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Abstract: Barley (Hordeum vulgare L.) is an important economic crop for food, feed and industrial raw materials. In the present research, 112 barley landraces from the Shanghai region were genotyped using genotyping-by-sequencing (GBS), and the genetic diversity and population structure were analyzed. The results showed that 210,268 Single Nucleotide Polymorphisms (SNPs) were present in total, and the average poly-morphism information content (PIC) was 0.1642. Genetic diversity and population structure analyses suggested that these barley landraces were differentiated and could be divided into three sub-groups, with morphological traits of row-type and adherence of the hulls the main distinguishing factors between groups. Genotypes with similar or duplicated names were also investigated according to their genetic backgrounds and seed appearances. This study provided valuable information on barley landraces from the Shanghai region, and showed that all these barley landraces should be protected and used for future breeding programs.

Keywords: Hordeum vulgare L.; cluster analysis; population structure; SNP markers





1  Introduction

Barley, one of the earliest crops to be domesticated by humans, is the fourth most important cereal crop in the world nowadays because of its wide range of uses, including brewing, animal feed and human consumption [1]. It is widely cultivated on all continents except Antarctica because of its good adaptability. Barley is also used as a model plant for the Triticeae tribe because of its diploid characteristics [2,3]. However, modern barley cultivars, like other crops, are suffering problems caused by narrowed genetic backgrounds, and these problems are aggravated by climate change and frequent extreme weather events [4–7]. Thus, it is necessary to collect and utilize more barley germplasms to meet the requirements of barley breeding in the future.

Barley landraces, as for most crops, are less inbred and have more genetic diversity than modern varieties [1]. They have a long planting history and good adaptations to certain locations mainly based on harboring many biotic and abiotic stress resistance genes. However, mistakes in naming some landraces and duplications of genotypes have often occurred during the collection of landrace resources because landraces were maintained mainly by local farmers over generations. This is true of the Shanghai region in China where there has been a long tradition of barley cultivation and many barley landraces have been handed down [8]. Therefore, it is necessary to know the genetic backgrounds of these landraces for name correction, duplicate removal, conservation and barley improvement.

Although the genetic diversity of barley landraces in the Shanghai region has previously been analyzed using simple sequence repeat (SSR) markers, many genotypes were still not well differentiated due to the lack of available markers or low polymorphism [8]. With the development of sequencing technology, the genotyping-by-sequencing (GBS) approach has been developed for genetic diversity analysis, with high polymorphism and low cost [9–11]. It has been used in many crops, such as rice [12], wheat [13] and maize [14], and there has also been representative work in a barley collection [15]. In the present study, genetic diversity and population structure analyses of a collection of 112 barley landraces from the Shanghai region were conducted using GBS. The aims of this study were to evaluate the genetic diversity and ancestral origins of the barley landraces from the Shanghai region and reveal the effects of the two morphological traits of row-type and adherence of hulls on the formation of barley landraces.

2  Materials and Methods

2.1 Plant Materials and DNA Extraction

A collection of 112 barley landraces from the Shanghai region of China was used in this study (Table 1) [8]. These barley landraces, which were originally obtained from Shanghai Agrobiological Gene Center and propagated and preserved at Shanghai Academy of Agricultural Sciences, comprised 13 two-rowed and hulled landraces, 65 six-rowed and hulled landraces, and 34 six-rowed and naked landraces.
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Seeds of each landrace were sown in seedling trays in an artificial climate room at Shanghai Academy of Agricultural Sciences in China. Leaves were sampled at the three-leaf stage, then quickly frozen in liquid nitrogen and stored at −80°C. Genomic DNA was extracted using a DNA Secure Plant Kit (Tiangen) according to the manufacturer’s instructions. DNA degradation and contamination were assessed by electrophoresis through a 1% agarose gel; purity and concentration were measured using a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, USA).

2.2 GBS Library Construction, Nucleotide Sequencing and SNP Calling

Genomic DNA (200 ng) was digested with PstI-HF and MspI (New England Biolabs, Ipswich, UK) and processed for GBS library construction according to Qi et al. [11]. Then, the DNA fragments were ligated using T4 DNA ligase (New England Biolabs, Ipswich, UK), and fragments smaller than 300 bp were removed. The ligated DNA fragments were amplified by PCR for preparing GBS libraries. The PCR products were checked by electrophoresis through a 1.5% agarose gel and the DNA concentration was measured using a Qubit 2.0© fluorometer and a Qubit™ dsDNA HS assay kit. GBS libraries with DNA concentrations >5.0 ng/μL were taken for nucleotide sequence analysis on the Illumina Nova platform (Illumina Inc., San Diego, USA) and 150 bp pair-end reads were generated. The clean data ranged from 1.24 to 1.77 Gb, and Q30 percentages were all >88% (Table S1).

The Single Nucleotide Polymorphisms (SNPs) were called by using Genome Analysis Tool Kit (GATK) software (v4.1.3) with the model of Haplotype caller [16]. The barley reference genome downloaded from Ensembl Plants (http://plants.ensembl.org/Hordeum_vulgare/Info/Index, IBSC v2) was used for the SNP calling. Three criteria were applied for SNP filtering using VCFtools (v0.1.16) [17]: (1) Loci with sequencing depth ⩾4 were retained; (2) Loci with minor allele frequency (MAF) <0.01 were discarded; (3) Loci that were missing in more than 20% of the samples were excluded. The filtered SNPs were annotated by using SnpEff (v4.1g) [18].

2.3 Genetic Diversity Analysis

For genetic diversity analysis, genetic parameters such as Hardy-Weinberg equilibrium P-value (HW-P) and nucleotide diversity (π) were calculated for each SNP marker using VCFtools (v0.1.16). The expected heterozygosity (He) was calculated according to the formula (1) [19].


He=1−∑i=1k⁡Xi2
(1)

where Xi is the frequency of the ith allele and k is the total number of alleles for each locus.

The observed heterozygosity (Ho) was equal to the number of observed heterozygotes divided by the total number of individuals. The polymorphic information content (PIC) was calculated according to the formula (2) [20].


PIC=1−∑i=1n⁡Pi2−∑i=1n=1⁡∑j=i+1n⁡2Pi2Pj2
(2)

where i and j are the ith and jth alleles, respectively; Pi and Pj are the frequencies of the ith and jth alleles, respectively, and n is the total number of alleles for each locus.

The observed number of alleles (Na) was directly counted, and the effective number of alleles (Ne) was calculated according to the formula (3).


Ne=1/∑i=1n⁡Pi2
(3)

where Pi is the frequency of the ith allele and n is the total number of alleles for each locus.

A phylogenetic tree was constructed using TreeBeST (v1.9.2) by the neighbor-joining method [21]. The tree figure was displayed using EVOLVIEW (http://www.evolgenius.info/evolview). Principal component analysis (PCA) was performed using GCTA (v 1.26) [22].

2.4 Population Structure Analysis

The SNP markers without tight linkage were further selected for population structure analysis using PLINK software, and the population structure was analyzed using ADMIXTURE (v1.3.0) [23]. Structure was analyzed by means of k-values from 2 to 10 in the population. Ten independent analyses were used for each k-value, and the best k for the current population was determined by cross validation error (CV). Normally, the k-value with the lowest CV was the best one. The sub-populations were divided according to the best k, and the fixation index (FST) values were computed using popgene software [24]. An FST value between 0 and 0.05 means that there is no differentiation among sub-populations, while an FST value between 0.05 and 0.15 means there is moderate differentiation and an FST value between 0.15 and 0.25 means there is high differentiation [25].

3  Results

3.1 SNP Markers Discovery, Distribution and Characteristics

The GBS data were deposited with the National Center for Biotechnology Information (NCBI): Submission ID SUB11173831; BioProject ID PRJNA814403. A total of 210,268 SNPs were obtained for the next analysis. These SNP markers were located on all the chromosomes but were most abundant on chromosome 7 (35,892 SNPs) and least abundant on chromosome 4 (21,645 SNPs) (Fig. 1A). The SNP markers were not uniformly distributed on each chromosome, being more densely distributed at the chromosome ends. The SNP markers were classified according to their locations with-in genes or intergenic regions (Fig. 1B) and their effects on encoded proteins (Fig. 1C). It was apparent that most of the SNP markers were located in non-coding regions of the genome (intergenic type) (Fig. 1B). However, a total of 15,145 SNP markers were located in protein-coding regions, mostly representing synonymous or missense mutations, with very few of them representing nonsense mutations, which would lead to termination of translation (Fig. 1C). The nucleotide substitution patterns of the SNP markers were also compared: Transitions (Ts) (65.88%) were more frequent than transversions (Tv) (34.12%), with a ratio of 1.93. The C/T transitions and A/T transversions occurred at the highest and lowest frequencies, respectively. The frequencies of the two types of transitions were 32.99% and 32.89% for C/T and A/G, respectively. The frequencies of the four transversion types ranked as follows: C/G 10.12%, A/C 9.31%, G/T 9.10%, A/T 5.59% (Table 2).
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Figure 1: The distribution of identified SNPs and their classifications. (A) SNPs distribution on each barley chromosome; (B) SNPs classification according to their locations in different DNA regions; (C) SNPs classification according to their effects on protein function
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3.2 Genetic Diversity Revealed by SNP Markers

All the 210,268 SNPs were of the bi-allelic type, and the effective number of alleles (Ne) was ranged from 1.0202 to 2.000 with an average of 1.3056. The major allele frequency (MAF) ranged from 0.0100 to 0.5000 with an average of 0.1350. Hardy-Weinberg equilibrium P-value (HW-P) ranged from 2.72 × 10−34 to 1.00 with an average of 0.17 (>0.05). The polymorphism information content (PIC) ranged from 0.0196 to 0.3750 with an average of 0.1642 (<0.25). The expected heterozygosity (He) ranged from 0.0198 to 0.5000 with an average of 0.1963, and the observed heterozygosity (Ho) ranged from 0 to 1.0000 with an average of 0.0696. The nucleotide diversity (π) ranged from 0.0199 to 0.5088 with an average of 0.1972.

The phylogenetic tree showed that these barley landraces clustered into three groups, named I, II and III (Fig. 2A). This classification was consistent with variation in the two morphological traits of row-type and adherence of the hulls, except for landraces B27 and B28. PCA showed that the first two principal components explained 35.55% of variance, and they were 26.08% for PC1 and 9.47% for PC2, respectively (Fig. 2B). The row-type could be separated by PC1 except for landraces B27 and B28, and the adherence of the hulls could be further separated by PC2. Although some landraces were very similar, each landrace was still well differentiated. Landraces with a similarity higher than 95% based on these SNP markers were further compared by analyzing their seed appearance (Figs. 3A and 3B). Although most of the groups had very similar seeds according to their appearance, the group of B30 and B59 was clearly different, reflecting that the seeds were different despite they were 95% similar in genetics. Meanwhile, most of the landraces with the same name (which we distinguished by numbers 1, 2, 3, etc.) were not clustered together by the analysis, and their seed appearance also differed (Figs. 3C–3E). This suggested that these barley landraces with the same name were actually different germplasm, and these mistakes might be due to recording errors or some other man-made errors.
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Figure 2: The phylogenetic tree and PCA of 112 barley landraces based on 210,268 SNP markers. (A) The phylogenetic tree constructed using the neighbor-joining method. (B) The 3-dimensional diagram of PCA
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Figure 3: Seed appearances of different barley landraces. In A and B, small plates placed next to each other indicate that the seeds came from genotypes that were genetically more than 95% similar, and there were fourteen groups in total. In C–E, small plates placed next to each other indicate that the seeds came from landraces with the same name, and there were seventeen groups in total. The scale bar in each figure represents 1 cm in length

3.3 Population Structure Based on SNP Markers

A total of 29,063 SNP markers were selected for the population structure analysis. The lowest CV was detected at K = 3, indicating that K = 3 was the best for the population structure analysis (Fig. 4A). It was suggested that there were three ancestry components for the 112 barley landraces, and the morphological traits of row-type and adherence of the hulls seemed to be the major determinants of population divisions (Fig. 4B). The three sub-populations were SP1 for six-rowed and naked barley, SP2 for six-rowed and hulled barley, and SP3 for two-rowed and hulled barley. The fixation index (FST) values for the three sub-populations showed that there were greater differentiations among these three sub-populations, and the genetic relationship between SP1 and SP2 was closer than their relationship to SP3 (Fig. 4C). Some barley landraces contained two or three ancestry components, indicating that there may have been intergenic exchanges among different ancestry components.
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Figure 4: Population structure analysis of 112 barley landraces using 29,063 SNP markers. (A) The K value cross validation error (CV) box plot for estimation of the best K value. (B) Population structure and clustering of 112 barley landraces with K = 3. (C) The fixation index (FST) of three sub-populations based on row-type and adherence of the hulls. SP1 represents six-rowed and naked barley; SP2 represents six-rowed and hulled barley; SP3 represents two-rowed and hulled barley
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4  Discussion

The two kinds of molecular markers of SSR and SNP are the most commonly used in barley genetic diversity analysis [4–8,15,26–34]. SSR markers were once very popular because of their good stability and easy operation. However, the frequency of SSR markers in barley populations is always relatively low, and the number of loci that can be used for genetic diversity analysis is consequently limited [4–6,8,27–29,31,34]. This makes SSRs less representative, and often means that they do not distinguish between different individuals with similar genetic backgrounds. This may lead to wrong judgments being made for the conservation of barley germplasm and the construction of core barley germplasm. SNP markers, on the other hand, can effectively solve the problem of low polymorphism. SNP-based loci detection is best based on nucleotide sequencing, but sequencing costs were once so high that it was impossible to analyze genetic diversity by nucleotide sequence analysis of every individual in a barley population. Therefore, PCR amplification-based detection of SNP loci combined with gene chip or DNA array technology was used [5,7,26,27,30,32,33,35,36]. The polymorphic markers that could be identified and used by this method were still limited. Recently, however, with the rapid development and cost reduction of nucleotide sequencing technology, it has become convenient to perform sequencing-based SNP marker genotyping for whole barley populations [15]. This will greatly accelerate the study of genetic diversity in barley.

The genetic diversity analysis for the barley landrace collection in this study identified a total of 210,268 SNPs, which would be impossible by previous methods. The SNPs were distributed almost throughout the whole genome despite they were more density toward the telomeric chromosome regions, and this was also found in other reports [7,37]. Therefore, the results based on these SNP markers will be more accurate and useful. In fact, all of the landraces could be distinguished based on these SNP markers, even those with a similarity of more than 95% (Figs. 3A–3B), and this also provided evidence that barley landraces with the same name were, in fact, different (Figs. 3C–3E). This result is different from that derived in our previous work on diversity analysis of the same barley collection based on SSR markers [8], in which many barley landraces could not be distinguished.

The clustering analyses separated these barley landraces into two groups according to the trait of row-type, while the six-row type could be further separated according to the trait of adherence of the hulls, which was not possible in the previous work. In contrast, it was found that the average PIC value of the SNP markers was lower than that of SSR markers. This has also been observed in other studies on barley [27] and might be due to the smaller number of alleles represented by the SNP markers because all the SNP markers in the study were bi-allelic. Population structure analysis was also performed in this study and the results were consistent with the cluster analysis. The study therefore not only clarified the ancestry components of the barley landrace collection, but also provided the basis for the classification of the cluster analysis.

Barley collections are generally classified according to geographic locations, growth habits or morphological characters, or combinations thereof in genetic diversity analysis [15]. Classifications based on geographic locations require that the barley germplasm used in the study originates from different regions or countries, while classifications based on growth habits often require that the barley germplasm come from different ecological areas or zones. For barley landraces originating from one region, on the other hand, classifications are likely to depend for the most part on morphological characters. In this study, the barley landrace collection from the Shanghai region could clearly be classified according to the two morphological traits of row-type and adherence of the hulls. This was also observed in our previous work [8], and that of other researchers [5,6,27,29,31,32]. Natural and artificial selection coupled with spontaneous mutations are the main methods for barley landrace breeding [1]. Therefore, we infer that genetic exchanges between barley landraces with different morphological traits must have been infrequent, leading to the separation of the landraces according to row-type and adherence of the hulls. As we know, considering the morphological traits of the wild progenitor of barley, two-row and hulled barley was the first to be domesticated, then six-row and hulled barley, and finally six-row and naked barley [38–40]. Considering traditional breeding methods, it is predictable that the genetic relationship between the latter two types of barley should be closer than that with the first type, and the fixation index (FST) values among the three types within the population were consistent with that.

Barley is a self-pollinated crop, and some are even cleistogamous, so conventional barley varieties are highly inbred and largely homozygous, while barley landraces may be less so [1,7]. The landraces in this study have undergone multiple generations of self-pollination, including single-seed propagation, so could be expected to be very close to homozygosity. However, the observed heterozygosity (Ho) showed that there were still many heterozygous loci totally in this collection (about 38.80% loci; 81,594 SNPs). There were also differences among these heterozygous loci, with 11916 loci or SNPs having an Ho value greater than 0.5, indicating that more than half of the barley landraces were heterozygous at these loci, and 63 of them even had an Ho value of 1, indicating that all the barley landraces were heterozygous at these loci except those for which data were not available. According to these heterozygous loci, the heterozygosity of barley landraces was ranged from 3.29% to 8.14% with an average of 6.90%. These results suggested that there was a relatively high level of heterozygosity in the landraces, which might also explain the problem of different landraces having the same name because of the segregation of heterozygous loci during seed propagation. Heterozygosity might also be caused by a degree of natural outcrossing in the landraces [41]. In addition, that fact that some loci were heterozygous in all the landraces suggests that these loci might not be homozygous.

5  Conclusions

In this study, we conducted genetic diversity and population structure of a barley collection by using high-throughput SNP genotyping. The genetic diversity analysis suggested that these barley landraces were totally different although some of them were very similar. Both phylogenetic tree and population structure analysis indicated that these barley landraces could be divided into three subpopulations. This was also consistent with the classification based on the two morphological traits of row-type and adherence of the hulls. Moreover, the classification might be explained by their breeding history and selection method.
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Appendix:

Table S1: Quality control of the DNA-seq data
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Table 1: Barley landraces used m this study

Code Name Row Hulled or Code Name Row Hulled or Code Name Row Hulled or naked
type naked type naked type

B0l Sanyuehuangl Six-row Hulled B40 Wanlaotuoxu Six-row Hulled B79  Sizhutouyuanmail Six-row  Naked
B02 Zidamail Six-row  Hulled B41 Zaolaotuoxu Six-row  Hulled B80  Sizhutouyuanmai2 Six-row  Naked
B03  Xingshandamai Six-row Hulled B42  Chuanshalaotuoxu Six-row Hulled B81  Fengxiansizhutou Six-row  Naked
B04 Qiangiandamai Six-row  Hulled B43  Songjianglaotuoxul Six-row Hulled B82  Sizhutoubenyuanmai Six-row  Naked
B05 Zaohuangdamai Six-row Hulled B44  Songjiangzaolaotuoxu Six-row Hulled B83  Cigubaiyuanmai Six-row  Naked
B06 Luocihongmangdamai  Six-row Hulled B45 Songjianglaotuoxu?2 Six-row Hulled B84 Shanghaisanyuehuang3 Six-row Naked
B07 Aizaosan Two-row Hulled B46 Wandamail Six-row Hulled B85  Cigugingyuanmai Six-row Naked
B08 Humaiyihao Two-row Hulled B47 Wandamai2 Six-row  Hulled B86  Shanghaidenglongtou Six-row  Naked
B09 Baoshanerleng Two-row Hulled B48 Chuanshawandamail Six-row  Hulled B87  Jiadingliuzhutou Six-row  Naked
B10 Daerdamai Two-row Hulled B49  Chuanshawandamai2 Six-row  Hulled B88 Cimaomai Six-row  Naked
Bll Bendamail Two-row Hulled B50 Jiadingwandamai Six-row  Hulled B89  Heiliuzhuyuanmail Six-row Naked
B12 Bendamai2 Two-row Hulled B51 Zaodamail Six-row  Hulled B90  Heiliuzhuyuanmai2 Six-row Naked
B13  Shuanglengbendamai Two-row Hulled B52 Zaodamai2 Six-row  Hulled B91  Congmingheiliuzhu Six-row  Naked
B14 Hongdamai Two-row Hulled B53  Fengxianzaodamail Six-row  Hulled B92  Bailiuzhuyuanmai Six-row  Naked
B15 Yangdamai Two-row Hulled B54 Fengxianzaodamai2 Six-row  Hulled B93  Shanghaibailiuzhu Six-row  Naked
B16 Hongjinerlengdamai Two-row Hulled B55  Jiadingzaodamai Six-row Hulled B94 Jiadinghongjinliuzhutou Six-row Naked
B17 Qingpuerlengdamai Two-row Hulled B56 Zhongdamai Six-row Hulled B95 Jiadinghongjinyuanmai Six-row Naked
B18 Dongyangdamai Two-row Hulled B57 Damai Six-row Hulled B96 Liuzhutou Six-row  Naked
B19 Bianjidamai Two-row Hulled B58  Jinshandamai Six-row Hulled B97  Hongjinliuzhutoul Six-row  Naked
B20 Eryuehuang Six-row Hulled B59 Laolaibail Six-row Hulled B98  Hongjinliuzhutou2 Six-row  Naked
B21 Sanyuehuang2 Six-row Hulled B60 Laolaibai2 Six-row Hulled B99  Hongjinliuzhutou3 Six-row  Naked
B22 Sanyuehuang3 Six-row Hulled B61 Baoshanlaolaibai Six-row Hulled B100 Hongjinliuzhutou4 Six-row  Naked
B23  Sanyuehuang4 Six-row Hulled B62 Wusongdamail Six-row Hulled B101 Liuzhutouyuanmai Six-row  Naked
B24 Shanghaisanyuehuangl Six-row Hulled B63  Shanghaibendidamai Six-row Hulled B102 Benyuanmai Six-row Naked
B25 Shanghaisanyuehuang? Six-row Hulled B64 Shanghaidongyangdamai Six-row Hulled B103 Shanghaisanyuehuang4 Six-row Naked
B26 Baoshansanyuehuang Six-row Hulled B65 Baoshanliulengdamai Six-row Hulled B104 Baisanyuehuang Six-row Naked
B27 Hongsanyuehuang Six-row Hulled B66 Qingpuhongdamai Six-row Hulled B105 Shanghaiciguqing Six-row  Naked
B28  Youmangdamai Six-row Hulled B67 Chundamai Six-row Hulled B106 Shanghaisizhutoul Six-row  Naked
B29 Shanghaiyoumangdamai Six-row Hulled B68  Liuzhutouzidamai Six-row  Hulled B107 Shanghaisizhutou2 Six-row  Naked
B30 Huoshaotoudamai Six-row Hulled B69 Liulengzidamai Six-row Hulled B108 Shanghailaotuoxu2 Six-row  Naked
B31 Zidamai2 Six-row Hulled B70 Liulengdamail Six-row Hulled B109 Wumangdamai Six-row  Naked
B32  Shanghaizidamai Six-row  Hulled B71 Wusongdamai2 Six-row  Hulled B110 Liulengdamai2 Six-row  Naked
B33 Shanghailiulengzidamai Six-row Hulled B72  Liuzhutouhongdamai Six-row Hulled B111 Sandunhongsileng Six-row  Hulled
B34 Zidamai3 Six-row Hulled B73  Shanghailaotuoxul Six-row Hulled B112 Bailiuzhu Six-row  Hulled
B35 Xiaodamai Six-row  Hulled B74 Baoshanlaotuoxu Six-row Hulled

B36 Shanghaixiaodamai Six-row Hulled B75 Shanghaishuanglengbiandamai Six-row Hulled

B37 Laotuoxul Six-row  Hulled B76 Shanghaiyoumangbendamai Six-row Hulled

B38 Laotuoxu2 Six-row Hulled B77 Bendiyuanmai Six-row  Naked

B39 Laotuosui Six-row Hulled B78 Bendiguangyuanmai Six-row  Naked
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Table 2: Percentage of transition and transversion identified across the barley genome

SNP type No. of allelic sites Frequencies (%) Total (%)

Transition (T5s) A/G 69158 32.89 138523 (65.88)
C/T 69365 32.99

Transversion (Tv) A/T 11755 5.59 71745 (34.12)
A/C 19571 9.31
G/T 19143 9.10

C/G 21276 10.12
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