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Abstract

:

Recent advances in next generation sequencing technologies make genotyping-by-sequencing (GBS) more feasible for the molecular characterization of plant germplasm with complex and unsequenced genomes. This study represents the first preliminary effort using GBS to discover genome-wide genetic variants of northern wheatgrass (Elymus lanceolatus ssp. lanceolatus (Scribn. and J. G. Sm.) Gould) plants and to assess the genetic diversity present in four cultivated and six wild accessions. The effort generated the first novel set of genomic resources and 5659 single nucleotide polymorphism (SNP) markers for this tetraploid grass. The diversity analysis revealed 8.8% of SNP variation residing among the 10 accessions and 1.9% SNP variation present between cultivated and wild accessions. The Bayesian analysis identified three major clusters of the assayed samples, and the principal coordinates analysis revealed the genetic distinctness of the two accessions collected from Nevada and Wyoming. The flow cytometry analysis confirmed the tetraploid nature of some of the assayed samples and estimated the average genome size to be 9.3–9.4 Gb for this species. These findings are useful for the genetic improvement of this native grass species for forage production and rangeland reclamation. The findings are also encouraging for the broad application of genotyping-by-sequencing in the characterization of genome-wide genetic variability in non-model polyploid plants.
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1. Introduction


Genotyping-by-sequencing (GBS) has emerged as a powerful genomic approach for characterizing the genetic diversity of non-model plants on a genome-wide scale [1,2,3,4]. Generally, the GBS analysis involves five major steps: (1) reducing genome complexity with restriction enzymes; (2) barcoding enzyme-cut genomic DNAs with indexed adaptors; (3) sequencing the barcoded DNA fragments in a high-throughput DNA sequencer; (4) a bioinformatics analysis of indexed sequence reads to identify genetic variants; and (5) a genetic diversity analysis of assayed samples based on a sample-by-variant matrix [5]. A GBS application can produce high-density, low-cost genotype information without the need for a reference genome sequence [6]. However, recent GBS applications have also revealed some weaknesses, including a large number of missing data points, uneven genome coverage, complex bioinformatics, and issues related to polyploidy [7,8,9,10]. To address some of these challenges, Tinker et al. [11] developed a GBS-based pipeline called Haplotag that can generate tag-level haplotype and single nucleotide polymorphism (SNP) data for polyploid organisms. Successful applications of this approach have been reported in a comparative analysis of diploid, tetraploid, and hexaploid genomes of 27 oat species [12] and in an adaptation study of cultivated oat [13].



Northern wheatgrass (NWG; Elymus lanceolatus ssp. lanceolatus (Scribn. and J. G. Sm.) Gould), also known as thickspike wheatgrass, is one of the 150 species belonging to the largest genus Elymus in the Triticeae tribe [14,15,16]. This grass is mainly an allotetraploid (2n = 4x = 28) with a SSHH genome [17] and is drought-tolerant and rhizomatous with excellent germination and early-spring vigor [18]. Its native range extends from Canada south through North Dakota, Nebraska, Colorado, Wyoming, and New Mexico and west to the Pacific coast [19]. It is also commonly found in the northern Rocky Mountains and adjacent Great Plains regions. Established NWG stands can withstand grazing and trampling, but under heavy and prolonged grazing, some NWG stands may decrease and can be replaced by other grasses or shrubs [20]. This native grass can persist as a dominant species on burned sites for over 30 years [21], recover rapidly following a fire [22], and have a major impact on fire cycles on native rangeland. Northern wheatgrass, similar to other Elymus species, has been used for the revegetation of rangeland and has played an important role in soil stabilization, erosion control, and forage production [23]. However, some challenges remain in the utilization of this native grass. First, there is lack of commercial seed quantities for this species. Second, interest in its breeding seems to have increased, but the development of NGW varieties has been relatively slow. Third, few genetic studies have been conducted to assess its genetic variability and structure in natural stands, but genetic diversity is important for reclamation practices and forage production. A sufficient level of genetic diversity promotes plant adaptation in a new environment and enhances the long-term sustainability of a plant community [24] and its adaptation for future climatic changes.



Efforts have been made to assess the genetic diversity of many other Elymus species using different molecular markers. For example, a number of studies have been conducted on the genetic diversity of E. caninus [25,26], E. fibrosus [27,28,29], E. alaskanus [30,31,32,33], E. trachycaulus [34,35], and E. sibiricus [36,37]. These studies have shown that each species possesses a unique pattern of genetic variability, and they are useful for understanding the genetic diversity for similar outcrossing grass species. However, no studies have been found to assess the genetic diversity in NWG plants. Research is also needed to assess the morphological, anatomical and molecular characteristics of NWG plants through plant breeding. Some of these assessments, however, require the development of informative genetic markers such as SNP, which is challenging for NWG as a non-model polyploid plant that lacks genomic resources. Fortunately, recent GBS applications to polyploidy plants [12,13] show the feasibility of using GBS to discover genome-wide genetic variability in NWG plants and to characterize NWG germplasm for its breeding and genetic research.



The objectives of our study were to apply GBS in combination with the Haplotag pipeline to (1) generate a novel set of genomic resources for NWG plants, (2) identify genome-wide SNP markers, (3) assess the genetic diversity present in 10 NWG accessions, and (4) evaluate the utility of the GBS application in the genetic diversity analysis of complex polyploid plants.




2. Materials and Methods


2.1. Plant Materials


We acquired 31 presumed NWG accessions from the plant germplasm system of the United States Department of Agriculture—Agricultural Research Service (USDA-ARS) and one accession from the Plant Gene Resources of Canada (PGRC) for the joint forage breeding program of the University of Saskatchewan and Agriculture and Agri-Food Canada (AAFC). For this study, we selected seven wild accessions that were collected from native stands to represent the areas where this species is found in the United States of America (USA) and one wild accession collected originally from a native stand in Iran. We also included three registered cultivars and one breeding line in the USA and Canada, and these cultivated accessions represent superior plants that have been selected for certain traits from wild populations and have or will have seeds available for planting. Seeds were randomly selected from each accession and grown for six weeks in a greenhouse at the AAFC Saskatoon Research and Development Center under the following growth conditions: 16 h photoperiod at 22 °C and 8 h dark at 16 °C. Young leaf tissues were collected from 12 randomly selected plants for each of the 12 accessions and stored at −80 °C in a freezer prior to DNA extraction. The sampled plants, after 3–4-months growth, were assessed for species identity, and one accession TMP24017 was identified as western wheatgrass (E. smithii). To help the identity verification of the assayed samples, efforts were also made to assess the genome size and ploidy of some of the samples (see Section 2.5). The accession TMP24008 was identified as an octoploid, but not a tetraploid, northern wheatgrass. These identifications were done after genotyping-by-sequencing of the 144 samples for the 12 accessions as described below, but only the samples of the 10 accessions listed in Table 1 were used for the bioinformatics and genetic diversity analysis.




2.2. Genotyping-by-Sequencing


For each of the 144 samples, DNA was extracted from 0.1 g of well-ground tissue powder, following the protocols of the NucleoSpin® Plant II Kit (Macherey-Nagel, Bethlehem, PA, USA), and was eluted in a 2-mL Eppendorf tube using Elution Buffer. The DNA quality was assessed with a NanoDrop 8000 (Thermo Fisher Scientific, Waltham, MT, USA) by comparing the 260 and 280 nm absorption. The qualified DNA samples were quantified through the Quant-iTTM PicoGreen® dsDNA assay kit (Invitrogen, Carisbad, CA, USA) and subsequently diluted to 60 ng/μL with 1× TE buffer prior to further treatment. A total of 144 DNA samples were acquired for sequencing.



Multiplexed GBS libraries were prepared following a minor modified gd-GBS protocol [5]. In brief, each library preparation was started with 200 ng of purified genomic DNA by restriction enzyme digestion. A combination of Hinfl + HpyCH4IV was applied to digest the DNA, as this combination displayed better performance over the conventional PstI + MspI combination in terms of genome coverage and SNP genotyping accuracy [9]. A ligation-specific customized 5′/3′ adapter and inserts by T4 ligase were applied to all the samples. Ligation fragments were purified by using an AMPure XP kit and subsequently amplified with Illumina TruSeq HT multiplexing primers. Prior to the pooling of samples into a library, amplicon fragments were pre-selected by a Pippin Prep (Sage Science, Beverly, MA, USA) instrument for an insert size range between 250 and 450 bp; that is, fragment size is between 400 and 600 bp. All three well-pooled sample libraries were diluted to 6 pM and denatured with 5% of sequencing-ready Illumina PhiX Library Control that can serve for calibration. The sequencing was performed in the Illumina MiSeq Instrument with the option of paired-end reads of 251-bp length. All the raw pair-end sequencing data in FASTQ format were deposited into the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under BioProject ID PRJNA392957. The Supplementary Materials Table S1 lists the sequencing information for all 144 assayed samples.




2.3. Bioinformatics Analysis


The sequence analysis started with removing the 24 FASTQ files associated with the two accessions, TMP24008 and TMP24017, and one failed sample (no. 6) from accession TMP24016. This removal generated a list of FASTQ files for 119 samples from the 10 accessions. The selected sequence data were cleaned with Trimmomatic v0.32 [38] to remove any sequenced-through Illumina adapters, low-quality sequence (sliding window of 10 bases, average Phred of 20), and fragments under 64 bases long.



Efforts were made to separate a FASTQ file of 250 bp into three separate fragment sets, as the UNEAK-GBS pipeline [39] considers only sequences of 64 bp (after barcode removal) with an intact 4-base HinfI residue (ANTC) at the beginning. A custom Perl script fasta184CutandCode.pl was developed to separate each input sequence of 250 bp into three sets: the first 64 bases where the script replaced the HinfI residual sequence with a Sau3AI residual sequence (GATC) that is recognized by UNEAK and the next two 60-base portions with an added 4-base Sau3AI residual sequence. Also, because the UNEAK pipeline expects to deconvolute barcoded sequence reads, which are not already separated by sample, the script added an arbitrary barcode sequence (CATCAT) in front of each sequence fragment. The resulting three fragments were each 70 bases long and were recognized by the UNEAK-GBS pipeline [39]. Note that the relationship between the three fragment sets was not preserved going into UNEAK, and each fragment set was passed into UNEAK as an independent data set.



UNEAK and the Haplotag pipeline [11] were run for each 70-base fragment set resulting in the analysis of a total of 180 bases of genetic sequence. Running UNEAK with the conditions (described in the Supplementary Materials Section B) generated two types of meta data files: a single mergedAll.txt (all tags observed more than 10 times) and a set of individual tagCount files (one per sample) required for the Haplotag pipeline.



Running Haplotag with the parameters and filtering thresholds shown in the HTindex.txt file (described in the Supplementary Materials Section B) generated a matrix of samples by SNP loci. It should be noted that Haplotag first generates a set of tag-level haplotypes (‘HTgenos’) followed by a set of SNP data derived from these haplotypes (‘HTSNPgenos’). These two types of data are technically redundant, and the choice between them depends on the application and choice of software. We determined that most (97.5%) of haplotypes in this work contained only a single SNP, and we chose to analyze the SNP data set for simplicity and for compatibility with downstream analysis software.



A filtered SNP file was generated by the Character by Taxa (CbyT) program supplied by N. Tinker. Briefly, three separate ‘HTSNPGenos’ files generated by Haplotag were concatenated prior to running CbyT. The CbyT “minimum presence” value was set to 80%, 70%, 60%, and 50% for the associated 20%, 30%, 40%, and 50% missing data, respectively. The output files contained a SNP-by-sample matrix used in further analyses. An additional description of the SNP data matrix, along with the custom Perl and Shell scripts, is available in the Supplementary Materials. Note that the analyses from the FASTQ file separation to SNP generation were conducted using Microsoft Windows 7 64-bit OS with an Intel Core i7-3930K CPU @ 3.20 GHz (12 threads) and 32 GB RAM.




2.4. Genetic Diversity Analysis


SNP data with less than 50% missing values was used for diversity analysis, and they consisted of 119 samples from 10 accessions × 5659 SNP markers. This data was first analyzed for the minor allele frequency and the extent of the missing SNP data in a Microsoft Excel® file, followed by the separate diversity analyses at the individual and accession levels.



At the individual level, three types of diversity analyses were performed. First, the genetic structure was inferred using a model-based Bayesian method available in the program STRUCTURE version 2.2.3 [40,41]. The STRUCTURE program was run 30 times with 60-core parallel computing in a Linux server for each subpopulation (K) value, ranging from 1–10, using the admixture model with 10,000 replicates for burn-in and 10,000 replicates during analysis. The final population subgroups were determined based on (1) the likelihood plot of these models, (2) the change in the second derivative (∆K) of the relationship between K and the log-likelihood [42], and (3) the stability of grouping patterns across 30 runs. For a given K, one of the 30 runs with the highest likelihood value was selected to assign the posterior membership coefficients to each sample. A graphical bar plot was then generated with the posterior membership coefficients. The size and composition of each optimal cluster with respect to population were analyzed. Second, a neighbor-joining (NJ) analysis of all 119 samples was conducted using PAUP* [43] based on the original data of the 5659 markers, and a radiation tree was displayed using MEGA 5.05 [44]. Third, a principal coordinates analysis (PCoA) of all 119 samples was also performed using the R routine AveDissR for assessing genetic distinctness and redundancy [45,46], and plots of the first three resulting principal components were generated to assess the sample associations. The resulting PCoA plots and NJ trees were individually labeled for the inferred structures for comparison.



For the accession level, an analysis of molecular variance (AMOVA) was performed with Arlequin version 3.01 [47] based on the 5659 markers to quantify the genetic variation present among the 10 accessions and to generate the pairwise genetic distances among these accessions and accession-specific Fst values for each accession. Additional AMOVA was also made to quantify the genetic variation between the cultivated and wild accessions and among the clusters identified from the STRUCTURE analysis. The pairwise genetic distances among the 10 accessions were used to generate a Unweighted Pair Group Method with Arithmetic Mean (UPGMA) dendrogram using MEGA 5.05 to assess accession differentiation and distinctness.




2.5. Flow Cytometry Analysis


The genome size and ploidy of NWG samples were determined by using CyFlow® Ploidy Analyzer manufactured by Sysmex Partec (Görlitz, Germany). This analysis is based on relative fluorescence intensity and requires one or two references to anticipate the ploidy and roughly interpret the genome size by comparing their average peak channel values. For this analysis, the tetraploid wheat (T. durum, 2n = 4x = 28) and hexaploid wheat (T. aestivum, 2n = 6x = 42) were chosen as the internal references, mainly because previous studies indicated that the majority of NWG plants are tetraploid, including the cultivar ‘Elbee’ [17,18], and the same family could give rise to the closest value and lowest bias. The genome sizes for durum and bread wheat were obtained from the Kew Botanical Garden website. The published protocol to identify the NWG ploidy [48] was applied.



Three plants grown in the greenhouse were randomly selected from each accession and wheat samples, and their fresh young leaves (~1 cm2) were randomly collected for nuclei extraction, as the fresh young leaves consist predominantly of cells in the G1 phase. In contrast, cells with S-phase nuclei are rare during cell cycling. A total of 12 NWG accessions and internal references were chopped up, and intact nuclei suspensions were prepared by using Partec buffer supplemented with DNA-staining fluorochrome DAPI (4′,6-diamidino-2-phenylindole). The delivery rate was adjusted at between 20–50 nuclei/s on flow cytometry. A threshold to filter out undesirable background from cell debris or the auto fluorescent compound was set by keeping the gain within the manufacturer recommended range. A total of 5000 particles were measured for both references and accessions to assess the analysis quality. The coefficient variation rate (CV = SD/mean channel value × 100) was kept lower than 5%. The T. durum or T. aestivum reference G1 peak was positioned on approximately one-fifth of the linear abscissa (which was set as 200 as the control and reported as arbitrary units, A.U.), and then, all the other samples’ G1 peak positions were measured on the abscissa. Values for an accession were obtained by averaging the A.U. from three plants per accession. The genome size for each sample was estimated using the following formula:


   Sample   1 C   value = Reference   1 C   value ×   sample   2 C   mean   peak   position   reference   2 C   mean   peak   position   ,   








where 1C value represents the amount, in pictograms (or Mbp), of DNA contained within a haploid nucleus or one half the amount in a diploid cell of an eukaryotic organism. The estimated genome sizes were used to confirm presumed tetraploidy if the estimated genome sizes did not deviate significantly among all the assayed samples. The sample from TMP24008 with an estimated genome size of 17.1 Gb was deemed not to be tetraploid, and the accession was removed from the bioinformatics and diversity analyses, while the other assayed samples were confirmed as being tetraploid.





3. Results


Three MiSeq runs, each with 48 multiplexed samples, generated 23.3, 20.6, and 22.1 million raw forward (R1) sequence reads of 250 bp, respectively, for 144 samples, totaling 66 million sequences. Excluding the samples for the two accessions (TMP24017 and TMP24008) and one failed sample from TMP24016, approximately 56.1 million raw forward sequence reads were obtained for 119 samples of the 10 accessions for further bioinformatics analysis. The number of raw forward sequence reads per sample ranged from 274,794 to 728,999 with an average of 466,126 over all three MiSeq runs. The combined UNEAK and Haplotag analysis generated 213, 1009, and 5659 SNPs at the 30%, 40%, and 50% levels of missing data across 119 samples, respectively. The analysis also produced many meta genomic files associated with the SNP discovery, and these files are described and accessible in the Supplementary Materials. Assessing the distribution of minor allele frequency for the data set of the 5659 SNP markers revealed a wide range of minor allele frequencies from 0.05 to 0.50 with the average of 0.184 and displayed a gradual reduction of minor alleles with increased occurrence frequencies from 0.125 to 0.5 (Figure 1A). Also, increased SNPs were associated with increased levels of missing SNP data (Figure 1B). For example, 80 SNPs and 2017 SNPs had roughly 30% and 50% levels of missing data across 119 samples, respectively.



The STRUCTURE analysis did not consider prior accession information and revealed three optimal clusters (Figure 2A) with supports from the change in LnP(k) variance (Figure 2B) and the largest absolute value of the second-order rate of change of the likelihood distribution |Ln”(K)| (Figure 2C). Cluster 1, highlighted in red, consisted of 24 samples (12 from WA accession, 11 from IR accession, and one from WY accession). Cluster 2, highlighted in green, was the largest group, which consisted of 72 samples from seven accessions. Cluster 3, highlighted in blue, had 23 samples (12 from NV accession, 10 from WY accession and one from IR accession). The neighbor-joining (NJ) clustering revealed close genetic relationships of 119 samples from the 10 accessions (Figure 3). It appeared to have five distinguishable groups, but these groups were genetically extremely close. The NJ clustering largely matched with the Bayesian inferences of genetic structure (Figure 2). However, a few mismatches also existed from the Bayesian inferences. For example, some members of Cluster 1, highlighted in red, such as IR.10 and IR.11 were spread into Cluster 2, highlighted in green (Figure 3).



The PCoA plot revealed the genetic relationships of the 119 samples that were not in support of the Bayesian inferences from the STRUCTURE analysis (Figure 4A). Three Bayesian clusters were not distinguishable and were overlapping over the PCoA plot. However, the PCoA plot clearly showed the distinctness of the samples from the NV and WY accessions from the rest of the samples (Figure 4B). Also, the samples from three accessions (NV, WY, and IR) displayed a wider spread over the plot than the rest, showing the larger genetic diversity present in these accessions.



Partitioning the genetic variation of the 119 samples of the 10 accessions was made through AMOVA. It was found that 8.8% SNP variance resided among these 10 accessions, and 91.2% variance was present within the accessions (Table 2). Assessing the accession-specific Fst values showed the range of 0.0832 (AB accession) to 0.0983 (WY accession) with a mean of 0.0877, as illustrated in Figure 5B. The pairwise genetic distances among the 10 accessions ranged from 0.0264 (between the AB and MT1 accessions) to 0.1519 (between the NV and CO accessions) with a mean of 0.0871. Further AMOVAs showed that 1.7% SNP variation resided between the cultivated and wild accessions, and 7.9% variance was present among the three Bayesian clusters (Table 2).



An UPGMA dendrogram based on the AMOVA results revealed three genetically distinct groups of accessions at the Phi statistic of 0.035 or larger (Figure 5A). The most distinct group was from the NV and WY accessions, as supported in the PCoA plot (Figure 4). The second distinct group consisted of samples from the WA and IR accessions. Interestingly, the accession relationships in the dendrogram matched well with the accession-specific Fst values (Figure 5B).



Efforts were also made to estimate the genome size of four northern wheatgrass plants representing four accessions (Table 1). Using the genome size of T. aestivum as a reference, the estimates of the genome size ranged from 9.195 to 9.574 Gb with an average of 9.428 Gb. Similarly, the genome size estimates ranged from 8.841 to 9.478 Gb with a mean of 9.253 Gb when durum wheat was used as a genome size reference. These genome size estimates confirmed the presumed tetraploidy of the assayed samples.




4. Discussion


The study presented here represents the first preliminary effort through GBS to capture genome-wide genetic variants of northern wheatgrass plants and to assess the genetic diversity present in this species. The effort generated the first novel set of genomic resources and 5659 SNP markers for diversity analysis of this tetraploid species. The diversity analysis revealed 8.8% of SNP variation residing among the 10 accessions and 1.9% SNP variation was present between the cultivated and wild accessions. The Bayesian analysis identified three major clusters of the assayed samples, and the principal coordinates analysis revealed the genetic distinctness of the two accessions collected from Nevada and Wyoming. The flow cytometry analysis confirmed the tetraploidy of the assayed plants and estimated an average genome size of 9.3–9.4 Gb for this species. These findings are useful for the genetic improvement of this native grass species for forage production and rangeland reclamation. They also suggest that there can be a broad GBS application in the characterization of genome-wide genetic variants in non-model polyploidy plants.



The extent of the genetic diversity present among and within assayed accessions (Table 2) are not surprising given that northern wheatgrass is a highly outcrossing species [49]. These results are in general agreement with those findings reported in similar studies of other native grass species using amplified fragment length polymorphism (AFLP) markers (e.g., see [50,51]) and other markers (e.g., [52]). An interesting finding is the genetic distinctness of the accessions collected from Nevada and Wyoming, as these plants were collected from the middle range of the species distribution [19]. Further studies are needed to assay samples representing the whole species distribution for a better understanding of the diversity distribution and its associations with evolutionary forces in natural populations. Also, a comparative phenotypic study of these accessions under the same growth environment may yield useful information on their adaptive variability in photoperiod sensitivity and flowering time to verify the observed genetic distinctness.



It was evident that the cultivated samples had lower diversity than those collected from the natural stands (Figure 4 and Figure 5). For example, the samples representing the wild accessions displayed a wider spread on the PCoA plot than those of the cultivated accessions (see AB vs. NV accessions in Figure 4B). This finding is expected, given that the selection acted for biomass or high seed yield on the cultivated accessions, such as ‘Elbee’, the first variety of northern wheatgrass released in Canada in 1980 [18]. However, the genetic differentiation between the cultivated and wild accessions was relatively small, accounting for only 1.7% SNP variation (Table 2). This finding is encouraging for NWG breeding as ‘Elbee’, a synthetic of only eight clones, did not show much genetic shift, while still maintaining high genetic diversity. Another interesting result is the genetic association of the cultivated accessions with the wild accessions (Figure 5A). The cultivar ‘Schwendimar’ was developed from a wild stand of northern wheatgrass collected from Oregon, United States, but it was genetically closer to the wild accession collected from Iran in 1972. Similarly, the cultivated accession from Montana was closely related to the wild accession from Idaho. These findings, particularly those revealing genetic relatedness, are useful for northern wheatgrass breeding and genetic analysis. In addition, the finding of high within-accession genetic variation (91%; Table 2) implies that the seed collection from a single site may provide an adequate genetic diversity for creating an improved germplasm used for nearby site reclamation. This differs from the previous recommendation of using multi-site composite materials to maintain high levels of genetic diversity at new restoration sites [53].



The GBS application presented here is encouraging for sampling genome-wide variants to assess genetic diversity in non-model polyploid species. The archived FASTQ data in NCBI SRA and the generated meta genomic files in the Supplementary Materials represent the first set of genomic resources ever obtained for NWG plants, and they can be used for genomic and genetic investigations of this and other grass species. Analyzing these NWG genomic data revealed thousands of genome-wide SNP markers for its genetic diversity analysis. Thus, it is technically possible to sample genome-wide genetic variability in plants with complex genomes through GBS, even though SNP calling from sequences of a complex, polyploid genome is confounded by the presence of homeologs [54], orthologs, and paralogs [55]. Thousands of SNP markers would be more informative for plant genetic diversity analysis with higher resolution than the several hundreds of AFLP markers normally screened in previous studies [50,51,56,57]. More importantly, the total laboratory and sequencing cost for generating these genomic data on this set of studied samples was roughly $12,000, indicating the feasibility of a wider application of GBS to characterize native grass species. However, bias in SNP calling exists due to incomplete allele sampling [10]. It is difficult to separate true null tag-level haplotypes from missing sequence data, particularly at the sequence depth typically employed in GBS studies [12]. Improving Haplotag with the flexibility to relax the restraints on the sequenced fragment length and library barcoding is still needed [11].




5. Conclusions


The first preliminary GBS application has generated a novel set of genomic resources and 5659 SNP markers for the diversity analysis of northern wheatgrass. It was found that 8.8% of SNP variation resided among the 10 accessions and 1.9% SNP variation was present between the cultivated and wild accessions. Further analyses revealed three genetic clusters of the assayed samples and the genetic distinctness of the plants collected from Nevada and Wyoming. The estimated genome size for this species ranged from 8.8 to 9.6 Gb and averaged 9.3 Gb. These findings are useful for northern wheatgrass breeding and are also encouraging for broad GBS application in the characterization of genome-wide genetic variability in non-model polyploidy plants.
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Figure 1. The minor allele frequency distribution (A) and the extent of missing data (B) for 5659 SNP markers in 119 samples of the 10 northern wheatgrass accessions. 
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Figure 2. Three genetic clusters of the 119 northern wheatgrass samples inferred by the STRUCTURE analysis based on the 5659 SNP markers. (A) The mixture coefficients of 119 samples with K = 3, presented in the original order of samples from the 10 accessions (see Table 1 for accession label; the first four accessions from the left are for cultivated accessions and the rest are for wild accessions). (B) Support from the LnP(K) estimation, highlighted by the red arrow. (C) Support from the estimation of the largest absolute value of the second-order rate of change of the likelihood distribution |Ln”(K)|, highlighted by the red arrow. 
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Figure 3. Genetic relationships of the 119 samples of the 10 northern wheatgrass accessions as revealed by neighbor-joining clustering with the 5659 SNP markers. Each sample is numbered after its accession label (see Table 1) with a dot. Each node for a sample is represented by a colored circle. Red, green, and blue represent Clusters 1, 2 and 3 inferred from the STRUCTURE analysis (see Figure 2A), respectively. 
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Figure 4. Genetic relationships of the 119 samples of the 10 northern wheatgrass accessions revealed by principal coordinates analysis (PCoA) with the 5659 SNP markers. Two panels are the same, but the left panel (A) labels samples for clusters obtained from the STRUCTURE analysis, while the right panel (B) labels samples for the 10 accessions (see Table 1 for accession label). Note accessions AB, WA, MT1, and MT2 are cultivated accessions, while the rest are wild accessions. 
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Figure 5. Genetic diversity and genetic relationships of the 10 northern wheatgrass accessions. The left panel (A) displays their genetic relationships in a UPGMA dendrogram based on the Phi statistics obtained from the AMOVA. The right panel (B) shows the accession-specific Fst values for the 10 accessions. The accession labels are given in Table 1. 
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Table 1. List of the 10 northern wheatgrass (E. lanceolatus ssp. lanceolatus) accessions studied and their information and genome size estimation.
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	Accession a
	Alt Acc a
	Germplasm Type
	Collected/Received a
	Label
	GsrTa a
	GsrTd a





	CN37154
	
	cultivar ‘Elbee’
	AB, Canada (1980)
	AB
	9.195
	8.841



	TMP24006
	PI632756
	cultivar ‘Schwendimar’
	WA, USA (2003)
	WA
	9.531
	9.397



	TMP24007
	PI469235
	cultivar ‘Critana’
	MT, USA (1982)
	MT1
	9.574
	9.478



	TMP24013
	PI562038
	Cultivated
	MT, USA (1992)
	MT2
	
	



	TMP24010
	W614632
	wild accession
	WY, USA (1993)
	WY
	
	



	TMP24011
	W616745
	wild accession
	NV, USA (1995)
	NV
	9.412
	9.294



	TMP24012
	PI564552
	wild accession
	UT, USA (1992)
	UT
	
	



	TMP24015
	PI562037
	wild accession
	ID, USA (1992)
	ID
	
	



	TMP24016
	PI552794
	wild accession
	CO, USA (1991)
	CO
	
	



	TMP24018
	PI380620
	wild accession
	Iran (1972)
	IR
	
	







a Accession is numbered by the Plant Gene Resources of Canada. Alt Acc is the alternative accession number, maintained in the Germplasm Resources Information Network (GRIN) system of USDA-ARS. Collected/received shows the germplasm origin and the date of collection or acquisition. WA, Washington; WY, Wyoming; IR, Iran; NV, Nevada; AB, Alberta, UT, Utah; MT, Montana; ID, Idaho; CO, Colorado. GsrTa is the estimation of genome size (in Gb) relative to Triticum aestivum. GsrTd is the estimation of genome size (in Gb) relative to T. durum.
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Table 2. Results of the analysis of molecular variance for three models of genetic structure (10 accessions, cultivated vs wild accessions, and the three clusters from the STRUCTURE analysis) based on the 5659 SNP markers.
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	Model/Source of Variation
	df
	Sum of Squares
	Variance Explained
	Variance (%) a





	10 accessions
	
	
	
	



	Among accessions
	9
	6854.6
	22.4
	8.77



	Within accessions
	226
	52,675.3
	233.1
	91.24



	Cultivated vs. wild accessions
	
	
	
	



	Between groups
	1
	742.6
	4.3
	1.69



	Within groups
	234
	58,787.3
	251.2
	98.31



	Three clusters from STRUCTURE
	
	
	
	



	Among clusters
	2
	3176.5
	20.7
	7.88



	Within clusters
	233
	56,353.5
	241.1
	92.12







a These variances were statistically significant from zero at p < 0.0001.
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