
Nova Southeastern University Nova Southeastern University 

NSUWorks NSUWorks 

Biology Faculty Articles Department of Biological Sciences 

1-14-2010 

Genome Sequence of the Palaeopolyploid Soybean Genome Sequence of the Palaeopolyploid Soybean 

Jeremy Schmutz 
HudsonAlpha Genome Sequencing Center 

Steven B. Cannon 
USDA-ARS Corn Insects and Crop Genetics Research Unit 

Jessica Schlueter 
University of North Carolina at Charlotte 

Jianxin Ma 
Purdue University 

Therese Mitros 
University of California 

See next page for additional authors 

Follow this and additional works at: https://nsuworks.nova.edu/cnso_bio_facarticles 

 Part of the Biology Commons 

This Article has supplementary content. View the full record on NSUWorks here: 

https://nsuworks.nova.edu/cnso_bio_facarticles/1228 

NSUWorks Citation NSUWorks Citation 
Schmutz, Jeremy; Steven B. Cannon; Jessica Schlueter; Jianxin Ma; Therese Mitros; William Nelson; David 
L. Hyten; Qijian Song; Jay J. Thelen; Jianlin Cheng; Dong Xu; Uffe Hellsten; Gregory D. May; Yeisoo Yu; 
Tetsuya Sakurai; Taishi Umezawa; Madan K. Bhattacharyya; Devinder Sandhu; Babu Valliyodan; Erika 
Lindquist; Myron Peto; David Grant; Shengqiang Shu; David Goodstein; Kerrie Barry; Montona Futrell-
Griggs; Brian Abernathy; Jianchang Du; Zhixi Tian; Liucun Zhu; Navdeep Gill; Trupti Joshi; Marc Libault; 
Anand Sethuraman; Xue-Cheng Zhang; Kazuo Shinozaki; Henry T. Nguyen; Rod A. Wing; Perry Cregan; 
James Specht; Jane Grimwood; Dan Rokhsar; Gary Stacey; Randy C. Shoemaker; and Scott A. Jackson. 
2010. "Genome Sequence of the Palaeopolyploid Soybean." Nature 463, (7278): 178-183. 
doi:https://doi.org/10.1038/nature08670. 

This Article is brought to you for free and open access by the Department of Biological Sciences at NSUWorks. It 
has been accepted for inclusion in Biology Faculty Articles by an authorized administrator of NSUWorks. For more 
information, please contact nsuworks@nova.edu. 

http://nsuworks.nova.edu/
http://nsuworks.nova.edu/
https://nsuworks.nova.edu/
https://nsuworks.nova.edu/cnso_bio_facarticles
https://nsuworks.nova.edu/cnso_bio
https://nsuworks.nova.edu/cnso_bio_facarticles?utm_source=nsuworks.nova.edu%2Fcnso_bio_facarticles%2F1228&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/41?utm_source=nsuworks.nova.edu%2Fcnso_bio_facarticles%2F1228&utm_medium=PDF&utm_campaign=PDFCoverPages
https://nsuworks.nova.edu/cnso_bio_facarticles/1228
mailto:nsuworks@nova.edu


Authors Authors 
Jeremy Schmutz, Steven B. Cannon, Jessica Schlueter, Jianxin Ma, Therese Mitros, William Nelson, David 
L. Hyten, Qijian Song, Jay J. Thelen, Jianlin Cheng, Dong Xu, Uffe Hellsten, Gregory D. May, Yeisoo Yu, 
Tetsuya Sakurai, Taishi Umezawa, Madan K. Bhattacharyya, Devinder Sandhu, Babu Valliyodan, Erika 
Lindquist, Myron Peto, David Grant, Shengqiang Shu, David Goodstein, Kerrie Barry, Montona Futrell-
Griggs, Brian Abernathy, Jianchang Du, Zhixi Tian, Liucun Zhu, Navdeep Gill, Trupti Joshi, Marc Libault, 
Anand Sethuraman, Xue-Cheng Zhang, Kazuo Shinozaki, Henry T. Nguyen, Rod A. Wing, Perry Cregan, 
James Specht, Jane Grimwood, Dan Rokhsar, Gary Stacey, Randy C. Shoemaker, and Scott A. Jackson 

This article is available at NSUWorks: https://nsuworks.nova.edu/cnso_bio_facarticles/1228 

https://nsuworks.nova.edu/cnso_bio_facarticles/1228


ARTICLES

Genome sequence of the palaeopolyploid
soybean
Jeremy Schmutz1,2, Steven B. Cannon3, Jessica Schlueter4,5, Jianxin Ma5, Therese Mitros6, William Nelson7,
David L. Hyten8, Qijian Song8,9, Jay J. Thelen10, Jianlin Cheng11, Dong Xu11, Uffe Hellsten2, Gregory D. May12,
Yeisoo Yu13, Tetsuya Sakurai14, Taishi Umezawa14, Madan K. Bhattacharyya15, Devinder Sandhu16,
Babu Valliyodan17, Erika Lindquist2, Myron Peto3, David Grant3, Shengqiang Shu2, David Goodstein2, Kerrie Barry2,
Montona Futrell-Griggs5, Brian Abernathy5, Jianchang Du5, Zhixi Tian5, Liucun Zhu5, Navdeep Gill5, Trupti Joshi11,
Marc Libault17, Anand Sethuraman1, Xue-Cheng Zhang17, Kazuo Shinozaki14, Henry T. Nguyen17, Rod A. Wing13,
Perry Cregan8, James Specht18, Jane Grimwood1,2, Dan Rokhsar2, Gary Stacey10,17, Randy C. Shoemaker3

& Scott A. Jackson5

Soybean (Glycine max) is one of the most important crop plants for seed protein and oil content, and for its capacity to fix
atmospheric nitrogen through symbioses with soil-borne microorganisms. We sequenced the 1.1-gigabase genome by a
whole-genome shotgun approach and integrated it with physical and high-density genetic maps to create a
chromosome-scale draft sequence assembly. We predict 46,430 protein-coding genes, 70% more than Arabidopsis and
similar to the poplar genome which, like soybean, is an ancient polyploid (palaeopolyploid). About 78% of the predicted
genes occur in chromosome ends, which comprise less than one-half of the genome but account for nearly all of the genetic
recombination. Genome duplications occurred at approximately 59 and 13 million years ago, resulting in a highly duplicated
genome with nearly 75% of the genes present in multiple copies. The two duplication events were followed by gene
diversification and loss, and numerous chromosome rearrangements. An accurate soybean genome sequence will facilitate
the identification of the genetic basis of many soybean traits, and accelerate the creation of improved soybean varieties.

Legumes are an important part of world agriculture as they fix atmo-
spheric nitrogen by intimate symbioses with microorganisms. The
soybean in particular is important worldwide as a predominant plant
source of both animal feed protein and cooking oil. We report here a
soybean whole-genome shotgun sequence of Glycine max var.
Williams 82, comprised of 950megabases (Mb) of assembled and
anchored sequence (Fig. 1), representing about 85% of the predicted
1,115-Mb genome1 (Supplementary Table 3.1). Most of the genome
sequence (Fig. 1) is assembled into 20 chromosome-level pseudomole-
cules containing 397 sequence scaffolds with ordered positions within
the 20 soybean linkage groups. An additional 17.7Mb is present in
1,148 unanchored sequence scaffolds that are mostly repetitive and
contain fewer than 450 predicted genes. Scaffold placements were
determined with extensive genetic maps, including 4,991 single nuc-
leotide polymorphisms (SNPs) and 874 simple sequence repeats
(SSRs)2–5. All but 20 of the 397 sequence scaffolds are unambiguously
oriented on the chromosomes. Unoriented scaffolds are in repetitive
regions where there is a paucity of recombination and genetic markers
(see Supplementary Information for assembly details).

The soybean genome is the largest whole-genome shotgun-
sequenced plant genome so far and compares favourably to all other

high-quality draft whole-genome shotgun-sequenced plant genomes
(Supplementary Table 4). A total of 8 of the 20 chromosomes have
telomeric repeats (TTTAGGG or CCCTAAA) on both of the distal
scaffolds and 11 other chromosomes have telomeric repeats on a
single arm, for a total of 27 out of 40 chromosome ends captured
in sequence scaffolds. Also, internal scaffolds in 19 of 20 chromo-
somes contain a large block of characteristic 91- or 92-base-pair
(bp) centromeric repeats6,7 (Fig. 1). Four chromosome assemblies
contain several 91/92-bp blocks; this may be the correct physical
placements of these sequences, ormay reflect the difficulty in assembling
these highly repetitive regions.

Gene composition and repetitive DNA

A striking feature of the soybean genome is that 57% of the genomic
sequence occurs in repeat-rich, low-recombination heterochromatic
regions surrounding the centromeres. The average ratio of genetic-
to-physical distance is 1 cM per 197 kb in euchromatic regions, and
1 cM per 3.5 Mb in heterochromatic regions (see Supplementary
Information section 1.8). For reference, these proportions are similar
to those in Sorghum, in which 62% of the sequence is heterochro-
matic, and different than in rice, with 15% in heterochromatin8. In

1HudsonAlpha Genome SequencingCenter, 601 GenomeWay, Huntsville, Alabama 35806, USA. 2Joint Genome Institute, 2800Mitchell Drive,Walnut Creek, California 94598, USA.
3USDA-ARS Corn Insects and Crop Genetics Research Unit, Ames, Iowa 50011, USA. 4Department of Bioinformatics and Genomics, 9201 University City Blvd, University of North
Carolina at Charlotte, Charlotte, North Carolina 28223, USA. 5Department of Agronomy, Purdue University, 915 W. State Street, West Lafayette, Indiana 47906, USA. 6Center for
Integrative Genomics, University of California, Berkeley, California 94720, USA. 7Arizona Genomics Computational Laboratory, BIO5 Institute, 1657 E. Helen Street, The University of
Arizona, Tucson, Arizona 85721, USA. 8USDA, ARS, Soybean Genomics and Improvement Laboratory, B006, BARC-West, Beltsville, Maryland 20705, USA. 9Department Plant
Science and Landscape Architecture, University ofMaryland, College Park, Maryland 20742, USA. 10Division of Biochemistry & Interdisciplinary Plant Group, 109 Christopher S. Bond
Life Sciences Center, University of Missouri, Columbia, Missouri 65211, USA. 11Department of Computer Science, University of Missouri, Columbia, Missouri 65211, USA. 12The
National Center for Genome Resources, 2935 Rodeo Park Drive East, Santa Fe, NewMexico 87505, USA. 13Arizona Genomics Institute, School of Plant Sciences, University of Arizona,
Tucson, Arizona 85721, USA. 14RIKEN Plant Science Center, Yokohama 230-0045, Japan. 15Department of Agronomy, Iowa State University, Ames, Iowa 50011, USA. 16Department of
Biology, University ofWisconsin-Stevens Point, Stevens Point,Wisconsin 54481, USA. 17National Center for Soybean Biotechnology, Division of Plant Sciences, University ofMissouri,
Columbia, Missouri 65211, USA. 18Department of Agronomy and Horticulture, University of Nebraska, Lincoln, Nebraska 68583, USA.
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general, these boundaries, determined on the basis of suppressed
recombination, correlate with transitions in gene density and trans-
poson density. Ninety-three per cent of the recombination occurs in
the repeat-poor, gene-rich euchromatic genomic region that only
accounts for 43% of the genome. Nevertheless, 21.6% of the high-
confidence genes are found in the repeat- and transposon-rich
regions in the chromosome centres.

We identified 46,430 high-confidence protein-coding loci in the
soybean genome, using a combination of full-length complementary
DNAs9, expressed sequence tags, homology and ab initio methods
(Supplementary Information section 2). Another,20,000 loci were
predicted with lower confidence; this set is enriched for hypothetical,
partial and/or transposon-related sequences, and possess shorter
coding sequences and fewer introns than the high-confidence set.
The exon–intron structure of genes shows high conservation among
soybean, poplar and grapevine, consistent with a high degree of posi-
tion and phase conservation found more broadly across angios-
perms10. Introns in soybean gene pairs retained in duplicate have a
strong tendency to persist. Of 19,775 introns shared by poplar and
grapevine (diverged more than 90 million years (Myr) ago11), and
hence by the last common ancestor of soybean and grapevine, 19,666
(99.45%) were preserved in both copies in soybean. Of the remaining
0.55%, 78% are absent in both recent soybean copies (that is, lost
before the,13-Myr-ago duplication) and 22% are found only in one
paralogue (that is, other copy lost). We find a slower intron loss rate
in poplar (0.4%) than in soybean (0.6%) since the last common rosid
ancestor, which is consistent with the slower rate of sequence evolu-
tion in the poplar lineage thought to be associated with its perennial,
clonal habit, global distribution and wind pollination12. Intron size is
also highly conserved in recent soybean paralogues, indicating that
few insertions and deletions have accumulated within introns over
the past 13Myr.

Of the 46,430 high-confidence loci, 34,073 (73%) are clearly ortho-
logous with one or more sequences in other angiosperms, and can
be assigned to 12,253 gene families (Supplementary Table 5). Among
pan-angiosperm or pan-rosid gene families that also have mem-
bers outside the legumes, soybean is particularly enriched (using a
Fisher’s exact test relative to Arabidopsis) in genes containing NB-
ARC (nucleotide-binding-site-APAF1-R-Ced) and LRR (leucine-
rich-repeat) domains. These genes are associated with the plant
immune system, and are known to be dynamic13. Tandem gene family
expansions are common in soybean and include NBS-LRR, F-box,
auxin-responsive protein, and other domains commonly found in
large gene families in plants. The ages of genes in these tandem families,
inferred from intrafamily sequence divergence, indicate that they ori-
ginated at various times in the evolutionary history of soybean, rather
than in a discrete burst.

From protein families in the sequenced angiosperms (http://
www.phytozome.net) (Supplementary Table 4), we identified 283
putative legume-specific gene families containing 448 high-confidence
soybean genes (Supplementary Information section 2). These gene
families include soybean and Medicago representatives, but no repre-
sentatives from grapevine, poplar, Arabidopsis, papaya, or grass
(Sorghum, rice, maize, Brachypodium). The top domains in this set
are the AP2 domain, protein kinase domain, cytochrome P450, and
PPR repeat. Anadditional 741putatively soybean-specific gene families
(each consisting of two or more high-confidence soybean genes) may
also include legume-specific genes that have not yet been sequenced in
the ongoingMedicago sequencing project, or may represent bona fide
soybean-specific genes. The top domains in this list include protein
kinase and protein tyrosine kinase, AP2, LRR,MYB-like DNA binding
domain, cytochrome P450 (the same domains most common in the
entire soybean proteome) as well as GDSL-like lipase/acylhydrolase
and stress-upregulated Nod19.

A combination of structure-based analyses and homology-based
comparisons resulted in identification of 38,581 repetitive elements,
covering most types of plant transposable elements. These elements,
together with numerous truncated elements and other fragments,
make up ,59% of the soybean genome (Supplementary Table 6).

Long terminal repeat (LTR) retrotransposons are themost abundant
class of transposable elements. The soybean genome contains ,42%
LTR retrotransposons, fewer than Sorghum8 and maize14, but higher
than rice15. The intact element sizes range from 1kb to 21 kb, with an
average size of 8.7 kb (Supplementary Fig. 2). Of the 510 families con-
taining 14,106 intact elements, 69% are Gypsy-like and the remainder
Copia-like. However, most (,78%) of these families are present at low
copy numbers, typically fewer than 10 copies. The genome also con-
tains an estimated 18,264 solo LTRs, probably caused by homologous
recombination between LTRs from a single element. Nested retrotran-
sposons are common,with4,552nested insertion events identified.The
copy numbers within each block range from one to six.

The genome consists of,17% transposable elements, divided into
Tc1/Mariner,haT,Mutator,PIF/Harbinger,Pong,CACTA superfamilies
and Helitrons. Of these superfamilies, those containing more than 65
complete copies, Tc1/Mariner and Pong, comprise ,0.1% of the
genome sequence, and seem to have not undergone recent amplifica-
tion, indicating that theymay be inactive and relatively old. Conversely,
other families seem to have amplified recently and may still be active,
indicated by the high similarity (.98%) of multiple elements.

Multiple whole-genome duplication events
Timing and phylogenetic position. A striking feature of the soybean
genome is the extent to which blocks of duplicated genes have been
retained. On the basis of previous studies that examined pairwise
synonymous distance (Ks values) of paralogues16,17, and targeted
sequencing of duplicated regions within the soybean genome18, we
expected that large homologous regions would be identified in the
genome. Using a pattern-matching search, gene families of sizes from
two to sixwere identified, andKs values were calculated for these genes,
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Figure 1 | Genomic landscape of the 20 assembled soybean chromosomes.
Major DNA components are categorized into genes (blue), DNA
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retrotransposons (cyan) and Cent91/92 (a soybean-specific centromeric
repeat (pink)), with respective DNA contents of 18%, 17%, 13%, 30% and
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here displayed as a histogram plot (Fig. 2), which shows two distinct
peaks. Similarly, nucleotide diversity for the fourfold synonymous
third-codon transversion position, 4dTv, was calculated. Bothmetrics
give a measure of divergence between two genes, but the 4dTv uses a
subset of the sites (transitions/transversion) used in the computa-
tion of Ks. 31,264 high-confidence soybean genes have recent paralo-
gues with Ks< 0.13 synonymous substitutions per site and
4dTv< 0.0566 synonymous transversionsper site (Fig. 3), correspond-
ing to a soybean-lineage-specific palaeotetraploidization. This was
probably an allotetraploidy event based on chromosomal evidence19.
Of the 46,430 high-confidence genes, 31,264 exist as paralogues and
15,166 have reverted to singletons. We infer that the pre-duplication
proto-soybean genome possessed ,30,000 genes: half of
(23 15,1661 23 15,632)5 30,798. This number is comparable to
the modern Arabidopsis gene complement. A second paralogue peak
at Ks< 0.59 (4dTv< 0.26) corresponds to the early-legume duplica-
tion, which several lines of evidence suggest occurred near the origins of
the papilionoid lineage20. The papilionoid origin has been dated to
approximately 59Myr ago21. A third highly diffuse peak is seen when
the plot is expanded past a Ks value of 1.5 (data not shown) and most
probably corresponds to the ‘gamma’ event22, shown to be a triplication
in Vitis23 and in other angiosperms24.

Owing to the existence of macrofossils in the legumes and allies,
the timing of clade origins in the legumes is better established than
other plant families. A fossil-calibrated molecular clock for the
legumes places the origin of the legume stem clade and the oldest
papilionoid crown clade at 58 to 60Myr ago21. If the early-legume
whole-genome duplication (WGD) occurred outside the papilionoid
lineage, as suggested bymap evidence fromArachis (an early-diverging

genus in the papilionoid clade)20, then the duplication occurredwithin
the narrow window of time between the origin of the legumes and the
papilionoid radiation. If the older duplication is assumed to have
occurred around 58Myr ago, then the calculated rate of silent muta-
tions extending back to the duplication would be 5.173 1023, similar
to previous estimates of 5.23 10–3 (ref. 21). The Glycine-specific
duplication is estimated to have occurred ,13Myr ago, an age con-
sistent with previous estimates16,17.
Structural organization. We identified homologous blocks within
the genome using i-ADHoRe25. Using relatively stringent parameters,
442 multiplicons (that is, duplicated segments) were identified
within the soybean genome and visualized using Circos26 (Fig. 2).
Owing to the multiple rounds of duplication and diploidization in
the genome, as well as chromosomal rearrangements, multiplicons
(or blocks) between chromosomes can involve more than just two
chromosomes. On average, 61.4% of the homologous genes are
found in blocks involving only two chromosomes, only 5.63% span-
ning three chromosomes, and 21.53% traversing four chromosomes.
Two notable exceptions to this pattern are chromosome 14, which
has 11.8% of its genes retained across three chromosomes, and chro-
mosome 20 with 7.08% of the homologues (gene pairs resulting from
genome duplication) retained across four chromosomes. Chromo-
some 14 seems to be a highly fragmented chromosome with block
matches to 14 other chromosomes, the highest number of all chro-
mosomes. Conversely, chromosome 20 is highly homologous to the
long arm of chromosome 10, with few matches elsewhere in the
genome.

Retention of homologues across the genome is exceptionally high;
blocks retained in two or more chromosomes can be clearly observed
(Fig. 2 and Supplementary Figs 5 and 6). The number of homologues
(gene pairs) within a block average 31, although any given block may
contain from 6 to 736 homologues. Given that not all genes within a
block are retained as homologues (owing to loss of duplicated genes
over time (fractionation)), the average number of genes in a block is
,75 genes and ranges from 8 to 1,377 genes.

Repeated duplications in the soybean genome make it possible to
determine rates of gene loss following each round of polyploidy. In
homologous segments from the 13-Myr-old Glycine duplication,
43.4% of genes havematches in the corresponding region, in contrast
to 25.9% in blocks from the early legume duplication. Combining
these gene-loss rates with WGD dates of 13Myr ago and 59Myr ago,
the rate of gene loss has been 4.36% of genes per Myr following the
GlycineWGDand 1.28%of genes perMyr following the early-legume
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Figure 2 | Homologous relationships between the 20 soybean
chromosomes. The bottom histogram plot shows pairwise Ks values for
gene family sizes 2 to 6. Top panels show the 20 chromosomes in a circle with
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WGD. This differential in gene-loss rates indicates an exponential
decay pattern of rapid gene loss after duplication, slowing over time.

Nodulation and oil biosynthesis genes

A unique feature of legumes is their ability to establish nitrogen-
fixing symbioses with soil bacteria of the family Rhizobiaceae.
Therefore, information on the nodulation functions of the soybean
genome is of particular interest. Sequence comparisons with previ-
ously identified nodulation genes identified 28 nodulin genes and 24
key regulatory genes, which probably represent true orthologues of
known nodulation genes in other legume species (Supplementary
section 3 and Supplementary Table 8). Among this list of 52 genes,
32 have at least one highly conserved homologue gene.Wehypothesize
that these are homologous gene pairs arising from the Glycine WGD
(that is, ,13Myr ago). Further analysis shows that seven soybean
nodulin genes produce transcript variants. The exceptional example
is nodulin-24 (Glyma14g05690), which seems to produce ten tran-
script variants (Supplementary Table 8). In total, 25% of the examined
nodulin genes produce transcript variants,which is slightly higher than
the incidence of alternative splicing in Arabidopsis (,21.8%) and rice
(,21.2%)27. However, none of the soybean regulatory nodulation
genes produces transcript variants (Supplementary Table 8).

Mining the soybean genome for genes governing metabolic steps
in triacylglycerol biosynthesis could prove beneficial in efforts to
modify soybean oil composition or content. Genomic analysis of acyl
lipid biosynthesis in Arabidopsis revealed 614 genes involved in path-
ways beginning with plastid acetyl-CoA production for de novo fatty
acid synthesis through cuticular wax deposition28. Comparison of
these sequences to the soybean genome identified 1,127 putative
orthologous and paralogous genes in soybean. This is probably a
low estimate owing to the high stringency conditions used for gene
mining. The distribution of these genes according to various func-
tional classes of acyl lipid biosynthesis is shown in Table 1.
Comparing Arabidopsis to soybean, the number of genes involved
in storage lipid synthesis, fatty acid elongation and wax/cutin pro-
duction was similar. For all other subclasses, the soybean genome
contained substantially higher numbers of genes. Interestingly, the
number of genes involved in lipid signalling, degradation of storage
lipids, andmembrane lipid synthesis were two- to threefold higher in
soybean than Arabidopsis, indicating that these areas of acyl lipid
synthesis are more complex in soybean. The number of genes
involved in plastid de novo fatty acid synthesis was 63% higher in
soybean compared to Arabidopsis. Many single-gene activities in

Arabidopsis are encoded by multigene families in soybean, including
ketoacyl-ACP synthase II (12 copies in soybean), malonyl-CoA:ACP
malonyltransferase (2 copies), enoyl-ACP reductase (5 copies), acyl-
ACP thioesterase FatB (6 copies) and plastid homomeric acetyl-CoA
carboxylase (3 copies). Long-chain acyl-CoA synthetases, ER acyl-
transferases, mitochondrial glycerol-phosphate acyltransferases, and
lipoxygenases are all unusually large gene families in soybean, con-
taining as many as 24, 21, 20 and 52 members, respectively. The
multigenic nature of these and many other activities involved in acyl
lipid metabolism suggests the potential for more complex transcrip-
tional control in soybean compared to Arabidopsis.

Transcription factor diversity

We identified soybean transcription factor genes by sequence com-
parison to known transcription factor gene families, as well as by
searching for known DNA-binding domains. In total, 5,671 putative
soybean transcription factor genes, distributed in 63 families, were
identified (Fig. 4a and Supplementary Table 9). This number re-
presents 12.2% of the 46,430 predicted soybean protein-coding loci.
A similar analysis performed on the Arabidopsis genome identified
2,315 putative Arabidopsis transcription factor genes, representing
7.1% of the 32,825 predicted Arabidopsis protein-coding loci
(Fig. 4b). Transcription factor genes are homogeneously distributed
across the chromosomes in both soybean and Arabidopsis, with an
average relative abundance of 8–10% transcription factor genes on
each chromosome. On rare occasions, regions were identified in both
genomes that had a relatively low (,5%) or high density (.12%) of
transcription factor genes. Among the transcription factor genes iden-
tified, 9.5% of soybean genes (538 transcription factor genes) and
8.2% ofArabidopsis genes (190Arabidopsis transcription factor genes)

Table 1 | Putative acyl lipid genes in Arabidopsis and soybean

Function category of acyl lipid genes Number in
Arabidopsis

Number in
soybean

Synthesis of fatty acids in plastids 46 75

Synthesis of membrane lipids in plastids 20 33

Synthesis of membrane lipids in endomembrane system 56 117

Metabolism of acyl lipids in mitochondria 29 69

Synthesis and storage of oil 19 22

Degradation of storage lipids and straight fatty acids 43 155

Lipid signalling 153 312

Fatty acid elongation and wax and cutin metabolism 73 70

Miscellaneous 175 274

Total 614 1,127

ABI3/VP1: 78 AP2-EREBP: 381

AS2: 92

AUX-IAA-ARF: 129

bHLH: 393

Bromodomain: 57

BTB/POZ: 145

BZIP: 176

C2C2 (Zn) CO-like: 72

C2C2 (Zn) Dof: 82

C2C2 (Zn) GATA: 62

C2H2 (Zn): 395

C3H-type1(Zn): 147

CCAAT: 106

CCHC (Zn): 144
GRAS: 130

Homeodomain/Homeobox: 319

Jumonji: 77

MADS: 212

MYB: 65

MYB/HD-like: 726

NAC: 208

PHD: 222

SNF2: 69

TCP: 65

TPR: 319

WRKY: 197

ZF-HD: 54
Other TFs: 561a ABI3/VP1: 71 AP2-EREBP: 146

AS2: 43

AUX-IAA-ARF: 51

bHLH: 172

Bromodomain: 29

BTB/POZ: 98

BZIP: 78

C2C2 (Zn) CO-like: 34

C2C2 (Zn) Dof: 36

C2C2 (Zn) GATA: 29

C2H2 (Zn): 173

C3H-type1(Zn): 69

CCAAT: 38
CCHC (Zn): 66GRAS: 33

Homeodomain/Homeobox: 112

Jumonji: 21

MADS: 109

MYB: 24

MYB/HD-like: 279

NAC: 114

PHD: 55

SNF2: 33

TCP: 6
TPR: 65

WRKY: 73

ZF-HD: 17
Other TFs: 241b

Figure 4 | Distribution of soybean (a) and Arabidopsis (b) transcription
factor genes in different transcription factor families.Only the distribution
of the most representative transcription families is detailed here. AUX-IAA-
ARF, indole-3-acetic acid-auxin response factor; BTB/POZ, bric-à-brac
tramtrack broad complex/pox viruses and zinc fingers; BZIP, basic leucine

zipper; GRAS, (GAI, RGA, SCR); NAC, (NAM, ATAF1/2, CUC2); PHD,
plant homeodomain-finger transcription factor; TCP, (TB1, CYC, PCF);
TFs, transcription factors; TPR, tetratricopepitide repeat;WRKY, conserved
amino acid sequence WRKYGQK at its N-terminal end.
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are tandemly duplicated. By way of example, only one region in
Arabidopsis has more than five duplicated transcription factor genes
in tandem (seven ABI3/VP1 genes (At4G31610 to At4G31660)),
whereas in soybean several such regions are present (for example, 13
C3H-type 1 (Zn) (Glyma15g19120 to Glyma15g19240); six MYB/
HD-like (Glyma06g45520 to Glyma06g45570); and five MADS
(Glyma20g27320 to Glyma20g27360); Supplementary Table 8). The
overall distribution of soybean transcription factor genes among the
various known protein families is very similar between Arabidopsis
and soybean (Supplementary Fig. 10a, b). However, some families are
relatively sparser or more abundant in soybean, perhaps reflecting
differences in biological function. For example, members of the
ABI3/VP1 family are 2.2-times more abundant in Arabidopsis,
whereas members of the TCP family are 4.4-times more abundant
in soybean. In addition, those gene families with fewer members are
differentially represented between soybean and Arabidopsis. FHA,
HD-Zip (homeodomain/leucine zipper), PLATZ, SRS and TUB tran-
scription factor genes are more abundant in soybean (2.7, 2.9, 4.1, 3,
and 4.9 times, respectively) and HTH-ARAC (helix–turn–helix araC/
xylS-type) genes were identified exclusively in soybean. In contrast,
HSF, HTH-FIS (helix–turn–helix-factor for inversion stimulation),
TAZ and U1-type (Zn) genes are present in relatively larger numbers
in Arabidopsis (5.4, 4.9, 24.5 and 2.9 times, respectively). Notably,
both ABI3/VP1, TCP, SRS and Tubby transcription factor genes were
shown to have critical roles in plant development (for example, ABI3/
VP1 during seed development; TCP, SRS and Tubby affect overall
plant development29–33). The differences seen in relative transcription
factor gene abundance indicates that regulatory pathways in soybean
may differ from those described in Arabidopsis.

Impact on agriculture

Hundreds of qualitatively inherited (single gene) traits have been
characterized in soybean and many genetically mapped. However,
most important crop production traits and those important to seed
quality for human health, animal nutrition and biofuel production
are quantitatively inherited. The regions of the genome containing
DNA sequence affecting these traits are called quantitative trait loci
(QTL). QTL mapping studies have been ongoing for more than 90
distinct traits of soybean including plant developmental and re-
productive characters, disease resistance, seed quality and nutritional
traits. Inmost cases, the causal functional gene or transcription factor
underlying the QTL is unknown. However, the integration of the
whole genome sequence with the dense genetic marker map that
now exists in soybean2–5 (http://www.Soybase.org) will allow the
association of mapped phenotypic effectors with the causal DNA
sequence. There are already examples where the availability of the
soybean genomic sequence has accelerated these discovery efforts.
Having access to the sequence allowed cloning and identification of
the rsm1 (raffinose synthase) mutation that can be used to select for
low-stachyose-containing soybean lines that will improve the ability
of animals and humans to digest soybeans34. Using a comparative
genomics approach between soybean and maize, a single-base muta-
tion was found that causes a reduction in phytate production in
soybean35. Phytate reduction could result in a reduction of a major
environmental runoff contaminant from swine and poultry waste.
Perhapsmost exciting for the soybean community, the first resistance
gene for the devastating disease Asian soybean rust (ASR) has been
cloned with the aid of the soybean genomic sequence and confirmed
with viral-induced gene silencing36. In countries where ASR is well
established, soybean yield losses due to the disease can range from
10% to 80%36 and the development of soybean strains resistant to
ASR will greatly benefit world soybean production.

Soybean, one of the most important global sources of protein and
oil, is now the first legume species with a complete genome sequence. It
is, therefore, a key reference for the more than 20,000 legume species,
and for the remarkable evolutionary innovation of nitrogen-fixing
symbiosis. This genome,with a commonancestor only 20million years

removed frommany other domesticated bean species, will allow us to
knit together knowledge about traits observed andmapped in all of the
beans and relatives. The genome sequence is also an essential frame-
work for vast new experimental information such as tissue-specific
expression and whole-genome association data. With knowledge of
this genome’s billion-plus nucleotides, we approach an understanding
of the plant’s capacity to turn carbon dioxide, water, sunlight and
elemental nitrogen and minerals into concentrated energy, protein
and nutrients for human and animal use. The genome sequence opens
the door to crop improvements that are needed for sustainable human
and animal food production, energy production and environmental
balance in agriculture worldwide.

METHODS SUMMARY
Seeds from cultivarWilliams 82were grown in a growth chamber for 2 weeks and

etiolated for 5 days before harvest. A standard phenol/chloroform leaf extraction

was performed. DNA was treated with RNase A and proteinase K and precipi-

tated with ethanol.

All sequencing reads were collected with Sanger sequencing protocols on ABI

3730XL capillary sequencing machines, a majority at the Joint Genome Institute

in Walnut Creek, California.

A total of 15,332,163 sequence reads were assembled using Arachne

v.20071016 (ref. 37) to form 3,363 scaffolds covering 969.6Mb of the soybean

genome. The resulting assembly was integrated with the genetic and physical

maps previously built for soybean and a newly constructed genetic map to

produce 20 chromosome-scale scaffolds covering 937.3Mb and an additional

1,148 unmapped scaffolds that cover 17.7Mb of the genome.

Genes were annotated using Fgenesh138 and GenomeScan39 informed by EST

alignments and peptide matches to genome from Arabidopsis, rice and grapevine.

Modelswere reconciledwith EST alignments andUTRadded using PASA40.Models
were filtered for high confidence by penalizing genes which were transposable-

element-related, had low sequence entropy, short introns, incomplete start or stop,

lowC-score, noUniGene hit at 131025, or themodel was less than 30% the length

of its best hit.

LTR retrotransposons were identified by the program LTR_STRUC41, manu-

ally inspected to check structure features and classified into distinct families based

on the similarities to LTR sequences. DNA transposons were identified using

conserved protein domains as queries in TBLASTN42 searches of the genome.

Identified elements were used as a custom library for RepeatMasker (current

version: open 3.2.8; http://www.repeatmasker.org/cgi-bin/WEBRepeatMasker)

to detect missed intact elements, truncated elements and fragments.

Virtual suffix treeswith six-frame translationwere generatedusingVmatch43 and

then clustered into families. Pairwise alignments between gene family members

were performed using ClustalW44. Identification of homologous blocks was per-

formed using i-ADHoRe v2.1 (ref. 25). Visualization of blocks was performedwith

Circos26.
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