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Abstract Analysis of molecular linkage groups within
the soybean (Glycine max L. Merr.) genome reveals
many homologous regions, reflecting the ancient poly-
ploidy of soybean. The fragmented arrangement of the
duplicated regions suggests that extensive rearrange-
ments, as well as additional duplications, have occurred
since the initial polyploidization event. In this study we
used comparisons between homoeologous regions in
soybean, and the homologous regions in the related
diploids Phaseolus vulgaris and Vigna radiata, to eluci-
date the evolutionary history of the three legume geno-
mes. Our results show that there is not only conservation
of large regions of the genomes but that these conserved
linkage blocks are also represented twice in the soybean
genome. To gain a better understanding of the process of
genome evolution in dicots, molecular comparisons have
been extended to another well-studied species, Arab-
idopsis thaliana. Interestingly, the conserved regions we
identified in the legume species are also relatively con-
served in Arabidopsis. Our results suggest that there is
conservation of blocks of DNA between species as dis-
tantly related as legumes and brassicas, representing 90
million years of divergence. We also present evidence
for an additional, presumably earlier, genome duplica-
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tion in soybean. These duplicated regions were only rec-
ognized by using Arabidopsis as a ‘bridging’ species in
the genome comparisons.
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Introduction

The dynamic nature of plant genomes has made them an
area of intense investigation. Recent research in plant ge-
netics has revealed a great deal about genome duplica-
tions and polyploidization. Although relatively few
stable polyploids exist in nature, both allo- and auto-
polyploidization events appear to have been common
during the evolution of the plant kingdom (Lewis 1980).
There appears to be a natura tendency for polyploid
genomes to revert to a diploid state following polyploid-
ization, a phenomenon termed diploidization (Stebbins
1966). Diploidization occurs at both the chromosomal
and genic levels. In allopolyploids, genes such as Phl in
wheat have been identified which prevent the pairing of
homoeologues during meiosis. This effectively alows
the independent evolution of the genomes which contrib-
ute to diploidization (Riley and Chapman 1958; Gill
et al. 1993). At the chromosomal level processes such as
inversions and translocations convert the homoeologues
into unique chromosomes, where only bivalents are
formed at meiosis rather than potentially unstable quad-
rivalents. Interestingly, despite an often long history of
such rearrangements, duplicate chromosomal regions
resulting from ancient polyploidization events are ill
detectable in many plant species which seemingly be-
have as genetic diploids (Helentjaris et al. 1988; Whitkus
et a. 1992; Shoemaker et al. 1996).

Selection may act during diploidization to keep cer-
tain complements of genes and/or DNA sequences to-
gether. Paterson et al. (1996) demonstrated that several
segments of DNA <3 cM have remained co-linear in spe-
cies separated by 130-200 million years of divergence.
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These authors proposed that this might be the result of
DNA being re-shuffled in relatively small conserved
segments over long evolutionary periods. Evidence for
the rearrangement of genomes by the movement of
larger blocks of DNA has been shown in several lineag-
es, including grasses (Moore et a. 1995) and brassicas
(Kowalski et al. 1994; Lagercrantz 1998). The reason for
DNA rearrangement in conserved blocks is unclear,
although they may represent a genetic organization
which confers a fitness advantage (Paterson et al. 1996).

Soybean has been suggested to be an ancient polyploid
based on chromosome numbers (Lackey 1980; Bruneau
et a. 1994), genome size (Arumuganathan and Earle
1991), and the identification of duplicate loci and ho-
moeol ogous regions (Shoemaker et al. 1996). In addition,
several pairs of genes with similar or identical function
have been localized to chromosomal blocks which, based
on common molecular markers, appear to be homoeol og-
ous (Zhu et al. 1994; Shoemaker et al. 1996). Surprising-
ly, we recently mapped a pair of duplicate function genes
(Pal and Pa2) which condition appressed pubescence
that do not fit this simple model of soybean genome evo-
lution (Lee et al. 1999). The linkage groups containing
these genes were investigated further in an attempt to de-
termine if their organization and relationships could fur-
ther elucidate the evolution of the soybean genome. This
paper reports the results of our comparison of the genom-
ic organization of soybean to that of two other legumes
(Phaseolus vulgaris and Vigna radiata) and to the distant-
ly related dicot Arabidopsis thaliana. The results of this
study demonstrate the utility of using both closely and
distantly related “bridging” species, with their indepen-
dent evolutionary histories, in such studies.

Material and methods

Identification of homology and homoeology in legumes

Homologous and homoeologous regions within legumes were
identified by comparing molecular genetic maps. Previously
published maps for soybean (Cregan et a. 1999), V. radiata
(Menancio-Hautea et a. 1993) and P. vulgaris (Vallgos et al.
2000) were used. Additional soybean RFLP probes were mapped
in P. vulgaris during this study, using previously reported proto-
cols (Vallgjos et al. 1992).

DNA sequencing

Plasmid DNA of RFLP clones was purified using the Wizard
miniprep kit (Promega, Madison, Wisconsin). The sequence was
generated from both ends of each genomic clone at the lowa State
University DNA Synthesis and Sequencing Facility (Ames, lowa)
using Universal Forward 21 M13 and Reverse M13-USB primers
on an ABI 377 automated sequencer. Sequences were edited in Se-
quencher 3.1 where the 5' vector sequence was trimmed off and
the 3' end was edited for quality. When an insert’s end sequences
overlapped, we combined them into a single contig and used that
in the analysis.

DNA sequence homology searches

The edited sequences were used for homology searches using
BLAST programs (Altschul et al. 1990). Default parameter values

were used for all homology searches. TBLASTX was used to
compare DNA sequences from the RFLP probes which mapped to
homologous legume linkage blocks to the A. thaliana DNA se-
guences contained in TAIR (http://arabidopsis.org) in June 2000.
Only sequences with fewer than ten homologous sequences in A.
thaliana and E values less than 10-5 were included in our analyses.

Simulations

We used the algorithms reported by Grant et al. (2000) to test
whether the intra- and inter-specific sequence-based synteny we
detected was due to chance. At least 10,000 simulated genomes
were analyzed in each test. Complete details of the simulations
can be found at http://soybase.agron.iastate.edu/publication_data/
Lee/synteny2.html.

Results and discussion

Multiple homoeologous regions have been identified
throughout the soybean genome (Shoemaker et al. 1996).
In this report we focus on a subset which contained the
duplicate-function genes Pal and Pa2. The most-parsi-
monious explanation for the presence of these two genes
is that they are the result of the previously postulated
whole-genome polyploidization event (Shoemaker et al.
1996). However, as shown in Fig. 1 A, while each gene
isindeed located in one member of a pair of homoeol og-
ous regions, they are not in regions which are themselves
obviously related (Lee et al. 1999). Additionally, two lo-
ci (A162 and A069) stand out as being distant from their
expected locations. While it is possible that these anoma-
lous map locations reflect chromosomal rearrangements
or duplication and insertion events after polyploidizat-
ion, these results, in combination with the Pal/Pa2 map
locations, prompted us to study two different types of
Cross-species genomic comparisons to more-completely
understand the evolutionary history of these chromo-
somes.

Genome comparisons between legumes

The legumes P. vulgaris and V. radiata are closely relat-
ed to each other and somewhat more distantly related to
soybean (Boutin et al. 1995). Based on chromosome
number (P. wulgaris. n=11; V. radiata: n=11; G. max:
n=20) and a comparison of molecular maps, it has been
suggested that soybean is an ancient tetraploid and that
P. vulgaris and V. radiata are moresimilar to the ances-
tral diploid genome (Arumuganathan and Earle 1991;
Boutin et al. 1995; Shoemaker et a. 1996). We have ex-
tended previous studies by using all available molecular
loci to more completely delineate regions of homology
between these legumes. Fig. 1B and C show the regions
of synteny between soybean linkage groups B1 and H
(burgundy loci) and the cognate linkage groupsin P. vul-
garisand V. radiata. These results are consistent with the
model that the homoeologous chromosome blocks in
soybean arose through an ancient whole-genome poly-
ploidization event. We were not able to do asimilar anal-
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Fig. 1A—C Homologous and homoeologous relationships within
legumes. A Homoeologous relationships within three linkage
groups of G. max. B The corresponding homologous rel ationships
between G. max and P. vulgaris and C G. max and V. radiata (the
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Fig. 2 Syntenic relationship
between homol ogous regions
of G. max, P. vulgaris and

V. radiata, and a 25-cM region

on Chromosome |1 (A)
and Chromosome V (B) in

A. thaliana. These relationships
demonstrate duplication in the

A. thaliana genome

ysis of soybean linkage groups F and H (blue loci) as
these molecular markers have not yet been mapped in

the other legumes.

Pairwise comparisons between these legumes, while
aways showing significant synteny, often failed to
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reveal the complete regions of putative ancestral
homology. This is the result of (1) not all RFLP probes

being tested in al three species, and (2) the relatively

low level of RFLP polymorphism in legumes and,
thus, our inability to map more than a subset of the loci
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associated with each RFLP probe. However, by using

able to recognize the probable size and structure of
the ancestral legume chromosomes. Thus, the homolo-
gous blocks we show in Fig. 1 are often larger

B

769

Glycine max - Arabidopsis thaliana homologous relationships

G.max F

Kio2—§

tBngl72_4
T092

1Bngl18 =

*K314
B202

*Bng075
228 E
tb{nlgo()z; TAB0G )

A401

BLTOS7
*A020-§-
BLTO107
*BLTO30—
1K2507

G. max B1/S

A333
T028
1B219 1

K011
702

*A109 |

Bogtaz  fAL2 1
AB4T
B3l

THoglss

|mrj., A hIE.'I':WE-

| A1 :
[ongiss” ALLE

&

Thing374
Bug 04
1Bng202 -4

BO6O Y

1A810f

V. radiata Minn-5

arabV

sgAd26

I ma

a gt

—grigROG]
—J-Engdl
X TsgAda

- taeanes
Bogls

sphldl

~L-Baps?

—§-Bagl
- TmphdE T

tspAlan

=+BogTo

. vulgaris Fl-J

tBng206|
{Bnglse
THngl 54
1Eng120|
1Bngli12|
thngs2
4] BrgT6

Brigf?
I Brgia
f Bue?

Bngd1l

'!I:‘.np:S
" Baglill
‘Tfll:gl-l."-
¥ Bagl

E'|.\||-'4

BagT]

than would be seen by comparing any two species
data from all three pairwise comparisons we were alone.

Itisclear from Fig. 1 that each of these chromosomes
has undergone rearrangement since the time of their last
common ancestor. Severa differences in the homologues
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are evident between these legumes, although, at least for
the chromosomes shown in Fig. 1, P. vulgaris appears to
be less rearranged relative to soybean than is V. radiata.
The homoeologues in soybean have also evolved sepa-
rately. For example, only the central part of the putative
ancestral chromosome (the burgundy loci on LG-H) is
found on LG-B1, suggesting that the current location of
this chromosomal block is due to atranslocation after the
most-recent polyploidization event. It is likely that once
al of the map locations for these molecular markers are
known in soybean it will be possible to identify the re-
maining part of this ancestral chromosome.

L egume-Arabidopsis homologies

Synteny between Arabidopsis and soybean has been pre-
viously reported (Grant et al. 2000). In order to further
assess the extent of conservation between legumes and
A. thaliana, and to gain further insight into the evolution
of the soybean genome, DNA sequences from RFLP
markers that defined a set of legume homoeologous/
homologous regions were compared to the A. thaliana
sequences (TAIR, http://arabidopsis.org). We found evi-
dence for conservation of the same blocks of DNA in A.
thaliana as were detected in the legume lineage.

Sixteen legume DNA sequences from RFLP probes
mapping to the burgundy colored regions in Fig. 1
showed significant homology (E<10-5) to Arabidopsis
sequences in a 25-cM region near the bottom of chromo-
some Il (arabll) (Fig. 2A, burgundy). This represents
about 30% of the legume sequences analyzed. This sub-
set includes loci which had not been directly shown to be
homologous in the legumes, although an ancestral rela-
tionship could be inferred from the genetic maps. The
legume sequences which showed ten or more sequence
homologies to Arabidopsis (marked with * in Fig. 2)
were not included in this count or subsequent analyses.
Approximately 38% of the legume sequences (marked
with 1 in Fig. 2) had no detectable homologues in Arab-
idopsis. We aso observed a very similar pattern of
legume-Arabidopsis homology covering about 25 cM of
arabV (Fig. 2B, burgundy). Although some of the RFLP
probe sequences show homology to regions in addition
to those on arabll and arabV, there were no other cases
of clustering found.

Detection of multiple homologues in the Arabidopsis
genome is not surprising. Using the BLASTIing strategy
employed here, comparisons of soybean and Arabidopsis
(Grant et al. 2000) and tomato and Arabidopsis (Ku et al.
2000) uncovered a similar network of synteny and sug-
gested that the Arabidopsis genome may have undergone
multiple rounds of duplication.

We used simulations similar to those reported by
Grant et al. 2000 to assess the probability that the pat-
terns of sequence homology we observed might be sim-
ply due to chance (i.e., the result of making many se-
guence comparisons to a limited number of possible tar-
gets). In 20,000 simulated genomes where the number

and genetic linkage of the homologous sequences in Ar-
abidopsis, but not the map order, was considered, a result
equivalent to that shown in Fig. 2 was never observed.
Therefore, the probability that our observations occurred
by chance is <5x10-5.

The two Arabidopsis regions shown in Fig. 2 are not
identical. However, based on their shared homologies
with legume chromosomes, it is apparent that they are
homoeologues. These results lead to two conclusions.
First, the homologous chromosomal blocks we identified
in legumes apparently predate the evolutionary split be-
tween brassicas and legumes. Second, this region, and
possibly the entire proto-Arabidopsis genome, has been
duplicated during evolution.

Evidence for earlier duplication in soybean

Two RFLP markers (A069 and A162) and a pair of dupli-
cated genes (Pal, Pa2) mapped to unexpected locations
based on the homoeologous relationships in soybean
(Fig. 1A). Interestingly, Pal and one map location each
of A069 and A162, are in one pair of homoeologous
regions while Pa2 and a second map location of A069
and A162 are in another pair of homoeologous regions
(Fig. 3A; burgundy colored regions and blue colored re-
gions, respectively). These locations suggested a possi-
ble evolutionary relationship between the two pairs of
homoeologous regions. In particular, an earlier duplica-
tion involving the region investigated might explain why
the functional duplicated genes were not located in di-
rectly homoeologous regions. As an aid to understanding
these results we compared the legume RFLP sequences
shown in bluein Fig. 1 to Arabidopsis. Fig. 2 shows that
they were homologous to Arabidopsis sequences in the
same regions as were the ones described above, confirm-

Fig. 3A—C A paleooctoploid model of genome evolution leading to
the current organization of the soybean genome. This mode in-
vokes two rounds of polyploidization each followed by diploidiza-
tion events. A The current genome organization in soybean showing
homoeologous regions. The block on LG-F includes a dotted box
representing soybean sequences not detected in the blue homoeo-
logous regions from comparisons within legumes, but inferred
through comparisons to A. thaliana. B Ancestra regions of ho-
moeologous groups identified in A. The ancestral regions represent
a composite of the markers that were most likely present in the im-
mediate ancestor to modern soybean. Some markers mapping to one
region in soybean, but not in the homoeol ogous group, may be pres-
ent but not mapped for lack of polymorphisms. It is possible that the
DNA sequences have been eliminated or recently attained in one of
the homoeol ogous regions during diploidization. The ancestral blue
and burgundy regions were compared for similarity and found to be
homoeologous. They have three markers in common (Pa, A069 and
Al162), and at least three sequences detected with a TBLASTX
search to A. thaliana are descended from a common region (shown
in bold). Additional segmental duplications of sequences occurred
independently in each region following duplication. The common
markers are connected by solid lines. C The ancestral regions are
most likely descended from a common ancestor. Purple is used to
signify it as an ancestor of the blue and burgundy regions. The du-
plicate loci in A and B are only present once in C for clarity. Pais
used to identify the ancestral gene of Pal and Pa2
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ing that the four chromosomal blocks in soybean are
evolutionarily related.

These surprising results suggest that the current soy-
bean genome may be the result of two polyploidization
events. the one previously identified by duplicate RFLP
loci and a presumably much earlier one reported here.
The latter had not been previously recognized, presum-
ably because of a combination of the subsequent diploid-
ization events and the low RFLP polymorphism in soy-
bean. This earlier duplication is hinted at by the “mis-
placed” RFLP loci (A162 and A069) and the duplicate
function genes Pal and Pa2 indicated in Fig. 1. How-
ever, the use of Arabidopsis as a bridging species al-
lowed us to unambiguously recognize the earlier dupli-
cation and shows the value of this multi-species ap-
proach to studying genome evolution.

Figure 3 shows a model for the evolution of the soy-
bean genome that accounts for our results. We propose
that the proto-soybean genome contained in a single
chromosome (Fig. 3C) the loci which today are located
in three distinct linkage groups (Fig. 3A). There were
then two genome duplications, each followed by diploid-
ization, which resulted in the modern soybean genome.

Because of a lack of mapped common loci from the
blue homoeologous regions (Fig. 1) in P. vulgaris and
V. radiata, our data do not allow us to deduce the relative
order of the earlier duplication and the diversification of
the legumes, although chromosome numbers suggest that
it preceded the legume radiation. Unfortunately, such an
ancient event would most likely be as hard to detect in
P. vulgaris and V. radiata as it was in soybean. An analy-
sis of one of the diploid legumes similar to the one pre-
sented here should establish whether the first genome
duplication preceded the legume radiation and possibly
reveal whether it preceded the legume-brassica split.

It is possible that one or both of the duplication events
we describe was the result of a segmental duplication
rather than a whole-genome polyploidization. However,
as shown in Fig. 1, the homoeologues in soybean essen-
tially correspond to whole chromosomes in the related
legumes, suggesting that the most-recent duplication
covered the entire genome. Data supporting or refuting
the model that the earlier duplication similarly included
the whole genome are not currently available, although,
if this duplication was constrained to only the regions
shown in Fig. 1, then at a minimum it involved a whole
chromosome.

Conclusions

Based on the presence of numerous homoeologous chro-
mosome blocks, soybean is considered to be an ancient
tetraploid whose genome has been diploidized since the
duplication event (Shoemaker et al. 1996). However, the
duplicated functional genes Pal and Pa2 do not map to
directly homoeologous regions as would be expected if
they were generated by a single polyploidization event
(Leeet a. 1999). To determine the origins of these genes

we analyzed the genomic regions surrounding them and
compared these regions to their homologues in other
Species.

Significant homologies between these regions and the
chromosomes of other legumes were identified. The
homol ogous/homoeologous blocks we report between
soybean and other legumes are larger than those previ-
ously found (Boutin et al. 1995) and frequently encom-
pass large segments of linkage groups. In each case the
duplicated chromosomal blocks in G. max are homolo-
gous to a single block in the diploid legumes P. vulgaris
and V. radiata. The simplest model to explain these re-
sults is a whole-genome polyploidization event which
occurred after the soybean lineage split from that of the
other legumes. Due to the low level of RFLP polymor-
phism present in legumes, no single comparison was suf-
ficient to completely delineate the ancestral proto-le-
gume chromosome. However, combining all of the inter-
specific comparisons for a given region suggests that
P. vulgaris and V. radiata most likely have gene comple-
ments that are similar to that of the ancestral genome.

We extended our study to determine whether the con-
served blocks detected in legumes have remained intact
from atime prior to the divergence of legumes and bras-
sicas, approximately 90 million years ago (Gandolfo
et al. 1998). Comparisons of soybean genomic-clone
sequence data to the A. thaliana genome database pro-
vided evidence for significant genomic conservation be-
tween legumes and A. thaliana. In addition to the homol-
ogy between soybean and Arabidopsis, we found two
large homoeologous regions on chromosomes |l and V
in Arabidopsis. Similar results have been reported by
Grant et al. (2000) and Ku et al. (2000) for other chro-
mosomal regions, and more recently Blanc et al. (2000)
presented results consistent with a complete genome du-
plication event during the evolution of Arabidopsis.
Based on these data it is not possible to decide whether
the earlier duplication in soybean is the same as the one
observed in Arabidopsis or if the two lineages have inde-
pendently gone through polyploidization events. What is
clear is that the last genome duplication event in the soy-
bean lineage occurred after the legume-brassica split and
after the divergence of the legumes.

Genome evolution by rearrangement of large chromo-
somal blocks was also reported in other species
(Kowalski et a. 1994; Moore et a. 1995; Lagercrantz
1998). Our results suggest that the shuffling of relatively
large chromosomal blocks has also been common during
the evolution of the legumes. Surprisingly, these same
blocks seem to have been maintained in separate lin-
eages over the 90 million years since the legume-brassi-
ca split. The occurrence of this phenomenon in several
lineages suggests a selective advantage in the retention
of certain cassettes of genes or DNA sequences in a ge-
nome. It is interesting to note that these chromosomal
blocks, while maintained as a unit over long evolution-
ary times, have not retained exactly the same gene order,
as shown by the similar but not identical genetic maps of
both homoeol ogous and homologous regions in the spe-



cies studied. Any model to explain this aspect of genome
evolution must reconcile the apparent selective advan-
tage of maintaining these chromosomal blocks while al-
lowing frequent rearrangements within the blocks.

Our detection of ancient duplication and possibly
polyploidization events by using A. thaliana as a bridg-
ing species demonstrates how this can be a powerful
technique for the investigation of plant genomes for evi-
dence of paleopolyploidy and/or for identification of
multiple rounds of paleopolyploidy not only within the
legume family but also in other lineages.
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