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Abstract
Gene-based molecular markers are increasingly used in crop breeding programs for marker-assisted selection. However, iden-
tification of genetic variants associated with important agronomic traits has remained a difficult task in soybean. RNA-Seq 
provides an efficient way, other than assessing global expression variations of coding genes, to discover gene-based SNPs at 
the whole genome level. In this study, RNA isolated from four soybean accessions each with three replications was subjected 
to high-throughput sequencing and a range of 44.2–65.9 million paired-end reads were generated for each library. A total of 
75,209 SNPs were identified among different genotypes after combination of replications, 89.1% of which were located in 
expressed regions and 27.0% resulted in amino acid changes. GO enrichment analysis revealed that most significant enriched 
genes with nonsynonymous SNPs were involved in ribonucleotide binding or catalytic activity. Of 22 SNPs subjected to PCR 
amplification and Sanger sequencing, all of them were validated. To test the utility of identified SNPs, these validated SNPs 
were also assessed by genotyping a relative large population with 393 wild and cultivated soybean accessions. These SNPs 
identified by RNA-Seq provide a useful resource for genetic and genomic studies of soybean. Moreover, the collection of 
nonsynonymous SNPs annotated with their predicted functional effects also provides a valuable asset for further discovery 
of genes, identification of gene variants, and development of functional markers.
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Introduction

Soybean (Glycine max) is the most important legume crops 
and one of the most widely grown crops all over the world. 
It is the world’s principal source of vegetable oil and pro-
vides high-quality plant proteins for animal feed (Hartman 

et  al. 2011). Nutritional studies have also revealed that 
eating soybean-based food could reduce risks of multiple 
health problems including heart disease, cancer, and osteo-
porosis (Birt et al. 2004). In addition, soybean also benefits 
world agriculture by its capacity to fix atmospheric nitro-
gen through symbioses with microorganisms (Singh 2010). 
Similar to most crops, several agronomic traits of soybean 
including growth habit, morphology, and seed composition 
vary among different genotypes, which is caused by their 
genetic diversity (Palmer et al. 2004).

Advances in genetics and molecular biology have led to 
identification of several genes or molecular markers asso-
ciated with important agronomic traits. There is ample 
evidence that sequence variations in coding regions, espe-
cially nonsynonymous variations, could alter gene func-
tion in soybean. For example, each of four nonsynonymous 
substitutions in the soybean Terminal Flower 1 (GmTfl1) 
gene and an A/G nonsynonymous substitution in the Dt2 
(Glyma18g50910) gene all have major effects on the forma-
tion of stem growth habit, which is a key adaptive and agro-
nomic trait affecting soybean yield (Tian et al. 2010; Ping 
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et al. 2014). Amino acid variations (R130P and Y358N) in 
a serine hydroxymethyltransferase (SHMT) resulting from 
changes of two nucleotides affect the role of this gene in soy-
bean cyst nematode resistance (Liu et al. 2012). In addition, 
the presence of a nonsynonymous substitution (G/C) in the 
EAR motif region of the Gm-JAG1(Ln) locus indicated that 
this gene is a key regulator of leaflet shape and number of 
seeds per pod (Jeong et al. 2012). Moreover, identification 
of single-nucleotide substitutions in E1, E2, E3, E4 and FAD 
genes also revealed their critical functions in regulation of 
flowering, maturity and fatty acid composition in soybean 
(Liu et al. 2008; Watanabe et al. 2009, 2011; Pham et al. 
2010; Xia et al. 2012). Based on these sequence variations, 
several functional molecular markers have been successfully 
developed and used for marker-assisted selection in breeding 
programs (Xu et al. 2013; Liu et al. 2015; Shi et al. 2015a, 
b).

Due to the global importance, soybean was the first leg-
ume species to have its whole genome sequenced (Schmutz 
et al. 2010). Since the release of soybean reference genome, 
interest in sequence variations among different genotypes 
at the genomic level has grown and millions of SNPs have 
been detected (Kim et al. 2010; Li et al. 2014). With the 
increasing of soybean accessions employed in different 
resequencing studies, the number of SNPs identified has 
grown from a few to nearly ten million (Lam et al. 2010; Li 
et al. 2013; Chung et al. 2014; Zhou et al. 2015; dos Santos 
et al. 2016). These SNPs have been widely used in develop-
ing SNP genotyping arrays with various densities for QTL 
mapping or genome-wide association studies (Akond et al. 
2013; Song et al. 2013; Lee et al. 2015). However, whole 
genome sequencing is still somewhat expensive and time-
consuming for species with large genomes such as soybean. 
Most importantly, given that most SNPs commonly used 
in genotyping arrays are not located in coding regions of 
genes, SNPs associated with phenotypes of interest could 
not be directly used for isolating functional genes. Therefore, 
identification of genetic variants influencing important agro-
nomic traits remains a difficult task in soybean now.

With the development of next generation sequencing, 
transcriptome sequencing (RNA-Seq) has recently been 
served as a cheaper and time-saving alternative method for 
identifying variations in transcribed regions in species from 
animals to plants (Bellucci et al. 2014; Geraldes et al. 2011; 
Djari et al. 2013; Chopra et al. 2015; Yang et al. 2015). 
Generally, RNA-Seq can generate large-scale sequences 
with high read depth by reducing the effective genome 
size to about 10% of the whole genome. For example, the 
transcribed sequences of soybean only account for no more 
than 100 Mb, whereas the entire genome is about 1.1 Gb 
(Schmutz et al. 2010). However, RNA-Seq technology has 
still been applied mainly for identifying expression vari-
ations of coding genes as usual in soybean (Libault et al. 

2010; Jones and Vodkin 2013; Wan et al. 2015). Only a few 
studies have focused on discovery of SNPs associated with 
drought (Vidal et al. 2012) or oil composition and content 
(Goettel et al. 2014) by transcriptome analysis of soybean 
accessions.

To identify gene-based SNPs among different soybean 
genotypes, a transcriptome sequencing approach was per-
formed in different soybean accessions with replications. 
About 75K putative SNPs were identified from four acces-
sions after combination of replications. The distribution 
and predicted function of all these SNPs were analyzed in 
detail. To evaluate this SNP dataset, 22 SNPs were ampli-
fied and sequenced using the Sanger method. All of them 
were validated and these SNPs were then used for geno-
typing a panel of accessions including wild and cultivated 
soybeans. These sequence variations in expressed regions of 
the genome, especially nonsynonymous SNPs, will provide a 
useful resource for genetic and genomic research in soybean.

Materials and methods

Plant materials

Four soybean accessions, Zhongpin 661, Lincoln, Jidou 12, 
and Dongnong 42, were subjected to RNA-Seq. These four 
accessions and the reference accession Williams 82 all origi-
nate from different eco-regions and have high diversity in 
phenotypes including stem growth habit, plant morphology, 
and seed characteristics (Online Resource 1). Among them, 
Lincoln is a soybean cultivar cultivated in North America 
while Jidou 12 and Dongnong 42 are accessions from Huan-
ghuaihai and Northeast eco-regions, respectively, of China. 
Although Zhongpin 661 is a Chinese cultivar, both of its 
parental lines (Williams 82 and Buffalo) are from North 
America. Leaves of 2-week-old seedlings from these four 
accessions were collected, each with three replications. All 
12 samples were immediately frozen in liquid nitrogen and 
stored at − 80 °C until RNA extraction.

RNA isolation and sequencing

Total RNA was extracted using the TRIzol reagent (Invit-
rogen, USA) following the manufacturer’s instructions. The 
RNA was then treated with RNase-free DNase I (Takara, 
Japan) to remove genomic DNA. The quality and quantity 
of RNA samples were assessed with a Nanodrop spectropho-
tometer (Thermo Scientific, USA). Twelve RNA-Seq librar-
ies were constructed using RNA-Seq Sample Preparation 
Kit (Illumina, USA). Finally, 11 libraries were subjected for 
sequencing with one replication of Jidou 12 discarded owing 
to the low quality of the library, and 100-base paired-end 
reads were generated on the Illumina HiSeq 2000 platform.
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Data filtering and RNA‑Seq read mapping

Sequencing data originated from the sequencer were pro-
cessed for quality control. All short reads were submitted to 
the NCBI website with SRA accession # SRP082550. Raw 
reads were filtered by removal of adapter sequences, reads 
containing poly-Ns, and low-quality sequences (Q < 20). 
Clean reads of each sample were then aligned to the Wil-
liams 82 reference genome (Glyma1.01) using TopHat 
(Trapnell et al. 2009). Sequence reads mapped to the refer-
ence genome with no more than two mismatches were used 
for further analysis.

SNP calling and annotation

The SAMtools software package was used to call SNPs 
across all samples simultaneously (Li et al. 2009). The 
results were filtered to discard SNPs with quality scores less 
than 70. To ensure reliability of these SNPs, those identified 
in at least two replications for a cultivar and having total 
read depth of at least six were assigned as SNPs for that 
cultivar. The functional effects of these identified SNPs on 
known transcripts were analyzed using the program SnpEff 
(Cingolani et al. 2012).

Gene Ontology enrichment analysis

Gene Ontology (GO) analysis was performed to annotate 
genes containing nonsynonymous SNPs. Enriched GO terms 
were identified with the AgriGO web tool using annotated 
genes of Williams 82 reference genome (Glyma1.01) as 
background reference (Du et al. 2010). GO terms with cor-
rected P value less than 0.05 were considered significantly 
enriched.

Validation of SNPs

To validate SNPs identified from RNA-Seq, 22 of them 
were selected for PCR amplification and Sanger sequenc-
ing. Flanking sequences of selected SNPs were extracted 
from the reference genome and PCR primers were designed 
with Premier Primer 5 (Singh et al. 1998). All primers were 
listed in Online Resource 2. DNA samples of four soybean 
accessions and Williams 82 were used as templates for PCR 
amplification. The amplified PCR products were sequenced 
by the Sanger method and sequencing results were analyzed 
with BioEdit (Hall 1999).

SNP genotyping

Genomic DNA of 393 soybean accessions used for genotyp-
ing (Online Resource 3) was isolated from leaves of each 
accession using a modified CTAB method (Porebski et al. 

1997). Twenty-one of the 22 validated SNPs were used for 
genotyping while the other one was failed in designing prim-
ers for genotyping. The genotype of each allele was ana-
lyzed using the Sequenom MassARRAY iPLEX platform 
(Gabriel et al. 2009). The resulting data were analyzed with 
the MassARRAY Typer 4.0 Analyzer software. Minor allele 
frequency (MAF), gene diversity, and PIC value of these 
SNPs were calculated with PowerMarker V3.25 (Liu and 
Muse 2005).

Results

RNA isolation and sequencing

To acquire a global view of the transcriptome at single-
nucleotide resolution in soybean, RNA samples from four 
cultivars, each with three biological replications, were iso-
lated and subjected to high-throughput sequencing. After 
quality control and filtering of raw reads, 44.2–65.9 million 
high-quality paired-end reads with average length of 94.7 
bases were generated for the remaining 11 libraries after 
removal of one replication of Jidou 12 (Table 1). Clean reads 
of each sample were then mapped to the Williams 82 ref-
erence genome (Glyma1.01). The mapping results showed 
that 90.3–94.2% of short reads in all these samples could be 
mapped to the reference genome (Table 1), indicating the 
high quality of the sequence data.

SNP discovery

Putative SNPs were identified in 11 samples based on qual-
ity scores of alignments. SNP loci from replications of each 
accession were combined using the following criteria: (1) 
SNPs appearing in at least two replications and (2) read 
depth ≥ 6. After combination of the data, a total of 5478, 
21,052, 36,930, and 40,144 SNPs were detected in Zhong-
pin 661, Lincoln, Jidou 12, and Dongnong 42 compared to 
reference genome, respectively. Polymorphism was much 
lower in Zhongpin  661 than other accessions because 
it is the progeny of the reference accession Williams 82. 
When SNPs of all four soybean accessions were combined 
together, a total of 75,209 putative SNP loci were included 
across all libraries (Fig. 1a, Online Resource 4). Among all 
these variations, 1984, 9818, 19,529, and 21,460 were spe-
cific to respective accessions and 22,418 were common to 
at least two cultivars (Fig. 1b).

In this SNP dataset, transitions (A/G and C/T) were 
the two most-abundant substitutions, each accounting for 
about 30% of all SNPs (Fig. 1c). Transversion substitutions 
accounted for only 8.2–13.4% of total SNPs (A/T, 13.4%; 
G/T, 9.6%; A/C, 9.5%; and C/G, 8.2%). The observed transi-
tion: transversion ratio was thus 1.46:1, close to the ratio in 
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previous study using the resequencing of sequence-tagged 
sites (STSs) developed from expressed sequence tag (EST) 
sequences, in which 55.7% were transitions and 44.3% trans-
versions were identified (Choi et al. 2007).

The distribution of SNPs

The distribution of SNPs across chromosomes and genes 
is of particular importance for evaluating their genome 

Table 1  Statistics for RNA-Seq reads from four soybean accessions

Name of accessions Replications No. of clean reads No. of bases Average 
length (bases)

Valid pro-
portion (%)

Reads mapped 
to genome

Mapped 
proportion 
(%)

Zhongpin 661 Rep1 65,941,950 6,305,586,805 95.6 87.9 59,651,089 90.5
Rep2 50,130,636 4,785,829,972 95.5 87.2 46,270,577 92.3
Rep3 52,302,148 4,998,300,201 95.6 88.1 48,274,883 92.3

Lincoln Rep1 51,839,492 4,841,612,530 93.4 80.1 47,226,306 91.1
Rep2 50,767,988 4,786,049,152 94.3 75.9 47,263,977 93.1
Rep3 50,656,108 4,755,860,851 93.9 75.8 45,762,532 90.3

Jidou 12 Rep1 50,784,224 4,846,444,195 95.4 86.9 46,447,251 91.5
Rep2 48,944,012 4,664,258,690 95.3 86.6 45,082,329 92.1

Dongnong 42 Rep1 50,220,092 4,737,742,011 94.3 78.2 47,263,659 94.1
Rep2 44,236,200 4,177,553,087 94.4 78.7 41,646,892 94.2
Rep3 45,294,866 4,200,414,374 92.7 73.8 42,216,858 93.2

Fig. 1  Number and type of SNPs identified in soybean transcriptome 
sequencing. a Physical positions of all SNPs identified in soybean 
transcriptome sequencing. b Venn diagram of SNPs among soybean 

accessions and c summary of SNP types identified in soybean tran-
scriptome sequencing
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coverage and marker density. Therefore, we analyzed the 
SNP distribution among all soybean chromosomes and 
expressed genes (Fig. 2). The results showed that 75,209 
SNPs identified in our RNA-Seq data were distributed 
across all 20 chromosomes and 50 scaffolds, with an aver-
age of one SNP per 12.9 kb. Chromosome 18 contained 
the most SNPs (5340) and chromosome 11 contained the 
fewest (2022). The SNP distribution was in close agree-
ment with the distribution of annotated genes across chro-
mosomes (Fig. 2a).

Further analysis revealed that all these SNPs were 
distributed in 19,976 annotated genes. The number of 
SNPs per gene ranged from 1 (6000 genes) to 75 (in 
Glyma07g07100), with an average of 3.8 SNPs for genes 
harboring at least one SNP. Among these genes, those 
containing fewer than ten SNPs accounted for 95.7% of 
total genes with SNPs (Fig. 2b).

Functional annotation of SNPs

According to their locations in the genome, all these SNPs 
were classified into several categories. As shown in Table 2, 
of the putative SNPs, 95.5% (71,806) were identified in 
genic regions while the other 4.5% (3403) in intergenic 
regions according to Glyma1.01 annotation of the soybean 
genome. A total of 66,957 (89.1%) SNPs were identified 
in expressed regions or splicing region of introns (which 
could result in splicing variants) and 4849 SNPs (6.4%) 
were annotated in introns. In particular, 18,362 (24.4%) 
SNPs were classified as nonsynonymous SNPs resulting 
in amino acid changes, and 1907 (2.5%) other SNPs gave 
rise to variants in start or stop codons or splicing regions, 
also altering amino acid sequences of coding genes. Inter-
estingly, Some SNPs associated with important traits were 
also identified. For example, the G/C substitution at posi-
tion 34,688,649 of chromosome 20 was associated with the 
leaflet shape function of Ln (Glyma20g25000), which was 
identified in functional characterization study (Jeong et al. 

Fig. 2  SNP distribution among 
chromosomes and genes. a 
Distribution of SNPs and anno-
tated genes on the 20 soybean 
chromosomes and scaffolds and 
b distribution of SNPs in genes
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2012). The A/T substitution at position 44,732,850 of chro-
mosome 10 resulted in a premature stop codon in the E2 
gene (Glyma10g36600) regulating the flowering and matu-
rity of soybean (Watanabe et al. 2011).

GO enrichment analysis was performed for 10,758 genes 
with nonsynonymous SNPs and other SNPs altering amino 
acid sequence using all Glyma1.01-annotated genes as the 
gene enrichment reference. A total of 6011 genes were 
assigned one or more GO terms. For “molecular function”, 

genes involved in nucleotide or ribonucleotide binding 
showed significant enrichment. In addition, several GO 
terms related to catalytic activity and protein kinase activity 
were also statistically significantly enriched (Fig. 3).

Sanger validation and genotyping of putative SNPs

To assess the validity of these SNPs identified by RNA-Seq, 
a set of SNPs were selected from the whole SNP dataset for 

Table 2  Classification of SNPs 
in genetic and intergenic regions

a Variants located in 3′ UTR and downstream region of a specific gene
b Variants located in 5′ UTR and upstream region of a specific gene

Regions Variants No. of SNPs Proportion (%)

Genic region Non-synonymous_variant 18,362 24.4
Synonymous_variant 19,553 26.0
Start codon variant 521 0.7
Stop codon variant 377 0.5
Splicing variant 1009 1.3
3′ UTR + downstreama 16,340 21.7
5′ UTR + upstreamb 10,795 14.4
Intron 4849 6.4

Intergenic region 3403 4.5

Fig. 3  GO enrichment of genes with nonsynonymous SNPs in soybean. Enriched GO terms were identified with the AgriGO web tool (http://
bioinfo.cau.edu.cn/agriGO/) and GO terms with corrected P value less than 0.05 were considered significantly enriched

http://bioinfo.cau.edu.cn/agriGO/
http://bioinfo.cau.edu.cn/agriGO/
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validation by Sanger sequencing. A total of 22 SNP loci 
were amplified and sequenced from the four original soy-
bean accessions and Williams 82. The results showed that 
Sanger sequencing results of all these 22 SNPs were actually 
the “true” SNPs, indicating the accuracy of the SNP data-
set (Table 3). Meanwhile, five other SNPs with relatively 
low quality scores (score < 70 and this kind of SNP was not 
in the final SNP set) were also sequenced and the results 
showed that these SNPs may be false positive results of bio-
informatics analysis. Therefore, increasing the threshold of 
quality scores to a reasonable level could reduce false posi-
tive results of SNPs identified.

To further test the utility of identified SNPs, 21 SNPs 
(all except SNP09) were used to genotype 393 soybean 
accessions including 238 from the mini-core collection of 
Chinese cultivated soybeans and 155 wild soybeans, using 
the Sequenom MassARRAY iPLEX platform. All but two 
SNPs (SNP11 and SNP14) had SNP call rates above 90.0% 
(Table 4). Each of the 19 SNPs showed a minor allele fre-
quency (MAF) ≥ 0.08 in this population and the highest 
MAF observed was 0.48. The genetic diversity and polymor-
phism information content (PIC) values were in the ranges 
of 0.15–0.50 and 0.14–0.37, respectively. All these results 
indicated the high diversity of these validated SNP markers 
among different soybean genotypes.

Discussion

SNPs are the most abundant DNA markers in plant genomes 
and have been widely used in genetic studies and breed-
ing programs. We used RNA-Seq technology to sequence 
transcriptomes of four soybean accessions with high diver-
sity in phenotype and finally identified 75,209 high-qual-
ity SNPs distributed in 19,976 annotated genes. Of these, 
24.4% (18,362) were nonsynonymous SNPs and 1907 
SNPs showed variations in start or stop codons or splic-
ing regions, all resulting in amino acid changes of encoded 
genes. Selected SNPs were validated by Sanger sequencing 
and used for genotyping a population of wild and cultivated 
soybeans. These gene-based SNPs will expand the genomic 
resources available for soybean and can be used to develop 
genotyping platforms to perform marker-trait association 
studies.

SNPs among wild and cultivated soybeans have previ-
ously been discovered via next-generation whole genome 
sequencing (Lam et al. 2010; Li et al. 2013; Zhou et al. 
2015). Compared with whole genome sequencing, tran-
scriptome sequencing could reduce genome complexity and 
is an attractive strategy for organisms with large genomes. 
Given that most regions of soybean genome are composed 
of highly repetitive transposable elements (Schmutz et al. 
2010), protein-coding genes only account for about 10% 

of the genome. Since RNA-Seq only focuses on functional 
components of the genome, it provides a much more efficient 
method for identifying sequence variations in expressed 
genes and was proven to be a better approach to find a large 
number of SNPs to efficiently tag most variants in genes 
that might influence agronomic traits. Just like previous 
studies identified 48,792 SNPs from nine soybean lines and 
6698 SNPs from two cultivars (Vidal et al. 2012; Goettel 
et al. 2014), 75,209 high-quality SNPs were identified in 
our study using four accessions with high genetic and phe-
notypic diversity. Moreover, compared with the 5.1M SNPs 
identified by DNA resequencing of wild soybean, landrace 
and breeding lines (Li et al. 2013), about 1/4 (18,409 out of 
75,209) high-quality SNPs were new identified ones.

Sequence variants that affect gene functions and cause 
phenotypic variations could be used for development of 
functional molecular markers (Andersen and Lubberstedt 
2003). Owing to their complete linkage with trait pheno-
types, functional markers are ideal for marker-assisted 
breeding (Poczai et al. 2013). Our study identified a large 
collection of SNPs that could lead to protein sequence 
changes and potentially to biological functional changes in 
genes. The sequence variants of some important agronomic 
genes including Ln and E2 genes were all observed in our 
dataset. As to Ln gene, the C allele at position 34,688,649 
of chromosome 20 was identified in Dongnong 42 while the 
G allele was identified in other three cultivars, which is in 
agreement with phenotypes of narrow leaflet in Donong42 
and broad leaflet in other cultivars (Jeong et al. 2012). There-
fore, these identified transcript sequence polymorphisms 
could be further used for developing functional markers. 
However, 6.4% of these SNPs were annotated as in introns 
and 4.5% in intergenic regions. Previous study also indi-
cated that about 15.3% (7488/48,792) SNPs were located in 
annotated introns (Goettel et al. 2014). There are at least two 
possible explanations for this result: novel transcripts and 
false-positive SNPs. RNA-Seq has the potential to improve 
genome annotation by detecting expression of regions pre-
viously thought to be intergenic and alternatively spliced 
variants of previously annotated genes. Previous studies 
suggested that approximately 90% of genes in the human 
genome and 42% in the Arabidopsis thaliana genome under-
went some form of alternative splicing (Wang et al. 2008; 
Filichkin et al. 2010). A study in soybean also revealed that 
more than 23,764 (about 63%) multiexonic-expressed genes 
underwent alternative splicing detected by high-throughput 
RNA sequencing (Shen et al. 2014). These results indicated 
that many of the putative intronic SNPs found in our study 
are in fact intronic only in the assembly of soybean tran-
scripts that we used.

Our Sanger sequencing results pointed to false SNP dis-
covery as a further alternative explanation. Of 22 high-
quality SNPs selected for Sanger sequencing, all were 
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proven to be “true” variations. However, five other SNPs 
with low quality could not be confirmed as polymorphic 
among different soybean accessions. The quality scores of 
these five SNPs were all less than 70, suggesting the need 
of a higher SNP quality threshold for selection of high-
confidence SNPs. We increased the threshold of quality 
score to 70 and discarded all the low-quality SNPs in the 
final SNP set. In addition, the advantage of using biologi-
cal replication for SNP discovery is that we can further 
filter putative SNPs based not only on mapping quality and 
depth in individual library but also on the replications of 
each locus. Biological replications increase the accuracy 
of SNPs and a SNP found in two or three replications is 
more likely to be a reliable SNP than one found in only a 
single replication.
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