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Abstract
Common vetch (Vicia sativa subsp. sativa) is one of the most economically important forage legumes
with rich nutritional value and multiple uses. Though the large-scale development and application of
microsatellite markers have been conducted in common vetch germplasm evaluation, the investigation
and exploitation of intron-length polymorphic (ILP) markers have not been systematically analyzed. In
this study, the intron positions of common vetch genome were located by aligning the RNA-Seq
sequences of common vetch with Medicago truncatula, soybean (Glycine max), and Arabidopsis thaliana
genomic sequences, and used for VsILP marker development. A total of 10,400 markers were generated
from 44,582 common vetch unigenes. Out of 300 randomly selected VsILP markers, 283 resulted in
successful amplification in common vetch. Among these markers, 40 produced length variation in 30
common vetch accessions, collectively yielding 166 alleles with an average of 4.0 alleles per locus. The
polymorphic information content (PIC) values extended from 0.06 to 0.81 with a mean of 0.49. Of the 283
VsILP markers, 84.8% exhibited transferability to leguminous and non-leguminous species. We presented
here the first large-scale development of ILP markers in common vetch and their utility in germplasm
evaluation and transferability, which will be valuable for further comparative genomic studies, genetic
relationship assessments, and marker-assisted breeding of leguminous and non-leguminous species.

1. Introduction
Common vetch (Vicia sativa subsp. sativa) is a self-pollinated, annual and diploid leguminous forage
that can adapt to different soil and climate and fix atmospheric nitrogen through its symbiotic
relationship with rhizobia to improve soil structure (Chooi 1971; Chung et al. 2013b). As an important
forage legume crop, common vetch contains high level of protein, starch, and oil and has been commonly
used as green manure, pasture, silage, and hay (Chung et al. 2013a; Mirzapour et al. 2013). In addition to
these qualities, the common vetch also has been widely used as good quality animal feedstock and
health-promoting foods for human consumption (Uzun et al. 2011). In Turkey, Australia, New Zealand,
China and other regions of the world, the common vetch is widely planted and used for agricultural
production (Camas and Esendal 2006; Liu et al. 2014).

The population structure and genetic diversity of germplasm are considered critical factors for the
discovery of new germplasm characteristics to develop and utilize germplasm resources for plant
improvement (Istvanek et al. 2017). At the same time, the studies of genetic diversity can mine new gene
resources, improve existing breeding materials and reflect the breeding level of cultivated species (Gowda
et al. 2013). DNA-based molecular markers, which are multi-allelic and locus-specific, have applications in
marker-assisted selection breeding and genetic diversity studies. In the last decade, the development and
use of DNA-based molecular markers have increased remarkably. The variety of molecular marker
techniques can be divided into two types: one type is non-polymerase chain reaction (PCR)-based
markers (RFLP, restriction fragment length polymorphism) (Williams et al. 1990) and the other is PCR-
based markers includes simple sequence repeat polymorphism (SSR) (Tautz and Renz 1984), random
amplified polymorphic DNA (RAPD) (Welsh and Mcclelland 1990), amplified fragment length
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polymorphism (AFLP) (Vos et al. 1995) and single nucleotide polymorphisms (SNP). These markers have
been widely applied in cultivar identification, evolution, linkage mapping, QTL mapping, and comparative
genomics for various crop plants (Yang et al. 2015).

The majority of eukaryotic genes have been found to possess abundant, variable and widespread introns
(Deutsch and Long 1999). As non-coding regions of a gene, introns are transcribed into mRNA but not
translated since they are spliced out during pre-mRNA processing. Introns are less conserved than exon
regions and accumulated a larger number of mutations, which can be exploited as genetic markers
(Presgraves 2006) such as length and SNPs (Wang et al. 2014). Among the polymorphisms, intron length
polymorphism (ILP) is an easily recognizable type due to its easy detection by the PCR method, namely,
exon-primed intron-crossing PCR (EPIC-PCR) where primers are designed in exonic regions flanking the
introns. Besides,

Compared with other previously reported DNA markers, ILP makers have a lot of advantages such as
neutral, co-dominant,convenient, hypervariable, reliable and exhibiting high transferability rates between
plant species (Yang et al. 2007). Due to the exon sequences are relatively more conserved, markers
developed by this approach may be useful for more extensive applications than those designed in non-
coding sequences. Until now, ILP molecular markers have been developed only in a few plants with
genome sequences released. (Braglia et al. 2010; Chen et al. 2011; Galasso et al. 2011; Poczai et al. 2010;
Shang et al. 2009; Tamura et al. 2012; Wei et al. 2015; Xia et al. 2012), such as rice (Wang et al. 2005),
soybean (Shu et al. 2010), Dasypyrum villosum (Zhang et al. 2017a), and Daucus carota (Stelmach et al.
2017). For most species lacking genome-wide data, the characteristics of the exon-intron structure in
homologous genes of different species can be used to infer the intron position of cDNA/EST based on
homologous genes from related model organisms (Yang et al. 2007). Recently, with the rapid
development of high-throughput transcriptome sequencing, collecting large numbers of nucleotide
sequencing reads at the transcription level and having thus made the development of ILP markers more
cost-effective and easier (Dong et al. 2017; Liu et al. 2014). For example, 502 ILP markers were
successfully developed in Medicago sativa based on the alfalfa unigene sequences (Zhang et al. 2017b).

Due to the lack of genome-wide data, the current research on the relationship between species and
genetic diversity of common vetch is concentrated on the morphological level (van de Wouw et al. 2003),
and the related research at the molecular level remains limited. With the development of high-throughput
transcriptome sequencing, using transcriptome data to develop the molecular markers has been made
possible in common vetch. In the work described here, we took a large-scale search and developed a set
of ILP markers based on the available transcriptome data of common vetch, and the genetic diversity
assessments and potential for cross-species transferability of these markers in common vetch
accessions were further analyzed.

2. Materials And Methods

2.1 Plant material and DNA extraction
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In this study, The leguminous species common vetch (LANJIAN NO.3), barrel medic (M. truncatula A17),
alfalfa (M. sativa cultivar ARC), soybean (Glycine max cultivar Dongdou 641), crowtoe (Lotus
corniculatus cv. Mirabal), Sophora alopecuroides (wild material) and yellow sweet clover (wild material),
and the non-leguminous species rice (Oryza sativa cv. Kitaake), Arabidopsis ‘Columbia’ and tobacco
(Nicotiana tabacum cv. Samsun NN) were used to examine the transferability of the ILP markers
developed. Genomic DNA was extracted from the leaf materials of field plants as described by Yan et al
(Yan et al. 2017). A total of 30 common vetch accessions (Table S1) were collected from the National
Animal Husbandry Station of the Ministry of Agriculture, the United States Department of Agriculture
National Plant Germplasm System (NPGS) and Rural China and the National Grass Germplasm Resource
Bank, respectively. The young leaves of 10 individual plants from each accession were used for genomic
DNA isolation and polymorphism investigation. The quantity of DNA was determined at 260 nm using a
NanoDrop ND1000 (Thermo Fisher Scientific, Wilmington, DE), and the quality was checked on 2%
agarose gel. The DNA was normalized to 50 ng/µl for further use.

2.2 Sequence retrieval and primer design
The transcripts and coding DNA sequences (CDS) data of common vetch were downloaded from NCBI
Gene Expression Omnibus with accession No. GSE35437 (Liu et al. 2014) and used for the development
of the specific intron-based markers. These sequences were aligned with Arabidopsis thaliana, M.
truncatula and soybean (Glycine max) genomic sequences using the method described by Yang (Yang et
al. 2007) with Perl scripts to predict the intron positions, and the primers flanking both sides of the intron
regions were then designed using Array Designer 4.2 software (http://www.softpedia.com/get/Science-
CAD/Array-Designer.shtml).

2.3 ILP marker analysis
PCR reactions were performed in a 10-µl volume containing 5 µl 2×Power Pfu PCR Master Mix (Bioteke
Corporation, Beijing, China), 50 ng template DNA, and 10 ng each of the forward and reverse primers. The
touchdown PCR procedure was performed as follows: five cycles of denaturation 95°C for 30 s; the
annealing temperature was then decreased by 1°C for each cycle from 60 − 56°C to 55 − 50°C; 72°C for 30
s; 30 cycles of 95°C for 30 s, 56 − 50°C for 30 s, and 72°C for 30 s; and a final extension at 72°C for 7 min.
The PCR products were separated by 6% denaturing PAGE (220 V, 90 min) and visualized by silver
staining.

The electrophoretic bands produced by the marker VsILP233 in seven leguminous and three non-
leguminous species were isolated and sequenced (by the Shanghai Sangon Biotech Company) to
examine whether the PCR products amplified the homologous target gene. The ClustalW2 program
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) was employed to align the multiple sequences.

2.4 Statistical analysis
Scoring of bands was done as presence (1) or absence (0) for each locus. The allelic diversity of the
common vetch ILP markers was evaluated by polymorphism information content (PIC) value, defined as:
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where Pij  is the frequency of the jth pattern for the th marker (Anderson et al. 1993). Genetic cluster
analysis was performed with NTSYS-pc version 2.10s(Jensen 1989). The data was imported from a
binary matrix in Microsoft Excel files to calculate the similarity matrix with the SM coefficient. The
similarity matrix was then subjected to the UPGMA method to cluster the relationship of the genotypes
and generate the dendrogram. Bayesian model-based software STRUCTURE 2.3.2 was employed to infer
the genetic structure without information on the accession origin (Pritchard et al. 2000). The length of the
burn-in period and the number of Markov Chain Monte Carlo (MCMC) replications were assigned at 10 5

for each number of clusters (K) set from 1 to 20 for further subclustering after the burn-in.

3. Results

3.1 Intron identification and analysis
Due to the successful implementation of common vetch transcriptome sequencing, a total of 44,582
high-quality unigenes sequences which represented 17% of the predicted 2,025 Mb common vetch
genome were available and used in this study. The average sequence size of these common vetch
unigenes was 775 bp, and the largest spanned 7,907 bp (Liu et al. 2014). Among them, lengths greater
than 200 bp were selected and aligned with the genomic sequences of soybean, M. truncatula, and
Arabidopsis. When at least 200 bp overlapped with 80% similarity, the common vetch unigene sequences
were deemed to be homologous to the CDS of Arabidopsis, soybean and M. truncatula. With the result of
a homology search between common vetch unigenes and Arabidopsis genome, 76 unigene sequences
existed at/on one or more intron insertion sites. Furthermore, a total of 116 introns presented in
Arabidopsis, with an average of 1.52 introns per unigene sequence. In the case of soybean, 3,446
unigenes with 6,345 introns were identified with an average of 1.84 introns per unigene sequence. In
contrast, with the M. truncatula genome, a total number of 4,721 unigenes with 8,490 introns were
identified with an average of 1.80 introns per unigene sequence. The minimum number of introns
presented in single unigene was 13 in the case of Arabidopsis, 20 in soybean and 18 in M. truncatula. For
the introns size comparison, all the unigenes which had at least one intron present were selected. In
Arabidopsis, 82.8 % of introns were found between 50 bp to 200 bp (Fig. 1). The ratio of soybean and M.
truncatula were 60.19 % and 59.48 %, respectively. In addition, except for one intron in M. truncatula, all
the intron sizes were larger than 50 bp.

3.2 Functional classification of VsILPs
To infer the putative gene function of the VsILP-targeted unigenes, we utilized the gene ontology (GO)
assignments from M. truncatula gene models to deduce the putative functions for the 5,534 unigenes
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which were considered potential introns and functionally classified using WEGO 2.0 software (Ye et al.
2018). The categorization of these unigenes was completely summarized in Fig. 2 according to biological
process, cellular component, and molecular function. A large number of the unigenes were assigned to
GO categories and many of them were found in several categories. As results showed in the biological
process category, cellular process (3,531 genes, 63.8%) was the most abundant, followed by single-
organism process (3,151 genes, 56.9%) and biological regulation (2,969 genes, 48.7%). In the cellular
component category, antioxidant activity (4,019 genes, 72.6%) and cell part (4,013 genes, 72.5%) were the
two abundantly-assigned GO term, followed by membrane (3,328 genes,) and organelle (3,310 genes,
59.8%). The two most over-represented GO terms were binding (3,177 genes, 57.4%) and catalytic activity
(3,052 genes, 55.7%), followed by transporter activity (464 genes, 8.4%).

3.3 Genetic diversity of ILP markers
A total of 10,400 markers were generated from 44,582 unigene sequences. For more brevity to assess the
potential ILP markers, 300 markers were chosen randomly and used for PCR primers development. Of the
300 primers, 283 (94.3 %) amplified marker fragment successfully in four common vetch accessions
which came from different countries or regions. All markers of this test were named VsILP and the details
were provided in Supplementary material (Table S1).

To further evaluate the polymorphism and molecular diversity potential of these markers, 78 VsILP primer
pairs were randomly selected from the 283 markers with successful amplicons in the common vetch as
described above and used to examine in 30 common vetch accessions including twenty foreign species
and ten domestic species (Table S2). Of these markers, 41 markers showed polymorphisms in all
common vetch species (Fig. 3), with a total of 166 alleles collectively yielded (with an average of 4.0
alleles per locus, varying from two to seven), presenting a polymorphic rate of 52.56% (Table S3). In order
to examine the extent of the information on diversity, the polymorphic information content (PIC) values
were calculated and found that extended from 0.06 to 0.81 with a mean of 0.49. Besides, the expected
heterozygosity (He) ranged from 0.06 in primer pairs VsILP176 to 0.83 in primer pairs VsILP160, with an
average of 0.54 (Table S3). Based on the data of these 41 VsILP markers, the UPGMA dendrogram of the
30 common vetch accessions was constructed by the software NTSYS-pc. The clustering data clearly
showed that these 30 common vetch accessions could be clustered into five major groups with the
Jaccard’s similarity coefficient ranging from 0.75 to 0.94 (Fig. 4). The first cluster contained five
accessions from the former Soviet Union and accession“CAROLE” from France. Cluster Ⅱ contained
accessions “BLANCHEGRAIN” and “CHARKOVSZKAJA N.134”. Nine accessions of Cluster III were
originated from Europe, Northern America, and East Asia, respectively. Cluster Ⅳ contained four
accessions from France and Northern America, respectively. Cluster V were all originated from China with
nine accessions. The accessions “LANJIAN NO.3" and “STRZELECHE RDZOWA” displayed less similarity
with other clusters and were thus considered ungrouped. In contrast, the accessions “SUJIAN
NO.3(HUIYIN)” and “SUJIAN NO.3(NING)” had the least distance among all the accessions (Fig. 4).
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In order to further investigate the evolutionary relationship among the test varieties, STRUCTURE analysis
was performed to evaluate the genetic structure of the 30 accessions (Table S1). The value of ∆K
statistics was the highest when two clusters were assumed [∆K (2) = 61.64]. The ∆K value gradually
decreases with the increase in the number of assumed clusters [∆K (>2) = 0.11–10.32]. Twenty cultivated
accessions were assigned to cluster 1 with membership coefficients (Q) ranging between 0.533 and
0.994, whereas cluster Ⅱ comprised exclusively wild accessions with the Q value of 0.602–0.998 (Fig. 5).

3.4 Cross-species transferability of VsILP markers
To assess the cross-species transferability potential of the VsILP markers, all the 283 VsILP makers
which successfully amplified one or more marker fragments in the two common vetch accessions as
described above were tested in seven leguminous (common vetch, alfalfa, barrel medic, soybean, yellow
sweet clover, crowtoe and Sophora alopecuroides) and three non-leguminous species (rice, Arabidopsis
and tobacco) (Table 1). The lowest amplification percentage (20.5%) was observed in rice, while barrel
medic had the highest amplification percentage (67.1%) and the average was 48.3%. Of these markers,
240 (84.8 %) were found to be transferable to at least one of other nine species except common vetch
(the amplification percentage was 100%), 66 (23.3 %) produced amplifications in all of the legume
species, and 21 (7.4%) makers produced amplifications in all ten species. Also, the means of
transferability of these VsILP markers in leguminous species was appreciably higher than that in non-
leguminous, (59.6%) and (21.9%) respectively (Table 1). All the 283 markers showing transferability
collectively yielded 786 alleles which clearly separated the leguminous and non-leguminous species into
two distinct groups (Fig. 6, Table S4).
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Table 1
Percent transferability of the 283 VsILP markers to the

different leguminous and non-leguminous species.
NO. Investigated crop Transferability

1 Vicia sativa 100.0%

2 Medicago truncatula 67.1%

3 Medicago sativa 65.0%

4 Melilotus officinalis 51.6%

5 Lotus corniculatus 48.8%

6 Glycine max 47.3%

7 Sophora alopecuroides 37.4%

8 Nicotiana tabacum 23.3%

9 Arabidopsis 21.9%

10 Oryza sativa 20.5%

Average   48.3%

To detect the sequence variation of VsILP-tagged cross-species polymorphism amplification products, the
sequences of the cloned product amplified by the marker VsILP233 in the leguminous and non-
leguminous species were isolated and sequenced (Fig. 7). The multiple sequence alignment showed that
the intron region in the middle contained large differences, including length variations and point
mutations, but high conservation among all the species was observed in the exon regions at both ends of
the position (Fig. 8).

4. Discussion
Molecular marker development in forage species is crucial in the facilitation of genomics-based crop
improvement. Currently, the intronic regions of the genes are targeted for the development of PCR-based
markers since exons are more prone to accumulate more mutations than introns during gene evolution
(Andrade-Navarro 2009). Accurate prediction of introns from genomic DNA is critical for the development
of intron length polymorphism molecular markers in a species without genomic DNA sequence
information. Owing to the limit of genomic data, the development of molecular markers in common vetch
is extremely scarce. In the present study, a set of ILP markers have been developed based on the
transcriptome data of common vetch, and the polymorphism and transferability of these makers were
further evaluated.

The homologous exon among species is conserved, whereas the intron length and number varies
dramatically among plants(Guan et al. 2016). In this study, large differences were exhibited in the number
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of introns which were identified with reference to M. truncatula (8,490), soybean (4,694) and Arabidopsis
(81) genome, respectively. It also showed that common vetch were closer phylogenetic relatives to M.
truncatula than to the other two species. In regards to the functional clustering, large numbers of
common vetch unigenes were functionally assigned by performing GO analyses, and the remaining
unigenes failed to be assigned specific functional annotation maybe they were too short to be matched
to known genes during the identification of significant sequence similarity based on query sequence
length (Lu et al. 2011).

A total number of 10,400 ILP markers from orthologs were developed. The scale of working markers
developed through PCR was about 94.3% (283/300), which helped in detecting 14.5% (41/283)
polymorphic loci among 30 common vetch genotypes. The amplification rate of success was higher than
those in other plants, such as alfalfa (82%) (Zhang et al. 2017b), cotton (72.71% and 36.45%) (Cai et al.
2017) and sorghum (86%) (Jaikishan et al. 2016), but lower than that in Dasypyrum villosum (97.84%)
(Zhang et al. 2017a) and carrot (97.1%) (Stelmach et al. 2017), probably due to the length of introns in
common vetch was too long to amplify successfully. Large product size is considered the main cause of
PCR failure and generally, the successful amplification rate decreases with greater length of the intron
(Wang et al. 2010). The PIC values of these VsILP markers ranged from 0.06 to 0.81 with a mean of 0.49,
which was comparatively higher than that reported in cowpea (0.34) (Gupta et al. 2012) and foxtail millet
(0.20) (Muthamilarasan et al. 2014), but lower than alfalfa (0.60) (Zhang et al. 2017b). These results
suggest that the highly polymorphic VsILP markers can be used for molecular-assisted breeding and
genetic map construction. Besides, thirty common vetch accessions were grouped into five main clusters
based on UPGMA and Bayesian clustering analysis with Jaccard’s similarity coefficient ranging from 0.75
to 0.94. The results indicated that most accessions from China (which belongs to the cluster V) may
share a more similar genetic background (Fig. 4). Moreover, the clustering patterns of the other
geographically closer accessions were unclear. Similar results were concordant with that using cDNA-SSR
markers (Chung et al. 2013a). Therefore, more accessions from each geographical location were
necessary in order to conclusively confirm the appropriate clustering pattern.

To further check the transferability of these newly developed VsILP markers across other species, two
hundred and eighty-three ILP markers were selected and tested in ten species (seven leguminous and
three non-leguminous). A total of 84.8% of VsILP markers were found to produce amplified stable
products in other species. The results showed that the exons in common vetch species were highly
conserved which was consistent with the earlier ILP markers in alfalfa and rice (Wang et al. 2005; Zhang
et al. 2017b). This was further confirmed by the sequencing results of the cloned PCR product (Fig. 8).
Moreover, due to the high cross-species transferability, these VsILP markers might be very helpful in
characterizing species relationships and comparative genomics studies of multiple species.
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Figures

Figure 1

Distribution of intron sizes in Arabidopsis and soybean based on common vetch unigenes.
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Figure 2

Functional classification of the unigenes.
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Figure 3

Polyacrylamide gel electrophoresis of the intron length polymorphic (ILP) markers. A, VsILP147; B,
VsILP189; C, VsILP244. Lane order is (left to right) DNA marker DL2000, Vicia sativa; Medicago
truncatula; Medicago sativa; Glycine max; Lotus corniculatus; Melilotus officinalis; Sophora
alopecuroides; Arabidopsis; Oryza sativa; and Nicotiana tabacum.
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Figure 4

The dendrogram of 21 common vetch accessions based on UPGMA analysis using 41 polymorphic
VsILP markers.
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Figure 6

Genetic relationships between the leguminous and non-leguminous species based on 283 VsILP markers
using NJoin clustering.

Figure 7

Amplification of VsILP233 in 10 plant species.
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Figure 8

Multiple alignment of sequences amplified from 10 plant species by primer pair VsILP233. The asterisks
denote similar sequences, and the points represent deletions.
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