
Theor Appl Genet (2003) 106:1256–1265
DOI 10.1007/s00122-002-1183-y

Abstract A growing body of research indicates that mi-
crosynteny is common among dicot genomes. However,
most studies focus on just one or a few genomic regions,
so the extent of microsynteny across entire genomes re-
mains poorly characterized. To estimate the level of mi-
crosynteny between Medicago truncatula (Mt) and Gly-
cine max (soybean), and also among homoeologous seg-
ments of soybean, we used a hybridization strategy in-
volving bacterial artificial chromosome (BAC) contigs.
A Mt BAC library consisting of 30,720 clones was
screened with a total of 187 soybean BAC subclones 
and restriction fragment length polymorphism (RFLP)
probes. These probes came from 50 soybean contig
groups, defined as one or more related BAC contigs an-
chored by the same low-copy probe. In addition, 92
whole soybean BAC clones were hybridized to filters of
HindIII-digested Mt BAC DNA to identify additional
cases of cross-hybridization after removal of those soy-
bean BACs found to be repetitive in Mt. Microsynteny
was inferred when at least two low-copy probes from a
single soybean contig hybridized to the same Mt BAC or
when a soybean BAC clone hybridized to three or more
low-copy fragments from a single Mt BAC. Of the 50

soybean contig groups examined, 54% showed micro-
synteny to Mt. The degree of conservation among 37
groups of soybean contigs was also investigated. The re-
sults indicated substantial conservation among soybean
contigs in the same group, with 86.5% of the groups
showing at least some level of microsynteny. One contig
group was examined in detail by a combination of physi-
cal mapping and comparative sequencing of homoeolog-
ous segments. A TBLASTX similarity search was per-
formed between 1,085 soybean sequences on the 50
BAC contig groups and the entire Arabidopsis genome.
Based on a criterion of sequence homologues <100 kb
apart, each with an expected value of £1e-07, seven of
the 50 soybean contig groups (14%) exhibited microsyn-
teny with Arabidopsis.
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Introduction

Comparative genetic mapping has demonstrated that
gene content and order are frequently conserved among
related plant species (Gale and Devos 1998; Bennetzen
2000; Keller and Feuillet 2000). For example, colinearity
has been extensively documented in the grasses, where
fewer than 30 rice linkage blocks can represent the geno-
mes of major cereal crops (Devos et al. 1999; Devos and
Gale 2000). Extensive conservation has also been de-
scribed between Brassica species and Arabidopsis thali-
ana (At), where segments homoeologous to Arabidopsis
appear to be duplicated or triplicated in diploid Brassica
crops (Cavell et al. 1998; Lagercrantz 1998; Jackson et
al. 2000). However, map-based comparisons at the centi-
morgan (cM) level of resolution do not provide a com-
prehensive picture of similarities in genome microstruc-
ture, something that is required for cross-species gene
prediction and positional cloning (Tikhonov et al. 1999).

Comparative sequencing of orthologous regions has
been carried out among a few plant species (Bennetzen
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2000; Ku et al. 2000; Tarchini et al. 2000; Mayer et al.
2001). Chen et al. (1997, 1998) found that the sh2/a1 re-
gion, which spans approximately 140 kilobase pairs (kb)
in maize but only 19 kb in rice and sorghum, maintained
gene composition and arrangement despite more than 50
million years of divergence. Intergenic sequences in
these regions were highly diverged. In the orthologous
adh regions of maize and sorghum, a similar genomic or-
ganization was observed, although both intergenic and
genic sequences showed obvious divergence (Tikhonov
et al. 1999). By contrast, available data indicate micro-
synteny between Arabidopsis and rice (the two plant
models representing dicots and monocots) may be limit-
ed to relatively few regions (Devos et al. 1999; Van 
Dodeweerd et al. 1999; Mayer et al. 2001).

Another important discovery from genomic research
has been the existence of extensive duplication in many
plant species, ranging in size all the way from small
chromosomal segments to entire genomes (Shoemaker et
al. 1996; Gaut and Doebley 1997; Ku et al. 2000). For
example, the complete sequencing of the Arabidopsis ge-
nome demonstrated that duplicated segments encompass
up to 60% of the 115.4 million base pairs (Mb) of se-
quenced DNA, with 24 multicopy segments more than
100 kb in size (Blanc et al. 2000; The Arabidopsis Ge-
nome Initiative 2000). Sequence conservation between
duplicated segments was almost completely limited to
exons (Blanc et al. 2000; The Arabidopsis Genome Ini-
tiative 2000). Based on these results, it has been pro-
posed that at least four different large-scale duplication
events have occurred in the Arabidopsis lineage (Vision
et al. 2000). In soybean, more than 90% of the non-re-
petitive sequences were found to have at least two copies
(Shoemaker et al. 1996; Grant et al. 2000). Still, it re-
mains largely unknown what changes may have occurred
within homoeologous segments following duplication
events.

The Fabaceae (Legume) family comprises some of
the world’s most important crops, including soybean, al-
falfa and pea. Among legumes, Medicago truncatula
(Mt) is widely considered as a model for genomic analy-
sis. Mt is a self-fertile, diploid species with eight pairs
of chromosomes and a DNA content of approximately
500 Mb (Cook et al. 1997). The main focus of our study
was to estimate the nature and extent of conserved mi-
crosynteny between soybean and Mt, focusing at a phys-
ical scale the size of typical bacterial artificial chromo-
some (BAC) contigs, which in this study was about
180 kb. We also examined microsynteny among soy-
bean homoeologues and between soybean and Arab-
idopsis. The information presented here should be use-
ful in elucidating genomic relationships among legumes
and in exploiting microsynteny to complement chromo-
some walking and positional cloning in crops such as
soybean.

Materials and methods

Sequence analysis and probe isolation

Two BAC libraries were constructed in soybean, one from HindIII
partially digested genomic DNA of variety “Williams 82” (Marek
and Shoemaker 1997), the other from EcoRI partially digested ge-
nomic DNA of variety “Faribault” (Danesh et al. 1998). Ordered
sets of overlapping BAC clones (BAC “contigs”) were built from
these two BAC libraries using mapped RFLP clones plus a few
BAC-ends as hybridization probes (Marek et al. 2001). Due to fre-
quent duplication in the soybean genome (Shoemaker et al. 1996;
Marek et al. 2001), multiple BAC contigs were generally identi-
fied with each soybean probe (see Results). In this study, all the
related contigs uncovered by a given probe were assigned to a sin-
gle “contig group”. Contigs from each contig group were then
termed “contig 1”, “2”, “3”, and so on in arbitrary order.

BAC ends and several BAC subclones were sequenced by the
University of Minnesota Advanced Genetic Analysis Center on
ABI PRISM 377 sequencers (Perkin Elmer) using BigDye termina-
tor cycle sequencing kits (Perkin Elmer) (Marek et al. 2001). These
sequences, plus the underlying RFLP sequences retrieved from
GenBank or sequenced as part of this project, were analyzed
against: (1) the NR databases at the National Center for Biotech-
nology Information (http://www.ncbi.nlm.nih.gov/BLAST/) and
the National Center for Genome Resources (http://Seqsim.ncgr.org/
newBlast.html) using BLASTX; (2) mapped Arabidopsis clones in
GenBank comprising a minimum tiling path identified by The In-
stitute for Genomic Research (http://www.tigr.org/tdb/e2k1/ath1/)
using TBLASTX; and (3) soybean ESTs in a database stored at the
Center for Computational Genomics and Bioinformatics at the Uni-
versity of Minnesota (http://web.ahc.umn.edu/biodata/nsfsoy/) us-
ing BLASTN. In this report, sequences with database hits were de-
fined as those that showed significant alignments in any of these
searches with an expected value of £1e-08 in BLASTX or
TBLASTX, or ≥95% identity over at least 100 bp in BLASTN, ex-
cluding any sequences annotated or discovered to be repetitive
DNA in our own database of soybean BAC-end sequences (J.
Mudge, personal communication). Remaining sequences were con-
sidered to have no database hits.

Primers were designed for 181 BAC-derived (BAC-ends and
subclones) sequences. The PCR products, 150–500 base pairs (bp)
in length, were amplified from DNA of the corresponding BAC
clones. Products were gel-purified before use in hybridization.

Library screening, Southern hybridization and fingerprinting

Low-copy soybean BAC-derived sequences and soybean RFLP
probes that had been used to anchor the soybean contigs were hy-
bridized to the Mt BAC library at 65 °C. This Mt library was con-
structed with HindIII partially digested genomic DNA from the
variety “Jemalong”, consisting of 30,720 clones and representing
approximately 5¥ the haploid genome coverage (Nam et al. 1999).
Filters were washed twice in 2 ¥ SSC/0.1% SDS, 10 min each, at
65 °C, and then exposed at –70 ° C for 4–7 days. Such low-strin-
gency washings and long exposures allowed for easy localization
of positive BACs, which were subsequently verified by prepara-
tion of positive Mt BACs using the alkaline-lysis method (Marra
et al. 1997) and Southern hybridization. In parallel experiments,
soybean BAC-derived probes were also hybridized to filters con-
taining EcoRI- and HindIII-digested genomic DNA from soybean
cv Faribault and M. truncatula cv Jemalong.

BAC contig construction

In most cases, Mt BACs identified by a soybean probe were fin-
gerprinted in order to build BAC contigs (Marra et al. 1997).
Briefly, 4.4-ml of BAC DNA was digested with HindIII at 37 °C
for 3–4 h, run in a 1.0% gel (2 ¥ GGB buffer, 80 mM of Tris
base/40 mM of sodium acetate/4 mM of EDTA/52 mM of glacial
acetic acid, Wong et al. 1997) for 15 h at 12 °C, and stained for
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about 1 h with Sybr Gold (Molecular Probes) diluted to 1:10,000
in 2 ¥ GGB buffer. Images were acquired by scanning gels on a
FluorImager STORM 840 (Molecular Dynamics). In some cases,
images were also captured and analyzed on Polaroid films in order
to resolve small (<2 kb) fragments. BACs identified by the same
probe were assigned to a single contig if: (1) they shared five or
more common restriction fragments, and (2) the original anchor-
ing probe hybridized to a restriction fragment of the same size.

Cross-hybridization with whole soybean BAC clones

In addition to BAC-ends, some whole soybean BAC clones were
used in cross-hybridizations both to soybean BACs from duplicat-
ed contigs and to positive Mt BACs. First, the level of repetitive
DNA in these clones was evaluated by hybridizing about 100 ng
of HaeIII-digested DNA from each BAC clone to filters contain-
ing EcoRI- and HindIII-digested genomic DNA of soybean and
Mt. If the results of these experiments indicated essentially no re-
petitive DNA in the Mt genome, these soybean BAC clones were
then hybridized to filters containing HindIII-digested Mt BACs
that had been previously identified by a BAC-end or RFLP from
the same soybean contig group.

To analyze cross-hybridization among soybean duplicated cont-
igs, filters containing soybean BACs that had been digested with
EcoRI, EcoRV, HindIII, DraI or TaqI (depending on the enzyme
originally used to map the anchoring probe) were probed with a
BAC clone from a different contig within the same contig group.
While it was difficult to identify soybean BACs entirely free of soy-
bean repetitive DNA for use as probes, we did try to chose soybean
BAC clones containing low levels of repetitive DNA based on the
hybridization pattern of soybean genomic DNA when probed with
each of the BACs. To further monitor for repetitive sequences among
cross-hybridizing fragments, the filters used to identify cross-hybrid-
ization between soybean BACs were subsequently hybridized with
radiolabeled soybean genomic DNA. About 100 ng of genomic
DNA was separately digested with three enzymes, EcoRI, HindIII
and HaeIII, then pooled and labeled with 32P-dCTP. X-ray films
were developed after 2-day exposure at –70 °C. Cross-hybridized
fragments containing highly and middle repetitive DNA sequences
could thereby be identified based on signal intensity and excluded
when microsynteny was estimated. Except for the original BAC li-
brary screenings, all filters were washed in 2 ¥ SSC/0.1% SDS, 1 ¥
SSC/0.1% SDS and 0.5 ¥ SSC/0.1% SDS for 15 min each at 65 °C.

Criteria for microsynteny

Two types of microsynteny were inferred from results with short
low-copy soybean probes (RFLP, BAC-end, BAC subclone) or
whole BAC probes. Conserved microsynteny between soybean

and Mt was inferred when: (1) at least two distinct probes (BAC-
end, subclone, or RFLP) from the same soybean contig hybridized
to the same Mt BAC (type I), or (2) at least three non-repetitive
cross-hybridizing restriction fragments were observed when a
whole soybean BAC clone was hybridized to a Mt BAC that had
previously been detected by a low-copy probe from the same soy-
bean contig (type II). Microsynteny among duplicated contigs
within a soybean contig group was inferred when: (1) at least two
distinct low-copy probes (BAC-end, subclone, or RFLP) from one
contig hybridized to BAC(s) in a duplicated contig (type I), or (2)
at least three cross-hybridizing fragments were observed in BACs
of duplicated contigs when a whole soybean BAC clone was used
as probe (type II).

Microsynteny between the soybean and Arabidopsis genomes
was based on TBLASTX analysis described (http://mips.gsf.de/).
We established a relatively non-stringent criterion for microsyn-
teny, considering that soybean and Arabidopsis genomes diverged
about 90 million years ago (Grant et al. 2000). Conserved micro-
synteny was inferred when homologues of two or more soybean
sequences from the same soybean contig group were separated by
less than 100 kb in Arabidopsis, each with an expected value of
£1e-07.

If any soybean contig within a contig group showed microsyn-
teny to Mt, this soybean contig group was considered to show mi-
crosynteny to Mt. This same criterion was applied to comparisons
among duplicated contigs within a soybean contig group and be-
tween soybean and At (see Tables 1 and 2).

Isolation of DNA paralogues in soybean

In order to isolate paralogues from contig groups within soybean,
primers that were originally designed according to BAC-end se-
quences in one soybean contig were used to amplify DNA from
BACs located in a duplicated contig. If the PCR product was simi-
lar in size to the original BAC-end sequence, this pair of primers
were then used directly in a sequencing reaction, with the DNA
from BACs in a duplicated contig as a template. Each clone (in-
cluding the original BAC-ends) was sequenced at least twice, and
sequence alignments were performed with Sequencher 3.1.1
(Gene Codes Co., Ann Arbor, Michigan).

Results

Microsynteny between soybean and M. truncatula

An average of 20 BAC-derived sequences were obtained
from each soybean contig group and analyzed using
BLASTX, TBLASTX and BLASTN. Physically linked

Table 1 Summary of conserved microsynteny estimates between soybean (Sb) contig groups, M. truncatula (Mt) and A. thaliana (At),
as well as between soybean duplicated contigs

Item Sb ¥ Sba Sb ¥ Mta Sb ¥ Atb

Type I Type II Type I or Type II Type I Type II Type I or Type II

No. of contig 23 29 32 15 23 27 7 
groups with conserved (62.2%) (78.4%) (86.5%) (30.0%) (46.0%) (54.0%) (14.0%)
microsynteny

No. of contig 14 8 5 35 27 23 43 
groups without conserved (37.8%) (21.6%) (13.5%) (70.0%) (54.0%) (46.0%) (86.0%)
microsynteny

Total contig groups 37 37 37 50 50 50 50

a Type I: microsynteny detected with two or more linked soybean
BAC-end or RFLP probes. Type II: microsynteny detected with
whole soybean BAC probes

b Based on TBLASTX analysis, microsynteny inferred when 
homologues of sequences from one soybean contig group were less
than 100 kb apart in At, each with an expected value of £1e-07



1259

sequences within a soybean contig (each approximately
180 kb in length) allowed us to search for instances of
microsynteny with Mt. A total of 181 BAC-derived
probes were developed from 50 soybean contig groups.
To avoid possible artifacts of microsynteny caused by
soybean repetitive DNA, all BAC-derived probes were
first surveyed by hybridization to restriction-digested
soybean and Mt genomic DNA. Signals in the lanes of
Mt genomic DNA were mostly weak or absent. In soy-
bean, 37 probes hybridized to multiple fragments (often
with smear signals) and presumably belonged to middle
or highly repetitive DNA sequences, while the remaining

144 appeared to consist of low-copy sequences only. All
144 low-copy BAC-derived probes along with 43 RFLP
probes from 50 soybean contig groups – 114 with dat-
abase hits and 83 without – were then used to screen the
Mt BAC library. On average 2.7 Mt BACs were detected
with each probe, although 62 soybean probes (33.2%)
did not detect any Mt BAC. Microsynteny was inferred
when two or more low-copy probes from a single soy-
bean contig hybridized to the same Mt BAC (type I). By
this definition, a total of 15 soybean contig groups (30%)
showed conserved microsynteny to Mt (Tables 1 and 2).
Within this group, there were 22.8% (26/114) soybean

Table 2 Microsynteny between
soybean (Sb) contig groups, 
M. truncatula (Mt) and 
A. thaliana (At), as well as
within the soybean genome

No. Anchoring No. Sb Sb ¥ Sb Sb ¥ Mt Sb ¥ Mt Sb ¥ At
probe contigs syntenya No. contigs syntenya syntenya,b

tested

1 pA588 2 * I 2 * II no
2 pA036 2 * I 1 no no
3 pA450 2 * I 1 no no
4 pA110 2 * I II 2 * I no
5 pA064 4 * I II 3 * I II no
6 pA078 2 * I II 2 * I II no
7 pA086 3 * I II 3 * I II no
8 pA109 3 * I II 2 * I II no
9 pA112 4 * I II 3 * I II no

10 pA401 4 * I II 2 * I II *
11 pA810 3 * I II 3 * I II *
12 pA885 2 * I II 1 * I II no
13 pA257 2 * I II 2 * II *
14 pA486 3 * I II 2 * II *
15 pA702 2 * I II 2 * II no
16 pB030 4 * I II 3 * II no
17 26_J06R 3 * I II 2 no no
18 Bng171 2 * I II 2 no no
19 pA124 4 * I II 3 no no
20 pA802 2 * I II 2 no no
21 pA878 4 * I II 4 no no
22 pB031 2 * I II 2 no no
23 pB208 2 * I II 1 no no
24 pA059 3 * II 2 * I no
25 pA708 4 * II 3 * I II no
26 pA095 3 * II 2 * II no
27 pA963 5 * II 4 * II no
28 pB039 2 * II 1 * II no
29 pA077 4 * II 3 no no
30 pA264 2 * II 1 no no
31 pA398 2 * II 1 no no
32 pA489 2 * II 2 no no
33 52_G04R 3 no 1 no no
34 pA481 3 no 2 no no
35 pB132 4 no 3 no no
36 pB212 3 no 2 no no
37 pK493 2 no 2 no no
38 pA315 1 nd 1 * I II no
39 NBSD_H1 3 nd 1 * II no
40 pA069 3 nd 1 * II no
41 pA703 1 nd 1 * II *
42 Satt309 9 nd 1 * II no
43 27_A14F 1 nd 1 no no
44 pA104 1 nd 1 no no
45 pA567 1 nd 1 no no
46 pB053 1 nd 1 no no
47 pC006 4 nd 1 no no
48 NBSD_H8 6 nd 2 * I *
49 pA085 1 nd 1 * I no
50 AFLP_170 7 nd 1 * I II *

a Microsynteny indicated by *.
I and II: type I and type II 
microsynteny respectively 
(see Table 1 for details); 
no: without microsynteny; 
nd: not determined
b Microsynteny inferred when
homologues of sequences 
from one Sb contig group were
less than 100 kb apart in At,
each with an expected value 
of £1e-07



sequences with database hits and 12.1% (10/83) with no
database hits.

Evaluation of whole BAC probes for the presence 
of repetitive sequences

To compare genome organization across entire contigs
(approximately 180 kb), the use of short probes like
RFLPs or BAC subclones was insufficient. Therefore,
we tested 106 whole soybean BAC clones as potential
probes in hybridization against Southern filters of digest-
ed Mt BAC clones. First, we eliminated soybean BAC
clones containing repeated sequences in Mt. The hybrid-
ization patterns of whole BAC probes against filters with
digested soybean genomic DNA indicated that 72 of the
BAC probes contained regions of highly or middle repet-
itive DNA in soybean. However, 92 soybean BAC
clones hybridized to fewer than five visible fragments in
digested Mt genomic DNA, and most of them were very
weak in intensity. Presumably, most soybean repeat se-
quences were absent or sufficiently diverged in Mt such
that they produced little or no signal in cross-hybridiza-
tion experiments. The other 14 soybean BAC clones hy-
bridized to five to ten Mt fragments and were not ana-
lyzed further.

Identifying microsynteny with Mt using 
whole BAC clones

Thirty six BAC clones from 23 soybean contig groups
(out of a total of 50) hybridized to three or more frag-
ments from digested Mt BACs, indicating the existence
of type II conserved microsynteny between these soy-
bean and Mt BACs (Tables 1 and 2). For example, soy-
bean BAC 025_G19 hybridized to eight bands in Mt
BAC 021_E16, while soybean BAC 139_N10 hybridized
to a total of 12 bands in Mt BAC 007_D24 (Fig. 1B, D).
As noted earlier, these soybean and Mt BACs contained
little or no cross-hybridizing repetitive DNA based on
Southern hybridization of genomic DNA filters by whole
BAC probes or that of BAC DNA filters probed with ge-
nomic DNA. As only one BAC clone from each soybean
contig was used as probe in these cross-hybridizations,
there were a few cases where we failed to detect type II
microsynteny even when type I microsynteny had been
observed. Combining the results of whole BAC probes,
BAC-derived probes and RFLPs, a total of 27 (54%) out
of the 50 soybean contig groups showed at least some
conserved microsynteny with the Mt genome (Tables 1
and 2).

There were eight instances of duplicated contigs from
soybean showing conserved microsynteny to the same
Mt BAC. These contigs were anchored by soybean
probes pA064, pA078, pA086, pA095, pA257, pA486,
pA702 and pA810. In addition, we found five soybean
contigs that each showed conserved microsynteny to Mt
BACs from two different contigs. These were soybean
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contigs anchored by probes pA078, pA257, pA703,
pA963 and AFLP_170.

Microsynteny within soybean contig groups

We also used hybridization to evaluate the extent of con-
served microsynteny among contigs within each of 37
soybean contig groups. These contig groups were chosen
because they had between two and five separate BAC
contigs previously identified by a low-copy RFLP or
BAC-end probe (Fig. 2). A total of 108 low-copy BAC-
end sequences (54 with database hits and 54 without)
were hybridized to filters containing digested BACs
from the corresponding contig groups. Twenty seven of
the probes with database hits (50.0%) and 21 probes
without database hits (39.1%) revealed type I microsyn-
teny in 23 contig groups (62.1%) (Tables 1 and 2).

In addition, 90 whole soybean BAC clones were used
as hybridization probes. These hybridizations revealed
six contig groups with three or four cross-hybridizing
fragments and 25 contig groups with five or more cross-
hybridizing fragments. For example, soybean BAC

Fig. 1A–D Two examples of cross-hybridization experiments to
study microsynteny between soybean and Mt. DNA from Mt BAC
clones was digested with HindIII, transferred to nylon membranes
and hybridized with soybean RFLP probes (panels A and C) or
whole BAC probes (panels B and D). Arrows indicate vector; M,
molecular-weight standards (in kb). Mt BACs showing multiple
cross-hybridizing bands are marked by *. (A) Lanes 1 to 3: hy-
bridization with soybean RFLP pA963. Probe pA963 hybridized
to a 5.6-kb band in Mt BAC 021_E16 (lane 3). The two Mt BACs
in lanes 1 and 2 showed no hybridization and were not analyzed
further. (B) Lanes 1 to 3: hybridization with soybean BAC
025_G19 from contig 4 of probe pA963. BAC 025_G19 hybrid-
ized to eight bands in Mt BAC 021_E16 (lane 3). (C) Hybridiza-
tion with soybean RFLP pA810. Probe pA810 hybridized with
two fragments in Mt BAC 007_D24 (2.3 kb and 1.9 kb, lanes 1
and 2). (D) Hybridization with soybean BAC 139_N10 from cont-
ig 2 of probe pA810. BAC 139_N10 hybridized to a total of
twelve bands in Mt BAC 007_D24 (lanes 1 and 2)
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159_M12 in contig 2 of the pB039 contig group hybrid-
ized to at least six bands in each of the BACs from
pB039 contig 1 (Fig. 3A). In all of these contigs groups,
the level of soybean repetitive DNA in cross-hybridizing
fragments was evaluated by hybridizing soybean genom-
ic DNA to the restriction digested BAC DNA filters. In
the case of 26 contig groups, the original cross-hybridiz-
ing bands (those indicating the existence of type II mi-

crosynteny) were barely visible after 2 days exposure
(Fig. 3B; data not shown). Based on this result, we in-
ferred that highly and middle repetitive DNA is probably
not present in the cross-hybridizing fragments of these
contig groups. In three contig groups (anchored by
pA077, pA264 and pB031), two of the previously identi-
fied cross-hybridizing bands were found to consist of re-
petitive DNA. However, in these three contig groups,
there were five or six additional cross-hybridizing frag-
ments that were not visible when hybridized with soy-
bean genome DNA. In two contig groups (anchored by
probes pA481 and 52_G24R), three to eight bands were
found to contain repetitive DNA, so they were not in-
cluded as being microsyntenic in soybean. Altogether, a
total of 29 contig groups (26 + 3) exhibited type II mi-
crosynteny in soybean.

As shown in Fig. 2, microsynteny inferrred from
cross-hybridization experiments was frequently ob-

Fig. 2 Graphical representation of homoeology, as inferred from
cross-hybridization experiments, among soybean BAC contigs.
Both BAC-ends and whole BAC clones were used as probes in
cross-hybridization experiments (see Materials and methods). For
contigs in rows 1 to 3, no cross-hybridization observed; in rows
4–12, at least two contigs exhibited limited cross-hybridization; in
rows 13 to 35, at least two contigs exhibited extensive cross-hy-
bridization. In several cases (contig groups in rows 23–32) addi-
tional contigs with no or limited cross-hybridization were also ob-
served. Contig groups in rows 33 to 35 exhibited other patterns of
cross-hybridization

Fig. 3A, B Detailed analysis of microsynteny between two soy-
bean contigs anchored by RFLP probe pB039. The BAC DNA fil-
ter was hybridized with a whole soybean BAC probe (panel A) or
soybean genomic DNA as the probe (panel B) (See Materials and
methods). BAC DNA was digested with EcoRI; the arrow indi-
cates the vector (9.4 kb); M, 1-kb marker or Marra marker (in kb).
Contig 1 contained five BACs (lanes 1–5 in panel A, 4–8 in panel
B) and contig 2 contained two BACs (lanes 6–7 in panel A, 9–10
in panel B). Two soybean BACs in lanes 1–2 of panel B were in-
cluded as positive controls known to contain middle to highly re-
peated sequences, while lane 3 in panel B is blank. (A) BAC
159_M12 (lane 7) in contig 2 as a probe hybridized to 6–11 frag-
ments from homoeologous BACs in contig 1. (B) Soybean genom-
ic DNA as a probe, with no hybridizing fragments visible, indicat-
ed that all fragments showing cross-hybridization by BAC
159_M12 contain only single- or low-copy DNA sequences
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served within soybean contig groups. However, usually
just two of the contigs within any contig group showed
extensive cross-hybridization. The remaining contigs
within any contig group generally had only limited or
no cross-hybridization (apart from the original anchor-
ing probe). There were three exceptions to this general
observation. In the contig groups identified by probes
pA095 and pA077, extensive cross-hybridization was
observed among three contigs for each group. In the
case of the four contigs uncovered by probe pA112, two
different sub-groups were formed, with contigs 1 and 2
showing extensive cross-hybridization and contigs 3 and
4 separately showing extensive cross-hybridization
(Fig. 2).

Detailed analysis of the pB039 BAC contig group

In order to characterize relationships among microsyn-
tenic BAC contigs and at the same time provide evi-
dence for the authenticity of results detected with whole
soybean BAC clones, we examined the pB039 contig
group in further detail. This group consisted of three
contigs: soybean contigs 1 and 2 plus one BAC contig
in Mt, all anchored by RFLP pB039. In our original
cross-hybridization experiments, these three contigs ex-
hibited type II microsynteny (detected by BAC clone
159_M12 in soybean contig 2). We first obtained addi-
tional low-copy BAC-end probes by re-screening the
soybean and Mt BAC libraries with all available unique
soybean and Mt BAC-end probes in this contig group.
We then used all 43 unique BAC-end probes in cross-
hybridization experiments: 15 from soybean contig 1,
nine from soybean contig 2 and 19 from Mt contig 1.
Eight probes showed cross-hybridization between soy-
bean contig 1 and Mt contig 1, 11 between soybean
contig 2 and Mt contig 1. Between the two soybean
contigs, 14 probes showed cross-hybridization. We went
on to isolate and sequence paralogous sequences be-
tween the two soybean contigs. We tested 12 pairs of

BAC-end primers in sequencing reactions in which
BACs from the duplicated contig were used as tem-
plates, with nine pairs of primers giving clear, single
products. When the original BAC-end sequences were
aligned with the isolated paralogous sequences, these
nine sets of paralogues showed an average of 94.2%
identity over 3,418 bp, ranging from 81.1 to 96.4% (Ta-
ble 3). Sequence divergence was limited, resulting from
insertion/deletion events (1.5%) and point mutations
(4.4%). These data suggest that the three contigs associ-
ated with pB039 shared extensive microsynteny. In oth-
er experiments (data not shown) three additional contig
groups (by pA685, Bng154 and pC063) are also being
examined in detail through the use of comparative re-
striction mapping, cross hybridization and comparative
sequencing of homoeologous segments. For each of
these contig groups, type II microsynteny has been con-
firmed, with 4–20 probes showing cross-hybridization
between soybean duplicated contigs and 2–5 probes
showing cross-hybridization between soybean and Mt
(data not shown).

Conserved microsynteny between soybean 
and Arabidopsis

A total of 1,085 sequences from the 50 soybean contig
groups were searched against Arabidopsis sequences us-
ing TBLASTX. Based on the criterion of the expected
value £1e-07 and physical separation between sequences
less than 100 kb in Arabidopsis, seven contig groups
were found to show conserved microsynteny to At
(Tables 1 and 2). In the case of one contig anchored 
by NBSD_H8, three different microsyntenic regions
were identified in Arabidopsis. In detail, BAC-ends
102_G14F and 166_A24R each have homologs on Ara-
bidopsis chromosomes 1 (23.9 kb apart) and 2 (6.3 kb
apart), while BAC-ends 033_G16F and 166_A24R also
have homologs on Arabidopsis chromosome 1 (14.5 kb
apart).

Table 3 Sequence identity among nine sets of paralogues isolated from two pB039-anchoring soybean contigs

Original BAC-end in Database Duplicated BAC in Lengthb Deletion/ Mutationd Identity 
contig the original contiga hit contig duplicated contiga (bp) insertionc (%) (%) (%)

Contig 1 Gm_UMb001_106_M06F No Contig 2 Gm_UMb001_159_M12 233 22 (9.4) 22 (9.4) 81.1
Contig 1 Gm_ISb001_027_O11F Yes Contig 2 Gm_UMb001_159_M12 290 4 (1.4) 12 (4.1) 94.5
Contig 1 Gm_UMb001_031_P04F Yes Contig 2 Gm_UMb001_159_M12 380 5 (1.3) 12 (3.2) 95.5
Contig 1 Gm_UMb001_031_P04R No Contig 2 Gm_UMb001_159_M12 303 2 (0.7) 19 (6.3) 93.1
Contig 1 Gm_UMb001_015_B21F Yes Contig 2 Gm_UMb001_159_M12 294 3 (1.0) 12 (4.1) 94.9
Contig 1 Gm_UMb001_057_P20F Yes Contig 2 Gm_UMb001_159_M12 645 3 (0.5) 21 (3.3) 96.3
Contig 2 Gm_ISb001_069_K02R Yes Contig 1 Gm_UMb001_088_I02 323 6 (1.9) 11 (3.4) 94.7
Contig 2 Gm_UMb001_008_M14R No Contig 1 Gm_UMb001_088_I02 455 4 (0.9) 23 (5.1) 94.1
Contig 2 Gm_UMb001_014_O09R Yes Contig 1 Gm_UMb001_088_I02 495 1 (0.2) 17 (3.4) 96.4

3,418 50 (1.5) 149 (4.4) 94.2

a Both forward and reverse primers from each BAC-end in the
original contig were used in sequencing reaction on BAC from the
duplicated contig
b Aligned length between BAC-end sequence in the original contig
and isolated paralogue from the duplicated contig

c Removal or addition of base pairs in either of the two compared
sequences
d Base pair change



Genome duplication and microsynteny

In this study, we found eight cases of homoeologous
contigs in soybean with conserved microsynteny to the
same Mt BAC. This result is not unexpected since all of
these soybean contigs showed at least some microsynteny
with one another (Table 2; Fig. 2). This two-to-one rela-
tionship is most likely the result of homoeologous se-
quences retained in both soybean contigs after duplica-
tion. It is also conceivable that the two soybean contigs
show microsynteny to different subregions of the same
Mt BAC, which would imply the existence of two sets of
orthologous genes. We also uncovered five cases of a sin-
gle soybean contig being microsyntenic to two Mt BACs
in different contigs. Such one-to-two relationships poten-
tially reflect segmental duplications in the Mt genome.
Southern hybridization of Mt and soybean BAC DNA fil-
ters supports this inference. If we estimate the copy num-
ber for each soybean probe in both the soybean and Mt
genomes by treating bands of different sizes as distinct
copies, we observe a minimal estimate of 2.6 copies per
probe in Mt compared with 4.3 copies in soybean. Some
duplication events may be ancient and predate the diver-
gence of soybean and Mt. Direct evidence for this comes
from soybean probes pA078 and pA257. Both of these
RFLPs anchored two contigs microsyntenic within the
soybean genome, each with contig I having two counter-
parts (represented by two different BACs) in the Mt ge-
nome, where they are presumably homoeologous.

Exceptions to conserved microsynteny

Not surprisingly, there were 23 soybean contig groups
that lacked any indication of microsynteny with Mt, as
well as 62 probes from 34 contig groups that did not de-
tect Mt BACs at all. These observations raise several pos-
sibilities: (1) the counterparts do not exist in the common
ancestor or were deleted from the Mt lineage after diver-
gence from soybean; (2) the counterparts in Mt or the
probe sequences in soybean have evolved to the point
that similarity is unrecognizable by the hybridization
method used; (3) the counterparts were not included in
this Mt BAC library; or (4) rearrangements have disrupt-
ed their physical linkage, since in many cases multiple se-
quences from one soybean contig had homologs in Mt,
but they were not physically close to one another. Poten-
tially, further study of genomic regions that have diverged
between soybean and Mt will reveal the basis of disrup-
tive modes of genome evolution that may have occurred.

Implications of microsynteny

Microsynteny between the Mt and soybean genomes has
great practical implications. Gene cloning in soybean has
been difficult, partly because of its large genome size,
abundant repetitive DNA and extensive duplications
(Shoemaker et al. 1996; Marek et al. 2001). Compared 
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Discussion

Genomic conservation between soybean 
and M. truncatula

We conducted a preliminary investigation into the extent
of microsynteny between 50 randomly chosen soybean
BAC contig groups involving 93 contigs in total and the
Mt genome, using a hybridization-based approach. Mi-
crosynteny with Mt was found for 15 contig groups us-
ing physically linked low-copy sequences as probes
(type I), and for an additional 12 contig groups using
whole soybean BAC as probes (type II) (Tables 1 and 2).
We minimized complications due to repetitive DNA by
excluding those soybean BAC clones that hybridized to
five or more fragments (or a light smear of fragments) in
Mt genomic DNA. Still, some cases of cross-hybridizing
fragments revealed by a whole soybean BAC probe
might still correspond to different fragments of the same
gene, if that gene had one or more internal HindIII sites
(Mt BACs were digested with HindIII). Some cross-hy-
bridizing fragments could also be duplicates of a gene on
a single Mt BAC clone. For these reasons, we could have
overestimated the extent of conserved microsynteny. By
contrast, the size of our “window” for testing microsy-
teny was confined to just a single BAC clone – or fewer
than five short sequences distributed along a single BAC
contig. For this reason, the extent of the genomic region
assayed for conserved microsynteny was constrained,
potentially leading to an underestimate of conserved mi-
crosynteny.

In the case of 18 soybean contig groups, one soybean
BAC hybridized to at least five or more fragments from
a single Mt BAC. It seems likely that at least some of
these BAC clones are cases of extensive microsynteny
with the Mt genome. By completely sequencing such
pairs of soybean and Mt BACs, the degree of local con-
servation in gene repertoire and organization, the nature
and structure of intergenic sequences, and the extent of
duplications and rearrangements could be examined. In
fact, some of the pairs of BACs described in this study
are now in the process of complete sequencing (B. Roe,
University of Oklahoma, personal communication).

Only about 16.6 Mb (assuming an average BAC cont-
ig size of 180 kb) or just approximately 1.4% of the soy-
bean genome was examined in this study, so we still do
not know the extent to which these results are represen-
tative of the soybean or Mt genomes as a whole. Indeed,
most of the soybean contigs examined in this study were
anchored by RFLP clones from a PstI genomic library
(Keim et al. 1990), and therefore were presumably asso-
ciated with hypomethylated and low-copy DNA (Burr et
al. 1988). Nonetheless, our observation that between 30
and 54% of soybean contig groups show microsynteny to
Mt (Table 1) may be a good indicator for the existence of
widespread microsynteny between these two species.
The use of probes from additional soybean contig groups
would help to verify this conclusion.



to soybean and most other agriculturally important 
legumes, Mt has a relatively compact and simple genome
(Kulikova et al. 2001). It is also the target of extensive
genome sequencing and functional genomic studies
(Cook 1999). Our results suggest it may frequently be
possible to use the Mt genome as a reference for isolating
genes in soybean and other legumes, assuming the coun-
terparts reside in conserved microsyntenic regions. In fact,
this approach has recently been used in pea (Pisum sat-
ivum), where conserved macro- and micro-synteny with
the Mt genome have been used to construct a fine genetic
map around the Sym2 locus (Gualtieri et al. 2002). In al-
falfa (Medicago sativa), high levels of synteny between
M. sativa and Medicago truncatula in the Nod region
have been successfully used to clone a gene essential for
Nod-factor perception in alfalfa (Endre et al. 2002).

Genomic conservation between soybean and Arabidopsis

Because the complete Arabidopsis genome has been se-
quenced and deposited in public databases, detailed anal-
ysis of genome conservation is now possible (The Arab-
idopsis Genome Initiative 2000). Sequence comparisons
between the Arabidopsis genome and the soybean ge-
nomic regions examined here contribute to our under-
standing of the approximate 90 million years of evolu-
tion separating these two taxa (Grant et al. 2000). Mac-
rosynteny between three soybean linkage groups (A2, L
and J) and Arabidopsis has been reported previously
(Grant et al. 2000). We observed microsynteny to Arab-
idopsis for seven of the 50 soybean contig groups (14%)
(Tables 1 and 2), implying a much higher level of ge-
nome divergence between soybean and Arabidopsis than
between soybean and Mt. As expected, these seven cont-
ig groups also showed conserved microsynteny with the
Mt genome. Presumably, they are all descended from
common genomic segments. Nevertheless, a lack of con-
tiguous sequence data in soybean and Mt prevents us
from making detailed comparisons. Moreover, the exis-
tence of extensive duplications and frequent gene loss in
Arabidopsis (Ku et al. 2000) make it difficult to identify
the real orthologs among these three species.

Genomic conservation between duplicated contigs 
in soybean

An earlier study that compared the relative positions of
RFLP probes across nine different mapping populations
revealed that the soybean genome is highly duplicated
(Shoemaker et al. 1996). Here we examined microsyn-
teny among several homoeologous regions, i.e., groups
of two to five homoeologous contigs anchored by the
same low-copy sequence. We observed limited or exten-
sive cross-hybridization among such contigs in 32 of 37
contig groups. These results imply the existence of sev-
eral large-scale or whole genome duplications that may
have occurred in the lineage leading to present day soy-

bean. Multicopy contigs that share extensive cross-hy-
bridization could represent the products of recent dupli-
cation events, or of an ancient duplication evolving at a
slow rate. Of the 29 cases of cross-hybridization in soy-
bean detected with whole BAC probes, 20 were also de-
tected by BAC-end probes. Therefore, we believe that a
majority of the cross-hybridizations detected by whole
BAC probes do represent real cases of conserved micro-
synteny, although we can not completely exclude the
presence of repetitive DNA in cross-hybridizing frag-
ments. A preliminary sequence comparison between nine
sets of paralogues from two homoeologous contigs (an-
chored by pB039) indicated an average similarity of
94.2%, with both insertion/deletion events and point mu-
tations being observed.

Results from the cross-hybridization experiments pro-
vide evidence for the existence of microsynteny between
30 and 54% of the soybean contig groups and the Mt ge-
nome. As legume genomic research moves forward, ad-
ditional soybean BAC contigs and DNA sequence data
will become available, making it possible to examine ad-
ditional cases of microsynteny between the two genomes
(and with Arabidopsis). Obviously, a high level of fine-
scale genome conservation provides a good reason to
capitalize on Mt to help understand the organization and
evolution of legume genomes. Our data suggest that
most contig-size homoeologous segments have main-
tained high levels of conservation within the soybean ge-
nome. Further efforts will be needed to understand just
how far microsyntenic regions extend, or for the princi-
pal mechanism(s) responsible for the divergence ob-
served among homoeologous segments.
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