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Abstract
Recent studies have documented that the soybean (Glycine max) genome has undergone

two rounds of large-scale genome and/or segmental duplication. To shed light on the
timing and nature of these duplication events, we characterized and analyzed two
subfamilies of high-copy centromeric satellite repeats, CentGm-1 and CentGm-2 using a
combination of computational and molecular cytogenetic approaches. These two
subfamilies of satellite repeats mark distinct subsets of soybean centromeres and, in at
least one case, a pair of homeologues, suggesting their origins from an allopolyploid
event. The satellite monomers of each subfamily are arranged in large tandem arrays, and
intermingled monomers of the two-subfamilies were not detected by fluorescence in-situ
hybridization on extended DNA fibers nor at the sequence level. This indicates that there
has been little recombination and homogenization of satellite DNA between these two
sets of centromeres. These satellite repeats are also present in G. soja, the proposed wild
progenitor of soybean, but could not be detected in any other relatives of soybean
examined in this study, suggesting the rapid divergence of the centromeric satellite DNA
within the Glycine genus. Together, these observations provide the first direct evidence,
at molecular and chromosomal levels, in support of the hypothesis that the soybean

genome has experienced a recent allopolyploidization event.



Introduction

At least 50-70% of land plants are estimated to be polyploid (Wendel, 2000), which may
be an underestimate because recent genome sequencing has revealed that even putatively
diploid genomes contain vestiges of polyploidy, or at least large segmental duplications
(Vision et al., 2000; Paterson et al., 2004). Polyploidy is especially prevalent among crop
plants, suggesting that polyploidy may provide an advantage in domestication (Udall and
Wendel, 2006). Despite the incidence of polyploidy and the logical extension of its
importance in evolution and adaptation, relatively little is known about how and when
these major events occurred and why they were fixed in many plants, including soybean.

There have been several rounds of polyploidization and/or segmental duplication
in Glycine max (soybean) on the basis of chromosome number (Lackey, 1980), multiple
hybridizing RFLP fragments (Shoemaker et al., 1996), and analysis of duplicated ESTs
(Blanc and Wolfe, 2004; Schlueter et al., 2004). Whole chromosome homeology, as
revealed by fluorescence in situ hybridization (FISH), provides additional evidence for
polyploidy in soybean (Walling et al., 2005). Collectively, these data indicate that there
have been two large-scale duplication events that occurred within the last 50 million
years.

Centromeres of multicellular eukaryotes are generally composed of high copy,
satellite repeats such as the apha satellites of human (Willard, 1985), CentO of rice
(Dong et al., 1998), the pAL1 satellites of Arabidopsis thaliana (Murata et al., 1994) and
CentC of maize (Ananiev et a., 1998). Despite the importance of centromeres for
chromosomal segregation in cell divisson, DNA sequences at centromeres are,

paradoxically, not well conserved, even within asingle genus (Lee et a., 2005). Thus, in



an allopolyploid, formed by hybridization between two species, it is not unexpected that
the centromeres differ at the sequence level, as seen in alopolyploids of Arabidopsis
formed with the past ~300,000 years (Kamm et al., 1995; Pontes et al., 2004).

The ancestor of G. max and the remainder of the genus Glycine has been
hypothesized to have been formed via a polyploid event within the last 15 million years
(Shoemaker et al., 2006); however, it remains unclear whether the event was alo- or
auto-polyploid (Kumar and Hymowitz, 1989; Straub et al., 2006). Here we report that
the soybean genome harbors two classes of centromere-specific repeats that mark subsets

of chromosomes, suggesting that Glycine is allopolyploid.

Results

| dentification and cytological verification of centromeric satellite repeats in soybean

To identify centromeric satellite repeats, we constructed a whole genome shotgun (WGS)
library of soybean, and generated 1,454 WGS sequences (GenBank CL867099—

CL868434) (Lin et al., 2005). Subsequently, a repeat database (http://www.soymap.org)

was constructed using a repeat-finding program, RECON (Bao and Eddy, 2002). Because
satellite repeats have been found to be a class of DNA that has the highest copy number
in completely sequenced genomes of plants, such as Arabidopsis and rice, we
hypothesized that the highest-copy-number repeats in the WGS database of soybean
might represent centromeric satellite repeats. Therefore, we isolated and analyzed the
largest family of repeats revealed by RECON that were composed mostly of 92-bp
monomers and were found to be arranged in a head-to-tail pattern in both WGS

segquences and RECON-assembled sequences, a feature typical of centromeric satellite



repeats (Jang et al., 2003). A 92-bp sequence from this “family” was isolated and an
oligo-based probe was developed for FISH and found to localize to centromeric regions
of 14 out of 20 chromosome pairs (Fig. 1a-d). In accordance with commonly accepted
nomenclature of plant centromeric sequences, this sequence is hereafter referred to as
CentGm-1. We used CentGm-1 to search against the non-redundant nucleotide sequence
database deposited in GenBank, and found that CentGm-1 is highly similar (>95%) to
previously reported SB92 repeats (Vahedian et al., 1995). SB92 repeats were found to
hybridize to four to five genomic locations, whereas, in this study it hybridized to 14
centromere pairs, probably a result of more reiable FISH results due to better
chromosome preparation techniques.

Since most plant centromeres consist of large arrays of species-specific satelite
repeats (Martinez-Zapater et al., 1986; Ananiev et a., 1998; Dong et al., 1998), we asked
whether other centromeric satellite repeats existed in the centromeres that were not
detected by CentGm-1. Therefore, we searched the repeat database that we obtained from
the WGS sequences using a tandem repeat finding program (Benson, 1999), and
identified another subfamily of high-copy satellite repeats similar in structure to CentGm-
1. This subfamily of repeats, named CentGm-2, is composed of 91-bp monomers, sharing
~80% sequence identity on average with CentGm-1. In FISH experiments, an oligo probe
designed for CentGm-2 localized to 8 chromosome pairs (Fig. 1a-d). A combined FISH
experiment with both repeats revealed that the two repeats mark 18 non-overlapping sets
of chromosomes at the centromeric regions (Fig. 1a). Two pairs of centromeres had both
sequences; however, one pair was primarily composed of CentGm-1 (Fig. 1d,

arrowheads).



In order to confirm that these sequences were enriched specifically in the
centromeric regions and not pericentromeric regions, we utilized a previously isolated
BAC, 76J21, that localizes to the pericentromeric regions of all 40 chromosomes (Lin et
al., 2005) and contains previously described soybean repeats STR120 (Morgante et al.,
1997) and the retrotransposon SIRE1 (Laten et al., 1998). FISH of BAC 76J21 in
combination with CentGm-1 and CentGm-2 repeats to premeiotic pachytene
chromosomes revealed that both centromeric repeats marked the primary constrictions
exclusively (Fig. 1€). Moreover, CentGm-1 localized to the leading edges of
chromosomes at mitotic anaphase (Fig 2a). Due to the sguashing of the cell during
preparation, some of the chromosomes have been rearranged relative to the mitotic
poles/plate, but a mgjority of the chromosomes still have the CentGm-1 localized on the

leading edge that would interact with the spindle apparatus.

CentGm-1 and CentGm:-2 are found on a pair of homeologues in soybean

Previously, we identified potential chromosome homeologs in soybean by cross-
hybridization of BACs to duplicated segments within the soybean genome (Walling et al.,
2005). Although CentGm-1 and CentGm-2 are specific to mostly non-overlapping sets
of chromosomes, we asked whether the two centromeric repeats would differentially
target the previously identified homeologues. Therefore, two BAC clones that cross-
hybridize to these two homeologues were combined in a single FISH experiment with the
two centromeric sequences, CentGm-1 and CentGm-2. The results indicated that each

pair of homeologues is indeed marked by a different centromeric repeat (Fig. 2b). The



chromosome corresponding to linkage group (LG) 19, is marked by CentGm-1 and the

other unidentified chromosome by Cent-Gm-2.

Phylogenetic analysis of the centromeric satellite repeats in soybean

The two monomeric sequences used for FISH analysis were used to search against the
WGS database by BLASTN and identified 1001 CentGm-1 and 712 CentGm-2
monomers. Four hundred sixty-four intact monomer sequences were randomly chosen,
aligned, and a distance tree was constructed. Two major clusters were found (Fig. 3a),
supporting the hypothesis that there are two major groups of centromeric repeats in the
genome with greater than 90% bootstrap support. These results were supported by
parsimony analyses (data not shown). The overal mean distance of monomers within
clades was 0.134+0.015 and 0.131+0.018 for CentGm-1 and CentGm-2, respectively;
whereas the mean distance between the monomers of CentGm-1 and CentGm-2 was
0.275+0.054..Although a cutoff of 60% sequence identity and 80% match length was
employed in the BLASTN searches described above, we did not find any other satellite

repeats related to CentGm-1 and CentGm-2.

The organization of centromeric repeat arrays in soybean

The observation that two pairs of soybean centromeres contain both CentGm-1 and
CentGm-2 was intriguing. To further shed light on the organization of centromeric
satellite arrays, we conducted three independent fiber-FISH experiments with two slides
each using differentially-labeled CentGm-1 and CentGm-2 sequences as probes. As

illustrated in Fig 1f, all large fiber segments examined (e.g., more than a megabase in



size) are composed of either CentGm-1 or CentGm-2, suggesting an absence of extensive
rearrangement and reshuffling of CentGm-1 and CentGm-2 within centromeres. This
parallels the observation that no WGS clones screened in this study contained both
CentGm-1 and CentGm-2 sequences.

We performed computational analyses on five shotgun sequencing clones that
contained CentGm sequences on both ends of the clone (three clones with CentGm-1 and
two with CentGm-2 on both ends) to determine the level of monomer variation within
defined regions (regions the size of a shotgun clone, ~4 kb). The amount of variation
between monomers from either end of a clone, using the Kimura model, mirrored the
variation seen within monomer clades described previously. For CentGm-1 the overall
mean distances ranged from 0.096 to 0.136 and for CentGm-2 the two comparisons were

0.076 and 0.096.

Rapid divergence of centromeric satellite repeats within the Glycine genus.

DNA from a representative set of Glycine species was Southern-blotted and
probed with both centromeric repeats. Both CentGm-1 and CentGm-2 (data not shown)
hybridized only to genomic DNA of the cultigen G. max and its inter-compatible annual
relative and immediate progenitor, G. soja (Fig. 3b). It ismost likely that the centromeric
repeats are arranged in the same patterns in G. soja as in soybean, as seen in 92/91 bp
ladders on Southern blots (CentGm-1 shown in Fig. 3a lane 1). Ladders arise from
tandemly arrayed repeats that either do not completely digest or have sequence mutations
such that monomers, dimers, and higher multimers are seen on the Southern. The absence

of hybridization to CentGm-1 and CentGm-2 in the other relatives suggests the rapid



divergence of centromeric satellite repeats within Glycine, as seen in Oryza (Lee et al.,
2005). The faint band seen in G. pescadrensis (Fig. 3b, lane 6) is likely due to non-
specific hybridization of high molecular weight DNA, since the same signal is seen with

other non-centromeric DNA probes (data not shown).

Discussion
The chromosome number of soybean and other "diploid" Glycine species is 2n = 40,
which is doubled relative to its phaseoloid legume relatives (e.g., Phaseolus, Vigna),
most of which are 2n = 20 or 2n = 22. Other lines of evidence indicate that the soybean
genome has undergone two large-scale genome-wide duplication or polyploidization
events (Shoemaker et al., 1996; Blanc and Wolfe, 2004; Pagel et al., 2004; Schlueter et
a., 2004; Walling et al., 2005; Schlueter et al., 2006; Innes et al., 2008). Phylogenetic
analyses of homeologous gene pairs have shown that the older of the two putative
polyploid duplicationsis shared by Glycine, Medicago, and Lotus, and therefore occurred
no later than in their common ancestor (Pfeil et a., 2005; Cannon et al., 2006), which is
estimated from chloroplast phylogenies to have existed around 54 MYA (Lavin €t a.,
2005). This date is more consistent with a46 MY A estimate (Schlueter et al., 2004) than
a 16-17 MYA estimate (Blanc and Wolfe, 2004), and suggests that the dates of 10-15
MY A for the more recent duplication (Schlueter et al., 2004) is probably a closer estimate
than the 3-5 MYA estimate (Blanc and Wolfe, 2004) as discussed by Shoemaker et al.
(Shoemaker et al., 2006).

Regardless of the divergence dates of the progenitor genomes, an unresolved

guestion is whether these polyploid events were fundamentally alo- or auto- in nature.



Phylogenetic analysis can identify a pattern consistent with allopolyploidy, in which each
homeologue is most closely related to a different progenitor orthologue. No such pattern
has been observed in gene phylogenies of Glycine (Straub et al., 2006). This pattern
could be due to autopolyploidy, or, as we suggest is more likely, to the extinction of
diploid progenitors (Fig. 4); in the latter case, gene phylogenies ssmply cannot resolve the
issue.

In this study, we employed a novel approach to address this question and found
two soybean centromere-specific satellite repeat classes that have mostly non-
overlapping distributions. The presence of two different centromeric repesat classesin the
soybean genome suggests the existence of two subgenomes, which were aready
differentiated from one another cytologicaly, that were brought together by
hybridization. In plants, such fixed hybridity defines genetic allopolyploidy, in which
homeologous (Huskins, 1932) chromosomes generally do not pair, and thus show
disomic segregation. In contrast, genetic autopolyploids possess chromosomes similar
enough to pair at meiosis, whether as multivalents or as random pairs of bivalents, and
thus show polysomic segregation. This permits continued interaction of homologous
sequences across all parental chromosomes, and can lead to recombination and
segregational loss of parental sequences. However, even in alopolyploids, homeologous
sequences can continue to interact: many repeat families show homogenization across
non-homologous chromosomes (concerted evolution, e.g., through ectopic gene
conversion). Indeed centromeric repeat families are a classic example of this
phenomenon (Alexandrov et al., 1988; King et al., 1995; Galian and Vogler, 2003; Hall

et al., 2005), and the similarity of repeats within the CentH-1 and CentH-2 classes, two



centromere satellites of allopolyploid Arapidopsis suecica, indicates that these repeats
can interact across non-homologous chromosomes.

The surprisng finding in Glycine is the low level of recombination or
homogenization of the two subfamilies of satellites, which have persisted in the same
genome for at least 5 million years (Fig. 4). The homogenization of centromeric satellite
repeats has been found to be a relatively rapid process. For instance, extensive
rearrangement and reshuffling of CentO satellite repeats in rice centromeres has occurred
within the last half million years (Ma and Bennetzen, 2005; Ma and Jackson, 2005; Ma et
a., 2007). In rice and Arabidopss, both of which are believed to be paleoployploids or
extensive paleo-aneuploids (Vison et al., 2000; Vandepoele et a., 2003), only single
families of centromeric satellite repeats, e.g., CentO in rice (Dong et al., 1998) and pAL1
in Arabidopsis (Kamm et al., 1995), were found in respective genomes. Even in maize,
an allotetraploid formed about 5 MY A from two diploid progenitors that diverged from a
common diploid ancestor about 5-12 mya (Gaut and Doebley, 1997, Swigonova et al.,
2004), only CentC centromeric satellite repeats were identified and found in all
centromeric regions of maize (Ananiev et al., 1998; Jiang et al., 2003). This indicates that
the centromeric satellite repeats from the two diploid progenitors of maize, which had
evolved independently for about 7 million years before their reunion, have been highly
homogenized in the maize genome, probably by conversion, inter-centromeric DNA
exchanges and numerous intra-centromeric rearrangements (Ma and Bennetzen, 2005;
Ma and Jackson, 2005).

The fact that the CentGm-1 probe targets more centromeres than CentGm-2 is

intriguing. Assuming that the CentGm-1 and CentGm-2 donor genomes contributed equal



numbers of chromosomes upon the formation of the polyploid genome and subsequent
normal cell division, we would not expect unequal numbers of chromosomes carrying the
two satellite repeats. It is possible that the CentGm-1 progenitor had more chromosomes
than the CentGm-2 progenitor, although the real scenario cannot be revealed based solely
on our current data. This is not a unique observation, since it was observed in several
Arabidopsis species that there were multiple centromeric repeats that marked unequal
subsets of centromeres (Kawabe and Nasuda, 2006).

The most likely explanation for the unequal distribution of centromere typesin G.
max is that paleopolyploid Glycine originated as a cross between two now presumed to be
extinct 2n = 20 plants (Fig. 4), followed by partial homogenization of one centromeric
repeat class by the other. The presence of both repeat classes in two pairs of centromeres
suggests that the formation of chimeric tandem repeats, rather than homogenization, has
also been the outcome of interactions between chromosomes bearing different repeat
classes.

Given the rapid evolution of species-specific centromeric heterochromatin repeat
sequences (Lee et al., 2005), it isnot initially surprising that there was no hybridization of
soybean repeats to genomic DNA of perennial soybean species. However, this
observation must be reconciled with the even longer-term maintenance of two repeat
classes in the soybean genome. The perennial Glycine species, like soybean, are 2n = 40
(one species is 2n = 38), and share a common ancestor with the soybean lineage roughly
5 million years ago, based on silent site divergences of numerous nuclear genes (Innes et
al., 2008). Thus, these species should possess centromeric repeats homologous with

CentGm-1 and CentGm-2. Assuming clocklike rates of evolution, their CentGm-1-like



repeats should be approximately only half as diverged from CentGm-1 as CentGm-1 and
CentGm-2 are from each other. The same should be true of their CentGm-2-like repeats.
Sequences roughly 90% similar should have been detectable by genomic Southern
hybridization, but no hybridization was observed. This could be explained by
homogenization between CentGm-1 and CentGm-2 throughout the history of soybean,
though at alower level than homogenization within either repeat family. This could cause
both sequence families to diverge concertedly from homologous CentGm-like sequences
in perennial relatives. This hypothesis predicts that perennial Glycine species may also
possess two clusters of centromeric repeats that would be more similar to one another
than to CentGm-1 and CentGm-2.

Because it is unknown how much interaction has occurred between CentGm-1
and CentGm-2 since they were brought together in the same genome, we cannot
determine how divergent these repeats were at the time of hybridization. If they were
aready well differentiated (as suggested by their persistence as separate groups), this
would be most consistent with the progenitors belonging to different species, suggesting
taxonomic allopolyploidy. The unequal number of centromeres bearing the different
repeat types would then be part of the rearrangement process that has led to the
scrambling of the soybean genome such that homeologous regions are scattered among
different chromosomes, consistent with other mapping in soybean (Schlueter et al., 2006;
Shoemaker et al., 2006). However, the unequal number of homeologous centromere
classes could aso be attributable to random segregational loss of parental chromosomes
during a period of tetrasomic chromosome association in a genetic autopolyploid, or the

newly formed polyploid Glycine could have been a segmental allopolyploid, with



attributes of both auto- and allopolyploidy at different loci. One explanation for the
observed centromeric structure in soybean would be some type of allopolyploidy
followed by diploidization leading to a present day pseudodiploid, similar to what was
recently hypothesized for Boechera holboellii (Kantama et a., 2007). Ultimately, the
exact mode of origin and thus the formal distinction isless important than the observation
that homeologous variation currently exists in the Glycine genome, and that the soybean

isafixed polyploid hybrid for centromeres, asit isfor many other loci.

Materialsand Methods

| dentification of centromeric repeats from genome shotgun sequence data

A total of 25,083 Glycine max shotgun sequences comprising approximately 11.4 MB
were used for the de novo identification of repeats using RECON (Bao and Eddy, 2002).
The most frequently occurring families from the RECON output were selected and
annotated using BLASTN (e=10) with the non-redundant database at NCBI
(http://www.nchi.nim.nih.gov/). Families with satellite repeats were selected, and all the
satellite repeats were combined into a single family. These satellite sequences were then

assembled into contigs using PHRAP (http://www.phrap.org/phredphrapconsed.html).

The contigs were searched for tandem repeats using the program Tandem Repeats Finder

(TRF) (Benson, 1999). High copy number repeats were selected from the TRF output.

Fluorescence in situ hybridization of centromeric repeats
Chromosome preparations and fluorescent in situ hybridization (FISH) followed

published procedures (Kato et al., 2004), with the following modifications. Soybean



















































