
Genome Analysis

Differential Accumulation of Retroelements and
Diversification of NB-LRR Disease Resistance Genes
in Duplicated Regions following Polyploidy in the
Ancestor of Soybean1[W][OA]

Roger W. Innes*, Carine Ameline-Torregrosa, Tom Ashfield, Ethalinda Cannon, Steven B. Cannon,
Ben Chacko, Nicolas W.G. Chen, Arnaud Couloux, Anita Dalwani, Roxanne Denny, Shweta Deshpande,
Ashley N. Egan, Natasha Glover, Christian S. Hans, Stacy Howell, Dan Ilut, Scott Jackson, Hongshing Lai,
Jafar Mammadov2, Sara Martin del Campo, Michelle Metcalf, Ashley Nguyen, Majesta O’Bleness,
Bernard E. Pfeil, Ram Podicheti, Milind B. Ratnaparkhe, Sylvie Samain, Iryna Sanders,
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The genomes of most, if not all, flowering plants have undergone whole genome duplication events during their evolution. The
impact of such polyploidy events is poorly understood, as is the fate of most duplicated genes. We sequenced an
approximately 1 million-bp region in soybean (Glycine max) centered on the Rpg1-b disease resistance gene and compared this
region with a region duplicated 10 to 14 million years ago. These two regions were also compared with homologous regions in
several related legume species (a second soybean genotype, Glycine tomentella, Phaseolus vulgaris, and Medicago truncatula),
which enabled us to determine how each of the duplicated regions (homoeologues) in soybean has changed following
polyploidy. The biggest change was in retroelement content, with homoeologue 2 having expanded to 3-fold the size of
homoeologue 1. Despite this accumulation of retroelements, over 77% of the duplicated low-copy genes have been retained in

the same order and appear to be functional. This finding
contrasts with recent analyses of the maize (Zea mays)
genome, in which only about one-third of duplicated genes
appear to have been retained over a similar time period.
Fluorescent in situ hybridization revealed that the homoeo-
logue 2 region is located very near a centromere. Thus,
pericentromeric localization, per se, does not result in a high
rate of gene inactivation, despite greatly accelerated retro-
transposon accumulation. In contrast to low-copy genes,
nucleotide-binding-leucine-rich repeat disease resistance
gene clusters have undergone dramatic species/homoeologue-
specific duplications and losses, with some evidence for
partitioning of subfamilies between homoeologues.

The comparative approach to studying genes and
genomes is a powerful method for addressing both
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quençage (to V.G.). A.N.E. was supported by a National Science
Foundation Systematics Award (grant no. DEB–0516673).

2 Present address: Trait Genetics and Technology, Dow Agro-
Sciences LLC, Indianapolis, IN 46268.

* Corresponding author; e-mail rinnes@indiana.edu.
The author responsible for distribution of materials integral to the

findings presented in this article in accordance with the policy
described in the Instructions for Authors (www.plantphysiol.org) is:
Roger W. Innes (rinnes@indiana.edu).

[W] The online version of this article contains Web-only data.
[OA] Open Access articles can be viewed online without a sub-

scription.
www.plantphysiol.org/cgi/doi/10.1104/pp.108.127902

1740 Plant Physiology, December 2008, Vol. 148, pp. 1740–1759, www.plantphysiol.org � 2008 American Society of Plant Biologists



fundamental and applied questions in genome evolu-
tion (Paterson, 2006; Schranz et al., 2007; Margulies
and Birney, 2008). To realize the full potential of this
approach, however, requires consideration of the var-
iable rates at which different aspects of genome evo-
lution occur, which in turn requires comparison of
multiple species positioned at varying phylogenetic
distances (Schranz et al., 2007). Important questions in
genome evolution, particularly about the evolution of
gene families and genome structure, can be addressed
most effectively by analysis of large contiguous blocks
of DNA sequence frommultiple species (Moreno et al.,
2008). Few such analyses have been performed on
plant genomes (Lai et al., 2004; Swigonova et al., 2004;
Ma et al., 2005; Mudge et al., 2005), however, because
of the wide phylogenetic distances between the best-
sampled genomes: Arabidopsis (Arabidopsis thaliana),
maize (Zea mays), and rice (Oryza sativa), and, more
recently, Medicago truncatula, poplar (Populus tricho-
carpa), grape (Vitis vinifera), and Carica papaya. Here,
we describe comparison of a 1-Mb region centered on
the Rpg1-b disease resistance gene of soybean (Glycine
max; Ashfield et al., 2004) with homologous regions in
three other legume species.
Soybean is an attractive choice for genome evolution

studies because it is a major food crop, it is a legume (a
large and diverse plant family that is both ecologically
and economically important; Doyle and Luckow, 2003;
Singh et al., 2007), and, of particular relevance to this
study, it is an ancient polyploid (Shoemaker et al.,
2006). Polyploidy (genome duplication) is thought to
be a driving force behind the rapid diversification of
angiosperms and their ability to successfully colonize
new niches (Hegarty and Hiscock, 2008; Leitch and
Leitch, 2008). Many of our major crop plants (e.g.
wheat [Triticum aestivum], maize, cotton [Gossypium
hirsutum], and soybean) are of polyploid origin; thus,
the role of polylploidy in shaping plant genome struc-
ture and function is of fundamental and practical
interest (Bowers et al., 2003; Paterson, 2005). The
molecular mechanisms underlying the success of poly-
ploid plants are currently under intensive investiga-
tion (Hegarty and Hiscock, 2008; Leitch and Leitch,

2008), but recent data indicate that, following poly-
ploidy, large-scale genetic (transposable element ac-
tivity, chromosome translocations, insertions, and
deletions) and epigenetic (histone modifications and
DNA methylation) alterations occur (Adams et al.,
2003, 2004; Gaeta et al., 2007; Doyle et al., 2008), some
of which differentially affect duplicated gene copies
and are potentially associated with the acquisition of
adaptive traits (Dubcovsky and Dvorak, 2007).

The soybean genome has undergone at least two
rounds of whole genome duplication, one estimated to
have occurred 10 to 14 million years ago (mya) and a
second more ancient event estimated to have occurred
50 to 60 mya (Shoemaker et al., 2006). By examining a
1-Mb region, we hoped to compare and contrast the
evolutionary fates of low-copy and high-copy gene
families following a polyploidy event. Our initial goal
was to compare the Rpg1-b region of soybean with
the region duplicated during the 10-mya polyploidy
event. To assign polarity to any differences found be-
tween these two homoeologous regions (regions di-
verged due to polyploidy), we compared both regions
with the single orthologous region in Phaseolus vulgaris
(common bean), which diverged from soybean approx-
imately 20 mya (Lavin et al., 2005) and has not under-
gone a subsequent polyploidy event (Fig. 1). We also
compared these regionswith the orthologous regions in
Glycine tomentella, a wild perennial relative of soybean
that diverged from soybean approximately 5 mya (see
below). This comparison allowed us to place a time
frame on when differences between homoeologues
arose. Finally, we also compared these regions with
orthologous regions in Medicago and in a second acces-
sion of soybean (PI96983), allowing us to detect more
ancient (approximately 54 mya) and very recent events.

One of our specific goals was to assess the impact of
polyploidyon the evolution of disease resistance genes,
which are among the most rapidly evolving and poly-
morphic genes known in plants (Meyers et al., 1999,
2003). We focused our analyses on the Rpg1-b region,
locatedonmolecular linkagegroupF (chromosome13),
because it is highly enriched in resistance genes be-
longing to the nucleotide-binding-leucine-rich repeat

Figure 1. Phylogenetic relationships of
taxa and their genomes. Divergence times
(million years) are from Lavin et al. (2005).
A, Species relationships. Black squares
mark polyploidy events. B, Expected rela-
tionships among genomes and their genes.
Black squares mark duplications produced
by polyploidy events. Two successive
whole genome duplications in the ances-
tor of Glycine lead to the expectation of a
maximum of four homoeologues in mod-
ern Glycine species.
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(NB-LRR) family (Ashfield et al., 2003, 2004), and we
selected PI96983 for analysis because it had previously
been shown to contain a suite of NB-LRRs in theRpg1-b
region quite distinct from Williams 82, based on
Southern-blot hybridizations (Jeong et al., 2001). In addi-
tion, testing of PI96983 revealed that it did not contain a
functional Rpg1-b gene, which confers resistance to
Pseudomonas syringaepv glycinea strains that express the
type III effector gene avrB (Ashfield et al., 1995, 2004).
Conversely, the Rsv1 gene, which confers resistance to
Soybeanmosaic virus and has beenmapped to theRpg1-b
region, is found in PI96983 but not inWilliams 82 (Gore
et al., 2002; Hayes et al., 2004). We thus expected to find
structural polymorphisms involving NB-LRRs and
wondered if these extended to other classes of genes
in this region.

These comparisons allowed us to address several
fundamental questions relating to NB-LRRs, poly-
ploidy, and genome evolution in legumes. Do rates
of gene evolution vary between homoeologous re-
gions? To what extent have genome rearrangements
occurred in these homoeologous segments? Does one
member of a homoeologous chromosome pair rear-
range preferentially, or are the rearrangements evenly
distributed? Are some duplicated copies of particular
gene classes (e.g. NB-LRRs) preferentially lost follow-
ing polyploidy? Do NB-LRRs behave differently from
other clustered gene families? What impact have
retrotransposons had on the evolution of this region,
and do homoeologues differ in this regard?

RESULTS

Assembly of Bacterial Artificial Chromosome Contigs

for Sequencing

We assembled and sequenced an approximately
1-Mb bacterial artificial chromosome (BAC) contig from
soybean cv Williams 82 centered on the Rpg1-b gene
(Supplemental Fig. S1; see “Materials and Methods”;
Ashfield et al., 1998, 2003). To minimize gaps, this contig
was assembled from two different BAC libraries (re-
ferred to here as gmw1 and gmw2) that employed
different restriction enzymes in their creation. Combined,
these libraries represented 17.4 genome equivalents
(Marek and Shoemaker, 1997; Marek et al., 2001). Despite
these precautions, we were unable to span one genomic
interval that is highly unstable in BAC vectors in Esch-
erichia coli, resulting in two BAC contigs that were tightly
linked genetically (Supplemental Fig. S1). Using fiber
fluorescent in situ hybridization (FISH) analysis, we
estimated the gap between these two contigs to be
between 50 and 60 kb (data not shown). While complet-
ing our analyses, the first draft of the soybean genome
sequence was released (7-fold coverage; Soybean Ge-
nome Project, Department of Energy Joint Genome
Institute; http://www.phytozome.net/soybean.php),
which enabled us to compare our BAC-based sequence
datawith thewhole genome shotgun (WGS) sequencing
data for this region. To distinguish this WGS draft from

future assemblies, wewill refer to the scaffolds from this
draft as “7x” scaffolds. Both of the BAC contigs were
locatedwithin 7x scaffold 172 of theWGS sequence, and
the gap was found to be 57,562 nucleotides.

Supplemental Figure S1 shows the specific BAC
clones that were selected for sequencing. Assembly of
these BAC sequences into supercontigs resulted in
553,148 bp of unique sequence in the left contig
and 453,942 bp in the right contig. Combined with the
gap sequence from the WGS data, this represented
1,064,642 bp in total. This megabase region served as
our reference sequence for identifying the homoeo-
logous region(s) in cv Williams 82, both homoeologues
in soybean line PI96983 and G. tomentella accession
G1403, and the single orthologous region in P. vulgaris
accession G19833 and M. truncatula var Jemalong.

To identify these homologous regions, we screened
BAC libraries using DNA hybridization probes de-
rived from low-copy protein-coding genes identified
in the Williams 82 sequence (Supplemental Table S1;
Supplemental Fig. S1). BAC clones that hybridized to
two or more probes were then fingerprinted and end
sequenced. A combination of fingerprint information,
probe hybridization patterns, and end sequence infor-
mation was used to assemble contigs and identify a
minimum tiling path for sequencing. Supplemental
Figure S1 shows a physical map of all of the BACs
selected for sequencing and the probes that hybridized
to each. Note that we identified BAC clones in soybean
cv Williams 82 that appear to represent homoeologous
regions derived from two different whole genome
duplication events (Fig. 1; see below; Shoemaker et al.,
2006). For clarity, we refer to the BAC contigs derived
from the most recent duplication as homoeologue
2 (H2) and the BAC contig derived from the more
ancient duplication as homoeologue 3 (H3), with the
reference sequence being homoeologue 1 (H1; Fig. 1).
We did not identify BAC clones corresponding to
homoeologue 4 (Fig. 1) in our library screen, presum-
ably because this region has become fragmented to the
extent that the genes homoeologous to H1 are sepa-
rated by more than one BAC length.

Based on probe hybridization patterns, we obtained
good coverage ofH2 inWilliams 82 and the orthologous
and homoeologous regions in the other taxa; however,
there remained a number of gaps in most BAC contigs
(Supplemental Fig. S1). For soybean H2, this was likely
due to expansion by retroelement insertions (see be-
low), making it difficult to identify individual BAC
clones containing genes homologous to two ormoreH1
probes. For the other taxa, gapsmay be due to the lower
depth of the BAC libraries screened (average of eight
genome equivalents), the presence of regions that are
unstable in E. coli, and/or genomic rearrangements
relative to the reference Williams 82 sequence.

To address whether genomic rearrangements were a
possible cause of the gaps in the soybean H2 contig, we
genetically mapped several BAC clones that spanned
H2 from Williams 82 using microsatellite markers
(Akkaya et al., 1995). We also mapped two BACs
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from H3 of Williams 82. Significantly, all BACs iden-
tified from H2 mapped to the same location on soy-
bean molecular linkage group E (chromosome 15),
approximately 4 cM from microsatellite marker
Sat_136 (data not shown), indicating that this region
has not been fragmented by chromosomal translocations
or inversions. BACs gmw2-129e12 and gmw2-91b16
fromH3mapped to linkage group C2 (chromosome 6),
approximately 5 cM from marker Satt357.
The soybean Williams 82 H2 supercontig (the com-

bination of contigs, individual BACs, and gaps cor-
responding to this region) contained two gaps
(Supplemental Fig. S1). To determine the size of these
gaps, we again compared our sequence with the 7x
WGS sequence. All three BAC contigs from theWilliams
82 H2 region were contained within 7x scaffold 55 of
the WGS sequence, providing confirmation for our
genetic mapping data. To our surprise, both gaps were
very large (gap 1 = 819,550 bp and gap 2 = 835,706 bp).
This analysis also revealed that the homology between
the H1 contig and the WGS 7x scaffold 55 sequence
extended 177,494 bp on the left flank of the H2 super-
contig and 730,000 bp on the right flank. Thus, the
1,064,642-bp H1 region corresponds to a region of
3,434,337 in H2, raising the question of whether H1
had lost DNA or H2 had gained DNA.

Expansion of H2 Is Caused by Retroelement Insertions
and Is Associated with Proximity to a Centromere

To determine the origin of the differences in se-
quence content between soybean homoeologues H1
and H2, we annotated both sequences and compared
their gene contents with the homologous region from
Phaseolus. BAC sequences were annotated using a
semiautomated approach to identify both protein-
coding genes and repetitive elements (see “Materials
andMethods”). We then aligned BAC contigs based on
positions of conserved low-copy genes. Figure 2A and
Supplemental Figure S2A show an alignment between
homoeologues 1 and 2 of soybean cv Williams 82 and
Phaseolus. The comparison with Phaseolus enabled us
to infer whether differences between H2 and H1
represented losses or insertions, as any genes shared
between Phaseolus and one or both Glycine homoeo-
logues presumably were present in their most recent
common ancestor. This alignment revealed that H2
contains many more retroelement insertions than ei-
ther H1 or Phaseolus, and as a consequence, the low-
copy genes have been spread apart in H2. The degree
of expansion is not constant along H2, with some
regions affected more than others (Fig. 2A). This
expansion explains our failure to identify BAC clones
that spanned gap 1 and gap 2 in our H2 contig as-
sembly, as our initial criteria for identifying homoeo-
logous BACs required that they contain at least two
low-copy genes found on H1.
Neither Phaseolus nor soybean H1 contained the

high retrotransposon content observed in soybean H2,
suggesting that retrotransposons have accumulated in

H2 in the 10 to 14 million years since the divergence of
H1 and H2 from their common ancestor. Consistent
with this hypothesis, a similar retroelement-mediated
expansion of H2 was also observed in G. tomentella
(Fig. 2B; Supplemental Fig. S2B); thus, the propensity
for H2 to accumulate retroelement insertions was
conditioned prior to the separation of soybean and
G. tomentella, which occurred 5 to 7 mya (Fig. 1). A
diverse collection of retroelements was found in H2 of
both soybean and G. tomentella, including copia-like
and gypsy-like long terminal repeat (LTR) retrotrans-
posons, as well as LINE elements (Wawrzynski et al.,
2008). The majority of the LTR retroelements identified
in both soybean and G. tomentella, however, inserted
within the last 4 million years, and many within the
last 1 million years (Wawrzynski et al., 2008). Thus, the
H2 region in both soybean and G. tomentella continues
to be receptive to a diverse set of retroelement insertions.

In both plants and animals, centromeric and pericen-
tromeric regionsof thegenomeare enriched in repetitive
elements, including retroelements (Lin et al., 2005; Ma
et al., 2007),which suggested that theH2 regionmightbe
adjacent to a centromere. To test this hypothesis directly,
we performed standard FISH analysis on soybean mi-
totic prometaphase chromosome spreads, using H2
BAC gmw2-12n11 as a hybridization probe in conjunc-
tion with a centromere-specific probe (SB91; see “Mate-
rials andMethods”). These hybridizations revealed that
the H2 region in soybean is indeed closely associated
with a centromere (Supplemental Fig. S3). To confirm
this finding,wequeried thepreliminary8x chromosome
assemblies produced by the Soybean Genome Project,
DepartmentofEnergyJointGenomeInstitute (S.B.Cannon,
unpublished data). The soybeanH2 regionwas found to
bewithin 2.8Mbof the centromere (definedas the region
containing tandem 91- to 92-nucleotide satellite repeats)
on chromosome 15 (linkage group E), while the soybean
H1region is approximately13.9Mbfromthe centromere
of chromosome13 (linkage groupF). Both chromosomes
are approximately 50Mb in length.We thushypothesize
that sometime after the divergence of the H1 and H2
parent species, and prior to the split between soybean
and G. tomentella, a chromosomal rearrangement oc-
curred that placed the H2 region adjacent to a centro-
mere.As a consequence, this region began accumulating
repetitive elements, including retroelements, at a higher
rate than H1 and continued to do so thereafter. These
data suggest that centromeric sequences can promote
repetitive element accumulation in adjacent sequences
when brought into proximity. As discussed further
below, this observation is consistent with the “centro-
mere drive” model, whereby expansion of centromeric
repeats facilitates the segregation of chromosomes into
the egg cell during meiosis (Henikoff and Malik, 2002).

Homoeologous Gene Loss in Soybean Is Biased
Toward H2

Given the rapid expansion of retrotransposon con-
tent in H2 of soybean, we asked whether this would
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Figure 2. (Figure continues on following page.)
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correlate with a more rapid loss of genes duplicated by
polyploidy. To estimate gene loss, we first identified all
non-NB-LRR genes present in either H1 or H2 that
were also present in a syntenic position in Phaseolus
(connected by lines in Fig. 2A and Supplemental Fig.
S2A), which defined a minimal set of genes present in
this region in the ancestral chromosome of H1 and H2.
Of these 35 genes, 27 were present in H2, indicating
that H2 has lost 23% of its non-NB-LRR genes follow-
ing polyploidy. Conversely, all 35 genes were retained
on H1, indicating that there has been little gene loss
from H1 following polyploidy. Thus, gene loss has
been strongly biased toward H2, which may be re-
lated to the increased retrotransposon activity in this
region.
Note that there are 13 predicted low-copy genes

present only on H1 and over 70 predicted low-copy
genes present only on H2 and not in Phaseolus (Sup-
plemental Fig. S2A). We speculate that these represent
genes or gene fragments that were transposed into
these positions by retroelements or other mobile
DNAs. In support of this speculation, the majority of
these predicted genes contain open reading frames
shorter than 500 bp and are not present in the soybean
ESTcollection; thus, they are unlikely to be functional.
We also identified three genes that are conserved in
H1 and H2 but are missing from the syntenic posi-
tion in Phaseolus (indicated by dotted lines in Fig.
2A and Supplemental Fig. S2A). These genes presum-
ably were lost from Phaseolus after Phaseolus and

Glycine diverged or, alternatively, they were inserted
after this time point and before the divergence of H1
and H2.

Homoeologous Gene Pairs Are Diverging at the
Same Rate

To confirm that H1 and H2 were indeed derived
from the most recent whole genome duplication event,
we analyzed nucleotide substitution rates at silent
sites (Ks) for 15 low-copy genes spread over the entire
aligned region (indicated by letters A–O in Fig. 2A;
described in Supplemental Table S3). When averaged
over multiple homoeologous gene pairs, such Ks anal-
yses provide an approximate age of genome duplica-
tion events (Lynch and Conery, 2000; Shoemaker et al.,
2006). The soybean H1:H2 comparison revealed sub-
stantial variation in Ks values between genes (range of
0.054–0.184; Supplemental Table S2). This 3.4-fold var-
iation is not surprising; Zhang and colleagues (2002)
found that Ks values varied by as much as 13.8-fold in
242 homoeologous gene pairs in Arabidopsis, al-
though 90% were within 2.6-fold. The mean Ks value
for the 15 H1:H2 gene pairs examined in soybean cv
Williams 82 was 0.122 6 0.035 (Table I; Supplemental
Table S2). This value compares well with previous
analyses of gene duplicates derived from the most
recent whole genome duplication event in soybean,
where five homoeologous gene pairs showed an av-
erage Ks of 0.149 (Schlueter et al., 2006) and 23
homoeologous gene pairs showed an average Ks of
0.147 (Van et al., 2008).

The variation in Ks values between individual gene
pairs implies that substitution rates for individual
genes vary considerably, even for genes in the same
genomic region. To test whether gene conversion
might account for this variation, and to determine
whether the two homoeologues were undergoing sub-
stitutions at the same rate, we compared each homoeo-
logue pair with its common orthologue in Phaseolus. Ks
analysis revealed nearly identical substitution rates for
H1 and H2, with mean Ks values of 0.260 6 0.082 for
the H1:Phaseolus comparison and 0.256 6 0.067 for the
H2:Phaseolus comparison (n = 13 genes for both; Table
I; Supplemental Table S2). To rule out gene conversion
events between homoeologues, which would reduce
the apparent differences between H1 and H2, we
calculated the ratio of the H1:H2 Ks value to the H1:
Phaseolus Ks value for each low-copy gene. In the
absence of gene conversion, this ratio should be
roughly the same for all genes, assuming relatively
constant substitution rates for individual genes sub-
sequent to the divergence between soybean and Pha-
seolus. A gene conversion event between H1 and H2
would artificially lower the Ks value for the H1:H2
comparison relative to the H1:Phaseolus comparison.
As shown in Supplemental Table S2, 11 of 13 genes
showed similar ratios (range, 0.36–0.62), indicating
that gene conversion is not a cause of the gene-to-gene
variation in substitution rates. Only gene H showed an

Figure 2. Alignment of homoeologous and orthologous BAC contigs.
Vertical filled rectangles represent protein-coding genes other than
retrotransposon-associated proteins, and open blue rectangles, shown
in a separate track, represent retrotransposons. Solid lines between
contigs indicate allelic, homoeologous, or orthologous genes. Supple-
mental Figure S2 shows a larger version of this figure that includes gene
names. A, Comparison of soybean H1 and H2 with Phaseolus. Dotted
lines between the H1 and H2 contigs indicate homoeologous genes
that either are not present in the orthologous region of Phaseolus or are
positioned outside of the region sequenced in Phaseolus. B, Compar-
ison of soybean H1 and H2 with their orthologues in G. tomentella. C,
Comparison of soybean cv Williams 82 and line PI96983. Dashed
rectangles indicate NB-LRR clusters that differ in gene content between
these two genotypes. D, Comparison of soybean H1 and H2 and
Medicago. E, Comparison of soybean H1, H2, and H3.
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unusually low ratio (0.19), while gene D showed a
high ratio (0.90). The mean ratio for all 13 genes was
0.49 6 0.16, consistent with the estimated divergence
dates of H1 and H2 (approximately 10 mya) compared
with Phaseolus and Glycine (approximately 20 mya).
Because homoeologues have retained nearly identical
substitution rates (see phylogenetic analysis below), it
suggests that the gene-to-gene variation in substitu-
tion rate is a property of the gene that has been
maintained after polyploidy, and is not strongly influ-
enced by proximity to the centromere or other external
factors.

The conservation of the majority of homoeologous
gene duplicates implies that both copies of each
homoeologous gene pair continue to function and are
under selection (Fig. 2A). This inference was con-
firmed by analysis of nonsynonymous to synonymous
nucleotide substitution ratios (Ka/Ks), which had a
mean of 0.31 6 0.19 for the 15 gene pairs compared
(Supplemental Table S2), indicating that these gene
duplicates remain under purifying selection. This con-
clusion was further supported by the identification of
ESTs derived from both members of 23 of 34 homoe-
ologous gene pairs analyzed (Supplemental Table S4;
six pairs had no identifiable ESTs for either gene),
demonstrating that both theH1 andH2 gene copies are
transcribed. Thus, while more gene loss has occurred
from H2 than from H1, proximity to a centromere and
accumulation of repetitive elements on H2 have not
caused the inactivation and/or loss of most low-copy
genes on H2, nor has it led to pronounced diversifying
selection acting on homoeologous genes.

Phylogenetic Analysis of Low-Copy Genes

To evaluate the evolutionary history of low-copy
genes in the sequenced regions more carefully, we
estimated phylogenies for 15 low-copy genes con-
served between soybean H1 and H2, indicated by
letters A through O in Figure 2A and Supplemental
Figure S2A (see Supplemental Table S3 for individual
gene names and descriptions). Maximum parsimony
(MP), maximum likelihood (ML), and Bayesian infer-

ence (BI) phylogenetic analyses were conducted on all
homologues of these 15 low-copy genes (Supplemen-
tal Fig. S4). Data sets included all taxa and homoeo-
logous segments, where possible, ranging from 6 to 13
gene sequences per analysis. Phylogenies for each
gene were mostly congruent across phylogenetic
method, with the exception of genes C and D, for
which MP weakly disagreed with ML and BI. All 15
gene phylogenies were consistent with the expected
relationships among genes from Glycine homoeo-
logues, Phaseolus, and Medicago (Fig. 1; Supplemental
Fig. S4), thus corroborating the assignment of BACs to
homoeologues in Glycine. These trees also confirmed
that low-copy genes on H2 are evolving at roughly the
same rate as their homoeologues on H1. Tajima rela-
tive rate tests using all sites showed that the branch
lengths subtending H1 and H2 did not differ signifi-
cantly in length for 13 of 15 low-copy genes (Kumar
et al., 2004). Gene E showed a modest acceleration in
H1 relative to H2 (P = 0.02), whereas gene M showed
acceleration in H2 relative to H1 (P = 0.04).

These phylogenetic analyses also revealed lineage-
specific expansion and loss of low-copy genes be-
tween both species and homoeologues. For example,
gene M, which belongs to the root nodulin MtN21
protein family, has been tandemly duplicated in
Phaseolus. This event took place after the split be-
tween Phaseolus and Glycine, as the two Phaseolus
copies are positioned sister to each other in the
phylogenetic tree (Supplemental Fig. S4). Similarly,
gene E (encoding a member of the 12-oxophytodi-
enoate reductase protein family) has been duplicated
independently in Phaseolus and in H1 of G. tomentella
(Gtd H1). The Gtd H2 homoeologue of this gene has
been mostly lost, with only a small part (16%) of the
gene remaining. The presence of multiple transpos-
able elements surrounding this gene is suggestive of
transposable element-mediated gene loss through
recombination.

In addition to gene loss possibly mediated by trans-
posable element insertions, pseudogenization is evi-
dent in H2. The GtdH2 homoeologue of gene J exhibits
premature stop codons, suggesting a loss of gene

Table I. Mean Ka and Ks values for low-copy gene comparisons

Values above the diagonal are Ka and values below are Ks. Numbers in parentheses indicate total number of genes compared. Ka and Ks values for
individual gene comparisons can be found in Supplemental Table S1. Gmw, G. max cv Williams 82; Gmp, G. max line PI96983; Gtd, G. tomentella
diploid accession G1403; Pva, P. vulgaris Andean accession G19833; Mth, M. truncatula var Jemalong.

Gene Gmw H1 Gmw H2 Gmw H3 Gmp H1 Gmp H2 Gtd H1 Gtd H2 Pva Mth

Gmw H1 – 0.031 (15) 0.136 (7) 0.0024 (15) 0.028 (10) 0.022 (15) 0.033 (8) 0.066 (13) 0.132 (7)
Gmw H2 0.123 (15) – 0.138 (7) 0.033 (15) 0.0003 (10) 0.036 (15) 0.021 (8) 0.066 (13) 0.137 (7)
Gmw H3 0.488 (7) 0.459 (7) – 0.137 (7) 0.132 (5) 0.138 (7) 0.144 (4) 0.138 (6) 0.170 (2)
Gmp H1 0.0006 (15) 0.122 (15) 0.488 (7) – 0.032 (10) 0.025 (15) 0.033 (8) 0.069 (13) 0.141 (6)
Gmp H2 0.126 (10) 0.0029 (10) 0.453 (5) 0.125 (10) – 0.036 (10) 0.0207 (6) 0.063 (8) 0.132 (4)
Gtd H1 0.064 (15) 0.140 (15) 0.494 (7) 0.065 (15) 0.150 (10) – 0.034 (8) 0.073 (13) 0.124 (6)
Gtd H2 0.121 (8) 0.064 (8) 0.447 (4) 0.123 (8) 0.060 (6) 0.126 (8) – 0.064 (7) 0.150 (5)
Pva 0.260 (13) 0.256 (13) 0.500 (6) 0.261 (13) 0.256 (8) 0.260 (13) 0.240 (7) – 0.119 (5)
Mth 0.487 (7) 0.493 (7) 0.798 (2) 0.488 (7) 0.455 (4) 0.494 (7) 0.521 (5) 0.543 (6) –
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function and transition to a pseudogene. The release of
this gene from selective constraints is apparent from its
inflated branch length relative to its soybean homo-
logues (Supplemental Fig. S4), implying a higher rate
of molecular evolution after speciation. This is also
reflected in Ka/Ks ratios. The average Ka/Ks ratio of
all pairwise gene J comparisons not involving the Gtd
H2 gene J (0.387 6 0.0075) is statistically different
(t test, P , 0.0001) and smaller than the average of
comparisons involving Gtd H2 gene J (0.6246 0.0307),
implying less selective constraint on Gtd H2 gene J.

Collinearity between Homoeologues Breaks Down
around NB-LRR Genes

Although collinearity between H1 andH2 of soybean
is quite good for low-copy genes (Fig. 2B; Supplemen-
tal Fig. S2B), this is not the case for most NB-LRR
genes. NB-LRR genes are commonly grouped into two
major phylogenetic subclasses, those containing
an N-terminal domain homologous to the Toll and
Interleukin-1 receptor (TIR) and those lacking a TIR
domain (non-TIR; Meyers et al., 1999). The non-TIR
subclass appears to be the more ancient one based on
phylogenetic diversity and is found throughout eudi-
cots and monocots and even in some gymnosperms
(Meyers et al., 1999). We found both TIR and non-TIR-
NB-LRR genes in both the soybean H1 and H2 regions
(pink and red boxes, respectively, in Fig. 2A and
Supplemental Fig. S2A). TIR genes were confined to a
single cluster on the right side of both H1 and H2, in a
shared syntenic position relative to low-copy genes. H1
contains seven genes in this cluster, while H2 contains
four (Fig. 2A; Supplemental Fig. S2A). In contrast to the
TIR genes, the non-TIR-NB-LRR genes are broadly
distributed across the H1 and H2 regions and show
very poor collinearity. In particular, H2 has reduced
numbers of non-TIR-NB-LRRs in the left half of the
aligned region relative to H1 (two copies on H2 versus
seven on H1). Notably, the cluster on H1 that contains
Rpg1-b appears to be completely absent from H2 (Fig.
2A; Supplemental Fig. S2A).
In contrast to the left half of the alignment between

soybean H1 and H2, in the right half of the alignment
H2 contains more non-TIR-NB-LRR genes than H1 (16
copies in H2 versus seven in H1). Although there are a
few conserved low-copy genes scattered through this
region, the relative positions of the non-TIR-NB-LRR
genes do not appear to be conserved in relation to
these low-copy genes. The lack of collinearity of the
non-TIR-NB-LRRs and their differences in copy num-
ber argue for relatively frequent gene gains and losses,
which is investigated further below.

Low-Copy Genes Are Well Conserved between Soybean
and G. tomentella, whereas NB-LRRs and Retroelements
Show Major Differences

Alignment of the soybean H1 and H2 regions with
the orthologous regions ofG. tomentella revealed a high

level of conservation of low-copy genes but major
differences in NB-LRR content and retroelement con-
tent as well as differences in copy number of a family
of protein kinases on H1 (Fig. 2B). Low-copy gene
order on G. tomentella H1 is nearly identical to that of
soybean. Analysis of 15 conserved gene pairs gave a
mean Ks value of 0.064 6 0.034, consistent with a
divergence time of 5 to 7 mya for these two species
(Supplemental Table S2). Interestingly, there are ex-
amples of low-copy gene loss unique to G. tomentella
H2 not observed in soybean H2, indicating that
homoeologue-specific gene loss has continued subse-
quent to the divergence of these two species, albeit at a
slow rate.

As described above, G. tomentella H2 has accumu-
lated a large number of retroelements compared with
H1, similar to what was observed in soybean. How-
ever, the precise locations of retroelement insertions in
G. tomentella differ from those in soybean, with the
distances between any two low-copy genes varying
substantially between these two species. Consistent
with this, many of the retroelements in G. tomentella
have intact LTRs and represent insertions that oc-
curred within the last 4 million years (Wawrzynski
et al., 2008), after the split between G. tomentella and
soybean. Although older insertions are almost cer-
tainly present, they are difficult to detect due to the
degradation of LTR sequences caused by insertions
and deletions.

Differences between Soybean Accessions PI96983 and

Williams 82 Are Mostly Confined to NB-LRRs

We also compared soybean cv Williams 82 with a
second accession of soybean, PI96983, which was
selected because it differs from Williams 82 function-
ally at several disease resistance loci mapped to the
Rpg1 region (Ashfield et al., 1998; Hayes et al., 2000;
Jeong et al., 2001; Gore et al., 2002). A study of single-
nucleotide polymorphisms in soybean, however, has
shown that domesticated soybean has undergone a
significant genetic bottleneck, with total variation at
the single-nucleotide polymorphism level being
much lower than that observed in maize (Hyten
et al., 2006). To see if this lack of variation also
applied to a region rich in disease resistance genes,
we compared the Williams 82 sequence with its allelic
regions in PI96983. As can be seen in Figure 2C, the
order of low-copy genes is nearly perfectly conserved
between these two accessions. There are differences,
however, in the number and position of NB-LRRs and
in a small gene family that flanks some NB-LRRs.
These differences are likely due to unequal crossover
events in tandemly repeated gene clusters, as the
differences are confined to clusters of two or more
NB-LRRs. There are also a few differences in retro-
transposon insertions (Fig. 2C; Supplemental Fig.
S2C), which, combined with analysis of LTR sequences
(Wawrzynski et al., 2008), indicates that these are
likely very recent insertions.
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Comparison of Soybean and M. truncatula

We also compared the soybean cv Williams 82 H1
and H2 sequences with the recently released M.
truncatula genome sequence. Medicago diverged from
Glycine about 50 mya, or about 30 mya before the
Phaseolus/Glycine split (Fig. 1). A region on Medicago
chromosome 8was found to share synteny with the H1
and H2 sequences, with the similarity to H1 extending
over approximately 700 kb in soybean and 900 kb in
Medicago (Fig. 2D). This alignment revealed islands of
well-conserved low-copy gene order but very poor
conservation of NB-LRRs. Also notable is the expan-
sion of three different gene families in Medicago: pro-
tein kinases, sulfotransferases, and signal peptidases
(Fig. 2D). The complete absence of NB-LRRs from the
left three-quarters of the aligned region in Medicago is
particularly striking, given the presence of shared low-
copy genes flanking this region. It is not clear whether
the Medicago lineage lost these NB-LRRs or whether
NB-LRRs were inserted in the lineage that gave rise to
Phaseolus and Glycine. Significantly, of all the NB-LRRs
found in theMedicago genome, the two most similar to
soybean Rpg1-b are located within 400 kb of the
aligned region in Medicago (Fig. 3). As discussed in
more detail below, the subfamily of NB-LRRs that
includes Rpg1-b is distributed over nearly 500 kb in
soybean, which may account for the seeming lack of
collinearity between theMedicago Rpg1-b homologues
and soybean Rpg1-b. On the right side of the alignment
shown in Figure 2D, there is a cluster of TIR-NB-LRRs
that is located in a syntenic position in Medicago and
soybean. Consistent with this syntenic position, these
Medicago genes are the most closely related to these
soybean TIR-NB-LRRs of any NB-LRRs in the Medi-
cago genome (data not shown). Phylogenetic analysis
indicates that this cluster in both Medicago and Glycine
has undergone duplications subsequent to the split
between Medicago and Glycine but that the common
ancestor ofMedicago and Glycine contained at least two
TIR-NB-LRRs at this position, which gave rise to the
members present in this cluster in both species today
(Fig. 3, B and C).

Comparison of Soybean H3 with H1 and H2

As mentioned above, we identified a set of BACs in
the Williams 82 library that contained homologues of
several H1 low-copy genes but appeared to represent a
much older duplication event than the divergence of
homoeologues 1 and 2. To estimate the time of this
duplication, we determined Ks values for all gene
duplicates (seven pairs). The average Ks value for H1:
H3 comparisons was 0.488 6 0.098 (Supplemental
Table S2), which compares with an average Ks value
of 0.122 6 0.035 for H1:H2 comparisons. Thus, the
older duplication (H3) is roughly four times as old as
the H2 duplication, which would place the duplication
event approximately 40 to 50 mya. Medicago and Gly-
cine share a presumed genome-wide duplication event

estimated to have occurred 50 to 60mya (Fig. 1; Mudge
et al., 2005; Shoemaker et al., 2006); thus, the H3 BACs
identified byus aremost likely derived from that event.

Alignment of H3 with H1 and H2 also revealed
conserved synteny (Fig. 2E). Of the 35 non-NB-LRR
genes found on H3 (counting tandemly duplicated
carbohydrate transporter and kinases as single genes),
11 are found on H1, H2, or both. Notably, H3 contains
a small cluster of non-TIR-NB-LRRs in a position
roughly equivalent to the Rpg1-b cluster in H1. Be-
cause the H3 duplication predates the divergence of
Medicago and Glycine (Pfeil et al., 2005), this finding
further supports our conclusion that NB-LRRs were
present in this region in the common ancestor of
Medicago and Glycine.

Phylogenetic Analysis of NB-LRRs Reveals that NB-LRR
Clusters Have Been Conserved since before the

Divergence of Phaseolus and Glycine, Yet Are
Undergoing a Rapid Birth and Death Process

To understand the evolution of the NB-LRRs in the
sequenced region better, we performed phylogenetic
analyses using the NB region of each NB-LRR, which
is the most highly conserved domain. We first divided
the NB-LRRs into TIR and non-TIR subclasses. The NB
regions from all members of each subclass from all of
the taxa sequencedwere aligned and then analyzed for
potential recombination events (see “Materials and
Methods”). Any genes with apparent recombination
events in the NB region were eliminated from the
phylogenetic analysis because recombination mixes
different histories and leads to misleading phyloge-
netic inferences. Based on these analyses, we elimi-
nated one non-TIR gene and one TIR gene that showed
evidence of recombination within the NB region. The
remaining 89 genes were then subjected to Bayesian
analysis, and a tree was constructed for each subclass
(Fig. 3).

Several important conclusions can be drawn from
analysis of Figure 3. First, there clearly has been recent
expansion of non-TIR-NB-LRR clusters in Glycine H1,
Glycine H2, and Phaseolus, as evidenced by terminal
branches with multiple closely related genes from
individual taxa. Although most of this recent expan-
sion occurs as tandemly repeated genes (note clusters
of similarly colored boxes in Fig. 3), there are two clear
cases where recent duplications are spread over sev-
eral hundred kilobases. This is best illustrated by the
soybean Rpg1-b subclade on H1 (shown in purple in
Fig. 3). Rpg1-b is located approximately 200 kb away
from the highly similar gene W21F22_29. The latter
gene is located approximately 50 kb away and in the
opposite orientation from another highly similar gene,
W221b6_21, which is .100 kb away from a fourth
highly similar gene, W10n21_4. In addition, genes
belonging to the 42i18_2 subclade (shown in blue in
Fig. 3) are spread over several hundred kilobases of
soybean H1. In both examples, there are NB-LRRs
from other clades intermixed, as indicated by the
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differently colored boxes. How this pattern of gene
duplication arose is difficult to explain, but it is un-
likely to be a result of unequal crossing over between
NB-LRRs, as such events should eliminate the collin-
earity of intervening low-copy genes when comparing

soybean withG. tomentella or Phaseolus, but collinearity
has been maintained.

The phylogenetic and physical analyses revealed
that multiple NB-LRR lineages in this region predate
the split between Phaseolus and Glycine. For example,

Figure 3. Phylogenetic analysis and physical map of NB-LRR genes. A, Bayesian tree of non-TIR-NB-LRRs of the Rpg1-b syntenic
region. This tree was constructed using just the NB domains (from the P-loop to the MHD motif). NB-LRR names are colored
according to major clades. Gene names are abbreviated as follows: gmw, G. max cv Williams 82; gmp, G. max line PI96983;
gtd, G. tomentella diploid accession G1403; pva, P. vulgaris Andean accession G19833; Mt, M. truncatula var Jemalong. B,
Physical map of NB-LRRs of the Rpg1-b syntenic region. Vertical black lines represent sequenced BAC contigs from the different
genotypes and homoeologues. Vertical gray lines represent chromosome 8 of Medicago and WGS 7x scaffolds 172 and 55 of
homoeologues 1 and 2 from soybean cvWilliams 82. Arrows represent predicted TIR (orange borders) or non-TIR (black borders)
NB-LRR genes and their orientation. Fill colors of non-TIR-NB-LRR genes correspond to the colors of the clades defined by the
non-TIR tree (A). White NB-LRRs are pseudogenes with partial or total deletion of the NB region, or genes that showed evidence
of recombination within the NB region, and thus were not included in the phylogenetic analysis. Horizontal lines represent low-
copy genes conserved between species, genotypes, or homoeologues, which were used to align these regions. C, Bayesian tree of
TIR NB-LRRs of the Rpg1-b syntenic region.
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the blue, purple, and red clades in Figure 3 are all
shared between Phaseolus and Glycine. Interestingly, all
three clades have undergone relatively recent expan-
sion in Phaseolus as a result of tandem duplication
events. In contrast, Glycine H2 appears to have lost
the purple clade completely and reduced the number
of blue clade members. However, there are more
members of the red clade on H2 than on H1 in
soybean, suggesting that there may have been some
partitioning of NB-LRR subfamilies between homoeo-
logues subsequent to the most recent polyploidy
event.

The phylogenetic analysis also revealed a clade
(represented in orange in Fig. 3) that appears to have
recently expanded on Glycine H1 but that is absent
from both Phaseolus and Glycine H2. Its absence from
both Phaseolus and H2 suggests that this clade arose
subsequent to the H1:H2 split or, alternatively, that it
has been lost from both the Phaseolus and H2 lineages.
Because this orange clade is positioned between the
blue clade and the red/purple clades on the phyloge-
netic tree (Fig. 3), and all three of the latter clades
predate the Phaseolus/Glycine split, the most likely
scenario is that this lineage has been lost indepen-
dently from this region in Phaseolus and Glycine H2.

There also appears to have been gene loss in
Medicago, particularly of the non-TIR-NB-LRR class,
or at least a failure to expand. The Medicago NB-LRR
genes most similar to Rpg1-b (Mt74f16_58 and
Mt74f16_73) are located approximately 500 kb away
from the aligned regions (brown arrows at the bottom
of the Medicago line in Fig. 3) and group outside all of
the non-TIR-NB-LRR genes in the phylogenetic tree
shown in Figure 3. A BLAST search of the complete 7x
WGS soybean genome sequence using these two
Medicago NB-LRRs as queries failed to find any addi-
tional soybean genes that weremore similar than those
on H1 and H2; thus, it is unclear whether Medicago
underwent any significant losses of non-TIR-NB-LRRs
or whether these have just expanded in Glycine and
Phaseolus.

Other Multicopy Gene Families Are Evolving More
Slowly Than the NB-LRR Family

To determine whether the rapid evolution of the NB-
LRR families is a general property of clustered homol-
ogous genes or is confined to NB-LRRs in this region,
we performed a phylogenetic analysis on two non-NB-
LRR gene families that are also located within the
sequenced region. The first gene set encodes a family
of putative carbohydrate transporters and is represented
by four tandemly repeated genes on H1 of both soybean
cultivars sequenced and on H1 of G. tomentella (orange
boxes in Fig. 2 and Supplemental Fig. S2). Note that in
Figure 2B and Supplemental Figure S2B, G. tomentella
paralogues 1 and 2 are not shown because they fall into
a gap in the G. tomentella BAC contig. The presence of
paralogues 1 and 2 in this position was confirmed by
screening a second G. tomentella BAC library derived

from a tetraploid accession, G1134, and then sequencing
a homologous BAC. Based on phylogenies, the four
carbohydrate transporter genes arose by tandem dupli-
cation sometime prior to the split of soybean and G.
tomentella (Fig. 4A). This observation indicates that,
unlike NB-LRRs, these repeated genes are quite stable
and are not undergoing rapid birth and death (none
since the split of soybean and G. tomentella 5–7 mya). It
also indicates that there has not been much recombina-
tion and gene conversion occurring between these four
copies, which should result in concerted evolution and a
loss of the orthologous relationships within each of the
four gene pairs in G. tomentella and soybean.

H2 in soybean contains just one carbohydrate trans-
porter gene. This gene (gmw2-12n11_11) is sister to
copy 1 of the Gmw H1 cluster (gmw1-173d12_7),
rather than falling outside the four Gmw H1 genes.
This arrangement suggests that there may have been
four copies of this gene present in the common ances-
tor of H1 and H2 and that H2 has lost three of the four
copies during the last 10 million years. Consistent with
this hypothesis, Ks analysis of the four GmwH1 copies
indicates that these duplications arose between 17 and
27 mya (Ks = 0.199–0.297), well before the polyploidy
event and spanning the time of divergence between
Phaseolus and Glycine, while the Ks value for the H1
(gmw1-173d12_7):H2(gmw2-12n11_11) comparison is
0.144, as expected for the most recent whole genome
duplication.

H3 in soybean also contains a tandem cluster of
three carbohydrate transporter genes in the syntenic
position (Fig. 2E), suggesting that this cluster dates
back at least 50 mya. However, in the phylogenetic
tree, these three H3 copies group sister to each other,
which indicates that the duplications on H3 occurred
after the 50-mya genome duplication event, or alter-
natively, that there has been some level of recombina-
tion/gene conversion occurring among the H3 copies
such that the sequences have become homogenized.
Ks analysis indicates that gene gmw2-129e12_19 di-
verged from the other two genes approximately 50
mya (Ks = 0.575–0.611), which is near the same time
that the ancient polyploidy event is thought to have
occurred. Meanwhile, comparison of the two most
closely related genes (gmw2-129e12_14 and gmw2-
129e12_16) gives a Ks of 0.205, indicating that this
duplication occurred well after the ancient polyploidy
event. The large differences in Ks values suggest that
recombination among the three genes has been min-
imal and that there has been independent birth and
death occurring in this cluster on H1, H2, and H3,
albeit over much larger time frame than was observed
for the NB-LRR family.

Phaseolus contains at least two tandem copies (pva1-
47b16_2 and _3) of the carbohydrate transporter gene
in the syntenic position (Fig. 2A; additional copies
could be present in the adjacent gap). Based on branch
length (Fig. 4), both of these copies appear to have
been evolving at a faster rate than the most closely
related Glycine homologues (paralogue 2, which in-
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cludes gmw2-173d12_5). A Tajima relative rates test of
each member of the Glycine clade confirmed this
conclusion (P , 0.01 using gmp1-34b24_7 or _9 as
the outgroup). The topology of Figure 4A suggests that
one of the two Phaseolus copies is orthologous to the
three Glycine paralogue 2 genes, with the other gene
representing a duplication lost from Glycine. However,
the low posterior probability of this node (0.76; Fig.
4A) makes it possible that both genes are coortholo-
gous to the three genes in the Glycine clade.
We also analyzed a collection of kinase genes, which

are more broadly distributed across soybean H1 (aqua
boxes in Fig. 2 and Supplemental Fig. S2). We aligned
the kinase domains of all kinases identified in all of the
sequenced BAC clones and constructed a phylogenetic
tree using Bayesian analysis. This tree revealed three
distinct kinase families, one of which was specific to
Phaseolus (Fig. 4B). Each member of the unique Pha-
seolus kinase family (family 3 in Fig. 4B) is located
adjacent to an NB-LRR gene (pva1-76g17_5, pva1-
76g17_9, and pva1-118d24_1 in Supplemental Fig.
S2A), suggesting that the recent expansion of this
kinase family may be related to its location amid an R
gene cluster.
The largest kinase family (family 1) included mem-

bers from Phaseolus and all three soybean homoeo-
logues as well as from H1 and H2 of G. tomentella. Two
of the genes from this family are located adjacent to
each other in soybean but oriented in opposite direc-
tions (Fig. 2A; Supplemental Fig. S2A; genes gmw1-
42i18_7 and gmw1-42i18_8). Phylogenetic analysis
(Fig. 4B) revealed that gene gmw1-42i18_8 has a clear

orthologue in G. tomentella (gtd1-6a2_11), a clear ho-
moeologue on soybean H2 (gmw2-171o6_5), and a
clear orthologue in Phaseolus (pva1-34g17_10; Fig. 4B),
all of which are located in similar syntenic positions,
indicating that this gene has been conserved for at
least 20 million years. The adjacent gene in soybean,
gmw1-42i18_7, appears to be conserved in G. tomen-
tella as well (orthologue is gtd1-6a1_15) and is oriented
in the opposite direction to gtd1-6a2_11, just as in
soybean (Fig. 2B). Thus, this gene pair has been quite
stable, similar to the carbohydrate transporter family
and unlike NB-LRR clusters. However, G. tomentella
H1 contains an additional member of this kinase
family (gtd1-6a11_19) adjacent to the inverted gene
pair. Phylogenetically, this additional kinase is sister to
the inverted gene pair; thus, it is likely from an earlier
duplication event that may have been lost from soy-
bean. H3 also contains two members of this family in
the syntenic position (gmw2-48a19_4 and gmw2-
48a19_5). Based on the tree topology, one copy
(W48a19_5) is the homoeologue of all of the H1 and
H2 genes in this family, consistent with H3 being
derived from a much older duplication event. The
second copy (W48a19_4) is derived from a still older
duplication event.

The last kinase family (family 2) displays a phylo-
genetic pattern similar to that of the low-copy gene
families described above, with clearly identifiable
orthologues and homoeologues (Fig. 4B). Specifically,
gene gmw1-21a17_12 from soybean cvWilliams 82 has
a clear orthologue in Phaseolus (pva1-144m6_7) and a
homoeologue on soybean H3 (gmw2-91b16_16), all of

Figure 4. Phylogenetic analysis of carbohydrate transporter and kinase families. A, Carbohydrate transporter family. B, Kinase
family. Red text indicates genes from Glycine H1, blue text indicates Glycine H2, and violet text indicates Glycine H3. Gene
names are abbreviated as in Figure 3A, with the addition of gtt indicating G. tomentella tetraploid species G1134 and At
indicating Arabidopsis. Both trees were constructed using Bayesian analysis. Numbers at nodes indicate posterior probabilities.

Polyploidy Impact on Soybean R Gene-Rich Region

Plant Physiol. Vol. 148, 2008 1751



which occupy similar syntenic positions, indicating
that this kinase has occupied this genomic position for
over 50 million years. However, there is no H2
homoeologue present in this family, indicating that
it has been lost from H2. The phylogenetic analysis
also revealed a kinase subclade within family 1 that
was unique to Glycine H2 (gmw2-171o6_1, gmp1-
63m15_14, and gtd1-31b20_12) that did not appear to
have homoeologues in H1 or an orthologue in Phaseo-
lus. This is suggestive of a gene insertion event that
occurred after the 10-mya Glycine polyploidy event
and prior to the soybean-G. tomentella divergence.

In summary, although there have been some dupli-
cations and losses across taxa and homoeologues in
both the carbohydrate transporter family and kinase
families, overall they are not experiencing the high
rates of birth, death, and translocation observed in the
NB-LRR family. This observation suggests that the
rapid evolution of NB-LRRs is not simply a by-product
of their clustering. Intriguingly, the one exception to
this general rule is a small kinase family in Phaseolus
that appears to be undergoing duplications alongside
an immediately adjacent NB-LRR.

DISCUSSION

The above analyses were designed to address mul-
tiple questions regarding the evolution of the soybean
genome, particularly in regard to the effects of poly-
ploidy. By comparing the sequences of two homoeo-
logous regions within soybean with the single
orthologous region in Phaseolus, we were able to hy-
pothesize the polarity of most changes. In addition, by
comparing the soybean cv Williams 82 sequences with
allelic sequences in soybean line PI96983 and with
orthologous sequences in G. tomentella, we were able
to gain insights into the tempo and mode of changes
that are driving homoeologous sequences apart in
soybean.

The most significant insights arising from our anal-
yses relate to chromosomal rearrangements within
Glycine that placed the H2 homoeologue adjacent to a
centromere. Whether this occurred as a result of poly-
ploidy is unknown. Homoeologous recombination is
known to occur in polyploids (Gaeta et al., 2007) and
may be particularly prevalent during the early stages
after formation, when the genome is adjusting to the
“genomic shock” of doubling and (in the case of
allopolyploids) hybridization (Comai, 2000). However,
if Glycine is an allopolyploid, chromosomal rearrange-
ment could have taken place in the species that gave
rise to H2, prior to the polyploid event.

The relocation of the H2 region adjacent to a cen-
tromere is correlated with a dramatic increase in
retrotransposon content in H2. Although it is well
known that plant and animal centromeres are enriched
in repetitive sequences, including retrotransposons
(Lin et al., 2005; Ma et al., 2007), there is little infor-
mation on how centromeres become this way or on the

rate at which repetitive elements accumulate in peri-
centromeric regions. Ourdata suggest that someproperty
of centromeric location promotes rapid retrotransposon
accumulation, since the ancestral state of this region
appears to have been relatively low in retrotransposon
content prior to its translocation to a centromeric re-
gion. Because the split between H1 and H2 occurred
only about 10 mya, this accumulation of retrotranspo-
sons can apparently occur quite rapidly. Possible
mechanisms include a chromatin structure that causes
a decrease in retrotransposon deletion events (e.g. via
recombination among LTRs) or an increase in retro-
transposon insertion events or both.

Expansion of retroelement content in the centro-
meric region may be selected for during meiosis, as
these repeats are thought to promote microtubule
binding, which then increases the frequency that a given
chromosome ends up in the egg nucleus (Henikoff et al.,
2001; Henikoff and Malik, 2002; Malik and Henikoff,
2002). Competition between homologous chromosomes
for segregation into the egg nucleus would thus favor
chromosomes with a greater number of repeats in the
centromere and lead to relatively rapid expansion. In
the GlycineH2 region, this expansion began during the
last 10 million years and appears to be continuing
based on the dates of retroelement insertions and the
relatively low frequency of solo LTR sequences, which
are indicative of retrotransposon deletion by homolol-
ogous recombination between LTRs (Wawrzynski
et al., 2008).

In addition to containing high levels of repetitive
DNA, pericentromeric regions typically are hetero-
chromatic in structure (i.e. highly condensed). As a
consequence, pericentromeric regions are often regarded
as being low in both gene content and gene expression.
Therefore, it is striking that the majority of the H2 low-
copy genes have been conserved and continue to be
expressed. Thus, pericentromeric location, per se, does
not cause gene silencing or rapid loss of genes. More-
over, the synonymous mutation rates (Ks) observed in
H2 low-copy genes were nearly identical to the rates
observed in their homoeologues on H1 (Supplemental
Table S2); thus, pericentromeric location does not alter
substitution frequency, either.

Instead, our data indicate that synonymous substi-
tution frequencies are determined by intrinsic proper-
ties of individual genes rather than extrinsic forces
such as genomic context. We observed a wide varia-
tion in Ks values for individual low-copy genes on
soybean H1 when comparing these genes with Pha-
seolus (2.75-fold; Supplemental Table S2), but there was
little difference between homoeologous pairs (maxi-
mum fold difference of 1.29). Thus, the properties of
individual genes that determine synonymous substitu-
tion rates must be conserved following polyploidiza-
tion. Although the cause of gene-to-gene synonymous
variation is unknown, Zhang and colleagues (2002)
ruled out base composition, codon usage bias, and
other selectively driven explanations, leaving expres-
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sion level as a leading explanation for synonymous
rate variation among Arabidopsis homoeologues.
In the soybean regions that we analyzed, the major-

ity (approximately 77%) of low-copy gene duplicates
derived from the most recent polyploidy event have
been maintained over the course of 10 million years. A
similarly high level of duplicate retention was also
observed in two prior comparisons of homoeologous
soybean BAC sequences (Schlueter et al., 2006; Van
et al., 2008), indicating that this level of duplicate
retention is not unique to the Rpg1 region. Homoeo-
logous genes in the regions we analyzed appear to be
under purifying selection, which is also true for other
homoeologous regions in soybean (Schlueter et al.,
2006; Van et al., 2008). The level of retention observed
in our region is higher than would be predicted based
on the Arabidopsis genome (Maere et al., 2005),
where homoeologous regions have experienced con-
siderable and biased gene loss (Thomas et al., 2006).
For a Ks of 0.12, the models of Maere and colleagues
(2005) predict that as many as 40% of homoeologous
genes should have been lost. There are many hypoth-
eses for why retention of homoeologous copies in
polyploids is higher than would be predicted given
the expected loss of redundant genes. The evolution of
new functions (neofunctionalization) or the partitioning
of existing functions between gene copies (subfunction-
alization) are potential outcomes for any duplicate gene
pair and lead to the selection-driven preservation of
both copies (Lynch and Force, 2000). The key feature
of polyploids is the duplication of all genes, leading
to theories concerning concerted divergence of expres-
sion networks (Blanc and Wolfe, 2004) and dosage
balance hypotheses (Thomas et al., 2006). Testing
these hypotheses for the soybean genome will require
extensive data on the expression of homoeologous
copies.
A 77% retention rate for homoeologous gene dupli-

cates in soybean appears to be much higher than that
reported for maize (Bruggmann et al., 2006), where
only 20% to 35% of homoeologous duplicates have
been retained, even though the divergence time of
the maize homoeologues (approximately 11.9 mya;
Swigonova et al., 2004) is roughly the same as that of
the soybean homoeologues (approximately 10 mya).
The maize retention rate estimate comes from a study
similar to ours in which a 6.6-Mb region of maize
chromosome 9 was aligned with the homoeologous
region on chromosome 1 and with the single ortho-
logous region in rice (chromosome 3). Of the 475
predicted nonrepetitive maize genes in this study,
133 (28%) were not present in either the rice ortho-
logous region or the maize homoeologous region.
Significantly, of these 133 genes, 90 (68%) were found
to be located elsewhere in the rice genome, suggesting
that these genes had undergone a transposition event
in either maize or rice. It is thus possible that the
reduced rate of apparent duplicate retention in maize
relative to soybean is partly an artifact of increased
gene mobility in maize whereby collinearity is lost, but

duplicates in fact are being retained. Regardless, the
soybean genome appears to have retained gene col-
linearity following polyploidy to amuch greater extent
than has maize over a similar time scale.

The maize study also analyzed differences in retro-
transposon content between homoeologues (Bruggmann
et al., 2006). As we observed in soybean, the two maize
homoeologues differed significantly in location of
retroelements and in local expansion of retroelement
copies. Overall, maize chromosome 1 in this region
has expanded significantly more than maize chromo-
some 9, with approximately 2.5 Mb of chromosome
9 aligning with 7.6 Mb of chromosome 1. The major-
ity of the extra sequence in chromosome 1 is due to
retrotransposon content (Bruggmann et al., 2006).
Thus, in both soybean and maize, homoeologous
chromosomes appear to follow independent paths
relative to retrotransposon accumulation. As in
soybean, the vast majority of intact maize LTR retro-
transposons were inserted subsequent to the poly-
ploidy event, but this likely reflects only the high rate
of decay that retrotransposons undergo after inser-
tion (Ma et al., 2004) rather than increased activity
following polyploidy.

In contrast to the low-copy genes, NB-LRR-encoding
genes are not well conserved between soybean H1 and
H2. Most notably, there appears to have been recipro-
cal loss of these genes between H1 and H2. Loss of NB-
LRR-encoding genes following polyploidy appears to
be a general phenomenon, as NB-LRRs are highly
underrepresented in duplicated regions of the Arabi-
dopsis genome (Cannon et al., 2004; Nobuta et al.,
2005). This observation suggests that there may be a
fitness cost associated with carrying excess NB-LRRs.
In the case of allopolyploidy, this fitness cost may in
part be caused by an autoimmune-like phenomenon.
Most NB-LRR proteins are believed to detect patho-
gens by detecting pathogen-induced modification of
other host proteins (Innes, 2004). NB-LRRs likely co-
evolve with these other host proteins. When genomes
are combined by allopolyploidy, proteins from one
genome may be recognized by NB-LRRs from the
other genome as being modified by a pathogen. Re-
cently, Bomblies et al. (2007) showed that 2% of intra-
specific crosses between Arabidopsis ecotypes yielded
F1 plants that displayed necrotic phenotypes similar to
those induced by pathogen recognition. Analysis of
one of these crosses established that necrosis was
dependent on an NB-LRR-encoding gene from one
of the parents and a second gene from the other
parent. Thus, there is a precedent for the involvement
of NB-LRRs in incompatibilities between genotypes
or genomes. Such self-recognizing NB-LRRs should
be quickly selected out of the population in subse-
quent generations. Further support for this autoim-
munity model comes from work on the RPM1 gene of
Arabidopsis, which was found to exert a fitness cost
when transgenically moved from one Arabidopsis
genotype into a second Arabidopsis genotype (Tian
et al., 2003).
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Although the loss of NB-LRRs primarily occurred
from H2, one NB-LRR subfamily was preferentially
lost from H1 compared with H2 (red genes in Fig. 3).
Such partitioning of NB-LRR subfamilies between
homoeologues should facilitate sequence diver-
gence, as it would be expected to reduce unequal
crossover and gene conversion events between
NB-LRR copies (Mondragon-Palomino and Gaut,
2005), forces that would tend to homogenize tan-
demly arrayed genes. Thus, partitioning of NB-LRRs
between homoeologues could be a mechanism for
preserving diversity.

Independent of polyploidy, our data show that NB-
LRR gene clusters in both Glycine and Phaseolus are
rapidly evolving, as evidenced by the phylogenetic
trees shown in Figure 3. These trees display clusters of
genes from the same taxa at terminal nodes, indicating
recent duplication events. In addition, alignment of
the two soybean genotypes shows significant changes
in NB-LLR gene number and arrangement (dashed red
boxes in Fig. 2C and Supplemental Fig. S2C). Rapid
birth and death of NB-LRR genes have been observed
in many plant species and are usually attributed to
unequal crossover events, both within and between
NB-LRR genes in a cluster (Michelmore and Meyers,
1998; Noel et al., 1999; Chin et al., 2001; Nagy and
Bennetzen, 2008). We are currently analyzing the NB-
LRR genes in our data set and their flanking sequences
to assess the impact of various recombination events
on the evolution of this gene family. These analyses
will be reported in a subsequent paper.

Although the tandem arrangement of NB-LRR
genes is thought to be necessary for the rapid birth
and death events observed in NB-LRR clusters (e.g. to
facilitate unequal crossover events), it must not be
sufficient, because we observed a cluster of carbohy-
drate transporter-like genes in the Glycine H1 contigs
that are surprisingly stable, with four copies being
maintained since at least the split between soybean
and G. tomentella (Fig. 4). In addition, phylogenetic
analysis indicates that there has been little, if any,
concerted evolution occurring among these four genes
(Fig. 4), suggesting that gene conversion events are
rare. It is unclear at present why some tandem gene
clusters appear to recombine frequently and others do
not. Phylogenetic analyses of 50 large gene families in
the Arabidopsis genome revealed a large variation in
apparent tandem duplication rates among families
(Cannon et al., 2004). Interestingly, the majority of the
most rapidly evolving families were associated with
pathogen defense and included NB-LRR genes, the
Major Latex Protein family (related to the pathogen-
inducible PR10 proteins; Osmark et al., 1998), the
Germin family (Membre et al., 2000), subtilisin-like
Ser proteases (Jorda and Vera, 2000), and the patho-
genesis-related PR1 family (Mitsuhara et al., 2008).
These findings suggest that the apparent differences in
duplication rates (and hence unequal crossover rates)
may be partly explained by pathogen-mediated selec-
tion.

MATERIALS AND METHODS

BAC Libraries

All BAC libraries used in this project are available through the Clemson

University Genomics Institute (https://www.genome.clemson.edu/cgi-bin/

orders/). Two libraries of soybean (Glycine max ‘Williams 82’) were used in

this project. The gmw1 library (CUGI GM_WBa) was constructed in R.

Shoemaker’s laboratory (Iowa State University) and contains 5.4 genome

equivalents. The gmw2 library (CUGI GM_WBb) was constructed at the

Clemson University Genomics Institute and contains 12 genome equivalents.

The soybean PI96983 library (gmp1; CUGI GM_PBb) was constructed by BIO

S&T and contains 6.8 genome equivalents. The Glycine tomentella diploid

accession G1403 library (gtd1; CUGI GT_GBa) and tetraploid accession G1134

library (gtt1; CUGI GT_GBb) were also made by BIO S&T and contain 9.7

genome equivalents and 8 genome equivalents, respectively. The Phaseolus

vulgaris accession G19833 library (pva1; CUGI PV_GBa) wasmade byMatthew

Blair at the International Center for Tropical Agriculture and contains 12

genome equivalents. Additional library details, such as average insert sizes

and restriction enzymes used, can be obtained from the Clemson University

Genomics Institute Web site.

BAC Contig Assembly

Assembly of the H1 BAC contig from soybean cv Williams 82 was initiated

during the cloning of the Rpg1-b disease resistance gene (Ashfield et al., 2003).

Extending this BAC contig to span a full megabase region was accomplished

using low-copy genes near BAC ends as PCR-based probes to screen the

gmw1 and gmw2 BAC libraries. Positive BACs were end sequenced using

BAC DNA as template and fingerprinted using a high-information-content

fingerprinting protocol (Luo et al., 2003) and an ABI3730 automated DNA

sequencing instrument (Applied Biosytems). Fingerprints were used to con-

firm overlapping BACs and to estimate BAC sizes. BACs that maximally

extended the existing contig in both directions were selected for sequencing,

then the entire process was repeated until the full megabase region was

spanned. Despite screening two gmw libraries representing over 17 genome

equivalents, we were left with a gap in our BAC contig located roughly in the

middle. A single additional BAC was identified in the gmw1 library that

appeared to extend into this gap (gmw1-21h16). However, the Escherichia coli

strain carrying this BAC clone grew very slowly on Luria-Bertani agar plates

and in Luria-Bertani liquid. BAC DNA preparations derived from different

single-colony isolates of this clone showed different restriction digest patterns,

indicating that this clone was undergoing deletion events during culture. The

slow growth of this clone and its instability suggest that this region of the

soybean genome contains a DNA sequence that is toxic to E. coli, which would

account for its poor representation in BAC libraries.

After sequencing the Williams 82 BACs, we identified low-copy protein-

coding genes conserved in Arabidopsis (see “Annotation Protocols” below). A

low-copy number in soybean was verified by searching The Institute for

Genomic Research (TIGR) soybean Transcript Assembly database (http://

tigrblast.tigr.org/euk-blast/plantta_blast.cgi). A subset of these low-copy

gene sequences were then used as DNA hybridization probes (Supplemental

Table S1; Supplemental Fig. S1) to screen BAC libraries of soybean cvWilliams

82, soybean line PI96983, G. tomentella diploid accession G1403, G. tomentella

tetraploid accession G1134, and P. vulgaris accession G19833. BAC clones that

hybridized to two or more probes were then fingerprinted and end sequenced.

A combination of fingerprint information, probe hybridization patterns, and

end sequence information was used to assemble contigs and identify a

minimum tiling path for sequencing. For G. tomentella tetraploid accession

G1134, only a single BAC containing the carbohydrate transporter gene family

was analyzed.

BAC Sequencing

The detailed procedures for large-insert genomic DNA isolation, random

shotgun cloning, fluorescence-based DNA sequencing, and subsequent anal-

ysis have been described previously (Bodenteich et al., 1993; Chissoe et al.,

1995; Roe, 2004). Briefly, BAC DNAwas isolated free from host genomic DNA

via a cleared lysate-acetate precipitation-based protocol (Roe, 2004). Subse-

quently, 50-mg portions of purified BAC DNA were randomly sheared and

made blunt ended (Sambrook et al., 1989; Bodenteich et al., 1993; Roe, 2004).

After kinase treatment and gel purification, fragments in the 1- to 3-kb range
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were ligated into SmaI-cut, bacterial alkaline phosphatase-treated pUC18

(Pharmacia), and E. coli strain XL1BlueMRF# (Stratagene) was transformed by

electroporation. A random library of approximately 1,200 colonies was picked

from each transformation, grown in Terrific Broth medium (Sambrook et al.,

1989) supplemented with 100 mg mL21 ampicillin for 14 h at 37�C with

shaking at 250 rpm, and plasmid DNAwas isolated by a cleared lysate-based

protocol using a Zymark SciClone robot (Bodenteich et al., 1993; Roe, 2004).

Sequencing reactions were performed as described previously (Chissoe

et al., 1995) using Thermus aquaticus (Taq) DNA polymerase and either the

Amersham ET fluorescence-labeled terminator or the Perkin-Elmer Cetus

fluorescence-labeled Big Dye Taq terminator sequencing kit at a 1:16 dilution.

The reactions were incubated for 60 cycles in a Perkin-Elmer Cetus DNA

Thermocycler 9600, and after removal of unincorporated dye terminators by

ethanol precipitation followed by a 70% ethanol wash, the fluorescence-

labeled nested fragment sets were resolved by electrophoresis on ABI 3700

Capillary DNA Sequencers. After base calling with Phred (Ewing et al., 1998),

the analyzed data were transferred to a Sun Workstation Cluster and assem-

bled using Phrap (Ewing and Green, 1998). Overlapping sequences (contigs)

were analyzed using Consed (Gordon et al., 1998). Gap closure and proof-

reading were performed using either custom primer walking or PCR ampli-

fication of the region corresponding to the gap in the sequence followed by

subcloning into pUC18 and cycle sequencing with the universal pUC primers

via Taq terminator chemistry. In some instances, additional synthetic custom

primers were synthesized and used, when necessary to obtain at least 3-fold

coverage for each base.

All sequenced BACs have been deposited in GenBank and assigned

accession numbers (Supplemental Table S5).

Annotation Protocols

Genes were predicted using the dicot (Arabidopsis) matrix of FGENESH

(Salamov and Solovyev, 2000; http://www.softberry.com). Predicted exons

were then used as queries to perform BLAST searches of the TIGR Plant

Transcript Assemblies database (http://plantta.tigr.org/), the Universal Pro-

tein Resource UNIPROT UniRef90 nonredundant protein database (http://

www.pir.uniprot.org/), and the complete set of predicted Arabidopsis pro-

teins (TAIR6 [for The Arabidopsis Information Resource] genome release;

TAIR6_pep_20060906.fasta; ftp://ftp.arabidopsis.org/home/tair/Genes/).

Genes with one or more exons that had hits with maximum expect (E) values

of 1e-5 in the UNIPROT and/or TAIR databases and/or 1e-10 in the TIGR

transcript assembly database were marked as supported gene predictions.

Repetitive sequences, including retrotransposons, were identified

through a multistep iterative process. We used the program LTR_STRUC

as the first step in identifying retrotransposons in sequenced BACs

(McCarthy and McDonald, 2003). LTRs from the elements identified by

LTR-STRUCwere then used as queries in BLASTsearches of all BACs. These

BACs were also searched for the presence of retrotransposon-related

genes using the BAC sequences as a query to search the NCBI nonredun-

dant protein database using BLASTX. Regions of homology to known

retrotransposon-like sequences (e.g. reverse transcriptase, integrase, etc.)

were then manually evaluated for the presence of LTRs. In addition, we

used the REPuter and RepeatMasker programs to identify repeated se-

quences (Kurtz et al., 2001; A. Smit, R. Hubley, and P. Green, unpublished

data). These additional searches uncovered several intact elements missed

by the LTR_STRUC program. All identified repetitive sequences were then

loaded into a local database. The exons predicted by FGENESH were then

searched against this database using BLASTN, and genes with hits with

maximum E-values of 1e-10 were marked as repetitive.

Chromosomal Alignment Methods

Genomic regional alignments were generated using similarity compari-

sons of predicted proteins. Synteny images were generated using custom Perl

scripts (available on request) and the GD-SVG image library. Gene correspon-

dences were calculated using BLASTALL (Altschul et al., 1997) on peptide

sequences from repeat-filtered supported FGENESH gene calls (Salamov and

Solovyev, 2000), with a maximum E-value of 1e-10 (Supplemental Fig. S2, A,

D, and E) or 1e-20 (Supplemental Fig. S2, B and C). For visual clarity,

correspondence lines were manually removed for the gene families indicated

by colored boxes in Figure 2 and Supplemental Figure S2. A phylogenetic

analysis was then performed for each family, and where clear orthology could

be established, lines were added back to indicate orthologous or coortholo-

gous relationships. When alignments indicated that a low-copy gene was

missing from a given BAC sequence, the sequence was rechecked using the

low-copy gene as a query to perform a TBLASTX search of the entire BAC

sequence. This additional step occasionally identified genes that had been

missed by FGENESH or that contained an exon from a repetitive sequence and

had thus been filtered. In such cases, the genes were added back to maximize

the alignment. The alignments occasionally revealed that FGENESH had split

a single gene into two genes on one chromosome but not its allele/

orthologue/homoeologue on the other chromosome. In these cases, we fused

the two gene calls into a single gene but left both FGENESH names in

Supplemental Figure S2. To identify retroelements unique to Gmw or Gmp in

Figure 2C and Supplemental Figure S2C, differences in DNA sequence

between Gmw and Gmp were identified using mVISTA (Mayor et al., 2000).

These differences were then checked for the presence of an intact LTR

retroelement or an apparently full-length LINE element by comparison with

our retroelement database.

Phylogenetic Analysis of Low-Copy Genes

Exons from 15 conserved low-copy genes spanning the region were

aligned, along with available Medicago orthologues, using MUSCLE (Edgar,

2004) with default settings and then corrected by eye using Se-Al (A. Rambaut,

unpublished data). Outgroup sequences from various taxa outside Fabaceae

were included when Glycine H3 was incorporated. Gene phylogenies were

estimated using MP, ML, and BI. MP used PAUP* 4.0b (Swofford, 2002) with

1,000 random addition searches and TBR branch swapping. Equally parsi-

monious trees were summarized in a strict consensus tree. Nodal support was

estimated using 500 bootstrap replicates, each with 10 random addition

sequences and TBR branch swapping. ML was conducted using PHYML

(Guindon and Gascuel, 2003) accessed through the PHYML online Web server

(Guindon et al., 2005) with 500 bootstrap replicates. Nucleotide substitution

models for ML and BI were determined using modeltest 3.7 (Posada and

Crandall, 1998) according to the Akaike information criterion. Bayesian

analyses used MrBayes 3.1.2 (Huelsenbeck and Ronquist, 2001), with runs

consisting of four chains run for 1 to 5million generations sampled every 1,000

generations. The prior for each analysis was of equal probability. All runs

started with a random tree. After elimination of the burn-in phase, the

remaining iterations were summarized in a consensus tree with posterior

probabilities as nodal support.

Ka/Ks Calculations

Ks calculations were estimated on the low-copy gene alignments used for

phylogeny estimation. Before analysis, each alignment was checked for the

correct reading frame. Ks was then determined using the yn00 algorithm

implemented in PAML 3.15 (Yang, 1997).

Tajima Relative Rate Tests

In-frame alignments of low-copy genes including soybean H1 and H2 and

Phaseolus copies were submitted to MEGA (Kumar et al., 2004). Relative rate

tests were performed using all sites and changes.

Phylogenetic Analysis of NB-LRRs

NB-LRRs were subdivided into TIR and non-TIR classes, and a separate

phylogenetic analysis was performed on each class. An approximately 900-bp

region spanning from the P-loop (VGMGG in Rpg1-b) to the MHD motif

(MHDLL in Rpg1-b) was used to construct phylogenetic trees. Amino acid

sequences were initially aligned using ClustalW (Thompson et al., 1994)

implemented in BioEdit version 7.0.5.3 (Hall, 1999). Alignmentswere optimized

extensively by manual gap insertion and then reconversion to nucleotide

sequence. We then checked for evidence of recombination among NB-LRRs

using a suite of programs implemented in RDP version 3.15 (Martin et al.,

2005b), RDP (Martin and Rybicki, 2000), Geneconv (Padidam et al., 1999),

Chimaera (Posada and Crandall, 2001), and Bootscan (Martin et al., 2005a).

Default parameter settings were used for each method except as follows: RDP

(internal reference sequence), Bootscan (window = 150, step = 15, neighbor-

joining trees, 200 replicates, 90% cutoff, J&N model with Ti:Tv = 2, coefficient

of variation = 2). Network displays of phylogenetic signal were also used to
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visualize the reticulation due to recombination and other causes. Splits Tree

version 4.5 (Huson and Bryant, 2006) using the neighbor net algorithm (and p

distances among sequences) was used to display the reticulation. Sequences

that showed significant evidence of recombination were eliminated from

further analysis. Phylogenetic analyses were performed using MrBayes ver-

sion 3.1.2 (Ronquist and Huelsenbeck, 2003). We explored the effect of model

choice on trees produced using four different models: (1) HKY, (2) HKY+G, (3)

GTR+I+G, and (4) GTR+I+G with codons. Each analysis, except for the codon

model, was run in paired runs, with 10 chains each, three separate times to 5

million generations, and trees and posterior probabilities of clades were

checked for consistency within and among analyses. The codon model

analysis was run once only to 5 million generations because of computing

limits. As the analysis including a codon model failed to improve on the

likelihood score of the next most complex model, we discarded these results.

The GTR+I+G analysis was favored by Bayes factors (Kass and Raftery, 1995)

and used to produce Figure 3.

Phylogenetic Analysis of Carbohydrate Transporter and
Protein Kinase Gene Families

For the carbohydrate transporter tree, we included genes from the neo-

tetraploid G. tomentella accession G1134 on BAC clone gtt1-298n2, as we had a

gap in our BAC contig from G. tomentella accession G1403 covering two of the

four transporter genes on H1. Amino acid sequences were initially aligned

using ClustalW (Thompson et al., 1994) as implemented in BioEdit version

7.0.5.3 (Hall, 1999). Alignments were optimized extensively by manual gap

insertion and then reconversion to nucleotide sequence. Transporter se-

quences were trimmed at the 5# and 3# ends to eliminate regions of poor

alignment. Kinase sequences were trimmed to include only the kinase

domain. Aligned nucleotide sequences were then subjected to Bayesan

analysis using MrBayes version 3.1.2 (Ronquist and Huelsenbeck, 2003) and

a GTR+I+G model. We performed paired runs with four chains each and ran

the analysis for 4 million generations with sampling every 100 generations.

The prior for each analysis was of equal probability. All runs started with a

random tree. After elimination of the first 25% of runs, which included the

burn-in phase, the remaining iterations were summarized in a consensus tree

with posterior probabilities as nodal support.

FISH

Soybean plants (cv Williams 82) were grown under standard greenhouse

conditions (16-h daylength and 27�C daytime temperature). Root tips for

somatic chromosome preparations were sampled and treated with 8-hydroxy-

quinoline according to previously published methods (Walling et al., 2005)

and were stored in Carnoy’s solution at 4�C until used for preparation of

chromosome spreads. Nuclei extraction and fiber FISH were performed as

described previously (Jackson et al., 1998).

Plasmid/BAC clones were purified using Qiagen maxiprep kits according

to the manufacturer’s instructions. Approximately 1 mg of purified plasmid

DNAwas labeled with either digoxigenin or biotin using Nick Translation Kits

(Roche). The DNA-labeling reaction was kept at 15�C for 2 h, after which

unincorporated nucleotides were removed using Qiagen PCR columns.

FISH of BAC clones onto DNA fibers (fiber-FISH) was performed as

described (Jackson et al., 1998). AlexaFluor 488 streptavidin (Invitrogen) was

used to detect the biotin label. This signal was amplified by layering goat

anti-streptavidin conjugated with biotin (Vector Laboratories) followed by

another application of AlexaFluor 488 streptavidin. Digoxigenin labels were

detected using mouse anti-digoxigenin (Roche) followed by AF568 anti-

mouse (Invitrogen).

Mitotic chromosome FISH was performed as described previously (Jiang

et al., 1995). Centromeres were detected using the centromeric repeat probe

SB91 (5#-CGTTTGAATTTGCTCAGAGCTTCAGTATTCAATTTCGAGCGTC-

TCGATATATTACGGGACTCAATCAGACATCCGAGTAAAAAGTTATTGT-3#),
which is a homologue of SB92 (Vahedian et al., 1995). Biotin-labeled probes

were detected using a single layer of AF488 streptavidin, and the digoxigenin-

labeled probes were detected using a single layer of sheep anti-digoxigenin

conjugated with rhodamine (Roche). FISH images were captured using a

Photometrics Cool Snap HG camera attached to a Nikon Eclipse 80i fluores-

cence microscope. Images were adjusted and analyzed using Metamorph

(Universal Imaging). Cropping and labeling of images were performed using

Adobe Photoshop CS version 8.0 for Macintosh.

Genetic Mapping

BAC and BAC end sequences were searched for two, three, or four

nucleotide repeat motifs that had a minimum repeat length of 15 using the

SSRIT script (Temnykh et al., 2001). Primer pairs flanking these microsatellites

were identified using Primer3 version 4.0 software (Rozen and Skaletsky,

2000) using the default settings and amplifying a product ranging in size from

200 to 250 bp. Marker amplification and PAGE were performed as described

(Saghai Maroof et al., 1994). Primers that yielded polymorphic products were

mapped in one or both of the following mapping populations for which

densely saturated molecular maps were available: a F2:3 G. max 3 G. max

population (Gore et al., 2002) or a G. max 3 Glycine soja recombinant inbred

line population (Maughan et al., 2000). Mapmaker 3.0b (Lander et al., 1987)

was used to construct linkage groups. The initial grouping was performed

using the “group” command at a log of the odds score of 3.0 with a maximum

Haldane distance of 50 cM. The “order” and “compare” commands were used

to determine the most probable marker order in both populations. Markers

not meeting the threshold criteria were placed in intervals using the “try”

command.

Sequence data from this article can be found in the GenBank/EMBL data

libraries under the accession numbers listed in Supplemental Tables S1 and S5.
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The following materials are available in the online version of this article.

Supplemental Figure S1. Physical map of BAC contigs assembled and

sequenced.

Supplemental Figure S2. Enlarged alignments of homoeologous and

orthologous BAC contigs.

Supplemental Figure S3. FISH localization of soybean H2.

Supplemental Figure S4. Phylogenetic analyses of low-copy genes.

Supplemental Table S1. Low-copy probes used to screen BAC libraries.

Supplemental Table S2. Ka and Ks values for low-copy gene comparisons.

Supplemental Table S3. Low-copy gene names and best BLAST hits.

Supplemental Table S4. ESTs corresponding to each member of homoeo-

logous gene pairs.

Supplemental Table S5. BAC clones sequenced.
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