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Introduction
Advances in molecular and computational technologies
have irreversibly changed the course of genetic investi-
gation for almost all organisms. Although �single-gene�
and �single investigator� studies will continue to pro-
vide detail and resolution to our understanding of bio-
logical processes, the greatest impact in this field of
investigation will likely come from the high-throughput
discovery tools of genomics. 

Advances in soybean genomics in the last 15 years
promise to revolutionize soybean genetics. What fol-
lows is a brief report on key components of soybean
genomics. 

The Genome and Genetic Linkage Maps
The soybean genome is only average in size compared
to that of many other plants. It comprises about 1,115
million base pairs per haploid genome (Mbp/C; Aru-
muganathan & Earle, 1991). Approximately 40-60% of
the soybean genome sequence can be defined as repeti-
tive (Gurley, Hepburn, & Key, 1979; Goldberg, 1978).
Approximately 90% of all restriction fragment length
polymorphism (RFLP) probes detect duplicated loci in
soybean (Shoemaker et al., 1996). Nearly 60% detect
three or more loci. Hybridization-based mapping has
resolved many duplicated regions of the genome. These
homoeologous regions reflect segmental and whole-
genome duplication events and can provide much infor-
mation about the evolution of the genome.

In 1990, the first RFLP-based map of the soybean
genome was published (Keim, Diers, Olson, & Shoe-
maker, 1990). The genetic map saw further expansion
during the 1990s with the addition of more than 350
RFLP loci (Shoemaker & Olson, 1993). The develop-
ment and mapping of a large set of soybean simple

sequence repeat (SSR) markers were initiated in 1995
with the support of the United Soybean Board (USB).
As a result of this effort, more than 600 SSR loci were
developed. The 600 SSR markers developed to date
were mapped in three different mapping populations
(Cregan et al., 1999). As a result, the 20-plus linkage
groups derived from each of the three populations were
aligned into a consensus set of 20 homologous groups
presumed to correspond to the 20 pairs of soybean chro-
mosomes. 

Molecular marker development in soybean has pro-
gressed from RFLPs to SSRs and now to single nucle-
otide polymorphisms (SNPs). The frequency of SNPs in
soybean is somewhat low�the SNP frequency in cod-
ing and noncoding DNA of approximately 1.98/kbp and
4.68/kbp, respectively, as estimated from the analysis of
25 soybean genotypes (Zhu et al., in press). However,
SNPs are already in use in industrial soybean breeding
programs (Cahill, 2000) using allele specific hybridiza-
tion (ASH) for SNP detection similar to the procedure
described by Coryell, Jessen, Schupp, Webb, and Keim
(1999). 

Comparative Genomics
The substantial rearrangements that have occurred
within the soybean genome, probably as part of the pro-
cess of diploidization, make it difficult to identify
lengthy stretches of syntenic chromosome segments
between soybean and related legumes. It has been deter-
mined that linkage groups of mung bean and common
bean are comprised generally of mosaics of short soy-
bean linkage blocks (Boutin et al., 1995). However, Lee,
Bush, Specht, and Shoemaker (1999) showed that
homoeologous segments of soybean linkage groups
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The soybean is a major world source of edible oil and high-qual-
ity protein. It has an interesting and complex genome structure.
It has a rich repertoire of genomic tools and resources that
include a vast expressed sequence tag (EST) collection, a
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also has a large and active research community. The array of
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map and a better understanding of the gene space and chromo-
somal topography of the species. Still, the soybean is clearly the
model crop legume.
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showed a higher degree of synteny with chromosomes
of common bean and mung bean than previously
thought. Lee et al. (1999) also showed that homologous
regions among the legumes were also homologous with
duplicated regions of Arabidopsis. Grant, Cregan, and
Shoemaker (2000) used sequences of mapped soybean
RFLP probes and Arabidopsis genomic sequence to
demonstrate synteny between Arabidopsis and soybean.
These findings were surprising, given the millions of
years since the divergence of their lineages. In contrast,
only three of 50 soybean contigs (6%) were shown to
possess microsynteny with Arabidopsis (Yan et al.,
2003), whereas 54% showed microsynteny with Medi-
cago truncatula. Clearly, cross-referencing to model
legumes (Medicago and Lotus) will speed soybean
genomics advances.

Physical Mapping
Bacterial artificial chromosome (BAC) libraries (Marek
& Shoemaker 1997; Danesh et al., 1998; Tomkins et al.,
1999; Salimath & Bhattacharyya, 1999; Meksem,
Ruben, Zobrist, Zhang, & Lightfoot, 2000) have been
produced which together cover the soybean genome
many times over. Detailed physical contigs have already
been developed and reported (Marek & Shoemaker,
1997). These libraries have been made from different
genotypes and with a variety of enzymes and almost all
have been made available to the public. Yeast artificial
chromosomes have also been created for the purpose of
chromosome walking and in situ hybridization (Zhu,
Shi, Gresshoff, & Keim, 1996). 

A genome-wide physical map was recently con-
structed from more than 78,000 BAC clones (Wu et al.,
2003). This map consisted of approximately 2,900 con-
tigs. The total contig length exceeded the predicted size
of the soybean genome, suggesting that many contigs
overlapped. More than half of the physical length of the
physical map was anchored to the genetic map using
RFLP and SSR markers (Wu et al., 2003). 

ESTs and Gene Discovery
As a result of funding from the soybean commodity
boards (North Central Soybean Research Program
[NCSRP] and USB), soybean has amassed more than
300,000 ESTs representing over 80 different cDNA
libraries (Shoemaker et al., 2002). The cDNA libraries
giving rise to those ESTs represent a wide range of
organs, developmental stages, genotypes, and environ-
mental conditions. This resource is providing much
information on differences in gene expression of mem-

bers of multigene families (Granger et al., 2002). The
soybean EST collection provides a large resource of
publicly available genes and gene sequences and pro-
vides valuable insight into structure, function and evolu-
tion of this model crop legume. This resource is also
drawing much needed bioinformatic expertise into
legume research.

Genome Sample Sequencing
Genome sequencing is fundamental to understanding
the genetic composition of an organism. However, the
entire genome need not be sequenced before critical
information on the topography of the chromosomes can
be obtained. Genomic sampling of nearly 2,700 DNA
sequences from more than 600 mapped loci has pro-
vided a glimpse of the composition and general struc-
ture of the soybean genome (Marek et al., 2001). These
contigs were identified and developed at genetically
anchored SSR and RFLP loci. An additional 237,000
BAC-end sequences have been made available to the
Better Bean Initiative (USB) by Monsanto, Inc. These
sequences will be instrumental in defining soybean gene
space and in creating a soybean repeat database useful
for whole-genome sequencing efforts.

Functional Genomics
High-density expression arrays containing 18,000
cDNAs arrayed on a filter have been developed (Vodkin
et al., 2000) along with microarray technology. Cur-
rently, arrays of 27,000 genes for soybean have been
printed containing low-redundancy genes from a wide
range of organs, developmental stages, disease chal-
lenged tissues, and various stress conditions (L. Vodkin,
personal communication, September 23, 2003). 

Serial analysis of gene expression (SAGE) captures
short 10- to 20-nucleotide �tags� near the 3' end of indi-
vidual mRNA molecules. The frequency of appearance
of tags in the library has been shown to accurately esti-
mate expression levels in the mRNA source tissue. Ini-
tial analysis from 20 SAGE libraries in soybean has
resulted in 132,992 SAGE tags, of which 40,121 are
unique (J. Schupp, personal communication, January
13, 2002).

The applications of microarray technology to soy-
bean are enormous. The future of functional genomics
research will include arrays that will distinguish gene
family members. Full-length sequencing of cDNA
clones is an important step in collecting the data neces-
sary to take this next step. 
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Genetic Transformation
Soybean has an efficient and well-developed genetic
transformation system (Clemente et al., 2000; Xing et
al., 2000; Zhang et al., 1999). Soybean transformation
efficiencies are consistently greater than 5%, and one
report states success rates in excess of 12%. 

What Is Missing?
The soybean as a genetic system is still lacking key
components. An understanding of the organization,
complexity, and distribution of the gene space of an
organism, including the topography of its repetitive
sequences, is critical to efficient generation of whole-
genome sequences. Although a glimpse of the distribu-
tion of genic and repetitive sequences in soybean has
been seen (Marek et al., 2001), a detailed analysis is
lacking. This gap could be filled by a combination of
cytogenetic analyses (fluorescence in situ hybridization
[FISH] and fiber FISH) and targeted (gene-rich or topo-

graphical) sequencing projects. Also required is a func-
tional genomic analyses resource that distinguishes
duplicated genes. Finally, phenotypical functional
genomics systems�particularly gene knockout sys-
tems�are also needed in soybean. Improvements in
transformation efficiencies have led to development of
transposon tagging projects for soybean (T. Clemente,
personal communication, May 20, 2003). Viral-induced
gene silencing systems and TILLING (targeted induced
local lesions in genomes) populations for soybean are
under development (N. Nielsen, personal communica-
tion, September 8, 2003). In spite of the progress in
these areas, phenotypical functional analysis systems
are not yet deployed for soybean.

Soybean is the number one oilseed crop in the world
and provides a multi-billion-dollar source of high-qual-
ity protein. The rich genomic resources available for
soybean make it a model crop legume. The gene discov-
ery stemming from structural and functional genomics
research in soybean will certainly lead to new products
and to varieties with improved nutritional and agro-
nomic characters. 
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