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ABSTRACT

Soybean is an important cash crop with unique and important traits such as the high seed protein and oil contents, and the ability to
perform symbiotic nitrogen fixation. A reference genome of cultivated soybeans was established in 2010, followed by whole-genome
re-sequencing of wild and cultivated soybean accessions. These efforts revealed unique features of the soybean genome and helped to
understand its evolution. Mapping of variations between wild and cultivated soybean genomes were performed. These genomic variations
may be related to the process of domestication and human selection. Wild soybean germplasms exhibited high genomic diversity and hence
may be an important source of novel genes/alleles. Accumulation of genomic data will help to refine genetic maps and expedite the
identification of functional genes. In this review, we summarize the major findings from the whole-genome sequencing projects and discuss
the possible impacts on soybean researches and breeding programs. Some emerging areas such as transcriptomic and epigenomic studies
will be introduced. In addition, we also tabulated some useful bioinformatics tools that will help the mining of the soybean genomic data.
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1. INTRODUCTION

Soybean is one of the most important economic crops
providing w70% dietary proteins and w30% edible oil (Data
from American Soybean Association, 2011; http://www.
soystats.com/2011/). The high symbiotic nitrogen fixation
ability of soybean makes it an integral component of sustain-
able agriculture. Improvements in yield, quality, and stress
tolerance are major targets in soybean breeding program.While
there is a confined narrow gene pool in domesticated cultivated
soybeans (Jackson et al., 2006, 2011; Lam et al., 2010; Stupar,
2010), the undomesticated wild soybeans are promising sour-
ces of novel genes and alleles. The year 2010 has signified
a major breakthrough in soybean genomic research. The first
assembled reference genome of cultivated soybean was pub-
lished in the beginning of 2010 (Schmutz et al., 2010), which
was followed by reports on the re-sequencing of 17 wild and 14
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cultivated soybean genomes (Lam et al., 2010); and a separate
publication on deep re-sequencing of a wild soybean accession
(Kim et al., 2010). The accumulation of these genomic data will
initiate swift and intense functional and comparative genomic
studies in the coming years. This review aims to summarize
major findings in the soybean genomic research and discuss
some possible future directions.

2. ESTABLISHMENT OF LINKAGE MAPS,
PHYSICAL MAPS, AND A REFERENCE GENOME

It took more than a decade’s effort from the early genomic
survey of soybean (Marek et al., 2001) to the recent release of
a reference genome (variety Williams 82) of this ancient
tetraploid Phaseoloid legume (Schmutz et al., 2010). The
genomic study of soybean began with tremendous efforts in
building linkage maps and physical maps. Genetic maps
derived from combined genetic populations (Cregan et al.,
1999; Song et al., 2004; Choi et al., 2007) provide 1849
genetic markers (e.g., SSR and AFLP) (Song et al., 2004) and
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1141 EST-based markers (Choi et al., 2007), which are quite
evenly distributed in the w2500 cM soybean genome. On
the other hand, physical maps were also constructed from
BAC or BIBAC libraries (Wu et al., 2004, 2008; Shoemaker
et al., 2008). By the end of 2008, one Hind III library con-
taining 40,320 clones and two BstY I libraries containing
67,968 and 92,160 clones respectively, were constructed for
Williams 82. A physical framework was formed by finger-
printing these libraries and associating contigs to molecular
markers by overgo hybridization, RFLP hybridization and
SSR amplification (Song et al., 2004; Choi et al., 2007) (e.g.,
by N-dimensional pools).

By integrating available genetic maps and physical maps,
the Consensus Map 4.0 with a resolution of 0.6 cM mean
interval was built (Hyten et al., 2010a). In addition, another
genetic map was generated from a F5 recombinant inbred
population resulting from a cross between a wild accession (PI
468916) and Williams 82 (Hyten et al., 2010b). This map
contains unevenly distributed markers enriched in regions not
covered by the markers in the Consensus Map 4.0.

The whole-genome shotgun sequencing of Williams 82 was
performed using the traditional Sanger’s method and assem-
bled using the Arachne algorithm (Schmutz et al., 2010).
Marker information of the integrated maps (Song et al., 2004;
Choi et al., 2007; Hyten et al., 2010a, 2010b) was employed to
determine the order and orientation of the scaffolds. A total of
950 Mb was successfully assembled and anchored, repre-
senting 85% of the predicted 1115 Mb soybean genome.

3. UNIQUE FEATURES OF THE SOYBEAN GENOME

Sequencing information from the soybean reference
genome revealed that there are 46,430 predicted genes
(including 283 putative legume-specific gene families con-
taining 448 high confidence soybean genes), of which 78% are
located in the chromosome ends that account for most genetic
recombination events (Schmutz et al., 2010).

The soybean genome usually comprises of 20 pairs of
chromosomes which are small and morphologically homoge-
nous (Singh and Hymowitz, 1988; Findley et al., 2010). The
genomic data supports the notion that the soybean genome is
a palaeopolyploid, with large-scale genomic duplications
occurred twice at w59 and 13 million years ago (mya),
respectively (Shoemaker et al., 2006; Schmutz et al., 2010).
The duplication and diploidization events resulted in a highly
duplicated genome. A total of 61.4%, 5.63%, or 21.53% of the
homologous genes were identified in blocks of two, three, or
four chromosomes, respectively.

Based on the reference genome, whole-genome re-sequencing
was performed on 17 wild and 14 cultivated soybean
accessions (with an average depth of 5� for each accession)
(Lam et al., 2010). These sequencing data allow the analysis
of the soybean genome using population statistics. One
unique feature of the soybean genome observed is the high
linkage disequilibrium (LD) in both cultivated and wild
soybean genomes. The average distances for LD to decay to
half of its maximum value in cultivated and wild soybeans
are w150 kb and w75 kb, respectively. Such values are
much higher than that of maize, rice, and Arabidopsis
thaliana (Lam et al., 2010). The stringent cleistogamy of
soybean may attribute to this phenomenon. The high LD in
soybeans allows marker-assisted breeding of soybean using
only a small subset of molecular markers, but limits the
resolution for association studies using genetic populations
(Lam et al., 2010). In this regard, the identification of
205,614 tag SNPs will be useful for soybean breeders (Lam
et al., 2010).

Another unique feature of the soybean genome lies on its
high nonsynonymous to synonymous (Nonsyn/Syn) ratio of
mutations. For both cultivated and wild soybean genomes, the
Nonsyn/Syn ratios are higher than rice and A. thaliana. The
high Nonsyn/Syn ratio may partly due to the high LD that
allows “hitch-hiking” alleles to accumulate. It was also
observed that large-effect single nucleotide polymorphisms
(SNPs) were present in an unusually high portion (10%) of the
annotated genes. The high Nonsyn/Syn ratios together with
high level of large-effect SNPs may cause the accumulation of
deleterious mutations in the soybean genome (Lam et al.,
2010).

Like other flowering plants, transposable elements (TEs)
occupy a significant portion of the soybean genome. Based on
a comprehensive annotation using the reference genome
(Schmutz et al., 2010), a total of 32,552 class I elements
(including 32,370 LTR-retrotransposons and 182 LINEs) and
6029 DNA transposons (including 9 Tc1-Mariners, 90 PIF-
Harbingers, 65 hATs, 2373 Mutators, 65 CACTAs, 12
PONGs and 82 Helitrons) were identified, occupying 42% and
16% of the genome respectively (Du et al., 2010). Using the
short read data from the re-sequencing project of 31 soybean
germplasms (Lam et al., 2010), unique new TEs have been
identified which are likely representing recent insertions
during soybean domestication and diversification (J. Ma,
personal communication). Based on previous researches in
other flowering plants, these soybean TEs may play important
roles in (i) the evolution of genome via recombination, rear-
rangement and reshuffling (Ma and Bennetzen, 2006); (ii) the
regulation of the epigenome via methylation (Zhang et al.,
2008); and (iii) the alteration of the expression of adjacent
genes via transcriptional activation (Kashkush et al., 2003). In
addition, since there is a huge amount of new TEs identified in
the soybean genome (Du et al., 2010), it is anticipated that new
functions of TEs will be unveiled.

4. GENOMIC EVOLUTION AND DIVERSITY

At least two rounds of large-scale genomic duplications
have shaped the structure of the recent soybean genome.
Phylogenetic study of homologous gene pairs showed that the
older duplication event was shared by two major sister legume
lineages, the Hologalegina (including Medicago and Lotus)
and the Phaseoloides, Glycine (Pfeil et al., 2005; Cannon
et al., 2006; Gill et al., 2009), prior to their separation
w50 mya (Pfeil et al., 2005; Jackson et al., 2006). The latter
duplication was associated with the divergence of homologous
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pairs in the genome of Glycine species, followed by the
evolution of the two Glycine subgenera w5 mya (Doyle and
Egan, 2010). However, it was believed that the ancestral
diploid genome of soybean was extinct (Gill et al., 2009).
Computational and cytogenetic study on centromeric satellite
indicated the occurrence of subgenome in Glycine max, and its
wild progenitor G. soja, suggesting that the recent polyploidy
event was allopolyploidy in nature (Gill et al., 2009).

Polyploidization and diploidization events shuffled chro-
mosomal segments and resulted into a mosaic genome struc-
ture. During evolution and under selection, the homologous
chromosome segments as a result of genomic duplication
would have undergone divergent structural and functional
changes. For example, by using an orthologous genomic
region from Phaseolus vulgaris as the outgroup for compar-
ison and subsequent experimental verification using fluores-
cence in situ hybridization (Lin et al., 2010), an inversion was
found in a 1-Mb duplicated segment between the soybean
chromosomes Gm08 and Gm15. Such duplication was likely
an event belonging to the ancient genomic duplication 13 mya.
While the inversion event represented the major structural
divergence, there were also other structural bias such as gene
movement, deletions, and etc. Moreover, bias in the gene
expression levels and differential synonymous substitution
rates were also observed between the homologous segments
(Lin et al., 2010).

Within the lineage of soybean, the cultivated soybeans
(G. max) that were domesticated w5000 years ago have
a close genetic relationship with the undomesticated progen-
itor wild soybeans (G. soja), despite distinct differences in
their morphological features. Bottleneck and human selection
has reduced the genomic diversity of cultivated soybeans
(Hyten et al., 2006; Lam et al., 2010). Since the two types of
soybeans can inbreed, introgressions of genes from wild
soybeans to cultivated soybeans have been reported, which
may influence the genomic composition of cultivated soybeans
(Lam et al., 2010).

Population genetic analysis using the whole-genome
sequencing data showed that wild soybeans possess a much
higher diversity, supporting the notion that wild soybean
germplasms are important sources of novel genes/alleles for
soybean improvement programs. A total of 6,318,109 SNPs
were identified from 17 wild and 14 cultivated soybean
genomes, including a huge array of wild-soybean-specific
SNPs (Lam et al., 2010). The mapping of long LD blocks in
both wild and cultivated soybean genomes, including
cultivated-soybean-specific LD blocks, will facilitate the
identification of genes related to domestication and human
selection (Lam et al., 2010). Moreover, the cultivated-soybean-
specific SNPs exhibit a higher than average Nonsyn/Syn ratio,
which may attribute to the domestication-associated Hill-
Robertson effect (Lu et al., 2006).

Direct comparison of deep re-sequencing data of wild
soybean accessions to the reference Williams 82 genome have
revealed a whole array of genomic variations between the wild
and cultivated soybean genomes, including SNPs, insertions
and deletions, and putative alleles/genes that may be unique to
the wild soybeans (Kim et al., 2010; Lam et al., 2010). For
example, over 10,000 nonsynonymous SNPs and 2398 indels
were identified, potentially affecting >9000 protein structures
or gene functions (Kim et al., 2010). However, since the re-
sequencing approach using the cultivated soybean genome as
the reference has limited the identification of novel genes in
wild soybean genome, a reference genome of wild soybean
built by de novo sequencing is needed for a more thorough
analysis.

5. REFINING OF GENETIC MAPS

The accumulation of genomic sequencing data will expe-
dite the refinement of genetic maps of soybean. Conventional
genetic maps suffer from low resolution due to inadequate
genome coverage by markers. About 100 traits including plant
morphology related traits, seed quality and yield quantity were
mapped on soybean genetic maps during the past 20 years
(http://soybase.org/) and more than 40 soybean mapping
populations with different genetic background have been
published (http://soybase.org/). However, QTL studies based
on these maps often resulted in a target region that contains
too many candidate genes for functional analyses.

Based on the reference genome Williams 82, one recent
achievement is the construction of the Universal Soy Linkage
Panel (USLP 1.0) (Hyten et al., 2010a), which contains 1536
high quality SNPs selected from two GoldenGate genotyping
assays (SoyOPA-2 and SoyOPA-3). This will facilitate high
throughput QTL identification.

An alternative to this kind of genotyping by microarray
hybridization is genotyping by direct re-sequencing. An initial
attempt in soybean was performed by 4.4� re-sequencing
using the Solexa system (Wu et al., 2010). This study identi-
fied 39,022 putative SNPs. However, recombinant breakpoints
could not be determined in this experiment since only the two
parental soybean lines were genotyped. Moreover, genotyping
by sequencing also suffers from high error rate caused by
relatively low coverage (Wu et al., 2010). One strategy to
circumvent this error-prone approach is by adopting the “bin”
concept. “Bin” is a unit between two breakpoints where
unique segregation pattern is represented (Lee et al., 2004). In
rice, sliding window approach (Huang et al., 2009) and Hidden
Markov Model (Xie et al., 2010) were adopted for the geno-
typing of recombinant inbred populations to form a “bin map”,
which successfully identified narrow QTL regions containing
genes contributing to plant height and seed width. Therefore,
population scale low coverage re-sequencing followed by
genotype called by “bin” instead of individual SNPs, should be
a viable approach for refining soybean genetic maps.

6. TRANSCRIPTOME ANALYSIS

Microarray is a high throughput method in studying whole-
genome transcriptome. The GeneChip Soybean Genome Array
was constructed using the Affymetrix technology, allowing the
analysis of 37,500 soybean transcripts. It has been successfully
employed in studying the transcriptome of soybean. For
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example, it was used to investigate the transcriptional
responses of soybean toward the pathogen soybean cyst
nematode (Puthoff et al., 2007; Mazarei et al., 2011), to
identify differentially expressed gene of soybean during Bra-
dyrhizobium infection (Libault et al., 2010), and to investigate
the transcriptional changes of wild soybean upon NaHCO3

treatment (Ge et al., 2010). Nevertheless, only 90.5% tran-
scripts on the chip can match with the predicted transcripts in
the soybean reference genome (Libault et al., 2010), sug-
gesting a total coverage of less than 75% of the annotated
genes. Whole-genome tiling arrays (Mockler and Ecker, 2005)
are yet to be available for soybean.

Whole transcriptome shotgun sequencing (RNA-seq) based
on the next generation sequencing platforms offers a way to
detect whole-genome steady state transcriptome without being
limited to pre-assigned transcripts (Wang et al., 2009; Martin
and Wang, 2011). In addition to gene expression studies,
RNA-seq studies also help verifying the annotation of the
reference genome as well as providing more information about
alternative splicing and trans-splicing RNA (Allen and
Howell, 2010; Ozsolak and Milos, 2010; Martin and Wang,
2011).

RNA-seq data will often be mapped against the reference
genome to bypass the need to assemble short read sequences.
On the other hand, de novo RNA-seq without a reference
genome or using a reference genome from close relatives is
also possible (Lai et al., 2004; Collins et al., 2008; Wang et al.,
2009; Martin and Wang, 2011). Therefore, a high quality
soybean reference genome may be used as the reference for
transcriptomic studies of other legumes.

Based on the William 82 Glyma1.01 genome assembly,
RNA-seq was performed to study the transcriptome of four-
teen diverse tissues to identify preferentially expressed tran-
scripts in different tissues and growth stages (Severin et al.,
2010). Furthermore, sequencing-based analysis also allows
the study of non-protein coding RNAs. A study using the 454
platform identified 35 new families (in additional to the 20
known families) of miRNA from Bradyrhizobium-inoculated
soybean (Subramanian et al., 2008).

7. EPIGENOMIC STUDIES

Epigenetics refers to the heritable transcription control
without the change in genetic code stored in the genome.
Mechanisms involved in epigenetics modification mainly
involved DNA methylation and histone modifications.

In eukaryotes, DNA methylation occurs on C-5 position of
cytosine. DNA methylation affects transcription rate through
changing the affinity of DNA towards transcription factors or
altering the packing density of the chromatin. Whole-genome
bisulfite sequencing using the next generation sequencing
platforms was employed to study the genome methylation
pattern at the single-base-pair resolution (Cokus et al., 2008).
A new method to detect DNA methylation at single-CpG
resolution by combining the principle of bisulfite sequencing
and DNA microarray was also recently introduced (Bibikova
et al., 2011).
There was one early preliminary investigation of the DNA
methylation patterns of the duplicated regions in the soybean
genome (Zhu et al., 1994). Methylation polymorphisms were
compared between cultivated and wild soybeans using 27
primer pairs to generate 984 CG/CNG methylation sites across
47 soybean accessions (Zhong et al., 2009). However, these
studies are of limited scale and the whole-genome methylation
pattern is still not available for soybean.

Histone modification included methylation, acetylation, ubiq-
uitylation, phosphorylation, SUMOylation, ADP-ribosylation,
and citrullination. Chromatin immunoprecipitation (ChIP)
using antibodies against histone modifications is the conven-
tional methods to study histone-DNA interaction (Spencer
et al., 2003; Nelson et al., 2006; Haring et al., 2007). Proto-
cols of ChIP have been modified to satisfy its mission in
studying plant histone functions (Bowler et al., 2004; Gendrel
et al., 2005; Kaufmann et al., 2010; Ricardi et al., 2010). ChIP
may be accompanied with DNA microarray (ChIP-Chip)
(Robyr and Grunstein, 2003; Huebert et al., 2006; Shivaswamy
and Iyer, 2007) or sequencing (ChIP-seq) (Johnson et al.,
2007) to census the DNA fragments interacting with the tar-
geted histone.

Studies of histone modification in soybean are very limited.
Variants of histone H3 and H4 and their post-translational
modifications have been successfully identified in soybean
by mass spectrometry. This study also unveiled some histone
variants that have not been reported in other plants (Wu et al.,
2009). There are also some evidences suggesting that tran-
scriptional factors (such as GmPHD5) may play a role in
mediating the crosstalk between different histone modifica-
tions (Wu et al., 2011).

8. ONLINE RESOURCES

For whole-genome sequencing projects, a huge amount of
raw reads, assembled sequences, and annotation information
will be generated. These data will usually be deposited in
public databases or private servers of independent research
groups to allow sharing of information.

In some servers, whole-genome data are presented in an
interactive way using the Generic Genome Browser software
(Stein et al., 2002). Gbrowse is an open source graphic based
genome viewer developed by the Generic Model Organism
Database project. It is widely used in displaying genome
information. Information of Gbrowse is available in the
following link: http://gmod.org/mediawiki/index.php?title¼
GBrowse&oldid¼19363. This browser allows bird’s view of
an entire chromosome or detailed view of small chromosomal
region by some simple operations in the user-friendly inter-
face. It also supports the fast searching of genomic region by
entering specific identifiers or retrieving sequence of certain
region by simply clicking a few buttons. Genetic markers,
topology of annotated genes, duplicated region, and other
information can be viewed in the same page. Plug-in and add-
on tools can also be added to the Gbrowse to facilitate instant
analysis of the genome region of interest in situ. Gbrowse has
been adopted by Phytozome, SoyBase and other soybean
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Table 1

Summary of the available online resources for soybean genome analysis

Host Datasets Major bioinformatics tools

NCBI

http://www.ncbi.nlm.nih.gov/

The National Center for Biotechnology Information (NCBI),

a division of the National Library of Medicine (NLM) at the

National Institutes of Health (NIH)

� Genome sequences

� Physical and genetic map

� Gene annotation

� Transcriptome

� Gene expression

� Genomic libraries and clones

� Genome re-sequencing datasets

� Sequence of individual chromosome

� SNPs

� ESTs

� BLAST

� Conserved Domain Database (CDD)

� Map viewer

Phytozome

http://www.phytozome.net/

Joint Genome Institute and Center for Integrative Genomics,

University of California (Goodstein et al., 2012)

� Assembled sequences

� High confidence annotation

� Genome browser

� BLAST

� Cross species homology search

SoyBase

http://soybase.org/

USDA and Iowa State University (Grant et al., 2010;

Du et al., 2010)

� Genetic map

� Genome sequence

� Gene annotation

� Physical map (WebFPC)

� QTL and loci collections

� Williams 82 transposable

element (TE) database

� BLAST

� EST library

� SoyChip annotation

� SoyChip probe analysis

� SoyChip probe viewer

� Metabolic pathway database

� Haplotype identifier

� Tissue based expression profile

� Hierarchical clustering

� TE analysis

SoyKB (Soybean Knowledge Base)

http://soykb.org/

University of Missouri, Columbia, MO 65211-2060, USA

(Joshi et al., 2012)

� GBrowse for annotated genes,

miRNA, metabolites, SNPs

� BLAST

� Sequence evidence (EST, 50RATE,
full length cDNA)

� Experimental data (transcriptomics,

microarray, proteomic)

� 3D protein structure

� Gene pathway viewer

� Metabolic pathway viewer

� Affymetrix probe ID Mapper

� Motifsampler by WebLOGO

SoyDB (for soybean transcription factors)

http://casp.rnet.missouri.edu/soydb/

National Science Foundation and University of Missouri

(Wang et al., 2010)

� Amino acid sequences

� Predicted tertiary structures

� DNA binding sites

� Domain predictions

� Homologous proteins from the

Protein Data Bank

� Protein family classifications

� Multiple sequence alignments

� Consensus DNA binding motifs and

web logo of each family

� Text search

� PSI-BLAST

� Browse database

� Family prediction by HMM

Soy-TFKB (Soybean Transcription Factor Knowledge Base)

http://www.igece.org/Soybean_TF/

Institute for Green Energy and Clean Environment

� List of transcription factors (76 classified

transcription factors families, 4452 predicted

putative transcription factors)

� Protein sequences

� Transcript sequence

� TF families browser

PMRD: plant microRNA database

http://bioinformatics.cau.edu.cn/PMRD

China Agricultural University (Zhang et al., 2010)

� microRNA sequences

� Secondary structure

� Expression profiling

� Promoter sequence

� Target prediction

� microRNA search by name, location,

target gene ID or stem-loop sequence

� Genome browser

� microRNA prediction

SGMD (The soybean genomics and microarray database)

http://bioinformatics.towson.edu/SGMD/ (Alkharouf and

Matthews, 2004)

� EST library

� Microarray database

� LOBSA

BGI-Shenzhen

ftp://public.genomics.org.cn/BGI/soybean_re-sequencing/

(Lam et al., 2010)

� Genome re-sequencing dataset (17 wild

and 14 cultivated soybean genome)

� SNP datasets

� PAV datasets

� N/A
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databases to display the information of soybean. These web-
sites often accompany with sequence analysis tools and other
soybean genome information.

The sharing of information through the internet allows
different research groups having different expertise to utilize
and analyze the soybean genome sequences. Information or
knowledge generated from these researches is also made
accessible on the internet. Here, we summarized some useful
online resources for public access in Table 1.
9. CONCLUSIONS AND PERSPECTIVES

The release of a reference genome of cultivated soybean
has generated important information and tools for soybean
researches and breeding programs. However, due to the
complex and highly repetitive nature of the soybean genome,
there are still genomic regions that are not covered in this
reference genome and gaps are still present between aligned
scaffolds. Future breakthroughs in genomic sequencing tech-
nology and/or sequencing of more soybean accessions will
help to refine this reference genome.

Wild soybeans exhibit a much higher genomic diversity. It
is therefore an important source for novel genes/alleles. Pop-
ulation genetics analysis of wild and cultivated soybean
genomes has revealed genomic regions that may be related to
domestication and human selections. However, since the
genomic data of wild soybeans are still based on re-
sequencing, a reference genome of wild soybeans is needed
to allow a more detailed analysis of these events.

The accumulation of genomic sequencing data helps to
increase the resolution of genetic maps. The availability of
more sequencing information of different genetic population
and germplasms in the future will provide great tools to
identify useful genes. However, due to the high LD of the
soybean genome, genome-wide association studies may
require deep sequencing of a large collection of germplasms.
On the other hand, such exceptionally high LD in soybean and
the identification of tag SNPs may expedite the marker-
assisted breeding programs.

To assist researchers and breeders to make use of the
genomic data, various online sources are now made available
for data and information sharing. A concerted effort world-
wide in the soybean genomic study has brought the research of
this important crop to a more advanced level.
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