


















and commonbean, 17%) or 3.9% to 11.2% slower (pigeon
pea, 3.9%; lotus, 11.2%; Supplemental Table S11).
Such high divergence in evolutionary rates may

jeopardize efforts to date evolutionary events and
perform phylogenetic analysis, hindering our under-
standing of legume biology and evolution. Using soy-
bean as a reference, we performed a correction to other
legumes’ evolutionary rates, calibrating the LCT peaks
in the other legumes’ Ks distribution to that in soybean
(for details, see “Materials and Methods”; Fig. 7, B and
C; Supplemental Table S12). Supposing that ECH oc-
curred ;130 Mya (Jiao et al., 2012), we estimated that
LCT occurred ;59 Mya, that peanut (from the dalber-
gioid tribe) split from the other legumes about 49.1 Mya,
and that the hologalegina (including barrel medic, lotus,
and chickpea) and millettioid (including soybean, pi-
geon pea, mung bean, adzuki bean, and common bean)
tribes split 48.1 Mya.

Inference of Ancestral Genome Content

Using information of event-related colinearity, we
inferred gene content at the major evolutionary nodes of
legumes (Fig. 8). Two colinear orthologs from different
genomes show that the most recent common ancestor
had a single ancestral gene at the corresponding location

in its genome, whereas two colinear (out)paralogous
genes produced by the same polyploidization would
derive from an ancestral gene in the paleogenome before
the event. Therefore, by referring to the event-related
colinear gene table (Table I), it was quite easy to infer
the ancestral gene content at any evolutionary node
during the evolution and divergence of these legumes.
For example, themost recent common ancestors had at
least 22,177 genes for soybean and common bean,
18,935 genes for the two peanut genomes, and 28,900
genes for all legumes after the LCT. After the ECH,
there were at least 11,672 genes in the eudicot common
ancestor.

Gene Ontology Analysis

By counting genes still in colinearity,we explored how
each polyploidization event contributed to copy number
variations for genes with different functions. By charac-
terizing Gene Ontology functions, it was clear that each
event increased copy numbers for all functional genes
but by divergent increments (Supplemental Fig. S6), and
different events resulted in divergent contributions to
the enhancement of functions. After the SST, genes re-
lated tomacromolecular complexes, membrane function
and organelle function (classified in view of cellular

Figure 6. Chromosome representation using the seven eudicot ancestral chromosomes and those of common bean. Each
chromosome from grape and legume genomes is first represented by genes colinear to grape. Genes are denoted by short lines in
seven different colors related to ancestral chromosomes before the ECH. Second, with the exception of common bean, chro-
mosomes from the other 10 legumes are represented by genes having common bean colinear genes, and these colinear genes in
each plant are colored to indicate common bean chromosomes where their orthologs reside. Thus, a chromosome in the legume
genomes is displayed in two sets of short lines arranged side by side.
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Figure 7. Dating evolutionary events within and among the legume genomes: soybean (G), wild peanut (A and B), barrel medic
(M), common bean (P), lotus (L), chickpea (E), pigeon pea (C), adzuki bean (U), mung bean (R), and grape (V). A, Distribution of
average Ks levels between colinear gene pairs in intergenomic (solid curves) and intragenomic blocks (dashed curves). B, Dis-
tribution of average Ks levels after correction to account for the evolutionary rate of soybean genes. C, Correction to the Ks
distribution and occurrence of key evolutionary events.
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components), and metallochaperone, molecular regula-
tor, and structural activities (classified in viewofmolecular
functions) were significantly retained. The most signifi-
cantly preserved genes were related to macromolecu-
lar complexes, accounting for up to 9.24% of the SST
a-duplicates but only 6.15% of all genes in the genome
(Fisher’s exact test,P=6.75310235; SupplementalTableS13).
In contrast, genes that were least increased by the SST

were related to catalytic activities (P = 1.04 3 10270),
and nearly all genes relating to biological processes
were not increased, with the exception of those relating
to localization.
By checking the barrel medic genome, we evaluated

what genes were likely to be removed from soybean after
the SST. These genes are still in the barrel medic genome
but have no corresponding copies at the expected locations
in soybean, which could be a result of postpolyploidy in-
stability (Supplemental Fig. S7). Genes in metabolic pro-
cesses (P = 5.083 1028), catalytic activity (P = 3.73 10212),
and molecular binding (P = 4.5 3 1024) were frequently
not deleted or transposed. Comparatively, genes related
to biological regulation (P = 8.6 3 10210), membrane
part (P = 4.24 3 1025), and nucleic acid-binding tran-
scription factors (P = 2.63 1026) were frequently deleted
or transposed (Supplemental Table S14).

Nodulation and Oil Synthesis

A topic of singular importance to legume biology is
whether recursive polyploidizations contributed to the
evolution of key traits, such as nodulation associated

with the symbiotic nitrogen fixation that is a distinguish-
ing feature of legumes. Legumes have divergent numbers
of nodulation-related genes (Supplemental Table S15).
Using the reported soybean nodulation genes as seeds
(Schmutz et al., 2010), we detected their homologs in all
legumes at BLASTP E , 1e-10 and a score greater than
150 (Supplemental Table S15). Soybean has the most
nodulation-related genes (1,702), comprising four families
of 50 or fewer genes and three families of more than
200 genes (Supplemental Table S16). We wanted to know
whether the recursive polyploidizations had contributed
to their expansion. Since large gene families are excluded
from inferences of colinearity (see “Materials and
Methods”) and, therefore, are underrepresented in the
colinear gene table, to investigate whether recursive
polyploidizations had contributed to their expansion,
we plotted the distribution of nodulation-related genes
in the whole genome, also showing colinear genes related
to each polyploidization (Fig. 9). Notably, in soybean, we
found that 78%, 74%, and 66%of nodulation-related genes
could be located at paralogous chromosomal regions re-
lated to the three polyploidization events (SST, SCT, and
ECH), respectively. Genes involved in younger poly-
ploidizations also could be involved in older events if they
have a paralogous copy produced by the latter. None-
theless, these finding showed that polyploidizations may
have contributed to the increase of nodulation-related
gene copy numbers, with increases of 73 in the SST
(Fig. 9), 284 in the ECH (based on barrel medic), and
852 related to the LCT. Similar findings have been
observed in the other legumes.

Figure 8. Inferred ancestral gene numbers during the evolution of legumes.
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While new genes can be produced by tandem du-
plications and transposon activities, these events pro-
duced fewer genes than polyploidization. At Ks, 0.15,
a time after or overlapping the SST event, we found
more than 13 genes residing in duplicated regions from
soybean chromosomes 4 and 5, 7 and 8, and 11 and
12 that were clearly produced by the SST. We also found
young tandem gene clusters on chromosomes 16, 14, 9,
and others and young transposed genes on many other
chromosomes (Fig. 9). One tandem cluster on chromo-
some 16 contains more than 20 young duplicated genes,
some with Ks ; 0 and four pairs with Ks , 0.015, in-
volving six genes (Glyma16g07010.1, Glyma16g07051.1,
Glyma16g07031.1, Glyma16g07060.1, Glyma16g30695.1,
and Glyma16g30911.1), showing a hotspot of new gene
production.

Then, we checked how polyploidizations affected the
copy number variation of genes participating in the
synthesis of high concentrations of seed oils that are an
important economic product of many legumes. Oil
synthesis-related (OSR) genes could be classified into
nine different functions: synthesis of fatty acids in
plastids, synthesis and storage of oil, metabolism of
acyl lipids in mitochondria, lipid signaling, fatty acid
elongation, wax and cutin metabolism, synthesis of
membrane lipids in the endomembrane system, deg-
radation of storage lipids and straight fatty acids, and
miscellaneous functions, as reported previously (Wang
and Brendel, 2006; Schmutz et al., 2010). Each of these
families hasmore than 50 genes in soybean (Supplemental
Table S17). There are more than 850 OSR genes in the
peanut genomes and 1,528 in soybean (Supplemental
Table S18). In peanut, 42% and 22% of OSR genes can be
related to paralogous regions produced by the LCT and
ECH events, respectively; in soybean, 65%, 58%, and 27%

of OSR genes can be related to the SST, LCT, and ECH
events, respectively (Supplemental Fig. S8). This
shows that each of these polyploidizations may have
expanded the OSR families, which also seems true in
other legumes. As with nodulation genes, tandem du-
plications and transposon activities also might have con-
tributed to expansion of the OSR families. At Ks , 0.15,
more than 13 genes residing in duplicated regions of
soybean chromosomes 4 and 6, 7 and 8, 11 and 12, and
14 and 17 were clearly produced by the SST. We also
found young small tandem clusters of six or fewer genes
on 14 soybean chromosomes and 11 young transposed
genes between chromosomes (Supplemental Fig. S9).
Interestingly, OSR genes and nodulation genes shared
paralogous regions in the soybean genomes. However,
only four genes (Glyma03g42460, Glyma06g04940,
Glyma19g23446, and Glyma19g45230) execute func-
tions contributing to both traits.

Legume polyploidizations also may have contributed
to the expansion of NBS-LRR resistance genes, whichwas
further subjected to a birth-death process due to ectopic
recombination (for details, see Supplemental Text S1).

DISCUSSION

Event-Related Alignment of Legume Genomes

Recursive polyploidizations make plant genomes
very complex, conferring genomic structural changes
and complicating deductions about the evolutionary
trajectories of genes (Soltis et al., 2014, 2015). Here, we
performed an event-related whole-genome-scale align-
ment of all 10 sequenced legume genomes, aided by the
use of appropriate reference genomes, grape for all
legumes and barrel medic for soybean. This effort is

Figure 9. Nodulation gene amplification model related to gene duplication events in soybean. A, Curved lines within the inner
circle, colored green, link paralog pairs on the 20 soybean chromosomes produced by SST. B and C, LCT (B) and ECH (C).
Nodulation subfamily genes are displayed in colors as follows: light salmon (subfamily 1), green (subfamily 2), gray (subfamily 3),
yellow (subfamily 4), black (subfamily 5), blue (subfamily 6), and red (subfamily 7). Colored curved lines link nodulation gene
pairs with Ks , 0.15.
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valuable in deconvoluting the layers of homologous
regions packed together after recursive polyploidiza-
tions, producing a list of homologous genes, paralogs,
and orthologs, and relating these homologs to each
ancestral polyploidization event. The list tells how and
when a pair of homologs were produced and diverged
and whether there was gene deletion after certain
events, providing valuable information to reveal the
evolutionary and function-innovation trajectories of
genes, gene families, regulatory pathways, and eco-
nomically and agriculturally important traits. Nodu-
lation and OSR genes provide examples to show how
each polyploidization event contributed to their copy
number expansion. By integrating more sophisticated
phylogenetic and evolutionary analyses, many key genes
could be rechecked at certain phylogenetic nodes to
clarify specific evolutionary changes correlated with
their functional innovation.
The sequences acquired for legume genomes are each

incomplete to certain extents, which affects the infer-
ence of genomic homology and other comparative
studies shown above. New sequencing technologies
are empowering resequencing efforts to obtain more
complete genome sequences. The present hierarchical
and event-related alignment of legume genomes will
be updated when more complete or novel genome se-
quences are ready in the future and stored in the legume
comparative genomics database.

A Hypothetical Paleoautopolyploidization

All well-sequenced and annotated plant genomes
show evidence of genome duplication, supporting the
likelihood that all plants are paleopolyploid. It has been
proposed that polyploidization has contributed to the
origination, divergence, and success of seed and flow-
ering plants (Jiao et al., 2011) and their domestication
(Kellogg, 2016). However, the rates of autopolyploidiza-
tion and allopolyploidization in evolutionary history have
not been known. Indeed, the relative frequencies of allo-
polyploidy, hybridization between diverged (sub)species,
and autopolyploidy, duplication of the same genome
by means such as unreduced gamete formation, are
unknown. Autopolyploid formation is thought to be
more frequent than allopolyploidy. However, auto-
polyploids may suffer from reduced fertility, while
allopolyploids are thought to have advantages during
the establishment phase owing to their potential for het-
erosis. These thoughts are consistent with the observa-
tion (Barker et al., 2016) that more crops are
allopolyploid (e.g. wheat, cotton, tobacco [Nicotiana
tabacum], strawberry [Fragaria spp.], and oilseed rape
[Brassica napus]) than autopolyploid (e.g. potato [Sola-
num tuberosum], sugarcane [Saccharum officinarum], and
banana [Musa spp.]).
Based on information from sequenced genomes,

maize (Zea mays), wheat, and the common ancestor of
grasses were proposed to result from allopolyploidy,
with only the most recent duplication in sugarcane

proposed to be autopolyploidy (Schnable et al., 2011;
Chalhoub et al., 2014; International Wheat Genome
Sequencing Consortium, 2014). Here, by characterizing
gene losses between the SST-duplicated chromosomes
in soybean, we proposed that the SST was likely an au-
totetraploidy. In maize, all homologous pairs of dupli-
cated chromosomes have divergent gene loss/retention
rates acrossmost of their lengths. In contrast, in soybean,
all homologous pairs of chromosomes have similar gene
loss/retention rates in most corresponding regions. Al-
though it might be possible that an allotetraploid has
two subgenomes without dominance over one another,
such a phenomenon has not been observed so far. And
it is difficult to suggest the existence of two diverged
species to have nearly corresponding genetic advantage
over one another across nearly their full genomes when
merging to produce an allotetraploid. Therefore, the
simplest explanation of the SST is an autotetraploid. This
inference of a likely paleoautopolyploidization in a dicot,
building on one in sugarcane (Jannoo et al., 2004), begins
to provide some support for the role of autopolyploidy
in the establishment of new species.

Gene Loss and Retention

It is recognized that large-scale gene losses follow
polyploidization (Soltis et al., 2016), and it has been
shown that the maize genome fractionated through
accumulated small runs of gene deletions (Schnable
et al., 2011) after its polyploidization ;26 Mya (Wang
et al., 2015). Here, we showed that gene losses broke the
continuity of gene colinearity in legumes and resulted
in the removal of neighboring genes that could mostly
be described by a geometric distribution and might
have occurred in a mostly random manner. However,
an obvious deviation of the data from the random
distribution suggested that gene losses could be more
complex. For example, gene losses might have occurred
in a recursive manner, extending the length of runs,
which might require a more sophisticated model to be
revealed. Another is that natural selection, although no
ready approach could be used to test it, may have acted
occasionally to determine the direction of evolution
involving gene losses. Gene losses often could be harmful
and even lethal and may be constrained by selection, a
factor not reflected in our randommodel. Moreover, gene
losses could contribute to the reestablishment of disomic
chromosomepairing in anunstable neopolyploid (Bowers
et al., 2005), a phenomenon thatmight be facilitated by the
loss of large patches of chromosomes that we observed,
which again could not be described in the geometric
distribution model.

Gene movement and gene annotation may affect the
description of gene loss level. To be careful, we searched
the grape genes against all legume genes and the barrel
medic genes against other legume genes, and we
searched soybean, barrel medic, and lotus genes against
their respective ESTs (Supplemental Tables S25–S28).
We found that less than half of grape genes had legume
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bestmatches and about one-fourth had bidirectional best
matches (at protein matched coverage $ 50% and
identity $ 60%). This could have resulted from gene
divergence and gene loss. With the best matched genes,
about half of them share gene colinearity between ge-
nomes. We got similar findings with barrel medic as a
reference. These findings suggest that gene movement,
possibly involving transposons, may contribute to ge-
nomic fractionation. With EST, at coverage $ 30% and
identity $ 90%, we found that there are at least 50% of
genes having no EST support, which suggests that legume
gene annotations need much improvement. The annota-
tion of genes would affect the inference of gene colinearity
and, therefore, the characterization of gene losses and ge-
nomic fractionation. We will update our inference based
on the latest versions of annotated genes in the future.

Unbalanced Evolutionary Rates among Legumes

Duplicated genes deriving from a shared duplication
event provide adirectmeans to compare evolutionary rates
among taxa. In grasses, duplicated genes produced by a
grass-common tetraploidization show 8.5% to 48% diver-
gence in evolutionary rates, with rice being the slowest
(Wang et al., 2015). A phylogenetic analysis withmulberry
(Morus notabilis) genes and their orthologs from Rosales
relatives showed that mulberry evolved much (even
3 times) faster than other Rosales species (He et al., 2013).

Polyploidization itself may drive genes with duplicates
to evolve faster, as duplicated genesmay buffermutations
in one another, possibly resulting in neofunctionalization
or subfunctionalization. For example, cotton genes af-
fected by a decaploidization may have evolved 19% and
15% faster than orthologs in cacao (Theobroma cacao) that
have not experienced duplication since the two taxa di-
verged (Wang et al., 2016). Furthermore, genes from a
duplicated pair of grass chromosomes affected by gene
conversion evolved faster than those not affected by gene
conversion (Wang et al., 2009).

Unexpectedly, duplicated genes in soybean, affected by
the SST, did not necessarily evolve faster than those of
other legumes. With soybean as a reference, genes in pea-
nut, adzuki bean, mung bean, chickpea, barrel medic, and
common bean evolve faster and those in pigeon pea and
lotus evolve slower. This weakens the generalization that
duplicated genes evolve faster than single-copy genes,
perhaps pointing to the importance of other factors, such as
living in different environments for millions of years.

MATERIALS AND METHODS

Genomic Materials

We downloaded genomic sequences and annotations from respective Web
sites for each genome project, for which complete information can be found in
Supplemental Table S29.

Inferring Gene Colinearity

With annotated genes as input, chromosomes from within a genome or
between different genomes were compared. First, by performing BLASTP

(Altschul et al., 1990), protein sequences were searched against one another to
find potentially homologous genes (E , 1e-5). A smaller E value may involve
more-diverged homologous genes and help find ancient duplicated genes.
Second, information on gene homology was used as input for the software
ColinearScan (Wang et al., 2006) to locate homologous gene pairs in colinearity.
The key parameter, the maximum gap, was set to be 50 intervening genes, as
adopted in previous genomics research (Wang et al., 2015, 2016). Large gene
families with 30 or more copies in a genome were removed from inferring
colinearity.

Inferring Genomic Homology

To infer chromosomalhomology in legumes,weused thegrape (Vitis vinifera)
genome as an outgroup reference, which provides information of chromosome
homology transitively. The grape genome preserves much of the ancestral ge-
nome structure before and after the ECH that was common to most eudicot
plants (Bowers et al., 2003; Jaillon et al., 2007) much better than other sequenced
eudicot genomes, which often are affected by further polyploidizations.
The grape genome was important to reveal and distinguish paralogous blocks
within legume genomes that were produced by the ECH event or not. Due to
the ECH, any one grape genomic region often has two paralogous regions
within grape itself and more in legume genomes. Dot plots of genomic ho-
mology between genomes produced by our custom software were used to
help distinguish orthologous and outparalogous regions between different
genomes.

Weproduceddotplots betweengrape andvarious legumes. For example,we
showhow the grape-barrelmedic (Medicago truncatula) homology dot plot helps
us understand the barrel medic genome structure. The 19 chromosomes of
grape were denoted with blocks in seven colors, corresponding to seven an-
cestral eudicot chromosomes before the ECH. Due to the ECH and the legume-
specific LCT, we anticipated that a grape region would have two orthologous
barrel medic regions, which are paralogous to one another, and four out-
paralogous regions (Supplemental Fig. S1). In the grape-barrel medic dot plot,
orthologous and outparalogous blocks can be inferred without much difficulty.
A grape chromosomal region often ismuchmore similar, measured by collinear
gene number, to its barrel medic orthologous regions than to the outparalogous
regions. Some outparalogous blocks can have few homologous gene dots and
can only be inferred by transitively using paralogy between grape chromo-
somes (Supplemental Fig. S11; detailed in Supplemental Text S1). Ideally, a
grape chromosome would have two orthologous corresponding regions.
However, often, they are broken into pieces by chromosomal rearrangement. A
complementary pattern of broken segments helps us infer their being derived
from the same ancestral chromosome.

The above strategy alsowas applied to a comparative analysis betweengrape
and various legumes. To infer intragenomic homology in soybean after its
specific SST, we used the barrel medic genome as a reference.

Accession Numbers

Sequence data from this article can be found in Supplemental Table S29.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Homologous dot plot between grape and barrel
medic genomes.

Supplemental Figure S2. Homologous dot plot between grape and A.
duranensis genomes.

Supplemental Figure S3. Homologous dot plot between grape and A.
ipaensis genomes.

Supplemental Figure S4. Homologous dot plot between barrel medic and
soybean genomes.

Supplemental Figure S5. Homologous alignments of 10 legume genomes
with barrel medic as a reference.

Supplemental Figure S6. Gene Ontology analysis distribution of soybean
retention genes produced by ECH, LCT, and SST.

Supplemental Figure S7. Gene Ontology analysis distribution of soybean
lost genes in ECH, LCT, SST, and LCT-SST
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Supplemental Figure S8. Oil gene amplification model related to gene
duplication events in soybean.

Supplemental Figure S9. NBS-class gene amplification model related to
gene duplication events in soybean.

Supplemental Figure S10. NBS domain gene amplification model related
to gene duplication events in soybean.

Supplemental Figure S11. Homologous dot plot between grape and barrel
medic chromosomes.

Supplemental Table S1. Number of homologous blocks and gene pairs
within a genome or between genomes.

Supplemental Table S2. Number of homologous genes within a genome
or between genomes.

Supplemental Table S3. Number of paralogous, orthologous, and
outparalogous gene pairs within a genome or between genomes.

Supplemental Table S4. Number of paralogous, orthologous, and
outparalogous genes within a genome or between genomes.

Supplemental Table S5. Number of paralogous, orthologous, and
outparalogous blocks within a genome or between genomes.

Supplemental Table S6. Legume gene loss rates and gene translocation
with grape as a reference genome.

Supplemental Table S7. Legume gene loss and gene translocation rates
with barrel medic as a reference genome.

Supplemental Table S8. Legume gene loss and gene translocation rates
with common bean as a reference genome.

Supplemental Table S9. Observed distribution of gene loss and trans-
location numbers fitted using different density curves of geometry
distribution.

Supplemental Table S10.Gene retention in soybean duplicated chromosomes.

Supplemental Table S11. Kernel function analysis of Ks distribution re-
lated to duplication events within each genome and between selected
legumes (before evolutionary rate correction).

Supplemental Table S12. Kernel function analysis of Ks distribution re-
lated to duplication events within each genome and between selected
legumes (after evolutionary rate correction).

Supplemental Table S13. Gene Ontology analysis distribution of soybean
retention genes produced by CEH, LCT, and SST.

Supplemental Table S14. Gene Ontology analysis distribution of soybean
lost genes in CEH, LCT, SST, and LCT-SST.

Supplemental Table S15. Nodulation genes related to duplication events
in each legume genome.

Supplemental Table S16. Nodulation subfamily 7 genes related to dupli-
cation events in the soybean genome.

Supplemental Table S17. Oil subfamily 9 genes related to duplication
events in the soybean genome.

Supplemental Table S18. Oil genes related to duplication events in each
legume genome.

Supplemental Table S19. NBS-CC genes related to duplication events in
each legume genome.

Supplemental Table S20. NBS-TIR genes related to duplication events in
each legume genome.

Supplemental Table S21. NBS-TNL genes related to duplication events in
each legume genome.

Supplemental Table S22. NBS-TNx genes related to duplication events in
each legume genome.

Supplemental Table S23. NBS-xNL genes related to duplication events in
each genome.

Supplemental Table S24. NBS-xNx genes related to duplication events in
each genome.

Supplemental Table S25. Bidirectional BLAST searched against all anno-
tated genes between grape and legume.

Supplemental Table S26. Bidirectional BLAST searched against all anno-
tated genes between barrel medic and other legumes.

Supplemental Table S27. Barrel medic, soybean, and lotus genes against
their respective ESTs (alignment of coverage $ 30%).

Supplemental Table S28. Barrel medic, soybean, and lotus genes against
their respective EST sequences (alignment of coverage $ 50%).

Supplemental Table S29. Information of original data material.

Supplemental Text S1. Description of details about inferring genomic col-
inearity, estimating nucleotide substitution, evolutionary dating, model-
ing gene loss, and inferring Gene Ontology.
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