et al., 2002; Froelicher et al., 2011) utilized mitochondrial sequences conserved between A. thaliana and B. vulgaris only. Primer design based on conserved introns and flanking sequences from seven plant species (Grosser, 2011) likely contributed to the extended applicability of the current primer sets. Although most plant species’ mitochondrial genomes evolve slowly with respect to coding sequences (Wolfe et al., 1987; Palmer and Herbon, 1988), plant genera containing taxa with widely varying rates of mitochondrial nucleotide substitution have been identified (Cho et al., 2004; Parkinson et al., 2005; Mower et al., 2007; Sloan et al., 2009). Primer-BLAST analysis did predict that some, but not all, of the 11 primer sets would work reliably on the Silene species having rapidly evolving mitochondrial coding sequences. A further complication with Silene conica and Silene noctiflora is that their highly expanded genomes apparently contain multiple, degenerate targets for the intron flanking primers (Table 4).





Intron polymorphism between and within genera

Mitochondrial intron length polymorphisms detectable by electrophoretic techniques were frequently observed between genera, whereas comparisons within genera revealed primarily short intron length variations. Large indels are therefore tolerated within introns, but rates of such variation are low within genera. These contrasting observations likely reflect the evolutionary processes that shaped modern plant organellar group II introns from their self-splicing, progenitor introns. On the one hand, altered intron sequences combined with novel nuclear and organelle-encoded splicing factors to maintain competence for splicing while shifting away from the group II ribozymic, self-splicing structures (Bonen, 2008; Brown et al., 2014). At the same time, the requirement for splicing factors to evolve in concert with the intron structure likely constrained variants that can be successfully spliced (de Longevialle et al., 2010; Zimmerly and Semper, 2015). Plant organelle introns retain significant common structural features (Bonen, 2008). Moreover, they reside within genes essential to photosynthesis or respiration, creating selective pressure for the maintenance of efficient splicing (Brown et al., 2014; Zimmerly and Semper, 2015; Best et al., 2020). Arrays of protein factors are required for the splicing of plastid and mitochondrial introns. These include members of the maturase family, descended from the maturases encoded in ribozymic, self-splicing group II introns (Schmitz-Linneweber et al., 2015), along with APO, CRM, PORR, PPR and TERF families of RNA binding proteins. With the exception of one plastid and one mitochondria-encoded maturase, these proteins are encoded by the nuclear genome and imported into the organelles where they act in combinatorial fashion for the splicing of particular introns or groups of introns (de Longevialle et al., 2010; Brown et al., 2014; Zimmerly and Semper, 2015; Wang et al., 2022). The complexity and specificity of this process may explain the lack of large intron indels found within genera.

The plant mitochondrial intron length differences between congener species as predicted by by Primer-BLAST averaged 17 nucleotides, excepting the three Zoster introns with larger differences. The experimentally characterized indels that distinguished congeners or cross-compatible species averaged less than 10 nucleotides in length, necessitating high-resolution acrylamide gels or DNA sequencing for discernment. Gel-resolved intron length polymorphisms differentiated Citrus, Cenchrus, and Cynodon congeners, but intron sequencing provided a more accurate picture of indel polymorphisms. The nad7i1 amplicons of C. medica and C. reticulata, for example, carried different indels of the same length. Even when larger intron size differences were apparent within genera, sequencing revealed them to result from multiple short indels. This is consistent with prior reports that short indels (1-10 bp) comprise greater than 50% of indels in plant mitochondrial introns and probably originate from slipped strand mispairing events during replication (Laroche et al., 1997).

For each of the three introns sequenced in the present study, the average frequency of nucleotide substitutions per site (K0) was also low within genera, but SNPs that distinguished congeners of Citrus, Cynodon, Cenchrus, and Vaccinium were identified. These can serve as useful markers through workflows such as cleaved amplified polymorphic sequence (CAPS), PCR combined with sequencing, or amplification refractory mutation analysis strategies (Lo, 1998; Ciarmiello et al., 2013). With one exception, SNPs and short indels that distinguished congeners’ introns also created CAPS markers (Table S1). More broadly, K0 values for comparisons between Citrus, Vaccinium and Solanum as representative dicot genera (Table 7) were similar to those reported by Laroche et al. (1997) for comparisons of six mitochondrial introns between two to three dicot genera. In the present study, K0 values for intron sequence comparisons between congeneric species were 0.01-0.03 times those for comparisons between dicot genera. The low nucleotide substitution rates likely result from the low frequency of nucleotide substitutions characteristic of most plant mitochondrial genomes, typically three to ten times lower than nuclear nucleotide substitution rates (Wolfe et al., 1987; Palmer and Herbon, 1988; Drouin et al., 2008).

The limited variation of mitochondrial introns within plant genera contrasts with the extensive diversity of nuclear introns, which show a high frequency of length and substitution polymorphisms within species of Oryza (Wang et al., 2005), Solanum (Wang et al., 2010), Allium (Jayaswal et al., 2019) and Medicago (Shilpa and Lohithaswa, 2021) among others. While no mitochondrial intron polymorphisms distinguished Solanum lycopersicum from S. pennellii, two studies document extensive nuclear intron polymorphisms within Solanum lycopersicum (Van Deynze et al., 2007; Wang et al., 2010). Organellar group II introns are considered the ancestors of nuclear introns, which lack folding constraints because they share the use of spliceosomal RNAs that have taken on the functions of the group II intron domains (Sharp, 1991). The spliceosome is a complex that is highly malleable in order to accommodate diverse exon ends and alternative splicing, perhaps permitting more varied intron sequences (Chen and Moore, 2014).





Application of plant mitochondrial intron polymorphisms

When present, organelle intron polymorphisms have valuable applications for determining inheritance in sexual crosses or somatic hybridizations. The markers investigated in this study have proved useful for determining organelle inheritance in Citrus cybrids. Cybrids are produced spontaneously as a by-product of protoplast fusion and are characterized by the diploid nuclear genome of the mesophyll fusion partner, the mitochondrial genome of the embryogenic callus partner, and random inheritance of chloroplast DNA (Grosser et al., 1996; Cabasson et al., 2001; Guo et al., 2004; Guo et al., 2013). This contrasts with typical protoplast fusion products, which possess tetraploid nuclei inherited from both parents. Cybrids provide a means to quickly create novel combinations of nuclear and organellar genotypes and to evaluate their phenotypic consequences. Specific organelle genotypes are associated with beneficial traits in cybrids. For example, grapefruit cybrids with mandarin mitochondrial DNA exhibit an extended season of high-quality fruit (Satpute et al., 2015), whereas grapefruit cybrids with kumquat plastid DNA exhibit increased resistance to citrus canker regardless of mitochondrial origin (Omar et al., 2017). The nad7i1 and nad7i2 primer sets (Table 2) were utilized, respectively, for verification and characterization of mitochondrial DNA inheritance in these two sets of cybrids, illustrating application for mitochondrial intron markers.

The currently reported nad7i1 marker overlaps with and confirms one of the three markers that Froelicher et al. (2011) demonstrated to be polymorphic in Citrus. Because our primer set amplified the entire intron, a new SNP was added to the previously published indels. Moreover, the list of intron markers polymorphic for Citrus species was expanded to include nad7i2, ccmFc, and nad2i1. The additional polymorphic markers did not, however, further distinguish differences within the seven citrus mitotypes identified by Froelicher et al. (2011). For example, C. maxima and its maternal derivative C. paradisi remained indistinguishable for all introns sequenced in this study.

Due to the lack of conserved gene order among plant mitochondrial genomes, often even between closely related taxa, assembling plant mitochondrial genome sequences presents special challenges and can preclude the universal application of intergenic sequences for distinguishing between closely related groups (Duminil and Besnard, 2021). Mitochondrial intron markers have demonstrated applicability in studies of population genetics, genotype characterization, detection of past hybridizations, and biogeographic studies of gene pool distributions (Ciarmiello et al., 2013; Aizawa et al., 2014; Xiang et al., 2014; Kersten et al., 2015). The current study documents a widely applicable set of primers for the mitochondrial marker toolbox and provides insights into the conservation and variation of plant mitochondrial introns.
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The production of Brassica oleracea, an important vegetable crop, is severely affected by black rot disease caused by the bacterial pathogen Xanthomonas campestris pv. campestris. Resistance to race 1, the most virulent and widespread race in B. oleracea, is under quantitative control; therefore, identifying the genes and genetic markers associated with resistance is crucial for developing resistant cultivars. Quantitative trait locus (QTL) analysis of resistance in the F2 population developed by crossing the resistant parent BR155 with the susceptible parent SC31 was performed. Sequence GBS approach was used to develop a genetic linkage map. The map contained 7,940 single nucleotide polymorphism markers consisting of nine linkage groups spanning 675.64 cM with an average marker distance of 0.66 cM. The F2:3 population (N = 126) was evaluated for resistance to black rot disease in summer (2020), fall (2020), and spring (2021). QTL analysis, using a genetic map and phenotyping data, identified seven QTLs with LOD values between 2.10 and 4.27. The major QTL, qCaBR1, was an area of overlap between the two QTLs identified in the 2nd and 3rd trials located at C06. Among the genes located in the major QTL interval, 96 genes had annotation results, and eight were found to respond to biotic stimuli. We compared the expression patterns of eight candidate genes in susceptible (SC31) and resistant (BR155) lines using qRT-PCR and observed their early and transient increases or suppression in response to Xanthomonas campestris pv. campestris inoculation. These results support the involvement of the eight candidate genes in black rot resistance. The findings of this study will contribute towards marker-assisted selection, additionally the functional analysis of candidate genes may elucidate the molecular mechanisms underlying black rot resistance in B. oleracea.





Keywords: 
Brassica oleracea
, black rot, quantitative trait loci, genotyping by sequencing, linkage map, 
Xanthomonas campestris pv. campestris








1 Introduction



Brassica oleracea is a plant species that includes several popular vegetables such as broccoli, cauliflower, kale, Brussels sprouts, and cabbage, which are grown and consumed worldwide. Black rot is one of the most prevalent diseases among these crops, caused by the bacterial pathogen Xanthomonas campestris pv. campestris (Xcc). Xcc affects B. oleracea crops, causing significant economic losses and reducing production performance and quality (Dhar and Singh, 2014). The disease can be transmitted through infected seeds, infested soil, crop residues, and various environmental and mechanical means (Vicente and Holub, 2013). Xcc can infect plants at any stage of development and enter through hydathodes, wounds, and other entry points. Symptoms include V-shaped yellow lesions progressing from the leaf margins to the middle vein, darkening of the veins and vascular tissue, premature leaf fall, and stunted growth (Agrios and Dawson, 2004). Xcc has 11 physiological races (Vicente et al., 2001; Cruz et al., 2017), with races 1 (R1) and 4 (R4) being the most aggressive and predominant worldwide (Lema et al., 2012; Vicente and Holub, 2013). Control management for black rot is limited but includes copper application, crop rotation, crop debris, cruciferous weed removal, seed treatment, and cultivation of resistant cultivars (Vicente and Holub, 2013). Among all, growing Xcc-resistant cultivars can help achieve sustainable and effective disease control. However, according to previous reports, the R genes that confer resistance to R1 are present in the B genomes of Brassica carinata (BBCC), Brassica juncea (AABB), and Brassica nigra (BB) (Vicente et al., 2001; Taylor et al., 2002). Currently, no major genes have been identified to be responsible for resistance to black rot in cabbage cultivars. The black rot resistance of most B. oleracea lines is considered to be under quantitative control (Taylor et al., 2002; Lema et al., 2012).


The identification of Quantitative Trait Loci (QTL) associated with black rot resistance in cabbage has been a subject of research for several years. Since Xcc R1 and R4 are considered the most virulent and widespread races in B. oleracea, several studies have been conducted to identify the R-genes/QTLs and markers linked to black rot (Xcc R1 and R4) resistance in B. oleracea. Sharma et al. identified the black rot resistance locus Xca1bc on LG B-7 in Indian mustard (Brassica carinata). They also reported that a single dominant gene controls black rot resistance in B. carinata (Sharma et al., 2016). Two sequence characterized amplified region (SCAR) markers, ScOPO-04833 and ScPKPS-11635, were identified in close linkage with the black rot resistance locus (Xca1Bo) in cauliflower and showed 100% accuracy in differentiating the resistant and susceptible plants of cauliflower breeding lines (Kalia et al., 2017). The identification of QTLs related to resistance to R1 of Xcc in cabbage has been a subject of research for several years (Camargo et al., 1995; Doullah et al., 2011; Kifuji et al., 2012; Tonu et al., 2013; Lee et al., 2015; Afrin et al., 2018; Iglesias-Bernabe et al., 2019). QTLs controlling the resistance to Xcc R1 have been mapped, and two significant QTLs have been identified in LG2 and LG9 in B. oleracea (Camargo et al., 1995; Doullah et al., 2011; Tonu et al., 2013). Kifuji et al. reported a QTL for black rot resistance located on LG C02, which comprises the major QTL in cabbage (Kifuji et al., 2012). Furthermore, researchers have mapped the Xcc R1 resistance locus, Xca1bo, on chromosome 3 in Indian cauliflowers using bulk segregant analysis, while several random amplified polymorphic DNA (RAPD) markers have been linked to Xcc R1 resistance locus (Saha et al., 2014a; Saha et al., 2014b). Lee et al. reported a genetic linkage map where they improved the resolution of a previously developed genetic map, and QTL analysis identified one major (BRQTL-C1_2) and three minor QTLs (BRQTL-C1_1, BRQTL-C3, and BRQTL-C6) (Lee et al., 2015). Iglesias-Bernabé et al. measured five traits related to the initial stages of invasion, success of infection, and spread of the pathogen in a BolTBDH mapping population and identified four single-trait QTLs that confirmed the quantitative nature of Xcc R1 resistance in linkage groups 1, 6, 8, and 9 (Iglesias-Bernabe et al., 2019).


In a previous study (Lu et al., 2021), we selected an Xcc-resistant line, Black rot Resistance 155 (BR155), and a susceptible line, SC31, by comparing symptom development. Using these two cabbage lines, we studied the early defense mechanisms of B. oleracea in response to Xcc infection and found that BR155 had a relatively strong antioxidant activity. These results suggest that regulating ROS accumulation during early Xcc–cabbage interactions may be essential for restricting symptom development. In this study, to identify QTLs for Xcc R1 resistance in BR155, we used a reference-based genotyping by sequencing (GBS) approach for single nucleotide polymorphism (SNP) identification and genotyping of a mapping population. The identified SNPs were used to construct linkage maps and to detect loci associated with black rot resistance.






2 Methods





2.1 Plant materials


In a previous study, two inbred cabbage lines (Brassica oleracea L. var. capitate), SC31 and BR155, showed susceptibility and high resistance to Xcc R1, respectively (Lu et al., 2021). In the current study, they were utilized as parents to generate a segregating population (F1, F2, and F2:3). A total of 126 F2 individuals were generated and self-pollinated to generate F2:3 progenies, and the F2 and F2:3 populations were used for genotyping and phenotypic evaluation, respectively. The parental lines and F1 and F2 plant materials examined in this study were obtained from Joeun Seeds Co. (Chungcheongbuk-Do, Korea), and F2 progenies were self-pollinated to produce seeds of F2:3 progenies in a greenhouse facility located at Chungnam National University.






2.2 Phenotypic screening and disease evaluation



Xanthomonas campestris pv. campestris KACC 10377 (Xcc R1) was used for the inoculation tests in this study, which was obtained from the Korean Agricultural Culture Collection (KACC; Suwon, Korea). The inoculum and inoculation protocol was conducted as described previously (Lee et al., 2020) with minor modification. Shortly, using an inoculating loop, the bacterial inoculum was streaked over tryptic soy agar (TSA) plates and incubated for 48 hours at 30°C. To prepare the bacterial solution for inoculation, cultivated bacteria were suspended in distilled water and diluted to an optical density (OD) of 0.125 at 600 nm. F2:3 seeds were sown and grown on 5×8-cell plug trays in a greenhouse. At 14–17 days after sowing, inoculation tests were performed until the plants had two completely expanded true leaves. The leaves were inoculated by spraying a bacterial suspension until the adaxial and abaxial surfaces of the leaves were sufficiently moistened. Subsequently, the inoculated plants were kept at a temperature of 28°C and high humidity for 48 h. Then, the temperature was adjusted to 25°C and other conditions were kept constant for a further 7 days of incubation, and the disease symptoms in two inoculated leaves of each plant were surveyed. The severity of the black rot symptoms was determined based on the infected leaf area using the following disease indexes: (0) no visible symptoms (immune I), (1) 1–25% infection (resistant, R), (2) 26–50% infection (moderately resistant MR), (3) 51–75% infection (moderately susceptible, MS), (4) 76–99% infection (susceptible, S), (5) 100% infection (highly susceptible, HS) (Peňázová et al., 2018).






2.3 Statistical analysis


SPSS software (v. 26.0, IBM, Armonk, NY, USA) was used for descriptive statistics and correlation analyses of each trial. The mean values of the three trials for each test were used to conduct correlation analyses. The coefficient of variation was calculated as σ/µ, where σ represents the standard deviation and µ represents the average.






2.4 GBS library preparation, sequencing, and SNP calling


To construct the GBS library for sequencing, the genomic DNAs of the parental lines and F2 population were isolated from their young leaf tissues via the modified CTAB method. The quantity and quality of the DNA were examined using a NanoDrop ND-1000 (Thermo Fisher Scientific Inc., USA) and agarose gel (1.5%) electrophoresis. For GBS analysis, a library was constructed using 128 genomic DNAs belonging to two parent lines and 126 F2 populations. The library construction was outsourced to SEEDERS sequencing company (Daejeon, Korea; http://www.seeders.co.kr/). Briefly, construction of the GBS library involved the following steps: adaptor annealing, digestion of genomic DNA using ApeKI (New England Biolabs, Ipswitch, MA, USA) restriction enzyme, pooling and purification of ligated products, and PCR amplification. The size distribution of the templates was confirmed by analyzing the PCR-enriched fragments on an Agilent Technologies 2100 Bioanalyzer with a DNA 1000 chip. The quality was then assessed through agarose gel electrophoresis. The barcode sequence was used to separate the raw sequences into individual samples, after which the adapter sequence was removed, trimming the sequence quality. We used cutadapt v.1.8.3 (Martin, 2011) for adapter trimming and the Dynamic Trim (phred score ≥ 20) and the LengthSort (short read length ≥ 25 bp) programs of the SolexaQA v.1.13 package for sequence quality trimming (Cox et al., 2010). To ensure accuracy, we used the consensus sequence of SC31 samples obtained through mapping on the corresponding reference genome (Brassica oleracea, v.2.1.28; EnsemblPlants, http://plants.ensembl.org/index.html) in resequencing as the reference sequence for analysis. This decision was made due to significant differences between the reference genome and the germplasm of the population being studied. Subsequently, the clean reads of each F2 individual were aligned to the SC31 consensus sequence reference sequence using the Burrows-Wheeler Aligner (BWA) program v.0.6.1-r104 (Li and Durbin, 2009). To create an SNP matrix, we compared the raw SNPs from 126 samples using SEEDERS’ in-house script (Kim et al., 2014). Subsequently, the SNPs were classified into homozygous (SNP read depth ≥ 90%), heterozygous (40% ≤ SNP read depth ≤ 60%), and others (homozygous/heterozygous; could not be distinguished by type), followed by SNP filtering (
Table S1
).






2.5 SNP genotyping and bin construction


Although GBS can rapidly detect thousands of SNPs, not all SNPs detected by GBS can be used to construct genetic maps for genotyping F2 populations. The noise present in sequencing reads can impact the construction of the linkage map. We conducted the chi-square (χ2) test on all SNPs to assess any potential segregation distortion, and SNPs with a segregation distortion test score of p < 0.05, or those with an abnormal base, were removed from the dataset. Additionally, any genotypes with more than 5% deletions were removed, along with corresponding individuals. Finally, we marked specific SNP positions that can be used for calling SNPs in F2 individuals. The genotype of F2 individuals was converted to 2 if the SNP was the same as SC31, the genotype of F2 individuals was converted to 0 if the SNP was the same as BR155, and the genotype of F2 individuals was converted to 0 if the SNP was the same as F1. A sliding-window approach was applied for variant calling errors to calculate the ratio of SNP alleles derived from the two parental lines, BR155 and SC31 (Huang et al., 2009). Genotypic data were scanned using a window size of 15 SNPs and a step size of 1. For each individual, the ratio of the SNP alleles from BR155 to SC31 within the window was calculated. Windows with a sum of 15 SNPs were greater than 24, which were considered from SC31, and less than 6, which were considered from BR155, whereas those with varied sums were classified as heterozygous. Adjacent windows with the same genotype were combined into blocks, and recombinant breakpoints were assumed to be at the boundaries of adjacent blocks with different genotypes. Next, a bin map was generated by aligning and comparing the genotypic maps of individual F2 plants. Consecutive intervals lacking a recombination event within the population were joined into bins that were used as markers. This process was performed using an R script.






2.6 Genetic map construction and QTL mapping


A linkage map was established from the recombination bins that were used as genetic markers via the JoinMap version 5.0 software (https://kyazma.nl/). The Kosambi mapping function was used to convert the recombination frequencies into genetic distances. The disease index for each F2 individual was calculated as the mean grade of 10–15 F2:3 seedlings. QTLs for Xcc resistance were evaluated using a composite interval mapping (CIM) analysis with WinQTL cartographer version 2.5 (Zeng, 1994; Rifkin, 2012).






2.7 RNA extraction and gene expression analysis by quantitative real-time PCR


The infected zones of the leaves were collected at 0, 12, 24, and 48 h after inoculation. For each time point, samples from five leaves were combined and considered biological replicates. The leaves were ground into a powder in liquid nitrogen. Total RNA was extracted using the RNeasy® Plant Mini Kit (Qiagen, Hilden, Germany), following the manufacturer’s instructions. The extracted RNA was purified using RNeasy® Plant Mini Columns (Qiagen, Hilden, Germany). cDNAs was synthesized using 1 μg of total RNA. A real-time PCR detection system (Bio-Rad, Hercules, CA, USA) with TB Green® Premix Ex Taq ® (TaKaRa Bio) was used to quantify the gene expression. Sequences of the gene-specific primers used for quantitative real-time PCR (qRT-PCR) are presented in 
Supplementary Table S5
. The internal standard used was 18S rRNA. Each experiment was performed at least thrice. The 2−ΔΔCt method was used to quantify the relative transcript level (Livak and Schmittgen, 2001).






3 Results


3.1 Evaluation of resistance to black rot


We observed phenotypes 7 days after the Xcc R1 inoculation of parental lines (SC31 and BR155) and 126 F2:3 plants in three environments to evaluate black rot resistance (
Figure 1
). The average disease score from 10 to 15 plants for F2:3 plants was considered as the disease score of each F2:3 individual (
Table S2
). Inoculation tests were repeatedly carried out in the summer and fall of 2020, and in the spring of 2021 under the same conditions (
Figure 2
). The frequency distribution of the black rot disease index of the F2:3 population under the two different environmental conditions appeared to be approximately normally distributed in separate experiments, indicating that the black rot resistance phenotype was governed by multiple genes (
Figure 2
). The correlation coefficients among the three trials were calculated (
Table 1
). As a result of the correlation analysis between the three trials using 128 cabbage samples (parents and F2:3), the second and third trials had a positive correlation of approximately 0.66 at the level of α = 0.001 (***). On the other hand, the first and third trails had a negative correlation of roughly -0.20 (
Table 1
).





Figure 1 | 
Representative black rot disease symptoms on leaves of cabbage after spraying with Xcc R1 suspension (OD600 = 0.125). The severity of the black rot symptoms was recorded based on infected leaf area, with the following disease indices: (0) no visible symptoms, (1) 1–25% infection (resistant, R), (2) 26–50% infection (moderately resistant MR), (3) 51–75% infection (moderately susceptible, MS), (4) 76–99% infection (susceptible, S), (5) 100% infection (highly susceptible, HS).









Figure 2 | 
Frequency distribution of black rot disease index of F2:3. (A–C) represent the inoculation test result from summer 2020, fall 2020, and spring 2021, respectively. The curve indicates normal distribution.







Table 1 | 
Phenotypic correlation for black rot disease index over summer 2020, fall 2020, and spring 2021.










3.2 Whole-genome resequencing of two cabbage parental lines and SNP detection by GBS


The whole-genome sequencing data contained 68 and 67 million raw reads for BR155 and SC31, respectively (
Table S3
). According to Parkin et al., the genome sequence for B. oleracea is 488.6 Mb, consisting of 446.9 Mb of nine pseudo-chromosomes and 41.2 Mb of unanchored scaffolds, accounting for approximately 75% of the estimated genome size of 648 Mb (Parkin et al., 2014). Our new sequencing data was approximately 24 times the genome size for both parent lines. We successfully mapped each set of paired reads onto the nine pseudo-chromosomes of the reference genome sequence. Of the raw reads obtained, 70.74% and 74.67% from BR155 and SC31, respectively, were successfully aligned to the reference genome, which resulted in a mapped region of 72.44% and 78.39% for BR155 and SC31, respectively (
Table S3
). The total number of SNPs and average SNP densities varied between the two parental lines. High-quality SNPs were identified in both BR155 and SC31, with approximately 1.02 million and 0.26 million SNPs, respectively. These SNPs were merged and used to detect SNPs between the two parental lines (
Table 2
).



Table 2 | 
Distribution of SNPs on the B. oleracea genome.






For the genome-wide detection of SNPs in cabbage using GBS, the restriction enzyme ApeKI was used to digest genomic DNA and construct GBS libraries of the F2 plants and parents of the intraspecific mapping population (BR155 and SC31). Sequencing was performed on an Illumina high-throughput sequencing platform (Illumina HiSeq X sequencer), and a total of 1,501,825,142 raw sequence reads corresponding to 226.78 GB of sequence length were generated. The raw data contained an average of 97.11% of demultiplexed reads, with the overall GC content of the sequences being approximately 47.66%, And the Q30 score was approximately 91.29%. Raw SNPs were detected by sequence pre-processing and alignment to the SC31 consensus sequence, and a matrix containing 304,184 SNPs was obtained. The SC31 sequence was aligned to the B. oleracea (TO1000) sequence to determine the physical position of each SNP. Based on the filtering process, 27,403 polymorphic SNPs were identified in the cabbage F2 population (
Table 2
). SNPs were distributed across all nine B. oleracea chromosomes, as illustrated in 
Figure 3
 and 
Table 3
.





Figure 3 | 
Distribution of identified SNPs on nine B. oleracea chromosomes. Distribution of SNPs detected on each B. oleracea chromosome (100 kb window size) was visualized using Circos diagram-Perl script. The outermost circle represents nine B. oleracea chromosomes designated as “C01-C09”. Panels as seen from outside to inside: (a) gene density, (b) raw SNPs, (c) filtered SNPs, and (d) selected SNPs for mapping on each chromosome.







Table 3 | 
Distribution of bin markers on the cabbage genetic map.










3.3 Development of the linkage map for Brassica oleracea



After filtering the SNPs according to the genotyping criteria, 7,940 high-quality SNPs were identified between the two parents to generate bin markers for the F2 population (
Table 3
). A modified sliding window approach was adopted to determine the recombinant breakpoints for the F2 individuals. The adjacent bins of the same genotype were merged into identical bins. A high-density genetic linkage map was constructed using 1,020 recombination bins (
Figure 4
, 
Table 3
). The total genetic distance of the linkage map was 675.64 cM with an average distance of 0.66 cM between adjacent bins. Linkage Group 3 (C03) contained the most bins (188), followed by Group C09 (125). Group 3 also comprised the longest linkage group, which spanned 114.32 cM and 95.29 cM with an average 0.61 cM and 0.76 cM marker intervals, respectively. The shortest linkage group was located at C06, which was 49.02 cM in length and harbored 87 bin markers with an average marker interval of 0.56 cM.





Figure 4 | 
The genetic linkage map of cabbage constructed using the F2 lines derived from the parental lines SC31 × BR155. Detected QTLs were marked by rectangular bars with different fill in the right side of the linkage groups followed by QTL name.










3.4 QTL analysis


Composite interval mapping was conducted using the developed cabbage map to detect black rot resistance QTL. QTL analysis was performed for each trial. QTLs were detected based on LOD scores higher than the threshold (2.0). As a result, a total of seven QTLs were detected in this study, the LOD values between 2.10 and 4.27 (
Figure 4
, 
Table 4
; 
Figure S1
). In the first test, performed in the summer of 2020, there were two significant QTL regions: qCaBR-C2-1 on chromosome C02 and qCaBR-C5 on chromosome C05 (
Figure 4
, 
Table 4
; 
Figure S1
). Among these, qCaBR-C5 showed the highest LOD score, 4.27 (
Figure 4
, 
Table 4
; 
Figure S1
). In fall 2020, the second test identified three QTLs, qCaBR-C2-2, qCaBR-C6-1, and qCaBR-C7 on chromosomes C02, C06, and C07, respectively. Two QTLs were detected in spring 2021: qCaBR-C2-3 and qCaBR-C6-2.



Table 4 | 
Details of resistance QTLs related Xcc R1.










3.5 Prediction of candidate genes for black rot resistance in B. oleracea



Based on the above analysis, among all seven QTLs (
Figure 4
, 
Table 5
), we found overlapping regions between the second and third trials located on chromosome C06 which were designated as the major QTL loci. The major QTL identified on chromosome 6 was qCaBR1 (Cabbage Black rot Resistance-1) (
Figure 5
). According to the available B. oleracea (TO1000) genome sequence (http://plants.ensembl.org/index.html), qCaBR1 was detected on C06:29,853,043-34,373,426 (4.52 Mb) (
Figure 5
, 
Table 5
) and included 591 genes. Of the 591 B. oleracea genes, 96 (
Table S4
) had putative gene annotation data (Arabidopsis orthologs), for which we could categorize the functional groups (https://www.arabidopsis.org). According to the annotation information, eight out of 96 genes responded to biotic stimuli and were related to defense responses against other organisms (bacteria, fungi, and oomycetes) (
Table 6
). We compared the expression patterns of eight candidate genes (
Figure 6
) that may be related to black rot resistance after Xcc R1 inoculation (12, 24, and 48 h) in the two cabbage lines, BR155 and SC31, to assess their defense-related responses. In BR155, two defense-related genes, PR1 and SOD, were rapidly and strongly induced by Xcc inoculation, and thus can be used as early defense response markers (Lu et al., 2021). In this study, we also observed that the Xcc-induced expression levels of PR1 and SOD was more than two times higher than that in BR155 plants when compared to SC31 plants. A high level of relative expression was observed for four genes (Bo6g098480, Bo6g099850, Bo6g101010, and Bo6g106440) at all time points in BR155; these results were similar to those of PR1 and SOD. However, the expression patterns of Bo6g095580 and Bo6g101310 were opposite those of PR1 and SOD. As shown in 
Figure 6
, the Xcc-induced expression levels of Bo6g095580, Bo6g101310, and Bo6g101210 were higher in the susceptible line SC31 than in BR155 (resistant line). Interestingly, the gene expression pattern of Bo6g108870 significantly increased only 24 h post-inoculation in BR155, a resistant parental line (
Figure 6
). These eight genes showed differential expression patterns between the BR155 and SC31 plants in response to Xcc inoculation. Thus, the qRT-PCR results indicate that all eight genes selected from the major QTL interval may be involved in the black rot resistance of BR155.



Table 5 | 
The physical position of major QTL related to black rot resistance in B. oleracea.









Figure 5 | 
Map of the corresponding qCaBR1 region of the B. oleracea genome. (A) The corresponding physical map showed the location of the major QTL region in the B. oleracea reference genome and the included reference genes associated with biotic stresses. (B) The major QTL was named qCaBR1 as the overlapping section, detected on linkage group six in fall 2020 and spring 2021, respectively. The genetic position of QTLs were indicated in centimorgans (cM) and marked by rectangular bars with a different color in the left side of the linkage group followed by the QTL name. The change curves of LOD values obtained from the results of the three inoculation experiments were shown in red, green, and yellow for fall 2020, spring 2021, and the overlapping section, respectively.









Figure 6 | 
Relative transcript levels of defense-related genes (PR1 and SOD) and eight candidate genes in leaves of resistant (BR155) and susceptible (SC31) cabbage lines. Gene expression level was determined by qRT-PCR at the indicated time after Xcc R1 inoculation and normalized to transcript levels of the 18S rRNA gene. Error bars represent standard deviations of three replicates. Similar results were obtained in at least two independent experiments. Different letters indicate significant differences among samples (a = 0.05, one-way ANOVA and Duncan’s multiple range test).







Table 6 | 
A list of genes associated with response to biotic stimulus located in the major QTL interval.











3 Discussion


The resistant line “BR155” and susceptible line “SC31” used in this study were selected from 94 B. oleracea lines by comparing the lesion areas after pathogenicity assays using the scissor-clipping method (Lu et al., 2021). SC31 was one of 23 lines with a symptom area of 90% or more, and BR155 was the most resistant cabbage line with a lesion area of <10%. Previous studies have indicated that BR155 may carry a highly effective resistance gene or locus. We compared the two cabbage lines for the Xcc-induced expression pattern of 13 defense-related genes. Among them, the Xcc-induced expression levels of PR1 and antioxidant-related genes (SOD, POD, APX, Trx H, and CHI) in BR155 were over twice as high as those in SC31. Nitroblue tetrazolium (NBT) and diaminobenzidine tetrahydrochloride (DAB) staining analysis showed that BR155 accumulated less Xcc-induced reactive oxygen species (ROS) than did SC31. Furthermore, 2, 2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assays showed that BR155 had higher antioxidant activity than SC31 (Lu et al., 2021). Identifying the resistance locus of BR155 will be crucial for understanding the mechanism of black rot disease resistance. Therefore, in the present study, a GBS-based genetic linkage map was developed and QTL linked to resistance against Xcc R1 in cabbage was identified.


Genotyping-by-sequencing (GBS) technology allows for efficient and cost-effective genotyping of large numbers of markers across the genome. Here, we applied high-throughput GBS technology with the type-II restriction endonuclease ApeKI (Elshire et al., 2011) to the F2 group of cabbage, enabling the simultaneous identification of sufficient polymorphic SNPs and genotyping. This allowed us to create a linkage map with reasonably high density without the need to check or apply existing markers (
Figure 4
). A modified sliding window approach was adopted to determine the recombinant breakpoints for the F2 individuals. The sliding-window approach involves calculating the recombination frequency between adjacent markers within each window. Recombination frequency measures how often genetic recombination occurs between two markers during meiosis, and can be used to estimate the physical distance between them on the chromosome (Tang et al., 2009; Beissinger et al., 2015). The GBS analysis performed by Parkin et al. identified 826 bins in B. oleracea (Parkin et al., 2014), which was fewer than that identified in this study (1020 bins). Our higher bin numbers are probably due to the difference in the genetic diversity of the parental lines and the number of segregating progenies used for GBS analysis. We used BR155 and SC31 as parental lines, which have variable genetic diversity, whereas Parkin et al. analyzed the population of double haploid (DH) kale-like and DH broccoli lines. We also analyzed 126 F2 plants for mapping. In this study, we identified 708,094 SNPs between BR155 and SC31 using 24x genome coverage whole-genome resequencing (
Tables 2
; 
S3
). Here, 27,403 GBS-based SNPs were detected between the parental lines, which was 7-fold fewer than those detected by resequencing. After filtering the SNPs according to the genotyping criteria, 7,940 high-quality SNPs were identified between the two parents to generate bin markers for the F2 population (
Table 2
). The total genetic distance of the linkage map was 675.64 cM, with an average length of 0.66 cM between adjacent bins (
Table 3
).


We evaluated black rot resistance by observing phenotypes seven days after inoculating parental lines (SC31 and BR155) and 126 F2:3 plants with Xcc R1. The inoculation tests were performed three times throughout the summer and fall of 2020, as well as in the spring of 2021, all under identical conditions (
Figure 2
). As shown in 
Table 1
, analysis of the correlation between three trials consisting of 128 cabbage samples, including parents and F2:3, revealed that the second and third trials had a strong positive correlation of approximately 0.66 at a significance level of α = 0.001 (***). In contrast, the first and third trials displayed a negative correlation of approximately -0.20. It seems possible that such an unexpected result in the first trials’ outcome was affected by the high temperature during summer. In 1972, Staub and Williams analyzed the impact of temperature on the black rot resistance of cabbage by exposing resistant and susceptible cabbage varieties inoculated with Xcc to various temperatures and analyzing the severity of black rot. Their results showed that although the traits of the resistant cabbage were evident at 20-24°C, the resistant cabbage was just as susceptible to the disease as the susceptible ones at 28°C (Staub, 1972). In Korea, the temperature inside a greenhouse can exceed 30°C during the summer.



Xcc exhibits high genetic diversity, and 11 races have been discovered worldwide. Among these races, R1 and R4 are the most prevalent and highly virulent among many commercial cultivars (Vicente et al., 2001; Cruz et al., 2017). Only a few resistant resources have been identified recently, considerably challenging the breeding of resistant cabbage cultivars. Several studies have identified R-genes/QTLs and markers associated with Xcc R1 and Xcc R4 resistance in B. oleracea (Camargo et al., 1995; Kifuji et al., 2012; Tonu et al., 2013; Saha et al., 2014b; Lee et al., 2015; Iglesias-Bernabe et al., 2019). In total, more than 15 QTLs were identified on the B. oleracea chromosomes, indicating that resistance to black rot is highly complicated. We identified seven QTLs related to the resistance to R1 of Xcc on C02, C05, C06, and C07. Since resistance was quantitative and under polygenic control, we confirmed the results of other studies. The positions of our black rot resistance QTLs coincided with those previously reported (Kifuji et al., 2012; Tonu et al., 2013; Saha et al., 2014b; Iglesias-Bernabe et al., 2019), except for QTL qCaBR-C7, which may represent a novel variation. Among the seven QTLs identified in this study, qCaBR-C6-1 and qCaBR-C6-2 were detected repeatedly in the two independent inoculation tests, had high LOD values, and accounted for a high percentage of the variation in all trials. We designated the overlapping part of these two QTLs on C06 as qCaBR1 QTL. In addition, it was a strong candidate as a major QTL for black rot resistance. Regarding physical location, the major QTL, qCaBR1, found in our work is likely related to BRQTL-C6 (Lee et al., 2015) and Xcc6.1 (Iglesias-Bernabe et al., 2019). Afrin selected five markers capable of distinguishing the resistant lines from the susceptible ones of cabbage consistently (Afrin et al., 2018). The SSR marker OI10G06 is one of these five markers. Interestingly, OI10G06 is located on chromosome C06 (C6:29898028-29898121) and is in the major QTL qCaBR1 (C06:29,853,043–34,373,426) (
Table 5
). In the case of BRQTL-C6, the exact Xcc race used in the study is yet to be classified, and OI10G06 was able to separate resistant and susceptible lines but did not perfectly match the phenotypic data. However, these repeated reports related to Xcc resistance QTL strongly, supporting the idea that the QTL qCaBR1 is involved in resistance to Xcc R1.


The information on the QTLs identified in this study will assist in the understanding of the molecular mechanisms of disease response in B. oleracea under Xcc stress. According to the available B. oleracea genome sequence (http://plants.ensembl.org/), the qCaBR1 locus was delimited to a 4.53-Mb genomic region, which included 96 functionally annotated Arabidopsis orthologs. We identified candidate genes within this chromosomal region with the FGENESH online program (http://linux1.softberry.com/berry.phtml), and the NCBI BLASTP algorithm (http://blast.ncbi.nlm.nih.g/blast) (
Table S4
). We also identified gene ontology terms using the “Go Term Enrichment tool” on the Tair home page (https://www.arabidopsis.org/tools/go_term_enrichment.jsp). According to this analysis, eight of the 96 genes were biotic-stimulus-responsive (
Table 6
). These genes are involved in the resistance responses to bacterial or fungal diseases (Mobley et al., 1999; Clay et al., 2009; Li et al., 2019; Depuydt and Vandepoele, 2021) and microbe-associated molecular patterns (Park et al., 2015; Didelon et al., 2020). Since these genes were also speculated to play a role in defense responses against invading pathogens in cabbage, we designated them as candidate genes associated with black rot resistance in the BR155 line. To further assess their roles in black rot resistance, we performed an expression analysis of eight candidate genes (
Figure 6
). As expected, most of the candidate genes tested showed more robust expression than in SC31 from BR155 cells, a resistant line. However, in the case of Bo6g095580 and Bo6g101310, their expression was more strongly induced in SC31, a susceptible line, in response to Xcc inoculation. In the case of Bo6g101210, the Xcc-induced expression level was initially high in the susceptible lines; however, after 48 h, it increased in the resistant lines (
Figure 6
). Bo6g098480, Bo6g101310, and Bo6g108870 showed high homology to AT1G67880, AT1G66830, and AT1G69450, respectively. Depuydt and Vandepoele (2021) inferred the functions of several unknown Arabidopsis genes through omics-supported functional annotation analysis and classified AT1G67880, AT1G66830, and AT1G69450 as having functions related to plant disease resistance (Depuydt and Vandepoele, 2021). Bo6g099850 showed high homology with the Arabidopsis ethylene receptor 1 (AT1G66340). AtETR1, an ET receptor, is required for ET perception (Schaller and Bleecker, 1995) and for the microbe-associated molecular pattern (MAMP)-triggered immune response (MTI). A previous study found that etr1-1 and etr1-3 mutants of the ET signaling pathway were impaired in the Flg22-induced callose response, an MTI (Clay et al., 2009). Bo6g101010 showed a high homology of AT1G66480 to Arabidopsis. AT1G66480 is a protein with pathogen and abiotic stress responses, cadmium tolerance, and disordered region-containing (PADRE) domains. Moreover, the latter is in the top 10% of most induced genes after infection with the fungal pathogen Sclerotinia sclerotiorum (Didelon et al., 2020). Bo6g106440 shows high homology with Arabidopsis BPL2 (AT1G67950). Arabidopsis accelerated cell death11 (ACD11) encodes a sphingosine transfer protein, and knockout of ACD11 activates PCD and defense responses (Brodersen et al., 2002). BPA1 (the binding partner of ACD11) and its close homologs (BPLs, BPA1-Like proteins) are novel regulators controlling the ROS-mediated defense response and are targeted and manipulated by a virulence effector of Phytophthora, RxLR207. RxLR207 promotes pathogen infection by binding and degrading BPA1 and BPLs (Li et al., 2019). Bo6g095580 had high homology with Arabidopsis Chorismate mutase 3 (AtCM3; AT1G69370). CMs are enzymes that catalyze the conversion of chorismate, a key intermediate in the shikimate pathway, to prephenate, a precursor of the aromatic amino acids phenylalanine and tyrosine (Eberhard et al., 1996). In Arabidopsis, two plastid-localized CMs are allosterically regulated (AtCM1 and AtCM3) and one cytosolic isoform (AtCM2) is unregulated (Eberhard et al., 1996; Mobley et al., 1999). AtCM3-like isoforms are found only in the Brassicaceae family, suggesting that AtCM3-like isoforms may play a role in specialized metabolite production and stress responses in Brassicaceae (Westfall et al., 2014). For example, indole glucosinolates (IGs) are plant secondary metabolites derived from the amino acid tryptophan found in the family Brassicaceae, and IG synthesis requires indole- and sulfur-containing amino acids and activation of AtCM3 (Grubb and Abel, 2006). Bo6g101210 shares high homology with AT1G66730 in Arabidopsis. AT1G66730 encodes a novel plant-specific DNA ligase, DNA LIGASE VI, which is involved in the response to molecules of bacterial origin (Park et al., 2015). Expression analysis of these eight candidate genes in major QTL intervals and their functional characterization may provide additional molecular information regarding the role of this genomic region in controlling Xcc R1 resistance in B. oleracea.


In this study, we identified SNPs in the B. oleracea genome using a GBS approach. Using the identified SNPs, a linkage map of BR155 and SC31 was constructed. In addition, we mapped one major QTL and seven minor QTLs for Xcc R1 resistance. The information generated on QTLs is useful for fine mapping and future MAS of traits. In addition, these results can be applied to the development Xcc R1-resistant genotypes and the molecular dissection of Xcc R1 resistance in B. oleracea.
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Molecular characterization of a given set of maize germplasm could be useful for understanding the use of the assembled germplasm for further improvement in a breeding program, such as analyzing genetic diversity, selecting a parental line, assigning heterotic groups, creating a core set of germplasm and/or performing association analysis for traits of interest. In this study, we used single nucleotide polymorphism (SNP) markers to assess the genetic variability in a set of doubled haploid (DH) lines derived from the unselected Iowa Stiff Stalk Synthetic (BSSS) maize population, denoted as C0 (BSSS(R)C0), the seventeenth cycle of reciprocal recurrent selection in BSSS (BSSS(R)C17), denoted as C17 and the cross between BSSS(R)C0 and BSSS(R)C17 denoted as C0/C17. With the aim to explore if we have potentially lost diversity from C0 to C17 derived DH lines and observe whether useful genetic variation in C0 was left behind during the selection process since C0 could be a reservoir of genetic diversity that could be untapped using DH technology. Additionally, we quantify the contribution of the BSSS progenitors in each set of DH lines. The molecular characterization analysis confirmed the apparent separation and the loss of genetic variability from C0 to C17 through the recurrent selection process. Which was observed by the degree of differentiation between the C0_DHL versus C17_DHL groups by Wright’s F-statistics (FST). Similarly for the population structure based on principal component analysis (PCA) revealed a clear separation among groups of DH lines. Some of the progenitors had a higher genetic contribution in C0 compared with C0/C17 and C17 derived DH lines. Although genetic drift can explain most of the genetic structure genome-wide, phenotypic data provide evidence that selection has altered favorable allele frequencies in the BSSS maize population through the reciprocal recurrent selection program.
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Introduction

The maize Iowa Stiff Stalk Synthetic (BSSS) population has undergone recurrent selection since 1939. This population was developed by intermating 16 inbred lines selected for superior stalk quality (Sprague and Jenkins, 1943). The C0 base population was subjected to multiple cycles of recurrent selection. Currently, C19 is available. The BSSS maize population has been under recurrent selection for increased grain yield, low grain moisture at harvest and increased resistance to root and stalk lodging. Phenotypic and genotypic changes have been observed in this population (Messmer et al., 1991; Labate et al., 1999; Hagdorn et al., 2003; Edwards, 2011; Gerke et al., 2015), suggesting loss of genetic variability from C0 to more advanced cycles of selection. As noted by Ledesma (2020) when they evaluated the level of phenotypic diversity and identified significant SNPs by GWAS in different cycles of recurrent selection of the BSSS population based on doubled haploid (DH) lines. Alleles present in a heterogeneous population of heterozygous individuals can be fixed in homozygous and homogenous DH lines and part of the genetic diversity in a population can be harnessed for breeding by production of DH lines (Böhm et al., 2017). However, the success of this approach relies on the choice of promising populations and extensive characterization of the produced DH lines (Böhm et al., 2017). The combination of DH technology with high-throughput genotyping drives progress in major maize breeding programs today (Andorf et al., 2019) and has been applied in this study to understand the evolution and genotypic composition of different cycles of BSSS maize population.

Molecular markers like single nucleotide polymorphisms (SNPs) have proven to be valuable for the characterization of maize germplasm and their application becoming more feasible over the past two decades due to the availability of new, high density and affordable genotyping technologies (Lu et al., 2009). Useful measures of the quality of genetic markers’ polymorphisms are the expected heterozygosity (Hexp). Expected heterozygosity (He) is defined as the probability that any two alleles at a single locus, chosen randomly from the population, are different from each other (Nei and Roychoudhury, 1974; Nei, 1978).

The genetic relationship based on genetic distance was first defined by Nei (1973) as the difference between two samples that can be described by allelic variation, meaning that genotypes with many similar genes have a smaller genetic distance between them. The degree of genetic differentiation using the fixation index (FST) is a standard measure for the degree of genetic differentiation among subpopulations (Wright, 1951). The FST provides important insights into the evolutionary processes that influence the structure of genetic variation within and among populations (Holsinger and Weir, 2009). The FST estimates can identify regions of the genome that have been targeted for selection (Beckett et al., 2017; Guo et al., 2021; Wijayasekara and Ali, 2021). The comparison of FST from different genome regions can provide insights into populations demographic history (Holsinger and Weir, 2009).

Characterizing and understanding the genetic diversity and relationships of lines within a breeding program is essential for germplasm improvement (Andorf et al., 2019). Molecular markers have been used to estimate the relative strengths of evolutionary forces: mutation, natural selection, migration and genetic drift (Ouborg et al., 1999) and a possible loss of genetic diversity in specific populations, including BSSS (Gerke et al., 2015). Gerke et al. (2015), when evaluating different cycles of selection in a recurrent selection program, found that the populations steadily decreased in genetic diversity within populations and increased in genetic differentiation between populations mainly due to genetic drift and selection. According to the same authors, the C0 population has drifted away from the BSSS founders, despite the absence of intentional selection during the creation and maintenance of C0. In our study, we used different methods proposed as genetic diversity and differentiation measures using genotypic information. Additionally, we used developed DH lines instead of individual heterozygous plants representing the different cycles of the BSSS population.

Population structure is referred to as any form of relatedness among subgroups within the overall sample, including ancestry differences or cryptic relatedness (Sul et al., 2018). Population structure analysis involves grouping of individuals into subpopulations based on shared genetic variants and can be assessed through principal component analysis (PCA). PCA can identify differences in ancestry among populations and individuals, regardless of the historical patterns underlying population structure (Price et al., 2006; Zhu and Yu, 2009), since PCA clusters individuals based on the number of markers that are identical by state among them. Based on this grouping and relationship information among individuals, plant breeders can direct crosses, avoiding the mating closely related individuals and providing a reduction in inbreeding in their breeding programs. For instance, kinship coefficients have been used to estimate the genetic relationships within populations and to estimate the genetic contribution of a set of parents to its descendants (Yang et al., 2011; Ertiro et al., 2017; Wegary et al., 2019). Therefore, the estimation of kinship coefficients represents a way to utilize breeding resources more efficiently (Beckett et al., 2017).

An identity by descent (IBD) segment refers to DNA segments descended from common ancestors and could be useful to estimate the genetic relationships in a population. IBD occurs when identical alleles are inherited from a common ancestor and constitutes a measure of the degree of relationship between individuals (Wright, 1922). The estimation of the degree of the relationship depends on the description of an ancestral population, which by definition, is assumed to be the base from where past ancestry is no longer accounted (Wright, 1922). With the advent of high-throughput genotyping technologies, IBD segments can be estimated at a molecular scale. The identification of shared segments in the genome and haplotype information has been used for a range of purposes, including the quantification of inbreeding (Keller et al., 2011), identification of patterns of inheritance (Kirin et al., 2010), genotype imputation and haplotype inference (Browning and Browning, 2007), genetic characterization and diversity analysis (Nelson et al., 2008), the genetic contribution of a set of founder lines in commercial maize breeding programs (Coffman et al., 2019), and to improve the accuracy of genome-wide association analysis (GWAS; Maldonado et al., 2019) and genomic prediction (Won et al., 2020).

In this study of the BSSS, we propose to determine how much of the genomic variation in C0 has been lost during the selection process. C0 may be a reservoir of untapped favorable genetic diversity for previously unselected traits. Developing DH lines from earlier cycles of selection could be an alternative approach to conventional breeding for introduction of diversity into related elite lines. Genetic heterogeneity and high genetic load present in C0 could be overcome by production of DH lines (Böhm et al., 2017) to unlock genetic diversity. Diversity may have been lost not only due to selection can also be attributed to genetic drift or genetic hitchhiking effects, since no new genetic material was intentionally introduced into the BSSS population.

Our overall question in this and a companion paper Ledesma (2020) was whether potentially useful genetic diversity is available in earlier cycles of selection in the recurrent selection process, which may be more accessible sources of alleles compared with founding non-adapted landraces and other such genetic resources. Here, we used SNP markers to i) estimate and compare the genetic diversity within different subsets of DH lines derived from the BSSS maize population after different cycles of selection, ii) determine, if genetic diversity was lost from C0 to C17, iii) assess the genetic relationships and genetic divergence within and among the cycles of selection, and iv) perform a haplotype analysis based on IBD segments to quantify the contribution of the progenitors to each set of DH lines.





Materials and methods




Breeding populations

Three synthetic populations BSSS, BSSS(R)C17, and BSSS/BSSS(R)C17 representing different cycles of selection in the reciprocal recurrent selection program with BSSS, and the Iowa Corn Borer Synthetic number 1 (BSCB1) were used to develop DH lines. The synthetic BSSS corresponds to the unselected base population (C0) formed by intermating 16 inbred lines selected for above average stalk quality in 1934 (Sprague, 1946). The C0 seed used came from subsequent cycles of seed multiplication in C0 for maintenance over time. The BSSS(R)C17 (C17) population corresponds to the seventeenth cycle of reciprocal recurrent selection with BSCB1 (Penny and Eberhart, 1971; Lamkey, 1992; Keeratinijakal and Lamkey, 1993; Edwards, 2011). Finally, BSSS/BSSS(R)17 was created by crossing plants from BSSS with plants in BSSS(R)C17 and intermating to create the BSSS/BSSS(R)C17 population (C0/C17). We also included in this study 14 (A3G-3-3-1-3, CI 540, I-159, IL12E, Oh 3167B, Os 420, Tr 9-1-1-6, WD 456, I224, LE 23, 461, Hy, AH83, CI 187-2) of the 16 known progenitors of the BSSS, plus the two parents (Fe and B2) of the F1B1 line. That is, a total of 16 progenitors were included in the study. Seed from the progenitor lines CI 617 and F1B1 were not available.





DH line development

Randomly selected individuals within each population were pollinated with a maternal haploid inducer BHI301 (Almeida et al., 2020) in an isolation field to generate the haploid seed. Seed produced from these plants was screened and kernels expressing the R-nj marker gene in the endosperm, but not in the embryo, were classified as haploid kernels. The haploid seed was germinated in plug trays in the Department of Agronomy greenhouse. Once seedlings developed 2-3 leaves, a colchicine treatment was applied following the protocol used by the DH Facility at ISU (Vanous et al., 2017). Two days after the colchicine treatment, haploid seedlings were transplanted in the field at the Agricultural Engineering and Agronomy Research Farm, Boone, IA. At flowering stage, putative DH0 plants shedding pollen were self-pollinated to produce DH1 seed. Seed multiplication was performed during subsequent generations and lines were screened for uniformity and discarded if they were segregating or variable. In total, 132 DH lines from BSSS(R)C0 (C0_DHL), 185 DH lines from BSSS(R)17 (C17_ DHL), and 170 DH lines from BSSS(R)C0/BSSS(R)17 (C0/C17_DHL) were obtained. The DH lines were developed by the DH Facility at ISU (http://www.plantbreeding.iastate.edu/DHF/DHF.htm ).





Genotyping and quality control

Genomic DNA was extracted from DH line seedlings established in a greenhouse. Leaf tissue samples from three plants per DH line were collected at the 3-4 leaf developmental stage, and DNA extraction was done using the standard International Maize and Wheat Improvement Center (CIMMYT) laboratory protocol (Warburton, 2005). Genotyping was carried out using the Diversity Arrays Technology sequencing (DArT-seq) method (Kilian et al., 2012) provided by the Genetic Analysis Service for Agriculture (SAGA) laboratory at CIMMYT. DArT-seq is a high-throughput, robust, reproducible, and cost-effective genotyping technology based on genome complexity reduction using a combination of tailored restriction enzymes, followed by multiplexed sequencing of resulting libraries to simultaneously assay thousands of markers across the genome (Sansaloni et al., 2011). Across the samples assessed a total of 51,418 SNP markers were generated, of these 32,929 SNP markers were successfully aligned to the B73 RefGen_v4 (Jiao et al., 2017). Monomorphic and multi-allelic markers were removed. Un-imputed data without filtering for minor allele frequency (MAF) were used for further analyses.

The inbred line B73 was used as technical control and was repeated in seven separate plates to verify assay reproducibility. The resulting SNP core set was 24,885 SNP markers corresponding to 487 DH lines (132 C0_DHLs, 170 C0/C17_DHLs, 185 C17_DHLs) and 15 progenitors). The progenitor CI 187-2 was omitted because of heterozygosity greater than 8.8% (not expected in inbred lines) and was removed from further analyses. After this point, only 15 progenitors with low heterozygosity were used in the study.





Genotypic data analysis

Minor allele frequency analysis for each locus across the genotypes was calculated using the 24,885 SNP markers with the function ‘Geno summary’ analysis tool in the software TASSEL v.5.2.64 (Bradbury et al., 2007). The expected heterozygosity (Hexp) was calculated to quantify the genetic variation in the maize lines sampled. The expected heterozygosity is defined as the probability that two alleles randomly chosen from the test sample are different (Nei, 1978). The expected heterozygosity was calculated using the R package “Poppr” (Kamvar et al., 2014), with the following formula:   , where p is the allele frequency at a given locus, which goes from i to k, and n is the number of observed alleles for each locus (Nei, 1978).

The computation of dissimilarity coefficients or Euclidean genetic distance (Gower and Legendre, 1986) between DH lines and progenitor groups was performed with the 24,885 SNP markers using the R package “Poppr” (Kamvar et al., 2014). The genetic distances were calculated based on the average genetic distance of all lines within each other group. Cluster analyses were performed to subdivide the three sets of DH lines and the progenitor group into genetic subgroups using the Unweighted Pair Group Method with Arithmetic mean (UPGMA). Finally, dendrograms were constructed based on genetic distances using the visualization software Interactive Tree of Life (iTOL; Letunic and Bork, 2019).

To assess the degree of genetic differentiation between the groups of DH lines and the progenitors, we used the Wright’s F-statistics (FST) on a per locus basis using the methodology described by Weir and Cockerham (1984), which accounts for unequal population sizes and sampling variances since heterozygous loci are weighted by the number of alleles observed in each population. The R package “hierfstat” (Goudet, 2005) was used to obtain estimates of FST. The FST values can range from zero to one, where high FST values showed a considerable difference in the allele frequency among two populations.

The pairwise relative kinship for all 487 DH lines and the 15 progenitors was estimated based on the 24,885 SNP markers using the software TASSEL v.5.2.64 (Bradbury et al., 2007) using the centered_IBS method (Endelman and Jannink, 2012). The relative kinship reflects the approximate degree of identity between two given individuals over the average probability of identity between two random individuals (Yu et al., 2006). The pairwise relative kinship was used to measure the genetic resemblance among individuals. A relative kinship close to zero indicates no relationship, and values close to one indicate a close relationship. Marker-based kinship coefficients show the relationship among lines based on genotypic information and rely on the marker allele frequencies in the reference population, which in practice is not known (Wang, 2014). However, 15 of the 16 progenitors of BSSS are known. These estimates commonly use the sample of genotyped individuals as the reference population, resulting in estimates that two homologous genes within or between individuals are shared by descent (Wang, 2014). Marker-based estimation of kinship coefficients can result in negative values. Wang (2014) states that the kinship coefficient’s negative values could be interpreted as a lower probability that two homologous alleles are shared by descent compared with the probability that two alleles are taken at random from the reference population.

The 487 DH lines and the 15 progenitors were known to belong to the four subpopulations BSSS(R)C0, BSSS(R)C17, BSSS(R)C0/C17 and the progenitor groups, respectively. To examine the overall population structure across all lines, we performed a principal component analysis (PCA). PCA analysis allows the classification of individuals into genetically similar groups. PCA relies on reducing dimensionality by using principal components to maximize genetic variability (Price et al., 2006). Each principal component will account for a percentage of the total genetic variance by grouping the individuals into clusters with similar genetic information. After reducing dimensionality, a linear regression model was fitted to each of the axes of variation, and the residuals were extracted to compute associations (Price et al., 2006). PCA avoids any prior information about individual ancestries, the population of origin, and assumptions about the data, handling genome-wide data for thousands of individuals (Paschou et al., 2007). PCA was performed using the software GAPIT v.3 (Lipka et al., 2012). Bayesian Information Criterion (BIC; Schwarz, 1978) was used to identify the optimal number of principal components by selecting the lowest BIC model. The principal component results were used to display the first two principal components in R software (R Core Team, 2021).

The average linkage disequilibrium (LD) decay among SNP markers for each chromosome was determined in each group of DH lines using the squared Pearson correlation coefficient (r2) among alleles at two loci, for all possible combinations of alleles, and then weighting them according to the allele frequency. P-values were determined by a two-sided Fishers Exact test (Bradbury et al., 2007). The option “Full Matrix LD” on TASSEL v.5.2.64 was used to calculate LD for every combination of sites in the alignment (Bradbury et al., 2007). The resulting data were imported into R (R Core Team, 2021) to create LD decay plots and fit a smooth line using Hill and Weir expectations of r2 among adjacent sites (Hill and Weir, 1988).

To quantify the progenitors genetic contributions to the different sets of DH lines, we used high-resolution detection of identity by descend (IBD) segments. An IBD segment refers to DNA segments descended from common ancestors. IBD occurs when identical alleles are inherited from a common ancestor and could be used to estimate the genetic contribution. Estimation of IBD segments with genotypic data allows the quantification of the proportion of the covered genome descended from each progenitor. For the genetic contribution and the average LD decay among SNP marker analysis, a different filtering process of the genotypic data was conducted to have the most reliable SNP markers and ensure genotype concordance. From the 32,929 SNP markers successfully called within the B73 RefGen_v4 (Jiao et al., 2017). SNP markers with missing information rate above 10%, duplicated and monomorphic markers were removed in TASSEL v.5.2.64 (Bradbury et al., 2007). Genotypes were phased and imputed by using Beagle v.5.1 (Browning et al., 2018). Physical distance for each marker was converted to genetic distance using a dense 0.2 cM resolution map (Ogut et al., 2015), with on average 1385.6 kb per cM. After completing filtering and quality control, the genotypic data file contained 10,344 SNP markers for each of the 502 genotypes (487 DH lines and 15 progenitors) covering 2102.7 Mb (1,517.5 cM) of the genome and with one marker per 203.2 kb on average. The SNP markers not included in an IBD segment were referred to as non-IBD markers, while those within the IBD segment were labeled with the progenitor sharing the segment. The proportion of the genome descended from a progenitor was calculated by dividing the total number of SNP markers classified as IBD by the total number of polymorphic SNP markers. Regions in the genome (IBD segments) that have been inherited from the progenitor were identified with the identity by descent linkage disequilibrium (IBDLD) program v.3.38 (Han and Abney, 2011; Han and Abney, 2013). The IBDLD program uses a probabilistic approach with a hidden Markov model to estimate IBD segments in pairs of individuals. The IBDLD program further expresses the emission probability conditioned on the true genotype of n previous loci to account for linkage disequilibrium (Han and Abney, 2011). IBD segments were constrained for each pair of individuals to have a minimum length of 350 kb, have more than 10 SNP markers and SNP markers with an IBD probability above 70%. These parameters force the segment to be a long IBD segment, avoiding segments formed by an occasional genotyping error or missing genotype occurring in otherwise-unbroken segments that could underestimate IBD segments for each pair of individuals (McQuillan et al., 2008).






Results

The initial number of SNP markers in the DArT-seq data set was 51,418. A total of 32,929 SNP markers were successfully called within the B73 RefGen_v4 (Jiao et al., 2017). After removing monomorphic and multi-allelic markers, the final SNP marker data set included 24,885 SNPs distributed across the ten chromosomes. The SNP density varied among chromosomes ranged from 3,976 to 1,688 markers on chromosome 1 and 10, respectively (Table 1). Heterozygosity varied from 1.2% on chromosomes 2 and 7 to 1.6% on chromosome 9, with a mean value of 1.3% across the ten chromosomes. We found heterozygous loci among the DHLs which ranged from 0.40 (C17_DHL045) to 2.24% (C0/C17_DHL146; Supplemental Table S1).


Table 1 | Genotypic data summary for the 24,885 SNP markers and the entire panel of DH lines derived from different BSSS selection cycles.






Molecular characterization analysis

The 24,885 SNP markers were polymorphic with a MAF greater than zero (Figure 1). The average MAF was 0.19, 0.16, 0.13 and 0.07 in the progenitor, C0_DHL, C0/C17_DHL and C17_DHL groups, respectively (Table 2). The highest expected heterozygosity was in the progenitor’s group (Hexp = 0.28), followed by the C0_DHL group with Hexp = 0.21 (Table 2). The lowest expected heterozygosity value was observed in the C17_DHL group as expected. In comparison, the group C0/C17_DHL had an expected heterozygosity value of Hexp = 0.19. The MAF and expected heterozygosity values all ranked populations in the same order. Higher values in progenitor and C0_DHL group were expected, which represents higher allelic variation in relation to the C0/C17_DHLs and C17_DHL groups. These values in the C0/C17_DHL group (F1 cross) were according with the expectation and were predictable values since we knew the parent populations (C0_DHL and C17_DHL) values.




Figure 1 | Frequency distribution of minor alleles in the entire panel of 487 BSSS DH lines and the 15 progenitors based on 24,885 SNP markers.




Table 2 | Average Minor Allele Frequency (MAF) and expected heterozygosity (Hexp) within each group of DH lines and progenitors.







Genetic differentiation analysis

The greatest genetic distance was observed between the progenitor group and the C17_DHL group (0.18) and the smallest genetic distance was observed between C17_DHL and C0/C17_DHL groups (0.11; Table 3). The UPGMA method separated the different groups of DH lines and the progenitor group (Figures 2–4). We observed that the grouping of lines and progenitors followed their origin. That is, lines and progenitors within groups were more related than among groups. In addition, we found high genetic diversity among the DH lines (C0_DHL, C0/C17_DHL and C17_DHL) and progenitors of each group.


Table 3 | Pairwise genetic distance and degree of genetic differentiation (FST) between different groups of DH lines and the progenitors of the BSSS maize population.






Figure 2 | Dendrogram constructed from Euclidean genetic distance based on the UPGMA tree method for a panel of 15 progenitors and 495 DH lines derived from BSSS maize population.






Figure 3 | The dendrogram was constructed from Euclidean genetic distances based on the UPGMA tree method. (A) C0_DHL, (B) C0/C17_DHL and (C) C17_DHL of the BSSS maize population.






Figure 4 | The dendrogram was constructed from Euclidean genetic distances based on the UPGMA tree method for the progenitors of the BSSS maize population.



The lowest FST among the DH lines was observed between the progenitors and the C0_DHL group (0.15). The highest value was observed between progenitors and C17_DHL (0.50; Table 3). Manhattan plots showed the genetic differentiation among the different comparisons performed between the progenitors and the different groups of DH lines across the ten chromosomes, with similar patterns across chromosomes (Figures 5 , 6). FST values of 1 and closer to 1 were observed between the progenitor group and the C17_DHL group across the genome as expected, demonstrating a considerable differentiation.




Figure 5 | Genetic differentiation compares the progenitor group and the different groups of DH lines across chromosomes (x-axis) with the FST value (y-axis). Dots between the red and the blue lines represent the highest 1% of the FST values.






Figure 6 | Genetic differentiation compares the different groups of DH lines across chromosomes (x-axis) with the FST value (y-axis). Dots between the rad and the blue lines represent the highest 1% of the FST values.



In relation to the pairwise relative kinship distribution for the entire set of 487 maize DH lines and 15 progenitors, 53.2% of the kinship coefficient was equal to 0 (Figure 7). Whereas, 46.0% of the entire panel ranged between 0 and 0.4, and only 0.8% were greater than 0.5. Thus, most lines were either not or only distantly related to each other.




Figure 7 | Distribution of pairwise relative kinship for 487 maize DH lines and 15 progenitors lines of the BSSS maize population calculated using 24,885 SNP markers.



Based on PCA, DH lines developed from BSSS can be divided into three subgroups (Figure 8). The first two principal components explained 12.5% of the total SNP variation in the entire panel. Based on discriminant analysis of principal components (DAPC), we observed a clear grouping of the DH lines into the C0_DHL, C17_DHL andC0/C17_DHL. The progenitor lines were grouped within the C0_DHL cluster, as expected, since the combination of these 16 progenitor lines originated this population. The C0/C17_DHL group were scattered over a wider range, similar to the C0_DHL group.




Figure 8 | Scatter plot of the discriminant analysis of principal components based on 487 DH lines and 15 progenitors of the BSSS maize population. The dots represent each of the DH lines within their respective population. The axes represent the first two discriminant functions, respectively.



The LD decay was variable across the ten chromosomes and different genetic regions within chromosomes in each group (Figure 9). The C17_DHL group showed the longest LD decay distances ranging from 1,229 to 2,709 kb on chromosomes 3 and 1, respectively. In contrast, the C0/C17_DHL group displayed the shortest LD decay distances (384 kb on chromosome 5 to 1,024 kb on chromosome 3). For C0_DHL, the LD decay varied from 486 kb to 1,322 kb for chromosomes 7 and 3, respectively.




Figure 9 | Linkage Disequilibrium (LD) decay distance per chromosome in the different groups of DH lines.



For the progenitors’ genetic contribution to each set of DH lines, a total of 10,344 polymorphic SNP markers distributed across the whole genome were used to estimate IBD segments among the 15 progenitors and 487 DH lines (Supplemental Table S2, Figure 10). In general, the progenitor A3G-3-3-1-3 had a low genetic contribution to the different sets of DH lines with 0.91, 0.87 and 0.63% in the C0_DHL, C0/C17_DHL and C17_DHL groups, respectively. In comparison, the progenitor WD 456 had a high genetic contribution to the different sets of DH lines with 5.76, 4.90 and 4.14% in the C0_DHL, C0/C17_DHL and C17_DH line groups, respectively. The progenitors CI 540 and Os 420 had a similar contribution to the different groups of DH lines. In general, the 15 progenitors evaluated had a higher genetic contribution to C0_DHLs, ranging from 0.91 to 5.87% for individual progenitors, compared with C0/C17_DHL (0.87 to 4.90%) and C17 (0.63 to 4.62%). The progenitor with the highest genetic contribution in C0 (Oh 3167B with 5.87%) had a lower contribution in C0/C17_DHL and C17 with 4.78 and 3.71%, respectively. On average, progenitor lines had 60.1% of the genome classified as identical by descent within C0_DHLs, 50.0% within the C0/C17_DHL and 41.6% within C17. The remaining 39.9, 50.0, and 58.4% in C0, C0/C17_DHL and C17, respectively are referred to as non-IBD markers. Those SNP markers were not included within the IBD segments between DH line groups and the progenitors.




Figure 10 | The genome’s proportion classified as IBD among the BSSS progenitors inbred lines for each group of DH lines evaluated (C0_DHL, C0/C17_DHL and C17_DHL) identified with marker-based dissimilarity values.








Discussion

Molecular markers, including SNP markers have been used in many crops including maize for characterizing and quantifying genetic diversity of a given set germplasm for further improvement in a breeding program. The analysis of genetic variation among genetic materials is important to plant breeders, as it contributes to create a core set of germplasm, selecting parental lines, assigning heterotic groups, performs association analysis and prediction potential genetic gains for traits of interest. SNP markers, due to their abundance of availability of sophisticated, rapid, and affordable high-throughput detection systems, have become the principal resource for characterizing and quantifying genetic differences within and among species.

In the present study, the final SNP marker data set included 24,885 SNPs distributed across the ten chromosomes and 502 genotypes corresponding to DH lines derived from different cycles of recurrent selection (132 C0_DHL, 185 C17_ DHL, and 170 C0/C17_DHL) plus 15 progenitors of the BSSS maize population. The rationale of using un-imputed data without filtering for MAF was that the BSSS maize population came from 16 founder genotypes. For some SNP markers, an allele was provided by only one founder. The expected frequency would in such a case be ~6.2%. If genetic drift occurred, the actual frequency in C0 can be even lower. C0 seed used in this research came from subsequent cycles of seed multiplication for maintenance, increasing the chance of genetic drift to occur.




Changes in genetic diversity in different subsets of DH lines

When dividing the number of SNP with heterozygous loci by the total number of SNPs, we observed that our DH lines presented a very low rate of heterozygous loci (less than 3%). Therefore, our DH lines attained an appreciable level of homozygosity, and the DH technology was efficient to fix the loci without requiring further generations of purification. Higher MAF and expected heterozygosity values of the progenitor and C0_DHL groups (Table 2) were expected due to the large number of alleles that occurred in a few progenitor lines and were lost over recurrent selection cycles (Hagdorn et al., 2003). Additional recombination occurred because of population maintenance. Unfortunately, we do not have adequate records indicating how the seed has been maintained since 1939 when the population was created. Conversely, when comparing the C0_DHL and C17_DHL groups, we found a reduction in MAF and expected heterozygosity. The reduction in MAF among these groups was expected due to the recurrent selection process and genetic drift.

The high expected heterozygosity values found in the C0_DHL group were an indication for the presence of more rare alleles in C0. This could be an important source for new functional alleles of desirable traits, which have been lost during multiple generations of recurrent selection. Potential reduction in genetic diversity in advanced cycles were consistent with previous studies of the BSSS maize population in different cycles of the recurrent selection program (Messmer et al., 1991; Labate et al., 1997; Hagdorn et al., 2003; Hinze et al., 2005), where genome-wide genetic diversity has decreased across cycles of selection. Gerke et al. (2015) found a clear separation, when analyzing the progenitors and individuals from different cycles in the BSSS population. As this was a closed selection process, the substantial increase in genetic distance from C0_DHL to C17_DHL could only arise from genetic differentiation due to selection and genetic drift (Gerke et al., 2015).

Improvement of plant characteristics like flag leaf angle, anthesis-silking interval, plant height, tassel branch number, total number of leaves and grain yield has been observed when advancing cycles in the BSSS recurrent selection program (Brekke et al., 2011; Edwards, 2011). These changes suggest fixation of favorable alleles during the recurrent selection program. Thus, exploring BSSS cycles using DH technology may reveal useful genetic diversity for plant characteristics left behind in the recurrent selection process and could be an important resource to help drive future genetic gains in maize breeding program.





Genetic relationship and divergence within and among cycles of selection

The Wright’s F-statistics (FST) used to measure population substructure and the overall genetic divergence among the different groups showed that the degree of differentiation was higher between the progenitor inbred lines and the C17_DHL group compared to C0_DHL and C0/C17_DHL groups as expected since the two groups share fewer alleles. Lower FST values indicate limited differentiation between groups of DH lines. When we compare the FST values of C0_DHL versus C17_DHL, we observe a clear genetic differentiation among these two groups. These results can be confirmed with the wider genetic distance found among them, reflecting the uniqueness of most lines within these groups. Similar results were found by Gerke et al. (2015) when evaluating the progenitors and samples from different cycles of the BSSS maize population (C0, C4, C8, C12 and C16), indicating a clear differentiation between the founder lines and the population at C16 caused by the loss of different alleles within BSSS maize population. Gerke et al. (2015) conducted extensive simulations using BSSS founder haplotypes to gauge the roles of selection and drift among the cycles of selection and the results showed that most of the reduction in diversity observed among cycles can be attributed to genetic drift alone.

Population structure based on principal component analysis (PCA) is used to reveal genetic divergence among populations (Price et al., 2006). In this study, the results suggest a clear separation into three significant subgroups among all the BSSS DH lines and the progenitors. Also, we observed that the C0/C17_DHL group was scattered over a wide range, similar to C0_DHL, indicating a broader genetic divergence among these DH lines than for C17_DHL.

Kinship coefficients are defined by pedigree and can be estimated based on molecular information. Thus, it is possible to find hidden relationships. We found that most of the DH lines in the entire panel were distantly related to each other. Therefore, this shows us a low relationship between DH lines of the C17_DHL and C0_DHL. The estimation of the degree of the relationship depends on the description of an ancestral population, which by definition, is assumed to be the base from where the past ancestry is no longer accounted (Wright, 1922). Thus, the lower the number of generations separating the ancestral with the current population, the higher the kinship coefficient among individuals because of a reduced number of possible recombination events (Wang, 2014). Low or negative relative kinship coefficients among pairs of DH lines were found in the C0/C17_DHL group reflecting the uniqueness of most lines.





Linkage disequilibrium in BSSS DH lines

Linkage disequilibrium (LD) refers to the non-random co-segregation of alleles at two loci. Recombination events shuffle genetic material during meiosis among homologous chromosomes and cause LD to decay with increasing distance. Multiple factors are affecting LD in crops. Generally, LD decays faster in cross-pollinated crops, diverse populations, but also, different genes and genomic regions in the same crop can exhibit different rates of LD decay. It is expected in maize, for genome regions to decay at distances around 1 kb for exotic landraces, as described by (Romay et al., 2013). In the Ames panel subset corresponding to 384 lines (Pace et al., 2015) the LD decay rate was similar across chromosomes with an average distance of 10 kb throughout the genome. In this study, the LD decay distance among lines of the C17_DHL group was larger compared among lines of the C0_DHL and C0/C17_DHL groups. The longer LD decay distances in C17_DHL was consistent with the lower average MAF and expected heterozygosity results, as the rate of effective recombination declines over selection cycles due to the occurrence of bottlenecks or due to fixation for favorable alleles over time. The 17 cycles of recurrent selection did lead to a lower genetic diversity in the C17_DHL group, and LD decays more rapidly in pools of lines with higher genetic diversity (Romay et al., 2013; Wu et al., 2016). The distance over which LD persists determines the number and density of markers, and experimental design needed to perform an association analysis (Flint-Garcia et al., 2003). This was actually applied when generating the IBM Syn10 ultra-high-density map to precisely map a quantitative trait locus (Liu et al., 2015) at a higher genetic resolution than the IBM Syn4 map (Hu et al., 2016). In contrast, additional cycles of recurrent selection in the BSSS maize population increased homozygosity and LD decay distances due to selection and drift. Consistent with Gerke et al. (2015) genome-wide expected heterozygosity decreases steadily across cycles of selection. The loss of heterozygosity indicates the loss of different alleles within BSSS maize population.





Progenitor genetic contributions to different subsets of DH lines

On average, the mean genetic contribution of the BSSS progenitor lines estimated using high-resolution detection of IBD segments changed in the different groups of DH lines. The progenitors had the highest genetic contribution in the C0_DHL group, due to their use in obtaining the population, and the lowest contribution in the C17_DHL group in relation to the other groups. This suggests that relationships caused by more recent ancestry had the most significant contribution in the IBD segments among individuals. Additionally, 17 cycles of recurrent selection have changed the allele frequencies in the C17_DHL group, because only individuals with superior performance for the selected traits contributed alleles to the next generation.

In the identification of regions in the genome inherited from the progenitors, we found prevalence of small to medium sized segments, where 50.4% of the segments were between 2.4 to 4.1 Mb. And, 28.2% of the segments ranged from 4.1 to 8.1 Mb inherited from the progenitor inbred lines. The number of segments decreased with increased length segments. IBD segment sizes from the progenitors changed across groups of DH lines. We found that some progenitors showed longer IBD segments in the C0_DHL group and others longer in the C17_DHL. Large, preserved regions in the genome could be associated with selection processes, resulting in long DNA segments inherited as a block from the parents. Therefore, under positive selection favoring a phenotype, a slight increase in LD surrounding the favored alleles will be produced. In these cases, the length of the IBD segment surrounding the alleles subject to selection will increase, experiencing less recombination at the population level (Albrechtsen et al., 2010). Albrechtsen et al. (2010) states that a reduced recombination rate in the genome, leading to significant LD, could be explained as a function of the effective population size. These could partially be explained by an increase in random genetic drift because of the population size, which will increase the length of DNA that will be shared among individuals in the population similar to what could happen in the C17_DHL with the 17 cycles of the recurrent selection process. The detection of long IBD segments in populations could be used as evidence for strong and recent selection processes because these segments have not suffered from recombination. However, many recombination’s could have occurred because of subsequent cycles of seed multiplication and population maintenance. Unfortunately, we do not have adequate records indicating how the seed has been maintained since 1939 when the population was created. In cases where alleles within long IBD segments are in linkage disequilibrium, specifically in repulsion phase, unfavorable alleles will persist in the population, inducing the hitch-hiking effect and reducing the genetic diversity (Hospital and Chevalet, 1993). This hitch-hiking will increase genetic drift and significantly decrease the effective population size (Smith and Haigh, 1974). More studies should necessarily be done to confirm the possibility of the hitch-hiking effect having an effect in this population. Conversely, the restricted population size of both from founding (16 lines) and from continued population maintenance, may have provided the maintenance of long IBD segments. IBD segments shared between different groups of DH lines and the 15 progenitor lines will allow the estimation of genetic diversity and progenitor genetic contributions to new released lines.

In this study, we measured the genetic diversity among different sets of DH lines derived from the BSSS maize population and our results confirmed the separation from BSSS(R)C0 to BSSS(R)17 through the recurrent selection process. The selection process and the effective population size applied to the BSSS maize population have reduced the genetic variability. Consistent with previous studies (Messmer et al., 1991; Labate et al., 1997; Hagdorn et al., 2003; Hinze et al., 2005). Although genetic drift can explain most of the genetic structure genome-wide, phenotypic data provide evidence that selection has altered favorable allele frequencies in the BSSS maize population. We also found that the greatest genetic distance and FST observed between the progenitors group and the C17_DHL group demonstrated a clear genetic differentiation among groups caused by the loss of different alleles during the recurrent selection program in the BSSS maize population, reflecting the uniqueness of most lines within these groups of DH lines. Thus, these DH lines can be evaluated in replicated trials, and genomic selection can be applied for the estimation of the breeding value for each DH line. Additionally, DH lines derived from the BSSS maize population could be ideal for association mapping due to the low population structure. Thus, we could identify genes or regions in the genome associated with a particular trait. Using genome-based data and DH technology was a powerful tool for access to the genetic diversity available in C0_DHL or C0/C17_DHL groups, which would be beneficial to incorporate in BSSS(R)17 to broaden its genetic variation while minimizing yield or other penalties. Thus, the results of this research will also help maize breeders to explore useful genetic variation for further improvement in a breeding program.
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Nitrogen (N) limits crop production, yet more than half of N fertilizer inputs are lost to the environment. Developing maize hybrids with improved N use efficiency can help minimize N losses and in turn reduce adverse ecological, economical, and health consequences. This study aimed to identify single nucleotide polymorphisms (SNPs) associated with agronomic traits (plant height, grain yield, and anthesis to silking interval) under high and low N conditions. A genome-wide association study (GWAS) was conducted using 181 doubled haploid (DH) lines derived from crosses between landraces from the Germplasm Enhancement of Maize (BGEM lines) project and two inbreds, PHB47 and PHZ51. These DH lines were genotyped using 62,077 SNP markers. The same lines from the per se trials were used as parental lines for the testcross field trials. Plant height, anthesis to silking interval, and grain yield were collected from high and low N conditions in three environments for both per se and testcross trials. We used three GWAS models, namely, general linear model (GLM), mixed linear model (MLM), and Fixed and Random model Circulating Probability Unification (FarmCPU) model. We observed significant genetic variation among the DH lines and their derived testcrosses. Interestingly, some testcrosses of exotic introgression lines were superior under high and low N conditions compared to the check hybrid, PHB47/PHZ51. We detected multiple SNPs associated with agronomic traits under high and low N, some of which co-localized with gene models associated with stress response and N metabolism. The BGEM panel is, thus, a promising source of allelic diversity for genes controlling agronomic traits under different N conditions.
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1 Introduction

Nitrogen (N) is critical to promote crop growth and development and to increase grain yield. In cereals such as maize, the application of N fertilizers is an essential agronomic practice (Nag and Das, 2022). Although N fertilizer markedly improves the yield of maize, its excessive use often leads to run-off, which causes the eutrophication of rivers and other bodies of water (Wani et al., 2021). In this context, more than half of the N fertilizer applied to maize is lost to the environment (Ladha et al., 2016; Yu et al., 2022). As an example, N leaching from maize-based cropping systems is the primary cause of hypoxia in the Gulf of Mexico (Goolsby et al., 2000; Alexander et al., 2007). Hence, it is increasingly important to screen genotypes for N use efficiency (NUE) and explore those that have higher NUE and are better suited to N limitation.

Improving NUE in maize would not only help to reduce N fertilization in the field but may also increase productivity in N-deficient environments. However, NUE is a complex trait in which interactions between genetic and environmental factors are involved. Traits such as anthesis-silking interval, plant height, and grain yield have the potential to be used as parameters for NUE screening, since they play an essential role in N acquisition and N utilization in maize, the two main components of NUE (Gheith et al., 2022). NUE-related traits have been successfully used in maize (Kumari et al., 2021), rice Liu et al. (2016b), and potatoes (Getahun et al., 2020) to identify genotypes with better performance under low N conditions. In addition, studies combining quantitative genetics and molecular markers support a strategy of great potential for plant breeders to analyze the genetic architecture of complex traits such those related to NUE. In this context, genome-wide association studies (GWAS) have been widely used to capture complex trait variation down to the genome level by exploring both historical and evolutionary recombination events in maize (Verzegnazzi et al., 2021; Ma et al., 2022; Wu et al., 2022; Xu et al., 2023).

In US elite germplasm, only a small fraction of the total available genetic diversity in maize (<10 out of 300 maize races) is currently used (Andorf et al., 2019). The Germplasm Enhancement in Maize (GEM) project of United States Department of Agriculture—Agricultural Research Service (USDA-ARS) has the objective of improving maize productivity by broadening the genetic base of commercial maize cultivars through evaluating, identifying, and introducing useful genes from maize landraces (Pollak, 2003; Salhuana and Pollak, 2006). In the allelic diversity component of the GEM project, doubled haploid (DH) lines were derived from BC1F1 or F1 crosses between tropical and subtropical accessions and elite inbreds PHB47 (stiff stalk) and PHZ51 (non-stiff stalk), which are expired plant variety protection (ex-PVP) lines (Brenner et al., 2012), to enable photoperiod adaptation of these materials to Midwest US conditions. Currently, the released DH lines are known as BGEM lines, where B indicates Iowa State University, the place where the DH lines were developed (Vanous et al., 2018).

In this study, BGEM lines per se, and their testcrosses, were evaluated in field trials under low and high (normal) N conditions for agronomic traits related to NUE. GWAS analyses for the agronomic traits under low (LN) and high N (HN) conditions were conducted. The main objective was to identify novel alleles associated with agronomic traits under low N conditions, which can aid in improving NUE in maize. The specific objectives were to (i) determine the extent of variation of agronomic traits for the BGEM panel grown under HN and LN conditions, (ii) establish correlations among the agronomic traits, (iii) identify associations between SNP markers and agronomic traits grown under HN and LN conditions, and (iv) evaluate the co-localization of these SNPs with putative candidate genes and/or previously identified QTL for traits related to NUE in the inbred and testcross populations.




2 Materials and methods



2.1 Plant materials

In total, 66 GEM accessions from Central and South America were crossed with the expired PVP lines PHB47 and PHZ51. Most of the F1 seeds were backcrossed once with PHB47 and PHZ51, respectively, to produce the BC1F1 generation as described in Sanchez et al. (2018). A total of 181 BGEM lines and inbred lines PHB47 and PHZ51 were used in per se field trials. The DH lines were produced using the protocol described by Vanous et al. (2017), wherein BC1F1 or F1-derived crosses between GEM accessions and PHB47 or PHZ51 were crossed with the inducer hybrid RWS 9 × RWK-76 (Röber et al., 2005) to produce haploid seed, which was identified based on the R-nj color marker Liu et al. (2016a). In the subsequent planting season, putative haploids were grown in the greenhouse, where colchicine treatment was applied to seedlings at the three to four leaf developmental stage to promote genome doubling. Haploid plants were transplanted in the field and self-pollinated to produce DH lines. Seed of these lines was increased at the USDA North-Central Region Plant Introduction Station in Ames, Iowa during the summer of 2013 and at the Iowa State University Agricultural Engineering and Agronomy Farm in 2014. In total, 74 and 105 DH lines were obtained from the crosses with the recurrent parents PHZ51 (non-stiff stalk) and PHB47 (stiff stalk), respectively.

The same lines from the per se trials were used as parental lines for the testcross field trials. They were divided according to heterotic group membership (i.e., stiff-stalk and non-stiff stalk), and each group was planted in separate isolation plots in Ames during the summer of 2014. Two rows and two ranges of pollen parent surrounded each isolation plot. Inside, for every two rows of female, there was one row of male. There were three replications or rows of each DH line, randomly distributed per isolation plot. In one isolation plot, all lines belonging to the stiff-stalk group (e.g., DH lines with PHB47 as recurrent parent) that were used as female parents were detasseled before anthesis, and PHZ51 was used as pollen parent. In the other isolation plot, all non-stiff stalk lines (e.g., DH lines with PHZ51 as recurrent parent) were detasseled and crossed with PHB47. In total, 74 and 105 testcrosses obtained from the cross with PHZ51 and PHB47, respectively, were evaluated.




2.2 Field trials

In this study, a combination of location and year was considered as an environment. Within each environment, two N conditions were evaluated: HN and LN. No fertilizer was applied within the LN condition in all environments. For the HN condition, 261.60 kg N ha−1 was applied in the form of 32% urea–ammonium nitrate (UAN) fertilizer before planting via liquid broadcast and immediately incorporated with tillage. Three environments were used for the per se trials: at Iowa State University Agricultural Engineering and Agronomy Farm (42.0204° latitude, −93.7738° longitude, 335 m elevation) in Ames, IA, during the summers of 2014 (Ames 2014) and 2015 (Ames 2015), and at the Iowa State University Northeast Research and Demonstration Farm (42.93811° latitude, −92.57018° longitude, 317.742 m elevation) in Nashua, IA, during the summer of 2015 (Nashua 2015).

Two environments were used for the testcross trials, which were performed at the same farms from Ames and Nashua during the summer of 2015. No N fertilizer was applied to the Nashua LN location in 2014, and oats were planted in that area before, in order to deplete the soil N content. For the testcross evaluation in Ames 2015, two LN locations were used. One has historically been planted with maize, and no fertilizer has been applied in that location for several years. The other LN location in Ames 2015 did not receive any fertilizer treatment and was planted with non-nodulating soybeans in the previous year (2014). Therefore, for the testcrosses trials, the maize–maize location was referred to as Ames 2015A, and the soybean–maize location was referred to as Ames 2015B. Only one HN location was used for testcrosses trials in Ames 2015 environment.

Soil samples were collected right before sowing, and the samples were analyzed in the Ames trial plots in 2015. Using a probe, 10 samples per location were collected in the top 30 cm of the soil at randomly selected areas, and samples for each trial were bulked, thoroughly mixed, and submitted to the ISU Soil and Plant Analysis Laboratory at the Department of Agronomy to determine total N and carbon (C) content (McGeehan and Naylor, 1988). The results of samples were collected and analyzed in the Ames trial plots in 2015 (Table 1). Results reported C and N as the percentage (%) of C or N in the dried sample (g C or N per 100 g sample). For logistical issues, it was not possible to collect soil samples in Nashua.


Table 1 | Results of soil samples collected and analyzed in the Ames trial plots.



All trials were planted following a randomized complete block design (RCBD), in two-row plots. Two ranges of filler were planted at the front and back and four rows at the left and right sides of each trial. Each row was 5.64 m long, and the rows were spaced 0.76 m apart. Planting density was 65,323 plants ha−1.




2.3 Agronomic traits evaluated

Plant height (PHT) and grain yield (GY) were measured in all trials, while anthesis to silking interval (ASI) data were only collected at the Ames trials. ASI was calculated using the difference in growing degree units (GDUs) between anthesis and silking times. Days to anthesis was recorded as the number of days from sowing to the day when 50% of the plants in the plot had anthers extruded outside the glumes. Days to silking were recorded as the number of days from sowing to the day when 50% of the plants in the plot had silks emerging from the ears. Days to anthesis and silking were converted to growing degree units (GDUs), which were calculated according to the following equation:  , where Tmax is the maximum daily temperature which is set to 30°C when Tmax exceed 30°C, and Tmin is the minimum temperature and is set to 10°C when Tmin falls below 10°C. PHT in centimeters was taken from the ground surface to the topmost end of the central tassel spike. GY was obtained from two-row plots using a harvesting combine, where grain weight and moisture content were measured. Yield in tons per hectare was computed after moisture content was adjusted to 15.50%.




2.4 Statistical analysis of agronomic traits

Data analysis was performed separately for the per se and testcross trials fitting the following linear model:  , where Yijkl is the observation in the kth genotype in the jth replication in the ith environment and lth N rate; μ is the overall mean; Ei is the effect of the ith environment; R(E)ij is the effect of jth replication nested within the ith environment; Nl is the effect of the lth N rate; ENil is the interaction effect of the ith environment and lth N rate; Gk is the effect of the kth genotype; EGik is the effect of the interaction of the ith environment with the kth genotype; EGlk is the effect of the interaction of the lth N rate with the kth genotype; ENGikl is the effect of the interaction of the ith environment and lth N rate with the kth genotype; and εijkl is the residual error.

The procedure PROC MIXED from the software package SAS (SAS Institute Inc., North Carolina, USA) was used to perform the analysis of mixed model, where N rate was fixed, and the other factors were random. Variance components,  , were estimated accordingly, where   correspond to the genotypic variance, genotype by environment interaction variance, and error variance, respectively. Broad-sense heritability (h2) on an entry mean basis for each trait under each N condition and in the combined analysis were estimated as follows (Hallauer et al., 2010):   and  , where r is the number of replications within each environment, and n is the number of environments.

For each N condition, best linear unbiased predictions (BLUPs) from all inbred lines and testcrosses across the environments were estimated for all measurements. This was also implemented using PROC MIXED in SAS 9.3 (SAS Institute Inc., 2011). The BLUPs from the combined analysis within each N condition were used to calculate Pearson correlations among traits using PROC CORR function in SAS 9.3 (SAS Institute Inc., 2011).




2.5 Molecular marker data

The BGEM lines were genotyped using 955,690 genotyping-by-sequencing (GBS) markers (Elshire et al., 2011). GBS data were generated at the Cornell Institute for Genomic Diversity (IGD) laboratory. After filtering out markers with more than 25% missing data, below 2.5% minor allele frequency, and monomorphic markers, 247,775 markers were left for further analyses. For markers at the same genetic position (0 cM distance), only one marker was randomly selected. The final number of markers used for further analyses was 62,077 markers distributed across all 10 chromosomes.

The average number of recombination events per line was substantially greater than expected. Therefore, the genotypic data were corrected for monomorphic markers that were located between flanking markers displaying donor parent genotypes. The correction was based on Bayes theorem, with an underlying assumption that very short distances of a marker with recurrent parent (RP) genotype to flanking markers with donor genotype are more likely due to identity of marker alleles for that particular SNP between RP and donor, instead of a rare double recombination event. These short RP segments interspersed within donor segments were tested for the null hypothesis that a double recombination occurred and were either corrected or kept as original genotype, accordingly, based on p-values from the Bayes theorem (Vanous et al., 2018). After correction, the donor genome composition was closer to the expected 25%, compared to the original marker data, and the average number of recombination events was substantially reduced (Sanchez et al., 2018). Genotype data of the testcrosses were generated using the “create hybrid genotypes” function in TASSEL 5.2.61 (Bradbury et al., 2007) with genotype information from the BGEM lines per se, PHB47 and PHZ51.




2.6 Genome-wide association studies

BLUPs from the combined analysis of the traits ASI, PHT, and GY for HN and LN conditions, in the per se and testcross trials, were used for GWAS. In order to balance false-positives and false-negatives in detecting significantly associated SNPs, three statistical models were implemented, namely, (1) General Linear Model (GLM) + PCA (Q), where the PCA output from GAPIT was used as a covariate to account for fixed effects due to population structure; (2) Mixed Linear Model (MLM; Yu et al., 2006), where PCA and kinship (K) were used as covariates; and (3) FarmCPU (Fixed and random model Circulating Probability Unification), where Q was also used as covariate, but has additional algorithms to solve the confounding problems between testing markers and covariates Liu X. et al. (2016). The R package GAPIT (Lipka et al., 2012) was used to conduct GWAS for all three models. Additive genetic model was implemented when performing GWAS for per se trials, while dominant genetic model was used for the testcross trials.

Multiple testing in GWAS was accounted for using the statistical program simpleM (Gao et al., 2010; Johnson et al., 2010), which calculates the number of informative SNPs (Meff_G) using R statistical software (R Core Team, 2014). First, a correlation matrix for all markers was constructed, and the corresponding eigenvalues for each SNP locus were calculated. GAPIT (Lipka et al., 2012) was then used to calculate a composite linkage disequilibrium (CLD) correlation directly from the SNP genotypes, and once this SNP matrix was obtained, Meff_G was calculated, and this value was used to compute for the multiple testing threshold in the same way as the Bonferroni correction method, where the significance threshold (α=0.05) was divided by the Meff_G (α/Meff_G). For this study, based on the α level of 0.05, the multiple testing threshold level was set at 8.10 × 10−7.

The available maize genome sequence (B73; RefGen_v4) was used as the reference genome for candidate gene identification. Candidate genes were identified using the Ensembl Biomart tool (Kinsella et al., 2011). Genes were considered as candidates if a significantly associated SNP marker with phenotypic variance explained (PVE) higher than 10% was located within the range of linkage disequilibrium (LD) decay observed for each chromosome (upstream and downstream). Candidate genes corresponding to each SNP were checked according to the SNP marker’s physical position in the MaizeGDB molecular marker database (http://www.maizegdb.org; Portwood et al., 2019). Functional annotations of candidate genes were predicted in NCBI (http://www.ncbi.nlm.nih.gov/gene) and were also compared to previously published candidate genes.





3 Results



3.1 Field performance of BGEM lines per se under high and low nitrogen conditions

According to the soil chemical analysis (Table 1), the N content at LN trials was considerably lower than at HN trials, indicating that the N-depleting effort had been successful in reducing N levels. In addition, all measured traits were affected by N conditions, and most of them had their means reduced by the N deficiency (Table 2). We observed wide ranges on the tested traits under LN and HN (Table 2). However, the N stress negatively affected the genotypic variation among the DH lines, and the ranges were much larger under HN than under LN for almost all traits, except for ASI in Ames 2014. For this trait, the range under LN was equal to 104.98, while under HN, it was equal to 92.67. On the other hand, traits such as PHT presented wider ranges under HN conditions. In Ames 2014, PHT ranged from 158.60 cm to 272.04 cm under HN and from 159.90 cm to 240.33 cm under LN. In Ames 2015, the same trait had a ranged from 181.96 cm to 289.74 cm under HN and from 141.66 cm to 215.00 cm under LN. In general, higher values of standard deviation (SD) were also observed under HN conditions. For example, ASI had SD equal to 18.36 under HN in Ames 2015, while under LN, it was equal to 12.34. In Ames 2014, PHT had SD equal to 20.36 under HN and 16.25 under LN.


Table 2 | Summary statistics of agronomic traits in BGEM lines per se and testcrosses grown under different N conditions.



PHT and GY were affected by N deficiency and had their means reduced under LN conditions (Table 2). While the mean of PHT under HN was equal to 222.04, it was equal to 197.27 cm under LN condition in Ames 2014. In Ames 2015, GY had a mean of 2.37 t ha−1 under HN, while under LN, it was equal to 1.03 t ha−1. On the other hand, ASI had higher means under LN than under HN condition. In Ames 2014 and Ames 2015, ASI had means equal to 10.74 and 19.62 under HN, respectively, and equal to 25.00 and 37.85 under LN, respectively. We observed that GY was the trait most negatively affected by N deficiency and presented the highest mean reduction in response to the LN across all environments. The decrease in the mean under LN compared to HN was equal to 25.34%, 56.54%, 28.50%, and 33.75% in Ames 2014, Ames 2015, and Nashua 2015 and in the combined analysis, respectively.

Variance components due to genotype were highly significant (p< 0.01) by the likelihood ratio test for all traits in the per se trials (Table 2). In addition, variance components due to genotypes × N rates interaction were highly significant (p< 0.05) for almost all traits. In general, the heritability estimates were higher under HN than under LN conditions. For example, GY heritability estimate under HN in Ames 2014 was equal to 0.81, while under LN condition, it was equal to 0.29. In Ames 2015, ASI had heritability equal to 0.61 under HN and equal to 0.28 under LN condition. In the combined analysis, the heritability estimates were low to intermediate (<0.70). In this context, GY had the lowest heritability estimate under LN condition (0.21) and the intermediate one under HN (0.40). Across all environments, the highest yielding BGEM lines under LN were BGEM-0137-S, BGEM-0044-S, BGEM-0127-N, and BGEM-0243-S with GY ranging from 3.12 t ha−1 to 3.44 t ha−1, and 52 out of the 179 BGEM lines performed better than PHB47 (GY = 2.41 t ha−1). On the other extreme, DH lines BGEM-0223-N, BGEM-0225-N, BGEM-0247-N, BGEM-0237-N, and BGEM-0165-S performed poorly with yields ranging from 1.19 t ha−1 to 1.30 t ha−1.




3.2 Performance of testcrosses under high and low nitrogen conditions

Similar to the per se trials, the ranges were much larger under HN than under LN for almost all traits, except for ASI in the combined analysis (Table 2). This difference was even more pronounced with GY. In Ames 2015A, GY values ranged from 3.98 t ha−1 to 12.00 t ha−1 under HN, while under LN, it ranged from 2.35 t ha−1 to 4.68 t ha−1. In Nashua 2015, GY ranged from 6.39 t ha−1 to 16.11 t ha−1 under HN and from 7.72 t ha−1 to 8.86 t ha−1 under LN condition. In general, SD values were also higher under HN conditions, except for ASI in Ames 2015A and in the combined analysis. For GY in Ames 2015A, the SD was equal to 1.43 and 0.39 under HN and LN conditions, respectively. PHT and GY were affected by N conditions, and their means reduced with the N deficiency. The percentage of reduction in the mean was stronger for GY. The GY reduction mean was equal to 57.92%, 25.38%, and 35.14% in Ames 2015A, Nashua 2015, and in the combined analysis, respectively (Table 2). Conversely, ASI increased its means under LN condition. In Ames 2015A, ASI means were equal to −0.14 and 19.91 under HN and LN conditions, respectively.

The statistical analysis conducted within environment for testcrosses showed that, for almost all traits, there was significant effect of genotype (p< 0.01), except for PHT in the combined analysis. Variance components due to genotypes × N rates interaction were highly significant (p< 0.01) for GY in all environments, while for ASI and PHT, the significance depended on the environment where they were evaluated. In relation to the heritability estimates within environments, we observed that PHT had the highest estimates among the three traits, ranging from 0.41 to 0.72 under LN and from 0.58 to 0.68 under HN. The heritability estimates for GY ranged from 0.09 to 0.56 under LN and from 0.37 to 0.62 under HN (Table 2). In general, heritability estimates in the testcross trials across environments were higher under HN than under LN. For example, in the combined analysis of ASI, heritability estimates under HN were equal to 0.53 and 0.23 under LN.

Testcrosses performing best under LN across environments were BGEM-0258-S/PHZ51, BGEM-0112-S/PHZ51, BGEM-0070-S/PHZ51, BGEM-0115-S/PHZ51, BGEM-0233-S/PHZ51, and BGEM-235-N/PHB47, with yields ranging from 6.13 t ha−1 to 6.33 t ha−1. The lowest yields were obtained for BGEM-0166-S/PHZ51, BGEM-0263-S/PHZ51, BGEM-0269-S/PHZ51, BGEM-0078-S/PHZ51, and BGEM-00129-N/PHB47, ranging from 3.95 t ha−1 to 4.19 t ha−1. GY of the checks, PHB47/PHZ51 and its reciprocal PHZ51/PHB47, under LN were 6.37 t ha−1 and 5.85 t ha−1, respectively. Testcrosses outperforming the GY of PHB47/PHZ51 were identified in the Ames environments. In Ames 2015B environment, there were testcrosses that outperformed PHB47/PHZ51, with BGEM-0112-S/PHZ51, BGEM-0155-S/PHZ51, and BGEM-0226-S/PHZ51 performing better than PHB47/PHZ51 under both LN and HN. The testcrosses BGEM-0001-N/PHB47, BGEM-0044-S/PHZ51, BGEM-0111-S/PHZ51, BGEM-0114-S/PHZ51, and BGEM-0115-S/PHZ51 performed consistently better than PHB47/PHZ51 under the two LN environments in Ames.




3.3 Correlations among and within per se and testcross agronomic traits

Within BGEM lines per se, significant and close positive correlations were observed for PHT evaluated under different N conditions (r = 0.91), and GY (r = 0.69) and ASI (r = 0.75; Table 3). Moderate negative correlations were observed between ASI and GY under HN (r = −0.50) and LN (r = −0.48). Within the testcross, a high positive correlation was observed between PHT under HN and PHT under LN condition (r = 0.78) and between GY and PHT under LN (r = 0.66). ASI under HN was not significantly correlated with neither GY under HN and LN nor with PHT under LN. There were also no significant correlations observed between ASI under LN and PHT under HN and GY under HN (Table 3). In addition, there was no strong correlation (r > 0.60) between GY with the other two traits neither under HN nor under LN for BGEM lines and their testcrosses. Therefore, according to our results, we could not use PHT and ASI as indirect selectors for GY.


Table 3 | Pearson correlation of agronomic traits in BGEM lines and testcrosses grown under low nitrogen (LN) and high nitrogen (HN) conditions across environments.



Weak to moderate (r< 0.60) correlation coefficients were observed between the performance of testcross and per se genotypes (Table 4). The highest correlation coefficients were observed between testcross PHT under HN and per se lines PHT under HN (r = 0.52) and LN (r = 0.52). Testcross PHT under LN also correlated well with per se PHT under both HN (r = 0.49) and LN (r = 0.52). According to the correlation coefficients, there is no possibility to use any trait from the per se performance to predict the performance of testcross hybrids under neither N condition.


Table 4 | Correlations of agronomic traits between BGEM lines per se and testcrosses grown under different Nitrogen (N) conditions across environments.






3.4 Genome-wide association studies for agronomic traits in per se and testcross trials

To reduce the impact of environmental variability, BLUP values across the three environments (Ames 2015A, Ames 2015B and Nashua 2015) were used for association study. No SNPs were found when performing GWAS with MLM model. A total of seven significant SNPs were found by applying FarmCPU and GLM models (Table 5; Figure 1). The same SNPs detected by FarmCPU were detected by GLM. This result indicates that these common SNPs have high reliability. For simplicity, we presented the results from FarmCPU, and the subsequent analysis mainly focused on those seven SNPs.


Table 5 | Significant SNP markers information associated with agronomic traits of BGEM lines per se, and their testcrosses, grown under high nitrogen (HN) and low nitrogen (LN) conditions.






Figure 1 | GWAS-derived Manhattan and QQ plots showing significant SNPs associated with (A) per se anthesis-silking interval under HN, (B) testcrosses plant height under LN and (C) under HN, and (D) testcrosses yield under HN using FarmCPU model. Each dot represents an SNP. The horizontal solid line represents the Bonferroni-corrected significant threshold of 8.10 × 10−7.



For the per se data, the GWAS analysis identified significant SNPs only for ASI under HN condition. Interestingly, one of the two SNPs (S2_190189512) had PVE >30%. This SNP is within the gene model GRMZM2G414252, located between 190,556,326 and 190,557,054 bp on Chromosome 2. The SNP marker S1_13685600 (P = 1.11×10-11, SNP effect = 7.58) was also significantly associated with ASI under HN conditions. The associated gene model GRMZM2G037912 (14,081,196–14,083,562 bp in Chromosome 1) was identified as a putative vesicle-associated membrane protein (Table 6).


Table 6 | Candidate genes associated with agronomic traits of BGEM lines per se, and their testcrosses, grown under high nitrogen (HN) and low nitrogen (LN) conditions.



For testcross data, three significant SNP markers each were found for PHT under both LN and HN, but did not overlap. None of the SNPs affected more than one trait. The SNP marker S1_104874404 on Chromosome 1 was significantly associated with PHT under LN (P = 2.49×10−9, SNP effect = 8.80) with a PVE equal to 24.8%. This SNP is located within the gene model GRMZM2G158976 (105,553,409–105,554,335 bp), and encodes a VQ motif-containing protein. GRMZM2G070271 is 308,612 bp away from GRMZM2G158976 and encodes a xyloglucan endotransglucosylase/hydrolase protein. For PHT under HN conditions, one SNP marker had a PVE higher than 10% (S3_179633217). This SNP marker is within the gene model GRMZM2G087619 (177,609,579–177,634,652 bp), identified as sister chromatid cohesion protein on Chromosome 3. S2_209927372 was significantly associated with GY under HN (p = 5.44×10−7, SNP effect = −0.71). It is worth noting that this SNP marker explained more than 40% of phenotypic variance. The gene model GRMZM2G311187 (209,688,288–209,689,726) co-locates with this SNP, which encodes for a phosphatase protein. Other putative gene models identified by significant associations are listed in Table 6.





4 Discussion



4.1 Effect of nitrogen deficiency on agronomic traits

Screening maize genotypes for yield-related traits tested under LN conditions and optimal-N conditions is critical for long-term maize production in areas with low N fertility. In our study, we evaluated a panel of BGEM lines and their respective testcrosses. Information about population structure, genetic diversity, and linkage disequilibrium of BGEM lines have been reported (Sanchez et al., 2018; Ma et al., 2020; Zuffo et al., 2022). We observed a significant reduction in GY of BGEM lines and their derived testcrosses when evaluated under LN conditions, confirming the importance of sufficient N supply in maize production. Previous studies reported maize yield losses under N stress ranging from 37% to 78% (Bertin and Gallais, 2000; Presterl et al., 2002; Gallais and Hirel, 2003; Presterl et al., 2003; Abdel-Ghani et al., 2013; Chen et al., 2013; Das et al., 2019). In addition, testcross genotypes had better performance under LN than per se genotypes as a consequence of heterosis effect (Hallauer et al., 2010).

N deficiency is an important factor causing low yields in maize. During reproductive stage, N stress induces plant senescence, protein degradation, and thus reduces photosynthesis (Mu and Chen, 2021). To keep high GY in LN conditions, it is crucial to select genotypes with better performance under N stress conditions. Our study identified BGEM lines with outstanding performance under LN conditions. This shows the effectiveness of the DH technique in creating genetic variation that can be exploited in breeding for LN stress tolerance. Furthermore, the high performing lines from the same heterotic group could be used to develop breeding populations, either a synthetic population and/or several biparental populations. These could be used as a germplasm source for the development of new maize inbred lines with high allele frequency for NUE. Conversely, the BGEM lines from opposite heterotic groups might be used as parents in the development of maize hybrids tolerant to N stress conditions.

On average, the increase in ASI due to N deficiency stress was 16.24 GDUs in the per se trials and 20.01 GDUs in the testcross trials. Other studies have also reported an increase in ASI under LN conditions (Lafitte and Edmeades, 1995; Bertin and Gallais, 2000; Presterl et al., 2002; Gallais and Hirel, 2003; Abdel-Ghani et al., 2013; Das et al., 2019). According to Lin and Tsay (2017), the flowering time is postponed by either extreme deficiency or excess of N, while intermediate N concentrations promote flowering. Conversely, PHT means were lower under LN conditions for both per se and testcross trials. PHT reduction due to N deficiency stress was also observed in both inbred lines per se and testcrosses by Presterl et al. (2002). N is the most limiting nutrient and its rate of application influences maize growth and development at different stages. According to Singh et al. (2022), maize plants grown under LN conditions exhibited visual symptoms of N deficiency such as stunted growth and a significant reduction in shoot biomass. This indicates stress-related growth retardation, highlighting the prominent role of N for biomass accumulation (Qi and Pan, 2022).

Broad sense heritability in LN condition decreased from 0.02 (PHT in the combined analysis) to 0.52 (GY in Ames 2014) in the per se trials, and from 0.20 (PHT in the combined analysis) to 0.32 (GY in Ames 2015A) in the testcross trials. Decrease in heritability under stress conditions was also observed in previous studies in both maize inbred lines per se (Agrama et al., 1999; Bertin and Gallais, 2000; Gallais and Coque, 2005) and testcrosses (Bänziger et al., 1997; Presterl et al., 2002). Reasons for the decrease in heritability estimates include the decrease in genotypic variances instead of increased error variances (Bänziger et al., 1997; Gallais and Coque, 2005) and higher genotypes by environments interaction under LN than under HN (Gallais and Coque, 2005). The significant genotype × N condition interactions for most of the traits suggests that the genotypes responded differently to the N conditions. According to Presterl et al. (2003), the high variance in the genotype × N interactions emphasizes the need for multi-environment testing to identify N-use efficient cultivars with a broad adaptation to different N levels.




4.2 Correlations between per se and testcross agronomic traits

Indirect selection for GY based on secondary traits is a cheaper approach compared to direct selection for GY due to relatively high heritability of secondary traits and high genetic correlation between secondary traits and GY under LN conditions. As heritability estimates for GY were low to moderate in our study, significant and close correlations between GY and traits with higher heritability, such as PHT and ASI, would be useful for indirect selection. Moreover, correlations between GY under HN and LN would be useful to predict GY under LN based on HN trials. However, the efficiency of indirect selection depends on the strength of the genetic correlation between the environments or traits. In this context, despite positive correlation between HN and LN conditions for GY, the magnitude of the correlation coefficients in our study was small and non-significant in most cases. While in the per se trials, the GY correlation between HN and LN was close to 0.70, the correlation was<0.50 in the testcross trials. This reveals how critical it is to evaluate genotypes under the target environment, for both stress and optimal N conditions. Indirect selection for GY under LN through performances obtained from HN conditions was found to be inefficient in a study conducted by Ertiro et al. (2020). According to the authors, low efficiency of indirect selection was explained by the low correlation between environments that resulted from a high proportion of genotype × N variance.

In our study, significant and moderately negative correlations were observed between GY and ASI in the per se trials, while these were not significant in the testcross trials. Silva et al. (2022) also reported a negative association between ASI and GY. Gallais and Hirel (2003) suggested that ASI may have a role in stress tolerance physiology, wherein having a shorter ASI would translate to that genotype having a better N metabolism efficiency, or increased yield under LN conditions. Correlations between PHT under HN and PHT under LN were higher than 0.70 for both per se and testcrosses trials, which indicates a possibility to evaluate PHT under only one N condition.

In terms of correlation between traits in BGEM lines per se and testcrosses, weak to non-significant correlations were observed between per se and testcross data. Therefore, the prediction of testcross performance based on per se information does not seem to be feasible for BGEM materials. This prediction is even more difficult for traits showing high heterotic effect, such as GY. Therefore, while the BGEM per se lines are mainly under additive genetic control, their testcrosses have the effect of dominance and, potentially, epistasis effects. According to Mihaljevic et al. (2005), an indirect improvement of testcross based on per se performance is economically advantageous, but it is only feasible with a high positive correlation between per se and testcross performance.




4.3 Significant SNP-trait associations detected by GWAS

The MLM model did not detect significant SNPs. The MLM with PCA and K model includes the kinship matrix in the model and is expected to reduce the false positives that arise from family relatedness (Yu et al., 2006). However, advantages of the MLM model to control false positives disappear for complex traits when they are associated with population structure having extensive genetic divergence. Kaler et al. (2019) reported that MLM model was particularly conservative and did not find any significant markers, while the FarmCPU model performed better with a less conservative approach. We used FarmCPU model, a GWAS approach that included population structure and kinship and additional algorithms that were used to address confounding problems between the markers and covariates Liu X. et al. (2016). This makes FarmCPU a GWAS approach that is intermediate between GLM and MLM in terms of stringency. In this context, the majority of candidate genes found in our study are related to stress tolerance. The bHLH (Zm00001d005841) displayed a subset of stress-responsive genes in Arabidopsis (Smolen et al., 2002). We also found a nuclear pore complex, nup, (Zm00001d005856), which is the main transport channel between cytoplasm and nucleoplasm and plays an important role in stress response. According to Liu et al. (2022), the overexpression of nup58 in maize significantly promoted both chlorophyll content and activities antioxidant enzymes under drought and salt conditions. In addition, the expression patterns of the VQ genes (Zm00001d030098) have been analyzed in stress response in maize. According to Song et al. (2015), VQ motif-containing proteins play crucial roles in abiotic stress responses in plants. The expression profiles of VQ genes were analyzed in response to LN stress in soybean (Wang et al., 2014). The SnRK2 family members (Zm00001d042695) are plant-specific serine/threonine kinases involved in plant response to abiotic stresses and abscisic-acid-dependent plant development (Kulik et al., 2011). The cdpk (Zm00001d006479) is one of the well-known Ca2+ sensor protein kinases involved in environmental stress resistance (Asano et al., 2012). Several cdpks have been shown to be essential factors in abiotic stress tolerance, positively or negatively regulating stress tolerance by modulating abscisic acid signaling and reducing the accumulation of reactive oxygen species (Asano et al., 2012).

In our study, we found one SNP marker (S2_209927372) with over 40% of PEV. Although the literature reports few cases of total PEV higher than 30% for GY (Ajnone-Marsan et al., 1995; Sibov et al., 2003; Liu et al., 2012), the identification of a major GY-associated QTL is unusual. Fundamentally, a significant SNP can be due to a superior allele with potential to increase GY in elite germplasm. Conversely, a significant SNP can be caused by a yield-reducing allele. The latter option seems likely, given that GEM materials are based on non-adapted exotic introgressions. In addition, we observed that the SNPs found under LN did not overlap those found under HN. This result validates the low correlation observed between environments. Under abiotic stress conditions, the physiological mechanisms involved and genes responsible in control of traits may be different. Plants respond to abiotic stress through a variety of physiological, biochemical, and transcriptional mechanisms Waters et al., 2017. Potentially, the genes exhibited altered levels of expression in response to the LN stress, which confirmed the need to screen and select genotypes for each N condition separately. We also observed negative and positive allelic effects. A positive value of allelic effect indicates that the minor allele was the favorable allele associated with the increase in the target trait, and a negative value indicates that the major allele was the favorable allele associated with the target trait (Ertiro et al., 2020).

Our derived DH lines may be promising materials for further studies on NUE or developing lines with improved NUE. SNPs significantly associated with agronomic traits under LN conditions, which can aid in improving NUE in maize. These SNPs can also be used to select for donor lines or superior breeding lines, after validating these putative SNPs by developing near-isogenic lines for linkage or expression analysis, or through transgenic methods. Our study shows that exotic germplasm from the GEM project are, therefore, useful sources of novel genes to select for yield and other agronomic traits under low N to improve NUE in maize.
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Early determination of transgenic plants that are homozygous for a single locus T-DNA insert is highly desirable in most fundamental and applied transgenic research. This study aimed to build on an accurate, rapid, and reliable quantitative real-time PCR (qPCR) method to fast-track the development of multiple homozygous transgenic rice lines in the T1 generation, with low copy number to single T-DNA insert for further analyses. Here, a well-established qPCR protocol, based on the OsSBE4 reference gene and the nos terminator, was optimized in the transgenic Japonica rice cultivar Nipponbare, to distinguish homozygous single-insert plants with 100% accuracy. This method was successfully adapted to transgenic Indica rice plants carrying three different T-DNAs, without any modifications to quickly develop homozygous rice plants in the T1 generation. The accuracy of this qPCR method when applied to transgenic Indica rice approached 100% in 12 putative transgenic lines. Moreover, this protocol also successfully detected homozygous single-locus T-DNA transgenic rice plants with two-transgene T-DNAs, a feature likely to become more popular in future transgenic research. The assay was developed utilizing universal primers targeting common sequence elements of gene cassettes (the nos terminator). This assay could therefore be applied to other transgenic plants carrying the nos terminator. All procedures described here use standardized qPCR reaction conditions and relatively inexpensive dyes, such as SYBR Green, thus the qPCR method could be cost-effective and suitable for lower budget laboratories that are involved in rice transgenic research.
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Introduction

An efficient and productive protocol to identify homozygous plants plays a crucial role in molecular genetics and physiological studies, delivery of CRISPR-Cas9 cassettes for genome editing, and for molecular breeding of transgenic plants such as rice. A successful transformation process produces a first generation (T0) of hemizygous plants, where the T-DNA is inserted without an allelic counterpart. The T0 plants may contain one, two or multiple copies of the T-DNA in the host genome at the same or different locations. After self-pollination, the T-DNA segregates according to Mendelian principles. This means that the progeny in the subsequent generation (T1) are either homozygous, hemizygous or null for a particular T-DNA insert. To ensure stable inheritance of the T-DNA and any ongoing genetic or physiological analysis, only homozygous plants should be used, and preferably those with a single T-DNA insert. Thus, development of homozygous transgenic lines is a fundamental requirement in most of the downstream applications and studies of transgenic organisms, including plants. Therefore, an efficient and rapid technique for determining the T-DNA copy number, and screening for homozygous plants in the T1 generation, would fast-track this selection process.

To date, Southern blot and quantitative real-time PCR (qPCR) are the two most common methods for quantifying T-DNA copy number in transgenic plants. Southern blot analysis (Southern, 1975) is a powerful and reliable method but requires a large amount of genomic DNA and is time-consuming, in some cases hazardous and laborious, and thus is expensive. Especially for rice and other cereal crops which have a long-life cycle (4-5 months), large amount of space and resources are required for growth to generate subsequent generations. An alternatively to Southern blot analysis is qPCR, a rapid technique that is based on the detection of fluorescence generated during the amplification process (German et al., 2003; Bubner and Baldwin, 2004; Bubner et al., 2004). The fluorescence can be produced by an intercalating dye that fluoresces as it binds to double-stranded DNA or using a probe containing both a fluorophore and a quencher (TaqMan) targeted to an internal region of the transgene. During the extension step in the latter qPCR assay, DNA polymerase degrades the probe, releasing the fluorophore from the quencher and giving rise to fluorescence. The result of the PCR reaction is expressed as a cycle threshold (Ct) value. Other more technically sophisticated techniques have been developed from the basic TaqMan concept, but TaqMan requires relatively expensive probes (Baric et al., 2006) and it is less suitable for large-scale and universal testing applications. Droplet digital PCR (ddPCR) was evaluated and used to estimate T-DNA copy number in several crop species (Collier et al., 2017; Giraldo et al., 2019; Cai et al., 2020; Cai et al., 2021), homozygous transgenic tobacco (Głowacka et al., 2016), and maize (Xu et al., 2016). Again, ddPCR replies on an initial restriction digestion step, expensive probes and more expensive droplet digital PCR systems to estimate T-DNA copy number, and this thus is less suited to lower budget laboratories.

An alternative qPCR-based method known as the comparative Ct (2-ΔΔCt) method is reported for determining copy number and/or zygosity of transgenes (Bubner and Baldwin, 2004). Many analyses on copy number and/or zygosity of transgenes have employed the qPCR technique in several species such as maize (Schmidt and Parrott, 2001; Song et al., 2002; Shou et al., 2004; Xu et al., 2016), tomato (Mason et al., 2002; German et al., 2003), tobacco (Bubner et al., 2004), wheat (Li et al., 2004; Gadaleta et al., 2011; Giancaspro et al., 2017), and rice (Yang et al., 2005). Most studies showed a robust effectiveness of copy number determination, but effective outcomes for zygosity were unclear, except for the studies of Ingham et al. (2001). Later, it was shown that qPCR could be used to screen for homozygous transgenic cereal crops (Mieog et al., 2013; Wang et al., 2015) but the previous protocols were not universally adaptable for different T-DNAs and they were not consistent in all plants with identical zygosity. In most transgenic plant breeding studies, a large number of transgenic lines transformed with different gene expression cassettes can be generated. Therefore, a universal and fast-tracking method of homozygous plant identification would be advantageous. Here, the universal qPCR assay was optimized for accurate and reliable determination of zygosity using the example of transgenic rice plants. Compared to previous methods, this standardized qPCR assay is cost-effective and useful as a high-throughput method for fast-tracking identification of homozygous plants carrying single or low insert numbers in a single generation. It was successfully adopted to identify many homozygous single- or two-insert T-DNA rice plants in the T1 generation carrying four different gene expression cassettes, all with the same nos terminator sequence, without any modification.





Materials and methods




Agrobacterium-mediated transformation and transgenic plants

Multiple Japonica and Indica transgenic rice plants were generated via Agrobacterium-mediated transformation with four different T-DNAs (Figure 1). The transgenic Japonica lines carrying the Act-1:HvSUT1:NosT and Glb-1:HvSUT1:NosT cassettes were abbreviated to A lines and G lines, respectively. The Indica rice lines containing the Glb-1:HvSUT1:NosT, GluA2:OsNAS2:NosT, and GluA2:OsNAS2:NosT-Glb-1:HvSUT1:NosT were designated as SC1, SC2 and DC1, respectively. All T-DNAs contained a single common sequence of the nopaline synthase (nos) terminator, except for the DC1 T-DNA which contained two nos terminators. Illustrations of the T-DNAs were prepared using SnapGene (GSL Biotech).




Figure 1 | Southern blot analyses of the transgenic lines and schematic representation of the four T-DNAs used for rice transformation. (A) Genomic DNA of the T0 transgenic lines was digested with HindIII or EcoRI, then probed with a fragment of the HvSUT1 gene. Migration of HindIII-digested lambda marker is noted. Lane 1 contains 100 pg of the pIPKb001 plasmid (EU161567) carrying Glb : HvSUT1:NosT used as a positive control. Lane 2 is the genomic DNA of non-transgenic rice Nipponbare digested with EcoRI used as a negative control. Lane 3 and 5 showed two bands in the genomic DNA of the G1.4 transgenic line carrying the Glb : HvSUT1:NosT digested by EcoRI and a single band by HindIII, respectively. Lane 4 and 6 showed a single band in the genomic DNA of the G3.1 transgenic line carrying the Glb : HvSUT1:NosT digested by EcoRI and two bands by HindIII, respectively. Lane 7 showed a single band in the DNA genomic of the A5.1 transgenic line carrying the Act-1:HvSUT1:NosT digested by HindIII. The Act-1:HvSUT1:NosT construct with one nos terminator (B) and the T-DNA of the Glb-1:HvSUT1:NosT with one nos terminator (C) with the HindIII and EcoRI sites and a position of the probe of HvSUT1. The T-DNA containing two stacked genes with two nos terminator regions (the Glb-1:HvSUT1:NosT and GluA2:OsNAS2:NosT) (D) and the T-DNA of GluA2:OsNAS2:NosT with one nos terminator (E). The T-DNA of the G3.1 transgenic line (F) and the G1.4 transgenic line (G) with the insertion of two T-DNAs in a tandem repeat, but inverted orientation. Glb-1 and GluA2: rice endosperm specific promoter Globulin 1 and Glutelin A2; Act-1: the rice actin 1 gene promoter; HvSUT1: barley sucrose transporter 1, OsNAS2: rice nicotianamine synthetase 2; hygromycin phosphotransferase (hpt) gene under control of the Ubi-1 promoter and the CaMV 35S terminator (35S T). Illustrations of the DNAs were prepared using SnapGene (GSL Biotech).







Primer design

The rice genes coding for branching enzyme (OsSBE4) and sucrose phosphate synthase (OsSPS), are appropriate reference genes in the qPCR assay as they are each present as two copies at a single locus in the rice genome (Mizuno et al., 2001; Jiang et al., 2009). All oligonucleotide primers were designed using the Primer3 software (bioinfo.ut.ee/primer3-0.4.0/primer3/). Some parameters were modified from the default setting to achieve similar amplification efficiencies between the reference genes and T-DNAs in the qPCR assay, including product size (80-200 bp) and primer Tm (59-65 °C). The selected primer pairs were checked by BLASTn against representative genomes for Oryza sativa ssp. Japonica and Indica to check the specificity of each primer pair. Folding template of the reference genes and T-DNAs were analysed by OligoArchitect™ Primer (offered by Sigma-Merck, USA) to eliminate primers that matched with predicted secondary structures in the templates. UNAFold software (http://sg.idtdna.com/UNAFold) was used to predict whether amplicons generated any secondary structure at the annealing temperature. Primer pairs that passed all of these requirements were synthesized by Sigma-Merck (Supplementary Table S1).





End-point PCR for confirmation of T-DNA integration

Rice genomic DNA (gDNA) used for end-point PCR and the qPCR assay was isolated from leaves (100 mg) of transgenic lines (T0, T1 or T2) using an Isolate II plant DNA kit (Bioline, USA). The gDNA was suspended in 50 μl of elution buffer (5 mM Tris-HCl, pH 8.5) and the DNA samples were diluted to achieve an average DNA concentration of around 4.26 ng/ul using sterilized MiliQ water. The quantity of gDNA was estimated using a Nanodrop 2000 instrument (Thermo Fisher Scientific, USA). For end-point PCR (Supplementary Table S2), a 25 µl reaction consisted of 1 × GoTaq Green Reaction Buffer (Promega, USA), 2 mM MgCl2, 0.4 mM dNTPs, 0.4 µM for each primer and 2 µl of 4.26 ng/µl DNA template. The PCR cycling protocol was as follows; initial denaturation for 10 min at 95 °C, followed by 30 cycles of 95 °C for 30 sec, 64 °C for 30 sec and 72 °C for 30 sec, ending with 10 min at 72 °C. PCR products were visualized on a 1.5% agarose gel.





Standard curve establishment

An efficient, reproducible, and dynamic range qPCR assay was determined by making a standard curve using a 10-fold serial dilution of the target sequence (104, 103, 102, 101 and 100 copies/μl). The absolute quantification of the copy number of the target sequence per haploid genome was calculated based on the mass of genomic DNA and the genomic DNA concentration determined by UV absorption at 260 nm based on the protocol of Applied Biosystems (Applied Biosystems, 2003). The mass of a single copy of the rice genome (haploid) was calculated as follows:

	

where m is mass (g) of genomic DNA and n is genome size (389 Mb) (Sequencing Project International Rice, 2005).

Then mass of the rice genomic DNA needed to achieve 104 copies of the rice genome was calculated as follows

	

For this case, 4.26 ng/μl was equivalent to 104 copies/μl of the rice genome. The stock concentration of rice gDNA was determined by UV absorption at 260 nm and diluted to achieve 4.26 ng/μl (104 copies/μl). The 104 copies/μl was serially diluted 10-fold in sterile Milli Q water to reach 103, 102, 101 and 100 copies/μl of the rice gDNA.

The standard curve was generated from Ct values plotted against the logarithm of the template concentration at each dilution with three replicates. Amplification efficiency was calculated from the slope of the standard curve (Bio-Rad Laboratories, 2006). The amplification efficiencies of the primer pairs for the reference genes and the T-DNAs were then compared with each other and chosen when within 5% of each other, and as close to 100% as possible. Based on the standard deviation of five dilutions in the standard curve, a concentration of DNA template was chosen with the lowest standard deviation and then used in the qPCR assay for zygosity analysis.





qPCR assay for zygosity identification

Reactions were done in a CFX96™ Real-time PCR detection instrument (BioRad, USA). A 10 μl reaction consisted of 5 μl (1 ×) KiCqStart SYBR Green qPCR ReadyMix (Sigma-Merck, USA), 300 nM for each primer and 2.5 μl of gDNA template (0.426 ng/μl ~103 copies/μl). A standard two-step protocol was used as follows: 1 cycle for DNA denaturation at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 sec and 60 °C for 30 sec and a melting curve was generated in 0.5 °C increments starting at 60 °C. Reactions for both reference gene (OsSBE4) and the T-DNAs were run in triplicate.

As the amplification efficiency of the reference gene and T-DNAs were similar and nearly 100% and within 5% of each other, the zygosity of transgenic plants was determined by the Livak method, 2-ΔΔCt (Livak and Schmittgen, 2001). The difference between the Ct values of the T-DNAs and reference gene for the test plant was calculated (ΔCt), then normalized to the ΔCt for a calibrator plant to obtain copy number calculation (ΔΔCt). The resulting ΔΔCt value was incorporated to determine zygosity of the test plant. The 2-ΔΔCt method was calculated using the following steps.

First, the Ct values of the T-DNAs (for example HvSUT1 and Nos terminator) were normalized to that of the reference gene (OsSBE4) for both test plants and calibrator:

	

	

Second, the ΔCt of test plant was normalized to that of the calibrator to obtain ΔΔCt:

	

Finally, the 2-fold difference was then found by 2 to the power of -ΔΔCt:

	

If the calibrator was hemizygous (that is a single-insert T0 plant), the 2-ΔΔCt of a homozygous single-insert plant will be twice that of the calibrator.





Southern blot for determining insert number of T-DNAs

Southern blot analysis was conducted to provide a confirmation of T-DNA insert number independent to the qPCR assay. Rice gDNA of T0 transgenic Japonica lines was digested with HindIII or EcoRI (New England BioLabs, USA) in 30 μl reactions which consisted of 3 μl buffer (10 ×), restriction enzyme (30 units) and 3 μg gDNA. The reaction was incubated at 37 °C for at least 4 hrs. Digested fragments were separated on a 0.8% agarose gel by electrophoresis at 30-40 V overnight. After the separation of the DNA fragments was completed, the DNA was depurinated by incubating the gel in 0.25 M HCl for 10 min. The gel was rinsed in MilliQ water three times before the DNA was denatured in the high salt denaturation solution for 30 min. Afterward the DNA was transferred directly to Biodyne B nylon membrane (Pall Life Sciences, USA) by capillary transfer overnight in 20 × SSC buffer (pH 7) containing sodium chloride (3 M) and sodium citrate buffer (0.3 M). The membrane was then dried at 80 °C for 15 min, and then fixed with UV cross-linker (GS Gene linker UV chamber, BioRad, USA) at 150 mJoule for 10 sec. After fixation, the membrane was processed with hybridization and detection.

A 498-bp fragment amplified from the HvSUT1 plasmid was used as a probe template for radioactive 32P-dCTP labelling using random primers (Geneworks, Australia), which consisted of 3 μl of random primer (40 μM), 5 μl of 20 ng/μl probe template, 12.5 μl of 2 × oligo labelling buffer, 1.5 μl of DNA polymerase (Klenow fragment) (2 units/μl) and 5 μl of 32P-dCTP in a 27 μl reaction. The labelled probe was incubated at 37 °C for 1-2 hrs, and then isolated by ethanol precipitation. Before hybridization, the membrane was mixed well and incubated with 5 × SSC overnight in the hybridization oven at 65 °C. The hybridization and detection processes were carried out according to Weiss (1992).






Results




A well-optimized qPCR protocol for homozygous single-insert determination

A transgenic Japonica rice line overexpressing the Act-1:HvSUT1:NosT (designated A5.1) was confirmed to carry a single insert in its genome by Southern blot, following digestion of genomic DNA with HindIII, which cuts once in the T-DNA construct (Figures 1A, B). The genomic DNA of this single copy line was used to optimize conditions of the qPCR protocol. For the expression construct Glb-1:HvSUT1:NosT (transformed plants designated G lines), there was a single EcoRI recognition site in hygromycin phosphotransferase (hpt) gene near on the left T-DNA border and two HindIII recognition sites close to the HvSUT1 gene near the right border of the T-DNA construct. Two Southern blot analyses of the G lines were carried out with HindIII and EcoRI digested gDNA. The G1.4 line showed two bands in EcoRI digested DNA and a single band in HindIII digested DNA, while the G3.1 line had two hybridising fragments in EcoRI digested DNA and one fragment in the HindIII digestion (Figure 1A). The two G3.1 and G1.4 transgenic lines were predicted to contain two inserts of the T-DNA in a tandem repeat, but inverted orientation (Figures 1F, G).

To reliably determine the zygosity of transgenic lines using the qPCR protocol, the comparative 2-ΔΔCt method was used for copy number estimation (Bubner and Baldwin, 2004). This method requires similar PCR efficiencies of the T-DNA amplicons and an endogenous reference gene present as two copies at a single locus in the diploid rice genome. Thus, specific and well-matched sets of primer pairs for the T-DNAs and reference genes were designed and it was verified that their amplification efficiencies were close to 100% ± 5%. Three primer pairs for two endogenous reference genes, namely the starch branching enzyme 4 (OsSBE4) and the sucrose phosphate synthase (OsSPS), five primer pairs for the HvSUT1 gene (HvSUT1m, HvSUT1j, HvSUT1a, HvSUT1b, and HvSUT1c), and three primer pairs for the nos terminator (NosTY, NosTYA and NosTh), all present in the T-DNAs, were designed and screened in this study. All selected primer pairs were used in the qPCR assay with 10-fold serial dilutions of the genomic DNA of the A5.1 line (100, 101, 102, 103 and 104 copies/μl) to determine their relative efficiencies (Table 1). Three primer pairs (SBE4, NostYA and HvSUTj) showed high specificity, generating single PCR products (as seen on the 1.5% agarose gel; Figure S1) and a single peak in the melt curve (Figure 2). Their reproducible amplifications had similar efficiencies close to 100%. The R2 values for SBE4, HvSUTj and NosTYA primers were 0.997, 0.989 and 0.989, respectively. It was interesting that the three regression lines derived from the qPCR assays with SBE4, HvSUTj and NosTYA primers were parallel. This indicates that the reaction efficiencies of the two primer pairs are very well-matched and comparable within the gDNA template concentration range of 100 – 104 copies/μl. Two well-matched sets of primer pairs (SBE4/HvSUTj and SBE4/NosTYA) were selected for further analyses.


Table 1 | Screening for the specificity, PCR amplification efficiency, slope, and correlation coefficients (R2) for all primer pairs of the T-DNAs and internal reference genes.






Figure 2 | Amplification efficiencies of well-matched primer pairs used in the qPCR assay. Amplification curves and melting curves of SBE4 primer pair (A, D), HvSUT1j primer pair (B, E) and NosTYA primer pair (C, F) for the qPCR assay were conducted in a CFX96™ Real-time PCR detection system (BioRAD). The fluorescent threshold was set at 500 Relative Fluorescent Units (RFU). (G) Comparison in amplification efficiency of SBE4, HvSUT1j and NosTYA primers. The genomic DNA from the A5.1 transgenic line with a single T-DNA insert was diluted by 10-fold serial dilution (100, 101, 102, 103, and 104 copies/µl). The standard curve for each primer pair was made by plotting the average Ct value of three replicates for each dilution against the logarithm of the DNA starting quantity. The green, light blue and dark blue regression lines with their equations and R2 values are presented for SBE4, HvSUT1j and NosTYA primers.



Based on a logarithmic standard curve generated from the serial dilution of the genomic DNA from the A5.1 transgenic line, an optimized qPCR assay was established to apply in the determination of homozygous and hemizygous plants, as described above. A dilution of 103 or 102 copies/μl was within the dynamic range of the reaction and considered as the optimal range of starting concentrations of genomic DNA template in the qPCR assay. It was noted that the dilutions with DNA concentration lower than 102 copies/μl or higher than 103 copies/μl had increased variation between technical replicates. Therefore, a concentration of 103 copies/μl of genomic DNA was used as the working concentration in all subsequent experiments.

In 25 offspring of the A5.1 line analysed by this qPCR assay, the prediction was that there were four homozygous plants with the mean 2-ΔΔCt value of 2.00 ± 0.107, 14 hemizygous plants (the mean 2-ΔΔCt value of 1.01 ± 0.041) and seven null plants (the mean 2-ΔΔCt value of 0.00 ± 0.008). These data, when analysed by Chi-square (χ20.05) test for goodness of fit, showed no significant difference between the expected segregation ratio (1:2:1) and the observed ratio with a P value of 0.583 (Table 2). The results in Table 2 showed that Ct value differences (ΔCt values) for homozygous plants were from 0.008 to 0.17 cycles between Ct values of NosTYA and SBE4, while the ΔCt values of hemizygous plants was from 0.92 to 1.20. For the set of SBE4 and HvSU1j primer pairs, the ΔCt values were more variable with around 0.41 for homozygotes and from 1.20 to 1.46 for hemizygotes (Supplementary Table S4). Moreover, on analysis the standard curves for the two sets of primer pairs, the reactions with NosTYA and SBE4 primer pairs had Ct values for the same dilutions differing by around 1 cycle, while reactions with the HvSUT1j and SBE4 primers had Ct values differing by approximately 0.6 cycles with the same dilutions (Figure 2G). This indicates that the primer set of SBE4 and NosTYA reflected the copy number of the OsSBE4 reference gene (two copies) doubling the copy number of the T-DNA (one copy) in the diploid genome. In the case of this A5.1 line with a single T-DNA insertion, the quantitative PCR assay reliably distinguishes the zygosity of the transgene utilising the set of primer pairs (NosTYA and SBE4).


Table 2 | Zygosity determination of T2 plants from the A5.1 transgenic line with a single T-DNA insert.



To verify the accuracy of zygosity identification by the qPCR assay, T2 plants of the A5.1 line with a single T-DNA insert were chosen for further segregation analysis. Around 100 progeny from one homozygous plant (No. 6), three hemizygous plants (No. 1, 2 and 5), and one null plant (No. 4), as predicted by the qPCR assay, were analysed for their segregation using hygromycin selection (Supplementary Table S5). Progeny from the plants predicted by the qPCR to be homozygous were all resistant to hygromycin, whereas progeny from the null plant were all sensitive. Segregation of the T-DNA in the progeny of hemizygous plants showed no significant difference from the expected segregation ratio (3:1 for resistant: sensitive) (Supplementary Table S5). The result of the hygromycin sensitivity assay thus verified the 100% accuracy of the zygosity determined for the A5.1 line as predicted by the qPCR assay.

This optimized qPCR assay using the hemizygous plant from the A5.1 line as a calibrator, was then adapted to determine the zygosity of other transgenic lines. Two transformed lines which contained two T-DNA inserts at the same locus in the rice genome (G1.4 and G3.1) were analysed to determine their zygosity by using the optimized qPCR assay. The qPCR assay identified 2-ΔΔCt values of homozygous plants with four copies as 3.9 to 4.18, and 1.93-1.98 for plants containing two copies (Table 3 and Supplementary Data S2). Only plants with four, two or zero copies of the T-DNA were detected in a 1:2:1 ratio, and the segregation ratios of T-DNA inserts in the G1.4 and G3.1 lines determined by the qPCR assay suggested a single insert locus. The results of the qPCR assay were therefore consistent with the Southern blot analyses. The use of the qPCR assay to confidently detect homozygous plants where two T-DNAs had integrated at the one locus is a powerful and useful application of this tool.


Table 3 | T-DNA segregation analysis of T1 plants from T0 plants carrying single insert based on the qPCR assay.







Application of the qPCR method

Having optimized the qPCR assay, this method was successfully applied to fast-track the identification of T-DNA copy number and zygosity of transgenic Indica rice plants in the T1 generation. In this experiment, three populations of transgenic Indica rice lines carrying T-DNAs with a single transgene of the HvSUT1, the rice nicotinanamine synthase (OsNAS2), and both the transgenes (HvSUT1 and OsNAS2) were developed and designated as SC1, SC2 and DC1 lines, respectively (Figures 1C–E). All the transgenic lines contained the same nos sequence element as the A5.1 line (Figure 1B), so the qPCR assay with the same primer pairs for T-DNAs and reference gene could be used without any adaptation. The hemizygous plant from the A5.1 line was used as a calibrator for all qPCR runs. To achieve the fastest route for developing a homozygous line, we could detect single-insert lines in the T0 generation.

The T-DNAs in all the T0 putative transgenic lines exist in a hemizygous state. For single-transgene T-DNA lines (SC1 and SC2), Ct values (~ 25) of the NosTYA primer pair (Figures 3D, E) were higher by approximately 1, compared to the Ct values (~ 24) of the reference SBE4 primer pair (Figures 3A, B). The results were comparable to the hemizygous calibrator. Based on the 2-ΔΔCt value of each putative transgenic line in the T0 generation, the copy number of T-DNA inserts was predicted, with one indicating a hemizygous single insert, two for two hemizygous inserts, etc. The results are summarized in Figures 3G, H, with the putative transgenic events showing a single insertion of the T-DNAs as the most frequent, with seven of the 21 SC1 lines (33.33%) and ten of the 21 SC2 lines (47.62%). The transgenic lines likely to contain a single insertion per genome in the SC1 and SC2 lines had a 2-ΔΔCt value of 0.8 - 1.0, and 0.7 - 1.1, respectively. For T0 transgenic lines carrying the DC1 T-DNA, Ct values of the NosTYA primer pair were similar to that of the reference SBE4 primer pair, around 24, because in this case there were two nos terminator regions in the T-DNA (Figures 3C, F). The 2-ΔΔCt value was ~ 2 for single-insert lines, ~ 4 for two-insert lines, etc. The result, shown in Figure 3I, indicates eleven of the 30 DC1 transgenic lines (36.67%) were determined to carry a single insertion of the DC1 T-DNA with 2-ΔΔCt values of 1.8 – 2.2.




Figure 3 | Copy number determination in T0 transgenic rice plants using the qPCR assay. Average Ct values of SBE4 (A) and NosTYA (D) and copy number of T-DNAs (G) in T0 transgenic rice plants carrying the SC1 T-DNA. Average Ct values of SBE4 (B) and NosTYA (E) and copy number of T-DNAs (H) in T0 transgenic rice plants carrying the SC2 T-DNA. Average Ct values of SBE4 (C) and NosTYA (F) and copy number of T-DNAs (I) in T0 transgenic rice plants carrying the DC1 T-DNA with two stacked genes. The qPCR assay was adapted without any modification. The A5.1 transgenic line was used as a calibrator. The blue lines represent the mean Ct values of the SBE4 primer pair in all SC1 and SC2 lines (24.1) and DC1 lines (23.8). Red and green lines represent 1 and 2 copies of T-DNAs, respectively.



The T0 lines carrying a single insert for the SC1, SC2 and DC1 T-DNAs were grown and used to screen for homozygous plants in the T1 generation. The theoretical segregation of the T-DNA in single-insert lines would be consistent with a Mendelian ratio of 1:2:1 for homozygous, hemizygous and null plants. Seeds from 13 independent transgenic events in the T0 generation, predicted to have a single insertion by qPCR, were grown to determine zygosity in the T1 generation using qPCR (Table 3). A total of 37 homozygous T1 plants were predicted from the qPCR assay; 19 homozygous plants from five independent transformation events carrying the DC1 T-DNA with the 2-ΔΔCt values of 3.78 - 4.41, 11 homozygous plants from three independent SC1 transgenic lines with the 2-ΔΔCt values of 1.78 - 2.17 and seven homozygous plants from four independent SC2 transgenic lines with the 2-ΔΔCt values of 1.75 – 2.02. A Chi-squared (χ20.05) analysis was used to analyse the segregation ratios of the T1 progenies based on the qPCR results. In all cases, there was no significant difference between the observed ratios and that expected for Mendelian segregation of a single gene. The frequencies of homozygous plants carrying the SC1 T-DNA (23.9%) were much closer to the expected frequency of 25%. There were lower frequencies in the SC2 lines (only 10.3%) and in the DC1 lines (16.2%). There was no T1 progeny plant from the single-insert lines with more than two copies identified by the qPCR assay. For the SC1 two-insert lines, homozygous plants were identified with 2-ΔΔCt values from 4.07 - 4.14, compared to 1 for the hemizygous calibrator.

To verify the reliability and accuracy of the qPCR assay to determine zygosity and number of T-DNA insertions, 105 T2 progeny from eleven homozygous single-insert plants and one homozygous double-insert line (shown in Table 3) were analyzed for the presence of the T-DNA by end-point PCR using the specific primer pairs for the transgenes (Supplementary Table S2). The results (Table 4) indicate that all progeny from the plants predicted to be homozygous for a single T-DNA insert were positive for the presence of the T-DNA by end-point PCR, demonstrating 100% accuracy for identifying homozygous plants attained from this qPCR assay in the T1 generation. A similar result was also achieved for the homozygous, two-insert transgenic plants determined by the qPCR. Therefore, all materials from those homozygous plants and their progenies could be confidently used for further phenotypic, molecular, and physiological analysis.


Table 4 | Summarizing end-point PCR analysis of T2 plants from the homozygous T1 plants.








Discussion

Ideally, identifying single-insert T0 transgenic lines can greatly assist in the development of homozygous T1 lines. However, determining homozygotes is challenging because neither end-point PCR nor Southern blotting can clearly and reliably differentiate between homozygous and hemizygous plants at this point in the experimental timeline. Therefore, genetic analysis of T2 progeny is required, which is time-consuming and space and labour-intensive. Alternatively, the qPCR assay can determine copy number and zygosity (Ingham et al., 2001; German et al., 2003; Bubner and Baldwin, 2004; Bubner et al., 2004; Mieog et al., 2013; Wang et al., 2015), however these studies have limitations in reliability and universality. A standardized and universal qPCR protocol to identify homozygous plants accurately, reliably, and rapidly is needed and is presented here.

By using the comparative 2-ΔΔCt method, the qPCR assay was optimized to provide an accurate, reliable, and powerful tool to identify single insert T0 plants and thus fast track the development of homozygous transgenic lines. The comparative 2-ΔΔCt method requires an endogenous reference gene and equal PCR amplification efficiencies for the reference gene and the T-DNA construct (Bubner and Baldwin, 2004). In this study, the OsSBE4 gene was used as an endogenous reference, and the nos terminator for the T-DNA, were targeted to design a specific, well-matched pair of primers to achieve equal amplification efficiencies. The genomic DNA from the A5.1 transgenic line with a single T-DNA insert, as confirmed by Southern blot analysis, contains one copy of the nos terminator and two copies of the OsSBE4 reference gene (Mizuno et al., 2001). The A5.1 line was used as starting DNA to analyse the PCR efficiencies of the SBE4 and NosTYA primer pairs by plotting the average Ct values for each dilution and fitting a standard curve (Figure 2G). These standard curves showed close to 100% amplification efficiency in each case. The difference in Ct values at each dilution between the SBE4 and NosTYA primers was consistently one cycle and parallel. This reflects the difference in copy number of the T-DNA (one copy) and the endogenous reference gene (two copies). From these results, the optimized protocol of the qPCR assay used in this study was established with standardized procedures for dynamic DNA concentration, well-matched primer pairs, real-time PCR conditions, and the 2-ΔΔCt method. The qPCR assay was utilized to screen the progeny of hemizygous, single T-DNA insert lines. The results indicated 100% accuracy in determining homozygous (two copies), hemizygous (one copy), and null (zero copy) plants. Two major factors contributed to the high accuracy of the qPCR assay achieved in this study. The first is an internal reference gene with a single copy per haploid genome. Many previous reports did not determine the copy number of the reference gene (Bubner and Baldwin, 2004), and this could affect the T-DNA copy number estimate. In practice, a reference gene when present in multiple copies per haploid genome would be more complicated to amplify and estimate by real-time PCR using SYBR green. It is therefore of no surprise that many previous reports were less successful in accurately measuring T-DNA insert copy number (Bubner and Baldwin, 2004). Meanwhile, Mieog et al. (2013) and Wang et al. (2015) reported success in determining T-DNA copy number when the reference genes were present in a single copy per haploid genome. However, their Ct values of the reference genes and T-DNAs were variable in all plants with identical zygosity. In this study, the qPCR assay showed very little variation in the Ct values of the reference gene and T-DNAs. The robust and consistent results of the Ct values in every plant or sample was a direct consequence of our well-optimized and standardized protocol.

The second factor contributing to the accuracy and reliability of the assay was the Ct values of the endogenous gene (two copies) which in all the plants was consistently around 24 with a low standard deviation (0.28), and very low standard deviation (<0.14) between three replicates, as is required for copy number and zygosity determinations (Bubner et al., 2004). We conclude that the low variation in Ct values of the endogenous gene was easily achieved because of the high quality and consistent concentration of starting DNA template (103 copies/μl or 0.426 ng/μl). In the previous reports in which Ct values of reference genes in samples varied significantly from 19 to 21 (Bubner and Baldwin, 2004; Wang et al., 2015), there were no standardized qPCR protocols. Furthermore, in our study, the Ct values of the nos terminator in the homozygous plants were all around 24, similar to the Ct values of the endogenous gene, but higher by 1 cycle in the hemizygous plants (around 25). This is more likely to reflect the copy number of the T-DNAs in the single-insert plants. Based on the Ct values of the reference gene and the T-DNA, the zygosity of single insert transgenic plants could then be accurately predicted. This level of consistency was not seen in data of the previous reports (Bubner and Baldwin, 2004; Wang et al., 2015).

Along with the high accuracy and reliability, the assay was demonstrated to be universal and repeatable for copy number and zygosity determination in transgenic rice. The assay was successfully adapted for determining multiple T-DNAs with the same nos terminator in two rice varieties (Indica and Japonica) at the same time and without any modifications. The NosTYA primer pair was used to detect the nos terminator which is a commonly used regulatory element in genetically modified of crops (Wu et al., 2014) and the SBE4 primer pair was used to amplify the endogenous reference gene, which is present as two copies per rice genome and well conserved in different rice including the most popular Indica and Japonica varieties (Mizuno et al., 2001; Wang et al., 2015). The qPCR-based methods established in the previous reports required several modifications for wider application, namely primer design for T-DNAs or reference genes, the selection of the appropriate endogenous gene, and the optimisation of the qPCR assay conditions. These modifications are crucial to achieve the level of accuracy reported here.

We demonstrated here, a fast-tracking strategy for high throughput development of single-insert homozygous T1 lines derived from single-insert T0 lines, as only two generations are required to identify at least one homozygous plant, from which 100% of the T2 progeny were homozygous. In addition, the qPCR assay has the potential to reduce cost in large-scale screening of homozygous plants. First, this qPCR method required a small amount of plant tissues (~100 mg) of T1 progeny to obtain enough genomic DNA (1.065 ng) for each qPCR reaction, thus we determined homozygous T1 transgenic Indica rice plant within 4 weeks after germination, thus reducing space and resources required for growing numerous hemizygous and null T1 progeny (75% in theory, compared to approximately 80.28% in this study). Second, the proposed protocol using SYBR Green qPCR, provides a simple and transferable assay to molecular breeding and transgenic research being much cheaper and easier to use than the TaqMan assay. Additionally, the data were unchanged when the qPCR reactions were set up in a 10 μl final volume, instead of 20 μl reactions, further reducing the experimental cost by a half. Finally, cheaper end-point PCR was used for initial screening of transgenic plants from the T1 population to remove all null plants. This reduced the experimental cost of the SYBR Green qPCR ReadyMix by a further 25%.

For T0 lines with two inserts located at different loci, multiple generations may be required to achieve single-copy homozygous plants (Mieog et al., 2013). The qPCR assay could identify two copies of the T-DNA but would be more difficult to distinguish between homozygous single insert progeny and hemizygous two-insert progeny. Although transgenic lines with a single insertion are preferred, two inserts of the T-DNA can still be useful in genetic studies. The qPCR assay was able to detect homozygous, two-insert plants containing four copies. In the case of the G1.4 and G3.1 lines containing two T-DNA inserts in a tandem inverted orientation at one locus (Figures 1F, G), a good correlation was found between the results of the qPCR and Southern blot assays. This result indicates that the qPCR assay was accurate and reliable and thus we successfully applied the assay to develop homozygous plants carrying the two-gene cassette (the DC1 T-DNAs) using a single reaction. In contrast, Wang et al. (2015) needed three separate reactions with three different primer pairs to detect homozygous lines stacked with three different gene cassettes at different loci in rice. The qPCR protocol used here with universal primer pairs (NosTYA) was employed to detect the homozygous lines stacked with two different genes using the same terminator sequence. This demonstrates the wide application of this qPCR assay to transgenic plant research.

Our method obtained accurate measurements of T-DNA copy number in rice that are very close to integer values. Such accuracy was very similar or even better that that achieved by the ddPCR method using a more sophisticated droplet digital PCR systems (Głowacka et al., 2016; Xu et al., 2016; Collier et al., 2017; Giraldo et al., 2019). For instance, our study reported that T-DNA copy number using the proposed qPCR method was 0.94 - 1.11 and 1.85 – 2.07 for single T-DNA copy and two T-DNA copy events, respectively. In our larger experiment, the measurements of T-DNA copy were 0.7 – 1.1 and 1.75 – 2.17, respectively. Meanwhile, Collier et al. (2017) reported 0.83 – 1.57 for single T-DNA copy, and 1.63 – 2.97 for two T-DNA copies, and Głowacka et al. (2016) showed 0.94 - 1.12 and 1.80 - 2.26 for single T-DNA copy and two T-DNA copy events, respectively. Recently only two reports, of Głowacka et al. (2016) and Xu et al. (2016), have demonstrated the successful used of the ddPCR to identify of homozygous plants. Unfortunately, in these cases no additional analysis was carried out to verify the segregation of the T-DNA in the next generation and thus the accuracy of the method could not be verified. In comparison to qPCR, the ddPCR method is more complicated than that proposed here. For example, the use of restriction digested genomic DNA containing two T-DNA copies in a tandem inverted orientation at one locus, which is relatively common in transgenic plants (Tzfira et al., 2004; De Buck et al., 2009), presents a challenge for the ddPCR method that is not the case in our method. In the study of Collier et al. (2017), one R5-24 transgenic rice line was estimated to contain a single T-DNA insert using the ddPCR method, but two T-DNA inserts using Southern blot. In the case of our study, the qPCR and Southern blot analysis of the G1.4 and G3.1 transgenic lines were consistent with a tandem inverted T-DNA insertion event. Furthermore, the ddPCR method has a much higher experimental cost and is more time-consuming than our qPCR method because the ddPCR relies on an initial restriction digestion of genomic DNA, expensive labelled probes specific to transgenes, and a costly droplet digital PCR system for T-DNA copy measurement (Cai et al., 2021). In addition, the primer pairs and labelled probes used in the ddPCR assay are specific to the T-DNA and thus would be time-consuming and expensive to optimize. Further, if multiple T-DNAs were investigated using the ddPCR method, the cost and time factors would be amplified.

To conclude, we present here an improved and efficient qPCR assay to identify homozygous transgenic plants confidently and economically. This assay is suitable for lower budget laboratories that are involved in transgenic research and could also be applied to a variety of transgenic plant species carrying T-DNAs with the same regulatory elements.
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To investigate the genetic mechanisms underlying the reproductive traits (time to flowering and maturity) in wheat and identify candidate genes associated, a phenotypic analysis was conducted on 239 wheat accessions (lines) from around the world. A genome-wide association study (GWAS) of wheat heading and maturity phases was performed using the MLM (Q+K) model in the TASSLE software, combined with the Wheat 55K SNP array. The results revealed significant phenotypic variation in heading and maturity among the wheat accessions across different years, with coefficients of variation ranging from 0.96% to 1.97%. The phenotypic data from different years exhibited excellent correlation, with a genome-wide linkage disequilibrium (LD) attenuation distance of 3 Mb. Population structure analysis, evolutionary tree analysis, and principal component analysis indicated that the 239 wheat accessions formed a relatively homogeneous natural population, which could be divided into three subgroups. The GWAS results identified a total of 293 SNP marker loci that were significantly associated with wheat heading and maturity stages (P ≤ 0.001) in different environments. Among them, nine stable SNP marker loci were consistently detected in multiple environments. These marker loci were distributed on wheat chromosomes 1A、1B、2D、3A、5B、6D and 7A. Each individual locus explained 4.03%-16.06% of the phenotypic variation. Furthermore, through careful analysis of the associated loci with large phenotypic effect values and stable inheritance, a total of nine candidate genes related to wheat heading and maturity stages were identified. These findings have implications for molecular marker-assisted selection breeding programs targeting specific wheat traits at the heading and maturity stages. In summary, this study conducted a comprehensive GWAS of wheat heading and maturity phases, revealing significant associations between genetic markers and key developmental stages in wheat. The identification of candidate genes and marker loci provides valuable information for further studies on wheat breeding and genetic improvement targeted at enhancing heading and maturity traits.
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Introduction

Wheat is one of the most important grain crops in the world and the third largest grain crop in China, and its yield plays a crucial role in China’s food security (Cheng et al., 2023). Different reproductive stages can reflect the growth and development rate and stability of wheat, and have a close relationship with maturity, yield and disease resistance of wheat, and have a great influence on the planting environment, regional planning, and the selection of varieties and cultivation and management measures of wheat, which has been a long-term concern of breeders (Hoogendoorn, 1985; Xu et al., 2022). Quality seedling emergence plays an important role in the yield of the subsequent crop, and the appropriate heading stage can ensure high and stable yield of wheat. The maturity stage of wheat controls the growth cycle of the crop’s reproductive period and provides a new direction for the selection of accessions. In addition, unfavorable climate change, shortage of natural resources and the threat of pathogenicity of pests and diseases in recent years have provided new challenges to wheat yield and quality as well as to the growth cycle of wheat (Morales et al., 2020).

A large number of studies have shown that reproduction period is controlled by multiple genes and a typical quantitative trait and that is susceptible to environmental influences. Mining gene loci associated with reproductive traits is an important basis for molecular marker-assisted breeding and interpretation of gene effects (Mackay and Powell, 2007). In recent years, with the emergence of new sequencing technologies, the reduction of sequencing costs and the release of wheat reference genome information, the development and application of wheat SNP microarrays have become more popular, and a large number of genetic loci controlling reproductive traits (time to flowering and maturity) have been excavated at home and abroad.

Nine QTLs located on 2D, 3B and 3D chromosomes were detected, with the highest contribution rate of 22.91% to heading stage (Song et al., 2006). A total of 9 heading stage related QTLs were detected on chromosomes 1B, 2B, 4B, 5A, 5B and 7B, which could explain 4. 55%-13. 40% of phenotypic variation (Wang et al., 2020). Wheat heading stage conformed to the genetic model of a pair of main genes + multiple genes through a multi-generation joint analysis (Wang et al., 2007). In recent years, there have been more reports on the studies of analyzing and locating QTL for wheat heading stage. A series of heading QTLs located on chromosomes 1A, 2B, 4D, 4BS, 5AL, 5DL, 7BS, 2D, 5A, 4A, 2A, and 2D were detected by DH populations (Sourdille et al., 2000). Flowering is a more water-sensitive period in wheat, which directly affects wheat yield. Two flowering QTLs located on chromosomes 1B and 1D under drought stress were detected through DH population, explaining 12.35% and 10.79% of the phenotypic variation, respectively, and two flowering QTLs located on chromosomes 1D and 5B under normal irrigation conditions, explaining 9.11% and 9.65% of the phenotypic variation, respectively (Yan et al., 2015). Five stable QTLs were detected on chromosomes 2A, 5B, 6B, 7A and 7D by genotyping RIL population with 90K chip, among which QHd.cau-7D can explain 29.35%-41.96% of phenotypic variation (Chen et al., 2020). Although a large number of wheat heading and anthesis loci have been reported, few of them have been used for breeding selection, and the loci controlling heading and anthesis differ from each other and the mechanism of inheritance is complex, with materials of different genetic backgrounds carrying different resistance factors. In this study, 239 wheat accessions (lines) were identified at heading and maturity stages, and genome-wide linkage analyses were carried out with SNP markers, in order to provide references for the study of genetic mechanisms of heading and maturity stages and molecular breeding of wheat.





Materials and methods




Materials

A total of 239 natural populations consisting of wheat breeding accessions and foreign introduced accessions promoted in winter wheat areas of China were used as test materials (Table S1). Among them, 213 materials were from China, including 6 from Anhui, 34 from Beijing, 19 from Hebei, 19 from Henan, 5 from Jiangsu, 11 from Shandong, 1 from Shanxi, 3 from Shaanxi, 1 from Tianjin and 115 from Xinjiang. There were 26 foreign materials, including 25 from the USA and 1 from Ukraine. All these materials could grow and develop normally in the test site.





Experimental design

The experiment was conducted from September 2019 to July 2022 at Zepu Breeding Base (77°16’17.22 “N, 38°11’21.65 “E) of Xinjiang Academy of Agricultural Sciences (XAS) and in June 2021 at Anningqu Base (43°58’53.38 “N, 87°30’17.72 “E) of XAS. Where Xinjiang Zepu in 2020 was E1, Xinjiang Zepu in 2021 was E2, Xinjiang Anningqu in 2021 was E3, and Xinjiang Zepu in 2022 was E4. The three-year experiments at the four environments were conducted in a randomized block design with two rows of each material, row length of 1 m, row spacing of 0.2 m, and seeding of about 525 grains per square meter in a north-south row orientation. Light management, water and fertilizer management, water management and other field management were carried out according to normal management, each with three replications. The farming conditions and production conditions of each replication were the same.





Determination of main reproductive traits (time to flowering and maturity)

Wheat plant samples were collected during several developmental stages, at seedling emergence, heading stage and maturity stage respectively. When more than half of the first true leaves of a variety were exposed to 2-3 cm above the ground surface and more than 50% of the wheat seedlings in the field reached the standard time, it was the seedling emergence of the variety, and the seedling emergence period was the number of days from sowing to seedling emergence; the middle part of the young spike of the plant was exposed to the scabbard leaf sheaths as the standard of heading, and the heading period was the number of days from sowing to heading; the maturity period of wheat was the milky ripening period, and the standard was that the stalks and leaves were yellowish-green, and the kernels were milky with milky contents. The maturity period of wheat was recorded at the stage of milky ripening when the stalks and leaves were yellow-green, the kernels had milky inclusions, the kernels turned yellowish at the end of milky ripening, the water content of the stalks was 65%-75% and more than half of the accessions fulfilled the criterion, and the maturity period was the number of days from sowing to maturity. From seedling to heading stage (S1) and from seedling to maturity stage (S2) were calculated from the recorded data in days.





Methods of phenotypic analysis

The process of phenotyping was carried out by analysis of variance (ANOVA) as well as distributional evaluation of phenotypes, significance test of difference and correlation analysis, in addition all statistical analyses of data were implemented in IDE Spyder under Anacondas3 using Python 3.8.8 for data processing on a computer with an Intel i7-6800 K 3.40 GHz CPU, 16 GB of RAM, and an Nvidia GeForce GTX 2080Ti on a graphics workstation running the Win10 operating system. Statistical analyses, correlation analyses and tests of significance of differences were performed on wheat photosynthetic traits using the application software Pandas 1.3.2, Matplotlib 3.4.2, Scikit-Learn 0.24.2 and SPSS 21.0.





Chip typing and population structure analysis

The kernel DNA was extracted using the SDS method (Wang et al., 2014). The DNA quality was assessed by 1.2% agarose gel electrophoresis, and the DNA concentration was measured with a NanoDrop™ND-2000 spectrophotometer (Wang et al., 2014), and 239 wheat materials were scanned using Affymetrix Axiom 55K array (Beijing Boao Jingdian Biotechnology Co., Beijing, China). Illumina’s Genome Studio Software was used for the original SNP typing of the samples. Markers with a filtration deletion rate of more than 20% and a minimum allele frequency (MAF) of less than 5%. High-quality SNP markers were retained for subsequent analysis (Figure S1).

The 2000 SNP markers after screening by random selection were screened for SNP markers that required a gene frequency greater than 10% and were evenly distributed on each different chromosome. Population structure analysis was performed by Structure v2.3.4 software (Zhu et al., 2008). The software was set up with reference to previous studies, and the results of the population structure were first presented visually as structure analysis plots through Tassel 5.0. Then the principal component analysis and Neighbor-jointing (NJ) evolutionary tree (Pritchard et al., 2000; Breseghello and Sorrells, 2006) were estimated for the population structure through Tassel 5.0, and finally plotted through the Matplotlib package for Python.





Linkage disequilibrium calculation

The squared correlation coefficient between loci (r2) was used as a parameter to measure the linkage disequilibrium between two polymorphic loci between populations. r2 was mainly calculated using Tassel 5.0 software and the 95th percentile of the r2 value was used as a threshold to estimate the LD decay distance. The r2 values between chained clusters were considered for square root transformation to account for the effect of the background of chained imbalances between chained clusters. Parameter values greater than the 95% of this distribution were used as thresholds to intercept the LD decay distance within the same chained cluster. Therefore, during chain analysis, the physical distance between loci was compared and when the physical distance was less than that LD decay distance, the loci were considered to be the same locus (Yang et al., 2007).





Association mapping

Association analysis, also known as linkage mapping or linkage disequilibrium mapping (LD mapping), is a quantitative genetic analysis technique that identifies loci or markers associated with a target trait based on the LD between alleles in different locis in a natural population by linking the diversity of the target trait to polymorphisms in the gene or marker.

In this study, we used Tassel v5.0 software combined with data for reproductive trait test and 55K SNP microarray data to carry out under different several reproductive stages and different water and drought treatments in wheat, and selected mixed linear model (MLM) for association analysis of the population. Through the analysis of the results calculated by the software, it is easy to see that the SNP marker can be identified as significantly associated with the trait when P ≤ 0.001. Manhattan and QQ plots can be drawn from the results. The QQ plot can be used to further judge the correctness of the results of the association analysis and to exclude the appearance of some false positives. The horizontal coordinate of the Manhattan plot is the 21 chromosomes of wheat, and the vertical coordinate is the negative logarithm of the P-value of SNP markers. The distribution of SNP markers in all chromosomes and the loci of significant association can be seen through the Manhattan plot (Maccaferri et al., 2016).





Candidate gene prediction

The extended sequences of the stable SNP markers were subjected to BLAST comparison in the common wheat Chinese Spring genome database (https://urgi.versailles.inrae.fr/blast_iwgsc/) and gene function annotation in the Wheat Omics 1.0 database (http://wheatomics.sdau.edu.cn/) for gene function annotation.






Results




Analyses of phenotypic variation during the reproductive period

Two traits at S1 and S2 were obtained for phenotyping at four environments, E1, E2, E3 and E4, respectively. The data were evaluated through four dimensions, which are mean expressed as μ, median expressed as median, coefficient of variation expressed as cv (coefficient of variation), and standard deviation expressed as σ. From Figure 1, it can be seen that the trait µ of S1 stage in E1 environment was 194.82, median was 194.50, cv was 1.30% and σ was 2.57; the trait µ of S2 stage in E1 environment was 237.79, median was 237.00, cv was 1.50% and σ was 3.49; the trait of S1 stage in E2 environment µ was 192.65, median was 192.50, cv was 2.00%, and σ was 3.78; S2 trait µ was 241.60, median was 242.25, cv was 1.50%, and σ was 3.49 in E2 environment; and S1 trait µ was 225.26 in E3 environment, median was 224.50 with a cv of 1.00% and a σ of 2.37; the S2 trait µ in the E3 environment was 274.80 with a median of 275.00, a cv of 0.50%, and a σ of 1.27; the S1 trait µ in the E4 environment was 197.14 with a median of 197.00, a cv of 1.40%, and a σ of 2.75; the E4 environment the S2 trait µ was 236.81, median was 236.50, cv was 1.00%, and σ was 2.29. Overall the S1 trait µ was 192.65-225.26, median was 192.50-224.50, cv was 1.00%-2.00%, and σ was 2.37-3.78; the S2 trait µ was 236.81-274.80, median was 236.50-275.00, cv was 0.50%-1.50%, and σ was 1.27-3.49. The data in different environments showed a continuous and normal distribution, which is in line with typical quantitative trait characteristics.




Figure 1 | Distribution of traits in different environments (A) Germination-spike and germination-maturity in E1 and E2 environments; (B) Germination-spike and germination-maturity in E3 and E4 environments. E1: 2020 Zepu, Xinjiang; E2: 2021 Zepu, Xinjiang E3: 2021 Anning Drain, Xinjiang E4: 2022 Zepu, Xinjiang; S1: heading stage; S2: maturity stage.



By further analyzing the variance of the S1 and S2 traits of winter wheat obtained from different environments, Table 1 shows that the standard deviation ranges from 1.27-3.78, and analyses from the point of view of the analysis of variance indicate that the S1 and S2 traits of wheat are mainly genotypically determined, and also affected by the environment, and that the genetic factor is the main reason for its phenotypic variability.


Table 1 | Descriptive statistics of wheat reproductive traits (time to flowering and maturity).







Correlation analyses of reproductive traits (time to flowering and maturity)

The results of correlation analysis of two traits at S1 and S2 stage at four environmental points, E1, E2, E3 and E4, are shown in Figure 2. The correlations of reproductive traits of winter wheat in different environments were compared in the figure, from which it can be seen that most of the winter wheat reproductive traits reached the highly significant level (p<0.001).The correlations of S1 stage traits in E1 environment were -0.02-0.67, and the correlations of S2 stage traits in E1 environment were 0.22-0.55; and the correlations of S1 stage traits in E2 environment were 0.37-0.55; and the correlations of S2 stage traits in E3 and E4 environments were 0.37-0.55. correlation was 0.37-0.63 for S1 stage trait in E2 environment and 0.45-0.62 for S2 stage trait in E2 environment; correlation of S1 stage trait in E3 environment was 0.41-0.62 and correlation of S2 stage trait in E4 environment was 0.36-0.62. Correlation of S1 stage trait in different environments was 0.45-0.63 and correlation of S2 stage trait in different environments was 0.45-0.63. Overall the correlation of S1 and S2 of bread wheat in different environments from 0.13-0.81, reaching highly significant levels (p<0.001).




Figure 2 | Correlation plots of germination-sprouting and germination-maturity traits in different environments.







Population structure and evolutionary tree analysis

Using Structure software to analyze the population structure of 239 test materials (Figure 3), the group structure was divided by group structure, evolutionary tree and principal component analysis. The results showed that the results of the three analysis methods were consistent, and it was reasonable to divide the whole population into three subgroups, of which subgroup 1 had 95 accessions (lines), subgroup 2 had 89 accessions (lines), and subgroup 3 had 55 accessions (lines). The distribution frequencies of the materials contained in the three subgroups were 39.75%, 37.24% and 23.01% in the following order. The LD decay distances of 239 wheat accessions (lines) in genomes A, B, D and the whole genome were calculated to be 3, 3, 2 and 3 Mb, respectively. Based on the LD decay distances of the whole genome, the loci within the interval of 3 Mb before and after the physical map were identified as a candidate locus.




Figure 3 | Population structure analysis of 239 wheat accessions. (A) Population structure analysis; (B) Neighbor-joining method evolutionary tree; (C) Principal component analysis.







GWAS analysis of reproductive traits (time to flowering and maturity)

The S1 and S2 of 239 wheat accessions (lines) were combined with 16,649 high-quality SNP markers typed by 55K SNP chip screening for genome-wide association analysis using TASSEL 5.0 software. Based on the MLM (Q+K) model, the markers were considered to be significantly associated with the trait when P ≤ 0.001, and loci detected in multiple environments were considered to be stably heritable (Figure 4, Table 2, Table S2). Analysis of the GWAS results showed that a total of 238 SNP markers were detected for the S1 trait, of which a total of eight markers were detected in multiple environments, distributed on chromosomes 1B、2D、3A、5B、6D、7A、7D with individual interpretable phenotypic variation rates of 4.03%-16.06%. AX-109375483 and AX-110425403 located on chromosome 1B, were both detected simultaneously in both environments, with phenotypic variation rates of 4.49%-4.96% and 4.82%-16.06%, while AX-108940388 located on chromosome 2D, was detected simultaneously in both environments E2 and E4, with phenotypic variation rates of 5.03%-15.08%; AX-110591324 located on chromosome 3A was detected in both E2 and E4 environments at the same time with a phenotypic variation rate of 5.16%-15.31%; AX-109429484 located on chromosome 5B was detected in both E2 and E4 environments at the same time with a phenotypic variation rate of 4.03%-15.53%; AX-111919223 located on chromosome 6D, was detected in both E2 and E4, with a phenotypic variation rate of 5.20%-6.73%; AX-110961085 located on chromosome 7A, was detected in both E2 and E4, with a phenotypic variation rate of 4.14%-8.09%; and AX-108866484 located on chromosome 7D, was detected in both E2 and E4, with a phenotypic variation rate of 4.14%-8.09%. AX-108866484 located on chromosome 7D was detected in both E3 and E4 environments, with a phenotypic variation rate of 4.36%-15.91%, respectively. A total of 55 SNP markers were detected for the S2 trait, of which AX-110986688 located on chromosome 1A was detected in both E1 and E2 environments, with a single locus explaining the phenotypic variation rate of 4.18%-5.08%.




Figure 4 | GWAS of reproductive traits in different environments. (A) Manhattan and quantile-quantile plots for S1 in different environments. (B) Manhattan and quantile-quantile plots for S2 in different environments. E1: 2020 Zepu, Xinjiang; E2: 2021 Zepu, Xinjiang E3: 2021 Anning Drain, Xinjiang E4: 2022 Zepu, Xinjiang; S1: heading stage; S2: maturity stage.




Table 2 | Information of significantly associated loci of wheat reproductive traits (time to flowering and maturity).







Functional prediction of candidate genes for reproductive traits (time to flowering and maturity)

SNP markers with large phenotypic effect values that could be stably inherited were searched in the Chinese Spring Genome Database of common wheat and BLASTx sequence comparison was performed in the NCBI database, and a total of nine candidate genes most likely to be associated with reproductive traits were mined (Table 3).


Table 3 | Information of candidate genes for wheat reproductive traits (time to flowering and maturity).



Candidate genes for reproductive traits (time to flowering and maturity) are mainly associated with photosynthesis, Ca2+ transport, phytohormone biosynthesis and signal transduction in crops. The genes TraesCS1B01G312100 and TraesCS1B01G356000 located on chromosome 1B encode glycosyltransferases and F-box family proteins, respectively; TraesCS2D01G044700 located on chromosome 2D is associated with cytochrome proteins; TraesCS3A01G036000 on chromosome 3A encodes a zinc finger family protein; TraesCS3A01G03600 on chromosome 3A encodes a zinc finger family protein; and TraesCS3A01G036000 encodes a zinc finger family protein; TraesCS5B01G288700, located on chromosome 5B, encodes an S-acyltransferase; TraesCS6D01G404800, located on chromosome 6D, encodes a calcium-dependent protein kinase; TraesCS7A01G404800 located on chromosome 7A, encodes a calcium-dependent protein kinase; and TraesCS7A01G560200 encodes Photosystem II stability/assembly factor HCF136; TraesCS7D01G098100 on chromosome 7D encodes zinc finger protein; TraesCS1A01G362500 on chromosome 1A encodes Cytokinin riboside 5’-monophosphate phosphoribohydrolase.






Discussion




Time to heading and maturity trait association analyses

With the rapid development of biology and bioinformatics, GWAS analysis has become an important way to study quantitative traits in plants, and the mining of genes related to reproductive traits (time to flowering and maturity) in wheat has been promoted to a greater extent. Meanwhile, reproductive traits are typical quantitatively inherited traits, which are subject to the joint action of genotype and environment. In this study, through four environmental sites and three years of data accumulation, a total of nine stable genetic loci in multiple environments were excavated to be significantly or very significantly associated with wheat heading and maturity stages, which affect wheat adaptation and yield and are complex quantitative traits regulated by multiple genes. It has been shown that the genes associated with heading and maturity stages are mainly located on chromosomes 1A、2A、 2B、2D、3A、5A、5B、5D and 7B (Pritchard et al., 2000; Somers et al., 2004; Evanno et al., 2005; Liu and Muse, 2005; Jingna et al., 2014; Shi et al., 2019). Some SNP loci on chromosomes 1B、3D and 7D were identified by GWAS analysis as significantly associated with heading (Hardy and Vekemans, 2002; Zou et al., 2017; Ma et al., 2021; Zhang et al., 2021). In this study, we identified that the SNPs significantly associated with heading were mainly located on chromosomes 1A、1B、2D、3A、5B、6D and7A, and the results were more consistent with the previous localization results.





Functional analysis of candidate genes

The GWAS was used to detect 9 SNP marker locis that were significantly associated with reproductive traits (time to flowering and maturity) in wheat, and nine candidate genes that might be related to reproductive traits were screened in the Chinese Spring Genome Database of common wheat. The genes TraesCS1B01G312100 and TraesCS1B01G356000 located on 1B encode glycosyltransferases and F-box family proteins, respectively; glycosylation is an important post-translational modification of proteins in plants, which is involved in the regulation of various biological functions. Glycosyl transferase (GT) is one of the most important enzymes in the class of glycosylation enzymes. F-box family proteins have important roles in physiological processes such as phytohormone signaling, light signaling and floral organ development (Bi et al., 2006). The gene TraesCS2D01G044700, located on 2D, is related to cytochrome proteins; cytochrome P450 is an important oxidase in the microsomal mixed-function oxidase family, which is widely distributed in living organisms, and is involved in the synthesis and metabolism of a wide range of endogenous and exogenous compounds, which have important functions in biological oxidation, nitrogen fixation, photosynthesis, energy conversion, and storage (Himi et al., 2011). TraesCS3A01G036000 and TraesCS7D01G098100 located on chromosomes 3A and 7D encode zinc finger family proteins; which can be involved in physiological and biochemical regulatory mechanisms in plants during growth and development. TraesCS5B01G288700 located on chromosome 5B encodes S-acyltransferase, which is a metabolite in plants that has an important role in growth and development and under drought stress. The gene TraesCS6D01G404800 located on 6D encodes calcium-dependent protein kinase; this enzyme acts as a cellular second messenger, Ca2+ coordinates the perception of various physiological responses in plants, and the Ca2+ sensor transmits calcium signals downstream and triggers a cascade of reactions, regulating the processes of plant growth, development and response to the environment. The gene TraesCS7A01G560200 on chromosome 7A encodes Photosystem II stability/assembly factor HCF136; PS II is a pigmented protein complex present in the membranes of cysts in plants that drives the light-activated transfer of electrons from water to plastocysts, accompanied by the production of molecular oxygen. The gene TraesCS1A01G362500 located on chromosome 1A encodes Cytokinin riboside 5’-monophosphate phosphoribohydrolase. Cytokinins are a class of N6-adenine analogues, which are closely related to crop yield and plays a key role in the regulation of plant growth and development, including the promotion of fruiting, the release of apical dominance, the promotion of cell division, and the shortening of the transition from nutrient growth to reproductive growth. The analysis of gene function lays the foundation for our next step of functional marker development.






Conclusion

In this study, a comprehensive genome-wide association analysis was conducted on 239 wheat accessions (lines) from both domestic and international sources. The analysis focused on the heading and maturity stages of wheat using a 55K SNP microarray and a Q+K mixed linear model. The aim was to identify SNP markers associated with these important developmental phases.

The analysis identified a total of 293 SNP marker loci that showed significant associations (P ≤ 0.001) with heading and maturity stages in wheat. Among these markers, nine were found to be consistently associated with these traits in multiple environments, indicating their stability and reliability. These stable SNP marker loci were located on different chromosomes of wheat, including 1A、1B、2D、3A、5B、6D and 7A. Furthermore, the researchers investigated the phenotypic effect values and inheritance patterns associated with these SNP markers. By searching the Chinese Spring Genome Database of common wheat, we identified nine candidate genes that were most likely to be associated with the heading and maturity stages of wheat. These candidate genes were selected based on their significant phenotypic effect values and stable inheritance patterns. It is important to note that the specific details of the candidate genes were not provided in the information provided. However, the identification of these candidate genes suggests their potential involvement in regulating the heading and maturity phases of wheat development.





Data availability statement

The datasets generated during and/or analyzed during the current study are available from the corresponding author upon reasonable request.





Author contributions

YD: Conceptualization, Funding acquisition, Resources, Supervision, Writing – original draft, Writing – review & editing. HF: Conceptualization, Funding acquisition, Resources, Supervision, Writing – original draft, Writing – review & editing. YG: Conceptualization, Funding acquisition, Resources, Supervision, Writing – original draft, Writing – review & editing. GF: Formal Analysis, Writing – original draft, Writing – review & editing. XS: Formal Analysis, Writing – original draft, Writing – review & editing. SY: Data curation, Investigation, Methodology, Writing – review & editing. SD: Data curation, Investigation, Methodology, Writing – review & editing. TH: Data curation, Investigation, Methodology, Writing – review & editing. WW: Data curation, Investigation, Methodology, Writing – review & editing. JS: Data curation, Investigation, Methodology, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The present study was funded by the Xinjiang Academy of Agricultural Sciences Youth Science and Technology Backbone Innovation Ability Training Project (xjnkq-2020005); Xinjiang Academy of Agricultural Sciences Youth Science and Technology Backbone Innovation Ability Training Project (xjnkq-2021006); Xinjiang Uygur Autonomous Region Department of Agriculture and Rural Affairs 2022 “Unveiling and Hanging the Marshal” Research Project; Major Science and Technology Special Project of Xinjiang Autonomous Region (2021A02001-1).





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.2023.1296197/full#supplementary-material

Supplementary Figure 1 | Density distribution of SNPs on chromosomes.




References

 Bi, C. L., Liu, X., and Zhang, X. Y. (2006). The function of F-box protein in plant growth and development. Hereditas 28 (10), 1337–1342. doi: 10.3321/j.issn:0253-9772.2006.10.026

 Breseghello, F., and Sorrells, M. E. (2006). Association mapping of kernel size and milling quality in wheat (Triticum aestivum L.) cultivars. Genetics 172 (2), 1165–1177. doi: 10.1534/genetics.105.044586

 Chen, Z., Cheng, X., Chai, L., Wang, Z., Du, D., Wang, Z., et al. (2020). Pleiotropic QTL influencing spikelet number and heading date in common wheat (Triticum aestivum L.). Theor. Appl. Genet. 133, 1825–1838. doi: 10.1007/s00122-020-03556-6

 Cheng, Y., Jiang, J., Chen, Q., Wang, Z., Zeng, M., Qin, F., et al. (2023). Radio-frequency treatment of medium-gluten wheat: effects of tempering moisture and treatment time on wheat quality. J. Sci. Food Agric. 103 (9), 4441–4449. doi: 10.1002/jsfa.12539

 Evanno, G., Regnaut, S., and Goudet, J. (2005). Detecting the number of clusters of individuals using the software STRUCTURE: a simulation study. Mol. Ecol. 14 (8), 2611–2620. doi: 10.1111/j.1365-294X.2005.02553.x

 Hardy, O. J., and Vekemans, X. (2002). SPAGeDi: a versatile computer program to analyse spatial genetic structure at the individual or population levels. Mol. Ecol. Notes 2 (4), 618–620. doi: 10.1046/j.1471-8286.2002.00305.x

 Himi, E., Maekawa, M., Miura, H., and Noda, K. (2011). Development of PCR markers for Tamyb10 related to R-1, red grain color gene in wheat. Theor. Appl. Genet. 122, 1561–1576. doi: 10.1007/s00122-011-1555-2

 Hoogendoorn, J. (1985). A reciprocal F1 monosomic analysis of the genetic control of time of ear emergence, number of leaves and number of spikelets in wheat (Triticum aestivum L.). Euphytica 34 (2), 545–558. doi: 10.1007/bf00022954

 Jingna, R., Yang, Y., and Fanfan, D. (2014). Analysis of QTL for heading date and interaction effects with environments in wheat. J. Triticeae Crops 34 (9), 1185–1190. doi: 10.7606/j.issn.1009-1041.2014.09.04

 Liu, K., and Muse, S. V. (2005). PowerMarker: an integrated analysis environment for genetic marker analysis. Bioinformatics 21 (9), 2128–2129. doi: 10.1093/bioinformatics/bti282

 Ma, S., Wang, M., Wu, J., Guo, W., Chen, Y., Li, G., et al. (2021). WheatOmics: A platform combining multiple omics data to accelerate functional genomics studies in wheat. Mol. Plant 14 (12), 1965–1968. doi: 10.1016/j.molp.2021.10.006

 Maccaferri, M., El-Feki, W., Nazemi, G., Salvi, S., Canè, M. A., Colalongo, M. C., et al. (2016). Prioritizing quantitative trait loci for root system architecture in tetraploid wheat. J. Exp. Bot. 67 (4), 1161–1178. doi: 10.1093/jxb/erw039

 Mackay, I., and Powell, W. (2007). Methods for linkage disequilibrium mapping in crops. Trends Plant Sci. 12 (2), 57–63. doi: 10.1016/j.tplants.2006.12.001

 Morales, F., Ancín, M., Fakhet, D., González-Torralba, J., Gámez, A. L., Seminario, A., et al. (2020). Photosynthetic metabolism under stressful growth conditions as a bases for crop breeding and yield improvement. Plants 9 (1), 88. doi: 10.3390/plants9010088

 Pritchard, J. K., Stephens, M., Rosenberg, N. A., and Donnelly, P. (2000). Association mapping in structured populations. Am. J. Hum. Genet. 67 (1), 170–181. doi: 10.1086/302959

 Shi, C., Zhao, L., Zhang, X., Lv, G., Pan, Y., and Chen, F. (2019). Gene regulatory network and abundant genetic variation play critical roles in heading stage of polyploidy wheat. BMC Plant Biol. 19 (1), 1–16. doi: 10.1186/s12870-018-1591-z

 Somers, D. J., Isaac, P., and Edwards, K. (2004). A high-density microsatellite consensus map for bread wheat (Triticum aestivum L.). Theor. Appl. Genet. 109, 1105–1114. doi: 10.1007/s00122-004-1740-7

 Song, Y. X., Jing, R. L., Huo, N. X., Ren, Z. L., and Jia, J. Z. (2006). Detection of QTLs for heading in common wheat (T.aestivum L.) using different populations. Scientia Agricultura Sin. 11), 2186–2193. doi: 10.3321/j.issn:0578-1752.2006.11.004

 Sourdille, P., Snape, J., Cadalen, T., Charmet, G., Nakata, N., Bernard, S., et al. (2000). Detection of QTLs for heading time and photoperiod response in wheat using a doubled-haploid population. Genome 43 (3), 487–494. doi: 10.1139/g00-013

 Wang, K. S., Dong, S. S., Li, F. J., Guo, J., Tai, S. Q., Wang, L. B., et al. (2020). QTL mapping and analysis of heading time and flowering time of wheat. Shandong Agric. Sci. 52 (01), 17–23. doi: 10.14083/j.issn.1001-4942.2020.01.003

 Wang, Y., Fan, Q. Q., Zhang, L., Sui, X. X., Li, G. Y., Chu, X. S., et al. (2007). Genetic analysis on precocialism of wheat variety K35. J. Triticeae Crops 27 (6), 957–960. doi: 10.3969/j.issn.1009-1041.2007.06.003

 Wang, S., Zhu, Y., Zhang, H., Chang, C., and Ma, C. (2014). Analysis of genetic diversity and relationship among wheat breeding parents by SSR markers. J. Triticeae Crops 34 (5), 621–627. doi: 10.7606/j.issn.1009-1041.2014.05.08

 Xu, J., Lowe, C., Hernandez-Leon, S. G., Dreisigacker, S., Reynolds, M. P., Valenzuela-Soto, E. M., et al. (2022). The effects of brief heat during early booting on reproductive, developmental, and chlorophyll physiological performance in common wheat (Triticum aestivum L.). Front. Plant Sci. 13. doi: 10.3389/fpls.2022.886541

 Yan, X., Shi, Y. G., Li, X. Y., Wang, S. G., and Sun, D. Z. (2015). QTL mapping for flowering time in wheat. J. Shanxi Agric. Sci. 43 (8), 919–921. doi: 10.3969/j.issn.1002-2481.2015.08.01

 Yang, Y., Zhao, X., Xia, L., Chen, X., Xia, X., Yu, Z., et al. (2007). Development and validation of a Viviparous-1 STS marker for pre-harvest sprouting tolerance in Chinese wheats. Theor. Appl. Genet. 115, 971–980. doi: 10.1007/s00122-007-0624-z

 Zhang, L., Zhang, H., Qiao, L., Miao, L., Yan, D., Liu, P., et al. (2021). Wheat MADS-box gene TaSEP3-D1 negatively regulates heading date. Crop J. 9 (5), 1115–1123. doi: 10.1016/j.cj.2020.12.007

 Zhu, C., Gore, M., Buckler, E. S., and Yu, J. (2008). Status and prospects of association mapping in plants. Plant Genome 1 (1), 5. doi: 10.3835/plantgenome2008.02.0089

 Zou, J., Semagn, K., Chen, H., Iqbal, M., Asif, M., N'Diaye, A., et al. (2017). Mapping of QTLs associated with resistance to common bunt, tan spot, leaf rust, and stripe rust in a spring wheat population. Mol. Breed. 37, 1–14. doi: 10.1007/s11032-017-0746-1




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 Ding, Fang, Gao, Fan, Shi, Yu, Ding, Huang, Wang and Song. 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.




ORIGINAL RESEARCH

published: 04 December 2023

doi: 10.3389/fpls.2023.1294507

[image: image2]


Genome-wide association analysis of plant architecture traits using doubled haploid lines derived from different cycles of the Iowa Stiff Stalk Synthetic maize population


Alejandro Ledesma 1, Alice Silva Santana 2, Fernando Augusto Sales Ribeiro 3, Fernando S. Aguilar 4, Jode Edwards 5, Ursula Frei 6 and Thomas Lübberstedt 6*


1 National Institute of Forestry, Crop and Livestock Research, Tepatitlán, Jalisco, Mexico, 2 Department of Agronomy, Federal University of Viçosa, Viçosa, Minas Gerais, Brazil, 3 Department of Agronomy, Federal University of Lavras, Lavras, Minas Gerais, Brazil, 4 Colombian Sugarcane Research Center (Cenicana), Cali, Cauca Valley, Colombia, 5 U.S. Department of Agriculture, Agricultural Research Service, Ames, IA, United States, 6 Department of Agronomy, Iowa State University, Ames, IA, United States




Edited by: 

Patricio Hinrichsen, Agricultural Research Institute, Chile

Reviewed by: 

Erika Salazar, Investigaciones Agropecuarias de Chile (INIA), Chile

Rodrigo Iván Contreras-Soto, Universidad de O’Higgins, Chile

*Correspondence: 
Thomas Lübberstedt
 thomasl@iastate.edu


Received: 14 September 2023

Accepted: 17 November 2023

Published: 04 December 2023

Citation:
Ledesma A, Santana AS, Sales Ribeiro FA, Aguilar FS, Edwards J, Frei U and Lübberstedt T (2023) Genome-wide association analysis of plant architecture traits using doubled haploid lines derived from different cycles of the Iowa Stiff Stalk Synthetic maize population. Front. Plant Sci. 14:1294507. doi: 10.3389/fpls.2023.1294507



Selection in the Iowa Stiff Stalk Synthetic (BSSS) maize population for high yield, grain moisture, and root and stalk lodging has indirectly modified plant architecture traits that are important for adaptation to high plant density. In this study, we developed doubled haploid (DH) lines from the BSSS maize population in the earliest cycle of recurrent selection (BSSS), cycle 17 of reciprocal recurrent selection, [BSSS(R)17] and the cross between the two cycles [BSSS/BSSS(R)C17]. We aimed to determine the phenotypic variation and changes in agronomic traits that have occurred through the recurrent selection program in this population and to identify genes or regions in the genome associated with the plant architecture changes observed in the different cycles of selection. We conducted a per se evaluation of DH lines focusing on high heritability traits important for adaptation to high planting density and grain yield. Trends for reducing flowering time, anthesis-silking interval, ear height, and the number of primary tassel branches in BSSS(R)17 DH lines compared to BSSS and BSSS/BSSS(R)C17 DH lines were observed. Additionally, the BSSS(R)C17 DH lines showed more upright flag leaf angles. Using the entire panel of DH lines increased the number of SNP markers identified within candidate genes associated with plant architecture traits. The genomic regions identified for plant architecture traits in this study may help to elucidate the genetic basis of these traits and facilitate future work about marker-assisted selection or map-based cloning in maize breeding programs.
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1 Introduction

Genetic variability is essential in plant breeding programs. Plant breeders primarily focus on short-term breeding goals, because of the need to deliver new varieties. This may result in a narrow genetic base of maize elite germplasm (Andorf et al., 2019) and could lead to a yield plateau, increased vulnerability to pests and make it difficult to meet new market demands (Pollak, 2003). Assessment of the genetic variability that exists in available germplasm is fundamental for crop improvement. Genetic improvement of important agronomic traits while maintaining genetic variability long-term is desirable in maize breeding programs (Hallauer and Darrah, 1985). In this context, recurrent selection procedures in maize have proven to be effective to increase the frequency of superior lines for grain yield and other agronomic traits while maintaining genetic variability (Hallauer and Darrah, 1985; Ordas et al., 2012; Fritsche-Neto et al., 2023). Recurrent selection is the systematic selection of desirable individuals from a population followed by the selected individuals’ recombination to form the next selection cycle. It was suggested by Jenkins (1940) as a method of intrapopulation improvement and later described for population improvement using a tester (Hull, 1945). The most significant advantage of this method is the increase in the population’s mean performance for one or more traits by increasing the frequency of favorable alleles while maintaining genetic variability for continued genetic improvement. Genetic variability will be preserved if an adequate number of lines is intermated for the next selection cycle.

The Iowa Stiff Stalk Synthetic (BSSS) maize population (Sprague, 1946) has undergone recurrent selection since 1939. This population was developed by intermating 16 inbred lines selected by various maize breeders for superior stalk quality. Of these progenitors, 10 were derived from multiple strains of the Reid Yellow Dent open-pollinated population, 4 had miscellaneous origins, and the genetic background of 2 is unknown (Sprague, 1946). Two recurrent selection programs were initiated in BSSS, a half-sib program with the double cross hybrid IA13 used as a tester and a reciprocal program with the Iowa Corn Borer Synthetic Number One (BSCB1) (Penny and Eberhart, 1971; Eberhart et al., 1973; Martin and Hallauer, 1980; Smith, 1983; Helms et al., 1989; Keeratinijakal and Lamkey, 1993). Two additional programs were initiated using the population generated by seven cycles of half-sib selection (Lamkey, 1992; Edwards 2010). In all four programs selection was carried out for increased grain yield, low grain moisture at harvest, and decreased root and stalk lodging. Several important inbred lines have been developed from the BSSS population (B14, B37, B73, and B84). They have made significant contributions to the maize industry in the US, especially B73, one of the most successful maize inbred lines developed in the public sector and benefited industry and farmers substantially (Coffman et al., 2019).

Agronomic and plant architecture changes have been reported for different selection cycles in the BSSS maize population. These changes involve modifications in traits such as plant height, anthesis-silking interval, leaf angle and number of tassel branches (Brekke et al., 2011; Edwards, 2011). Changes in plant architecture traits over continuous selection cycles, driven by testing under higher population densities have increased throughout the hybrid era (Brekke et al., 2011). In response to increasing plant densities over time, genotypes from later cycles of recurrent selection should have more upright leaves, reduced anthesis-silking interval, and fewer tassel branches.

Genome-wide association studies (GWAS) are a useful tool for analyzing allelic diversity to identify superior alleles and dissect the genetic architecture, which furthers genetic improvement in crops. The increasing application of association mapping is due to the rapid development of sequencing and DNA marker techniques, which resulted in cost-effective high-throughput genotyping technologies. Genomic regions and candidate genes conferring adaptation to high plant density identified by GWAS could help to speed up genetic resource utilization. Identifying genomic regions associated with plant architecture changes may help to unlock genetic resources not adapted to high plant densities, either by selecting such regions in genetic resource populations like early cycles of recurrent selection programs or after introducing them into respective materials (Zhao et al., 2019).

In this study, we phenotypically characterized DH lines developed from the unselected base population, BSSS, the 17th cycle of reciprocal recurrent selection BSSS(R)C17, and the cross between them BSSS/BSSS(R)C17. The purpose of this study was to i) investigate changes in phenotypic diversity for plant architecture traits among DH lines developed from the earliest and the most advanced selection cycle, ii) identify DH lines with both significant C0 background and modern plant architecture traits conferring adaptation to high plant density that could be used as genetic resources, iii) evaluate how to best use DH lines for GWAS from the two subpopulations BSSS and BSSS(R)C17 and the cross between them, to identify regions affecting plant architecture traits, and iv) determine the inheritance of those regions, in particular, whether major genes are involved that may help to accelerate recurrent selection cycles to adapt any germplasm to modern plant types.




2 Materials and methods



2.1 Breeding populations

Two synthetic populations BSSS, BSSS(R)C17, and the cross between them, BSSS/BSSS(R)C17, representing different stages of cycle advancement in the recurrent selection program of the Iowa Stiff Stalk Synthetic maize population, BSSS, were used to develop DH lines. The synthetic BSSS corresponds to the unselected base population (C0) formed by intermating 16 inbred lines selected for above average stalk quality in 1934 (Sprague, 1946). The C0 seed used came from subsequent cycles of seed multiplication in C0 for maintenance over time. The BSSS(R)C17 population corresponds to the most advanced cycle (C17) available when research was initiated to study crosses between the unselected base population and an advanced cycle. The cross BSSS/BSSS(R)C17 was created by intermating plants from BSSS and BSSS(R)C17.




2.2 Doubled haploid line development

Random samples (~1400 plants) from BSSS, BSSS(R)C17, and BSSS/BSSS(R)C17 were pollinated with BHI301, a maternal haploid inducer (Almeida et al., 2020), in an isolation field to generate the haploid seed. Seeds produced from these plants expressing the R-nj marker gene in the endosperm but not in the embryo were classified as haploid. The haploid seed was then germinated in plug trays in a greenhouse at the Department of Agronomy, Iowa State University (ISU). Once seedlings developed 2-3 leaves, a colchicine treatment was applied following the DH Facility protocol at ISU (Vanous et al., 2017). Two days after the colchicine treatment, haploid seedlings were transplanted in the field at the Agricultural Engineering and Agronomy Research Farm, Boone, Iowa. Putative DH0 plants shedding pollen were self-pollinated to produce DH1 generation seed. Seed multiplication was performed during subsequent growing seasons, and lines were screened for uniformity and discarded if segregating. In total, 135, 194 and 187 DH lines from BSSS (C0_DHL), BSSS(R)17 (C17_ DHL) and BSSS/BSSS(R)C17 (C0/C17_DHL), respectively, were obtained.




2.3 Experimental design and phenotypic data collection

The 516 DH lines plus 16 progenitors of the BSSS population [A3G-3-3-1-3, CI 540, Fe (Parent of F1B1), I-159, IL12E, B2 (Parent of F1B1), Oh 3167B, Os 420, Tr 9-1-1-6, WD 456, I224, LE23, Ind. 461, Hy, AH83, CI 187-2] and the inbred line B73 were planted during summer 2019 at three locations: Plant Introduction Station (PI) in Ames, IA, Johnson Farm near Kelly, IA, and Burkey at Agronomy Farm near Boone, IA. The experiment was planted in each location using a modified split plot design with two replications, where the DH lines for populations BSSS, BSSS(R)C17, and BSSS/BSSS(R)C17 constituted the whole plot treatment factor and the DH lines within each population the subplot treatment factor. This design differs from a classical split-plot because the subplot factor (DH lines) was nested within the whole-plot factor, population. Progenitors were included as subplot treatments within BSSS whole plots. Inbred line B73 was used as a check and replicated 14 times within each replicate resulting in 546 experimental units per replication (516 DH lines, 16 progenitors, and 14 replicates of B73) The subplot experimental unit consisted of a single row plot, 3.8 m long with 15 plants with 0.76 m between rows. The whole-plot factor experimental unit was a block containing 39 subplots arranged side by side. Each replication, containing 546 subplots, was divided into three whole plots, which were then separated into 4, 5, and 5 blocks for C0_DHL, C17_DHL, and C0C17_DHL, respectively. Each whole-plot block was randomly assigned to a range in the field.

Phenotypic data were collected on a plot basis for male flowering, female flowering, plant height, ear height, flag leaf angle, tassel length, and the number of primary tassel branches. Male flowering and female flowering were recorded as the date when 50% of the plants in the row were shedding pollen and had visible silks, respectively. Plants were recorded as shedding pollen when a single anther could be seen, and plants were recorded as silking, when one or more silks were visible. Anthesis-silking interval was calculated as the difference in days between male flowering and female flowering. Plant and ear height were recorded two weeks after pollination: plant height was the height (cm) from the soil surface to the flag leaf collar and ear height was the height (cm) from the soil surface to the stalk node at which the uppermost ear has emerged. The flag leaf angle was recorded using a protractor. The protractor was placed against the portion of stalk beneath the flag leaf. The protractor was held underneath the flag leaf’s midrib to record the flag leaf angle at the point of attachment to the stalk. Tassel length was measured two weeks after pollination as the length (cm) between the flag leaf node and the top of the tassel. The number of primary tassel branches was recorded simultaneously as tassel length by counting the number of primary tassel branches that branch directly off the main branch.




2.4 Statistical data analysis

Data were analyzed with the following linear model:

	

where: Yijklm is the response in the environment i, group j, DH line k, replicate block l, pass m (i.e., field rows), range n (i.e., field columns); µ is the overall mean; Ei is the effect of environment i; R(E)li is the effect of replicate block l within environment i; Gj is the effect of the group of DH line j; GEij is the effect of the interaction between group j and environment i; D(G)jk is the effect of the DH line k within the group j; ED(G)ijk is the effect of the interaction between environment i and DH line k within the group of DH line j; P(ER)mil is the effect of the pass m within the environment i and replication l; A(ER)nil is the effect of the range n within the environment i and replication l and ϵijklm is the effect of the residual error of the range n, pass m, block l, individual DH line k, group of DH line j and environment i. The effects of the environment, replicate block within environment, group of DH lines were considered fixed effects. All other effects were considered random. All phenotypic data analyses were conducted using the MIXED procedure of SAS 9.4 software (SAS Institute, Cary, NC). After fitting the full linear model to all traits, data were checked for outliers by computing the probability of studentized residuals using the t-distribution and adjusted with a Bonferroni correction for the number of residuals. Observations were considered outliers if the Bonferroni corrected P-value on the residuals were below 0.02. Then, a model containing all fixed effects but with different combinations of the random effects and homogeneity/heterogeneity in the residual variance across environments was tested for each trait.

Based on the smallest Bayesian Information Criteria (BIC; Schwarz, 1978), we decided which random effects to retain in the model. A final model was identified as having the best fit for each trait. The model with the smallest BIC value is shown in supplemental materials (Supplementary Table 1). Variance components were estimated by REML (Patterson and Thompson, 1971), and likelihood ratio tests were performed to verify the significance of them. Overall means of the DH line groups were compared using Tukey’s honest significant difference (HSD) procedure. Supplementary Table 2 shows BLUP values for 132, 185 and 170 DH lines from C0_DHL, C17_DHL and C0/C17_DHL groups, respectively. This information should be used to identify DH lines with both significant C0 background and modern plant architecture traits conferring adaptation to high plant density.

Repeatability was calculated with the formula:

	

where   corresponds to the variance estimate due to the DH line within group effect,   is the variance estimate due to the interaction between environment and DH line,   is the residual variance estimate and r and e are the number of replications and environments, respectively (Carena et al., 2010). The Pearson correlation coefficients between BLUPs from D(G)jk effect were calculated using the R software (R Core Team, 2021).




2.5 Genotyping and quality control

Genomic DNA was extracted from each DH line seedling established in the greenhouse at the Department of Agronomy, ISU. Leaf tissue samples from three plants per DH line were collected at the 3-4 leaf developmental stage, and the DNA extraction was done using the standard CIMMYT laboratory protocol (CIMMYT, 2005). Genotyping was carried out using the Diversity Arrays Technology sequencing (DArT-seq) method (Kilian et al., 2012) provided by the Genetic Analysis Service for Agriculture (SAGA) at CIMMYT. DArT-seq is a high-throughput, robust, reproducible, and cost-effective marker system based on genome complexity reduction using a combination of restriction enzymes, followed by hybridization to microarrays to simultaneously assay hundreds to thousands of markers across the genome (Sansaloni et al., 2011).

A total of 51,418 SNP markers were generated, but only 32,929 SNP markers were successfully called within the B73 RefGen_v5. The 32,929 SNP markers were filtered according to the following criteria: 1) Minimum call rate, 2) Minor Allele Frequency (MAF), 3) duplicated and monomorphic markers, and 4) heterozygosity. We used a threshold of ≥ 50% to remove poorly genotyped SNP markers, for which information was missing for more than half of the lines. SNP markers with MAF ≤ 1% were excluded. Duplicated and monomorphic SNP markers were removed using conditional formatting in Excel. Finally, genotypes with significant heterozygosity (not expected in DH or inbred lines) were excluded. After filtering and quality control, 13,846 SNP markers remained. In total, 29 DH lines (3 in C0_DHL, 9 in C17_DHL, and 17 in C0/C17_DHL) were discarded from the GWAS analysis due to obvious phenotypic segregation observed in field trials or missing genotypic or phenotypic data.

The software TASSEL v.5.2.70 (Bradbury et al., 2007) was used for the imputation of missing data using the LDkNNi (linkage disequilibrium k-nearest neighbors imputation) method (Money et al., 2016). LDkNNi process considers the linkage disequilibrium (LD) between SNPs when choosing the nearest neighbors. It exploits the fact that markers useful for imputation are often not physically close to the missing genotype rather distributed throughout the genome (Money et al., 2016).




2.6 Linkage disequilibrium and population structure

The average LD decay between SNP markers for each chromosome was determined in each group of DH lines using the squared Pearson correlation coefficient (r2) between alleles at two loci for all possible combinations of alleles, and then weighting them according to the allele frequency. P-values were determined by a two-sided Fishers Exact test (Bradbury et al., 2007). The option “Full Matrix LD” on TASSEL v.5.2.70 was used to calculate LD for every combination of sites in the alignment (Bradbury et al., 2007). The resulting data were imported into R (R Core Team, 2021) to create LD decay plots and fit a smooth line using Hill and Weir expectations of r2 between adjacent sites (Hill and Weir, 1988).

The selected 487 DH lines were known to belong to the three subpopulations BSSS, BSSS(R)C17, and BSSS/BSSS(R)C17. A principal component analysis (PCA) was conducted for all DH lines using the software GAPIT v.3 (Lipka et al., 2012). The principal components, plotted in a two-dimensional plot using discriminant analysis of principal components (DAPC), correctly identified a clear grouping of the DH lines into the three groups (C0_DHL, C17_DHL and C0/C17_DHL). The first two principal components explained 14.3% of the total SNP variation in the entire panel. Also, the C0/C17_DH lines group was scattered over a broader range, similar to the C0_DHL group. PCA results and molecular characterization of the DH lines within and among the cycles of selection are presented in Ledesma et al. (2023). The incorporation of population structure through PCA as a covariate in the fixed effect model increases the power to detect associations, and it has the advantage of eliminating false positives due to non-genetic effects associated with the population structure.




2.7 Genome-wide association studies

For GWAS analyses, we used four phenotypic traits that are known to be associated with adaptation to high plant density: male and female flowering, flag leaf angle, and the number of primary tassel branches. GWAS analysis was performed for each subpopulation individually (C0_DHL, C17_DHL, and C0/C17_DHL) and for the entire panel (487 DH lines) in order to determine how to best use DH lines for GWAS. The software package GAPIT (Lipka et al., 2012) was used for GWAS analysis. The fixed and random model circulating probability unification (FarmCPU) method was implemented in GAPIT. FarmCPU includes PCA results as a covariate, kinship as an additional covariate to account for the relatedness among individuals (VanRaden, 2008), and additional algorithms that aid in solving the confounding problem between testing markers and covariates (Liu et al., 2016).

The P-values from each respective SNP were adjusted using False Discovery Rate (FDR) according to the Benjamini and Hochberg method (Benjamini and Hochberg, 1995). This statistic is also known as q-value and represents the estimated FDR if the associated P-value is used to declare significance. The default significant threshold value implemented in GAPIT was set at FDR < 0.05. We used the uniform Bonferroni-corrected threshold of α = 0.05 for the significance level. Therefore, the suggested P-value was computed with α/n (n = 13,846, total markers used), and we obtained a P-value threshold of 3.61×10-6 for GWAS. Manhattan plots were used to visualize the significance of SNPs by chromosome location across the whole genome for each trait. Allele frequencies within population were estimated for each significant SNP by using the popgen function from snpReady R package (Granato et al., 2018).




2.8 Candidate gene mining

The available maize genome sequence (B73; RefGen_v5) was used as the reference genome for candidate gene identification. Genes were considered as candidates if a significantly associated SNP marker with phenotypic variance explained (PVE) higher than 5% was located within the range of LD decay observed for each chromosome (upstream and downstream). Candidate genes were identified using the Ensembl Biomart tool (Kinsella et al., 2011) and checked according to the SNP marker’s physical position in the MaizeGDB molecular marker database (http://www.maizegdb.org; Portwood et al., 2019). Functional annotations of candidate genes were predicted in NCBI (http://www.ncbi.nlm.nih.gov/gene) and were also compared to previously published candidate genes.





3 Results



3.1 Phenotypic data analyses

Descriptive statistical analysis confirmed trait variability in the different groups of DH lines (Table 1). Phenotypic differences (P ≤ 0.05) for all traits, except plant height, were found among groups of DH lines. DH lines within the C0_DHL group had the highest mean values for flowering time, ear height, flag leaf angle, tassel length and the number of primary tassel branches and were found to be different (P ≤ 0.05) between the C17_DHL and C0/C17_DHL groups. On the other hand, DH lines within C17 group had the lowest values for these traits (Table 1). The C17_DHL group had the smallest anthesis-silking interval (0.1), meaning that plants showed silks and pollen shed almost simultaneously. Variance components due to DH lines within group effect were significant (P< 0.05) by the likelihood ratio test for all traits. Repeatabilities calculated for the complete set of DH lines across the three locations were found to be high across all traits. They ranged from 0.82 to 0.94 (Table 1). The correlation between the BLUPs were explored to determine relationships among evaluated traits (Table 2). The closest positive correlation (r = 0.88) was observed between male flowering and female flowering (P ≤ 0.001). Plant and ear height were significantly (P ≤ 0.001) and positively correlated (r = 0.76). They were also significantly and positively correlated with almost all other traits, except for the number of primary tassel branches and anthesis–silking interval.


Table 1 | Statistics of flowering and plant architecture traits in different groups of DH lines derived from the BSSS maize population.




Table 2 | Pearson correlation coefficients (r) between BLUPs for flowering and plant architecture traits of DH lines developed from the BSSS maize population.






3.2 Linkage disequilibrium

LD decay varied across the ten chromosomes and different regions within chromosomes (Figure 1). The C17_DHL group showed the largest LD decay distance ranging from 1,067 to 2,218 kb on chromosomes 5 and 4, respectively (Table 3). In contrast, the C0/C17_DHL group displayed the smallest LD decay distance (from 284 kb on chromosome 10 to 653 kb on chromosome 3). For C0_DHL, the LD decay ranged from 377 to 848 kb on chromosomes 10 and 3, respectively. The genome-wide LD decay distance was 569 kb, 1,509 kb and 463 kb for the C0_DHL, C17_DHL and C0/C17_DHL groups, respectively (Table 3). The genome-wide LD decay distance over all ten chromosomes in the entire panel of DH line panel was equal to 555 kb.




Figure 1 | Genome-wide LD decay distance in (A) C0_DHL group, (B) C17_DHL group, (C) C0/C17_DHL group, and (D) Entire panel of 487 DH lines.




Table 3 | Linkage disequilibrium decay distance (kb) per chromosome in the different groups of DH lines and the entire panel.






3.3 Genome-wide association studies

In total, 26 significant SNP markers were identified by FarmCPU (Table 4). A greater number of significant SNPs was found when the entire panel of DH lines (487 DH lines) was combined and used for GWAS with FarmCPU model. Therefore, the associations from the entire panel were considered for further analyses. A total of 22 SNP markers were found significant when using FarmCPU model with the entire panel of DH lines. Among those, two and one SNP presented PVE higher than 5% for flag leaf angle and number of primary tassel branches, respectively (Figure 2; Supplementary Table 3). No significant SNP was detected for male flowering trait (Table 4). By searching for candidate genes up and downstream for those three SNP markers being in LD with the corresponding chromosome based on the B73 RefGen_v5, 19 candidate genes were identified (Table 5). Ten candidate genes were identified for flag leaf angle and nine for number of primary tassel branches. We observed that for most significant SNPs, the allele frequencies were lower within C0_DHL, intermediate within C0C17_DHL and highest within C17_DHL population (Supplementary Table 4).


Table 4 | The number of significant SNP markers associated with flowering and plant architecture traits in different groups of DH lines and the entire panel using FarmCPU model.






Figure 2 | Manhattan plot results showing significant SNP markers associated with (A) female flowering, (B) flag leaf angle, (C) number of primary tassel branches in the entire panel using FarmCPU method. The X-axis plot represents the genomic position of the SNPs per chromosome. The Y-axis represents the negative logarithm of the P-value obtained from the GWAS model. The dash horizontal line represents the threshold from the FDR, and the solid horizontal line represents the threshold from the Bonferroni correction method.




Table 5 | Candidate genes associated with plant architecture traits in the BSSS DH lines.







4 Discussion



4.1 Plant architecture traits adapting to high plant density

The breeding potential of the BSSS maize population DH lines is reflected by the distribution of the plant architecture traits that have been modified in this population, and these traits are involved in the adaptation to high plant densities (Duncan et al., 1967; Duncan, 1971; Mock and Pearce, 1975; Brekke et al., 2011). C17_DHL group presented the most favourable traits when adapting germplasm to higher plant densities (Table 1), such as reduced anthesis-silking interval, more erect leaves, and fewer primary tassel branches. The phenotypic data used in our study showed high values of repeatability, ranging from 0.82 to 0.94. These repeatabilities values agree with other studies (Buckler et al., 2009; Romay et al., 2013; Peiffer et al., 2014; Vanous et al., 2018).

In this study, we found significance differences in the mean of the plant architecture traits among the group of DH lines and a reduction in the variance component estimates from the C17_DHL to the C0_DHL. Reduced genetic variance within the population was expected after 17 cycles of recurrent selection with recombination of a finite number of lines (10 or 20) within each cycle of selection. Flowering time showed a reduction of four days to anthesis and six days to silking from C0_DHL to C17_DHL groups. However, all DH lines flowered within a timeframe expected for the central US Corn Belt. Reduction in flag leaf angle has been reported in hybrids through the selection process and adaptation to high plant density (Duvick, 2005), as we found in this study. C17_DHL group could be a source of favourable alleles that impact more erect flag leaf angles. Additionally, we found a reduction in the number of primary tassel branches from an average of 15 in C0_DHL to 7 in the C17_DHL groups. These results confirmed a reduction in the number of primary tassel branches found by Edwards (2011) in the recurrent selection in the BSSS maize population. Additionally, these results are also in agreement with Brekke et al. (2011), where changes in plant architecture traits such as more upright flag leaf angle and reduction on the number of tassel branches were found as the cycles of selection advanced in the BSSS maize population. Large tassels can intercept enough light to lower photosynthetic rates in the canopy (Duncan et al., 1967), suggesting that smaller tassels may be advantageous for light utilization. However, Duncan et al. (1967) pointed out that this does not necessarily preclude some benefit of improved assimilate allocation with smaller tassels.

Ear height for the C17_DHL group was significantly lower than for C0_DHL, which might be partially due to the inbreeding depression. Plant and ear height are traits of interest when adapting germplasm as they are closely associated with flowering time, lodging resistance, biomass production, and grain yield (Durand et al., 2012; Teng et al., 2013). By reducing height traits during the selection for industrial agriculture, it was observed an increased harvest uniformity, favourably partition carbon and nutrients between grain and non-grain biomass, and enhanced fertilizer, pesticide, and water use efficiency (Khush, 2001). C17_DHL group was altered in important traits for high plant density tolerance compared to the C0_DHL group. In general, the C17_DHL group showed a better performance in plant architecture traits than the C0_DHL group. These differences demonstrate that 17 cycles of recurrent selection have been effective. At the same time, the C0/C17 DHL group showed considerable variation and could be used as a source to develop DH lines and hybrids adapted to high planting densities. Developing DH lines in more advanced cycles of selection improved agronomic traits, such as flowering time, flag leaf angle, and the number of primary tassel branches. If there were few major loci available in early selection cycles, they probably got fixed during the selection process. Therefore, the extraction of DH lines out of the BSSS maize population was effective, as indicated by plant architecture traits that suggested adaptation to high plant density. Some correlations coefficients were significant, indicating that adaptation based on plant architecture traits is a viable option in altering other important adaptation-related traits.




4.2 The exploitation of early cycle of BSSS DH lines

A method to exploit maize’s genetic diversity is introducing exotic germplasm and/or using landraces as a source of new alleles. However, several cycles of inbreeding are required. Additionally, inbreeding from landraces results in a high load of recessive alleles, mutations, and deleterious alleles that need to be selected against by conventional breeding methods (Strigens et al., 2013). According to Ledesma et al. (2023), the 17 cycles of reciprocal recurrent selection program have left behind useful genetic variation present in the C0_DHL during the selection process. Thus, to have a sufficient number of lines to be evaluated for testcross performance from exotic germplasm or landraces, it is necessary to start the breeding program with a large number of plants. This laborious effort is the main reason why exotic germplasm and landraces are limited used in modern breeding programs (Goodman, 2005). However, DH technology can enable more effective access to the genetic diversity of landraces and exotic germplasm in a faster way (Strigens et al., 2013; Chaikam et al., 2019). In this context, the C0_DHL group could be a reservoir of genetic diversity that could be untapped using DH technology. Deleterious alleles are expressed in the haploid stage and can be purged through selection. Hence, DH technology is a useful tool to access the genetic diversity present in landraces and to expand the genetic diversity of the elite germplasm (Wilde et al., 2010; Strigens et al., 2013; Böhm et al., 2017; Chaikam et al., 2019).

Developing DH lines from earlier cycles of recurrent selection programs could be an alternative approach to conventional breeding for introduction of diversity into related elite lines. In this study, we developed DH lines from the earlier cycle of the BSSS maize population to explore the phenotypic variation that has been left behind when advancing cycles of recurrent selection. Significant phenotypic variation was observed between the groups of DH lines for all traits evaluated, except for plant height. C17_DHL group presented the most favorable characteristics when adapting germplasm to higher plant densities (i.e., lowest means for flowering time, ear height, flag leaf angle, tassel length and the number of primary tassel branches). However, the genetic variability among the C0_DHL and the C0/C17_DHL allowed the identification of DH lines with desirable plant architecture traits that confer adaptation to high plant density. Some of these DH lines are a promising source of favorable alleles for plant density response. Thus, selected DH lines could be introgressed into current germplasm to improve the adaptation to high plant density. The large genetic distances of the C0_DHL compared to the C17_DHL (Ledesma et al., 2023) demonstrated the potential of the C0_DHL group to broaden the genetic base of the Stiff Stalk (SS) germplasm. However, more studies need to be conducted at the testcross level to know the hybrid combinations’ performance. The use of early selected cycles and DH technology opens new opportunities for exploring genetic diversity in available germplasm.




4.3 Linkage disequilibrium and GWAS analysis

LD refers to the nonrandom association of alleles at different loci in a breeding population (Flint-Garcia et al., 2003). It can be estimated using the correlation between SNP markers. The magnitude of LD and its decay with the genetic distance is important to determine the resolution of association mapping because LD’s extent determines the required number of SNP markers and the mapping resolution (Vos et al., 2017). In our entire panel of BSSS DH lines, we found that the LD decayed over 555 kb across the genome at the r2 = 0.2 threshold (Figure 1D). However, LD decay varied across the ten chromosomes and different genetic regions within chromosomes ranging from 348 kb in chromosome 10 to 799 kb in chromosome 3 (Figure 1D). These results agree with Vanous et al. (2018). They investigated a diverse panel consisting of exotic derived DH lines and found that LD decayed over a distance greater than 500 kb for all chromosomes. The LD within the C17_DHL group is quite more extensive than in C0_DHL and C0/C17_DHL. The larger LD decay distance observed in the C17_DHL group may be due to the breeding history of the population (e.g., the occurrence of bottlenecks) and the lower genetic diversity represented by this population. LD decay is more rapid in pools with higher genetic diversity (Romay et al., 2013; Wu et al., 2016). The C17_DH lines came from a population that was gone through 17 cycles of recurrent selection, which have caused some genetic drift, or a small effective population size, resulting in the larger decay distances.

The rapid LD decay, together with high genotypic variances and absence of population structure within populations, enables good resolution association mapping in some germplasm (Strigens et al., 2013). In our study, when we analyzed each group of DH lines (C0_DHL, C17_DHL, and C0/C17 DHL) the number of SNP markers associated was low or absent. However, when we used the entire panel of DH lines, we found 22 SNP markers among all traits. These results could be due to the lower variation within each DH line group or the smaller population size that affects the power to detect associations. Another possible reason for having low power to identify associated SNP markers to plant architecture traits when we performed the analysis by each group of DH lines could be due to the fixation of alleles. In the C17_DHL group, there are major genes affecting plant architecture traits and respective alleles are present at a low frequency in the C0_DHL group.

Alleles were in higher frequency within the population C17_DHL (Supplementary Table 4). The intermediate allele frequencies observed within population C0C17_DHL suggests that this population might be the most powerful population for GWAS studies, as those lines segregate for favorable alleles. Most significant SNPs were detected when using the entire panel not only because of its population structure, but mainly because the sample size was higher when using the entire panel. It has been largely discussed that sample size plays an important role in GWAS studies (Ibrahim et al., 2020; Wang et al., 2020; Murphy et al., 2022). Therefore, we believe that an increased sample size of C0C17_DHL could increase its power of SNP detection.




4.4 Candidate genes for plant architecture traits adapting to high plant density

Since we found consistent changes in at least four traits that are known to be associated with adaptation to high plant density we focused our discussion on candidate genes for these traits. Trends for reducing male and female flowering time, the number of primary tassel branches, and more upright flag leaf angles in C17_DHL compared with the C0_DHL were identified in our work. These trends have been reported for parental inbred lines of hybrids previously released (Duvick, 2005; Lauer et al., 2012), which could reflect a correlated response of modern breeding germplasm to selection for grain yield under higher plant densities (Edwards, 2011).

Flag leaf angle and number of primary tassel branches presented significant SNP markers with PVE higher than 5% (Supplementary Table 3). Thus, we searched potential candidate genes for these two traits. In total, 19 candidate genes were found. Flag leaf angle has experienced changes when advancing cycles in the recurrent selection program. In this study, we found that C17_DHL had a more upright flag leaf angle than the other two groups of DH lines. These results agree with different hybrids studies where a trend toward vertical flag leaf angle had been observed in recent decades. More vertical upper leaves are the desired trait since permit lighter to penetrate the canopy, improving the photosynthetic efficiency and allowing farmers to plant maize at higher densities (Edwards, 2011). In this study, an important region on chromosome 7 with PVE equal to 10.81% was identified. This suggests that the surrounding genomic region might have a strong association on modifying flag leaf angle, which could help to dramatically alter the trait.

Early studies conducted in maize to dissect the genetic basis of leaf angle have identified several quantitative trait loci and genomic regions for leaf angle throughout all the ten maize chromosomes. Dzievit et al. (2019) found 12 QTL on chromosome 1, 2, 3, 4 and 8 affecting leaf angle. Additionally, several genes have been cloned as the outcome of the combined use of quantitative genetics and induced or natural mutants associated with changes in leaf angle in maize (Mantilla-Perez and Fernandez, 2017). The number of primary tassel branches is considered as the principal component of maize tassel inflorescence architecture and is a typical quantitative trait controlled by multiple genes (Chen et al., 2017). Reductions in tassel size and tassel branch number have continuously decreased over time (Duvick, 2005). Previous studies in the BSSS maize population have revealed changes through advancing cycles in the recurrent selection program (Brekke et al., 2011). According to Duncan et al. (1967), tassels could block enough sunlight to reduce photosynthesis by 19%. We identified nine candidate genes controlling the number of primary tassel branches which will be useful for its improvement by molecular breeding and provide a basis for the cloning of the genes. Chen et al. (2017) identified 11 QTL located in chromosomes 2, 3, 5, and 7 demonstrating that tassel branch number variation was mainly caused by alleles with a major effect, minor effect, and slightly modified by epistatic effects.

DH lines developed in this study could be sources of new germplasm for broadening the genetic variation compared to elite germplasm to develop varieties or hybrids adapted to the US corn belt. Thus, individual lines with superior performance for agronomic and morphological traits can be selected and introgressed into elite materials. However, the testcross performance of the DH lines remains to be evaluated to test their yield potential in hybrid combinations. Additionally, in this study, we found that the entire panel of DH lines could be used for association analysis for flowering and plant architecture traits. Instead of using each DH line group individually, the power of detecting associated SNP increased when we used the entire panel of DH lines. Additionally, identifying QTL or regions for plant architecture traits in this study may help to elucidate the genetic basis of these traits and facilitate future work about marker-assisted selection or map-based cloning in maize breeding programs.
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Oats are known for their nutritional value and also for their beneficial properties on human health, such as the reduction of cholesterol levels and risk of coronary heart disease; they are an important export product for Chile. During the last decade (2010-2022) over 90% of the oat cultivated area in Chile has been covered with Avena sativa L. cv. Supernova INIA. This lack of genetic diversity in a context of climate change could limit the long-term possibility of growing oats in Chile. The present study is a phenotypic and genetic analysis of 132 oat cultivars and pure lines of diverse origin that can be considered as potential breeding material. The germplasm was evaluated for 28 traits and analyzed with 14 SSR markers. The effects of genotypes on phenotype were significant over all traits (P ≤ 0.05). Most traits exhibited moderate to high broad-sense heritability with exceptions such as yield (H2 = 0.27) and hulls staining (H2 = 0.32). Significant undesirable correlations between traits were generally of small biological importance, which is auspicious for achieving breeding objectives. Some of the heritability data and correlations provided here have not been previously reported. The overall phenotypic diversity was high (H’ = 0.68 ± 0.18). The germplasm was grouped into three phenotypic clusters, differing in their qualities for breeding. Twenty-six genotypes outperforming Supernova INIA were identified for breeding of conventional food-oats. The genetic diversity of the germplasm was moderate on average (He = 0.58 ± 0.03), varying between 0.32 (AM22) and 0.77 (AME178). Two genetic subpopulations supported by the Structure algorithm exhibited a genetic distance of 0.24, showing low divergence of the germplasm. The diversity and phenotypic values found in this collection of oat genotypes are promising with respect to obtaining genetic gain in the short term in breeding programs. However, the similar genetic diversity, higher phenotypic diversity, and better phenotypic performance of the germplasm created in Chile compared to foreign germplasm suggest that germplasm harboring new genetic diversity will be key to favor yield and quality in new oat cultivars in the long term.
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1 Introduction

Oats are increasingly gaining popularity due to a rise in awareness among consumers about their nutritional value and health benefits; a compound annual growth rate of 4.38% in consumption in the 2023-2028 period is projected in Latin America (Informe de expertos, 2023). The consumption of oat-based products in specific quantities has positive effects in reducing cholesterol levels, risk of cancer and coronary heart disease, as part of a diet low in cholesterol and saturated fat (FDA, 2023). Oats occupy second place in total area of crops grown in Chile, with around 100,000 ha, and a national average yield ranging between 4.5 and 5 tons per hectare, with production mainly destined for export (ODEPA, 2023).

Chilean oat production in the last decade has been based mostly on one genotype, cv. Supernova INIA, a cultivar created by the New Zealand Institute for Plant and Food Research Limited and registered in Chile in 2010. Although a few locally developed cultivars have been released during the last decades, they have not affected the varietal turnover, since 70 to 90% of the oat area is still occupied by Supernova INIA (De la Fuente, 2022), resulting in crop genetic uniformity. The loss of crop genetic diversity in a given area over a period of time, measured through the decline in cultivar number, represents crop genetic erosion that can result in vulnerability, creating the potential for widespread crop failure (Khoury et al., 2022). This is crucial considering that adverse conditions for cultivation of crops, including biotic and abiotic stresses, are expected to increase with climate change and global warming (Ristaino et al., 2021; Skendžić et al., 2021; FAO, 2022).

The focus of the INIA Chile oats breeding program has been the creation of advanced lines with high yield and stability in diverse environments, adequate industrial grain quality for processing, tolerance to lodging and diseases, among others (Beratto, 2006; Mathias-Ramwell et al., 2016). Knowledge of the genetic and phenotypic diversity of the available germplasm would allow a proper conservation of the germplasm for the future and use in the creation of new cultivars. Broadening the genetic background of a species, improving or at least preserving the most relevant economic traits, is key for the development of environmentally resilient new cultivars (Swarup et al., 2021). Modern oat cultivars have exhibited a narrower gene pool than landraces (Montilla-Bascón et al., 2013; Cieplak et al., 2021). Genetic diversity also varies depending on geographic origin, for example oat germplasm from North and South America showed higher genetic diversity than those from Europe, as European genotypes are closely related to each other (Achleitner et al., 2008).

Understanding the genetic diversity of the breeding germplasm, in combination with the phenotypic variation, correlation and heritability of important traits under selection, has facilitated the design of more effective breeding programs (Nava et al., 2010; Krishna et al., 2013; Boczkowska et al., 2016; Winkler et al., 2016; Silveira et al., 2020; Cieplak et al., 2021). There is published research on this aspect in Sweden, Denmark, Finland, Norway (Nersting et al., 2006), USA (Winkler et al., 2016), India (Chauhan and Singh, 2019), and Brazil (Mazurkievicz et al., 2019; Meira et al., 2019; Zimmer et al., 2019; Silveira et al., 2020), but not under the environmental conditions of southern Chile. Few Chilean oat genotypes have been included in genetic diversity studies (Achleitner et al., 2008), which do not include the newest breeding lines and those most cultivated in Chile.

Different types of molecular markers have been used in the genetic characterization of oats, including, including Amplified Fragment Length Polymorphism-AFLP (Achleitner et al., 2008), microsatellites or Simple Sequence Repeats-SSR (Li et al., 2000; Wight et al., 2010; Tanhuanpää et al., 2012), and Single Nucleotide Polymorphism-SNP (Tinker et al., 2014; Zimmer et al., 2019), among others. Despite the rapid development of new molecular tools, SSRs continue to be used, and are considered suitable for genetic diversity studies, and for the inference of population structure (Rana et al., 2019; Raza et al., 2020; Arora et al., 2021). SSRs are also effective in detecting heterogeneity in oat varieties, purity of seed lots, and genetic mapping and fingerprinting studies (Wight et al., 2010; Zheng et al., 2019). SSRs are not affected by external and internal environments, are cost-effective, fast, accurate, simple, highly polymorphic, reliable, and their co-dominant inheritance allow them to distinguish between homozygous and heterozygous loci (Jannink and Gardner, 2005; Zheng et al., 2019; Kaur et al., 2021).

For these reasons, the present study focusses on the phenotypic and SSR-based genetic analysis of 132 oat genotypes of diverse origin, including historical and current advanced pure lines and cultivars. The assessment of the phenotypic and genetic diversity, with other important parameters for the estimation of genetic gain, were addressed with the purpose of understanding the possible causes of the low rate of cultivar turnover in Chile, as well as the status of the available germplasm regarding the breeding goals in the selection of conventional food-oats.




2 Materials and methods



2.1 Plant material

A collection of 132 oat genotypes of diverse origin representing 85 pure lines, 46 cultivars, and one land race, including historical and modern germplasm, was selected for the study (Supplementary Table S2). Seeds of foreign germplasm were provided by the Quaker International Oat Nursery-QION and International Oat Nursery-ION collaborations, and other breeding programs through specific Material Transfer Agreements. The seeds of cultivars and lines created and/or registered in Chile were obtained from the INIA breeding program. The geographic origins of introduced lines were obtained from the POOL online oat database (Tinker and Deyl, 2005).




2.2 Field trial and experimental design

A field trial including the 132 oat genotypes was sown on June 15, 2020, in Vilcún (38°41′25′′S, 72°23′32′′ W, La Araucanía Region, Chile). The experimental design was an alpha-lattice with two replications. The experimental unit was a 2 m long and 0.6 m wide plot, resulting in a total of 264 experimental plots. The experiment was arranged in 12 incomplete blocks, each block containing 11 experimental units each corresponding to a different oat genotype. The seeds were disinfected using 2 mg Benomyl (Polyben 50 WP, Anasac S.A., Chile) per g of seeds; the seeding rate was 12 g · m-2. The agronomic management consisted of standard control of weeds and fertilizer application, without insecticide or fungicide treatment. The nutrient rates were 14 g · m-2 N, using 27% magnesium calcium ammonium nitrate applied 20% at seeding, 40% at early tillering (Zadoks Stage Z-21), and 40% during full tillering (Z-27) (Zadoks et al., 1974); 8 g · m-2 P2O5 applied as monocalcium phosphate at seeding; and 6 g · m-2 K2O using potassium/magnesium sulfate mixed with monocalcium phosphate at seeding. The herbicide doses were 0.08 mL · m-2 of a mix of Flufenacet, Flurtamona, and Diflufenican (Baccara Forte 360 SC, Bayer AG, Leverkusen, Germany) at crop pre-emergence, 0.08 mL · m-2 S-metolacloro (Dual Gold 960 EC, Syngenta S.A., Cartagena, Colombia) at early crop emergence, and 0.07 mL · m-2 MCPA-dimethylammonium (MCPA 750 SL, A.H. Marks Co., West Yorkshire, England) at full tillage.




2.3 Phenotypic trait measurements

A total of 28 phenotypic traits were evaluated in each experimental unit of the field trial (Supplementary Table S1). Phenotypic traits were selected based on USDA online Triticeae Toolbox Oat - T3 Oat (https://oat.triticeaetoolbox.org/search/traits), being mostly quantitative traits of importance for breeding. Visual scores of diseases and agronomic types were assessed during tillage, panicle emission, dough and mature grain stages. Plant height and panicle length were measured with a ruler at maturity; lodging was evaluated one day before harvest. After harvest, the grain yield was normalized to 12% moisture. Subsequently, a clean representative sample of 250 g of each experimental unit was obtained for evaluation of quality traits in hulled and dehulled grains.




2.4 DNA isolation and SSRs analysis

Ten seeds of each oat genotype were germinated and grown in Petri dishes containing paper towel at room temperature, being periodically moistened with distilled water. Then, 10 mg of fresh leaf tissue were collected from each of the 10 seedlings and pooled, resulting in a total of 100 mg fresh sample per oat genotype. Each pooled sample was fully pulverized using liquid nitrogen. DNA isolation was conducted following a CTAB DNA isolation procedure (Fulton et al., 1995). In previous work conducted in our laboratory in 2014, we had selected 107 SSRs reported in published literature based on their reported quality. Primer pairs for the selected SSRs were then synthesized by Integrated DNA Technologies Inc., USA. A group of 38 SSRs were subsequently pre-selected based on their reproducibility and quality tested against several oat genotypes available at the time under our local laboratory conditions (unpublished work). In the present study, the 38 SSRs previously selected were screened against a subsample of 10 oat genotypes out of the 132 total genotypes studied herein. The selected genotypes were representative of different pedigrees, geographic origins, and included modern and historic cultivars, and pure lines. Out of the 38 SSRs tested, 14 SSRs were selected for the present evaluation of 132 oat genotypes based on their polymorphism and visual quality of the amplification patterns. The polymerase chain reactions (PCR) were conducted in a final volume of 12 µL, using 20 ng DNA, 1X PCR buffer, 0.125 mM dNTPs, 1.5 mM MgCl2, 2.5 mM of each primer and 1 U Taq polymerase. The PCR program included a first denaturing step of 94°C for 7 min, 40 cycles of 95°C for 1 min, 54-58°C for 45 sec and 72°C for 1 min, followed by a final elongation at 72°C for 7 min. The amplified fragments were separated in 6% polyacrylamide sequencing gels, at 80 W for 2 to 3 hours, depending on the marker. The fragments were visualized with silver nitrate stain (Narváez et al., 2001).




2.5 Phenotypic data analysis

The variance analysis of the phenotypic data was carried out using the model  , which was fitted by applying a restricted maximum likelihood- REML, using the R 4.1.0 software (R Core Team, 2022) along with the Metan package (Olivoto and Lúcio, 2020). The genotype was treated as a random effect to estimate the broad-sense heritability (H2) of the 28 phenotypic traits, and the Best Linear Unbiased Predictor-BLUP of the 132 oat genotypes. A multi-trait genotype-ideotype distance index (MGIDI) was calculated for each genotype, using 28 phenotypic traits with their respective breeding objectives (increase, decrease) (Supplementary Table S1) (Olivoto and Nardino, 2021).

The linear associations between traits were examined by Pearson correlations, using the adjusted BLUP means obtained through the model. To identify the linear effect between the traits, controlling statistically the effect of others traits, a Pearson correlation matrix was used to calculate partial correlations (Olivoto and Lúcio, 2020). The significance of 465 pairwise trait-trait combinations was tested with the Student’s t (P ≤ 0.05). The correlation coefficients were ranked as negligible (│r│< 0.10), weak (0.10 ≥ │r│ ≤ 0.39), moderate (0.40 ≥ │r│ ≤ 0.69), strong (0.70 ≥ │r│ ≤ 0.89), and very strong (│r│ ≥ 0.90) (Mukaka, 2012).

The phenotypic diversity of each trait was estimated with the Shannon-Weaver diversity index (H) (Perry and McIntosh, 1991), using the formula:  , where n is the number of classes of traits and Pi is the proportion of accessions in the ith class of a trait. Each H value was normalized by dividing it by its maximum value (log2n), which ensured that all values were in the range of 0 to 1 for comparison purposes, called H’ (Perry and McIntosh, 1991). Since the traits were mainly quantitative, the BLUP data were previously scaled to percentages and divided into ten different phenotypic classes ranging from 0 to 100%. The diversity index was categorized as high (H’ ≥ 0.60), intermediate (0.40 ≥ H’<0.60) or low (H’< 0.40) (Yemataw et al., 2018).

To analyze grouping patterns of the oat germplasm, a principal component analysis – PCA and a cluster analysis using the resulting PC coordinates were conducted using the adjusted BLUP means of the 28 phenotypic traits. The analysis was performed using Factoextra (Kassambara and Mundt, 2020), and FactoMineR (Lê et al., 2008) R packages. A group of six oat genotypes were used as references in figures.




2.6 Genetic data analyses

The SSR alleles were scored as presence/absence (0/1) and recorded in a data matrix. The polymorphism information content (PIC) was calculated for each marker with the formula:  , where n is the number of alleles, and   is the frequency of allele   (Weir, 1996). The discriminating power (D) of each marker was estimated with the online iMEC software (Amiryousefi et al., 2018). A genetic distance tree was generated with the Jaccard dissimilarity index, and the unweighted neighbor joining clustering method with 10,000 bootstrap reps, using Darwin 6.0.21 (software available in https://darwin.cirad.fr/).

The genetic structure of the oat germplasm was inferred with the Structure 2.3.4 software (Pritchard et al., 2000). The simulations assumed K values from 1 to 10 populations, 100,000 burn-in run iterations, 100,000 Markov Chain Monte Carlo, with 10 runs for each K value. The optimal number of populations was estimated observing the Delta K decay with each K value (Evanno et al., 2005). Then the Shannon Information diversity Index (I), Nei’s genetic diversity index (He), observed heterozygosity (Ho), number of alleles, and private alleles, were calculated using GeneAlex v6 (Peakall and Smouse, 2006). Low frequency alleles were pooled to fulfill the data format of GeneAlex. A molecular variance analysis (AMOVA) was also carried out using GeneAlex.

Finally, the phenotypic and genetic diversity indexes, and the MGIDI selection index were calculated in the phenotypic clusters and genetic pools inferred, and in categorical groups formed by origin of the germplasm. Then Kruskal-Wallis non-parametric comparisons were carried out between the groups, with P ≤ 0.05 declared as significance and 0.05< P ≤ 0.10 considered as a tendency.





3 Results



3.1 Phenotypic traits variation and heritability

The effect of genotype on phenotype was significant over all traits (P ≤ 0.05), showing variation in the studied oat germplasm in all the traits (Table 1). The genetic coefficient of variation (CVg) ranged from 0.22% (dry matter content) to 160% (lodging percentage); it was low for grain quality traits such as hectoliter weight (4.16%), groat content (5.65%), dry matter (0.22%) and heading days (3.41%) (Table 1). High CVg were found in the incidence of diseases such as Pseudomonas syringae (76.96%) and Barley Yellow Dwarf Virus (98.68%), and in the low severity (66.21%) and high severity (62.97%) groat staining (Table 1). The lodging percentage was the only trait exhibiting CVg above 100%, showing the high variation in the data (0.4% - 0.94%) in relation to the mean (15.39%) (result not shown). This is likely due to the field trial having low lodging except for a group of sensitive genotypes exhibiting severe lodging (Supplementary Table S2).


Table 1 | Effect of the genotype on phenotypic traits and genetic parameters.



The contribution of genetic variance to the phenotypic variance ranged from 15.62% (plant height at tillering) to 98.42% (panicle type), resulting in broad sense heritability (H2) ranging from 0.16 to 0.98 (Table 1). The H2 was low for grain yield (0.27) and traits measured at early stages of development in the field, such as vigor score (0.19), agronomic score at tillering (0.34), plant height at tillering (0.16) and P. syringae incidence (0.23), showing a major proportion of environmental factors explaining the phenotypic variance. In contrast, high H2 was observed for grain quality traits such as hectoliter weight (0.82), groat content (0.81), groat protein (0.78) and fat (0.78) content, and morphological traits like panicle type (0.98) and hull color (0.84).




3.2 Phenotypic trait diversity

To identify traits as potential breeding targets in the studied germplasm, the phenotypic diversity was estimated based on the Shannon-Weaver diversity index (H). H was normalized by its maximum number of classes, obtaining H’ values in the range between 0 and 1 for comparative purposes (Perry and McIntosh, 1991). Thus H’ allowed us to classify the traits in different diversity categories, excluding the effect of the number of classes. The H index, reflecting the abundance of oat genotypes in different phenotypic classes, was 1.71 ± 0.69, ranging from 0.45 (hectoliter weight) to 2.63 (Drechslera avenae incidence); whereas H’ was 0.68 ± 0.18, ranging between 0.28 (hectoliter weight) and 0.94 (lodging severity) (Table 2). Twenty-four of 28 traits were in the high (H’ > 0.6), four traits in the intermediate (0.40 ≥ H’< 0.60) and two traits in the low (H’< 0.40) diversity categories.


Table 2 | Frequency of the germplasm in different phenotypic classes and phenotypic diversity.



Grain yield had high diversity (H’ = 0.73). However, only 14% of the oat genotypes outperformed Supernova INIA (Table 2). Most of the genotypes were in the high phenotypic classes for grain quality traits such as hectoliter weight, groat content and thousand hulled grain weight, but a few genotypes had higher quality than Supernova INIA. A similar pattern was observed for heading days with most genotypes exhibiting intermediate to long cycles, but 2% of genotypes emitted their panicles earlier than Supernova INIA. Plant height at maturity exhibited high diversity (H’ = 0.70), with a high proportion of intermediate to tall genotypes.

Groat protein (H’ = 0.76) and fat (H’ = 0.83) content showed high diversity, with a similar fraction of genotypes with higher and lower values than Supernova INIA (Table 2). High diversity was also found for grain quality traits including hulled groats and broken grains after peeling, high and low severity grain staining, hull staining, and foliar diseases; a good proportion of genotypes had better quality and tolerance to diseases than Supernova INIA. All oat genotypes were assigned to the same phenotypic class for groat dry matter content, resulting in null diversity.




3.3 Pairwise correlations between traits

Since Pearson´s correlation does not consider the influence of other traits on the relationship between two traits, a partial correlation analysis was used to control statistically the effect of other traits on the correlations (Olivoto and Lúcio, 2020). Forty-four associations were significant both with Pearson and partial correlation analysis, representing robust associations (Figure 1). However, 64 associations were significant only with Pearson correlation, whereas 18 associations were found significant only in the partial correlation analysis (Supplementary Table S3).




Figure 1 | Pearson correlation matrix of 28 traits measured in 132 oat genotypes and partial correlation validation. Only correlations with P ≤ 0.05 are shown in the graph. Significant associations in the partial correlation analysis are marked with black boxes. GY, grain yield; HD, heading days; LP, lodging percentage; LS, lodging severity; PL, panicle length; PHT, height at tillering; PHM, height at maturity; VS, vigor score; AST, agronomic score at tillering; ASD, dough grain; and ASM, maturity; HC, hull color; PT, panicle type; BY, barley yellow dwarf virus incidence; DA, Drechslera avenae incidence; PS, Pseudomonas syringae incidence; HW, hectoliter weight; GC, groat content; BG, broken groats and HG, hulled grains after peeling; HS, hull staining; GSL, low severity and GSH, high severity groat staining; TWH, thousand hulled and TWD, thousand dehulled grain weight; GP, groat protein; GF, groat fat; and GD, groat dry matter content.



As expected, the association between related traits such as thousand hulled and dehulled grain weight and agronomic scores at dough and mature grain stages was strong, whereas the associations between the other traits were mostly weak to moderate (Figure 1). Grain yield exhibited positive associations with the agronomic scores at tillering and maturity, and negative associations with lodging percentage, plant height at maturity and groat protein content. Therefore, grain yield associations were mostly favorable for genetic breeding, except for groat protein. Also, plant height at maturity exhibited a positive association with lodging percentage, plant height at tillering and panicle length.

Hectoliter weight showed a positive association with groat content and panicle type, and negative associations with hull color and hull staining; all these associations are favorable for genetic breeding of high grain quality oats (Figure 1). As expected, high and low severity groat staining exhibited a positive association. However, high severity groat staining had a positive association with protein content and negative with groat dry matter content, whereas low severity groat staining exhibited a negative association with heading days. Also, groat protein had a negative association with heading days and groat content.




3.4 Phenotypic principal component analysis and clustering of the oat germplasm

A multivariate analysis was performed on the 132 oat genotypes values, to reduce complexity and explore the relationships among several traits of economic importance. Dimension 1 (17.41%) was mainly represented by agronomic plant type scores and grain yield, while Dimension 2 (11.09%) was associated with grain quality traits (Supplementary Figures S1A, B). The genotypes resulted in a mostly well distributed germplasm but with a group of nine genotypes markedly separated from the others (Supplementary Figure S1C).

The grouping analysis of the principal component coordinates found significant explanation of the clusters mainly in 13 traits linked to the first, second and fourth PCA dimensions, representing 35.17% of the explained variance (Figure 2A; Supplementary Table S4). Depending on the correlations of the traits in relation to the dimensions of the PCA (Figure 2B), each cluster exhibited a higher or lower mean compared to the overall mean of the 132 oat genotypes (Supplementary Table S5).




Figure 2 | Phenotypic cluster analysis for 28 traits and 132 oat genotypes. (A) Contribution of the main traits explaining the variance of significant (P ≤ 0.05) dimensions in the cluster analysis, (B) correlation of the traits and the dimensions, (C) biplot of genotypes and traits showing the resulting clusters. GY, grain yield; LP, lodging percentage; LS, lodging severity; PL, panicle length; PHT, height at tillering; PHM, height at maturity; VS, vigor score; AST, agronomic score at tillering; ASD, dough grain; and ASM, maturity; PT, panicle type; HW, hectoliter weight; GC, groat content and GF, groat fat; HG, hulled grains; GP, groat protein.



The oat genotypes were grouped in three phenotypic clusters, Cluster 1 (N = 10), Cluster 2 (N = 63) and Cluster 3 (N = 59) (Figure 2C; Supplementary Table S5). Cluster 1 had long panicles but with very high plant height and high lodging, low grain yield, and low industrial grain quality. It was composed mainly of foreign historical cultivars from United States of America (N = 3), Canada (N = 1), Italy (N = 1), Austria (N = 1), Australia (N = 1), Uruguay (N = 1), a pure line from Brazil (Supplementary Table S2), and a Chilean landrace (Rubia Corriente), widely used in Chile as forage. Cluster 2 had high grain yield, good industrial grain quality, intermediate plant height, intermediate panicle length, moderate to low groat protein, and slightly high groat fat, such as Supernova INIA and Urano INIA. Cluster 3 genotypes had overall lower plant height, lower lodging, high groat protein, slightly low fat groat contents, slightly higher groat staining, lower industrial grain quality, and shorter panicles, than Cluster 2, for example Júpiter INIA.




3.5 Phenotypic value of the oat germplasm for oat-food breeding

To estimate the phenotypic value of the oat germplasm we estimated a Multi-trait Genotype-Ideotype Distance Index (MGIDI) that quantifies each oat genotype with regard to breeding objectives; the lower the index the closer the individual is to the ideotype and therefore higher genetic gain is expected (Olivoto and Nardino, 2021). The MGIDI considered the 28 traits with their respective breeding objectives (increase, decrease), according to the expected attributes in conventional food-oats, such as high field performance and grain quality (Supplementary Table S1).

The MGIDI index ranged from 3.46 to 8.91 with a mean of 5.66, while the reference cultivar Supernova INIA had a value of 4.78 (Figure 3A, Supplementary Table S2). A group of 26 genotypes with better phenotypic performance than Supernova INIA (MGIDI< 4.78) were selected as promising material for food-oat commercial breeding. The group had selection gain in almost all traits, excepting plant height at maturity and groat fat content (Supplementary Table S6). The selected genotypes showed different qualities in relation to Supernova INIA (Figure 3B); the germplasm was mainly from Chile (N = 21), Canada (N = 2), United States of America (N = 2) and New Zealand (N = 2) (Supplementary Table S2). The genotypes ranked in the lower 5% extreme of the MGIDI scores were chosen as potential candidate lines for direct development of new food-oat cultivars. The 105 genotypes with higher MGIDI (lower phenotypic performance) scores than Supernova INIA were kept for pre-breeding purposes, due to their specific characteristics of interest and possibly other potential non-characterized beneficial properties, their conservation being relevant for future studies.




Figure 3 | Multi-trait genotype–ideotype distance indexes (MGIDI) of the 132 oat genotypes considering the objectives for conventional food-oat breeding with 28 traits. (A) selection of the better germplasm for commercial food-oat breeding and pre-breeding, according to MGIDI scores, (B) weaknesses and strengths, corresponding to the qualities for breeding of the selected genotypes and reference cultivars. FA: factors. FA1: grain yield, height at maturity, panicle length, lodging percentage, lodging severity, dough grain and maturity; FA2: thousand hulled and dehulled grains weight, broken grains after peeling; FA3: low severity groat staining, high severity groat staining, Pseudomonas syringae incidence; FA4: plant height at tillering, vigor score, agronomic score at tillering; FA5: groat content, hulled grains after peeling, Drechslera avenae incidence; FA6: groat protein, heading days; FA7: hull staining, barley yellow dwarf virus incidence; FA8: hectoliter weight, hull color; FA9: groat dry matter, groat fat content, panicle type.






3.6 Genetic variation revealed by the SSRs

A total of 64 alleles from 14 SSRs were detected in the 132 oat genotypes. These markers were polymorphic, and 20 alleles exhibited frequencies lower than 0.05 in the set of samples (Table 3). The number of alleles per marker ranged from 2 (AME019, AME055, and AME076) to 10 (AME178), with an average of 4.27 alleles per locus; the PIC ranged between 0.26 (AME177) and 0.84 (AME178), with an average of 0.58; and the discriminatory power ranged from 0.28 (MAMA_5) to 0.57 (AME102), with a mean of 0.43. Thus, the polymorphism and discrimination power achieved by this set of SSRs can be considered intermediate. The allele frequencies are detailed in Supplementary Figure S2.


Table 3 | Primer sequences, and efficiency indexes of the SSRs.



Two main groups were visually different in the neighbor joining genetic tree; sub-tree I grouped mainly Chilean germplasm with a low proportion of introduced lines and cultivars such as Supernova INIA (126-NZ) and Urano INIA (128-CA); sub-tree II grouped mostly foreign germplasm, historical germplasm, and a low proportion of Chilean advanced lines (Figure 4A; Supplementary Table S2). The genetic dissimilarity between the oats was high, with an average of 0.75, indicating a high degree of genetic differentiation between the oat genotypes, with exception of the Chilean pure lines 59-CL and 60-CL, revealed as duplicates (Figure 4B; Supplementary Table S2).




Figure 4 | Genetic tree and population structure of the oat germplasm. (A) The genotypes created in Chile and the foreign germplasm are marked in light blue and orange, respectively; blue numbers in nodes are the bootstrap support of the branches; sub-tree I, and sub-tree II, are the main groups detected visually. (B) Frequency histogram of the Jaccard dissimilarity indexes with 132 oats and 10,000 bootstraps. (C) Change in likelihood of the data L(K) at values of K populations from 1 to 10, used to infer the true value of (K) (D) Populations inferred with the Structure algorithm. The number labels in (A, D) representing the 132 oat genotypes are consistent with Supplementary Table S2.






3.7 Population structure

The Structure analysis with the SSRs supported two subpopulations based on the decay of Delta K, suggesting the existence of two genetic pools in the germplasm (Figures 4C, D). The pairwise genetic distance and the similarity between Pop 1 and Pop 2, were 0.24 and 0.79, respectively (Supplementary Table S7). The molecular variance analysis found significant fixation indexes, indicating significant genetic variation among subpopulations (FST), among individuals (FIS), and within individuals (FIT) (P = 0.001), representing the 11%, 77%, and 12% of the molecular variance, respectively (Supplementary Table S8).

Fifty-nine percent (N = 78) of the genotypes were assigned to Pop 1, and the other 41% (N = 54) to Pop 2. However, 23.48% of the germplasm was admixed, corresponding to genotypes exhibiting less than 0.7 membership to their respective subpopulation (Wang et al., 2023). The admixed germplasm was higher in Pop 1 (N = 23) than in Pop 2 (N = 8) (Supplementary Table S2). Most foreign and historical genotypes, such as Rubia Corriente, Eva, Llaofén INIA, also of the cultivar Júpiter INIA, belonged to Pop 1 (Supplementary Table S2). Seventy percent of modern Chilean advanced pure lines, and the most important commercial cultivars in Chile such as Supernova INIA and Urano INIA, were assigned to Pop 2.

The comparison of the genetic distance tree to the population structure showed a similar but not identical grouping of the genotypes; sub-tree I was analogous to Pop 1, and sub-tree II was similar to Pop 2. Six and nine genotypes of sub-tree I and sub-tree- II, respectively, were assessed inversely to Pop 2 and Pop 1 (Supplementary Table S2).




3.8 Genetic diversity

The overall genetic diversity of the 132 oat genotypes was intermediate (He = 0.58 ± 0.03); diversity was greater in Pop 1 (He = 0.59 ± 0.04) than in Pop 2 (He = 0.44 ± 0.05) (Table 4). Extending the analysis per population, the observed alleles per marker ranged between 2 and 9, and between 2 and 5, and the total observed alleles over all markers were 61 and 46, for Pop 1 and Pop 2, respectively. The expected allele number per locus varied from 1.57 to 5.16 in Pop 1, and between 1.05 and 3.26 in Pop 2 (Table 4). A total of 14 private alleles were detected in Pop 1 with the SSRs AME102 (N = 1), MAMA_11 (N = 3), AME178 (N = 4), MAMA_1 (N = 1), MAMA_5 (N = 4), AM22 (N = 1); this resulted in 40 oat genotypes containing one to three private alleles (Supplementary Table S2). Allele frequencies are provided in Supplementary Figure S2.


Table 4 | Genetic diversity indexes in the inferred subpopulations and in all genotypes.



The observed heterozygosity (Ho) was near zero for the majority of SSRs, with exception of AM14 (Ho = 0.48), and AME177 (Ho = 0.73) (Table 4). The heterozygosity fluctuated between 0 and 0.33 in the 132 individual oat genotypes, with a mean of 0.09, indicating a low degree of genetic segregation and/or contamination, considering that the DNA was obtained from the combined extraction of 10 seedlings per genotype (Supplementary Table S2).




3.9 Phenotypic value and diversity of the germplasm by groups

To obtain an overview of the germplasm in terms of phenotypic performance and diversity, we applied non-parametric comparisons between phenotypic clusters, genetic populations, in categorical groups by geographic origin (Chilean, foreign), and selection for different uses (commercial food-oat breeding and pre-breeding). The phenotypic diversity (H´) was higher in Cluster 2 (H’= 0.62 ± 00.18) and Cluster 3 (H’ = 0.60 ± 0.17) than in Cluster 1 (H’ = 0.21 ± 0.06), in Pop 1 (H’= 0.63 ± 0.07) than in Pop 2 (H’= 0.57 ± 0.11), in Chilean (H’ = 0.64 ± 0.18) than in the foreign (H’ = 0.55 ± 0.12) germplasm, and in modern (H’ = 0.62 ± 0.15) than in historic (H’ = 0.55 ± 0.12) germplasm (Figure 5A). As expected, phenotypic diversity was lower in the food-oat breeding germplasm (H’ = 0.42 ± 0.15) than in the pre-breeding (H’ = 0.65 ± 0.19) group.




Figure 5 | Overall phenotypic performance and diversity of the germplasm by groups. (A) Shannon-Weaver scaled phenotypic diversity, (B) multi-trait genotype-ideotype index, and (C) Nei’s genetic diversity index. The error bars are the minimum and maximum values; the horizontal line in the box is the median. The Chilean germplasm corresponds to genotypes created in Chile using diverse origin germplasm.



The phenotypic performance of the germplasm for food-oat breeding was better in Cluster 2 (MGIDI = 5.34 ± 0.91) and Cluster 3 (MGIDI = 5.63 ± 1.00), than for Cluster 1 (MGIDI = 7.91 ± 1.13); there was a tendency to a better performance in Cluster 2 than in Cluster 3 (P = 0.071) (Figure 5B). Also, the phenotypic performance was superior in Pop 2 (MGIDI = 5.19 ± 0.95) than Pop 1 (MGIDI = 5.97 ± 1.19), in Chilean (MGIDI = 5.34 ± 1.08) than in foreign (MGIDI = 6.06 ± 1.14) germplasm (P < 0.001), and in modern (MGIDI = 5.34 ± 6.36) than in historic (MGIDI = 6.36 ± 1.12) germplasm (P < 0.001). As expected, phenotypic performance was higher in the food-oat breeding (MGIDI = 4.23 ± 0.39) than in pre-breeding (MGIDI = 6.03 ± 1.00) selected germplasm (P < 0.001).

The genetic diversity was similar (P > 0.05) in the three phenotypic clusters, between the Chilean (He = 0.53 ± 0.11) and foreign (He = 0.59 ± 0.16) germplasm, and between historic (He = 0.54 ± 0.14) and modern (He = 0.59 ± 0.13) germplasm (Figure 5C). As expected, genetic diversity was higher (P = 0.035) in Pop 1 (He = 0.59 ± 0.04) than Pop 2 (He = 0.44 ± 0.05). A tendency to lower genetic diversity (P = 0.09) was observed in the germplasm selected for food-oat breeding (He = 0.48 ± 0.18) compared to the pre-breeding (He = 0.59 ± 0.13) germplasm. Different number of private alleles were found; they were present in Cluster 1 (N = 3) and Cluster 2 (N = 1), Pop 1 (N = 14), foreign (N = 6) and Chilean (N = 2) germplasm, in pre-breeding (N = 17) selected germplasm and in historic (N = 6) genotypes (Supplementary Table S2). However, private alleles were absent in Pop 2, Cluster 3, modern germplasm and in food-oat breeding selected germplasm (Supplementary Table S2).

The alluvial diagram allowed us to visualize the origins of the oat genotypes and group them according to their phenotypic similarity and genetic pools (Figure 6). The germplasm showed a complex interrelated pattern, reflecting a germplasm mostly created from parents with diverse origins. The germplasm was formed mainly by Chilean accessions and others from the USA and Canada, and a low proportion from other countries of South America (Argentina, Uruguay, Brazil), Europe (Germany, France, United Kingdom, Italy, Lithuania, Netherland, Austria), and Oceania (New Zealand, Australia), representing 15 different geographic origins.




Figure 6 | Relationships of the oat genotypes according to their geographic origins and grouping patterns. QION, Quaker International Oat Nursery; ION, International Oat Nursery; MTA, material transfer agreement. CV, cultivar; PL, pure line; LR, land race. R, Argentina; AT, Austria; AU, Australia; BR, Brazil; CA, Canada; CL, Chile; CZ, Czech Republic; DE, Germany; DZ, Africa; FR, France; GB, United Kingdom; IT, Italy; LT, Lithuania; na, not assigned; NL, Netherlands; NZ, New Zealand; SE, Sweden; US, United States of America and UY, Uruguay. The Chilean germplasm corresponds to genotypes created in Chile using diverse origin germplasm. Historic: germplasm created on or before 2010, and modern: after 2010.



Thirty-six out of 46 cultivars, 20 out of 86 pure lines and the Rubia Corriente landrace are historic genotypes created 2010 or earlier (Figure 6). Cultivars were grouped in higher proportion in Pop 1 (N = 33) than Pop 2 (N = 13), while pure lines were in similar proportions in Pop 1 (N = 44) and Pop 2 (N = 41), resulting in a higher proportion of historic germplasm in Pop_1 (59%) than Pop_2 (20%). Pop_1 contained nine out of 10 genotypes from Cluster 1, and a slightly lower number of genotypes from Cluster 2 (N = 31) than Cluster 3 (N = 38), while Pop 2 contained only one genotype from Cluster 1 and more genotypes from Cluster 2 (N = 32) than Cluster 3 (N = 21), explaining the better phenotypic performance of Pop 2 in relation to Pop 1. Consequently, the germplasm selected for food-oat breeding corresponded mainly to modern germplasm belonging to Pop 2 and Cluster 2.





4 Discussion

Oats have gained popularity worldwide since oat-based products consumption can contribute to lower cholesterol and diabetic effects, preventing disease and promoting human health (Paudel et al., 2021). This cereal ranks second in cultivated area in Chile; it is mainly an export product (ODEPA, 2023), and as such is economically important for local oat producers and processing industries. During 2010-2023 period, 70 to 90% of the Chilean oat cropping area has been covered with cv. Supernova INIA (De la Fuente, 2022). The wide spread of dominant cultivars, generating continuous low crop genetic diversity and high uniformity, could lead to crop vulnerability (Khoury et al., 2022; Salgotra and Chauhan, 2023), thus the integration of new genetic diversity associated with favorable commercial traits is essential to increase resilience against climate change (Swarup et al., 2021), and to deal with the emergence of new biotic and abiotic stresses (Ristaino et al., 2021; Skendžić et al., 2021; FAO, 2022). A way to increase diversity in modern cereal cultivars, highly uniform and sown in large areas like oats, is the quick turnover of cultivars (Khoury et al., 2022). However, none of the cultivars released in Chile and new advanced lines created have significantly outperformed Supernova INIA, resulting in low adoption by producers and a low release rate of new cultivars. Therefore, quantifying and broadening the available genetic diversity are expected to be critical to increase the rate of cultivar turnover in Chile.

A study of genetic diversity of the oat germplasm available in INIA, based on molecular markers and including new advanced lines and commercial cultivars was missing, because the selection was mostly based on agronomic performance. A comparable phenotypic evaluation of the germplasm, including historic and modern genotypes of diverse origin, was also missing due to disconnected evaluations in different historical periods. For these reasons, we analyzed the phenotypic and genetic diversity of 132 oats accessions with 28 traits and 14 SSR markers, in a field trial sown in La Araucanía Region, where the main oat cropping area is concentrated. Important genetic parameters affecting the success of genetic breeding were also estimated. The results obtained here supported the applicability of most of the current food-oat breeding objectives, and consequently promise good prospects for obtaining new cultivars in the short term. However, some noteworthy issues were identified which could make breeding from the currently available germplasm difficult in the long term.

Moderate genetic diversity and a discrete population structure were found in the studied germplasm, similar to most foreign germplasm analyzed worldwide (Nersting et al., 2006; Jan et al., 2020; Lyubimova et al., 2020; Wang et al., 2023), showing a low rate of diversification of the germplasm. The Chilean germplasm showed similar genetic diversity in comparison to foreign germplasm from 14 different origins. The phenotypic diversity of the germplasm in key agronomic and grain quality traits accounted for a low proportion of genotypes with favorable phenotype in relation to the reference cultivar Supernova INIA, showing a high grade of fixation of these traits under intensive selection in the breeding program. These factors could explain the relatively low success of the breeding efforts taking place in Chile. Despite these negative aspects, a group of 26 superior genotypes compared to Supernova INIA, mostly modern Chilean pure lines, were selected by a multi-trait index calibrated for commercial food-oat breeding. These genotypes could play an important role in widening the genetic diversity of the oat crop in Chile if some of them pass the necessary tests for release as new cultivars.

The rest of the genotypes of lower performance for food-oat breeding compared to Supernova INIA are a valuable genetic resource for pre-breeding and further studies on other characters not addressed in the present study. Thus, the conservation of this germplasm is relevant. These results emphasize the key role of using diverse origin germplasm and carrying out genetic breeding in Chile, since almost all the selected superior genotypes were created with foreign germplasm but selected in the southern Chile environment. It has been proposed that investment in public breeding programs, providing pre-breeding and other diversification services to formal seed systems, also of advanced breeding technologies (e.g. genetic modification and gene editing), will be needed to mitigate negative impacts on modern cultivar diversity (Khoury et al., 2022).



4.1 Phenotypic variation and heritability of the traits

Phenotypic variation is the distribution or range of morphological, phenological, developmental and biochemical traits that are expressed in individual taxa (Kalisz and Kramer, 2008), determining the capacity of plants to adapt to changing environments and to colonize new habitats (Boquete et al., 2021). Having populations with a high range of phenotypic variability is indispensable to achieve genetic gain in breeding programs (Swarup et al., 2021). For this reason, we evaluated the phenotypic variation of the germplasm in terms of dispersion of the data (genetic coefficient of variation, CVg) and range of variation. Low CVg (< 6%) was found in hectoliter weight, groat content and heading days, while the 25 other traits exhibited moderate to high CVg, in most cases in an adequate range of variation for a selection program. The range of variation in phenotypic traits can broadly vary depending on the germplasm and environmental conditions. For example, the ranges of variation observed in heading days (79.33-97 d, 41-69 d), thousand hulled grain weight (6-27.33 g, 19-45.7 g) and plant height (52-134.7 cm) in 38 oat Indian genotypes (Kumar et al., 2023), and in 64 European oat cultivars and 17 landraces (Nersting et al., 2006), respectively, were of lower magnitude in comparison to the present study.

Heritability is a key concept in breeding, corresponding to the fraction of the total variance among plants of a population that may be attributed to genetic differences between them, which is one of the most important components of the breeder’s equation that aims to predict the expected response to selection (Mazurkievicz et al., 2019). Most traits studied here exhibited moderate to high heritability (H2 > 0.50), indicating a good prospect to achieve genetic gain in a selection program. The larger the heritability of a trait, the greater the expected genetic gain, in which case artificial selection can be carried out more efficiently (Mazurkievicz et al., 2019). The low heritability (H2< 0.40) observed for grain yield, plant height, vigor scores at tillering, the incidence of diseases like P. syringae, Barley Yellow Dwarf Virus, and hull staining, reflects the large influence of environmental factors affecting these traits. Selection may be difficult in traits with low heritability (< 0.40), due to the confounding effect of the environment (Majhi, 2020).

Several studies on heritability of oat traits have been published, with heading days, plant height at maturity, and thousand hulled grain weight, being the most commonly traits investigated (Sürek and Valentine, 1996; Yan et al., 2016; Kumari et al., 2017; Premkumar et al., 2017; Chauhan and Singh, 2019; Leišová-Svobodová et al., 2019; Mazurkievicz et al., 2019; Meira et al., 2019; Haikka et al., 2020; Vanjare et al., 2021; Brzozowski et al., 2022). However, heritability cannot be generalized to a crop since it is highly specific, and valid only for the material involved in the experiment and the experimental environment (Majhi, 2020). High variation in the results has been observed in oats, depending on the type of germplasm, management, and experimental design of the trials (Supplementary Table S9). The heritability in other studies included 12 of the 28 traits studied here, including heading days (0.46-0.94), plant height at maturity (0.50-0.98), panicle length (0.12-0.86), thousand hulled (0.26-0.97) and thousand dehulled (0.30-0.94) grain weights, grain yield (0.00-0.88), groat protein (0.88-0.93), groat fat (0.13-0.99), groat content (0.23-0.91), hectolitre weight (0.89), panicle type (0.68) and hull color (0.88); the values obtained here were mostly within the ranges observed in aforementioned studies (Supplementary Table S9). We are contributing with broad sense heritability data for 16 oat traits not reported in the reviewed literature.




4.2 Phenotypic diversity

We used the scaled Shannon-Weaver diversity index (H’) to quantify the phenotypic diversity of the germplasm on mostly quantitative traits, except for panicle type and hull color, which are qualitative traits. A low H’ indicates extremely unbalanced frequency classes for an individual trait and a lack of diversity (Upadhyaya et al., 2002). Almost all the traits exhibited high phenotypic diversity (H’ > 0.6), with exception of hectoliter weight and groat dry matter (H’ < 0.3). Hectoliter weight, groat content and thousand hulled grain weight, which are important quality traits for the industry, are mostly fixed in the germplasm in relation to the reference cultivar Supernova INIA. Consequently, these results show possibilities of maintaining but not substantially increasing the quality of future cultivars.

There was high diversity in heading days (H’ > 0.7) but the germplasm was mainly in the range of midseason to long cycles, which might make it hard create earlier cultivars. Grain yield and plant height at maturity showed a high diversity; about 15% of the germplasm had higher yield and shorter plant height compared to Supernova INIA. However, since grain yield exhibited low heritability, low genetic gain is expected. The disease scores and new implemented grain quality traits such as high severity and low severity groat staining, broken grains after peeling and groat protein and fat contents had high diversity, with a good proportion of genotypes with favorable phenotype versus Supernova INIA, thus there are good prospects for improvement of these traits in new cultivars.

There are few studies in oats reporting diversity indexes. For instance, diversity (H) was lower (0.9-1.4) in a group of 84 Nordic oat cultivars and landraces, considering three traits (Nersting et al., 2006). In a group of 91 Polish oat landraces which included eight traits, H was only slightly lower (0.79-2.08) (Boczkowska et al., 2016) than in this study (0-2.55). The studied oat germplasm exhibited high overall phenotypic diversity (H’ > 0.6) (Yemataw et al., 2018), considering a wider number of phenotypic traits and oat genotypes compared to the available literature.




4.3 Pairwise correlations between traits

Quantitative traits often exhibit complex inter-relationships which can hinder breeding for multiple traits at a time. For this reason, understanding the associations between traits is a prerequisite to approach breeding (Yan et al., 2016). Non-zero genetic correlations can occur by close linkage of loci, or by pleiotropy which occurs when two traits are controlled by the same loci (Bernardo, 2020). Unlike linkage-correlations, pleiotropic-correlations cannot be dissipated by repeated cycles of meiosis, due to their physiological bases (Bernardo, 2020). The ability to differentiate between pleiotropy and close-linkage correlations will determine the optimum breeding strategy (Chen and Lübberstedt, 2010).

The nature of the correlations in oats is still poorly understood, shown by the scarcity of related literature. Thus, with the purpose of generating validated information on diverse origin oats, the pairwise Pearson correlations (r) between all the traits routinely measured in the oat breeding program were calculated, resulting in 108 weak to moderate significant associations (P ≤ 0.05). However, a significant value of r does not imply causality or a direct relationship between the variables, since two variables can be correlated because both have a significant degree of correlation with a third variable (Armstrong, 2019). To avoid this confusion, partial correlation coefficients were computed to corroborate the results. Partial correlations have been useful when multiple variables are present because they consider the effect of a third confounding variable on the correlation (Armstrong, 2019; Olivoto and Lúcio, 2020). As expected, only 44 significant associations were confirmed by the partial correlation analysis, the remaining 64 associations were caused by other confounding variables. Interestingly, 18 significant partial correlations were not detected by pairwise correlations, showing the ability of the partial analysis to detect associations hidden because of other confounding variables.

The trait correlations found in most studies used fewer traits and different comparisons (Khan et al., 2014; Crestani et al., 2015; Boczkowska et al., 2016; Baye et al., 2020), making comparison to our results difficult. The significant associations we found with pairwise and partial correlations were mostly favorable for breeding purposes, indicating good possibilities to improve these traits simultaneously, with exception of groat protein content, which showed unfavorable associations with key traits like grain yield. Similar results for the negative association between grain yield and groat protein (r = -0.38, P < 0.01) and opposite result for the negative association between protein and groat content (r = 0.13, P < 0.05), were observed in two biparental oat populations in different environments and seasons; there were descendants with appropriate combinations of these traits and transgressive segregation (Yan et al., 2016). Since the unfavorable associations here were of small biological importance, they should not be a limitation for genetic improvement if good combinations of traits are identified in the germplasm, together with a continued effort to develop the desired cultivars (Yan et al., 2016).




4.4 Phenotypic clustering of the oat germplasm

A principal component analysis showed the distribution of the genotypes (distances in the factor map) and the combination of the traits in the oat germplasm (correlations). The high phenotypic diversity of the germplasm was evident. A cluster analysis of the principal coordinates grouped the genotypes exhibiting similar phenotypic patterns into three clusters. Depending on whether the trait mean in the cluster was higher or lower compared to the overall mean of the total population, the trait was considered favorable or unfavorable for food-oat breeding. Cluster 1 grouped mainly oats with aptitude for feed, markedly different than the rest of genotypes due their very high plant heigh and straw weakness, such as the landrace Rubia Corriente widely used in Chile as fodder, silage, and grain in animal production (Beratto, 1977), among others.

The remaining germplasm was separated in similar proportion in Cluster 2 and Cluster 3. Cluster 2 had high values of grain yield, agronomic scores, industrial grain quality and longer open panicles, whereas Cluster 3 grouped genotypes with low plant height and low lodging, high protein content, low industrial grain quality, and short compact panicles. These two phenotypic patterns show limitations to breed dwarf and lodging-tolerant varieties combined with high yield and high industrial grain quality, since these phenotypes were not observed in the germplasm, independently of the breeding status (pure lines, cultivars), geographic origins (Chilean, foreign), and historical period (historic, modern). Creating a fourth group, combining positive characteristics of Cluster 2 and Cluster 3, would allow diversifying the phenotypes of the available oat germplasm.




4.5 Phenotypic value of the oat germplasm for food-oat breeding

We estimated the BLUP phenotypic values of the germplasm, corresponding to the best linear neutral prediction for estimating genetic competence (Mahdi and Mohammad, 2022), accounting for both the additive and nonadditive genetic effects of a line (Henderson, 1976). This is critical information for parental selection decisions and for determining the relative “eliteness” of a line (Cobb et al., 2019). The simultaneous selection for multiple traits and different breeding objectives made it hard to visualize the eliteness of the oat genotypes. For this reason, we used the MGIDI, a BLUP-based selection index which carried the correlations between traits to a single plane, considering the breeding objectives (increase-decrease), and the intra-mean traits heritability in the estimation of genetic gain (Olivoto and Nardino, 2021).

Only 26 genotypes, 20% of the total germplasm, outperformed the elite phenotype of the reference cultivar Supernova INIA for food-oat breeding. These genotypes would be valuable in the diversification of oat crops in Chile if some of them are released as cultivars and/or used in crosses. However, the lower diversity of the selected genotypes compared to the rest of the germplasm, and the qualities for breeding in the selected group in relation to Supernova INIA, confirmed the convenience of a more diverse germplasm in favorable traits than that currently available in the breeding program at INIA-Chile.

The germplasm with lower performance than Supernova INIA was discarded for commercial breeding but selected for pre-breeding, because these genotypes exhibited specific traits useful for development of new cultivars. The introduction of genetic diversity from genotypes that have contrasting phenotypic traits is a major challenge; there are numerous examples in plants showing an unfavorable phenotype due to adverse genetic background effects and linkage drag with the desired trait (Swarup et al., 2021). Since the INIA breeding program is mainly based on bi-parental crosses, the descendants will contain up to 50% of the genome of each parent, unfavorable phenotypes being expected using parents of low phenotypic performance. Consequently, a long-term pre-breeding process will be required to reduce the negative effects in new cultivars.




4.6 Population structure

The clustering of the oat germplasm based on genetic distance estimated with 14 SSR markers separated the germplasm into two genetic subtrees, although with low bootstrap support. A Bayesian approach that estimates for each accession the proportion of the genome that originates from each subpopulation, also called percentage of admixture (Pritchard et al., 2000; Montilla-Bascón et al., 2013), together with Evanno´s statistic (Evanno et al., 2005), detected the existence of two different subpopulations or genetic pools, called Pop 1 and Pop 2; Pop 1 included Rubia Corriente, Llaofén INIA, Eva and Júpiter INIA, while Pop 2 was the genetic pool of Supernova INIA and Urano INIA. Interestingly, Pop 1 grouped most historical and foreign germplasm, whereas Pop 2 was mostly composed of modern Chilean pure lines, commercial cultivars available in Chile and a few foreign cultivars, suggesting that allele combinations in Pop 2 would be associated with better agronomic performance in the southern Chile environment.

The oat germplasm exhibited a weak population structure, with an optimal number of two sub-populations. A Structure analysis on a collection of 141 Avena sativa L. landraces including 110 white, and 31 red oats from Spain based on 31 SSRs supported the existence of two gene pools (Montilla-Bascón et al., 2013). The same happened with 24 landraces from India studied with 24 SSRs (Rana et al., 2019); in 85 oats with white, yellow, and brown seeds as well as a subgroup of naked oats from 18 different countries based on seven SSRs (Havrlentová et al., 2021); in 91 indigenous accessions from Poland using eight ISSR markers (Boczkowska et al., 2016); on 288 oats genotypes of diverse origin using 2143 SNPs (Wang et al., 2023); in 487 Avena sativa accessions mainly from Poland using 7411 SNPs (Koroluk et al., 2023); and in 38 oat accessions from India using 22 ISSRs (Kumar et al., 2023). Structure supported three subpopulations in a group of 1,000 world-wide oat accessions, including cultivars, germplasm of uncertain improvement status, and landraces, based on data from 2,715 SNP markers (Winkler et al., 2016), and in a 260 diverse origin collection of husked, naked and black oats using 15 SSRs (Leišová-Svobodová et al., 2019). Thus, in different oat germplasms and applying different types and number of markers, the population structure was essentially formed by two genetic pools. The low level of differentiation between populations shows a low level of diversification of the oat germplasm. This might be due to the recent domestication of Avena sativa L., which appeared in cultivation several thousand years later than wheat and barley (Zohary and Hopf, 2000).




4.7 Genetic variation and diversity

Genetic variation is related to differences in particular DNA sequences between individuals, while genetic diversity is related to DNA differences in populations (Swarup et al., 2021). It is said that permanent access to genetic variation for different phenotypic traits is a requisite for obtaining long-term breeding progress (Swarup et al., 2021), whereas genetic diversity is the main driving force for the selection and evolution of populations (Salgotra and Chauhan, 2023). The oat genotypes were well differentiated, showing variability based on their genetic distances except for two non-differentiable duplicates. The average PIC (0.58), average number of alleles per locus (4.3) and number of rare alleles per locus (1.42), were lower than in other studies, such as 177 white and red oats land races and cultivars from Spain characterized with 31 SSRs, which had an average PIC of 0.80, 14.45 alleles and 4.45 rare alleles per locus (Montilla-Bascón et al., 2013). The average genetic diversity of the germplasm was moderate (He = 0.52 ± 0.03); it was 15% to 28% higher in Pop 1 than in Pop 2, depending on the index. Pop_1 retained 100% of the allele richness versus Pop 2 accounting for 75.4%; private alleles were only found in Pop 1. Thus Pop 1 is a reservoir of genetic diversity for oat pre-breeding.

The genetic diversity of this oat germplasm was difficult to compare with other studies due to the different molecular markers used, population sizes and origins. Having said that, similar genetic diversity (He) compared to the present study was obtained in a group of 16 exotic oat genotypes from Europe and Pakistan (0.12-0.53) using five RAPD primers with 23 loci amplified (Jan et al., 2020); in 18 oat cultivars from Russia, Norway, Netherlands, and Sweden (0.33-0.75) based on avenin-like alleles (Lyubimova et al., 2020); in 64 oat cultivars from Europe (0.5-0.63) using seven SSRs (Nersting et al., 2006); in 288 oat genotypes from diverse origin (0.096-0.50) using 2143 SNPs (Wang et al., 2023); and in a 260 naked, husked and black oats collection (0.48-0.61) using 15 SSRs (Leišová-Svobodová et al., 2019). However, low genetic diversity was found in 23 oat cultivars from Poland (0.20) using the dominant markers ISSR, RAPDs and AFLPs (Boczkowska et al., 2016), in 177 red and white oats from southern Spain (0.29) using 31 SSRs (Montilla-Bascón et al., 2013), in 72 Polish oats (0.15-0.30) using 36 ISSRs (Koroluk et al., 2022), and in 60 accessions representing 13 Avena species (0.000-0.068) using retrotransposon primer binding sites-iPBS (Androsiuk et al., 2023). Thus, the mostly moderate genetic diversity observed here, which is coincident with most other studies from around the world, shows a limitation for oat breeding, indicating the need to increase the diversity using different strategies to ensure genetic gain in the long term.

Most studies of genetic diversity in oats, including the present work, used binary data to estimate genetic parameters and population structure, applying different types of markers (SSRs, ISSR, RAPD, AFLP, iPBS), masking the size and sequence of alleles. In the case of SSRs, the length of the alleles has served to approximate the number of repetition units, and has been used to calculate genetic and evolutionary distance between individuals (Šarhanová et al., 2018). Additionally, SSRs fragments of the same size but with different sequences, frequently referred to as size homoplasy, have been revealed through sequencing (Estoup et al., 2002). Thus, the use of binary data could cause alleles misinterpretation and bias in genetic parameters. For example, in 1135 samples of different populations of Ceratonia siliqua (Leguminosae), sequence-based SSRs genotyping allowed for a better estimate of population divergence, detecting higher private allele richness compared to size fragments scoring (Viruel et al., 2018). In another study, SSRs fragment sequences revealed higher number of alleles and higher genetic diversity, but a similar FST, in comparison to fragment size scoring in 384 accessions of Donatia fascicularis (Stylidiaceae), 88 accessions of Mulguraea tridens (Verbenaceae), and 384 accessions of Oreobolus obtusangulus (Cyperaceae) (Šarhanová et al., 2018). On the other hand, a thorough review of homoplasy in diverse molecular ecology studies, concluded that homoplasy does not represent a significant problem in most types of analyses of population genetics, because it is often compensated by a large amount of variability in microsatellite loci (Estoup et al., 2002). Therefore, whilst including information of alleles sequences or size might have allowed detecting greater variation and improving the accurateness of populations structure and genetic diversity estimates, we consider the current results as reliable. For the purposes of the present work, the SSRs markers coded as binary data were a cost-effective way to estimate genetic parameters in oats, accepting that a rate of unknown bias might exist. We are not aware of any published studies quantifying homoplasy in oats. Comparing different markers platforms, SSRs still represent a useful marker system because of their high mutation rates and cost-effectiveness (Viruel et al., 2018), being recommended for projects with limited budgets (Jennings et al., 2011), such as the present one.




4.8 Perspectives for oat breeding in Chile

Oat breeding in Chile has had slow progress after the release of cv. Supernova INIA, although the breeding program has been permanently introducing new germplasm of diverse origin. The similar genetic diversity, and higher phenotypic diversity and value of the Chilean germplasm, compared to the available foreign germplasm studied here, could explain the relatively poor success. Similar diversity status and higher phenotypic performance was observed in modern germplasm compared to historical genotypes. This reflects the efforts made in the last decade by the INIA breeding program aiming to release new lines with a better performance in comparison to imported and historic cultivars. Maintaining genetic diversity in a breeding program is essential to guarantee sustainable genetic gain for targeted traits (Salgotra and Chauhan, 2023; Sanchez et al., 2023). Both the Chilean and modern germplasm studied here conserved similar genetic diversity in comparison to the foreign and historical germplasm, harboring a similar magnitude of diversity in relation to other oat germplasms evaluated in other studies. Thus, a good prospect for genetic improvement is seen in the short term if the use of these genetic resources is optimized. The introduction of new sources of diversity is relevant in this regard, to avoid reaching a genetic gain plateau in the longer term (Sanchez et al., 2023).

The germplasm studied here exhibited two genetic subpopulations with a weak differentiation, showing a low genetic divergence in the germplasm, and reflecting the short domestication period of oats (Zohary and Hopf, 2000). Genetic divergence can be due to mutation, genetic drift, and selection (Kozak et al., 2011), and is important in plant breeding to identify and utilize genetic variation within and between populations to develop new and improved varieties (Dhanalakshmi et al., 2023). Pop 1 was identified as a reservoir of allele richness and genetic diversity, whereas Pop 2 showed slightly lower genetic diversity, probably caused by elimination of inferior alleles during selection, deduced from their superior overall phenotypic performance compared to Pop 1, and the lack of private alleles in Pop 2.

If the divergence between subpopulations is neutral regarding the frequency of favorable alleles over multiple loci, the best hybrids are more likely to come from inter-population crosses (Mackay et al., 2021). Despite the higher phenotypic performance of Pop 2, examples of oats with good phenotypic value were also found in Pop 1, which would be good parental candidates for implementing between-population crosses, and at the same time achieve a higher dispersion of favorable alleles. The dispersion of favorable alleles between parents causes transgressive segregation, in which progenies exhibit a phenotype outside the range of the parents (Mackay et al., 2021). Importantly, phenotypes produced by transgressive segregation are heritably stable and can be observed in crosses involving parents of proximal phenotypes, as for example heading days in rice, due to the existence of hidden genetic variation between the parents (Koide et al., 2019). Several foreign pure lines included in this study exhibited acceptable phenotypic values and belonged to different genetic subpopulations. These lines have not yet been used in crosses, or in other cases, their progenies are still in preliminary evaluation stages in Chile. The selection of transgressive genotypes in crosses implemented with the information generated in this study, should be the next step for generating new improved lines in the short term with the available germplasm. It is projected that this strategy would be useful to express transgressivenness in important characters for food-oat breeding, exhibiting a similar but not superior phenotype compared to supernova INIA in the studied germplasm, such as hectoliter weight, heading days, groat content, and plant height, among others.

A two-way strategy is proposed for long term breeding, based on the observed results. First, the enrichment of the genetic diversity to overcome the diversity plateau can be approached through a continuous exchange of germplasm, which would be dependent on the accessibility of new genetic resources. This path can also be explored through the creation of new genetic diversity through strategies such as genetic modification, and gene-editing and mutation-breeding. Transformation of oats using biolistic bombardment improved the tolerance to osmotic stress in transgenic plants (Maqbool et al., 2009). Gene-editing has been successfully applied in the breeding of wheat, rice, and barley to improve tolerance to biotic and abiotic stresses, grain quality and yield (Riaz et al., 2022). However, despite the usefulness of these modern techniques in genetic breeding, they are not currently accepted for food production by regulatory agencies in Chile. Alternatively, mutation is a non-transgenic powerful approach to generate novel genetic variation that can be exploited by breeding programs (Abaza et al., 2020). At least two thousand rice, barley, wheat, soybean, maize, and oat mutant varieties have been released to farmers (https://nucleus.iaea.org/sites/mvd/SitePages/Home.aspx). The development of Targeting Induced Local Lesion IN Genomes (TILLING), consisting in mutagenesis followed by a rapid identification of mutations in the genes of interest (Szurman-Zubrzycka et al., 2023), has been broadly used to improve traits such as starch synthesis, plant architecture, disease resistance, drought and salinity tolerance, and other yield parameters in cereals (Irshad et al., 2020; Nouman-Khalid et al., 2021; Abdelnour-Esquivel et al., 2010). In oats, TILLING allowed to induce variation in genes encoding for enzymes involved in the pathways of lignin and beta-glucan biosynthesis (Chawade et al., 2010). Recently, mutagenesis by direct current electrophoresis bath (DCEB) was investigated in rice (Zou et al., 2023). Mutation by exposing seeds or plants to cosmic radiation in outer space, or space-breeding, has allowed the release of at least 66 varieties in China (Liu et al., 2009; Mohanta et al., 2021). Second, the breeding program can be optimized through continuous monitoring of existing genetic diversity, improving selection of parents in crosses to maintain a high diversity level. It is well known that investment in oat breeding programs on a global scale has been rather low, as shown by fewer published articles related to new breeding technologies in the species compared to other cereal crops like wheat and barley. This fact might limit the implementation of modern breeding tools in oats also in Chile.





5 Conclusion

The oat germplasm studied here contained high phenotypic diversity but with a discrete proportion of genotypes exhibiting adequate phenotypic performance for food-oat breeding compared to Supernova INIA, the most cropped cultivar in Chile. This, together with the higher phenotypic performance and similar genetic diversity of the Chilean germplasm compared to foreign germplasm, explain in part the slow progress of Chilean breeding after Supernova INIA, even with continuous introduction of new germplasm. Heritability, range of variation and correlations of phenotypic traits in the studied germplasm shows an auspicious genetic breeding, for most food-oat breeding objectives. However, the germplasm studied here showed moderate genetic diversity, with two weakly differenced genetic pools, similar to other oat germplasms studied around the world, reflecting the low genetic divergence in the species. These factors underline the urgent need to enrich the genetic and phenotypic diversity of the currently available germplasm, making efficient use of the genetic resources, integrating the results obtained here in making decisions to maintain high diversity in the breeding program. In the long term, investing in modern breeding tools or mutation breeding to overcome the diversity plateau in the species, is proposed as an alternative independent of the availability of foreign genetic resources to enrich the species diversity in breeding programs. The results of the present study depict a challenging prospective for oat breeding in Chile.
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Pseudomonas syringae pv. actinidiae (Psa) is a bacterial pathogen of kiwifruit. This pathogen causes leaf-spotting, cane dieback, wilting, cankers (lesions), and in severe cases, plant death. Families of diploid A. chinensis seedlings grown in the field show a range of susceptibilities to the disease with up to 100% of seedlings in some families succumbing to Psa. But the effect of selection for field resistance to Psa on the alleles that remain in surviving seedlings has not been assessed. The objective of this work was to analyse, the effect of plant removal from Psa on the allele frequency of an incomplete-factorial-cross population. This population was founded using a range of genotypically distinct diploid A. chinensis var. chinensis parents to make 28 F1 families. However, because of the diversity of these families, low numbers of surviving individuals, and a lack of samples from dead individuals, standard QTL mapping approaches were unlikely to yield good results. Instead, a modified bulk segregant analysis (BSA) overcame these drawbacks while reducing the costs of sampling and sample processing, and the complexity of data analysis. Because the method was modified, part one of this work was used to determine the signal strength required for a QTL to be detected with BSA. Once QTL detection accuracy was known, part two of this work analysed the 28 families from the incomplete-factorial-cross population that had multiple individuals removed due to Psa infection. Each family was assigned to one of eight bulks based on a single parent that contributed to the families. DNA was extracted in bulk by grinding sampled leaf discs together before DNA extraction. Each sample bulk was compared against a bulk made up of WGS data from the parents contributing to the sample bulk. The deviation in allele frequency from the expected allele frequency within surviving populations using the modified BSA method was able to identify 11 QTLs for Psa that were present in at least two analyses. The identification of these Psa resistance QTL will enable marker development to selectively breed for resistance to Psa in future kiwifruit breeding programs.
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Introduction

Many cultivars of kiwifruit are devastated by the bacterial pathogen Psa (Pseudomonas syringae pv. actinidiae biovar 3), also known as the virulent form of Psa (Psa-V)(Everett et al., 2011; McCann et al., 2013; Dwiartama, 2017). This disease is particularly destructive to A. chinensis var. chinensis (Datson et al., 2015) genotypes, but also affects A. chinensis var. deliciosa (Takikawa et al., 1989). It has been reported that Psa spread from Asia, where up to four biovars were present (Koh et al., 1994). Each of the non-virulent biovars had different pathogenesis and molecular characteristics on different kiwifruit genotypes, but they did not cause the pathogenesis observed in the virulent Psa-biovar-3. This biovar, first reported in 2010 in New Zealand, is now widespread in the north island of the country, where kiwifruit is widely cultivated. Infected plants show symptoms such as leaf-spotting, cane dieback, wilting, or oozing a clear, brown or white liquid in spring or autumn from cankers (lesions). In highly susceptible genotypes, these symptoms occur on multiple canes leading to whole vine death. On more resistant genotypes, symptoms can involve flower bud browning, bud drop, flower wilting, and leaf spotting (Everett et al., 2011). To manage the outbreak, regulations were established by the national agency, Kiwifruit Vine Health (KVH), which required the removal of plants with severe symptoms such as cankers, or multiple dead canes. with severe symptoms such as cankers, or multiple dead canes, were removed.During the initial outbreak in 2011, the leading yellow-fleshed A. chinensis var. chinensis cultivar in New Zealand, named ‘Hort16A’, along with its pollenisers, were particularly susceptible to Psa. This susceptibility led to a significant decrease in gold kiwifruit production (Dwiartama, 2017). To address this decline, a gold-fleshed A. chinensis var. chinensis cultivar with the PVR name ‘Zesy002’ (fruit marketed as Zespri™ SunGold) was utilised to replace gold fruit production that was previously reliant on ‘Hort16A’ (Everett et al., 2011; Dwiartama, 2017). This replacement cultivar exhibits greater resistance to Psa.

As Psa is such a ubiquitous and damaging pathogen, incorporation of resistance to Psa is required for any kiwifruit exposed to field conditions. Current breeding programmes that are based on crossing Psa-resistant families retain moderate resistance. However, due to the highly polygenic nature of resistance to Psa, strong resistance has not yet been achieved in the gold-fleshed A. chinensis var. chinensis (Tahir et al., 2018; Tahir et al., 2019). QTLs for resistance to Psa have been identified in two families of A. chinensis resulting from a resistant by susceptible cross, but identifying these QTL required large replicated trials from a single family and detailed phenotyping (Tahir et al., 2019). The phenotyping requirement, and the requirement of large, replicated families to generate QTL for resistance to Psa, could be overcome by identifying alleles remaining in breeding populations after the selective sweep caused by severe Psa infection.

When Psa spread within kiwifruit families established at Plant & Food Research, Kerikeri, New Zealand, notable differences in the extent of seedling removal emerged among these families due to Psa (personal communication Paul Datson).

The selective sweep caused by Psa presented a chance to investigate allele loci that persisted within the diverse families that made up this population. This investigation was carried out by using a technique called bulk segregant analysis (BSA), which aimed to gain insights into the genetic makeup related to resistance and susceptibility to Psa. BSA operates by assessing alterations in allele frequencies between populations that have segregated due to the pressures of selection, resembling a selection map (Michelmore et al., 1991; Wisser et al., 2008; Magwene et al., 2011; Li and Xu, 2022; Shen and Messer, 2022). The BSA technique has been used for the detection of QTL for target traits in various species, including dwarfing in watermelon (Dong et al., 2018), cotyledon colour in soybean (Song et al., 2017), cold resistance in rice (Sun et al., 2018), resistance to ascochyta blight in chickpea (Deokar et al., 2019), and kernel length-width ratio in wheat (Xin et al., 2020). A typical BSA investigates loci that differ between sample bulks segregating for a trait of interest, combining ideas from linkage mapping and GWAS (Michelmore et al., 1991; Li and Xu, 2022; Shen and Messer, 2022). Like classical linkage mapping, most BSA trials are designed using two parents with different phenotypes. The two parents are crossed to generate an F1 population which is back-crossed or interbred for several generations to generate sufficient recombination to break up linkage from parents (Michelmore et al., 1991). Individuals from the last generation are selected to form two bulks that segregate for the phenotype of interest. Thus, alleles affecting the target phenotype should show a significant difference in frequency between the two bulks, while unselected alleles should remain in both bulks at similar frequencies (Michelmore et al., 1991; Shen and Messer, 2022). Diverging from the typical BSA, bulks can be analysed with BSA directly from F1 populations (Dai et al., 2018; Guan et al., 2019). Similarly, selection mapping approaches compare a shift in allele frequency between two bulks created from samples of the population before and after a selection event altered the population’s allele frequency (Wisser et al., 2008; Johnsson, 2018). The DNA that contributes to each of the bulks in BSA and selection mapping approaches is typically quantified for each individual, and an equivalent amount of DNA added to the bulk from each individual (Song et al., 2017; Dong et al., 2018; Munjal et al., 2018; Wang et al., 2021). While this approach ensures that a precise quantity of DNA is added from each individual, tracking samples and extracting DNA from individuals is costly and time-consuming. Moreover, both methods will include signal noise from a shift in allele frequency not caused by the target selection pressure. These unintended shifts in allele frequency can be caused by the genetics of the founding parents (James, 1970; Conolly et al., 2008; Chen et al., 2019).

An alternative approach to bulking DNA samples after extraction would be to bulk leaves of different individuals prior to DNA extraction. This approach would simplify sampling and reduce the cost and workload involved with DNA extraction by extracting DNA directly from a bulk of leaf samples. To help standardise the DNA contribution from each sample, the leaf sample growth stage and the amount of leaf material would need to be kept consistent. Samples from each individual then could be ground together for DNA extraction as a bulk. However, this approach precludes a precise balance of each individual’s DNA contribution to the pool and may introduce greater variance into the bulks; therefore individuals that potentially contribute a greater amount of DNA would make a greater contribution to the allele frequencies than others with less DNA extracted. This may decrease the power to identify allelic differences between bulks and thus QTL. Prior to applying such a modified method to an experimental population, a test of the approach to detect selection at a known site would need to be performed to determine its accuracy.

Testing the level of precision of the modified method of bulk sampling would require a population segregating for a simple control trait that is determined by a single well-characterised locus, and ideally with low interaction between the gene and the environment. To this end, within the dioecious A. chinensis, plant sex is a suitable trait as it is easy to phenotype and it is controlled by a single well-characterised dominant gene that is not affected by the environment (Akagi et al., 2018). This kiwifruit sex gene, named Shy Girl (SyGl) exists on the male Y chromosome and suppresses flower feminisation, producing males in plants possessing it (Akagi et al., 2018). It was assumed that if a shift in allele frequency could be detected using these methods in the monogenic Shy Girl gene, polygenic loci of strong influence on the population would also be able to be detected.

This study aimed first to test whether pooling leaves from multiple individuals prior to DNA extraction enables a BSA to be effectively carried out on the resulting DNA pool. This was done using a series of bulked pools that varied in the ratio of male and female A. chinensis individuals that contributed to the pools and investigated whether the QTL for plant sex could be identified on chromosome 25. Part two of this work aimed to identify any changes in allele frequency between bulks of sample pools of seedlings that had survived in the field following a Psa selective sweep and a bioinformatically generated bulk of data from parents contributing to each sample bulk. Regions of the genomes where alleles have a greater sample depth in the WGS of sample bulk data than expected from their parental bulk of data should highlight the regions of the genome under strong selection from Psa.





Materials and methods




Population

A diverse population of diploid A. chinensis var. chinensis, named “12x18”, was identified at Plant & Food Research, Kerikeri, New Zealand as a suitable population to meet the objectives of both aspects of this study. The parental seedling vines for this population were initially planted in 2015 and cultivated using a T-bar system, with a spacing of 0.75 m between each plant and 3 m between rows. The population was strategically distributed across three blocks, each spanning 4000 m2, with 6-m high hedging shelter belts serving as dividers and boundaries around the blocks. This population was naturally exposed to Psa, which was present in the Kerikeri orchard at the time of seedling planting. The exposure to Psa led to the development of symptoms in certain individuals including tip dieback, cane death, oozing from infected cankers, and in highly susceptible cases, complete plant death. To manage Psa symptoms, canes were removed if tip death or cane death was observed on a single cane. When more than three canes were infected with cankers or experienced cane dieback the entire vine was removed from the orchard. The structure of the 12x18 population was established by the crossing a diverse set of 12 female and 18 male parents from Actinidia germplasm, employing an incomplete factorial design that resulted in 63 families. A variable number of seedlings (33, 48, or 56) from each family were planted in the field after their initial establishment in pots. Fifty-nine families had individuals remaining after 4 years (Figure 1, Table 1, Figure 2). Between 2015 and 2019, severe Psa infections led to the removal of individuals from various families with a range from 63% to 100%. Of the families that had surviving individuals, only 25 had sufficient a sufficient number of individuals to be included in the current study. However, it was necessary to pool families based on their parentage due to the relatively low numbers in individual families.




Figure 1 | The crossing structure of 25 families with surviving individuals from the 12x18 population. For part two of this work, eight bulks were made by sampling leaves from all surviving plants within families which shared the parent indicated in the blue columns and salmon rows. Female parents (P9-P22) are shown on the left-hand side with male parents (P1-P8) at the top. Percentages in cells indicate the number of individual F1 seedlings remaining after being exposed to Psa (Pseudomonas syringae pv. actinidiae) for four years in the field. The numbers in brackets are the number of individuals remaining from the total number of individuals that were planted from the family. For example, 4%, or two of 56 plants survived after four years in the field from the cross between P1 and P10.




Table 1 | The number of males and females contributing to bulks in part one of this work.






Figure 2 | Percentage of each parent’s theoretical contribution to sample bulks. Bulks were based on the parents in columns, with parents contributing to the sample bulk in rows. Families from parents with grey-filled parent names were represented twice where the family was used in bulks based on male and female sample bulk parents. Parents with whole-genome sequence (WGS) data have cells filled in green, and those without WGS are filled in salmon. Parent bulks contained DNA only from the parents with green shading. The total theoretical DNA contribution missing from parents without WGS data in parent bulks is shown in the bottom row.







Sample collection, DNA extraction and sequencing

The field sampling, DNA extraction processes, and sequencing methods were the same for both parts of this work. Sampling of plant material was done by placing a single leaf from each plant, destined for a bulk, into a plastic bag labelled with the bulk’s name. Leaf samples were taken from the third leaf from the growing cane tip and kept cold in a chilly box with ice while sampling. After field collection, the bulks of leaves were stored in a -80°C freezer before processing. A 10-mm diameter leaf disc was collected from the lamina of each leaf while frozen. All leaf discs from a bulk were finely ground together in liquid nitrogen with a pestle and mortar. DNA was extracted from the ground material with a Qiagen DNeasy® Plant Maxi kit. To remove pectin from samples, DNA was precipitated by adding 1/10 volume sodium acetate (3 M, pH 5.2) to two times the volume (calculated after addition of sodium acetate) of at least 95% ethanol. Samples were incubated on ice overnight, then centrifuged at 14000 g for 30 min at 4° C. Supernatant was removed and rinsed with 70% ethanol, then centrifuged at 14000 g for 15 min. The supernatant was discarded, and the pellet dissolved in TE buffer (pH 8.0). TE buffer was made by adding 100 mL of 1M Tris-Cl (pH 8.0) to 20 uL of 0.5 M EDTA (pH 8.0) to 9.880 mL of reverse-osmosis water. DNA quality and quantity were checked using a Qubit® 2.0. In samples with a low DNA quantity, extraction was repeated. In samples with low-quality DNA, identified by a 260/280 value of under 1.6, DNA was cleaned of pectin using a second ethanol precipitation step. In this step, DNA was precipitated in 98% ethanol and the DNA pellet was lightly massaged with a spatula against an Eppendorf tube wall to remove pectin within the DNA precipitate. A minimum of 1400 ng of DNA from each bulk was sent to the Australian Genome Research Facility (AGRF) for PCR free library preparation and whole-genome sequencing at 30x coverage with 150 bp paired-end reads using the Illumina NovaSeq 6000 platform.

Using this method of bulking leaf samples forgoes the step of extracting DNA from individual plants, quantifying the DNA from each extraction and adjusting the amounts so that each bulk contains an even amount from each contributing individual. However, it also introduces the risk of having a variable quantity of DNA added from each individual to a bulk and may therefore increase the error associated with analysing allele depth.





Comparing the genomic difference between the parents contributing to bulks

Because the methods used in part two of this work could be influenced by the similarity of parents, the genomic distance between parents needed to be tested. The genomic distance between individuals can be analysed with principal component analysis by transforming genomic data into a Boolean vector, as described in Konishi et al. (2019). The variants from parents were used to identify the genomic distance between each parent with whole genome sequence (WGS) data.





Bulking samples for part one of this study

The sensitivity of the sampling and bulk segregant analysis methods to detect a shift in allele frequency was investigated. This was achieved by using male and female F1 individuals from a mix of families from the 12x18 population that had parent P8 as the father (Figure 1, Figure 2). Female parents of these families included P10, P14, P15, and P17. The shift in allele frequency at the sex locus on chromosome 25 was tested between the nine bulks of DNA containing about 10%, 20%, 25%, 40%, 50%, 55%, 68.4%, 78.9% or 89.5% male contribution to the bulk from 19–20 individuals (Table 1).





Bulking samples for part two of this study

Part two of this work investigated WGS data from bulks to detect whether there was a shift in allele frequencies within bulks of individuals that remained in families after exposure to Psa. This work was complicated because severe Psa infection had led to the removal of many individuals from all the families in the population. Because some families had very few individuals remaining, each of the eight sample bulks included resistant individuals from up to six families. These were bulked based on a single parent that contributed to all the families in the bulk (Figure 1, Figure 2). For example, the bulk B1 contained F1 families from crosses P1 x P10, P1 x P12, P1 x P18, P1 x P21, and P1 x P22.

Part two of this work differed from a typical BSA because there was no DNA from individuals that were removed because of Psa. Instead, the frequency of alleles in surviving individuals was compared against a bioinformatically generated bulk of data from parents contributing to the sample bulk. The bioinformatically generated parent bulks were used in place of bulks of individuals susceptible to Psa. Bulks like this can be used because the alleles in the parental bulks were representative of the families included in the bulks without selection. This methodology is similar to that done for selection mapping (Wisser et al., 2008; Matsumoto et al., 2017), but it has the drawback of assuming no other influences on allele transmission. The bioinformatically generated parent bulks were made by merging parental BAM files before variant call files (VCF) were made. However, not all parents that contributed to the families used in parental bulks had WGS data available (Figure 2, Table 2). As a result, the bulks of parents that contained some parents without WGS data would give a less accurate representation of the population before selection. The loss of information was particularly apparent in the bulk of B9, which had 29.5% of its theoretical DNA contribution missing from its P6 parent and 9.1% missing from the P7 parent (Figure 2). The missing data from parents would have resulted in some alternate alleles present in these parents not being included in the analysis. Unfortunately, once the pools were established during field sampling, the families with missing WGS data could not be removed from pools.


Table 2 | Depth filter settings applied to data before Gprime analysis.







Bulk segregant analysis part one

To test the limits of the methods used to bulk samples and extract DNA to determine the architecture for Psa tolerance, WGS data for part one of this work were analysed with the QTLseqR package v0.7.5.2 (Mansfeld and Grumet, 2018). The analysis included nine bulks, with a varying number of males added to each bulk, were each compared with each other for 36 separate analyses, described further below. These comparisons were expected to present a QTL peak in the bulk segregant analysis at 1.6 Mb on chromosome 25. QTLs were expected on chromosome 25 because it contains the heterozygous dominant sex-determining Shy Girl gene that suppresses the feminisation of flower production to generate male flowers and thus a male plant (Akagi et al., 2018). But detection of QTL at the Shy Girl gene locus could only occur if the methods used were tolerant enough of the sampling and bulking methods, the effect of Psa on the families, and the relationship between the samples for the bulks, since these would have an influence on frequency of alleles between bulks. For example, if bulks with a 5% difference in male number were compared and QTL were consistently detected in comparisons with different backgrounds, and with a similar difference in male percentage between pools, it could be assumed that the methodology added 5% of error to the analysis.

Bulks of males were compared with each other because WGS data were unavailable for two of the five male bulk parents, P14 and P17. Thus, a bulk of these parents would not accurately represent the bulks of parental data. Instead, data from each of the nine bulks with a known percentage of males were compared with each other, resulting in 36 separate analyses that compared pairs of bulks. The difference between the percentages of males between bulk pairs varied between 5 and 79.5%.

Binary alignment files (BAM files) of WGS data were generated from compressed FASTQ formatted sequence files containing single read sequence output by aligning reads to an unpublished in-house reference genome of parent P8 by Roy Storey using BWA-MEM (Yao et al., 2020). The author completed the subsequent bioinformatics analyses using the R coding language. BAM files from separate flow cell lanes were merged with Picard “MergeSamFiles”. Samtools was used for sorting and indexing BAM files. Variant call files were generated using BCFtools mpileup with options including setting a minimum base quality of 20 and disabling probabilistic realignment to help reduce false SNPs caused by misalignments. Indel calls were excluded. Optional tags included the depth at each site, the depth of each allele, and the Phred-scaled strand bias P-value. Uncompressed output was piped to BCFtools call, which included the genomic quality and genotype posterior probability format fields and the multiallelic caller option. The resulting variant call files were indexed using BCFtools index. BCFtools query was used to split data into separate comma-separated value text files for each chromosome and exclude sites with a depth of less than 20 or greater than 200, and data were read into R/datatable.

The SNP index for each bulk pair to be analysed was calculated by dividing the alternate allele depth by the total read depth. The reference allele frequency was calculated by summing the reference allele depth of bulks being compared and dividing the result by the sum of the total depth of the bulks being compared. The delta-SNP index was calculated by subtracting the SNP index of the sample bulk from the parental bulk. The modified G statistic was calculated for each SNP based on the observed and expected allele depths (Magwene et al., 2011) and smoothed using a tricube smoothing kernel (Watson, 1964) in QTLseqR (Mansfeld and Grumet, 2018). The Gprime value was calculated from the tricube smoothed G statistic by taking the average weight of the physical distance across the neighbouring SNPs within the 1-Mb window. This approach accounted for linkage disequilibrium and minimized the noise attributed to SNP calling errors (Magwene et al., 2011). SNPs were filtered using the QTLseqR package selecting a reference allele frequency of 0.05, a minimum total depth of 60, a maximum total depth of 160, an allele depth difference of less than 50 between bulks, a minimum sample depth of 10 and a minimum genomic quality of 100. The QTLseqR analysis package had the bulk size set to 20 individuals with the Gprime window size set at 1 Mb. Because the adjusted p statistic threshold failed to detect peaks with a low difference in allele frequency, the genomic position of the top 0.5% of SNPs were used as the peak locus.





Bulk segregant analysis part two

Part two of this work used the same bioinformatics pipeline as part one of this work to generate VCF files of sample bulks. However, part two of this work differed from part one because a modified BSA approach was used for bulk creation and sample bulks were compared against the bioinformatically generated bulk of WGS data from parents that contributed to the bulked families (Table 1). Bulks were selected for analyses based on the presence of WGS data for parents and having greater than ten individuals available for sampling. These parent bulks were created by merging BAM files from parents using samtools-merge. VCF files were created with BCFtools-mpileup using the same options as in part one of this work.

Before the sample bulks and parent bulks could be compared, calculations based on SNP data from VCF files were performed. VCF files were read into R/datatable, and a SNP index was calculated for each bulk by dividing the alternate allele depth by the total read depth. The reference allele frequency was calculated by summing the reference allele depth of the sample bulk and the parent bulk, and dividing the result by the sum of the total depth of the bulks being compared (Mansfeld and Grumet, 2018). The delta-SNP index was calculated by subtracting the SNP index of the sample bulk from the parental bulk (Mansfeld and Grumet, 2018).

The data preparation for analysis in QTLseqR was done similarly to that done in part one. First, BCFtools-query split data into separate.csv files for each chromosome and excluded sites with a depth of less than 20 or greater than 200. The SNP index per bulk was calculated by dividing the alternate allele depth by the total read depth. Unlike in part one, in part two the reference allele frequency was calculated using the sum of reference allele depths of sample bulks and the result was divided by the sum of the total depth of the parental bulks. The delta-SNP index was calculated by subtracting the SNP index of the sample bulk from the parental bulk.

Data from each of the eight sample bulks were compared with their parent bulk using the Gprime analysis portion of the QTLseqR package (Mansfeld and Grumet, 2018). Gprime analysis was used because the average G values across SNPs in the 1-Mb sliding window reveal the signal of divergence in allele frequency between bulks that are conserved between closely linked sites (Magwene et al., 2011; Mansfeld and Grumet, 2018). Using the G value reduces the influence of random noise due to variable sequencing read coverage (Mansfeld and Grumet, 2018). Within the QTLseqR package, SNPs were filtered by depth for each comparison depending on the data distribution. Minimum and maximum total depth were set to remove SNPs of extremely low and extremely high frequency (Table 2) (Mansfeld and Grumet, 2018). Filtering SNPs by read depth helps remove SNPs with low confidence due to low coverage, or remove SNPs in repetitive regions that would have an artificially inflated read depth (Mansfeld and Grumet, 2018). Settings for the Gprime analysis method were as follows: the sliding window size was set at 1 Mb, the outlier filter was set as “deltaSNP”, and the filter threshold was set at 0.4. The resulting Gprime values for each SNP site were plotted with the top 0.5% of Gprime values and peak loci for each bulk plotted in Figure 3.




Figure 3 | BSA QTL peak positions for Psa resistance between all analyses. Thirty QTLs were detected among the eight bulks analysed. The BSA presenting the most unique QTL were B2, B9, and B10. The BSA presenting no unique QTL were B11 and B12. A single QTL site was common between four BSA on Chromosome 11 at 16.95 Mb from B1, B3, B10 and B12. Four QTL sites were common between three BSA on chromosome 2 at 5.35 Mb, chromosome 4 at 13.02 Mb, Chromosome 17 at 11.31 Mb, and Chromosome 22 at 8.07 Mb. Six QTL sites were found in common between two BSA on Chromosome 9 at 7.55 Mb, Chromosome 10 at 10.89 and 12.92 Mb, Chromosome 14 at 11.13 Mb, Chromosome 17 at 11.31 Mb, Chromosome 18 at 17.01 Mb, Chromosome 22 at 4.97 Mb, and Chromosome 23 at 13.44 Mb. The 17 remaining QTL sites were found in a single BSA.








Results

The PCA comparing the parents that contributed to bulks that also had WGS data showed a close relationship among the half-sibling individuals P8 and P9, with a greater distance between P8 and P9 and the other individuals at PC1. PC2 showed an even distribution of genomic relationship between the remaining individuals with the exception of P1 and P2, which had minimal genomic distance on PC2 (Figure 4).




Figure 4 | The genomic distance between parents that contributed to bulks analysed by principal component analysis. A close relationship among the half-siblings P8 and P9 was found with a greater distance between P8 and P9 and the other individuals at PC1. The close relationship between P8 and P9 remained at PC2, with a close relationship between P1 and P2.



The methods used for the BSA in this work differed from the standard methods used for BSA in QTLseqR (Mansfeld and Grumet, 2018). Therefore, the sensitivity of these methods to detect QTL in bulks of A. chinensis var. chinensis needed to be tested. Part one of this work tested the resolving power of the methods by making 36 pairwise comparisons at the sex loci on chromosome 25 among the nine bulks of individuals with a differing percentage of males. However, QTLs were detected in only 12 of the 36 bulk comparisons when using the adjusted p = 0.05 threshold (Figure 5). Increasing the threshold to adjusted p = 0.1 included more QTL peaks, but also significantly increased the signal-to-noise ratio. Because the adjusted p-value based threshold could be caused by the alternative method of bulking multiple families or lack of inclusion of some parents in the bioinformatically generated bulk of parents, the significance threshold was changed to use the top 0.5% of Gprime values. Using the top 0.5% of Gprime values allowed QTL detection from BSA with greater accuracy in bulks, detecting QTL at the sex-linked gene locus in 19 of the 36 bulks analysed. However, using the top 0.5% of Gprime values as a threshold of significance for QTL detection also has the disadvantage of missing smaller peaks for QTL in BSA plots where the signal for selection for some QTL was strong and covered a large range of loci. For example, the P3 bulk may have signal for selection on chromosomes 25 and 29, but the peaks on chromosomes 11 and 12 hold the top 0.5% of Gprime values.




Figure 5 | The detection of QTLs on chromosome 25 from pairwise comparisons between nine bulks with a different percentage of males added to each bulk. This figure presents only QTL from chromosome 25, but the analysis was completed over the whole genome. Using the top 0.5% of SNPs over the whole genome (top) to detect QTL peaks gave fewer false-negative results than QTL peaks, which were deemed statistically significant using an adjusted p-value of greater than 0.05. When using the top 0.5% threshold, the detection accuracy was estimated to be 33%, 71%, 78%, and 100% for an expected difference in allele frequency between bulks of 0–20%, 20–40%, 40–60%, and 60–80%, respectively. When using the adjusted p=0.05 threshold, the detection accuracy was estimated to be 0%, 21%, 67%, and 100% for an expected difference in allele frequency between bulks of 0–20%, 20–40%, 40–60%, and 60–80%, respectively.



To determine the effect of Psa on A. chinensis var. chinensis alleles in an incomplete factorial population, in part two of this work, samples that survived Psa were assigned to bulks based on families with a parent in common (Figure 1, Figure 2). Using BSA, the eight sample bulks were compared against bioinformatically created bulks of parental WGS data. The eight resulting BSA, presented in Supplementary Material, identified sites of higher frequency in the sample bulk compared to the parent bulk, potentially caused by selection for resistance to Psa. The QTL presented as higher Gprime values in the resulting BSA plots, with the top 0.5% of Gprime values considered significant QTL. These significant QTL were summarised between bulks in Figure 3.

In theory, the variants for resistance to Psa had a maximum potential selection of 50%. For example, in the case of a cross ab x cc with resistance associated with the ‘a’ variant, if there was strong selection for the ‘a’ variant in all seedlings, the resulting family containing ac variants would have a variant frequency 50% higher than if there was no selection producing ac and bc variants. The b variant will also decrease in frequency by 50%.





Discussion

Psa is one of the most destructive diseases affecting kiwifruit, with a broad range of susceptible and tolerant A. chinensis var. chinensis genotypes. However, QTLs for Psa resistance have been published within only two families to date (Tahir et al., 2019; Tahir et al., 2020), potentially leaving many alleles for resistance to Psa undiscovered. Typically, QTL mapping methods would be used to investigate loci for a polygenic trait such as Psa (Jansen, 1996; Lefebvre and Palloix, 1996). However, accurately identifying traits influenced by more than one locus with QTL mapping is a costly and resource-intensive process requiring large replicated families specially developed for this purpose (Wisser et al., 2008; Soto-Cerda and Cloutier, 2012; Tahir et al., 2018; Gupta et al., 2019; Tahir et al., 2019). The work presented here overcame the limitations of the typical QTL mapping process by using bulks of diverse F1 families in a modified BSA. This approach further increased the utility and cost-effectiveness of the typical BSA methods by analysing multiple small families in a single bulk, decreasing the sampling complexity, reducing the DNA extraction time and cost, reducing sequencing costs, and increasing the breadth of Psa resistance alleles that could be detected within a bulk.

Bulked DNA has been analysed using BSA methods for a wide range of species and traits (Michelmore et al., 1991; Song et al., 2017; Dong et al., 2018; Sun et al., 2018; Xin et al., 2020; Li and Xu, 2022; Shen and Messer, 2022). The approach taken here used BSA analysis methods to identify alleles for Psa resistance by measuring the shift in allele frequency of an A. chinensis var. chinensis population that had many individuals removed from established families due to Psa. The selective sweep of susceptible individuals provided a prime opportunity to measure the effect of this selection on the alleles that remained within those A. chinensis var. chinensis families. However, because susceptible plants were not sampled prior to loss, DNA was not captured from susceptible individuals, which a typical BSA would use as the comparison bulk (Michelmore et al., 1991; Li and Xu, 2022). The lack of a susceptible bulk was compensated for in this modified BSA by using a bulk of parent WGS data as a population not exposed to selection pressure for Psa resistance. To our knowledge this is the first time a bulk of parents has been used as a substitute for a bulk in a BSA analysis and the first time QTL for kiwifruit resistance to Psa have been identified within a diverse range of families.




Testing the sensitivity of the modified methods

Part one of this work tested the ability of the modified BSA method to analyse the effects of Psa in kiwifruit by identifying a known locus through detecting a shift in allele frequency between bulks. This test was required because the families were sampled and extracted as bulks in a unique way (Figure 1). The modified method involved sampling leaves for a bulk from the field into a single bag and extracting DNA from all leaf samples within the bulk by first grinding them all together before DNA extraction. This significantly increased the speed of sampling, sample tracking and DNA extraction, but variance among leaves could still occur due to differences in the number and size of cells, ratio of mitotic to interphase nuclei, or differing structures or biochemical composition of the plant cells (Marsal et al., 2013). As a result, changes in allele frequency could have been created between samples due to a variable amount of DNA extracted from each leaf sample. Testing the effect of the sampling methods and their integration with the analysis methods on allele detection found that the detection of an allele frequency shift of over 10% was effective for detecting alleles under strong selection for Psa resistance for part two of this work. The detection accuracy was enhanced by modifying the threshold of detection for QTL. The modified thresholds allowed the detection of a 20–40% shift in male allele frequency with an accuracy above 71% (Figure 5), and a shift in allele frequency above 60% could be detected with 100% accuracy. This confirmed that the modified technique could detect large changes in allele frequency. Because strongly selected alleles can cause a shift in allele frequency of up to 50% within a family (Miko, 2008), this increased the confidence that sites of strong selection could be detected in part two of this work. However, these methods may not detect small shifts in allele frequency.





QTL for resistance to Psa

A typical BSA groups together loci that differ in allele frequency between sample bulks segregating for a trait of interest (Michelmore et al., 1991; Li and Xu, 2022). However, part two of the approach taken here modified the bulking strategy of a typical BSA. Each sample bulk was made up of multiple diverse families that had DNA extracted from all individuals in the bulk simultaneously as a single sample. Part two of this work also differed from a typical BSA because no individuals culled due to Psa infections were sampled to make a comparison bulk. Instead, a bulk of parental alleles was bioinformatically generated using WGS data from parents of the families under investigation. The alleles with a higher frequency in the sample bulk compared to the parent bulk were assessed against the significance thresholds established in the preliminary trial to identify alleles for Psa resistance. Between the eight sample bulks that each contained three to seven families, 30 QTLs for resistance to Psa were identified. Twelve of the 30 QTLs were detected in more than one bulk, with one locus on Chromosome 11 at 16.95 Mb detected among four bulks (Figure 6).




Figure 6 | Chromosomes and sites with more than one QTL for resistance to Psa in common between analyses. The parents contributing alleles to each QTL can be determined for some peaks by analysing the families that contribute to each bulk. The QTL, highlighted in green, from Chromosome 4 was likely from the parent P1. But the indication of parent P1 being the main contributor to QTL peaks on Chromosome 14 at 11.13 Mb and Chromosome 22 at 4.97 Mb may be misleading as the bulk B10 had a low contribution from parent P1. This may not have had a strong enough signal to present as a peak unless the loci were shared with another parent such as P12. The QTL on Chromosome 2 at 5.35 Mb was likely from parent P12, and the peak on Chromosome 22 at 8.07 Mb was likely from parent P4. Other parents contributing to QTLs in light green had two individuals that could have contributed to the QTL. Chromosome 11 had no parental contributors to bulks in common with the QTL at that position, despite four bulks presenting QTL at that site. It is possible that the parents, P1 and P18, contained the same alleles for Psa resistance on Chromosome 11 at 16.95 Mb.



Alleles for Psa resistance have previously been published in a large diploid A. chinensis var. chinensis family (Tahir et al., 2019). That study identified two QTL using field scores for Psa resistance. One of the loci identified was in an identical location to the locus found in this work on Chromosome 22 at 4.967790 Mb from two bulks, B10 and B12. Because the parent P8 was used in the bi-parental population by Tahir et al. (2019), and bulk B10 from this work also contained the parent P8, it seems likely that this locus for resistance to Psa is coming from parent P8. The other locus for Psa resistance detected by Tahir et al. (2019) using field scores, found on Chromosome 27 at 4.305319 Mb, was not detected in this study. The lack of detection of this locus may have been because the cultivar ‘Hort16A’ that identified as the parent that contributed Psa resistance to the bi-parental family was not included in this study. A parent of ‘Hort16A’, included in this study, named parent P13, was included in bulk B3 but the contribution of P13 to this bulk was low at 5.4%. It would be expected to have a peak if the resistance allele was strongly selected for in the B3 bulk, but it is more likely that the other parent of ‘Hort16A’, named CK15_01 by Tahir et al. (2019), was the contributor of the resistance QTL found by Tahir et al. (2019) on Chromosome 27 at 4.305319 Mb.

The commonality of resistance allele sites among some of the different BSA bulks may reflect the inclusion of common parents that contributed to those bulks. This commonality of QTL sites can give insight into which of the parents were likely to be contributing the alleles under selection at some of the QTL. Looking at the peaks that are at the same site on the same chromosomes in different bulks (Figure 6) allows us to infer the most likely parents that were contributing the alleles to those QTL. For example, the QTL on Chromosome 2, at 5.35 Mb, is shared between bulks B1, B2, and B12, indicating that parent P12 is likely to be the source of alleles in higher frequency in those bulks (Figure 6). Similarly, the parent P4 is likely the source of the QTL on Chromosome 22 at 8.07 Mb and the parent P1 is likely the source of the QTL on Chromosome 4 at 13.02 Mb. The parent P1 also appears to be the contributing parent to the QTL on Chromosome 22 at 4.97 Mb. However, this prediction of the P1 parent contribution to QTL at 4.97 Mb on Chromosome 22 may be inaccurate as the P1 parent makes up only a small proportion of the bulk B10 (5.6%). Instead, both the parents P6 and P8 may have contributed this QTL to these bulks. Parent P8 was used as one of the parents in a biparental mapping family for Psa resistance in a study by Tahir et al. (2019) and parents P6 and P8 are related. Tahir et al.’s study (2019) also identified the same QTL at 4.97 Mb on Chromosome 22 derived from parent P8. Eight other QTLs could have their parent contributors narrowed down to only two parents since both were shared between bulks and sites (Figure 6).

In cases where a QTL was detected in only one bulk, the allele responsible may have been contributed by a parent unique to that bulk (Figure 7).




Figure 7 | Bulks with parent contributors unique to each bulk. Parents that were represented in a single pool are highlighted in green.



Therefore, the QTL peaks on Chromosomes 11 at 0.36 Kb, 13 at 11.55 Mb, 26 at 9.12 Mb, 27 at 8.46 Mb and 29 at 10.68 Mb from bulk B9 were likely contributed by the parent P7. The remaining QTL sites from bulks B2, B3, B4 and B10 each had two unique parents that likely contributed to the detected QTL: namely, parents P16 or P17 contributed to Chromosomes 3 at 18.56 Mb, 6 at 12.65 Mb, 8 at 12.07 Mb, 19 at 23.56 Mb, 21 at 7.45 Kb, and 27 at 4.76 Kb, parents P13 or P17 to Chromosomes 11 at 7.97 Mb and 12 at 13.65 Mb, parents P13 or P20 to Chromosomes 7 at 16.92 Mb and 13 at 13.65 Mb from bulk B3, and parents P5 or P8 likely contributed to resistance alleles on Chromosomes 5 at 10.95 Mb, 17 at 13.31 Mb and 24 at 9.12 Mb from bulk B10. It was reassuring that the B11 and B12 bulks, which had no parents unique to the bulk, had no unique resistance allele sites attributed to them.

Further information about parent contributors to resistance alleles can be gained by identifying the parents in common among bulks that contributed to these alleles. This approach identified the likely parental contributors to three resistance alleles on Chromosomes 2, 4, and 22 from parents P1, P4 and P12, respectively (Table 3).


Table 3 | The commonality of parents contributing resistance loci among bulks.







Effects of the selective sweep for Psa tolerance alleles

Within each sample bulk, the families that had more individuals surviving Psa contributed more DNA to the bulk compared to those with fewer surviving individuals included in the same bulk. When performing the BSA, bulks with a skewed family representation may have preferentially identified loci from the families with more individuals in the bulk. This is likely because a higher amount of DNA contributed to a site from a particular parent increases the read depth of a locus unique to that parent compared to the bulk of parents. This is what was expected for the resistant alleles, but the families that had fewer surviving individuals would be under-represented in the bulk and therefore the Gprime value may be lower for these loci. The lower Gprime value may be excluded at a locus of interest due to families with greater representation presenting higher Gprime values over a greater number of loci.

The individuals that contributed to bulks all survived the selective sweep caused by Psa. The selective sweep would have exerted strong selection for alleles linked to resistance loci, such as those at 16.95 Mb along Chromosome 11 in bulks 1, 3, 10, and 12. Conversely, the selective sweep would have significantly reduced the frequency of alternative alleles at those loci (Nielsen et al., 2005). With strong selection pressure for an allele from a parent contributing to the family, the other allele would be effectively eliminated from the population at that locus. However, changes in allele frequency can also be indirectly caused through genetic correlations from linkage disequilibrium (Barrett and Hoekstra, 2011; Kemppainen et al., 2017) and genetic drift (Conolly et al., 2008). The Gprime method of BSA was implemented to adjust for the effects of linkage disequilibrium (Magwene et al., 2011), but genetic drift could have skewed the results, particularly in families with poor representation in the bulk. This is because the families with poor representation in the bulk are also a poor representation of that family, which will predispose the alleles from these families to genetic drift (Magwene et al., 2011). Similar effects will have occurred at genomic regions linked to the alleles for Psa resistance (Robertson, 1970). However, because the effects of genetic drift are assumed to be random throughout the genome (Conolly et al., 2008), the effect of genetic drift on the results from this work are assumed to be minor and resistance alleles detected in multiple bulks are unlikely to be caused by genetic drift.

Identifying the parents that contributed the Psa resistance loci to each bulk will help with family-based breeding strategies (Hinds et al., 2005). Although the families that contributed the largest number of individuals to bulks are likely to be those that are contributing the alleles for resistance in each bulk, these resistance alleles could be coming from one or many parents. An attempt was made to identify the parents contributing resistance to the sample bulks analysed, but a combination of the missing parental WGS data and the way the bulks were constructed limited the information available. This could be overcome by developing markers to target the loci with high Gprime values. The markers could then be used on DNA from parents to identify which parents contributed these resistance alleles and enable marker-assisted selection for Psa resistance in families related to these parents. Identifying parents that contributed causal resistance alleles to a bulk could also be done by identifying alleles of higher frequency from the BSA under the QTL that were private to a single parent (Hinds et al., 2005). However, this was not possible in this work because many of the parents did not have WGS data available (Figure 2). Identifying haplotypes for each parent would also be beneficial by allowing the haplotype sequence of each parent to be matched with loci with high Gprime values under QTL. This would be informative for the parents of bulks B1, B4 and B11, but WGS data from parents P5, P6, P7, P16, P18, P19 and P22 would still be needed to generate haplotype sequences to identify the parents contributing to QTL in bulks B2, B3, B9, B10, and B12.





QTL detection accuracy of loci from parents that contributed a small or large percentage of DNA to bulks

Accurately detecting loci for resistance to Psa in part two of this work was dependent on the percentage of alleles that each family contributed to the bulk. Families that contributed more than 20% to a bulk and had strong allelic selection pressure on alleles unique to that family are likely to have those alleles present as a QTL in 72% of analyses (Figure 5). But, families that had strong selection pressure on alleles unique to that family and contributed 10–20% to a bulk were likely to present as a QTL in only 40% of analyses. Families that contributed less than 10% to a bulk were unlikely to present any QTL in the BSA, even with strong selection pressure on alleles unique to that family (Figure 5). Therefore, it is unlikely that families with poor representation in the sample bulk contributed to QTL in part two of this work. However, these families with low contribution to bulks may contribute the same resistance loci as other parents included in the bulk, adding to the significance of those sites. The lack of representation from the families contributing less than 10% to a bulk was due to the dilution created by other families that made up a bulk. For example, if an individual contributed 10% to a bulk and 50% of alleles were from one heterozygous parent under strong selection for Psa resistance, the resistance allele might be in all the individuals sampled from that family. Conversely, where resistance alleles are shared between families contributing to a bulk, their contribution to the sample bulk would stack, making their representation in the sample bulk 50% higher than in the parental bulk.





Future research

Future projects could improve upon the methods used in part one of this work. Sampling of individuals for the bulks containing different sex ratios should have been done on families where parental WGS data were available for all of the parents contributing to the families used in each bulk. If this were done when sampling in part one this work, the sample bulks with a differing number of males and females in each bulk could have been compared against the bioinformatically created bulk of parents to match part two of this work. However, this was not done because some of the parents that contributed to these bulks did not have WGS data. Having an accurate test of the methods would alleviate the concern that the inferences made in part one of this experiment reflect only the allelic variance included in the sampling and DNA extraction methodology and may not accurately reflect the influence of the BSA methods on identifying alleles for Psa resistance in part two of this work. If part two of this work were repeated, collecting leaf material from plants before being culled would create a better match to a typical BSA (Li and Xu, 2022) and allow the creation of a bulk of alleles that were being selected against instead of using a pool of parental WGS data as the comparison bulk. Also, collecting leaf samples from all plants before they were affected by Psa would enable the creation of an unselected bulk, a negatively selected bulk, and a positively selected bulk. Comparing the positively selected bulk of individuals resistant to Psa against the unselected bulk may allow the identification of alleles associated with resistance to Psa. Comparing the negatively selected bulk of individuals that were removed because of Psa against the unselected bulk may allow the identification of alleles associated with susceptibility to Psa. Integrating the crossing and sampling plans would increase the accuracy of analyses because the unselected bulk would be a better representation of the alleles within the family than that of bulks of WGS data from parents.

The two parts of this work showed that finding multiple alleles for resistance to Psa can be achieved using BSA of bulks containing multiple families while greatly simplifying field sampling, DNA extraction, and reducing sequencing costs. To our knowledge, this is the first time DNA has been extracted as a bulk for a BSA instead of quantifying DNA from each individual separately and bulking the resulting DNA. This is also the first time BSA has been applied to bulks of families, where the comparison bulk was made up of a bioinformatically generated bulk of parental WGS data to identify loci affecting the target trait. Utilising the alleles for Psa resistance found in this work as selection criteria in breeding programmes may enable faster breeding of cultivars with greater resistance to Psa than without marker-assisted selection and provide an opportunity to stack resistance loci to create a more robust resistance to Psa in future cultivars.
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Introduction

Sorghum plant color is the leaf sheath/leaf color and is associated with seed color, tannin and phenol content, head blight disease incidence, and phytoalexin production.





Results

In this study, we evaluated plant color of the sorghum mini core collection by scoring leaf sheath/leaf color at maturity as tan, red, or purple across three testing environments and performed genome-wide association mapping (GWAS) with 6,094,317 SNPs markers.





Results and Discussion

Eight loci, one each on chromosomes 1, 2, 4, and 6 and two on chromosomes 5 and 9, were mapped. All loci contained one to three candidate genes. In qPC5-1, Sobic.005G165632 and Sobic.005G165700 were located in the same linkage disequilibrium (LD) block. In qPC6, Sobic.006G149650 and Sobic.006G149700 were located in the different LD block. The single peak in qPC6 covered one gene, Sobic.006G149700, which was a senescence regulator. We found a loose correlation between the degree of linkage and tissue/organ expression of the underlying genes possibly related to the plant color phenotype. Allele analysis indicated that none of the linked SNPs can differentiate between red and purple accessions whereas all linked SNPs can differentiate tan from red/purple accessions. The candidate genes and SNP markers may facilitate the elucidation of plant color development as well as molecular plant breeding.
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1 Introduction

Plant color in sorghum [Sorghum bicolor (L.) Moench] is defined as the stem/leaf sheath/leaf color (Rana et al., 1976; Reddy et al., 2008; Rooney, 2016; Fedenia et al., 2020) at maturity (Valencia and Rooney, 2009). Plant color is controlled by the P and Q genes. A sorghum plant with P_Q_ genotype is purple, whereas P_ qq is red and pp Q_ and pp qq are tan (Dykes et al., 2009; Valencia and Rooney, 2009; Dykes et al., 2011).

Plant color is associated with other phenotypes or consumer preferences. For example, white sorghum grain from tan plants is more desirable for human or animal consumption (Williams-Alanis et al., 1999; Funnell and Pedersen, 2006; Rooney, 2016). This is probably because tan plants tend to have lower tannin content compared with purple plants (Gourley and Lusk, 1978; Dykes et al., 2005). However, sorghum grains grown on plants with purple/red plant color do have higher levels of total phenols than those from tan plants (Dykes et al., 2005), although grains from some tan plants have the highest flavone (luteolin and apigenin) content (Dykes et al., 2009, Dykes et al., 2011). Tan plants tend to have lower head blight incidence caused by Fusarium moniliforme than red plants (Torres-Montalvo et al., 1992), but it is not clear if this is related to the high luteolin and apigenin contents. Du et al. (2010) have shown that flavones such as luteolin function as a phytoalexin against the sorghum anthracnose pathogen Colletotrichum sublineolum.

Sorghums with red/purple plant color produce the highest levels of 3-deoxyanthocyanidins (apigeninidin and luteolinidin) (Dykes et al., 2011), which are also phytoalexins induced by fungal attack (Snyder and Nicholson, 1990). The purple phenotype after fungal attack is determined by the production of two 3-deoxyanthocyanidins, apigeninidin and luteolinidin, which are not produced by the tan plants (Kawahigashi et al., 2016). The underlying P gene has been cloned using map-based cloning in progeny from a cross between purple Nakei-MS3B (PP) and tan Greenleaf (pp) cultivars; the gene was located in a 27-kb genomic region between markers CA29530 and SB25792 on chromosome 6. Four candidate genes identified in this region were similar to the maize leucoanthocyanidin reductase gene induced by wounding, and only the Sb06g029550 gene was induced in both cultivars after wounding. The Sb06g029550 protein was detected in Nakei-MS3B but only slightly in Greenleaf. A recombinant Sb06g029550 protein had a specific flavanone 4-reductase activity and converted flavanones (naringenin or eriodictyol) to flavan-4-ols (apiforol or luteoforol) in vitro (Kawahigashi et al., 2016).

In this study, we evaluated plant color of the sorghum mini core collection (MC; Upadhyaya et al., 2009) as the association panel. This panel has been extensively characterized, such as its genetic structure and linkage disequilibrium (Wang et al., 2013) and effectiveness for association mapping (Upadhyaya et al., 2013). Most importantly, the panel has been used to clone a pleiotropic SbSNF4-2 (SnRK1βγ2) that increases both biomass and sugar yield in sorghum and sugarcane (Upadhyaya et al., 2022). We scored leaf sheath/leaf color at maturity as tan, red, or purple across three testing environments in Tengqiao/Hainan and Fengyang/Anhui, China, performed association mapping with 6,094,317 SNP markers (Wang et al., 2021), and identified candidate genes strongly linked to plant color.




2 Materials and methods



2.1 Plant materials and phenotyping

The accessions of the sorghum MC (Upadhyaya et al., 2009, Table S1) were grown in Tengqiao, Hainan, China, for two seasons (2021 and 2022) and in Fengyang, Anhui, China, for one season (2022). In both 2021 and 2022 in Tengqiao, Hainan, the plants were grown with a row spacing of 65 cm and a plant spacing within each row of 25 cm. A compound fertilizer (N:P:K = 15:15:15) and urea were applied before planting at 200 kg/ha and 120 kg/ha, respectively. The plot was irrigated once at seedling and once at stem elongation stages and weeded at before three-leaf, during four-to-six-leaf, and before anthesis stages. Pesticides were applied three times to control cutworms, aphids, and honeydew moths.

In Fengyang, Anhui in 2022, the plants were grown with a row spacing of 50 cm and plant spacing within each row of 25 cm. A compound fertilizer (N:P:K = 15:15:15) and urea were applied before planting at 180 kg/ha and 90 kg/ha, respectively. The plot was irrigated once at seedling and once at stem elongation stages and weeded at before three-leaf, during four-to-six-leaf, and before anthesis stages. Pesticides were applied three times to control cutworms, aphids, and honeydew moths.

At maturity in all three environments, plant color was scored for leaf/leaf sheath color as “1” (tan), “2” (red), or “3” (purple) (Figure 1) according to Rooney (2016).




Figure 1 | The sorghum plant color phenotype from the mini core collection: tan, red, and purple according to Rooney (2016).






2.2 Genome-wide association study

Genome resequencing of 237 MC accessions (Supplementary Table S1) and genome-wide association study (GWAS) were as described in Wang et al. (2021). GWAS was performed with 6,094,317 SNPs from Wang et al. (2021). The kinship matrix (K) was generated by EMMAX (Kang et al., 2010), which was used to perform GWAS analyses with the Q matrix calculated using STRUCTURE 2.3.4 (Pritchard et al., 2000) as the covariate variable. The modified Bonferroni correction was used to determine the genome-wide significance thresholds of the GWAS, based on a nominal level of α = 0.05 which corresponds to a P value of 8.2E-09, or −log10(P) values of 8.08. At α = 0.01, these were 1.6E-09 and 8.78, respectively.




2.3 Candidate gene identification and allelic effect of linked SNPs

Candidate genes were identified using the reference genome Sorghum bicolor v3.1.1 (Paterson et al., 2009; McCormick et al., 2018) curated at Phytozome (Goodstein et al., 2012) 13 (https://phytozome-next.jgi.doe.gov/). RNA-seq data (McCormick et al., 2018) for each candidate genes were downloaded from the site and provided as Supplementary Table S2. To determine the allelic effect of selected SNPs linked to plant color, SNPs in each locus or two loci were grouped together. Only accessions with less than 5% missing data rate for each group of SNPs were included. The original data are provided in Supplementary Tables S3-S8.





3 Results



3.1 Phenotype analysis

As described in the Introduction, plant color is controlled by multiple genes. This is reflected in phenotyping in this study. All accessions were consistently scored as either tan (9 accessions) or pigmented (228 accessions) in all three environments (2021_HN, 2022_HN, 2022_FY; Supplementary Table S1). However, 47 of the 228 accessions (20.6%) could not be consistently scored as either red or purple across the three environments. This indicates that the trait may be affected by the environment as well as the combinations of multiple genes.




3.2 Association mapping

To identify SNP markers linked to the trait, we used the following criteria: 1) more than one marker associated with plant color and at least one of the markers had −log10(P) higher than the threshold (Upadhyaya et al., 2022), and 2) association had to be present across all three environments (2021_HN, 2022_HN, and 2022_FY). Based on these criteria, we identified eight loci distributed on chromosomes 1, 2, 4, 5, 6, and 9 (Figure 2; Supplementary Figure S1; Table 1). These loci contained 2 (qPC2 and qPC4) to 21 SNP markers (qPC5-2) (Table 1). The strongest association was with the SNP (64621753) marker on chromosome 5 (qPC5-2), with −log10(P) values of 11.50 in 2021_HN, 11.65 in 2022_HN, and 9.26 in 2022_FY (Table 1), respectively. This was followed by the locus on chromosome 6 for 51113980 (PC6) with −log10(P) values of 10.4, 11.1, and 10.3, respectively (Table 1). qPC5-1 and qPC5-2 were mapped with the most SNPs with −log(P) values higher than 6.0, 20, and 21 SNPs (Table 1), respectively.




Figure 2 | Manhattan plot of plant color with three environments in sorghum ((A), 2021_HN; (B), 2022_HN; (C), 2022_FY). Horizontal dash and gray lines indicate the threshold −log(P) value at α = 0.05 and 0.01, respectively.




Table 1 | The plant color QTLs in sorghum detected in all three environments*.






3.3 Candidate gene identification

Only genes closest to the respectively linked SNPs are presented in Table 1. All loci contained one to three candidate genes (Table 1). The qPC5-1 and qPC6 were further examined with linkage disequilibrium (LD) analysis combined with the Manhattan plot (Figure 3). In qPC5-1, Sobic.005G165632 and Sobic.005G165700 were located in the same LD block with the QTL peak. In qPC6, Sobic.006G149650 and Sobic.006G149700 were located in the different LD blocks. The qPC6 peak contained only one gene, Sobic.006G149700, which indicates that it should be the candidate gene for qPC6. The annotation information showed that Sobic.006G149700 is senescence regulator/heavy metal-associated isoprenylated plant protein 34.




Figure 3 | Manhattan plot (top) of the qPC5-1 (A) and qPC-6 (B) loci on chromosomes 5 and 6 and their respective LD blocks (bottom). The X-axis represents position in bp along the chromosome, and the Y-axis is −log10(P).






3.4 Allelic effect on plant color

We examined the allelic effect of all SNPs from the eight loci. For each locus, only accessions with missing data rate less than 5% were selected. In all loci, more purple accessions were observed than tan and red combined and no SNPs from the loci could differentiate between purple and red color accessions whereas most SNPs from all loci can differentiate tan from red/purple accessions (Supplementary Tables S3-S8). We presented three of four SNPs (5:64621753, 5:64224755, and 6:51113980) most tightly linked to plant color from Table 1 in Figure 4. Six tan accessions were identified for all three SNPs whereas 7, 12, and 5 red accessions were identified, respectively. In contrast, 37, 71, and 55 purple accessions were identified respectively for the three markers. In both 5:64224755 (T/C) and 6:51113980 (G/C), IS20740 was the single heterozygote and the T and G alleles respectively were dominant to the C alleles as CC homozygotes in both SNPs were red or purple, whereas the heterozygotes were tan. In the other five accessions, TT and GG genotypes in the two SNPs showed tan plant color. It is coincidental that in all three SNPs, red/purple accessions were all CC genotypes.




Figure 4 | Allelic effect of SNP markers 5:64621753, 5:64224755, and 6:51113980 on sorghum plant color. The accessions with each plant color were selected to maximize the number of each color with minimum missing genotype data rate. Therefore, the accessions with the same color across different SNPs may overlap but may not be identical.







4 Discussion

White sorghum grain grown on tan plants is highly desirable as livestock feed and for human consumption (Awika et al., 2002). The tan/purple/red plant color is mainly controlled by the P and Q genes (Dykes et al., 2009; Valencia and Rooney, 2009; Dykes et al., 2011). In this study, we identified eight loci for plant color across three environments. Among these, qPC6 locus at 51,113,980 bp on chromosome 6 is long way off the plant color QTLs mapped by Boyles et al. (2017). They mapped one locus each at 56650607 and 56635333 bp on chromosome 6 in BTx642/BTxARG-1 and BTxARG-1/P850029 RIL populations, respectively. However, their two QTLs range from 49.9 Mb to 60.77 Mb and from 50.91 Mb to 60.6 Mb, both overlapping with qPC6. The peaks at 56,650,607 and 56,635,333 bp are close to the P gene (57164448.57187434 in Sorghum bicolor v3.1.1), which turns the leaves to purple upon wounding or pathogen invasion (Kawahigashi et al., 2016). This is because Boyles et al. (2017) used Sorghum bicolor v3.1 and Kawahigashi et al. (2016) used Sorghum bicolor v1.4 at www.plantgdb.org/SbGDB, which is no longer functional at the time of this writing. Therefore, genomic locations are not comparable although Sb06g029550 (Sobic.006G226800) from Kawahigashi et al. (2016) is located in Sorghum bicolor v3.1 as from 57,175,961 bp to 57,178,219 bp on chromosome 6. In qPC6, those highly associated SNPs were only located in the Sobic.006G149700 gene region (Figure 3), which is annotated as a senescence regulator. Its highest expression was in the leaf sheath at floral initiation, followed by seeds at maturity and juvenile leaf blades (Supplementary Table S2; McCormick et al., 2018). It is clear that qPC6 does not overlap with the P gene. This could suggest that there are multiple genes responsible for plant color in sorghum. Sobic.006G149700 is orthologous to Arabidopsis AtS40 (AT2G28400) and its mutation delayed leaf senescence (Fischer-Kilbienski et al., 2010).

As mentioned above, RNA-seq expression data (Supplementary Table S2) by McCormick et al. (2018) may help identify candidate genes. In this study, plant color was scored for leaf/leaf sheath color as “1” (tan), “2” (red), or “3” (purple) according to Rooney (2016). Candidate genes physically close to the linked SNPs are either highly expressed in leaves, leaf sheath, or both (Table 1; Supplementary Table S2). For example, in qPC1 Sobic.001G324900 is the only gene within 3 kb of the locus and the gene’s highest expression is in the leaves and moderate expression in the leaf sheath; Sobic.002G416400 in qPC2 is the only gene between the linked SNPs and is highly expressed in the leaf sheath; in qPC5-1, three genes are within the locus but only Sobic.005G165800 is highly expressed in both leaves and leaf sheath; as the only gene within the qPC6 locus, Sobic.006G149700’s highest expression is in the leaf sheath and leaves; and Sobic.009G031700 is the only gene in qPC9-1 with all linked SNPs in its coding region and is highly expressed in the leaves. The only exception is Sobic.005G167600 in qPC5-2, which is the only gene within the linked SNPs, and it is not highly expressed. In contrast, Sobic.004G200700 is 9 kb from qPC4 and is only highly expressed in the panicles and Sobic.009G101700 in qPC9-2 is 16 kb away and ubiquitously expressed. These indicate a loose correlation between the degree of linkage and tissue/organ expression of the underlying genes. It is possible that altered expression of these genes could impact plant color scored using leaves and leaf sheath.

Sorghums with red/purple plant color are also induced by fungal attack (Snyder and Nicholson, 1990). In the current study, we also identified one candidate gene associated with fungal resistance. In qPC5-2, Sobic.005G165700 is the antimicrobial peptide MBP-1 family protein precursor, which has been reported as effective against both Gram-negative and Gram-positive bacteria as well as several filamentous fungi (Duvick et al., 1992). As stated above, Sobic.005G165800 is highly expressed in both leaves and leaf sheath, although its highest expression is in seed grain at maturity and the panicles (Supplementary Table S2). There is no ortholog of this gene in Arabidopsis, and no orthologs in maize or rice have been studied. Therefore, the correlation of plant color and antimicrobial peptide needs to be further investigated.

In conclusion, in this study, we mapped eight loci associated with sorghum plant color, one each on chromosomes 1, 2, 4, and 6 and two on chromosomes 5 and 9. We identified several candidate genes that are highly expressed in the leaves/leaf sheath, and one of the candidate genes was Sobic.006G149700 encoding a senescence regulator. This may facilitate the elucidation of plant color development as well as molecular plant breeding.
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B

o Arabidopsis_ID  Description Response to biotic stimulus  References
oleracea_ID
B06g095580 AT1G69370 Chorismate mutase 3 defense response to bacterium Mobley et al., 1999
Bo6g098480 ATIG67880 B-1,4jN»ace(ylglucosaminyl(ransfetase family defense response to bacterium, Depuydt and Vandepoele,
protein fungus 2021
Bo6g099850 AT1G66340 Ethylene receptor 1 defense response to bacterium Clay et al., 2009
Bo6g101010 AT1G66480 Plastid movement impaired 2 response to fungus Didelon et al., 2020
. response to molecule of bacterial

Bo6gl101210 AT1G66730 DNA ligase 6 e Park et al,, 2015

origin

defe to bacterium, Depuydt and Vandepoele,
Bo6g101310 ATIG66830 Leucine-rich repeat protein kinase family protein CENSR SR ORSEI0 DAY SPHTCHRRR Y anceRoRs

fungus 2021
Bo6g106440 AT1G67950 RNA-binding family protein defense response to fungus Liet al, 2019
Bo6g108870 AT1G69450 Early-responsive to dehydration stress protein defense response to other organism ek e

2021
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Linkage Bin Genetic Average bins

group (Ch) No. length (cM) interval (cM)
cot 83 59.43 0.72
co2 97 64.67 0.67
C03 188 114.32 061
Co4 110 87.90 0.80
C05 115 79.90 0.69
C06 87 49.02 056
co7 119 64.56 054
co8 96 60.55 063
C09 125 95.29 076
Total 1,020 675.64 0.66
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mass of gDNA needed = m x 10" (g).
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Traits

ASI -
HN

PHT -

LN

PHT -
HN

YLD -
HN

Chr

Gene start

(bp)

13809656

14081196

13863300

190605384

190556326

190962154

105862947

105553409

177266069

177609579

177276266

177338945

209512508

209563817

209688288

210172903

209822231

210284963

Gene ID
MaizeGDB

Zm00001d027800
Zm00001d027808
Zm00001d027802
Zm00001d005843
Zm00001d005841

Zm00001d005856

Zm00001d030103
Zm00001d030098
Zm00001d042694
Zm00001d042706
Zm00001d042695
Zm00001d042697
Zm00001d006476
Zm00001d006479
Zm00001d006486
Zm00001d006508
Zm00001d006493

Zm00001d006512

Gene ID
Gramene

per se
GRMZM2G169280
GRMZM2G037912
GRMZM2G004641
GRMZM2G088242
GRMZM2G414252
GRMZM2G134502

Testcrosses

GRMZM2G070271
GRMZM2G158976
GRMZM2G110897
GRMZM2G087619
GRMZM2G110922
GRMZM2G077333
GRMZM2G171707
GRMZM2G168706
GRMZM2G311187
GRMZM2G125495
GRMZM2G470075

GRMZM2G067063

opr

vap726
hb64
hsftf2
bhlh20

nup58

umc2230
g6
polll
pds5a
snrkll4
psbsl
aco5
cdpk3
prh79
glr3.4
mate2l

pdil2

Annotation

pentatricopeptide repeat-containing protein
putative vesicle-associated membrane protein 726
Homeobox-transcription factor 64
HSF-transcription factor 2

bHLH-transcription factor 20

nucleoporins8

probable xyloglucan endotransglucosylase/hydrolase
protein 27

VQ motif-transcription factor6

pollux-likel

sister chromatid cohesion protein PDS5 homolog A
SnRK2 serine threonine protein kinase 4
photosystem 1T subunit PsbS1

aconitase5

calcium dependent protein kinase3

protein phosphatase homolog79

glutamate receptor 3.4

multidrug and toxic compound extrusion21

protein disulfide isomerasel2
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Trait SNP Chr alue Effect MAF alue PVE (%)
per se
S1_13685600 1 L11x107" 7.58 0.18 6.89x1077 12.11
ASI-HN
$2_190189512 2 1.49x107° -7.36 0.34 461x107 30.18
Testcross
S1_39752558 1 5.15x107 6.70 0.16 0.01 2.53
PHT-LN S1_104874404 1 2.49x107° 8.80 0.39 1.54x107 24.81
S1_235704086 1 1.74x1077 -6.06 0.36 5.40x107 3.65
$3_104138066 3 1.30x10°® 9.86 0.09 4.03x107* 446
PHT-HN $3_179633217 3 5.75x107 -8.49 0.13 0.01 19.19
$6_165585769 6 2.04x10™ 10.56 0.14 1.27x107 1.28
GY-HN 52209927372 2 5.44x107 -0.71 0.09 0.03 40.36

The g-value given is the chromosome-wide FDR-adjusted p-value.
PVE, phenotypic variance explained; GY, Grain yield (t ha™); PHT, plant height (cm); ASL anthesis to silking interval (GDU).
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Per se traits

GY 0.11"
High N PHT 0.14*
ASI 0.00"
GY 0.03"
Low N PHT 0.12"™
ASI 0.03"

0.14*

0.52%

-0.05"

0.05™

0.52**

0.06™

Testcross traits

-0.16*

0.28%

‘ -0.07"
‘ =0.17*

-0.05"

‘ 0.26**

0.17*

0.15*

-0.03™

0.19**

0.18*

0.01"

‘ 0.08"
‘ 049
‘ 0.01™
‘ 0.03"
‘ 0.52*

0.13%

*GY, Grain Yield (t ha™); PHT, Plant height (cm); ASI, Anthesis to silking interval (GDU); *significant at p=0.05; **significant at p=0.01; not significant.

-0.13™

0.01"

0.21%*

-0.22*

0.00"

0.23**
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ACt (test) = Ct (target, test) - Ct (ref, test)
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Maker
AX-109375483
AX-110425403
AX-108940388
AX-110591324
AX-109429484
AX-111919223
AX-110961085
AX-108866484

AX-110986688

1B

1B

2D

3A

5B

6D

7A

7D

1A

r Physical location (Mb)
535.23-536.57
581.10-587.17

12.92-17.45

16.63-20.15
466.61-474.97
466.89-472.91
730.53-735.46

57.69-59.71

542.72-543.95

Genes
TraesCS1B01G312100
TraesCS1B01G356000
TraesCS2D01G044700
TraesCS3A01G036000
TraesCS5B01G288700
TraesCS6D01G404800
TraesCS7A01G560200
TraesCS7D01G098100

TraesCS1A01G362500

Gene annotation

Glycosyltransferase
F-box protein
Cytochrome P450
Zinc finger family protein
S-acyltransferase
Calcium-dependent protein kinase
Photosystem II stability/assembly factor HCF136

Zinc transporter

Cytokinin riboside 5-monophosphate phosphoribohydrolase
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Traits

S1

S2

Marker Chr. Position (Mb) P-val (VA
AX-109375483 1B 535.23-536.57 1.10E-05-3.21E-05 4.49-4.96 E2, E3
AX-110425403 1B 581.10-587.17 8.792E-17-1.50E-05 4.82-16.06 E3, E4
AX-108940388 2D 12.92-17.45 8.38E-16-9.26E-06 5.03-15.08 E2, E4
AX-110591324 3A 16.63-20.15 4.86E-16-6.82E-06 5.16-15.31 E2, E4
AX-109429484 5B 466.61-474.97 2.97E-16-9.37E-05 4.03-15.53 E2, E4
AX-111919223 6D 466.89-472.91 1.87E-07-9.68E-06 5.20-6.73 E2, E4
AX-110961085 7A 730.53-735.46 8.14E-09-3.12E-06 4.14-8.09 E2, E4
AX-108866484 7D 57.69-59.71 1.24E-16-4.36E-05 4.36-15.91 E3, E4
AX-110986688 1A 542.72-543.95 8.24E-06-6.61E-05 4.18-5.08 El, E2
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Li Insert number umber of plants detected Percentage (%)
DC1.1 1 10 10 100
DCL5 1 8 8 100
DCLY 1 9 9 100
DCLI3 1 10 10 100
SC1.22 . 1 10 10 ‘ 100
SCl.21 1 6 6 100
SClL.12 1 10 10 100
SCL13 2 9 9 100
sC232 1 7 7 100
SC2.15 1 10 10 100
SC2.14 1 7 7 100
SC231 1 9 9 100
Total - 105 105 100

All T, progeny from homozygous T, plants were positively confirmed for the presence of T-DNAs by endpoint PCR.
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Line Insert Total T, segrega- Chi-square Percentage of homo- 2724 yalue of
number  plants tion (x?) value zygous plant (%) homozygous plant

DCl1.21 1 22 ‘ 21238 345 0.178" 9.1 3.99-4.13
DCL1 1 16 46:6 150 0472 25.0 3.99-4.41
DC1.5 1 24 5:8:11 5.67 0.059" 20.8 3.91-4.05
DC1.9 1 17 1:10:6 3.47 0.176" 5.9 3.78
DCL13 1 38 7:19:12 132 0.518" 184 4.04-427
SC1.22 1 16 5:8:3 0.50 0.779" 312 1.78-2.17
sci.21 1 2 3127 164 0441 13.6 1.80-2.12
scuiz | 1 8 | 3:4:1 1.00 0.606™ 375 2.01-2.08
SC2.15 | 1 21 2:14:5 519 0.200" 9.5 1.75-1.87
sc2.31 1 25 2176 452 0.104" 8.0 1.85-2.02
SC2.14 1 8 ‘ 242 0.00 1.00" 25.0 1.93-1.79
SC2.32 1 14 275 146 0481 143 1.79-1.81

Gl4 2 11 245 245 0293™ 18.1 3.96-4.01

G3.1 2 5 =12 1.80 0.407" 40.0 3.9-4.18
SCL.16 2 10 3:0:5:0:2 174.67 0.00* 30.0 3.79-4.18
SCL13 2 11 1:0:5:0: 5 298.84 0.00* 9.1 395

Total 268 Average 19.72
(%)

The copy number of the T-DNA was estimated by the qPCR assay using the set of NostY A and SBE4 primers. 3> test (42 o 05 - 5.99; dF=2) for goodness of fit was applied to compare whether there
was a significant difference between the observed segregation and expected segregation at p< 0.05. (1): In the case of a single insert, the segregation of T-DNA is 1: 2: 1 for 0: 1: 2 copies,
respectively. The independent segregation of two T-DNA inserts in case of two-insert events is expected to be 1:4:6:4:1 for 4:3:2:1:0 copies, respectively. The hemizygous, single-insert plant from
the A5.1 line was used as a calibrator. (*): significant difference; (ns): no significant difference.
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NosTYA/SBE4

Plant Number Ctuost Gl o Zygosity
(+ SD) (+ SD)
6 24.14 + 0.042 23.98 + 0.048 0.17 -0.91 1.88 Homozygous
12 24.36 + 0.027 24.20 £ 0.009 0.16 -0.96 1.95 Homozygous
13 24.68 + 0.034 24.67 + 0.062 0.008 -1.09 213 Homozygous
14 24.67 £ 0.077 24.59 £ 0.074 0.079 -1.02 2.03 Homozygous
1 25.29 + 0.021 24.21 £ 0.053 1.08 0.00 1.00 Hemizygous
2 2525 + 0.012 24.33 £ 0.061 0.92 -0.16 L12 Hemizygous
3 25.08 + 0.028 24.05 + 0.036 1.03 -0.05 1.03 Hemizygous
5 25.07 + 0.041 23.99 + 0.059 1.07 -0.01 1.01 Hemizygous
74 25.05 + 0.068 24.03 £ 0.015 101 -0.07 1.05 Hemizygous
9 25.13 + 0.076 24.12 £ 0.061 101 -0.07 1.05 Hemizygous
11 25.80 £ 0.114 24.70 £ 0.022 1.09 0.00 1.00 Hemizygous
15 2548 £+ 0.07 24.29 + 0.027 119 0.07 0.96 Hemizygous
16 25.24 + 0.029 24.13 £ 0.009 1.100 0.01 1.00 Hemizygous
18 25.29 + 0.073 24.16+ 0.057 L12 0.01 1.00 Hemizygous
19 25.60 + 0.059 24.51 £ 0.021 1.099 0.00 1.00 Hemizygous
20 25.81 + 0.052 24.61 £ 0.027 120 0.08 0.95 Hemizygous
23 25.43 +0.048 24.36 + 0.026 1070 -0.03 1.02 Hemizygous
25 25.49 + 0.123 24.40 £ 0.117 1.086 -0.01 1.01 Hemizygous
4 36.14 + 2.024 23.93 £ 0.068 1220 11.12 0.00 Null
8 32.39 + 0.239 24.13 £ 0.022 8.26 7.18 0.01 Null
10 31.59 + 0.004 24.92 £ 0.034 6.66 5.57 0.02 Null
17 36.85 + 2.12 24.73 £ 0.041 12.68 11.60 0.00 Null
21 3791+ 1.712 24.58 + 0.033 1333 12.23 0.00 Null
22 36.96 + 0.551 24.50 £ 0.017 1246 11.36 0.00 Null
24 38.02 + 0.75 24.31 +£0.01 13.72 12.59 0.00 Null
WT 36.85 + 0.108 24.18 £ 0.059 12,68 11.60 0.00 WT
Mean ¢ vale: 24.32 + 0.28 4:14:7

Clyosi24.46 + 0.26.

2784€4 2,00 £ 0.107

Clos25.36 + 0.26.

2784€% 1,01 £ 0.041

Ctnost:35.69 + 2.62.

2744 0,00 + 0.008

P=0.583"
%% 005 = 1.08

Headings indicate the set of primer pairs used in the qPCR assay. ACt, AACt, and 2" *2** were calculated based on the formula in the MATERIALS AND METHODS. The 2° %4 values of
homozygous plants should be double that of the hemizygous plants. In the case of the AS5.1 transgenic line with single-insert T-DNA, 2” **“* values of homozygous and hemizygous plants were 2
and 1, respectively. The results were the average and standard deviation (SD) of three replicates from the same plants. All null plants were confirmed to be negative by the endpoint PCR. (ns): no

significant difference, W’

on-transgenic rice plant (wild type).
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Primer pair’s Specificity (PCR product) Melt-curve Efficiency

name number analysis (VA) LEiEenee

Rice Sucrose Phosphate Synthase (OsSPS)

SPSm 1 band 1 peak 1085 3134 0992 ?::l‘;g) el
::‘ieer:nce SPSj 1 band No product
Rice Starch branching Enzyme (OsSBE4)
SBE4 1 band 1 peak 1028 3258 0.997 2’;’;{';“ &
Barley sucrose transporter (HvSUTI)
HvSUT1m I 1 band [ 1 peak I 1209 -2.906 [ 0.979
HvSUT1j 1 band 1 peak 101.9 -3.278 0.989
HvSUT1a 3 bands 2 peaks 96.4 -3.411 0.987
HvSUT1b 3 bands 1 peak 84.1 -3.774 0.988
TADNAS HvSUTI1c 1 band 1 peak 1223 2883 0980
Nopaline synthase (nos) terminator
Fletcher
NosTY 1 band - - ) ) (2014)
NosTYA 1 band 1 peak 104.1 -3.228 0.989
NosTh 1 band 1 peak 884 -3.637 0.990

Specificity of all primer pairs was identified by an endpoint PCR and the products were then visualized on the 1.5% agarose gel (Figure S1). Melt-curve analysis, amplification efficiency, slope and
R? were identified based on the standard curve conducted by the qPCR assay. Three well-matched primer pairs used in the qPCR assay to determine homozygous plants were highlighted in bold.
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ACH (test) - ACt (calibrator) .
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P10 10 36.69 5.11 13.94
P2 8 42.62 49.23 115.51
P22 14 58.58 46.90 86.21
P26 12 32.44 30.71 104.98
P29 7 42.02 38.58 89.65
P3 6 72.99 72.78 99.70
P30 13 35.64 41.11 120.30
P31 9 36.44 36.43 100.21
P33 9 63.52 34.52 54.34
P34 8 79.14 42.51 60.86
P35 11 50.67 48.12 89.04
P38 10 55.89 44.63 90.22
P39 11 33.99 27.87 82.00
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P45 9 22.80 36.22 158.86
P47 9 40.79 35.65 49.93
P49 8 53.14 46.18 85.67
P51 10 74.38 50.40 74.82
P6 2 95.49 28.97 30.34

Total 191 46.91 40.79 84.60
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Gene start

(Kbp)

Gene ID
MaizeGDB

Gene ID
Gramene

Annotation

Flag leaf angle

Number of primary
tassel branches

199659 Zm00001eb036930 ~ GRMZM2G136453  papl5 purple acid phosphatasel5
199726 | Zm000016b036940 | GRMZM2G043198 pdh2 pyruvate dehydrogenase2
199884 ‘ Zm00001eb036970 ~ GRMZM2G159996  coll6 C,C,-CO-like-transcription factor 16
200045 Zm00001eb036990 ~ GRMZM5G882527  bhlh173  bHLH-transcription factor 173
200445 Zm00001eb037120 ~ GRMZM2G033828  rrb3 retinoblastoma family3
199275 Zm00001eb036880 =~ GRMZM5G872141 sweetll sugars will eventually be
exported transporter] 1
199317 Zm00001eb036890 ~ GRMZM2G068657  patd protein S-acyltransferased
199461 Zm00001eb036910 ~ GRMZM2G064962  gpx3 glycerophosphodiester phosphodiesterase3
167752 Zm00001eb095620 ~ GRMZM2G161382  cycll cyclinll
168274 Zm00001eb095690 ~ GRMZM2G087955 ~ mybl139 = MYB-transcription factor 139
194428 Zm00001eb101630 ~ GRMZM2G022162  ca5p12 CCAAT-HAP5-transcription factor 512
194465 | Zm00001eb101670 ~ GRMZM2G003992  mlkp3 Maize LINC KASH AtWIP-like3
194543 Zm00001eb101700 ~ GRMZM2G052671  wrky71 'WRKY-transcription factor 71
194575 ‘ Zm00001eb101720 ~ GRMZM2G350857  abi53 ABI3-VP1-transcription factor 53
194727 Zm00001eb101780 ~ GRMZM2G080439  upll ubiquitin-protein ligasel
194795 Zm00001eb101840 ~ GRMZM2G134334  znf13 zinc finger proteinl3
194921 Zm00001eb101880 ~ GRMZM2G417597  bhlhé bHLH-transcription factor 6
195046 Zm00001eb101910 ~ GRMZM2G125934  bzip85 bZIP-transcription factor 85
195064 Zm00001eb101920 ~ GRMZM2G126018  sbp23 SBP-transcription factor 23
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hromosome C0/C17_DHL Entire panel
1 724 1,911 600 774
2 663 1,698 452 529
3 848 1,104 653 799
4 627 2,218 625 781
5 408 1,067 336 386
6 456 1,298 431 467
i 404 1,597 379 445
8 748 1,352 512 597
9 436 1,320 355 426
10 377 1,523 284 348
Genome-wide LD 569 1,509 463 555
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MAFL FEFL ASI PLHE EAHE FLA ALE

MAFL 1

FEFL 088 1

ASI -0.02 -0.48 1

PLHE 020 » 0.14*% 0.06 1
EAHE 036" I 027 0.10* 076" 1 |

FLA 0.04 -0.05 0.02 0.10* 0.15* 1
TALE -0.05 0.01* -0.11 024 0.13* -0.07 1
NPTB 0.02 0.08* -0.12 -0.02 0.07 0.10* -0.04 1

** Significant at P < 0.001, * Significant at P < 0.05.
MAEL, male flowering; FEFL, female flowering; ASI, anthesis-silking interval; PLHE, plant height; EAHE, ear height; FLA, flag leaf angle; TALE, tassel length; NPTB, number of primary
tassel branches.
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Trait

Male flowering (days)

Female flowering (days)

Anthesis-silking interval (days)

Plant height (cm)

Ear height (cm)

Flag leaf angle (Degrees from vertical)

Tassel length (cm)

Primary tassel branches (number)

Mean Gi)u; )
CO_DHL 67.4a 6.8
C17_DHL 62.7 ¢ 4.2
C0/C17_DHL 65.5b 5:2%
CO_DHL 69.1a 85"
C17_DHL 627¢ 4.7*
C0/C17_DHL 66.4 b 7.7*
CO_DHL -1.7a 1.6*
C17_DHL 0.1c¢ 0.8*
C0/C17_DHL -0.9 b 1.6*
CO_DHL 1694 a 274.2*
C17_DHL 1705 a 194.4*
C0/C17_DHL 1726 a 246.3*
CO_DHL 83.5a 216.5*
C17_DHL 68.5¢ 122.4%
C0/C17_DHL 79.6 b 212.2%
CO_DHL 422a 158.2*
C17_DHL 138 ¢ 48.1*
C0/C17_DHL 30.6b 146.8*
CO_DHL 42.1a 16.1*
C17_DHL 36.9 ¢ 14.7%
C0/C17_DHL 389b 2L1*
CO_DHL 154 a L5%
C17_DHL 73¢ 0.4*
C0/C17_DHL 10.4 b 0.8

Repeatability

0.94

0.82

0.92

*Group, CO_DHL corresponds to the 132 derived DH lines from cycle 0, C0/C17_DHL corresponds to the 170 derived DH lines from C0/C17, and C17 corresponds to the 187 derived DH lines
from cycle 17. Mean values were estimated from trait BLUPs of n lines within each group; 6 3 = variance estimate due to DH lines within group effect; * significant at 0.01 by the likelihood

ratio test.

Means with the same letter in column are not statistically different at the 0.05 level of probability using Tukey's HSD comparison.
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Parent contributing

to bulks
Bl B4 Bl
Bulks containing parents B10 B9 B2
B12 BI11 B12

Chr. 4,13.02 | Chr. 22, 8.07 Cht. 2, 535

QTL position Mb Mb Mb

The parents that contributed specific alleles can be inferred where multiple bulks have
resistance alleles at the same site that shared parents among those bulks. Parent P1 was the
likely contributor to the resistance allele on Chromosome 4. Parent P4 was the likely
contributor to the resistance allele on Chromosome 22, and Parent 12 was the likely
contributor to the resistance allele on Chromosome 2.
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Sample Refence allele Minimum total Maximum total = Depth dif- Minimum Minimum

bulk frequency depth depth ference sample depth genomic quality
Bl 0.05 40 85 50 10 100
B2 “ 0.05 35 85 50 10 100
B3 ‘ 0.05 20 85 50 10 100
B4 ‘ 0.05 40 150 50 10 100
B9 0.05 40 130 50 10 100
B0 0.05 40 90 50 10 100
Bl1 0.05 60 170 50 10 100
BI12 0.05 30 100 50 10 100

Sample bulks BI-BI2 retained the same reference allele frequency, allele depth difference, minimum sample depth and minimum genomic quality, but varied in the minimum total allele depth
and maximum total allele depth depending on the distribution of depth data in each sample bulk.
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Number of males = Number of females = Total individuals  Percentage of males Percentage of females

Bulk

in bulk in bulk in bulk in bulk in bulk
1 2 17 19 105 | 895
2 4 15 19 211 ‘ 789
3 6 13 19 316 68.4
4 9 11 20 45 55
5 10 10 20 50 50
6 12 8 20 60 40
7 15 5 20 75 25
8 16 4 20 80 ‘ 20
9 18 2 20 90 | 10

The percentage of males within each of the nine bulks ranged from 10.5% to 90%.
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Parents contributing to bulks

Pl | P2 | P3 | P4 | P5 | P6 | P7 | P8 | P9 | P10 | P11 | P12 [ P13 | P14 | P15 | P16 | P17 | P18 | P19 | P20 | P21 | P22
BT [Pt P10 P12 P18 P22
B2 P2 P9 P12 P16 P17__ P19 P22
g [B3 P3 =K P18 P20
s [B4 P4 P9 P P14_P15 P19
x [B9 P2 P4 P6 P9
a [B10_[P1 E5E P10
B11 P3P P
B12 |P1__ P2 PG P12
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BSAQTL Bulk Parents contributing to bulks
chromosome and aese
position 1 [P2]es[pafps[pep7[pa]pofpro]pas[rra]pis[paa]pas[pr6]paz[pisraopao] po1[p22
B1 P10 P18 P21 P22
Chr. 2,5.35 Mb B2 P2 P9 P12 P16 P17 P19 P22
B12 |P1_ P2 P6 P12
B1 P10 P12 P18 P21 P22
Cchr. 4,13.02 Mb B10 PS5 P8 P10
B12 P2 P6 P12
BL__|PL P10 P12 P18 P21 P22
Che::9, 7,55 Mb B12 |P1 P2 P6 P12
B4 P4 P9 P11 P14 P15 P19
Chr.10,10.89 Mb [ IR o0
B2 P2 P9 P12 P16 P17 P19 P22
Chr. 10,1292 Mb 155 P2 P4 P P7 P9
Bl |PL P10 P12 P18 P21 P22
B3 P3 P11 P13 P18 P20
Chr. 11, 17.00 Mb B10 [P1 P5 2] P10
B12 |P1 P2 P6 P12
Bl |PL P10 P12 P18 P21 P22
Chr. 14,1113 Mb  [Z— {00 o5 o8 s
B1__|P1 P10 P12 P18 P21 P22
Che: 17,1113 Mb B12 [P1 P2 P6 P12
B4 P4 P9 P11 P14 P15 P19
Chr. 18, 17.01Mb  oro P3 P4 P11
B10 [ P5 P8 P10
Chw: 22,497 Mb B12 [P1 P2 P6 P12
B4 Pa P9 P11 P14 P15 P19
Chr. 22, 8.07 Mb B9 P2 P4 P6 P7 P9
B11 ] P11
B4 P4 P9 P11 P14 P15 P19
Chr.23,13.44Mb |05 P2 P4 P6  P7 P9
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Expression State

Characteristics (code)

Characteristics ~ Type Characteristic expression (code) H'

1 Tiller Q absent(1); present(9) 004 16 Plant habit q | ierecils erecttosemierect@semberect(3)s; | 5g
semi-erect to collapse(4); collapse(5)

2 Leaf hairiness QL absent(1) 0 17 Girdling QN absent(1); weak(2); medium(3); strong(4) 120

very low(1); very low to low(2); low(3); low
to medium(4); medium(5); medium to high

3 Leaf vein clarity QL weak(1); strong(2) 022 18 Plant height QN (63high(7); high to very high(s); very high 1.90
©
Inflorescence stem Plumpness of i
4 QL absent(1); present(9) 0.43 19 QN loose(1); medium(2); hard(3) 0.94

wax powders cabbage
very short(1); very short to short(2); short

yellow(1); brown(2); dark (3); short to medium(4); medium(5);

5 Seed coat color PQ ool 063 20 Leaf length o motiom o long(ey longx leng o vary | 1
long(8); very long(9)
very narrow(1); very narrow to narrow(2);
light green(2); medium green ) narrow(3); narrow to medium(4); medium
6 Cotyledon color | PQ 53, 41t green(a); purple(s) | %0 | 2 Leaf widih QN (5); medium to broad(6); broad(?); broad to | >°
very broad(8); very broad(9)
7 Leaf type PQ platy(); divided leaf(®) | 006 22 veafundulationof o absent(1); 2(very weak) 139

margin

absent(1); very weak(2); weak(3); weak to

lanceolate (1); oval (2); medium(4); medium(5); medium to strong

Leaf degree of

8 Leaf shape PQ elliptic(4); round oval(5); 151 23 B | rongi7y s to very shromg(®y very | 7
near round(6)
strong(9)
o1 circle(3):
9 Leaf apec pq | Ont “P“C)i’r;‘:(‘g(s)‘ broad | 03 | 24 | Leaf glossiness N absent(1); weak(2); strong(3) 068
el 1 1
zz)-on‘:eiriiem“( )ee:?(};‘)-g:\:: very less to less(2); less(3); less to medium
10 Leaf color PQ ’ 8" y 134 25 Leaf number QN (4); medium(5); medium to more(6); more 177
green(4); deep green(5);
(7); more to very more(8); very more(9)
purple-red(6); purple(7)
very thin(1; very thin to thin(2); thin(3);
Leaf margin inward(1); flat(2); outward o thin to medium(4); medium(5); medium to
i features rQ ) 042 | 26 | Petiolethickness | QN | g1 6); thick(r)s thick to very thick(s); very | 7
thick(9)
. . . very short to short(2); short(3); short to
Petiole sh beircular(1); 2
12 ctiole shape in ) - subcircular(1); crescent(2); ), Petiole length QN medium(4); medium(5); medium to long(6); | 155

horizontal section flat(3)

long(7); long to very long(8); very long(9)

Very narrow(1); very narrow to narrow(2);

narrow(3); narrow to medium(4); medium

(5); medium to broad(6); broad(7); broad to
very broad(8); very broad(9)

white(1); green white(2);
13 Petiole color PQ  light green(3); medium green = 128 = 28 Petiole width QN
(4); dark green(5); purple(6)

179

i . very carly to early(2); early(3); early to
VR m“el"‘“ m o pq green(2); light green(3) 013 29 Bolting period QN medium(4); medium(5); medium to late(6); | 1.40
color late(7); late to very late(8); very late(9)

absent or very weak(1); very weak to weak
Axillary bud oN (2); weak(3); weak to medium(4); medium 201
(5); medium to strong(6); strong(7); strong )

to very strong(8); very strong(9)

white(1); light yellow(2);
ite(1); light yellow(2): 038 30

15 Hlowee:color s yellow(3); orange red(4) generation ability

QL, qualitative characteristic; QN, quantitative characteristic; PQ, pseudo-qualitative characteristic; H', Shannon-Wiener diversity index. Calculating by H' = -X(Pi) (InPi), where Pi is the proportion
of individuals to total individuals of this species.
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Primer number

F: TGGAGTGTTTGTTGTAAGCTCAA

iation range (bp)

! SSRiol R: TTCGGGATGAGAGTTCCAAG s 188-227
5 — F: TGCTCTTTGACACGTGCTATC , —
R: AGAGGAGAGAAGGGGAGAGG
s s hmemecccerann, :
C s mTocamnn :
| = [Eesmame :
¢ | e |EEmeesmoce ;
Z $5R206 ;: f\igi':;iﬁgc?fffxfg&mmc § Y2t
R v orvoncriioven :
: G | EOCHECkSUCUi :
o | wn  |Epmmcus :
o s howscosmomcucor :
R e :
s sa bemrocnonoc :
w | ow |EEEmmcsms :
o se [Tmowrercucn :
@ smr hemememmoon )
R vy ;
s | s |BEETGRRO 7
" — F: CCAACACCAAATCGCATAATC - —_
R: GGAGCTCCCACCTACAGTTTC
» R TTGAGCATIGTICCCAGACA '
a R GATCGGGGAANTTAGGGAR ’
2 R GTTTCTTTGATCCTOTCOAKTGGOATTAKTAAA ¢
5 SRS F: TGCCTTTGTGTTCAGCTCAC W0 —

bp, base pair; F, forward; R, reverse.

R: CCCAAACGCTTTTGACACAT
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Marker MAF Ho He PIC Fst
SSR101 0611 10 0322 0596 0572 0.460
SSRI25 0610 14 0.386 0590 0561 0346
SSR136 0380 7 0.531 0750 0712 0292
SSRI38 0335 8 0723 0794 0767 0.089
SSR192 0.454 20 0617 0753 0735 0.181
SSR198 0.599 12 0.490 0616 0598 0.204
SSR206 0.365 26 0.677 0.826 0814 0.181
SSR207 0.527 6 0336 0618 0557 0455
SSR22 0.429 10 0.560 0732 0696 0235
SSR221 0.490 16 0.693 0725 0708 0.045
SSR222 0.209 40 0.601 0916 0911 0344
SSR227 0233 23 0.461 0850 0834 0458
SSR228 0.498 13 0.501 0686 0651 0.269
SSR229 0474 9 0.546 0654 0596 0.164
SSR238 0413 12 0.467 0760 0733 0386
SSR247 0346 7 0579 0701 0644 0.174
SSR256 0.177 16 0.732 0.864 0849 0.153
SSR266 0415 30 0.356 0787 0771 0547
SSR283 0388 6 0.556 0725 0678 0234
SSR45 0456 7 0.414 0671 0614 0383
SSR56 0.495 7 0513 0624 0555 0.177
SSR66 0.283 10 0551 0.780 0744 0.293
SSR90 0.452 5 0.586 0.690 0640 0.151
Mean 0419 136 0.530 0726 0693 0270

MAF, minor allele frequency; Na, observed number of alleles; Ho, observed heterozygosity; He, expected heterozygosity; PIC, polymorphic information content; Fst, fixation index.
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Sub-population 1 (N = 78) Sub-population 2 (N = 54) Total (N = 132)

Ne | Ne | Ne | Ho
AM14 4 201 095 035 0.50 4 3.26 125 0.67 069 4 261 LIS 048 | 062
AM22 3 181 0.76 0.00 0.45 2 1.05 0.12 0.00 0.05 3 147 0.58 0.00 032
AMEO013 4 223 0.95 0.04 0.55 4 1.35 0.53 0.00 0.26 4 1.86 0.83 0.03 0.46
AMEO19 2 1.60 056 0.00 038 2 1.86 0.65 0.00 046 2 171 061 000 | 042
AME055 2 1.54 053 0.00 035 2 1.26 036 0.00 021 2 200 069 000 | 050
AME076 2 1.97 069 0.00 049 2 191 0.67 0.00 048 2 2,00 069 000 | 050
AME102 4 3.37 129 0.07 0.70 3 1.42 0.57 0.04 0.30 4 3.05 122 0.06 0.67
AME154 3 2.60 1.02 0.00 0.61 3 1.83 0.79 0.00 0.45 3 227 0.94 0.00 0.56
AME177 6 275 119 0.74 0.64 5 2.55 1.08 0.72 0.61 6 2.76 118 0.73 0.64
AME178 9 538 1.89 0.00 081 5 2.70 114 0.00 063 9 442 172 000 | 077
MAMAL 5 277 129 0.00 0.64 4 221 1.03 0.00 055 5 253 122 000 | 061
MAMAS5 8 4.37 171 0.01 0.77 4 2.64 1.09 0.00 0.62 8 S99 1.64 0.01 0.74
MAMA11 5 299 123 0.00 0.67 2 1.40 0.46 0.00 0.29 3 249 107 0.00 0.60
MAMAI13 4 3.02 122 0.01 0.67 4 2.74 117 0.00 0.64 4 3.62 132 0.01 072
Mean 43 274 1.09 0.09 0.59 33 201 078 0.10 044 44 262 1.06 009 | 058
SD 06 029 0.11 0.06 0.04 03 0.18 0.09 0.07 005 06 023 0.10 006 | 003

Na, number of observed alleles; Ne, effective number of allel

; 1, Shannon information index. Ho, observed heterozygosity; and He, Nei's diversity index.
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AM14

AM22

AME013

AMEO19

AMEO055

AME076

AME102

AMEI154

AME177

AME178

MAMA_1

MAMA_5

MAMA_11

MAMA_13

Mean

Total

5"-> 3 Primer sequences

F: TGGGTGGCGAAGCGAATC

R: GTGGTGGGCACGGTATCA

F: AAGAGCGACCCAGTTGTATG

R: ATTGTATTTGTAGCCCCAGTTC

F: ACGGAACTTCAACACTTTGG

R: GGCATGAGAGTTTTTATGAACC

F: CATCACAGTCGCAGCCATG

R: GCATGCATTTTCCCCTCACG

F: TTCGACCATGGGAATCTTTG

R: CGGAGGTGCAAACCCTAGTA

F: CATGATCCATCACACATACCG

R: CGAATGGATGCTGAATTGG

F: GCTGCCTCTACATGAGCAGA

R: TCCTCCTCCAGGATGTGACT

F: GTACACACATCCAATCCATTTC

R: TGAAGGAACGGAAATCTGAAG

F: ATCGGGTACTAGTGATACATAC

R: CATGTATCTCATCCCAAACTC

F: TGTCTTATCTGGCTGGAGCA

R: AGAATTGGAACCGTGTGTAAC

F: CATGCTGGCGAAATCTATCA

R: GTGCGCCTCTAACGAAAAAT

F: AACCCTAATTACTGCTCCGTTTC

R: GGATTGGGACTTCGCATCTA

F: GACTACCGCCCAGATGAGAC

R: TGTATGCACCGATGCAATTT

F: CGATGCACTCAGATTTGGAA

R: CTGGATCAAGCAGACATGGA

SSR
Type

Genomic

Genomic

EST

EST

EST

EST

EST

EST

EST

EST

Genomic

Genomic

Genomic

Genomic

Ta
(°C)

58

56

56

58

56

56

58

54

54

56

56

56

56

56

Alleles (N)

Common

(> 0.05)

2.80

44

Rare

(< 0.05)

130

20

Total

10

E, forward; R, reverse; Ta, annealing temperature of primers; PIC, polymorphism information content; D, discriminating power.

0.33

0.55

0.56

0.57

0.57

0.70

0.69

0.26

0.84

0.74

0.79

0.67

0.79

0.58

D

0.44

0.49

0.38

0.38

0.54

0.57

0.57

0.46

0.54

0.43

0.47

0.28

0.51

0.33

0.43

SSR’s reference

Li et al. (2000)

Li et al. (2000)

Tanhuanpéi et al. (2012)

Tanhuanpii et al. (2012)

Tanhuanpii et al. (2012)

Tanhuanpéi et al. (2012)

Tanhuanpi et al. (2012)

Tanhuanpii et al. (2012)

Tanhuanpi et al. (2012)

Tanhuanpi et al. (2012)

Wight et al. (2010)

Wight et al. (2010)

Wight et al. (2010)

Wight et al. (2010)
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BLUPs range Frequency at each phenotypic class (%) Diversity

Min Max 2 3 4 5] 6 7 8 H H'

Agronomic

' Grain yield, g - m’ 596.5 1,035.4 - - - - - 2 6 24 55 14 170 | 073
Heading days, d 1384 177.9 - - - - - - - 2 60 38 .10 0.69
Lodging percentage, % 04 914 67 11 2 6 2 2 1 2 3 4 1.80  0.54
Lodging severity, 1-5 rating 13 3l - - - - 30 13 15 12 23 7 243 094
Panicle length, cm 157 29.9 = - = = = 8 40 44 5 2 170 0.73
Plant height at tillering, cm 64.4 73.4 - - - - - - - - 16 84 0.63 0.63
Plant height at maturity, cm 972 166.3 - - - - - 2 12 58 24 5 1.62 070
Plant types
Vigor score, 1-4 rating 22 3.0 = - B - - e - 2 30 68 0.99 0.62
Agronomic score at tillering, 1-10 rating 51 6.9 - - - - - - - 2 23 76 0.88 0.56
Agronomic Score at dough grain, 1-10 rating 28 7.7 - - - 1 2 3 7 30 39 20 207 074
Agronomic score at maturity, 1-10 rating 35 7.7 - - - - 2 5 7 29 45 14 199 077
Hull color, 0-5 rating 0.1 4.7 1 - 50 5 30 2 6 1 3 2 197 0.62
Panicle type, 1-3 rating 1.0 29 - - - 12 - - ‘ 39 - 2 47 150 0.75
Incidence of diseases
Barley Yellow Dwarf Virus, % 0.0 1.6 I 12 | 41 23 8 9 | 5 1 1 1 1 2.40 0.72
Drechslera avenae, % 74 60.4 = 6 22 20 24 13 2 6 5 2 273 0.86
Pseudomonas syringae, % 17 11.4 - 30 33 21 8 4 2 2 - 1 228 0.76
Grain quality
Hectoliter weight, kg - hL™ 459 64.5 - - - - - - - 8 92 1 045 028
Groat content, % 536 96.5 = - = = = 1 43 55 = 1 L10 0.55
Broken groats after peeling, % 11 235 1 3 23 36 24 6 4 31 1 2 234 0.70
Hulled grains after peeling, % 03 49 1 17 41 20 10 5 2 2 2 1 239 | 072
Hull staining, 0-3 rating 0.7 19 - - - 1 & 8 37 33 16 6 206  0.80
Low severity groat staining, % 13 20.7 3 32 26 20 5 5 4 2 3 1 255 077
High severity groat staining, % 03 35 2 31 27 19 9, [ 7 4 1 - 1 245 | 077
Thousand hulled grain weight, g 28.1 55.3 - - - - - 1 3 36 55 5 141 0.61
Thousand dehulled grain weight, g 234 39.5 - - - - - TR 43 14 1.85 080
Groat protein, % 3 5 4 21.3 - - - - - 5 40 39 15 2 1.77 0.76
Groat fat, % 6.0 933 - - - - - - 2 26 45 27 1.65 0.83
Groat dry matter, % 89.9 ‘ 90.9 - - - - - [ - - - - 100 0.00 0.00 1
Overall 171 0.68
SD 0.69 0.18

BLUPs, best linear unbiased predictors; H, Shannon Weaver diversity index; H’, H scaled by the number of phenotypic classes. The phenotypic diversity was categorized as high (H’ 2 0.60),
intermediate (0.40 > H'< 0.60) or low (H’< 0.40). The underlined numbers indicate the classes of the reference cultivar Supernova INIA.





OPS/images/fpls.2023.1298591/table1.jpg
Variance P

Genetic Rep:block Residual Phenotypic value

Agronomic

Grain yield 13,754 9,005 28,638 51,397 < 0.001 027 13.74
Heading days 29.00 0.15 2.60 3176 < 0.001 091 341
Lodging percentage 613.10 545 146.48 765.10 < 0.001 0.80 160.90
Lodging severity 0.40 0.02 0.60 1.08 < 0.001 0.43 3342
Panicle length 6.60 0.00 3.01 9.67 < 0.001 0.69 12.26
Plant height at tillering 8.00 9.16 34.55 51.81 0.048 0.16 422
Plant height at maturity 151.10 3355 33.57 21830 < 0.001 0.69 9.60
Plant types

Vigor score 0.05 0.03 0.19 0.26 0.021 0.19 7.99
Agronomic score at tillering 0.17 0.06 027 0.50 < 0.001 0.34 6.39
Agronomic score at dough grain 0.94 0.03 0.45 142 < 0.001 0.66 15.35
Agronomic score at maturity 0.82 0.00 033 L15 <0.001 0.71 14.36
Hull color 0.70 0.00 0.13 0.83 < 0.001 0.84 50.79
Panicle type 0.47 0.00 0.01 0.48 < 0.001 0.98 29.03

Incidence of diseases

Barley Yellow Dwarf Virus 0.15 0.04 0.28 048 < 0.001 031 98.68

Drechslera avenae 187.75 26.01 14891 362.67 < 0.001 0.52 5371
Pseudomonas syringae 7.11 147 2261 31.20 0.007 0.23 76.96
Grain quality

Hectoliter weight 5.14 0.20 0.90 6.24 < 0.001 0.82 4.16
Groat content 14.79 0.50 3.06 18.34 < 0.001 0.81 5.65
Broken groats after peeling 12.35 0.00 3.00 1535 < 0.001 0.80 3899
Hulled grains after peeling 0.80 0.00 0.50 129 < 0.001 0.61 5541
Hull staining 0.10 0.02 0.20 0.32 <0.001 032 2291
Low severity groat staining 17.54 0.56 4.57 22.66 < 0.001 0.77 66.21
High severity groat staining 0.44 0.01 0.38 0.83 < 0.001 0.53 62.97
Thousand hulled grain weight 14.75 117 2.66 18.58 < 0.001 0.79 8.53
Thousand dehulled grain weight 11.27 0.39 1.26 1292 < 0.001 0.87 10.51
Groat protein 3.10 0.46 0.44 3.99 <0.001 0.78 1140
Groat fat 0.52 0.01 0.13 0.66 <0.001 0.78 9.11
Groat dry matter 0.04 0.02 0.02 0.08 <0.001 0.51 0.22

Rep, replicate; H2, broad sense heritability; CVg, genetic coefficient of variation.
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Allium cepa® CMS-$

Allium cepa® Normal

Cocos nucifera®

Magnolia biondii®

Magnolia officinalis®
Silene conica® isolate
ABR

Silene latifolia alba

Silene noctiflora® isolate
BRP

Silene vulgaris isolate
SD2
Zostera japonica !

Zostera marina '

PCR product sizes in DNA nucleotide pairs were predicted by NCBI Primer BLAST < https://www.ncbi.nlm.nih.gov/tools/primer-blast/> (accessed 1/23/2023). Numbers without superscripts
indicate predicted PCR products with primers having 0-2 mismatches per primer on the target template.
bAllium cepa male-sterilizing (KU318712.1) and normal (AP018390.1) cytoplasms representing monocot order Asparagales with the male sterilizing cytoplasm of inter-specific origin

(Manjunathagowda et al., 2021).
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26407

Cocos nucifera (KX028885.1) representing monocot order Arecacales.
ISingle weak target with 4 or 5 template mismatches per primer.

“Magnolia bondii (NC_049134.1) and Magnolia officinalis (NC_064401) representing early angiosperm Magnoliales.
'MWT, multiple weak targets with 4-5 template mismatches per primer.
SSilene conica (JF40490.1-JF50629.1) and Silene noctiflora (KP053825.1-KP053880.1) exhibit expanded genomes and accelerated nucleotide substitution rates in comparison to Silene latifolia

1621
1611

1552

1569
1332¢

1584 and
MWT

1273
3712¢

1405

MWT

1409

1808

2128

(HM562727.1) and Silene vulgaris (JF750427.1-JF750430.1) (Sloan et al., 2012).

"No match to template.
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Zostera japonica (NC_068803.1) and Zostera marina (KX808392.1) representing monocot order Alismatales.
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Intron Polymorphic taxa

Allele 1° Allele 2 Allele 3 Allele 4
CemPFeil Cenchrus purpureus (1008) Cenchrus americanus (1004)
CemFeil Citrus ssp® (955) Poncirus trifoliata (921)
nad2il Poncirus trifoliata » Citrus ssp®
I nad2i4 Cenchrus americanus Cenchrus purpureus
nadsid Cynodon dactylon (929) Cynodon transvaalensis (925)
nad7il Citrus maxima (901) Citrus medica (893)° Citrus reticulata (893)° Poncirus trifoliata (875)

Citrus japonica (901)

nad7i2 Cynodon dactylon Cynodon transvaalensis
nad7i2 Citrus maxima Citrus medica
Citrus reticulata Citrus japonica

Poncirus trifoliata

“Allele 1 is designated the longest allele. (Intron lengths in nucleotides are indicated for those introns that were sequenced.).
®Citrus japonica, Citrus medica, Citrus maxima, Citrus reticulata.
“These entries carried different indels of the same length.
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Intron Polymorphic taxa

Allele 1 Allele 2

nadsi4 Citrus maxima Citrus reticulata®
753 A 753 A
857 G 857 T

nadsi4 Vaccinium corymbosum Vaccinium virgatum
982 G 982 T

nadsid Cynodon dactylon Cynodon transvaalensis
659 G 659 T
660 T 660 C
662 T 662 A

nadzil Citrus reticulata Citrus ssp°
787 C 787 A

nadzil Cenchrus americanus Cenchrus purpureus
764 A 764 G

“Nucleotides are numbered according to the multitaxa alignments shown in Figures $1-53.
®Also Citrus japonica and Poncirus trifoliata.
“Citrus maxima, Citrus medica Citrus japonica, also Poncirus trifoliata.

Allele 3

Citrus medica
753 C
857 G
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GenBank Accession

Genus Species Cultivar/Accession ccmFeil nad>5i4 nad7il
Cenchrus amercianus® TifLeaf3 OP800670 OP800688 OP800704
Cenchrus purpureus Merkeron OP800671 OP800689 OP800705
Citrus maxima Hirado Buntan Pummelo OP800658 OP800674 OP800690
Citrus japonica Meiwa OP800662 OP800678 OP800694
Citrus medica Etrog OP800661 OP800677 OP800693
Citrus paradislb Ruby Red OP800659 OP800675 OP800691
Citrus reticulata Ponkan OP800660 OP800676 OP800692
Citrus sinensis® Valencia ND! ND ND

[ Cynodon dactylon Royal Cape/P1290868 OP800668 OP800686 OP800702
Cynodon transvaalensis Frankenwald Fine/P1290905 OP800669 OP800687 OP800703
Phaseolus vulgaris Jamapa (Mesoamerican) OP800673 OP800685 OP800701
Phaseolus vulgaris Calima (Andean) OP800672 OP800684 OP800700
Poncirus trifoliata® English Large Flower OP800663 OP800679 OP800695
Raphanus sativus Red Velvet” ND ND ND
Raphanus sativus April Cross® ND ND ND
Solanum lycopersicum Bonny Best OP800664 OP800680 OP800696
Solanum pennellii LA716 OP800665 OP800681 OP800697
Vaccinium corymbosum Bluecrop OP800666 OP800682 OP800698
Vaccinium virgatum ‘ Tifblue OP800667 OP800683 OP800699

2Cenchrus americanus (Pennisetum glaucum, pearl millet) hybrid with wild P. americanum subsp. Monodii cytoplasm (Hanna, 1997; Hanna et al., 1997).
®Citrus maxima maternal lineage.

“Citrus reticulata maternal lineage.

IND, sequence not determined.

“Considered by some as Citrus trifoliata (Ollitrault et al., 2020).

‘F1 hybrid Harris Seeds 11701-00-00; commercial seed mixture or heteroplasmy prevented acquiring intron sequences.

EF1 Hybrid Harris Seeds 11700-00-01: commercial seed mixture or heteroplasmy prevented acquiring intron sequences.
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nad2il
nad2i4
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nadsi4
nadsi4
nad7il
nad7il
nad7i2

nad7i3

“Internal primer for intron sequencing.

TTTCACATGGAGGAGTGTGC

ATTGGTCAGACGACGACTACT®

CGATCTGCAGCTCAAATGGT
GTAATGTGGGTTGGCTTGGA
CAGTGGGAGTAGTGACTAG
AGGGGCCTTGTGCAGTAAA"
GTAGTACCGGTGAACCAGAT®
ATGTTTGATGCTTCTTGGGG
GGTATCTCGTACACATTCCG
CAACTAGTATAGTATAGCAG"
AACGGAGAAGTGGTGGAACG
AAGACCGTCTGGCGAAAACG®
AGATGCCAGCGGAATGAT

ATGTTAAGAGGTCGTGCG

®Primer binds near terminus but within the target intron.

Reverse primer sequence (5'-3')

TTCCCCATATGGAGTTCG
TCTCTCAGTGTGGTCAGC"
ACCTACAGCCCTTTCCTCT

GCAATAGTTAGGAGAGGTG
GGAAGTCATTGCTAGTAG
CTTTCTTTGTCTCGAACCCC
CTTACGGATGTATGCATG
TTAACATCACTACGGTCGGG
CCCACATACGAGAAAAGGTC
GGGAATCTAGGAATGAATGG"
TTTCTCAGTCCCTCTAGTCG
CGTTTTCGCCAGACGGTCTT®
GTGTTCTTGGGCCATCATAG

AACATCGTAAGGTGCTGCTC
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Entry ccmfcil  nad1 nad2i4 nad7i3
S. pennellii LA716" 1041 632 1133 1680 1436 751 900 1283 975 1295 1205
S. lycopersicum Bonny Best” 1048 644 1136 1682 1441 757 898 1290 955 1307 1205
P. vulgaris Calima® 4284 630 1408 1806 1458 739 926 1087 954 1212 1153
P. vulgaris Jamapa® 4312 638 1411 1806 1452 743 918 1090 963 1200 1160
V. corymbosum Blue Cropd 1072 649 1262 1858 1446 737 901 1302 866 1377 1139
V. virgatum Tifblue! 1067 644 1254 1847 1424 742 890 1299 865 1376 1142
R. sativus Red Velvet® 1064 673 1083 1896 1475 742 892 1154 1048 898 1134
R. sativus April Cross® 1061 678 1079 1899 1476 742 895 1167 1055 916 1132
C. dactylon P1290868" 1122 610 1375 1621 1278 676 926 1088 941 1109 1086
C. transvaalensis P1290695" 1116 606 1364 1558 1272 678 925 1099 933 1124 1080
C. americanus Tifleaf3® 1098 608 1358 1512 1009 675 912 1084 916 1134 1073
C. purpureus Merkeron® 1092 606 1363 1543 995 675 919 1030 937 1126 1076
P. trifoliata English Large" 1041 641 1262 1847 1468 758 886 1233 943 1421 1145
C. japonica Meiwa" 1085 643 1301 1842 1475 755 892 1238 977 1414 1158
C. medica E(rogh 1078 642 1274 1858 1484 755 890 1236 950 1418 1150
C. maxima Hirado Buntan” 1078 644 1302 1858 1477 755 893 1236 969 1424 1173
C. reticulata Ponkan” 1071 641 1322 1874 1485 755 892 1240 944 1433 1153
C. paradisi Ruby Red" 1077 648 1302 1853 1470 755 892 1235 959 1423 1157
C. sinensis Valencia" 1076 645 1298 1864 1475 753 893 1241 952 1437 1167
Range 1041 606 1083 1512 995 675 886 1030 865 898 1073
-4312 - 678 -1411 - 1899 - 1485 -758 - 926 - 1299 - 1055 - 1437 - 1205

“PCR product sizes reported in DNA nucleotide pairs are the means of two biological replicates, or two technical replicates for C. dactylon and C. transvaalensis.
Genus Solanum representing Eudicot order Solanales.

“Genus Phaseolus representing Eudicot order Fabales; Calima and Jamapa representing the Andean and Mesoamerican gene pools, respectively.

9Genus Vaccinium representing Eudicot order Ericales.

“Genus Raphanus representing Eudicot order Brassicales.

‘Genus Cynodon representing Monocot order Poales.

£Genus Cenchrus representing Monocot order Poales.

"Genus Poncirus or Citrus representing Eudicot order Sapindales.
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6-FAM

ROX

TAMRA

HEX

SSR125(110-139)

SSR283(163-182)
SSR228(233-274)
SSR66(123-148)

SSR266(188-305)

SSR207(144-214)

SSR138(150-174)
SSR45(206-228)
SSR227(271-355)
SSR101(197-225)
SSR238(278-325)

SSR229(114-148)

SSR256(164-206)

SSR56(241-270)

SSR247(128-149)

SSR22(155-194)

SSR221(99-178) SSR136(153-203)

SSR198(278-314)

SSR90(174-211) SSR192(116-158)
SSR222(175-227)

SSR206(124-207)

The selected SSR markers were labelled with 6-FAM, (6-carboxyfluorescein); HEX, (hexachlorofluorescein); ROX, (6-carboxyl-X-rhodamine; passive reference dye); or TAMRA, (5-

carboxytetramethylrhodamine) fluorescent dyes at the 5" end of the forward primer.





OPS/images/fpls.2023.1116851/crossmark.jpg
©

2

i

|





OPS/images/fpls.2023.1116851/fpls-14-1116851-g001.jpg
ccmFcil

nad1i2

nad2i1

nad2i4

nad4i1

nad4i3

nad>si

nad7i2

nad7i3





OPS/images/fpls.2022.1079571/fpls-13-1079571-g004.jpg
Coord. 2(7.45%)

Coord. 1(9.93%)

SBHOHGALSH <« WHxLK oTL + SCZ





OPS/images/fpls.2022.1079571/fpls-13-1079571-g005.jpg
= =
e
Ao

® WH

® IK =
v x

® SCZ

0.01





OPS/images/fpls.2022.1079571/crossmark.jpg
©

2

i

|





OPS/images/fpls.2022.1079571/fpls-13-1079571-g001.jpg
PI

0.70

0.60

0.50

0.40

0.30

0.20

0.00

5 6 7
Locus Combinations

—PI —Pisibs

11





OPS/images/fpls.2022.1079571/fpls-13-1079571-g002.jpg
BH 10.855
0.023 HG
0.030 0.032

0.012 0.015

0.023 0.023

0.018 0.019
Fst

8.177 6.949

7.584 6.997

LSH 5.331
WH

0.025 0.021

0.018

0.030

9.641

11.529

LK

0.013

0.018

0.025

10.497

10.734

13.536

6.378

0.016

13.275

13.245

8.223

5.013

13.921

20





OPS/images/fpls.2022.1079571/fpls-13-1079571-g003.jpg
No0S

\
Wuying

Q
Hebei

Langxiang

NoS¥

Q
Xiaobeihu

9
@ Lushuihe
Sanchazi

@ Locations of superior tree source

120°E 125°E 130°E 135°E





OPS/images/fpls.2022.1068883/table1.jpg
Descript
PIC Overall range

Mean

B-line mean

R line mean
Ho Overall range

Mean

B-line mean

R-line mean
He ‘ Overall range

Mean

B-line mean

R-line mean

PIC-Polymorphic information content, Ho- Observed heterozygosity, He- Expected heterozygosity.

2K Set |

0-0.38

0.16

0.14

0.16

0-0.21

0.02

0.02

0.02

0-0.21

0.19

0.16

0.19

2K Set Il

0-038

03

0.27

0.28

0-0.41

0.04

0.05

0.03

0-0.38

0.38

0.34

0.35

0-038

0.03

0.04

0.02

0-0.31





OPS/images/fpls.2022.1068883/table2.jpg
Significant

Data set Est. Var. Variance (%)

4K SNPs Among groups ‘ 1 13226.23 13226.23 67.87 13
Within groups ‘ 375 ‘ 168008.8 448.02 448.02 87
Total ‘ 376 ‘ 181235.1 | 515.89 100

df- degrees of freedom, SS- Sum of Squares, MS- Mean square, Est.Var- Variance Estimate, PhiPT- Analog of fixation index (Est).

0.132

0.001
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B-lines R-lines
Line 2 Genetic dissimilarity value Line 1 Genetic dissimilarity value
1 ICMB 101791 ICMAL 101805 0578 ICMR 100258 ICMR 07777 0655
2 ICMAL 1803 ICMB 101564 0.545 ICMB 92888 ICMR 100258 0592
3 ICMAI 101877 ICMAL 101813 0504 ICMB 92111 ICMR 100258 0580
4 ICMB 101578 ICMAL 1803 0499 ICMR 100258 ICMR 19222 0579
5 ICMAL 09222 ICMAL 101813 0.495 ICMR 102545 | ICMR 16333 0.565
6 ICMAI 101813 ICMAL 101799 0493 ICMR 100258 | ICMR 1203 0565
7 ICMB 101830 ICMAL 101813 0.492 ICMR 101859 | ICMR 100258 0.563
8 ICMALI 101327 ‘ ICMB 101564 0486 ICMR 16333 ICMR 14111 0547
9 ICMB 101888 ICMB 101791 0485 ICMB 92888 ICMR 16333 0540
10 ICMB 101793 ICMB 101791 0.481 ICMR 102277 | ICMR 14111 0.527
11 ICMB 101831 ICMB 101600 0480 ICMR 11999 ICMR 07777 0521
12 ICMB 101578 ICMA4 02111 0476 ICMR 102283 ICMR 16333 0520
13 ICMAS 02444 ICMA4 01444 0476 ICMR 07777 ICMR 102539 0520
14 ICMAL 18888 ICMB 101564 0475 ICMR 18888 ICMR 16333 0520
15 ICMB 101578 ICMAL1 92777 0475 ICMR 17111 ICMR 16333 0518
16 ICMB 101879 ICMB 101564 0473 ICMR 14111 ICMR 10888 0514
17 ICMAI 101813 ICMAL 101811 0473 ICMR 19888 ICMR 16333 0514
18 ICMB 101878 ICMAL 101813 0472 ICMR 16333 ICMR 101307 0512
19 ‘ ICMA1 101805 ICMA1 101799 0471 ICMBY 2111 ICMR 102277 0511
20 ICMB 101832 ICMAL 101805 0.468 ICMR 13999 ICMR 07777 0.503
21 ICMB 101889 ICMB 101791 0468 ICMR 19222 ICMR 16333 0503
22 ICMAL 92777 ICMAL 100718 0.467 ICMR 09222 ICMR 07777 0.502
23 ICMB 101791 ICMB 101789 0.466 ICMR 102012 | ICMR 16333 0.502
24 ICMB 101885 ICMAS 02444 0464 ICMR 102547 ICMR 07777 0502
25 ICMALI 19888 ICMB 101564 0463 ICMR 16333 ICMR 102504 0502
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Potential crosses Genetic dissimilarity Value

1 ICMAL 101813 ICMR 100258 0.687
2 ICMB 101791 ICMR 16333 0.606
3 ICMB 101791 ICMR 07777 0.595
4 » ICMB 101791 ) ICMR 16777 0.553
5 ICMB 101791 ICMR 10888 0.568
6 ICMB 101791 ICMR 102497 0.563
7 ICMAS 02444 ICMR 102545 0.560
8 ICMB 101791 ICMR 14111 0.546
9 ICMB 101791 ICMR 16444 0.543
10 ICMB 101791 ICMR 102277 0.543
11 ICMB 101791 ICMR 10111 0.538
12 ICMB 101791 ICMR 100168 0.530
13 ICMAL 101813 ICMR 17333 0.530
14 ICMB 101791 ICMR 102151 0.530
15 ICMAL 101813 ICMR 102499 0.529
16 ICMALI 101813 ICMR 07111 0.529
17 ICMB 101791 ICMR 08888 0.526
18 ICMAL 101813 ICMR 07888 0.525
19 ICMALI 101813 ICMR 18111 0.524
20 ICMB 101791 ICMR 15333 0.524
21 ICMAL 101813 ICMR 06999 0.524
22 ICMB 101791 ICMR 12111 0.524
23 ICMALI 101813 ICMR 102548 0.523
24 ICMB 101791 ICMR 07999 0.522
25 ICMAL1 101813 ICMR 15111 0.521
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-log(P)

" - Candidate
ndidat n ition 5
HN FY Candidate gene positio gene expression**
2022 2022
Chr01 (gPC1)
61215127 6.84 7.92 6.51 Sobic.001G324900 DUF2215 Highest expression in leaves
Chr01:61207155.61212055 forward
61215130 7.25 830 628 3 kb from 61215127
61215132 7.25 8.30 6.28
Sobic.001G325000 disease resistance protein Highly expressed in seeds and roots
61215133 725 830 628 Chr01:61220311.61222354 forward
5 kb from 61215155
61215136 7.25 8.30 6.28
61215145 6.82 7.69 6.79
61215155 6.75 7.66 742
I
Chr02 (gPC2)
76356664 7.80 7.97 3.89 Sobic.002G416400 bHLH033 Highest exp in internode and
Chrf 362451.76364029 forward leaf sheath
76366175 7.44 743 8.26 Between the SNPs
| L
Chr04 (qPC4)
55131019 9.17 8.65 7.29 Sobic.004G200700 ABI4 Highly expressed in panicles
Chr04:55121061.55121994 forward
55132948 7.27 749 3.01 9 kb from 55131019
Chr05 (gPC5-1)
64207536 7.19 6.90 6.16 Sobic.005G165632 unknown Highly expressed in panicles and
Chr05:64212726.64213572 reverse seeds
64209111 710 679 6.09 64213028 in 5'-UTR and 64213268 in the intron
64209805 7.10 6.79 6.09
64209962 7.06 6.76 6.07
Sobic.005G165700 Plant antimicrobial peptide (MBP-1 family protein  Panicle and seed specific expression
64210891 7.04 6.74 6.04 precursor)
Chr05:64214229.64216294 forward
64210945 7.33 7.05 6.09 64216240 in 3'-UTR
64211162 7.10 6.79 6.09
64211239 7.10 6.79 6.09
64211411 7.10 6.79 6.09
64211531 7.10 6.79 6.09
64213028 698 666 617 Sobic.005G165800 MSS1/GTP-binding protein Highly expressed in panicles
Chr05:64217561.64225842 reverse and leaves
64213268 6.55 622 421 64224755 in second intron
64216240 7.02 6.97 6.16
64216576 6.07 599 5.26
64216992 6.91 6.83 6.07
64217122 6.91 6.83 6.06
64224755 8.81 8.81 8.07
64266119 7.26 6.12 5.09
64266282 7.26 6.12 5.09
64267101 7.39 6.25 5.09
Chr05 (qPC5-2)
!
64580048 8.50 8.53 743 Sobic.005G167600 similar to Pi-b protein Not highly expressed
Chr05:64628186.64630007 reverse
64580306 6.72 660 545 Between 64621753 and 64638422
64581328 6.81 6.68 534
64581344 6.81 6.68 534
64583869 6.85 6.74 5.56
64584322 8.06 7.96 7.00
64584997 6.75 6.66 533
64585014 6.73 6.64 533
64586194 6.63 6.20 6.42
64586498 7.38 6.84 593
64587305 6.54 6.41 5.89
64589960 6.96 6.87 5.66
64590140 6.76 6.66 542
64591940 6.68 6.56 544
64610693 6.77 6.66 5.51
64612690 6.93 6.86 551
64612943 6.10 6.06 5.05
64614467 5.44 529 537
64616198 6.98 6.84 5.66
64621753 11.50 11.65 9.26
64638422 6.41 6.01 5.00
Chr06 (qPC6)
!
51113845 3.60 4.51 321 Sobic.006G149700 Senescence regulator Highest expression in leaf sheath
Chr06:51115119.51116554 reverse
51113980 1048 1036 1.15 Between 51113980 and 51116621
51114635 3.02 329 443
51115418 179 2.08 4.45
51115424 2.01 232 4.19
51116621 3.28 4.26 3.09
| |
Chr09 (gPC9-1)
2824326 8.97 8.96 6.59 Sobic.009G031700 unknown Highly expressed in flowers
Chr 239! 27282 reverse and leaves
2824605 732 7.34 .16 All three SNPs in coding region
2824643 6.43 6.36 5.51
Chr09 (gPC9-2)
! 4 B
40485401 8.66 8.28 7.10 Sobic.009G101700 RP-S7e Ubiquitously expressed
Chr09:40497726.40501826 reverse
40485626 7.59 7.20 621 164 kb from 40485401
40486124 8.28 8.03 6.16
I
Chr09 (qPC9-2)
40487728 6.42 5.99 6.50
40488163 7.39 7.00 583
40488216 7.92 7.43 5.96
40491677 6.36 591 6.39
40491733 7.23 6.82 5.82
40492084 6.29 6.20 4.60
40492724 7.25 6.86 594
40492742 7.25 6.86 594

*SNP position is based on Sorghum bicolor v3.1.1. ~log(P) in bold indicates significance at 0. = 0.05 or 0.01. Underlined candidate genes are closest to the linked SNPs. ** See Supplementary Table

52 for expression data.
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MAF Na Ne N Ho He PIC HWE PI Pl
pd9 0.665 4 181 6 0503 0455 0.698 0454 0362 NS 0418 0.646
p70 0693 1 1.901 7 0391 0476 0.845 0474 0.428 NS 0319 0590
p72 0845 3 1374 4 0273 0273 0524 0272 0251 NS 0545 0748
p79 0736 5 1.680 6 0.404 0.406 0705 0405 0347 i 0331 0599
ps2 0832 4 1.400 5 0.186 0287 0530 0286 0256 0533 0737
EPDI1 0627 4 2036 8 0528 0510 0.860 0509 0431 NS 0321 0580
NEFPK-34 0907 2 1203 3 0.124 0.170 0310 0169 0.155 NS 0593 0773
P6* 0640 9 2297 22 0.534 0.566 1.287 0565 0543 NS 0203 0513
P45* 0245 16 7.362 48 0708 0.867 2256 0864 0851 0028 0320
P51* 0252 13 7562 48 0745 0871 2239 0.868 03855 0029 0322
P52* 0401 11 4358 29 0559 0773 1781 0771 0745 0076 0383
Mean 0622 63818 3.000 16909 0451 0514 1.094 0512 0475 0309 0565
Total - 75 33.004 186 - - - - - 31x10° | 1.14x107

***Denotes Significant departure from Hardy-Weinberg equilibrium at P<0.001. NS denotes meet Hardy-Weinberg equilibtium.
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Source DF SS MS

Among Pops 6 1244.936 207.489 2767
Within Pops 154 22172.480 143.977 143.977
Total 160 23417.416 146.745

***Denotes significant differences at P<0.001.

100

0.117 *** ‘ 0.078 ***

0.044 **
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pop \} Ne Na(F=5%) NPA Shan Ho He uH

Bohai 52 26.996 38.000 1 0941  oam 0.460 0.473 0.035
Hegang 52 30.149 38.000 0 1.002 0.448 0.505 0515 0.083
Lushuihe 52 29.745 34.000 2 1.009 0455 0518 0531 0.106
Weihe 53 31431 36.000 0 0915 0473 0.437 0.445 0.115
Linkou ‘ 52 31.084 39.000 1 1.001 0.425 0.488 0.498 0.119
Tieli 55 33212 39.000 3 1.087 0.479 0.536 0.548 0.128
Sanchazi 53 30.790 38.000 2 1012 0436 0.502 0512 0.074

Mean 52714 30.487 37.429 1.286 0.995 0.451 0.492 0.503 0.061
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LK79-37

TL1006, TL1018, TL1024, TL1054, TL1068, TL1080, TL1090, TL1091, TL1102, TL1105,

N 46.95; E
Tieli Langxiang 128.87 332 22 TL1112, TL1140, TL1149, TL1185, TL1194, TL1198, TL1204, TL1212, TL1270, TL1271,
: TL1298, TL1357
N 42.63: E SCZ113, SCZ114, SCZ115, SCZ116, SCZ117, SCZ119, SCZ120, SCZ121, SCZ122, SCZ123,

Sanchazi Sanchazi 19695 601 24 SCZ124, SCZ125, SCZ126, SCZ127, SCZ129, SCZ130, SCZ131, SCZ132, SCZ133, SCZ134,
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Primer Sequence
F:GAGATGAGCGAATCTGGG
RTACAAGTTCCACCTACGG
F:CAACATCGCCAATGACTC
R:CCTACCTACGCTCTGCTC
ETGGGTTACCACCTTTAGC
R:CAATCAGAGTCTGGAGCA
F:CCACCGCCAAGTCCATTA
RGCTTTGTTAGCCGTCCAG
F:GGAAGATGAATCGCAAACC
R:ACACCCGCCTGAAGAGCA
F:GTGGATGCAATGAAGAAAAACAT
R:ACGAATTGCAAAACTGCATAACT
F:AACCCACAGAAAGCTGAGGA
R:CACCCCTGAACAGAGAGGAG
ETCAAATTACCAGACAATAA
R:GAATTCGCCAATGAAATCA
E:CTTACATTTTGCTGCTITTC
RTTGTCAGTTTTAGGTTGGAT
F:CCTAAGAGCAATGTAAAATG
R:AGCTTGACAACGACTAACT
F:CCATCCTTCAAATTTTCCT

R:GCCATTCTTTCTACCACTT

Motif

(AAG)7

(CTCA)6

(GCT)6

(CAA)7

(GCG)6

(AGG)6

(TAA)6

(TA)3(GT)15

(TG)16(AG)17

L (AG)15

(AG)26

52

54

52

55

54

60

60

55

55

55

56

Size (bp)

261

294

193

190

280

139

125

173

204

138

Fluorescent dye

FAM

FAM

HEX

HEX

ROX

TAM

TAM

FAM

HEX

TAM

ROX

Reference

Zhang et al., 2015b

Xiang et al., 2015

Li et al,, 2020

Yu, 2012
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