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Large-scale (segmental or whole) genome duplication has been recurring in angiosperm evolution. Subsequent gene
loss and rearrangements further affect gene copy numbers and fractionate ancestral gene linkages across multiple
chromosomes. The fragmented “multiple-to-multiple” correspondences resulting from this distinguishing feature of
angiosperm evolution complicates comparative genomic studies. Using a robust computational framework that
combines information from multiple orthologous and duplicated regions to construct local syntenic networks, we
show that a shared ancient hexaploidy event (or perhaps two roughly concurrent genome fusions) can be inferred
based on the sequences from several divergent plant genomes. This “paleo-hexaploidy” clearly preceded the
rosid-asterid split, but it remains equivocal whether it also affected monocots. The model resulting from our
multi-alighments lays the foundation for approximating the number and arrangement of genes in the last universal
common ancestor of angiosperms. Comparative analysis of inferred homologous genes derived from this model
shows patterns of preferential gene retention or loss after polyploidy and reveals large variability of nucleotide

substitution rates among plant nuclear genomes.

[Supplemental material is available online at www.genome.org.]

Ancient genome duplications are evident for many lineages of
fungi (Kellis et al. 2004), animals (Jaillon et al. 2004), and plants
(Bowers et al. 2003), offering opportunities for the evolution of
new (Spillane et al. 2007) or modified (Hittinger and Carroll
2007) gene functions, altering gene dosages, and creating new
gene arrangements. Traces from past whole-genome duplica-
tion events can often be detected from pairwise syntenic seg-
ments, including two sets of retained paralogs that have main-
tained relative genomic locations on syntenic chromosomes. In
angiosperms, genome duplications are recurring in many lin-
eages (Bowers et al. 2003), generating large numbers of paralo-
gous loci.

Gene loss at duplicated loci effectively fractionates ancestral
linkage patterns and reduces the density of continuous stretches
of “paleologous” gene pairs, which are the remaining signatures
of paleo-polyploidy (Thomas et al. 2006). Depending on the level
of gene loss, the remaining signatures of duplication are some-
times so eroded that the homologous segments can no longer be
identified based only on similarity to one another. The problem
is multiplied when the species in question has undergone several
genome duplications, with recent duplications tending to ob-
scure synteny from more ancient events as is found in most an-
giosperm genomes. Such highly degenerate duplicated segments
have been referred to as “ghost duplications” and can often be
resolved by comparison to an appropriate “outgroup” genome
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that did not experience polyploidy or undergo massive gene loss
(Van de Peer 2004). For example, “bridging” of ghost duplica-
tions using outgroups has clarified the history of polyploidy in
both Saccharomyces and Tetraodon (Jaillon et al. 2004; Kellis et al.
2004; Scannell et al. 2007).

Continuous stretches of duplicate genes can be computa-
tionally deduced through synteny, using some variants of clus-
tering approaches (Vandepoele et al. 2002; Hampson et al. 2005)
or more specifically using dynamic programming with a custom-
ized scoring scheme if conserved gene order (collinearity) is also
considered (Haas et al. 2004; Wang et al. 2006). Traditional meth-
ods for deduction of synteny based on “best-in-genome” criteria
(Miller et al. 2007), uncovering one-to-one best matching regions
during pairwise genome comparisons, are relatively straightfor-
ward in vertebrates yet difficult in angiosperms because of
additional challenges that are more prominent in angiosperm
genomes (Tang et al. 2008). These challenges include frequent
genome duplications and convoluted genome shuffling (rear-
rangements, chromosomal fusions and fissions), such as the ex-
tensive rearrangement that has occurred in Arabidopsis within
the past 5 million years (Kuittinen et al. 2004).

One approach for the computational de-convolution of pa-
leopolyploidy for deduction of ancestral gene orders is a bottom-
up approach in which one attempts to resolve one duplication
event at a time, starting with the most recent one. This is exem-
plified by studies in Arabidopsis and Paramecium where the most
recently duplicated segments are merged to generate hypotheti-
cal intermediate profiles that are further recursively merged
(Bowers et al. 2003; Aury et al. 2006).

Herein, we elaborate on an alternative top-down approach
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Table 1.

Summary of sequenced plant genomes based on respective genome publications

Species Assembly status®

Assembled/estimate size

Annotation version Annotated gene no.

Arabidopsis (Arabidopsis thaliana)
Papaya (Carica papaya)

Poplar (Populus trichocarpa)
Grape (Vitis vinifera)

Rice (Oryza sativa ssp. japonica)

BAC-by-BAC

WGS, N50 =11 kb
WGS, N50 = 125 kb
WGS, N50 = 65 kb
BAC-by-BAC

115 Mb/160 Mb TAIR version 7 26784
278 Mb/372 Mb University of Hawaii 25536
410 Mb/485 Mb JGI version 1.1 45554
468 Mb/487 Mb Genoscope release 30434
371 Mb/389 Mb RAP release 2° 29389

#(BAC) Bacterial artificial chromosome; (WGS) whole-genome shotgun; (N50) maximum length L such that 50% of all bases are in contigs of length at

least L.

®We only used mapped representative loci for the rice annotation project (RAP) release (ltoh et al. 2007).

(Tang et al. 2008) that is conceptually more attractive in that it
only requires one cycle of deduction—first searching for pairwise
synteny information and then combining the resulting pairs to
form a multi-way correspondence among all structurally similar
chromosomal segments. The efficacy of the top-down approach,
however, depends on the searching strategy because of the de-
generate synteny resulting from post-duplication gene loss. In
particular, a top-down search strategy can incorporate “ghost du-
plications” (Van de Peer 2004), which are not discernible using a
bottom-up approach based on information from only one spe-
cies.

New angiosperm genome sequences (Table 1) promise to
qualitatively improve our deductions about the evolution of an-
giosperm gene repertoire and arrangement. Arabidopsis (Arabi-
dopsis Genome Initiative 2000), rice (Oryza sativa) (International
Rice Genome Sequencing Project 2005), poplar (Populus tricho-
carpa) (Tuskan et al. 2006), grapevine (Vitis vinifera) (Jaillon et al.
2007), and papaya (Carica papaya) (Ming et al. 2008) have been
sequenced, and more are in the pipeline. Indeed, Arabidopsis
thaliana—a leading botanical model—is
now known to be a relatively difficult
system from which to deduce ancient
gene orders. For example, many Carica
segments show collinearity with three
or four Arabidopsis segments, showing
that two genome duplications have af-
fected the Arabidopsis lineage since its
divergence from Carica (Ming et al.
2008). Individual Arabidopsis genome
segments correspond to only one Carica
segment, showing that Carica has not
duplicated since its divergence from Ara-
bidopsis. Both Vitis and Carica have
only one duplication event, vy, while a

Step 1

Step 2

and B occurred in the Arabidopsis line- s

age after its divergence from the Carica
lineage (Ming et al. 2008; Tang et al.
2008).

Some newly sequenced genomes
have less complicated genome structure
and thus may represent better models
for comparative genomics than Arabi-
dopsis. In this study, we exploit fragmen-
tary conservation of plant gene orders
from multiple genomes along with a
new top-down algorithm MCscan, to
improve deductions about the course of
angiosperm genome structural evolu-
tion.

Step 3

Step 4

Genome A

Results

MCscan: Algorithm for multiple gene order alignments

When several genomes and subgenomes (resulting from ancient
duplication events) are compared simultaneously, synteny and
collinearity between all possible pairs of genomes are tedious to
enumerate because chromosomal homology is “transitive.” For
example, if there are corresponding chromosomal regions in
three genomes A, B, and C, comparisons between the genomes
would reveal three pairwise synteny blocks (A-B, B-C, A-C),
whereas it could be better represented as a single multiple syn-
teny block (A-B-C). To solve this problem, we implemented a
novel algorithm, MCscan, that exploits this transitivity property
of collinearity to perform multiple alignments by incorporating
pairwise synteny that is derived from shared evolutionary events.

The algorithm involves a four-stage pipeline illustrated in
Figure 1, with each individual stage described in further detail in
Methods.

We first use a sequence similarity search program to detect
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Keep high scoring chains of matches
by dynamic programming
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Figure 1. Flow-chart of MCscan core algorithm.
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matchings among genes in all possible pairs of chromosomes and
scaffolds and in both transcriptional directions. This is followed
by the “pairwise collinearity” stage, in which the neighboring
matches are chained along using dynamic programming. The
pairwise collinear blocks are combined in the “multi-
collinearity” stage, by fixing one gene order as reference and then
heuristically stacking the pairwise synteny tracks one after an-
other. In this step, we need to use a “reference” gene order as the
basis for stacking the tracks; we then describe the aligned synteny
blocks as “threaded by the reference order,” a procedure inspired
by TBA aligner (Blanchette et al. 2004). Once the multi-syntenic
blocks are identified, we can classify the segments and index
them to different evolutionary events, mainly duplications and
divergence.

As a result, MCscan condenses the combinatorial matches
between multiple chromosomal segments resulting from diver-
gence and recursive duplication events and creates a view of the
multiply-aligned segments.

Patterns of synteny conservation

Using the top-down algorithm MCscan, we have aligned large
portions of the five sequenced genomes (Arabidopsis, Carica,
Populus, Vitis, and Oryza) based on synteny. A total of 61% of the
Arabidopsis genes have preserved their ancestral locations based
on cross-species synteny (Table 2), versus 44%, 51%, and 46% of
Carica, Populus, and Vitis genes, respectively.

The variation in frequencies of aligned genes might be due
to different levels of synteny conservation in different species.
However, it is also correlated with the degree of contiguity of the
respective sequences (Table 1), with a higher percentage of genes
explained by synteny in the genomes with higher N50. Indeed, if
most genes are in small or unanchored scaffolds, it would be very
difficult for MCscan to detect them as syntenic, even if they do
remain in their ancestral locations.

Alignments with gene order preserved across four eudicot
species show clear triplicated structure in many local regions.
Each triplicated branch contains orthologous segments from up
to four Arabidopsis regions, one Carica region, two Populus re-
gions, and one Vitis region, supporting the hypothesis that this
genome triplication (y) occurred in a common ancestor of all
four species; Populus has one duplication event (p) in its salicoid
lineage, and Arabidopsis has two duplications (« and B) in its
crucifer lineage. The multiple alignments were threaded by Vitis
as the reference order (Supplemental Data 1), since Vitis appeared
to have the most close-to-ancestral karyotype among the ge-
nomes that we investigated (Jaillon et al. 2007). This is likely to

change in the future when we include additional genomes; how-
ever, using Vitis as the current “reference” would produce the
best solution so far.

The triplication of gene loci is also evident from Table 2. For
example, we found that 88 aligned loci in Carica have multiplic-
ity levels of three (triplication vy), with only one aligned locus
exceeding a multiplicity of 3; 54 aligned loci in Populus have the
expected multiplicity level of 6 (triplication y X duplication p),
but only three loci exceed 6. The loci that exceed the expected
multiplicity level are likely produced by additional small-scale
(single gene or segmental) duplications in each lineage.

Further circumscribing the y duplication event

The v duplication event was previously dated to have occurred
after the monocot-dicot separation but before the expansion of
the rosids (Jaillon et al. 2007). We investigated the lower bound-
ary of this claim by sampling genomic regions from other eu-
dicots outside the rosids for which long, contiguous sequences
(BACs) were available in GenBank, including tomato (Solanum
lycopersicum) and banana (Musa acuminata).

We first mapped unigenes onto 194 sequenced tomato (So-
lanum lycopersicum) BACs as preliminary gene annotation and
inspected synteny to Vitis. Among the 78 Solanum BACs that
have more than 10 distinctively mapped unigenes, 72 have more
than 50% of genes showing primary synteny to a single Vitis
chromosome (Supplemental Data 2). Each individual tomato
BAC corresponds closely to only one of the triplicate regions
rather than showing equal matches to each of the three y paleo-
homeologous chromosomes in Vitis. Figure 2A shows one ex-
ample of a Solanum BAC that aligns to the Vitis gene order. Al-
though the Solanum BACs that we inspected only represent
~2.5% of the genome, the evidence so far strongly supports the
hypothesis that -y triplication occurred in a common ancestor of
asterids and rosids. Under this scenario, each Solanum segment
would be expected to have up to four primary syntenic segments
in Arabidopsis, as has been suggested (Ku et al. 2000).

Based on a similar notion, Jaillon et al. (2007) calculated the
relative abundance of one-to-three cases between Oryza and Vitis
and suggested that the triplication occurred after the monocot-
dicot split. It is tempting to push the dating of vy further, yet we
consider such dating to have uncertainties in view of current
evidence. Contrary to the well-conserved synteny within the eu-
dicot group, only 14% of Oryza genes could be placed in cross-
species gene clusters (Table 2). This proportion represents the
actual extent of collinearity between Oryza and any of the four
eudicots, as Oryza is the only monocot genome included in this

Table 2. Number of clustered groups of genes at different multiplicity levels in five angiosperm species

Multiplicity level

No. of ancestral

WGD or segmental

Species 1 2 3 4 5 6 7 8 9 10 loci No. of genes (%) expansion
Arabidopsis 6742 2642 868 282 80 32 6 5 1 1 10,659 16,451 (61%) 54%
Carica 9118 942 88? 1 0 0 0 0 0 0 10,149 11,270 (44%) 11%
Populus 5147 6362 763 618 96 54 3 0 0 0 13,043 23,457 (51%) 80%
Vitis 9926 1671  239° 15 2 0 0 0 0 0 11,853 14,055 (46%) 18%
Oryza 2197 685 140 35 9 2 0 0 0 0 3068 4184 (14%) 36%

The statistics are based only on groups that contain genes from at least two different species, as constructed from syntenic alignments. The number of
inferred ancestral loci is calculated by 3 |N,, and the number of genes that maintain their ancestral positions is calculated by 3% ,m - N,,, where m is
the multiplicity level varying from 1 to 10 and N,, is the number of groups for each multiplicity level.

*Expected multiplicities for Carica, Populus, and Vitis. The multiplicity for Arabidopsis is 12 (yet no gene groups retained all 12 copies), and equivocal for

Oryza.
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to-one primary synteny pattern of Sola-
num and Vitis, Musa BACs show roughly
equal matches to any of the three vy
homeologs in Vitis (Fig. 2B), a pattern
similar to Oryza-Vitis. However, fail-
ure to detect one-to-one (as opposed to
one-to-three) correspondence between
monocot regions and Vitis cannot be
viewed as strong evidence that y oc-
curred after the eudicot-monocot split.
An alternative but equally plausible sce-
nario is that the monocots and eudicots
share y but diverged soon after y oc-
curred. Under this scenario, the gene ar-
rangements between two orthologous
chromosomes would share very lit-
tle synteny because of stochastic, inde-
pendent gene losses in both lineages—
leading to similarly low levels of corre-
spondence of chromosome in one taxon
to each of its three y paralogs in another
taxon.

While highly specific one-to-one
synteny is indicative that two lineages

A
Vitis chromosome 18
0.73-0.52Mb
DODCD DQ 0D K¢ 1D
Solanum CUQ74308
117.49Kb
ol il ([l DaDDND
Vitis chromosome 7 Vitis chromosome 3
13.44-13.52Mb 2.84-2.89Mb
B

Vitis chromosome 10

2.67-2.23Mb

KO Q40300 40

Musa AC186754

share the vy triplication, frequent one-to-
three synteny is not necessarily indica-
tive that one lineage lacks the triplica-
tion. So far we can only confidently
place the v triplication before the aste-
rid-rosid split and consider the status of
the paleo-hexaploidy in the monocot
lineage to be unclear.

It is difficult to test the hypothesis
that the v triplication predated the di-
vergence of monocots and eudicots. For

142.97Kb

Vitis chromosome 19
0.28-0.86Mb

Figure 2. Collinearity between triplicate Vitis y-homeologous regions with BAC sequences from
Solanum (A) and Musa (B). (Black glyphs) Genes with the tip showing the transcriptional direction;
(gray shades) synteny matches between a Vitis gene and Solanum or Musa sequences.

study. Therefore, it is more difficult to make accurate inference of
synteny patterns because of the greater evolutionary distance in-
volved and additional duplication in the cereal lineage. While
several studies hinted that additional monocot duplication(s)
predated the cereal duplication p (Zhang et al. 2005; Jaillon et al.
2007), whether such additional duplication(s) found in Oryza
correspond to the vy triplication we saw in core eudicots remains
to be determined.

We also examined synteny to Vitis for chromosomal regions
from a monocot species that is basal to the cereals—banana
(Musa acuminata). On average, the levels of synteny between
Musa BACs and Vitis chromosomes are 50% lower than synteny
between Solanum and Vitis. Furthermore, in contrast to the one-

RIUTIT -1

Vitis chromosome 12

example, additional data from an out-
group genome such as Amborella would
help, but does not necessarily solve the
placement of the triplication if vy is
found absent in that outgroup. Much of
the uncertainty is rooted in the fact that
the v triplication is an ancient event that
at least predated the asterids—rosids, and
comparisons across this evolutionary
distance are often less effective. There-
fore, we need broader and more judi-
cious sampling of plant taxa. Indeed,
fortuitous discoveries of genomes like
grapevine that have close-to-ancestral
karyotypes facilitate comparisons across major angiosperm
clades. Similarly, additional karyotypically conserved monocot
or basal angiosperm genomes that are free of recent polyploidies
might better elucidate the scenario.

2.28-2.47Mb

Comparisons of y paleologs show that triplicate subgenomes
are mostly homogeneous

We tested whether any two of the three subgenomes are geneti-
cally closer to one another than the third. We retrieved vy paleo-
log groups that have retained genes from all three y subgenomes,
on different chromosomes or scaffolds in Carica or Vitis, the two
genomes that are unaffected by additional duplications other
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consensus tree.

than y. We then inferred gene trees for these triplet groups under
the assumption that if two subgenomes are, indeed, more similar
to each other than to the third, we expect to see only one preva-
lent tree topology along paleolog groups within the same ances-
tral duplicated (triplicated) segment. Only a limited data set is
suitable for this study since we need to have enough triplets
along the three subgenomes that are derived from the same an-
cestral segment. We picked 10 blocks with five or more Vitis
triplets (this cutoff was chosen arbitrarily as we need enough
triplets within each block for inference, yet we do not have many
blocks that have more than six or seven triplets). Nonetheless, we
failed to find one dominant topology for any block, with a typi-
cal example shown in Figure 3. The fact that the y subgenomes
are indistinguishable from each other makes it unlikely that one
of the triplicated subgenomes may have originated from large-
scale segmental duplications or aneuploidy. Instead, the vy tripli-
cation may have been an ancient auto-hexaploidy formed from
fusions of three identical genomes, or allo-hexaploidy formed
from fusions of three somewhat diverged genomes. We are not
able to determine whether the fusion(s) were a single event or
two events a relatively short time apart (the latter case, e.g., char-
acterizing the well-studied evolution of hexaploid wheat). A
more definitive test of allo-hexaploidy versus auto-hexaploidy
would only be possible if extant diploid parental species can be
found, and this is unlikely since the genome duplications appear
to be pervasive throughout most angiosperm clades including
the basal lineages (Cui et al. 2006).

Discussion

By exploiting fragmentary conservation of plant gene orders, to-
gether with a new top-down multi-alignment approach, limita-
tions of Arabidopsis for comparative genomics are mitigated by
using new angiosperm genome sequences to qualitatively im-
prove our deductions about the tempo and modes of evolution of
angiosperm genes and genomes.

Rate variations between paleologs within four eudicot species

Deduction of a consensus gene order for multiple taxa permits us
to directly compare estimates of the ages of gene duplications
based on rates of nucleotide substitution per synonymous site
(K,) between paleolog pairs (syntenic paralogs), filtering out the
inevitable influence of background (i.e., single gene) duplica-
tions, which superimpose an L-shaped curve on the relics of
whole-genome duplications (Blanc and Wolfe 2004; Cui et al.

01.0951 o5 910958 75010961
14.1551 . 17,063
170621 || . 14.1562

Figure 3. Topologies for five proximal y ancestral loci that contain three collinear Vitis genes. Vitis
gene names are abbreviated as “[chromosome].[gene index]” for graphing. Each tree was rooted using
one best-matching moss gene, identified by |Gl protein accession number. The numbers above
branches are bootstrap values in the phylogenetic reconstruction. There are a total of 10 local blocks
that have more than five triplets in Carica and Vitis that are studied in the same way. Phylogenetic
analysis was performed using PHYLIP version 3.67 (Retief 2000). The analysis was carried out using the
protdist program (default parameters) followed by neighbor-joining using neighbor. We used the
segboot program to simulate 100 bootstrap replicates and the consense program to retrieve one

2006). By excluding the single gene du-
5o [ 01.0964 plications, we were able to analyze the K
|;[17’0636 distribution using mixtures of log-
g B normals (see Methods).
! L Although vy apparently occurred in
L——213630 a common ancestor of Carica, Populus,
and Vitis, the median K between Vitis -y
paleologs (1.22) is much lower than
that of Carica (1.76) and Populus (1.54)
(Table 3). The median values of K
among vy duplicates in these three ge-
nomes show highly significant differ-
ence (Kruskal-Wallis one-way ANOVA,
P=2.25x 107142,

The K distributions analyzed with
mixture models show the expected
number of components for each species, except for Arabidopsis,
where we can find only two instead of three distinct components
(Table 3). This two-peak distribution (Fig. 4B) is similar to the
results of a previous study (Maere et al. 2005) even though MC-
scan provides better deductions about the identities of paleologs.
We postulate that more rapid substitutions occur at synonymous
sites in Arabidopsis than in the other three eudicot species, with
Arabidopsis vy paleologs being saturated with synonymous substi-
tutions. Therefore, within Arabidopsis, K,-based distances be-
tween paralogs cannot differentiate y duplicates from either the
tail of the distribution of 8 duplicates, or from noise, or both. The
median K values between Arabidopsis 3 and y duplicates are close
to saturation (2.00), much larger than those of the y duplicates in
the other three species (Table 3). Repeating the analysis using a
more conservative genetic distance-transversion rate at fourfold
degenerate sites (4DTV) (Fig. 4C) shows almost the same pattern
as using K, suggesting that the saturation effect of DNA substi-
tutions may have also affected 4DTV distance.

Differences in the median values of distances between the
paralogs that are derived from the common vy event can be ex-
plained by different substitution rates among the four rosid lin-
eages. We constructed a phylogenetic tree with per-branch K
estimates, based on orthologous gene groups that are strictly
single copy in all five species (Fig. 4D). The same trend was
found, with increasing evolutionary rates in branches leading to
Vitis, Populus, Carica, and Arabidopsis, respectively, suggesting
that the variations of substitution rates are not confined to popu-
lations of duplicate genes but are rather lineage-specific. A similar
range of nuclear rate variation in flowering plants has been docu-
mented in previous studies, and is often associated with life his-
tory (Gaut et al. 1996; Koch et al. 2000). In general, the short
generation time in the annual Arabidopsis might have contribut-
ed to the fast substitution rates compared with Populus or Vitis,

Table 3. Mixture model estimates for distributions of K, between
paleologs in each species

No. of
Sample mixture
Species size components Median Variance Proportion
Arabidopsis 7435 2 0.86 0.08 0.51
2.00 0.20 0.49
Carica 907 1 1.76 0.32 1
Populus 13,113 2 0.27 0.01 0.62
1.54 0.24 0.38
Vitis 2288 1 1.22 0.16 1
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Figure 4. (A,B) Distribution of K, distances among Carica, Populus, Vitis, and Arabidopsis paleologs. K; values are grouped into bins of 0.1 intervals.
Certain K intervals are highlighted as they correspond to several presumed whole-genome duplication events. Dotted lines are fitted mixtures of
log-normal distributions for the paleolog K; distributions (see Methods). (C) Distribution of 4DTV distance among paleologs in the same four eudicot
lineages. (D) Phylogeny of single-copy ortholog set used in relative rate estimates. A total of 47 orthologous genes that are single copy in all five species
were used in the analysis. Protein alignments for each ortholog group were constructed and then used to guide DNA alignments. The alignments are
then concatenated, with 53,856 aligned nucleotide positions. Per-site K values on each branch were estimated by codeml in the PAML package (Yang

1997) using a constrained topology that reflects organismal relationships.

which are perennials. However, because life history attributes
tend to change over evolutionary time, the generation-time ef-
fect is not sufficient to explain the rate heterogeneity among
different organisms (Gaut et al. 1996).

Because substitution rates vary among lineages, timing of
duplication or speciation events is hard to determine using ge-
netic distance measures alone. For the same reason, dating of
ancient events based on phylogenetic trees (Bowers et al. 2003;
Tuskan et al. 2006) could produce incongruous results since the
drastic differences in rates may lead to incorrect trees that are
artifacts because of long-branch attractions (Felsenstein 2004).

One phylogenetic model placed Vitis within the eurosid I
clade (Jaillon et al. 2007), in contrast with the prevailing view of
the Vitaceae as sister to both eurosid I and eurosid II (Davies et al.
2004; Soltis et al. 2005). Indeed, Populus and Vitis do show small
K, or K values for substitutions between inferred orthologs
(Table 4). However, the seemingly smaller distance between
Populus and Vitis genes should be interpreted with caution since
both species appear to have relatively slow evolutionary rates.

The striking differences in evolutionary rates among these taxa at
the DNA sequence level may, in part, explain the controversial
placement of Vitis inside the eurosids by some investigators (Jail-
lon et al. 2007). Indeed, we found that if we use Arabidopsis as the
reference point, the increasing K; distances from Carica, Populus,
and Vitis appear to support the view that Vitis is an outgroup to
the rosids (Table 4).

Inferring the number and arrangement of genes
in the ancestral angiosperm

Top-down multiple alignments mitigate the fragmentation and
decay of ancestral gene orders, improving our ability to deduce
the number and arrangement of genes in the last common an-
cestor of a group of genomes. When we align gene orders to
produce multiple collinear segments, corresponding genes are
collected and merged into a deduced “ancestral locus.” A total of
18,447 deduced ancestral loci (corresponding gene groups) col-
lectively represent 77,059 genes in the five species we studied (see
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Table 4. K_ and K, values for syntenic orthologs of five sequenced
plant genomes

Arabidopsis Carica Populus Vitis  Oryza
Arabidopsis — 0.24 0.23 0.25 0.37
Carica 1.57 (6913) — 0.17 0.19 0.35
Populus 1.64 (8366) 1.08 (8504) — 0.16  0.31
Vitis 1.72(7381) 1.12(7920) 0.98(10,143) —  0.32

For each syntenic group, the smallest K, or K, value among all ortholo-
gous pairs was retrieved to represent the value. The lower triangle shows
median K values, and the upper triangle shows median K, values. Num-
bers in brackets correspond to the number of syntenic groups used in
each comparison. K; values between Oryza and four eudicots show satu-
rated substitutions and high variances and therefore should not be con-
sidered reliable estimates.

Supplemental Data 3 for complete compilation). Among these
loci, 3680 (20%) are specific to only one species, and 14,767
(80%) contain genes from at least two different species. We stud-
ied the compositions of the cross-species groups (Table 2). If all
duplicates derived from each genome duplication event had been
retained, each clustered ancestral locus ideally would have three
Carica genes (y only), three Vitis genes (y only), six Populus genes
(v, p), and 12 Arabidopsis genes (y, B, o). Such extreme cases were
not observed. However, we still find cases in which the copy
numbers are close to saturation in these genomes (Table 2), and
two specific cases are further discussed in the next section.

Conceptually, the number of cross-species syntenic gene
clusters would reflect the gene number prior to vy, by far the most
ancient duplication detected by our collinearity algorithm. If we
assume that most genes retain their ancestral positions, then by
using only the set of genes that show cross-species synteny and
correcting for the “inflation” induced by genome duplications,
we can have a relatively accurate estimate of ancestral gene num-
ber. The four fully sequenced eudicots each yield slightly differ-
ent estimates of this number, varying from 10,149 for Carica to
13,043 for Populus (Table 2). This range coincides closely with
previous estimate of ancestral angiosperm gene numbers of
12,000-14,000 based an independent gene birth model (Sterck et
al. 2007). Our number, however, may be an underestimate con-
sidering that the alignment algorithm does not achieve perfect
sensitivity. Moreover, lower contiguity and less progress in an-
notation may tend to reduce the Carica number, and appreciable
heterozygosity in the sequenced genotype (resulting in alleles
sometimes being considered different loci) may somewhat inflate
the Populus number.

In contrast to estimation of ancestral gene number, infer-
ence of ancestral gene order is a much harder problem, and our
computationally reconstructed gene order should not be consid-
ered as truly “ancestral.” In our analysis, the inferred ancestral
gene order was deduced by taking the consensus of the aligned
gene orders among various chromosomes and scaffolds in the
five species we investigated, similar to some previous approaches
(Blanc et al. 2003). Ideally such consensus orders would be re-
quired to reflect all the gene arrangements aligned in the same
block. However, the solution is not unique as there may be sev-
eral possible consensus arrangements under these constraints.
For example, different permutations of interleaving genes be-
tween the syntenic anchors would have equal likelihood of being
“ancestral.” In general, the gene groups that have fewer copies
may have fewer constraints in the consensus arrangements and
therefore cannot be precisely ordered computationally.

Implications for particular eudicot gene functional groups

By combining available positional information with sequence
homologies, our method improves on other orthology/paralogy
mapping algorithms that depend mainly on similarity scores,
such as OrthoMCL (Li et al. 2003), Inparanoid (O’Brien et al.
20095), and the like. Since the clusters are inferred by syntenic
alignments, any gene family constructed by our method contains
at least two genes. Genes duplicated by single-gene or tandem
duplications do not fall on collinear chains, and thus are ex-
cluded from the syntenic gene groups by our algorithm. In con-
trast, since some of these small-scale duplications are recent and
show higher similarities than the paleo-duplicates, they are more
easily included by traditional homology-based clustering meth-
ods.

The exponential growth in gene numbers resulting from
recurring polyploidies is often tempered by a massive yet pro-
gressive amount of gene death in the subsequent diploidization
process. However, the probability of gene loss is not uniformly
distributed among all gene functional groups (Maere et al. 2005).
Convergent restoration of some genes to singleton status after
multiple rounds of duplication in independent lineages suggests
that there may be selective advantages for the organism to have
only single copies of these genes (Paterson et al. 2006). However,
the most extreme cases of “duplication resistance,” gene func-
tional groups for which one and only one copy per nucleus is
adaptive, would provide too little information to be inferred as
duplication-resistant by previous x*-based statistical methods
(Paterson et al. 2006). Multi-alignment improves our ability to
identify candidate duplication-resistant genes that fall into this
most extreme category, in that if a single gene is always restored
to singleton following a sufficient number of independent du-
plications, then duplication resistance of that single gene might
be inferred. Such genes have curiously “resisted” multiple dupli-
cation cycles in multiple independent lineages, specifically one
round of duplication (y) in Carica and Vitis, two (p, ) in Populus,
three («, B, ) in Arabidopsis, and one (p) or more in Oryza. In-
deed, some syntenic groups have preserved exactly one copy in
the ancestral location for each of the five species. Some genes in
these groups are not true “singletons,” with non-syntenic copies
present in the genome because of single gene duplications. After
filtering out such non-syntenic copies, we found 47 strict single-
ton groups for five angiosperm genomes preserved in collinear
linkage groups, supporting their inferred orthology to one an-
other. If we assume that the diploidization process is completely
independent in each of the five species, we can estimate the
expected number of singleton groups by multiplying the propor-
tions of singleton genes in each genome by the average gene
number. Under this estimate, the 47 singleton groups we found
are nearly 10 times more than the expected five groups. We also
found 247 strict singleton groups for only the four eudicot ge-
nomes (versus 20 explicable by chance). The gene IDs and func-
tional annotations for the singleton groups are available in
Supplemental Data 5. Many of the singleton genes have only
putative classifications, and those of known functions are mostly
enzymes.

The multiplicities in ancestral loci constructed by MCscan
also revealed extreme cases in which ancestral loci were “dele-
tion-resistant,” with a tendency to be preserved in consistently
high copy numbers in multiple species (Table 5). Since both
Carica and Vitis have only one round of duplication with multi-
plicity of 3, while Populus has two rounds of duplications and
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Table 5. Thirty ancestral loci selected based on saturated paleolog copy numbers in

Carica (=3 copies), Populus (=5 copies), and Vitis (>3 copies)

of polyploidy have important implications
for studying plant gene family evolution.

Ancestral

locus ID Carica  Populus  Vitis  Arabidopsis

Gene family®

Because of less gene loss, such gene fami-
lies show improved power to resolve par-

NO0O011
NO00123
NO00137
NO00535
NO00715
NO01470
NO01482°
NO01483?
NO1501
NO1504
NO01732
NO1831
NO02420
N02938
NO03063
NO03148
NO03158
NO3159
N03285
NO03326
NO03658
NO03794
NO04406
NO05304
NO05519
NO05829
NO05866
N06369
NO07685
NO07692
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GRAS transcription factor

C2H2 transcription factor

C3H transcription factor

Phosphatidylinositol-4-kinase g

C2C2-Dof transcription factor
Lateral organ boundaries gene, class Il

Kinesin-like proteins

C3H transcription factor

EF-hand containing proteins: Group IV
MADS transcription factor

AP2-EREBP transcription factor
C2C2-Gata transcription factor

Lateral organ boundaries gene, class Il
Core cell cycle genes

ticular evolutionary events. Using two an-
cestral loci that are close to each other
in the local ancestral order and highly
saturated with paleo-duplicates, N01482
(C2H2 transcription factor family) and
NO01483 (auxin-response protein), we con-
structed phylogenetic trees for the gene
members. Both phylogenetic trees (Fig. 5)
support the coarse partitioning of three
subclades, with each clade containing up to
four Arabidopsis genes, two Populus genes,
one Carica gene, and one Vitis gene. These
two examples also support the inference
that Arabidopsis genes evolve more quickly
than Vitis genes. This is reflected by the
longer branches, that is, more nucleo-
tide substitutions for Arabidopsis genes
within individual subclades. Indeed, differ-
ential evolutionary rates have some im-
pact on the N01482 tree topology, as one
Vitis gene (Vv4¢1235) appears to be even
closer to one of its y paleologs (Vv18¢1188)
than to its orthologs in the three other
species. One possible alternative explana-
tion is that these two Vitis genes have

The ancestral loci reference IDs are available in Supplemental Data 3.
2Used in the phylogenetic reconstruction in Figure 5.

PBased on curated Arabidopsis gene families from TAIR (Huala et al. 2001).

multiplicity of 6, we specifically selected the ancestral loci that
are saturated with paleologs for these three species, requiring that
the groups that we chose have Carica multiplicity =3, Populus
multiplicity =5, and Vitis multiplicity =3 at the same time (Table
5). We set these copy number cutoffs because Carica, Populus, and
Vitis have expected copy numbers of 3, 6, and 3 respectively, and
we slightly loosened the Populus cutoff to look at more groups
that are close to saturation. A total of 30 such groups were found
(Table 5). Considering that very few groups have exceeded the
threshold for each species (Table 2), the chance that 30 random
groups satisfy all three thresholds is almost non-existent (x>-test,
P=22 x 10719,

In contrast to “duplication-resistant” genes, many “dele-
tion-resistant” loci of known function are transcription factors,
consistent with previous findings that transcriptional regulators
are significantly over-retained in WGD duplicates (Seoighe and
Gehring 2004; Freeling and Thomas 2006). For example, N05829
contains five Arabidopsis MADS-box genes (AGL14, AGL19, SOC1,
AGL42, AGL72), all descended from a single ancestral pre-y
MADS-box gene. N03285 (contains Arabidopsis genes LBD40,
LBD41, LBD42) and NO7685 (contains Arabidopsis genes LBD37,
LBD38, LBD39) collectively comprise all six class II lateral organ
boundaries (LOB) gene family members characterized to date
(Shuai et al. 2002), which we infer to trace to two ancestral (pre-y)
LOB class II genes.

Comparative analysis for genes derived from “deletion-
resistant” loci that have largely expanded following each round

undergone homogenization, as has been
shown to occur in some paleo-dupli-
cated genes in Oryza genome (Wang et al.
2007).

Methods

Gene set and sequence homology search

Protein sequences from Arabidopsis, Carica, Populus, Vitis, and
Oryza genome annotations were used (Table 1). A few annotated
moss (Physcomitrella patens) genes (JGI annotation version 1.1)
were also used as the outgroup in gene tree analysis. Carica, Popu-
lus, and Vitis gene names were renamed according to their incre-
mental position on the chromosomes or scaffolds (see Supple-
mental Data 4 for a conversion table to original gene identifiers).
In case the original gene identifiers are subject to future changes,
the conversion table will be updated accordingly to ensure easy
translation. If a gene had more than one transcript, only the first
transcript in the annotation was considered. Each genome was
compared against itself and other genomes using BLASTP
(Altschul et al. 1990), retrieving the best five hits meeting an
E-value threshold of 1 x 10~5.

Pairwise gene order alignments

The syntenic regions were grouped to form multiple alignments
using a novel algorithm MCscan (multiple collinearity scan). We
first took whole-genome BLASTP results and computed strictly
collinear segments for all possible pairs of chromosomes and
scaffolds. A pairwise alignment procedure was implemented us-
ing an empirical scoring scheme similar to that of Haas et al.
(2004). The default scoring scheme (configurable) is min(log,, E,
50) match score for one gene pair, and —1 gap penalty for each
10-kb distance between any two consecutive gene pairs. The
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Figure 5. Phylogenetic analysis of ancestral loci N01482 (A) and N01483 (B). Coding sequences of all members in four eudicot species for each
ancestral locus (19 genes in N01482, 21 in N01483) were aligned by CLUSTALW (Thompson et al. 1994) using parameters suggested by Hall (2007).
Phylogenetic relationships among the members and sequences were grouped into clades using MrBayes (Ronquist and Huelsenbeck 2003). The Bayesian
analysis was carried out for 500,000 generations using the General Time Reversible plus Gamma (GTR+G) substitution model selected based on
MODELTEST (Posada and Crandall 1998). All branches with support <50% are collapsed into a polytomy. A majority tree was presented in both cases.
The gene names for Carica, Populus, and Vitis are recoded to reflect relative orders on chromosome or scaffold (see Methods). The conversions from the
original locus identifiers to the re-indexed gene names are available as a conversion table in Supplemental Data 4. In case the original gene identifiers
are subject to future changes, the conversion table will be updated accordingly. Arabidopsis gene names follow their standard TAIR locus IDs. Scale bars

represent the number of substitutions per site following the GTR+G model.

score for each pairwise collinear chain is then calculated via dy-
namic programming through the following recurrence condi-
tion, assuming that two gene pairs, u and v, are on the path
where u precedes v,

ChainScore(v) = MatchScore(v) + max{ChainScore(u)
u

+ GapPenalty(u,v),0}

Tandem matches <50 kb apart are collapsed using a repre-
sentative pair that has the smallest BLASTP E-value. This thresh-
old, indeed, did not purge all tandems—we still found a very few
long-distance tandems in our clustered ancestral loci—however,
this is reasonable trade-off since increasing the threshold would
remove some of the intra-chromosomal WGD duplicates. All
pairwise segments with scores above 300 are reported. Each pair-
wise segment consists of two distinct genomic locations with
aligned, collinear genes as anchors.

The expected number of occurrences of a pairwise collinear-
ity pattern could be estimated with the following, similar to the
one used in Wang et al. (2006),

M (e Dy
pean M (22

where N is the number of matching gene pairs (by BLASTP or
BLAT, etc.) between two chromosomal regions defined by the
syntenic block; m is the number of collinear gene pairs in the
identified block; L, and L, are respective lengths of the two chro-
mosomal regions; and I;; and I,; are distances between two adja-
cent collinear gene pairs in the syntenic block. The expectation

multiplies by two since there are two possible orientation con-
figurations between two collinear segments. This is only an ap-
proximation to a more rigorous yet computationally expensive
permutation test (Van de Peer 2004) and Monte Carlo methods
(Hampson et al. 2005); however, computational experiments and
analytical results (Wang et al. 2006) suggest that this gives a
reasonable estimate for the significance of the syntenic blocks.
All the pairwise alignments that we reported are significant at
E<1x 1071,

Multiple gene order alignments

Pairwise syntenic matches were clustered into multi-way anchors
through a Markov clustering algorithm MCL (Enright et al.
2002), in order to simplify the correspondences among multiple
loci. Multiple chromosomal regions threaded by consecutive an-
cestral loci are recovered and aligned using a heuristic that con-
structs the multiple alignments progressively by aligning one
closest-related region at a time by dynamic programming. We
then use a reference genome to report all the multiple blocks.
Notice that when we use a “reference” as the basis, we lose sym-
metry. For example, let us assume A-B-C as a multiple alignment,
formed by syntenic regions A, B, and C. If we allow the blocks to
be threaded by A, B, or C, we can find this block three times;
however, the resulting multiple alignment may be slightly dif-
ferent because of the order in which we stack A, B, and C. We
found that the “once a gap, always a gap” rule applies to the
multiple alignment of gene orders, in that the order of progres-
sive stacking does affect the resulting alignment. Therefore, we
implement a refinement procedure to ameliorate such effect by
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iteratively realigning each segment, allowing the falsely placed
gaps to be corrected and further optimize the gap placement.

Clustering the multiply-aligned genomic regions

If we consider “gene retention at the ancestral locus” as the an-
cestral state and “gene loss” as derived, then each aligned chro-
mosomal segment can be described as a vector of binary charac-
ters. We could then search for hierarchical clustering based on
“Camin-Sokal parsimony” since genes that had been lost are
highly unlikely to re-emerge at original paleologous locations,
that is, reversal to the ancestral state is prohibited (Camin and
Sokal 1965). Using this simplistic parsimony principle, syntenic
genomic regions in multiple alignment blocks can be clustered,
using the “mix” program in the PHYLIP package (Retief 2000)
with 0/1-coded chromosomal regions within each block as input.

MCscan implementation and availability

The multi-aligned plant gene orders and implemented algorithm
and C++ source codes are publicly available (http://chibba.
agtec.uga.edu/duplication/mcscan/). The program uses only two
input files—a file containing BLASTP results and a file describing
gene coordinates—and outputs both pairwise syntenic blocks
and the multi-aligned gene orders threaded by a reference ge-
nome. There are several parameters to configure according to the
user’s need. For example, the significance cutoff would reduce
sensitivity but increase specificity for the uncovered syntenic
blocks.

Comparison between Vitis and Solanum, Musa

For Solanum, we downloaded 195-nt sequences for tomato (Sola-
num lycopersicum) from NCBI (September 2007) that were =100
kb, discarding one chloroplast sequence from analysis, for a total
of 25 Mb (representing ~2.5% of the tomato genome). We re-
trieved 53,792 TIGR Solanum unigenes (S. lycopersicum TIGR tran-
script assembly version 5), mapping them to the collected BACs
(BLASTN E-value <1 X 107°) and took the best hit that had
=200-bp alignment length and 97% identity. This should accom-
modate minor sequencing errors or cultivar differences between
the ESTs and BAGC:s, if any. If multiple unigenes went within 300
bp on the tomato sequence, only the longest hit was retained.
This was to resolve cases in which the unigenes were not as-
sembled completely or correctly for a gene and the real gene was
represented by more than one unigene. A total of 2243 Solanum
unigenes, 4.2% of the total, were anchored to BACs. Solanum
unigenes were assigned their base-pair locations within the BACs,
and we used these mapped unigenes as tentative gene models on
these Solanum BACs. The mapped unigenes were then searched
for homology against the Vitis proteins using BLASTX
(E< 1 x 10~%). We analyzed synteny of Vitis chromosomal re-
gions and 17 banana (Musa acuminata) BACs in a similar proce-
dure.

Synonymous substitution (K;) and fourfold degenerate site
transversion (4DTV) calculation

For each pair of homologs, we aligned their protein sequences
using CLUSTALW (Thompson et al. 1994) and converted the
protein alignment to DNA alignment using PALZNAL (Suyama et
al. 2006). Some homologous genes could not produce reliable
CLUSTALW alignment for various reasons and were discarded
from further analysis. K, values were calculated using the Nei-
Gojobori algorithm (Nei and Gojobori 1986) implemented in the
PAML package (Yang 1997). We repeated the K, calculation using
other algorithms and found that the differences are small, sys-
tematic biases that do not affect major conclusions. We calcu-

lated 4DTV values between gene pairs using in-house Perl scripts.
4DTV values are calculated for gene pairs having =10 fourfold
degenerate sites. Fourfold degenerate sites are codons of amino
acid residues G, A, T, P, V, and R, S, L. Raw 4DTV values are then
corrected for possible multiple transversions at the same site us-
ing this formula:

4DTV(0rrerted =-1/2x 11'1(1 -2x 4DTVum‘orrerted)'

Finite mixture models of genome duplications based on K,
distribution

The actual distribution of K between paleologs can be modeled
as mixtures of log-transformed exponentials and normals, repre-
senting single gene duplications and whole genome duplica-
tions, respectively. Since we have identified the paralogs that
show segmental correspondence with most of the single gene
duplications excluded, the actual distributions can be described
as mixtures of log-normal components that represent multiple
rounds of genome duplications, using the EMMIX software
(http://www.maths.uq.edu.au/~gjm/emmix/emmix.html). K
values that are <0.005 were discarded to avoid fitting a compo-
nent to infinity (Cui et al. 2006), and the mixed populations were
modeled with one to five components. We selected one best mix-
ture model for each paleolog distribution on the basis of Bayesian
information criterion (BIC) and an additional restriction on the
mean/variance structure for K (Cui et al. 2006).
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