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Although several vertebrate genomes have been sequenced, little is known about the genome evolution of early
vertebrates and how large-scale genomic changes such as the two rounds of whole-genome duplications (2R WGD)
affected evolutionary complexity and novelty in vertebrates. Reconstructing the ancestral vertebrate genome is
highly nontrivial because of the difficulty in identifying traces originating from the 2R WGD. To resolve this
problem, we developed a novel method capable of pinning down remains of the 2R WGD in the human and medaka
fish genomes using invertebrate tunicate and sea urchin genes to define ohnologs, i.e., paralogs produced by the 2R
WGD. We validated the reconstruction using the chicken genome, which was not considered in the reconstruction
step, and observed that many ancestral proto-chromosomes were retained in the chicken genome and had one-to-one
correspondence to chicken microchromosomes, thereby confirming the reconstructed ancestral genomes. Our
reconstruction revealed a contrast between the slow karyotype evolution after the second WGD and the rapid,
lineage-specific genome reorganizations that occurred in the ancestral lineages of major taxonomic groups such as

teleost fishes, amphibians, reptiles, and marsupials.

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

Early vertebrate genome evolution has long been in need of clari-
fication, and it is now of particular interest because several dis-
tantly related vertebrate genomes were recently sequenced. The
2R hypothesis postulates that two rounds of whole-genome du-
plication (2R WGD) occurred at the base of the vertebrate lineage
(Ohno 1970; Holland et al. 1994) because of the observation that
invertebrates have one Hox gene cluster, whereas lobe-finned
fishes and land vertebrates have four clusters. However, the 2R
hypothesis has been quite controversial until recently (Skrabanek
and Wolfe 1998; Gibson and Spring 2000; Friedman and Hughes
2001; Wolfe 2001; Abi-Rached et al. 2002; Furlong and Holland
2002; Gu et al. 2002; McLysaght et al. 2002; Durand 2003; Pan-
opoulou et al. 2003; Seoighe 2003; Panopoulou and Poustka
2005; Vandepoele et al. 2004) because it leaves open the possi-
bility of one round of WGD followed by large-scale duplications
such as segmental and chromosomal duplications. Recently, De-
hal and Boore (2005) showed that a large part of the human
genome contains four-way paralogous chromosomal regions,
which are traces of the 2R WGD.

The task of reconstructing ancestral vertebrate proto-
chromosomes before the 2R WGD is very different from ordinary
synteny analysis using orthologs because the effect of the 2R
WGD must be carefully examined. Moreover, it is necessary to
determine human chromosome regions originating from the
same ancestral chromosome at the second WGD and integrate
these regions to rebuild the ancestral karyotype. Thus, we first
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identified groups of human genes (called “ohnologs” [Wolfe
2001]) duplicated by the 2R WGD by ensuring that individual
genes in a group were most similar to the identical orthologous
deuterostome gene of the sea urchin (Sea Urchin Genome Se-
quencing Consortium 2006) or tunicate (Dehal et al. 2002;
Shoguchi et al. 2006). The identification of ohnologs is a difficult
task because all ohnologs and their corresponding Ciona genes
are rarely conserved due to numerous losses and duplications of
Ciona, human, and medaka genes. Given these difficulties,
ohnologs were grouped based on the method of Dehal and Boore
(2005), which is detailed in Supplemental Figure S1 and the
Supplemental Document. These ohnologs typically occur con-
secutively in paralogous chromosomal regions in the human ge-
nome and are likely to represent a remaining block derived from
a single gnathostome (jawed vertebrate, see phylogenetic tree of
vertebrates in Fig. 6, below) proto-chromosome. To test if they
are really remaining blocks of the gnathostome proto-
chromosomes, their syntenies in the medaka genome (Kasahara
et al. 2007) were investigated (for details, see the Supplemental
Document). The final step in our novel analysis combined quali-
fied remaining blocks into vertebrate and gnathostome proto-
chromosomes using information on ohnolog distribution among
the blocks. This series of steps was newly developed for this re-
construction (see Methods).

Next, we attempted to validate the reconstructed gnathos-
tome proto-chromosomes. If extant genomes have experienced
intensive interchromosomal rearrangements, they are hardly
syntenic to the reconstructed ancestral genome and are not use-
ful in the validation. Among sequenced vertebrate genomes, we
searched for a genome that was not used in the reconstruction
step but preserved the proto-karyotype. The chicken genome was
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most promising, given the hypothesis that avian microchromo-
somes represent archaic linkage groups of ancestral vertebrates
(Burt 2002). Indeed, we observed that many ancestral gnathos-
tome proto-chromosomes in our reconstruction had one-to-one
correspondence with microchromosomes in the chicken ge-
nome, thus providing a strong validation of our reconstruction.
We reconstructed the gnathostome (jawed vertebrate), os-
teichthyan (bony vertebrate), and amniote (the group including
reptiles, birds, dinosaurs, and mammals) ancestral genomes,
which are located at key phylogenetic positions, leading to a
novel scenario of genome evolution in early vertebrates. The two
rounds of WGD events duplicated 10-13 proto-chromosomes in
the vertebrate ancestor, producing the gnathostome (jawed ver-
tebrate) ancestor (n = 40). Subsequent chromosome fusions re-
duced the number of chromosomes in the osteichthyan proto-
karyotype (n = 31) and in the amniote proto-karyotype (1 = 26).
These estimates of chromosome number are considerably larger
than previous estimates (Jaillon et al. 2004; Naruse et al. 2004;
Woods et al. 2005; Kohn et al. 2006) and contradict the widely
held hypothesis that the osteichthyan proto-karyotype was
n =12 (Postlethwait et al. 2000; Jaillon et al. 2004; Naruse et al.
2004; Woods et al. 2005; Kohn et al. 2006) and that land-
vertebrate genomes were shaped by lineage-specific chromosome
“fissions” (Postlethwait et al. 2000). On the contrary, our results
demonstrate that many lineage-specific chromosome “fusions”
shaped the ancestral karyotypes of major taxonomic groups,
such as teleost fishes, amphibians, reptiles, and marsupials.

Results

Evolution of vertebrate chromosomes

Figure 1 presents our scenario of vertebrate chromosome evolu-
tion. Although the ancestral genome would have more than two
proto-chromosomes before the two rounds of WGD, for simplic-
ity we display two of the reconstructed ancestral vertebrate chro-
mosomes, colored red and blue (Fig. 1A). The first round of WGD
doubled these two chromosomes, and fission occurred in one of
the duplicated copies of the red chromosome. After the second
round of WGD (Fig. 1B), sister chromosomes were gradually dis-
rupted by genome rearrangements and broken into smaller
blocks of chromosomal segments during early vertebrate evolu-
tion (Fig. 1C). Eventually, these blocks were distributed over sev-
eral human chromosomes (Fig. 1D) because of intensive inter-
chromosomal rearrangements in the mammalian lineage (Burt et
al. 1999). However, in the teleost fish lineage, intensive chromo-
some fusions and another WGD occurred after the divergence
from the osteichthyan ancestor.

As illustrated in Figure 1, conserved vertebrate linkage
groups, which are groups of genes located on a single chromo-
some after the second round of WGD, constitute chromosomal
blocks in the human genome. These blocks can also be identified
by doubly conserved synteny (DCS) analysis with the medaka
genome (Jaillon et al. 2004; Kellis et al. 2004). For example, al-
though blocks 19a, 19b, and 19c are located consecutively in the
human genome, both 19a and 19c¢ are syntenic to each of the
duplicated medaka chromosomes 4 and 17, whereas duplicates of
19b are found in two duplicated medaka chromosomes (1 and 8).
Other neighboring blocks, i.e., 1b-1c, 3a-3b, 7a-7b, and 9a-9b,
are located on distinct medaka chromosomes. This implies that
deciding the boundaries of such neighboring blocks is extremely
important; however, the task was difficult when genes on the

human chromosomes were compared with Ciona and sea urchin
genes as an outgroup because of the intensive rearrangements in
the mammalian lineage. We therefore needed additional infor-
mation. Thus, we fully used the medaka chromosomes as an out-
group of mammalians to clarify the boundaries (see details in
Supplemental Fig. S2). The conserved vertebrate linkage (CVL)
blocks were essential in reconstructing ancestral vertebrate proto-
chromosomes.

Reconstruction of the vertebrate ancestral genome

Here, we assumed a simplified model in which no major genome
rearrangements occurred between the 2R WGD events, although
we will present a more elaborate model later in this paper. The
expected signature of two rounds of WGD is illustrated in Figure
2, A-D. The 2R WGD quadruplicated the red and blue chromo-
somes, producing sister chromosomes each having the same set
of genes arranged in the same order. In reality, gene losses and
chromosome rearrangements must have taken place between the
2R WGD, but for simplicity, these details are omitted from Figure
2A. Wolfe (2001) proposed calling these duplicated gene pairs
“ohnologs” after Susumu Ohno. One ohnolog is represented by a
dot in a triangle whose X- and Y-axis coordinates represent the
positions of duplicated genes in the sister chromosomes pro-
duced by the 2R WGD. Because ohnologs are produced by chro-
mosome-wide duplication and not by smaller-scale gene dupli-
cation, they are observed between pairs of distinct sister chromo-
somes, as illustrated by dots in the red region. In contrast, no
ohnologs would be found within one sister chromosome, which
is shown by the absence of ohnolog dots in the green regions.
After the 2R WGD, chromosome breaks (fissions and transloca-
tions), fusions, or inversions must have altered some of the sister
chromosomes (Fig. 2B). The accumulation of rearrangements
gradually disrupted the ancestral gene order and scattered the
ohnolog dots (Fig. 2C). Furthermore, intensive interchromo-
somal rearrangements in the mammalian lineage (Burt et al.
1999) must have distributed blocks across the human genome
(Fig. 2D). Reconstruction of ancestral proto-chromosomes is a
task of reordering the CVL blocks in Figure 2D to estimate the
orderings in Figure 2, B and C.

Figure 2E presents the actual distribution of ohnologs in the
human genome, in which CVL blocks are placed in order from
human chromosome 1 to X. The reconstruction step started with
categorizing the blocks into groups that were derived from a
single ancestral vertebrate chromosome before the 2R WGD. For
this purpose, any two red CVL blocks sharing several ohnologs
were placed in the same “vertebrate” group (Fig. 2F). The subse-
quent step divided the blocks within each group into subgroups
that represented duplicated proto-chromosomes in the gnathos-
tome ancestor. To this end, we performed an exhaustive search
for the optimal subgrouping so that significantly more ohnologs
were shared between distinct subgroups, as illustrated by the red
regions in Figure 2G, whereas few ohnologs were observed within
any single subgroup, as indicated by the green regions. The de-
tails of the reconstruction procedure are described in the Meth-
ods. Our reconstruction in Figure 2G shows that in five of 10
ancestral vertebrate chromosomes, estimating four sister chro-
mosomes was more significant than inferring two, three, or five
sister chromosomes. CVL blocks with a small number of
ohnologs fail to be recognized as sister chromosomes because of
their low statistical significance, thereby yielding a reconstructed
vertebrate group with less than four duplicated chromosomes. In
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Figure 1.

Vertebrate chromosome evolution scenario. (A) For simplicity, we illustrate two proto-chromosomes (red and blue bars) duplicated by the

first round of WGD. Subsequently, fission divided one of the duplicated chromosomes. (B) The second round of WGD doubled the proto-chromosomes.
Blocks in chromosomes are labeled with their respective chromosome positions in the human genome. (C) After the second WGD, early vertebrates
underwent slow changes in karyotype over a long evolutionary process. (D) In the ancestral mammalian lineage, intensive interchromosomal rear-
rangements occurred and the ancestral chromosomes were broken into smaller segments that were distributed across many human chromosomes. (£)
In the ancient ray-finned fish lineage, intensive chromosome fusions merged the ancestral chromosomal segments into ancestral teleost chromosomes.
(F) Another round of WGD in the ancestral teleost doubled proto-chromosomes, but afterward, few global rearrangements shaped the present medaka

genome.
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Figure 2. (Legend on next page)
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contrast, five ancestral vertebrate chromosomes (A-E) had fairly
large groups of CVL blocks with >250 ohnolog gene pairs, pro-
viding strong support for the 2R hypothesis.

Assuming fusions and fissions between the 2R WGD

For simplicity, we have thus far assumed no major chromosome
rearrangements between the 2R WGD. Here, we extend the sim-
plified model to consider the possibility of chromosome fusions
and fissions between the 2R WGD events, though how to detect
remains of these events is a nontrivial question. Figure 3A
presents vertebrate groups A, B, and F in Figure 2F, and it is
remarkable to observe pairs of light blue boxes with few ohnologs
in individual triangles because these boxes are expected to con-
tain many ohnologs according to the simplified model assumed
so far. We think that these phenomena provide clues to the prob-
lem of inferring genome rearrangements between the 2R WGD;
here, we show three alternative scenarios that may produce these
phenomena.

Figure 3B shows the first scenario in which duplicates of two
ancestral chromosomes are fused, whereas Figure 3C shows the
second scenario, in which one duplicate of a single ancestral
chromosome is divided by a fission event. Both scenarios gener-
ate the same ohnolog distribution pattern among the six descen-
dent chromosomes, as illustrated in Figure 3E; note that pairs
A21-B22 and B21-A22 have no ohnologs. The third scenario in
Figure 3D indicates that neither fissions nor fusions take place
between the 2R WGD events, but independent fission events
occur for duplicated sister chromosomes after the 2R WGD. As
illustrated in Figure 3F, the pair A21a-A22b is free of ohnologs;
however, some ohnologs are observed in the pair A21b-A22a.
Both pairs would have no ohnologs if the two independent fis-
sion events took place at the identical chromosomal positions,
but this case is less likely. Among the three scenarios, the former
two scenarios of one fusion or fission event are more parsimoni-
ous than the third scenario of two independent fissions, and they
better explain pairs of light blue boxes with few ohnologs in
Figure 3A. Thus, we estimated that among 10 vertebrate groups,
A, B, and F had fusions or fissions, whereas the other seven
groups were free of these chromosome rearrangements.

However, it remains difficult to judge whether a fusion or
fission happened between the 2R WGD; each of the vertebrate
groups A, B, and F may have had two ancestral chromosomes
before the 2R WGD according to the fusion scenario, or one
proto-chromosome if fission took place. This argument may be
settled by using the genomes of some invertebrates as an out-
group. However, the draft genome of the sea urchin (Sea Urchin
Genome Sequencing Consortium 2006) consists of very small
genomic fragments, and the Ciona draft genome (Shoguchi et al.
2006), with a nearly complete chromosome mabp, fails to preserve

proto-chromosomes before the divergence from vertebrates, pre-
sumably because of numerous chromosome rearrangements.
Therefore, at this stage, we estimated that the ancestral vertebrate
had 10-13 proto-chromosomes before the 2R WGD. We assert
that the ancestral gnathostome had 40 proto-chromosomes, and
was not affected by the selection of a fusion or fission scenario.

Validation of reconstructed proto-chromosomes

To check the validity of the reconstructed proto-chromosomes,
we searched for a genome that preserved the ancestral chromo-
somes among available deuterostome, chordate, and vertebrate
genomes. The sea urchin draft genome (Sea Urchin Genome Se-
quencing Consortium 2006) is largely fragmented into very small
pieces, whereas the Ciona genome (Shoguchi et al. 2006) experi-
enced numerous genome rearrangements after the divergence
from vertebrates >500 million yr ago; for example, even Hox
genes are separated onto multiple chromosomes (Ikuta et al.
2004). Thus, these two genomes fail to preserve proto-
chromosomes. We also examined vertebrate genomes and found
that rat, mouse, and dog genomes did not preserve the proto-
karyotype because of several interchromosomal rearrangements
in the mammalian lineage (Burt et al. 1999). Among tested ge-
nomes, the chicken genome significantly preserved the recon-
structed ancestral gnathostome chromosomes. More precisely, a
series of CVL blocks that occur both in one ancestral gnathos-
tome chromosome and in one chicken chromosome presents
strong evidence for the reconstruction; in contrast, occurrences
of CVL blocks of one chicken chromosome in different sister
chromosomes of the gnathostome ancestor suggest intensive in-
terchromosomal rearrangements in the avian lineage or possible
mistakes in the reconstruction. We observed that CVL blocks
located in the same chicken microchromosomes belonged pri-
marily to the same ancestral gnathostome chromosomes (Fig. 4).
To be precise, chicken chromosomes 7, 8, 11, 15, 19, 20, 21, 22,
23, 24, 27, and 28 had one-to-one correspondence to EO, A2, B4,
HO, H1, B1, FO, C3, B3, JO, E2, and A1, respectively (Fig. 5). Thus,
this clear correspondence between chicken and gnathostome an-
cestor chromosomes provides a firm grounding for our recon-
struction.

Reconstruction of ancestral osteichthyan and amniote
proto-chromosomes

The reconstruction of proto-chromosomes in the gnathostome
ancestor allowed us to infer the karyotypes of evolutionarily im-
portant ancestors such as the bony vertebrate (osteichthyan) an-
cestor and the amniote ancestor, leading to novel insights into
genome evolution after the 2R WGD. Previous studies have sug-
gested that the osteichthyan proto-karyotype was n = 12 by treat-

Figure 2. Model of vertebrate genome evolution and reconstruction of the ancestral genome. (A) For simplicity, suppose that the ancestral chro-
mosome had 10 genes. The 2R WGD produced ohnologs (blue dots along the diagonal line in the triangular dot plot) in the duplicated chromosomes.
(B) Chromosome breaks and inversions may have altered the order of ohnologs on the sister chromosomes. (C) In the course of early vertebrate genome
evolution, the ancestral gene order was disrupted by many inversions, resulting in scattered ohnolog dots. (D) Eventually, CVL blocks were distributed
across several human chromosomes by intensive interchromosomal rearrangements. (a—d) A typical model of genome evolution involving the 2R WGD.
In the next step, we handle real human genome data. (E) This is a real instance of the dot plot in D. CVL blocks were ordered from the human
chromosomes 1 to X, and ohnologs shared among these CVL blocks were plotted. (Red) Regions representing pairs of paralogous CVL blocks with a
great number of ohnologs (P < 10—, see Methods). (F) This corresponds to the state in C. CVL blocks were reordered in such a way that paralogous
CVL blocks were grouped so that each group represented one ancestral vertebrate chromosome (see Methods). (G) This state corresponds to that in
B. CVL blocks within individual vertebrate groups were further reordered to obtain ancestral gnathostome subgroups (namely, chromosomes), which
were duplicated from a single ancestral vertebrate chromosome by the 2R WGD events. The partition of subgroups that optimizes the significance
defined in the Methods. Rectangles and triangles are colored in accordance with those in B to make the correspondence clear. (H) The vertebrate group
A was decomposed into four gnathostome subgroups by statistical analysis, indicating that the ancestral chromosome underwent 2R WGD.
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Figure 4. Reconstructed ancestral chromosomes. Ancestral vertebrate chromosomes A, B, and F had two alternative scenarios, fusions or fissions,
between the 2R WGD events, as shown in Fig. 3. Thus, the number of proto-chromosomes ranges from 10 to 13 depending on the choice of two
alternatives. The figure illustrates the scenario in which only fissions took place. Ten reconstructed proto-chromosomes in the vertebrate ancestor shown
at the top are assigned distinct colors, and their daughter chromosomes in the gnathostome ancestor are distinguished by their respective vertical bars.
In the genomes of the osteichthyan, teleost, and amniote ancestors, and human, chicken, and medaka genomes, genomic regions are assigned colors
and vertical bars that represent correspondences of individual regions to the proto-chromosomes in the gnathostome ancestor from which respective

regions originated. Unassigned blocks are shown in the rightmost chromosome (Un) in the osteichthyan and amniote ancestors.
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Figure 5. Syntenic chromosome correspondence between the chicken and gnathostome ancestor chromosomes. In the table, the number in a cell

indicates the number of orthologous genes in syntenic regions (see Supplemental materials) between the chicken chromosome in the column and the
reconstructed gnathostome proto-chromosome in the row. To emphasize chicken chromosomes that were primarily derived from a single ancestral
gnathostome chromosome, cells with the maximum number of orthologs are colored yellow or red. In particular, red cells imply chicken chromosomes
that have one-to-one correspondence to their ancestral gnathostome chromosomes.

ing the teleost ancestor of medaka, Tetraodon, and zebrafish be-
fore teleost WGD as the osteichthyan ancestor (Postlethwait et al.
2000; Jaillon et al. 2004; Naruse et al. 2004; Woods et al. 2005) or
by leaving the possibility of chromosome fusions out of consid-
eration (Kohn et al. 2006). However, this hypothesis (n = 12) ap-
pears to disagree with our observations because many chromo-
somes in the chicken genome (n=39) have one-to-one corre-
sponding proto-chromosomes in the gnathostome ancestor
(n = 40), as shown in Figure 5, whereas most chromosomes in the
teleost ancestor (n = 13) have synteny blocks with multiple chro-
mosomes in the gnathostome ancestor. These observations led us
to postulate that the osteichthyan proto-karyotype had more
chromosomes than the previous estimate (1~ 12), and that
many genome rearrangements took place from the osteichthyan
proto-karyotype to the teleost ancestor.

To test this hypothesis, we attempted to reconstruct the os-
teichthyan proto-karyotype by comparing the chicken and an-
cestral teleost karyotypes with that of the gnathostome ancestor.
This approach is somewhat different from the traditional method
of using an outgroup of the chicken and teleost ancestor because
we instead used the gnathostome ancestor, which is an ancestor
of the osteichthyan ancestor. In the reconstruction, two CVL
blocks were expected to occur in the same osteichthyan proto-
chromosome if the two CVL blocks were located on the identical
chromosome of at least two of the three Kkaryotypes: chicken,

teleost ancestor, and gnathostome ancestor. We call this rule the
2-of-3 rule and we describe the details and rationale of the rule in
the Methods. The resulting osteichthyan proto-karyotype was
n =31, which confirms our postulate that the number of oste-
ichthyan proto-chromosomes is more than the previous estima-
tion of n = 12.

Regarding the amniote ancestor, Kohn et al. (2006) esti-
mated n = 18 using the teleost ancestor as an outgroup of the
human and chicken genomes. However, in our reconstruction,
the teleost ancestor genome underwent several rearrangements,
especially fusions, after divergence from the osteichthyan ances-
tor. Thus, we used the reconstructed osteichthyan ancestor, in
place of the teleost ancestor, together with the human and
chicken genomes to reconstruct the amniote ancestor chromo-
somes. Using the 2-of-3 rule, we estimated that the number of
amniote proto-chromosomes was 1 = 26, which is significantly
larger than the previous estimate of n = 18. Overall, we conclude
that chromosome numbers in early vertebrates are considerably
larger than previous estimates (Jaillon et al. 2004; Naruse et al.
2004; Woods et al. 2005; Kohn et al. 2006).

Karyotype evolution and taxon-specific fusion model

The reconstructed ancestral karyotypes in Figure 4 provide a sce-
nario for karyotype evolution in vertebrates, as depicted in Figure
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Figure 6. Changesin chromosome number during vertebrate karyotype evolution. The reconstructed proto-chromosomes in Fig. 4 allow us to discuss
how the number of chromosomes has changed in individual vertebrate lineages. (Left) The phylogenetic tree of vertebrates, (right) the distribution of
chromosome number in individual lineages (Gregory et al. 2007; Animal Genome Size Database, http://www.genomesize.com). Considering the
numbers of proto-chromosomes in Fig. 4, two ancient whole-genome duplication events almost quadrupled the number of chromosomes; subse-
quently, chromosome numbers in individual lineages tended to decrease in many lineages, although not in the avian lineage.

6. Before the first round of WGD, the vertebrate ancestor karyo-
type was n = 10-13, and the subsequent 2R WGD and some ge-
nome rearrangements yielded the gnathostome ancestor of
n = 40. After the divergence of bony vertebrates (Osteichthyes)
and cartilaginous fishes (Chondrichthyes), genome rearrange-
ments reduced the number of chromosomes in the osteichthyan
ancestor to n = 31. In the meantime, modern cartilaginous fishes
have genomes comprising a variety of karyotypes; the number of
chromosomes in the haploid set, n, ranges from 25 to 50. We
speculate that some of extant cartilaginous fishes may retain the
gnathostome ancestral karyotype (1 = 40), assuming no genome
duplication events took place in the cartilaginous lineage. After
the divergence of ray-finned and lobe-finned fishes, in the lin-
eage of ray-finned fishes (Actinopterygii), chromosome fusions
reduced the number of chromosomes and produced the teleost
ancestor with n = 13. Our fusion model made it necessary to re-
vise the n = 12 ancestral osteichthyan proto-karyotype hypoth-
esis, which treats the teleost ancestor of ~350 Mya as the repre-
sentative of the osteichthyan ancestor of ~450 Mya (Postlethwait
et al. 2000; Jaillon et al. 2004; Naruse et al. 2004; Woods et al.
2005; Kohn et al. 2006). Subsequently, the whole-genome dupli-
cation in the teleost ancestor doubled the number of chromo-
somes to n = 26. The number of chromosomes in the teleost lin-
eage has remained nearly unchanged during evolution, and the
chromosome numbers of extant teleost species peak at n =24
or 25.

In the lineage of lobe-finned fishes (Sarcopterygii), the dis-
tribution of chromosome number differs largely across vertebrate
taxa (Fig. 6). In particular, an interesting observation in our

model is that the ancestors of major vertebrate groups such as
teleosts, amphibians, squamates, and metatherians underwent
numerous chromosome fusions (except for birds), leading to
slow changes in karyotype, as indicated by the distribution of
chromosome number. Similar speculations have been made re-
garding amphibians and reptiles; Morescalchi postulated that the
number of chromosomes decreased in the ancestral amphibian
based on the large number of chromosomes in some primitive
amphibians (Green and Sessions 1991). With respect to reptiles,
Olmo (2005) indicated that ancestral reptiles had a higher rate of
karyotypic changes. Our karyotype evolution model is consistent
with these hypotheses.

In contrast, a large increase in the number of chromosomes
was found in the avian lineage. One explanation is that fewer
repeat sequences in avian genomes were likely to result in chro-
mosome fissions rather than fusions and interchromosomal re-
arrangements (Burt et al. 1999; Burt 2002). Another interesting
finding involved microchromosomes in the avian lineage. Burt
argued that many avian microchromosomes were already present
in the common ancestor of birds and other terrestrial vertebrates
and were conserved for >400 million yr (Burt 2002). Our analysis
extends this idea considerably by showing that many of the mi-
crochromosomes had one-to-one correspondence with proto-
chromosomes in the gnathostome ancestor.

We conclude that in early vertebrate genome evolution, two
ancient whole-genome duplication events increased the number
of chromosomes, but subsequent chromosome fusions reduced
the number of chromosomes in individual lineages, with the
exception of the avian lineage.
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Conclusions

We present the first study to reconstruct the vertebrate proto-
karyotype before the 2R-WGD events. The reconstruction was
made possible by the newly developed computational method
outlined in Figures 2 and 3. The reconstructed genome organi-
zation of the vertebrate ancestor provides new insights into early
vertebrate genome evolution. First, some rearrangements oc-
curred during the 2R WGD in the ancestral vertebrate. Second,
after the second WGD, the gnathostome, osteichthyan, and am-
niote ancestors underwent slow karyotype evolution. Third,
rapid, lineage-specific chromosome fusions shaped the ancestral
genomes of major vertebrate taxa such as teleosts, amphibians,
reptiles, and marsupials.

Our reconstruction will also integrate newly sequenced ge-
nomes such as the pipid frog (Xenopus tropicalis), gray short-tailed
opossum (Monodelphis domestica), and amphioxus (Branchiostoma
floridae) into the global picture of vertebrate and chordate ge-
nome evolution. Our presumption is that the X. tropicalis ge-
nome evolved from the osteichthyan ancestor genome after un-
dergoing numerous chromosome fusions. Because those fusions
took place specifically in the ancestral amphibian lineage, they
would be largely different from fusions that took place from the
osteichthyan ancestor to the teleost ancestor, which will make it
difficult to identify one-to-one correspondence between chromo-
somes of X. tropicalis and the teleost ancestor.

Methods

Protein sequences for genes and identification of ohnologs

Human, mouse, dog, chicken, and Tetraodon protein sequences
were obtained from Ensembl (Birney et al. 2006) (v.36-Dec2005);
Takifugu (version 2) from Ensembl; Ciona intestinalis (version 1)
from JGI (http://www.jgi.doe.gov); and Strongylocentrotus purpu-
ratus (version 2.1) from NCBI. If multiple sequences overlapped
in the genome, they were represented by the longest sequence.
We conducted all-against-all BLASTP searches (Altschul et al.
1997) (E-value <1 X 10~ '°). Special treatments were necessary
to identify ohnologs produced by the 2R WGD (see details in the
Supplemental materials).

Identification of paralogous CVL blocks for grouping CVL
blocks

We evaluated the significance of the number of ohnologs, de-
noted by n, that two CVL blocks share in common by evaluating
the probability that the two CVL blocks have =n ohnologs in
common under the condition that all ohnologs are distributed at
random in all CVL blocks. The probability is defined as follows:
Let N be the total number of genes in all CVL blocks, m be the
total number of ohnologs among all CVL blocks, and x and y be
the respective number of genes in CVL blocks X and Y. Assuming
a random distribution of ohnologs among CVL blocks, the prob-
ability of observing =n ohnologs is approximated by

m

) 2.
p= ;(niq)q'(l - q)m'l, where g = —N(in/ 1

Here, p is the summation of the probability that i (=n) among m
ohnologs are members of X and Y with the probability g that an
arbitrary pair of genes selected from all N(N — 1)/2 pairs becomes
an ohnolog shared by X and Y.

If the probability was at most a reasonable threshold, we
rejected the null hypothesis that ohnologs between the two CVL

blocks were produced by independent gene duplications and
concluded that the two CVL blocks were paralogous. The crux is
how to select a meaningful value as the threshold. We identified
118 CVL blocks (for details, see the Supplemental Document).
Because the total number of all pairs of CVL blocks amounted to
6903, the maximum threshold of the probability was set to 10~ *
so that the expected number of false-positive paralogous pairs
was <1. In Figure 2, E and F, regions representing paralogous CVL
blocks are colored red if the P-value < 10~ *.

Reconstruction of sister chromosomes in the gnathostome
ancestor by grouping paralogous CVL blocks

We began by constructing an undirected graph in which the
nodes are CVL blocks and edges are drawn between two paralo-
gous CVL blocks. The graph was then divided into connected
components so that there was a path between any two nodes in
a connected component, as illustrated in Supplemental Figure S7.
CVL blocks represented by nodes in one connected component
were thought to be derived from one vertebrate proto-
chromosome before the 2R WGD, as illustrated in Figure 2H.

Subsequently, to estimate proto-chromosomes in the gna-
thostome ancestor that were produced by WGD events, nodes in
one connected component were further partitioned into several
subgroups of nodes so that each subgroup represented one proto-
chromosome in the gnathostome ancestor. The number of gna-
thostome proto-chromosomes originating from one vertebrate
proto-chromosome was expected to be four assuming that the 2R
WGD events took place (Dehal and Boore 2005), but we enumer-
ated patterns of partitioning CVL blocks into two, three, four, or
five subgroups to search for the most significant pattern. Specifi-
cally, for each connected component, all combinations of CVL
blocks were enumerated with the constraint that any paralogous
CVL blocks could not be combined into the same subgroup. To
define the significance of one partition, CVL blocks in one sub-
group (one gnathostome proto-chromosome) are unlikely to
share ohnologs, as illustrated in the green regions of Figure 2;
however, in contrast, many pairs of CVL blocks in distinct gna-
thostome proto-chromosomes are likely to share a significant
number of ohnologs, as shown by red boxes in Figure 2. We
therefore measured the significance of one partition with n
ohnologs among different subgroups (i.e., n ohnolog dots in the
red regions in Figure 2H) by the probability that =n ohnologs are
shared by different subgroups under the random distribution of
ohnologs in the whole triangular region. More precisely, the
probability, denoted by p, is defined by assuming that c is the
total number of pairs of genes in the focal connected component,
m is the total number of ohnologs in the connected component,
and ris the total number of pairs of genes in different subgroups
of the partition. Intuitively, c is the area of the whole triangular
region in Figure 2H, and r is the total area of red regions. The
probability p is the total number of cases when each pair of
paralogous CVL blocks in different subgroups of the partition
shares =n ohnologs divided by the total number of cases when m
ohnologs appear in pairs of two arbitrary CVL blocks:

i r c—r c
p= . .
i=n 1 m-—1 m

The partition with the minimum probability is the most signifi-
cant one, and the subgroups in the partition are treated as gna-
thostome proto-chromosomes.

In the literature, some algorithms have been proposed for
reconstructing pre-duplicated genomes (El-Mabrouk and Sankoff
2003; Kellis et al. 2004). The idea of doubly conserved synteny
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analysis (Kellis et al. 2004) was used to compute CVL blocks (see
details in the Supplemental Document). However, our recon-
struction procedure is largely different from the approach of El-
Mabrouk and Sankoff, which assumes rigorous constraints that
are too restrictive to be applicable to the analysis of the vertebrate
genome evolution with two rounds of whole-genome evolution;
for example, two copies of individual genes must occur in the
genome. In reality, many duplicated genes are lost, and studying
the number of whole-genome duplication events in early verte-
brates is a major research objective, thereby making it meaning-
less to assume that the number of WGD events is exactly two.

The 2-of-3 rule for ancestral karyotype reconstruction

The bony vertebrate (osteichthyan) proto-chromosomes were re-
constructed using the gnathostome ancestor together with the
chicken and teleost ancestor by applying the 2-of-3 rule that two
CVL blocks are in the same bony vertebrate proto-chromosome if
the two appear in an identical chromosome of at least two of the
three following karyotypes: chicken, teleost ancestor, and gna-
thostome ancestor. The 2-of-3 rule indicates three scenarios of
genome evolution. The first scenario is the presence of the two
CVL blocks in one chromosome throughout the evolution of the
genome. The second is that the two occurred in the same chro-
mosome in the chicken and teleost ancestor genomes, which
implies the presence of the two in the same proto-chromosome
of the bony vertebrate ancestor; however, the two appeared in
distinct proto-chromosomes in the gnathostome ancestor, sug-
gesting that a chromosomal fusion merged the different proto-
chromosomes into one in the bony vertebrate ancestor. The third
scenario is that the two CVL blocks appeared in the same chro-
mosome in the gnathostome ancestor and teleost ancestor (or
alternatively in the chicken), but the two were located in distinct
chromosomes in the chicken (or in the teleost ancestor) by some
genome rearrangements after the divergence of the chicken and
the teleost ancestor. The 2-of-3 rule was also applied to recon-
struction of the amniote ancestor proto-chromosomes of the hu-
man and chicken genomes by using the osteichthyan ancestor.
The identification of syntenic regions in the chicken genome is
described in the Supplemental Information.

One might be concerned that when the proto-karyotype of
the bony vertebrate ancestor was reconstructed, the karyotypes
of the gnathostome ancestor, teleost ancestor, and chicken were
not independent data because the gnathostome ancestor was re-
constructed using only part of the medaka genome information.
Here, we describe how we avoided such circular arguments. We
separated two types of information, namely CVL blocks with
conserved ohnologs in the human genome and chromosomes on
which individual blocks are located. We used the former infor-
mation in the reconstruction of the gnathostome ancestor ge-
nome and the latter in estimating proto-chromosomes of oste-
ichthyan and amniote ancestors. Thus, when the gnathostome
ancestor genome was reconstructed, CVL blocks in the human
genome were identified by using the medaka genome to clarify
the boundaries of blocks; subsequently, blocks were clustered
into proto-chromosomes in the gnathostome ancestor. The criti-
cal point was that blocks were combined into gnathostome
proto-chromosomes without using any information on the hu-
man and medaka chromosomes in which individual blocks were
located. Stated another way, even if human and medaka chro-
mosome numbers were blacked out, the same gnathostome
proto-chromosomes could be reconstructed. We grouped these
blocks into the chromosomes of the gnathostome ancestor solely
using information on ohnologs that were shared among blocks.
In contrast, human chromosome numbers of individual blocks

in the gnathostome proto-chromosomes were used to find coun-
terpart blocks in the medaka and chicken chromosomes in the
step of reconstructing proto-chromosomes in osteichthyan and
amniote ancestors.
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