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Letter

Early vertebrate whole genome duplications
were predated by a period of intense

genome rearrangement

Andrew L. Hufton,! Detlef Groth,'? Martin Vingron,' Hans Lehrach,’
Albert |. Poustka," and Georgia Panopoulou'?

"Max Planck Institute for Molecular Genetics, 12169 Berlin, Germany; 2Potsdam University, Bioinformatics Group, ¢/o Max
Planck Institute of Molecular Plant Physiology, D-14476 Potsdam-Golm, Germany

Researchers, supported by data from polyploid plants, have suggested that whole genome duplication (WGD) may
induce genomic instability and rearrangement, an idea which could have important implications for vertebrate
evolution. Benefiting from the newly released amphioxus genome sequence (Branchiostoma floridae), an invertebrate
that researchers have hoped is representative of the ancestral chordate genome, we have used gene proximity
conservation to estimate rates of genome rearrangement throughout vertebrates and some of their invertebrate
ancestors. We find that, while amphioxus remains the best single source of invertebrate information about the early
chordate genome, its genome structure is not particularly well conserved and it cannot be considered a fossilization
of the vertebrate preduplication genome. In agreement with previous reports, we identify two WGD events in early
vertebrates and another in teleost fish. However, we find that the early vertebrate WGD events were not followed by
increased rates of genome rearrangement. Indeed, we measure massive genome rearrangement prior to these WGD
events. We propose that the vertebrate WGD events may have been symptoms of a preexisting predisposition toward
genomic structural change.

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

Researchers have proposed that whole genome duplication
(WGD) events may increase the genomic rearrangement rate,
possibly directly accelerating evolution itself (Otto 2007). This
idea has received some support from estimates of genome rear-
rangement in plant polyploids (Song et al. 1995; Pontes et al.
2004), and around a WGD event in teleost fish (Semon and
Wolfe 2007). In the later case, Semon and Wolfe measured an
increased rate of rearrangement at the crown of the tetrapod-
teleost lineages, but, lacking an appropriate root species, they
could not distinguish whether this increased rearrangement rate
occurred around the teleost WGD or in the early branch of tet-
rapods. In addition, comparisons between human and mouse
genomes have revealed that most breakpoints occur close to clus-
ters of tandem gene duplications and large segmental duplica-
tions, suggesting that local duplication can promote rearrange-
ment (Armengol et al. 2005). While these data are suggestive, the
relation of WGD events to genome rearrangement remains
largely untested in animals.

Vertebrate genomes show evidence of widespread gene du-
plication compared to invertebrate genomes, leading Ohno
(1970) to propose the existence of two rounds of WGD during
early vertebrate evolution, now known as the 2R hypothesis. This
has been a hotly debated topic—in large part because early phy-
logeny-based approaches could not distinguish WGD from other
gene duplication models (Gibson and Spring 2000; Hughes et al.
2001). However, analysis of conserved gene order, or synteny,
within complete vertebrate genome sequences has provided an
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increasing body of evidence supporting the 2R hypothesis
(McLysaght et al. 2002; Panopoulou et al. 2003; Vandepoele et al.
2004; Dehal and Boore 2005). These studies led Kasahara (2007)
to declare that “there is now incontrovertible evidence support-
ing the 2R hypothesis.” Fascination with this hypothesis has en-
dured because of the dramatic consequences such events could
have had for the evolution of vertebrates. It is clear that WGD
events provide a quick and easy way to produce vast numbers of
duplicate genes, creating a genetic reservoir from which innova-
tions can arise. However, it is not clear whether these WGD
events also sparked widespread genome rearrangement.

The cephalochordate amphioxus (Branchiostoma floridae) ge-
nome may be a key source of information about the evolution of
the early vertebrate genome. Cephalochordates, together with
the tunicates, are the closest living relatives of vertebrates (Delsuc
et al. 2006), and both taxa separated from the vertebrate lineage
prior to the widespread gene duplications. In contrast to tuni-
cates, which are exceptionally diverged in many regards, genome
sequence and fluorescent in situ hybridization (FISH) mapping of
selected amphioxus regions indicate that amphioxus shares some
genomic features with vertebrates (Abi-Rached et al. 2002; Castro
and Holland 2003; Hughes and Friedman 2005). Hence, it is
thought to be the best preserved preduplication genome. Its ge-
nome sequence has recently been completed, and analysis pub-
lished by the amphioxus genome project has provided what ap-
pears to be the most compelling support in favor of the 2R hy-
pothesis to date (Putnam et al. 2008). With this evidence before
us, we are presented with a unique opportunity to reconstruct
the evolutionary history of the early vertebrate genome.

However, even with the amphioxus genome present, esti-
mating genome rearrangement rates in the ancient vertebrate
lineages is not trivial. Algorithms exist that can reconstruct the
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most likely series of rearrangement events between two closely
related species; however, these methods are only effective for the
cases where genomes are fully assembled, and breakpoints are
not heavily saturated (Nadeau and Taylor 1984; Nadeau and
Sankoff 1998; Pevzner and Tesler 2003). Over longer evolution-
ary times, or when genomes of interest have only scaffold-level
assemblies, exact reconstructions of rearrangement events are
impossible. In response, authors have derived more flexible ap-
proaches to inferring rates of genome rearrangement. Semon and
Wolfe used a parsimony-based model to score gene proximity
conservation; however, their model required prior knowledge of
the locations of WGD events, and the authors warned that it may
produce abnormally high rearrangement estimates for genomes
with scaffold-level assemblies (Semon and Wolfe 2007). Smith
and Voss (2006) used a chromosome association-based score
originally suggested by Housworth and Postlethwait (2002) to
measure rates of synteny loss through vertebrates; however, once
again this measure is only appropriate for fully assembled ge-
nomes and only estimates the amount of interchromosomal re-
arrangement. No method has been shown to reliably estimate
the amount of rearrangement between genomes in scaffold-level
assemblies, such as the current amphioxus genome assembly.

Here we have completed a survey of the conservation of
gene synteny throughout vertebrates and their invertebrate an-
cestors, using a proximate gene pair method derived from our
previous work (Panopoulou et al. 2003). Clustering of syntenic
gene segments clearly illustrates the traces of the vertebrate WGD
events. Moreover, we use this synteny data to develop a new,
simple metric for syntenic conservation, and thereby estimate
rates of synteny loss throughout the vertebrate lineages, and
among some of their invertebrate ancestors. Our results reveal
that amphioxus genomic structure is not exceptionally conserved.
Moreover, we find that the vertebrate WGD events were not fol-
lowed by increased rearrangement rates; the teleost WGD occurred
during a period of relatively low synteny loss, and the early verte-
brate WGD events appear to have been preceded by a spike in syn-
teny loss, and then followed by a low rate of synteny loss.

Results
Identifying conserved gene synteny among vertebrates
and their ancestors

Syntenic gene pairs are the smallest detectable unit of syntenic
conservation, and as such, we reasoned that they may provide a

Amphioxus B1

Human Chr1 E > E‘I - = E'—
Human Chr2

Figure 1. Identifying and grouping pairs of syntenic genes. Syntenic
gene pairs were identified in three steps. First, genes from the two ge-
nomes are grouped into orthologous families (A, B, and C). Next, both
genomes are searched for syntenic “family combinations”—pairs of
genes from two ortholog families that are found in close proximity in
more than one genomic location. Genes are in close proximity if they
have no more than 10 intervening genes (shown here as red x’s). In this
example, three syntenic family combinations are identified (A-B, A-C,
and B-C). The A-B combination is present in both amphioxus and hu-
mans, while the A-C and B-C combinations are only present in humans.
These syntenic gene pairs can then be merged to generate segments of
syntenic genes (A1-B1, A2-B2-C1, and A3-B3-C2). In the human ge-
nome these syntenic segments form a “synteny group,” which contains
three gene families and is present on two chromosomes.

suitable foundation for estimating genomic synteny conserva-
tion even when studying heavily fragmented genome assemblies.
Since the amount of synteny conservation between two species is
reduced by genomic rearrangement, genomic rearrangement
rates can be inferred from synteny data. To this end, we have
adapted our previous gene pair synteny method to detect syn-
teny conservation between pairs of genomes (Fig. 1; Methods).
Briefly, for each comparison between two genomes we first group
genes into orthologous families, and then identify cases where
genes from a pair of gene families are observed in close proxim-
ity, which we call a “family combination” (Fig. 1). Family com-
binations which have proximate gene pairs in more than one
location, either across the two genomes of interest or within a
single genome, are assumed to have evidence of syntenic conser-
vation. Genes are defined to be in close proximity if they have no
more than 10 intervening genes, a threshold which previous
simulations have shown is appropriate for identifying true syn-
tenic gene relationships (Panopoulou et al. 2003). These syntenic
family combinations can then be assembled into segments of
syntenic genes (Fig. 1; Methods).

While amphioxus shares the most family combinations
with chicken (2644), the family combinations shared with the
human genome (1888) assemble into more syntenic segments
that cover slightly more of the amphioxus genome (Table 1). The
majority of these 807 amphioxus-human syntenic segments in-
clude one pair of syntenic genes: 52.6% include two genes, 17%

Table 1. Synteny conservation between amphioxus and other organisms

Second genome

Amphioxus genome covered by
Organisms Orthologous Syntenic family Syntenic covered by syntenic syntenic gene
compared gene families combinations segments gene pairs (Mb) pairs (Mb)
Bf—Hs 7576 1188 807 103 (20.3%) 497 (16.1%)
Bf-Mm 7443 1132 791 96 (18.8%) 337 (12.6%)
Bf-Gg 6832 2624 747 100 (19.6%) 222 (20.2%)
Bf-Dr 6304 519 535 51 (10.0%) 117 (8.1%)
Bf-Tr 6501 563 575 58 (11.3%) 28 (7.1%)
Bf—Ci 4955 154 173 17 (3.3%) 6 (3.6%)
Bf-Sp 8460 936 738 67 (13.2%) 49 (6.1%)
Bf-Nv 8041 733 565 63 (12.3%) 22 (4.7%)

Species abbreviations: (Hs) human, (Mm) mouse, (Gg) chicken, (Tr) fugu, (Dr) zebrafish, (Bf) amphioxus, (Sp) sea urchin, (Ci) sea squirt, and (Nv) sea
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include three genes, and 14.4% include four genes. In total,
490.96 Mb of the human genome is covered by gene pairs with
synteny conservation in amphioxus (Supplemental Fig. S1). The
equivalent regions in amphioxus extend over 103.02 Mb (Table
1). Supplemental Figure S2 shows the 20 amphioxus scaffolds
with the most syntenic gene pairs and their association with the
human chromosomes.

A small set of family combinations are conserved across
multiple genomes, possibly identifying cases where strong puri-
fying selection has protected a gene cluster from rearrangement
throughout chordates. We identified 167 family combinations
that are conserved between amphioxus, human, zebrafish, fugu,
and chicken (Supplemental Table S2). These widely conserved
genes include the large Hox and Histone syntenic clusters, as well
as several ancient tandemly duplicated genes that have preserved
their linkage during evolution, including: (1) SMAD2/3-SMAD6/7,
(2) gamma-aminobutyric-acid receptors, GABRB3-GABRAS, (3)
neuronal voltage-gated calcium channels, CACNG5/7-CACNG4/8,
and (4) SIX1/2 and SIX4/5, the last two being proximate in amphi-
oxus, human, and fish, but not in chicken (Kawakami et al. 2000).

Groups of related syntenic segments support
the 2R hypothesis

By merging our syntenic gene pairs into groups of related syn-
tenic segments we receive a clear illustration of the genomic du-
plications events that have occurred during vertebrate evolution.
For this analysis, we grouped together syntenic segments that
have undergone duplication since an organism’s divergence from
the second species used in the synteny comparison (Fig. 1; Meth-
ods). By plotting the chromosome coverage of these “synteny
groups,” versus their size, we receive a simple illustration of ge-
nomic duplication histories (Fig. 2). Vertebrate synteny groups,
since divergence from amphioxus, are spread over several
chromosomes, reflecting the well-known widespread gene
duplication in the vertebrate lineage (Fig. 2A-C). Within the
human or chicken genomes, the largest of these synteny groups
are present on four chromosomes (Fig. 2A,B), consistent with
two WGD events. In zebrafish, the synteny groups spread over a
greater number of chromosomes, compatible with an addi-
tional WGD in the fish lineage (Fig. 2C). As a control, artificial
duplication of the human synteny groups produces a similar
spread (Fig. 2D). Furthermore, zebrafish synteny groups built
by comparison to the human genome peak at two chromo-
somes, supporting a single WGD event in the teleost lineage
(Fig. 2E). However, many synteny groups are present on three
chromosomes, possibly indicating additional duplication
mechanisms at work. Conversely, human synteny groups,
since divergence from zebrafish, peak sharply at one chromo-
some, the expected distribution when no WGD has occurred
(Fig. 2F).

Overall, these findings support the existence of two rounds
of WGD in early vertebrates (commonly known as the 2R hy-
pothesis), and one additional WGD in teleost fish, in agreement
with other recent findings (for review, see Kasahara 2007). In the
lineages that are hypothesized to have experienced WGD, as the
synteny group size decreases, the number of chromosomes also
decreases, indicating that the majority of the observed du-
plications in these genomes were generated by a mechanism
that retains synteny, such as WGD (Fig. 2A-D). If the duplica-
tions were generated solely by many local tandem duplications,
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Figure 2. Synteny group distributions reveal vertebrate duplication
events. The size of each syntenic group, measured by the number of gene
families in the group, is plotted against the number of chromosomes over
which the group is spread. The bubble sizes are proportional to the
number syntenic groups at each point. (A-C) Vertebrate synteny groups
built by comparison to amphioxus: (A) human, (B) chicken, and (C) ze-
brafish. In A and B, the largest groups, with the most conserved synteny,
are present on four chromosomes, and a steady reduction in chromo-
some coverage is seen as the group size decreases. (C) The zebrafish
groups are spread out past four chromosomes. (D) As a control, the
chromosome coverage of the human groups shown in A was doubled,
creating a simulation of a new WGD event on top of the early chordate
duplications. This plot shows a similar chromosome spread to C, and
post-WGD gene loss in zebrafish could account for the sparser plot. (E)
Zebrafish synteny groups, built by comparison to the human genome,
show that the largest synteny groups cover two to three chromosomes.
(F) Human synteny groups, built by comparison to the zebrafish genome,
show a strong peak at one chromosome, as expected in the absence of
WGD events. Arrowheads within the plots indicate the bubbles that con-
tain the Hox clusters. In comparisons between amphioxus and verte-
brates (A-D), the Hox genes form a single synteny group, while, in com-
parisons between fish and tetrapods (E-F), they subdivide into four sepa-
rate groups, indicating that the cluster duplicated twice within the early
vertebrate lineage.

as suggested by Friedman and Hughes (2001), we would expect
to see the opposite trend: Local duplications would be synteny
disrupting, so regions duplicated by this mechanism would re-
tain the least synteny. Indeed, this pattern is observed in the
human lineage since its divergence from fish, where local seg-
mental duplication has occurred at an increased rate (Fig. 2F)
(Bailey and Eichler 2006). These results support data from
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Table 2. Gene Ontology term enrichment of syntenic genes

Category Term Count Percent P-value

Human-amphioxus syntenic genes
BP_2 Metabolism 960 46.1 21 x10°'¢
BP_2 Cellular physiological process 1192 57.2 3.0 x 1077
BP_1 Physiological process 1253 60.2 3.5 x 1077
MF_2 Structural constituent of ribosome 37 1.8 8.5 x 10~#
MF_2 Nucleic acid binding 443 21.3 55x 104
BP_2 Response to endogenous stimulus 44 2.1 4.8 x10°*
MF_1 Catalytic activity 599 28.8 9.0 x 1073

Human ancient in-genome syntenic genes
MF_1 Signal transducer activity 237 20.1 8.8 X 107%°
BP_2 Cell communication 329 27.8 1.5%x 10" "
BP_1 Development 252 21.3 1.2 x10°'®
BP_2 Organ development 85 7.2 1.7 x 1078
MF_2 Receptor activity 141 11.9 7.7 X 1078
MF_1 Binding 799 67.6 3.6 X 1077
MF_2 Channel or pore class transporter activity 58 4.9 8.6 X 1077
BP_2 Morphogenesis 92 7.8 5.6 X 10°¢
MF_1 Transcription regulator activity 177 15 1.1 x 1073
MF_2 lon transporter activity 81 6.9 23 x10°°
BP_2 Cell differentiation 70 5.9 43 x 10°°
BP_2 System development 80 6.8 4.5%x10°°
MF_2 Protein binding 408 34.5 53 x10°°
MF_2 Transcription factor activity 142 12 1.5x 104
MF_2 Receptor binding 57 4.8 1.7 x 10~
MF_2 GTPase regulator activity 52 4.4 2.1 x10°*
BP_2 Organismal physiological process 109 9.2 29 x10°*
MF_1 Enzyme regulator activity 75 6.3 6.8 X 10°*
BP_1 Regulation of biological process 331 28 1.0 x 1073
BP_2 Positive regulation of biological process 66 5.6 1.7 x 1073
BP_2 Cell adhesion 54 4.6 1.8 x 103
MF_2 lon binding 295 25 1.8 x 103
BP_2 Regulation of physiological process 305 25.8 33x10°3
BP_2 Regulation of cellular process 311 26.3 3.7 x 1073
MF_2 Lipid binding 39 3.3 3.7 x1073

Enriched terms are shown from the first two levels of the biological process (BP) and molecular function (MF) GO ontologies.

the amphioxus genome project, which found striking four-
fold synteny conservation between the amphioxus and verte-
brate genomes (Putnam et al. 2008). Together, these results seem

A

Genome X JAJ{B}~{C}{0]
Genome Y €] ]

B
Genome X A-B A-C A-D B-C B-D C-D E-F G-H

GenomeY B-D B-A D-A F-E F-G F-C F-H E-H E-C E-G G-H G-C C-H

C

shared gene pairs / minimum total gene pairs = shared synteny proportion
=5/8=0.625
-In(0.625) = 0.470 = syntenic distance

Figure 3. Estimating the amount of synteny conservation between two
genomes. This figure illustrates the method we use to calculate the “syn-
tenic distance” between pairs of genomes. (4) Two genomes, X and Y,
share eight orthologous genes, present on three genome fragments in
the genome X, and two in genome Y. (B) These orthologous genes can be
decomposed into proximate gene pairs (see Methods and Fig. 1). (O
From these gene pairs, we can calculate the shared synteny proportion
and convert this proportion into a time-linear distance measure by taking
the negative natural logarithm. This is a highly simplified case—for analy-
ses of real genomes, genome fragments are required to have at least 10
genes.

to confirm the emerging consensus in support of the 2R WGD
hypothesis.

Syntenic genes maintained in duplicate after WGD are
enriched for specific functional classes

Other reports have indicated that genes retained in duplicate
after WGD events often show enrichment for particular func-
tional classes. To test whether the syntenic gene segments that
are maintained in duplicate after WGD events show similar func-
tional biases, we used Gene Ontology (GO) term enrichment to
compare two sets of human genes—those that show syntenic
conservation with amphioxus, and those genes that show dupli-
cate in-genome synteny that was likely to have been created by
the early vertebrate WGD events (Methods). The genes in the
amphioxus-human syntenic pairs tend to function in metabo-
lism and cellular physiological processes, while the anciently du-
plicated in-genome human syntenic genes are enriched for a va-
riety of terms related to development, morphogenesis, transcrip-
tion factor activity, signaling, and regulation (Table 2),
indicating that different evolutionary forces may be selecting for
synteny conservation and duplicate retention. Previous studies
in Arabidopsis and within several vertebrate genomes have simi-
larly observed that genes retained after WGD are enriched for
signaling, transcription regulation, and development, indicating
that this may be a general consequence of WGD events in plants
and animals (Blanc and Wolfe 2004; Maere et al. 2005; Blomme
et al. 2006; Brunet et al. 2006).
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number of gene pairs which could be
shared if the genomes were ideally ar-
ranged (Fig. 3). Because both of these
values are reduced by genome fragmen-
tation and gene family loss, in general
this syntenic pair measure is largely in-
dependent of genome assembly quality.
Additional data filters are employed to
help correct for structural differences in
the genomes (Methods).

To show that our metric of synteny
conservation is indeed robust to genome
fragmentation we simulated increasing
fragmentation of the human genome,
and measured the amount of synteny
conservation with the amphioxus, fugu,
or chicken genomes (Fig. 4A). In each
simulation the increasing fragmentation
of the human genome is quantified by
measuring the artificial assembly’s
“G50” value—the gene number such
that 50% of the assembled genome lies
in scaffolds containing at least G50
genes. The measured conserved synteny
values are highly consistent down to
G50 values ~10-20, after which the vari-
ability increases slightly. In general, this
indicates that our measures should be
robust for our genomes of interest—the amphioxus genome as-
sembly has a G50 value of 90, and the fugu and anemone assem-
blies both have G50 values of 52. Estimates within the sea urchin
lineage should be regarded with the most suspicion since the
current sea urchin genome assembly has a G50 value of only
three. However, even at this level of fragmentation, our simu-
lated estimates are reasonably reliable.

Synteny conservation was measured between all pairwise
combinations of sea anemone, sea urchin, amphioxus, human,
mouse, chicken, fugu, and zebrafish. This species set was chosen
to provide representative species on both sides of the 2R WGD
events, while maintaining a set of species where all shared some
clear aspects of synteny conservation. Each measure is boot-
strapped giving both a 95% confidence estimate on the measure
and showing that the measures are robust to significant incom-
pleteness in the genomes (Supplemental Table S1; Methods). Not
surprisingly, these measures show an exponential trend when
plotted against evolutionary divergence time (Fig. 4B). Over in-
creasing evolutionary distances, the number of remaining syn-
tenic pairs decreases, and therefore the probability that a new
rearrangement event disrupts an existing syntenic pair also de-
creases, creating an exponential decay process. As such, we con-
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Rates of synteny loss throughout vertebrates and their ancestors. (A) Estimates of con-
served synteny are robust to genome fragmentation. The human genome was artificially fragmented
into scaffolds of random lengths according to a Pareto distribution where k satisfies the equation,
scaffold size = 1/U"’%, and U is a random number between 0 and 1. These fragmented human genomes
were then compared to amphioxus (Bf), chicken (Gg), or zebrafish (Dr). As k increases, the G50 size of
the fragmented human genome decreases (dashed lines), but the syntenic shared pair metric remains
relatively consistent (solid lines). G50 is the gene number such that 50% of the assembled genome lies
in scaffolds containing at least G50 genes. (B) Conserved synteny was measured between all pairwise
combinations of human, fugu, zebrafish, chicken, mouse, amphioxus, sea urchin, and sea anemone
and then plotted relative to the divergence age of the comparison. The values are well fit by an
exponential curve. (C) Syntenic distances were apportioned to the known species tree and then divided
by the estimated evolutionary time in each branch to obtain rates of synteny loss. Internal nodes are
labeled n1-n6. The highest rates of loss are observed in the period after the vertebrate divergence from
amphioxus but before the early vertebrate WGD events (n2-2R WGD), and in the terminal zebrafish
lineage (n6-Dr). Species abbreviations are human (Hs), mouse (Mm), chicken (Gg), fugu (Tr), zebrafish
(Dr), amphioxus (Bf), sea urchin (Sp), sea anemone (Nv).

verted our shared pairs proportions to a linear measure of
“syntenic distance” by taking the negative natural logarithm.
The largest syntenic distance among these organisms was ob-
served between sea anemone and zebrafish: 4.976 (4.735-5.330).
Using randomly shuffled sea anemone and zebrafish genomes,
syntenic distances always exceeded 6.368 (from 50 iterations),
indicating that even in our most extreme comparison the
amount of conserved synteny is well above that expected by
chance (P=3.2 X 10731),

These syntenic distance measures can then be fit onto the
known species tree using an additive tree model, and converted
to synteny loss rates by dividing by the evolutionary time in each
branch (Table 3; Fig. 4C). Because the tree model used to estimate
the branch-based estimates of synteny loss could produce skewed
results if individual organisms have erroneous data, such as bad
gene orthology mapping or inconsistent estimates of divergence
age, we tested the robustness of our estimates by eliminating
each organism from our data, one at a time, and recalculating
synteny loss for every branch possible (i.e., a leave-one-out analy-
sis). Estimated branch lengths do appear to be robust; the range
of values received is reported in Table 3. To estimate synteny loss
rates around the early vertebrate WGD events, we reconstructed

Genome Research 5
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on May 26, 2026 . Published by Cold Spring Harbor Laboratory Press

Hufton et al.

Table 3. Estimates of genomic rearrangement in vertebrates and their ancestors
Previously published estimates
International Chicken
Evolutionary time Syntenic Genome Sequencing
Branch (million years) distance Synteny loss rate Burt et al. 1999 Consortium 2004 Semon and Wolfe 2007
Nv-n1 1700 (1555-1845) 2.41 0.142 (0.142-0.143)
Sp—n1 896 (832-1022) 1.67 0.187 (0.184-0.192)
n1-n2 5(0-131) 0.00 0 (0-0)
Bf-n2 891 (810-1067) 1.45 0.163 (0.158-0.169)
n2-n3 415 (334-591) 1.58 0.380 (0.367-0.392)
Gg-n4 326 (311-354) 0.04 0.011 (0.008-0.014) <0.09° 0.11 0.046
n4-n5 206 (191-234) 0.20 0.095 (0.094-0.100) <0.09° 0.23 0.059
Hs-n5 120 (100-140) 0.06 0.048 (0.034-0.049) 0.48 0.07 0.022
Mm-n5 120 (100-140) 0.09 0.078 (0.077-0.092) 0.95 0.18 0.078
n3-n4 150 (116-168) 0.38 0.251 (0.203-0.284) 0.096°
n3-né 253 (219-271) 0.30 0.117 (0.106-0.126) 0.096*
Tr-n6 223 (181-265) 0.62 0.277 (0.273-0.280) 0.083
Dr-n6 223 (181-265) 0.79 0.354 (0.351-0.358) 0.181
n2-2R WGD 239 (149-286) 1.46 0.611 (0.486-0.808)
2R WGD-n3 176 (129-266) 0.12 0.066 (0-0.235)

Branches are from the species tree shown in Figure 4. Species abbreviations: (Hs) human, (Mm) mouse, (Gg) chicken, (Tr) fugu , (Dr) zebrafish, (Bf)
amphioxus, (Sp) sea urchin, and (Nv) sea anemone . The intervals reported with the synteny loss rates represent that range of values observed for each
branch in our leave-one-out analysis. Around the 2R WGD events, synteny loss rate intervals are derived from the resampling-based 95% confidence
intervals on the syntenic distance between amphioxus and the 2R WGD events. Previously published estimates were renormalized by the evolutionary

divergence ages in column 2 for consistency.

“Authors lacked an outgroup, so rates are an average across both branches.

a set of syntenic gene pairs that were likely to have existed in the
pre-2R ancestral genome, and used this information to measure
the syntenic distance between amphioxus and the 2R WGD
events (Methods). We then reallocated the synteny loss in
branch n2-n3 before and after the 2R events (Table 3; Fig. 4C).

Despite the simplicity of our method, we find that our syn-
teny loss rates are generally consistent with published rearrange-
ment rate estimates generated from more complicated models,
indicating that gene pair-based synteny loss is a reasonable esti-
mator of genomic rearrangement rates (Table 3). We agree with
previous reports that mice have experienced more synteny loss
than humans or chicks in their terminal lineages (Burt et al.
1999; International Chicken Genome Sequencing Consortium
2004), and that the rate of rearrangement between the tetrapod
radiation and the mammalian radiation (nodes n4-n5) exceeded
that in the human and chick lineages. Moreover, our estimates
agree with Semon and Wolfe (2007) that fish have experienced
more synteny loss in their terminal branches than tetrapods.

In the tested invertebrate lineages—amphioxus, sea urchin,
and sea anemone—we find that all three have experienced a
similar moderate rate of synteny loss (Fig. 4C). Interestingly, our
estimates indicate that urchin has nearly as much conserved syn-
teny with vertebrates as amphioxus, something which has not
been previously appreciated in the literature, perhaps because of
the extreme fragmentation of the current urchin genome assem-
bly. While it appears that amphioxus currently is the best single
source of invertebrate information about the early chordate ge-
nome, our data indicate that its genome structure is not particu-
larly strongly conserved, and therefore it cannot be assumed to
be uniquely representative of the ancestral chordate genome.

Intriguingly, the vertebrate 2R WGD were followed by a pe-
riod of relatively low synteny loss (0.07, Fig. 4C). In fact, we
estimate that the rate of synteny loss preceding the 2R WGD
events was more than eight times higher than the rate afterward.
Indeed, the pre-2R WGD period had the highest synteny loss rate
observed in our analysis (0.61, Fig. 4C). Some of this synteny loss

will have occurred between the two WGD events; however, this
period is believed to have been relatively brief, and as such is
unlikely to fully account for the observed synteny loss spike (Gib-
son and Spring 2000; Furlong and Holland 2002; Vandepoele et
al. 2004). Overall, these results indicate that the 2R WGD events
did not increase the rate synteny loss, and may have occurred
during a preexisting period of intense genome rearrangement.

We measure relatively low rates of synteny loss around the
teleost WGD (0.12, Fig. 4C). While this result seems to disagree
with Semon and Wolfe (2007), these authors lacked a suitable
invertebrate outgroup, and as such could not separate the rates of
rearrangement in the early tetrapod lineage (n3-n4) from those
in the early fish lineage (n3-n6). Our estimates show that the rate
of synteny loss in the early tetrapod lineage was more than twice
as high as the rate in the early fish lineage (0.25 vs. 0.12). With
this new information, it appears that the rearrangement rate
around the teleost WGD event was lower than in most neigh-
boring branches. In an attempt to determine the synteny loss rate
before and after the teleost WGD event, we employed the same
method of ancestral reconstruction used for the 2R WGD events
(Methods). Unfortunately, the error in our estimates exceeded
the total amount of syntenic loss within this branch. While we
note that the synteny loss appears higher after the teleost WGD,
the large overlapping confidence intervals on these estimates
make it impossible to draw any reliable conclusions (n3-WGD
synteny loss = 0.06, 95% confidence = 0-0.15; WGD-n6 synteny
loss = 0.38, 95% confidence = 0-0.71).

Discussion

Our data indicate that the early vertebrate whole genome dupli-
cation events (2R WGD) did not spark an increase in genomic
rearrangement, but were in fact preceded by intense genome re-
arrangement. These findings contrast with previous studies in
plant polyploids (Song et al. 1995; Pontes et al. 2004), indicating
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that there is not a simple cause-and-effect relationship between
WGD events and genome rearrangement. In fact, in vertebrates
the opposite may be true: WGD events may be symptoms of
existing genome instability.

Naturally, these conclusions are based on our assumptions
regarding the existence and timing of the 2R WGD events. A
body of evidence from multiple genomes now seems to provide
compelling evidence in support of the existence of the 2R WGD
events (McLysaght et al. 2002; Panopoulou et al. 2003; Vande-
poele et al. 2004; Dehal and Boore 2005; Putnam et al. 2008). We
have assumed that these events were relatively closely spaced and
centered on the divergence of the lamprey/hagfish lineage from
jaw-vertebrates, as indicated by the most recent published re-
ports (Nakatani et al. 2007; Putnam et al. 2008). Assuming an
older age, closer to the cephalochordate divergence, merely ex-
aggerates our conclusions, creating a more intense rearrange-
ment spike prior to the WGD events. In the other direction, if we
move the 2R WGD events as recent as the divergence of carti-
laginous fish (525 million years ago)—a conservative lower
bound for their age—there is still more rearrangement prior to
the 2R WGD than after (0.40 vs. 0.24). While information from
additional chordate genomes will continue to refine these con-
clusions, it appears quite clear that there was not an increase in
synteny loss after the 2R WGD events.

The early vertebrate diversification appears to have been a
hot spot of genome structural change. In addition to the two
WGD events and the intense prior genome rearrangement, cur-
rent evidence suggests that the lamprey and hagfish genomes,
which diverged from jawed vertebrates around the time of the 2R
WGD, may have undergone additional WGD events (Fried et al.
2003; Stadler et al. 2004). This indicates that these lineages may
have also possessed a preposition toward structural genome
change. From this data it is impossible to determine the cause of
this evolutionary hot spot. However, because this time period
coincides with an amazing phylogenetic diversification, it is
tempting to speculate that there may have been selective pres-
sures favoring structural genome change, possibly as a way of
creating functional diversity or sparking speciation. Nonetheless,
it is also possible that evolutionarily neutral processes, such as
environmental changes or genetic mutations, led to a general
increase in genomic instability. Future research will be needed to
resolve these issues, and genome sequence from organisms closer
to the WGD events, such as lamprey and hagfish, could provide
new insights.

Our estimates of the genomic rearrangement rates around
the teleost WGD event are somewhat less clear. A previous report
indicated an increased rate of synteny loss in the early tetrapod
and fish lineages (n3-n4 + n3-n6) (Semon and Wolfe 2007). By
including invertebrate genomes in our analysis, we are able to
divide the synteny loss in these branches, revealing that this
increased rate is due to intense rearrangement in the early tetra-
pod lineage. Hence, the teleost WGD event appears to have oc-
curred during a period of relatively low genome rearrangement
(Fig. 4C). Nonetheless, we were unable to reliably determine the
synteny loss rate before and after the teleost WGD event, so it
remains possible that synteny loss did increase after the teleost
WGD event. However, Nakatani et al. (2007) observed that the
teleost WGD event was preceded by a period of intense chromo-
some fusions, possibly suggesting that the teleost WGD event
also followed on the heels of prior genome instability.

In addition to the polyploidy events observed in plants,
WGD has been associated with genome rearrangement in an-

other setting—cancer oncogenesis (for review, see Ganem et al.
2007). Genome instability, characterized by frequent aneuploidy
and genome rearrangement, is a common feature of cancerous
cells and is believed to play a key role in creating oncogenic
genetic changes. Studies have associated tetraploidy with early-
stage cancer; however, these abnormal tetraploidy events are
generally associated with dysfunction in genes like TP53 (also
known as p53) and RBI (also known as Rb), key regulators of
genomic integrity (Galipeau et al. 1996; Olaharski et al. 2006).
Indeed, within p53-null cells, artificially induced genome dupli-
cation can trigger genome instability and oncogenesis (Fujiwara
et al. 2005). Hence, while tetraploidy can play a role in oncogen-
esis, it generally appears to first require changes in the genes that
regulate genome stability. In support of this notion, many nor-
mal differentiating human cells undergo endoreplication—DNA
replication without cell division—showing that polyploidy does
not induce genome instability in normal cellular contexts (Ravid
et al. 2002). While cancer oncogenesis and phylogenetic diversi-
fication occur over very different time scales, we may see a gen-
eral theme emerging—WGD events alone are not sufficient to
trigger genome instability or rearrangement, but instead often
appear to associate with prior events that decrease overall ge-
nome stability.

Methods

Common names are used for the following organisms: human
(Homo sapiens), mouse (Mus musculus), chicken (Gallus gallus),
zebrafish (Danio rerio), fugu (Takifugu rubripes), amphioxus (Bran-
chiostoma floridae), sea urchin (Strongylocentrotus purpuratus), sea
anemone (Nematostella vectensis), sea squirt (Ciona intestinalis).

Orthology detection

Gene lists and genomic locations were extracted from Ensembl
release 42 for all the vertebrate organisms, JGI v1.0 for amphi-
oxus (B. floridae) and anemone (N. vectensis), and Spur v2.1 with
Gnomon gene predictions for sea urchin (S. purpuratus). Orthol-
ogy was assigned using the BLAST-based method Inparanoid,
which creates groups of genes between two species that are likely
to be related to a single gene in their common ancestor (Remm et
al. 2001).

Identifying syntenic gene pairs

When searching for syntenic gene pairs between two genomes,
we first grouped genes into orthologous families and then iden-
tified cases where genes from a pair of gene families (a “family
combination”) were observed in close proximity in more than
one location (Fig. 1). Genes were defined to be in close proximity
if they had no more than 10 intervening genes. When defining
the intervening genes between potential syntenic gene pairs,
only protein-coding genes were counted, and genes were treated
as one-dimensional objects located at the genes’ predicted start
sites. Family combinations which have proximate gene pairs in
more than one location, either across the two genomes of interest
or within a single genome, are assumed to have evidence of syn-
tenic conservation. Family combinations that only have in-
genome synteny are required to have gene pairs on at least two
chromosomes, helping to remove groups created by recent local
duplication.

Synteny groups were created by exhaustively merging all
syntenic family combinations that had gene pairs which shared
a gene. Family combinations with in-genome synteny within the
target-genome and/or cross-genome synteny with the reference-
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genome were used. For these analyses we eliminated all verte-
brate gene families with 95 or more genes, to prevent these gene
families from forming spurious linkages. This threshold elimi-
nated only two classes of genes: olfactory receptor genes, which
have seen dramatic expansion in tetrapods, and zebrafish LINE
transposable elements.

When compared to our 2003 results, we found that cross-
genome amphioxus-human synteny reveals a set of syntenic re-
gions, which are largely different from the syntenic regions we
previously identified by human in-genome synteny (Panopoulou
et al. 2003). Hence, by combining both sources of information
we greatly improve our ability to detect conserved synteny. In
the present analysis, in-genome human synteny defines syntenic
segments that cover 652.8 Mb of the human genome, while am-
phioxus-human synteny defines segments that cover 496.7 Mb
(Supplemental Fig. S1). These two sets overlap by only 62.1 Mb,
defined by 84 syntenic segments containing 44 different family
combinations. Supplemental Figure S2 shows a Cohen-Friendly
association plot summarizing the synteny association between
human chromosomes and amphioxus scaffolds (Cohen 1980;
Friendly 1992).

Gene Ontology analysis

The DAVID Bioinformatics Resource 2007 was used to look for
enriched GO terms in different classes of human genes with an-
cient synteny (Table 2) (Dennis et al. 2003). The human-
amphioxus gene list includes all human genes contained within
proximate gene pairs present in both the human and amphioxus
genomes. The human ancient in-genome syntenic gene list in-
cludes all human genes contained within in-genome syntenic
pairs where phylogeny-based evidence indicates that duplication
happened prior to the fish-tetrapod divergence (described in
more detail in the last Methods section). The background popu-
lation was the union of both gene lists—representing the set of
all human genes for which we have evidence of ancient syntenic
conservation. P-values reported are multiple-test corrected ac-
cording to the Benjamini-Hochberg method implemented in
DAVID. We report all enriched terms from levels 1 and 2 of the
molecular function and biological process ontologies with cor-
rected P-values < 0.01.

Measuring rates of synteny loss

Cross-genome syntenic family combinations between each pair
of genomes were identified as previously described, with two
additional filters that help correct for structural biases in the
genomes. First, gene duplications can mask rearrangement
events, creating biased estimates of synteny, especially when
measuring across WGD events. Therefore, orthology groups are
required to have only a single gene within vertebrate genomes.
We do not similarly filter orthology groups in amphioxus, and
other invertebrates, since these organisms’ current genome
builds contain mixtures of haplotypes, which create the appear-
ance of far more gene duplicates than truly exist. Genuine gene
duplication in these invertebrate lineages may mask some rear-
rangement, so we consider our calculated rates of synteny loss in
these lineages to be minimum estimates. Second, highly frag-
mented genome assemblies may contain a disproportionately
high number of gene pairs that are immediately adjacent, and
these adjacent pairs are more likely to be conserved through evo-
lution than pairs with several intervening genes. Hence, we ex-
clude all chromosomes or scaffolds with less than 10 genes prior
to synteny calculations.

To calculate synteny conservation, we count the number of
family combinations with proximate genes in at least one loca-

tion in each genome (total proximate family combinations), and
then count the number of family combinations with proximate
genes in both genomes (shared family combinations). The shared
synteny proportion is calculated as the number of “shared family
combinations” divided by the smaller of the “total proximate
family combinations” from the two genomes. Each measure is
bootstrapped giving both a 95% confidence estimate on the mea-
sure and showing that the measures are robust to significant
incompleteness in the genomes (Supplemental Table S1). In each
iteration, 50% of the family combinations in the smaller genome
are removed randomly, and a new proportion is calculated. Con-
fidence intervals shown are each based on 1000 iterations.

The shared synteny proportion is the product of an expo-
nential decay process which can be described by the following
formula, where N, is the observed number of shared family com-
binations, N, is the maximum number that could be shared, A is
the rate of synteny loss, and t is the evolutionary divergence
time.

N,/Ny=e M

Hence, we can calculate a time linear “syntenic distance”
(\f), by taking the negative natural logarithm of our syntenic
shared pair values.

These syntenic distance measures are then used to calculate
the amount of synteny loss on each branch of the species tree
using the least-squares-based Fitch-Margoliash method imple-
mented by PHYLIP (Fitch and Margoliash 1967; Retief 2000). This
method has the advantage of not relying on ancestral reconstruc-
tions at each node and has a long history of use in distance-based
phylogenetics. Branch estimates of synteny loss can then be con-
verted to synteny loss rates (\) by dividing by the amount of
evolutionary time in each branch. All synteny loss rates pre-
sented in the paper have been multiplied by 100, to improve
readability. Divergence times were based on the best nuclear gene
estimates in the current literature (Hedges et al. 2004; Blair and
Hedges 2005; Blair et al. 2005; Hurley et al. 2007). The 2R WGD
events were assumed to be centered on the divergence of the
lamprey lineage from jaw-vertebrates (652 million years ago), as
indicated in other reports (Nakatani et al. 2007; Putnam et al.
2008). C. intestinalis was not included in our tree-based rate es-
timates because of concerns about the exact placement of tuni-
cates on the species tree (addressed in Putnam et al. 2008); how-
ever, its genome is clearly exceptionally rearranged, confirming
previous observations (Ikuta et al. 2004). When compared to am-
phioxus it has a syntenic distance of 4.83, exceeding the syntenic
distance measured between amphioxus and anemone, despite
the fact that their divergence is many hundreds of millions of
years older.

Synteny conservation was measured between all pairwise
combinations of sea anemone, sea urchin, amphioxus, human,
mouse, chicken, fugu, and zebrafish. This species set was chosen
to provide representatives on both sides of the 2R WGD events,
which also satisfied two simple criteria: (1) The species must have
publicly available genome sequence, and (2) the species must
show aspects of clear synteny conservation with vertebrates. In
phyla, where the amount of conserved synteny approaches the
amount expected by chance, our syntenic distance metric begins
to saturate, leading to increasingly large 95% confidence inter-
vals. This concern led us to specifically exclude from our analysis
nematodes, insects, and tunicates.

All of the syntenic distance estimates presented here defined
gene proximity using the 10-gene interval shown to be appropri-
ate in our previous work (Panopoulou et al. 2003); however, syn-
teny loss calculations using intervals of five and 15 genes pro-
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duced highly similar results (data not shown). In both cases the
estimated branch lengths had a Pearson correlation exceeding
0.99 when compared to the 10-gene interval values reported
here.

We verified the robustness of our branch estimates with a
leave-one-out analysis (see Results and Table 3); however, some
concern was raised that this analysis might be skewed by the
greater number of vertebrates relative to invertebrates. In re-
sponse to this concern, we made a series of phylogenetically bal-
anced trees that included the three available invertebrates and a
selection of three vertebrate genomes. For these vertebrate ge-
nomes, we tested all combinations that (1) included at least one
tetrapod and one fish and (2) did not include both humans and
mice, since these genomes are quite closely related (seven total
possibilities). Among these trees, synteny loss rates varied from
0.366 to 0.392 for branch n2-n3, 0.159 to 0.166 for Bf-n2, 0.182
t0 0.191 for Sp—n1, and 0.142 to 0.143 for Nv-n1. These intervals
are highly similar to those already reported in Table 3 for the
leave-one-out analysis, and exactly the same for the sea anemone
lineage (0.367-0.392, 0.158-0.169, 0.184-0.192, 0.142-0.143, re-
spectively). These values indicate that the branch estimates are
not skewed by organism distribution, and validate the leave-one-
out analysis.

Measuring syntenic distance between amphioxus
and the 2R WGD events

To identify a set of syntenic gene pairs that were present in the
vertebrate genome during the 2R WGD events, we began by iden-
tifying family combinations in human, fugu, or zebrafish that
have conserved in-genome synteny, i.e., proximate gene pairs
have been preserved in multiple places in the same genome. We
then built maximum likelihood phylogenetic trees for all the
gene families in these family combinations, using the amphioxus
orthologs to root the trees (Schmidt et al. 2002; Frickey and Lupas
2004), and subsequently selected family combinations where the
genes within the in-genome gene pairs were generated by dupli-
cation prior to the tetrapod-teleost split, and declared these an-
cient vertebrate pairs. If we assume that the majority of gene
duplication occurring prior to the tetrapod-teleost split was gen-
erated by the vertebrate 2R WGD events—an assumption sup-
ported by our synteny group analysis (Fig. 2)—then we can infer
that the majority of these ancient vertebrate gene pairs will have
been present in the vertebrate genome during 2R WGD events.
This process identifies 419 family combinations in the human
genome, 113 in fugu, and 70 in zebrafish. Together, this makes
513 qualifying ancient vertebrate pairs, of which only 28 are
conserved in amphioxus. The syntenic distance between the am-
phioxus genome and these pre-2R ancient pairs was estimated to
be 2.91 (2.17-3.38).

This syntenic distance is based on a relatively small set of
inferred syntenic family combinations, and naturally we were
wary that such sets may not produce accurate estimates of syn-
tenic distance. To assure that this type of comparison is valid, we
also tested ancestral sets that were inferred to be present at the
tetrapod-teleost divergence (node n3), and at the zebrafish—fugu
divergence (node n6), and then compared these estimates to the
values generated from our previous whole genome comparisons.
For the tetrapod-teleost divergence we selected the family com-
binations common to the human genome and at least one fish
genome, a set of 9161 pairs, and compared this set to the am-
phioxus genome, measuring a syntenic distance of 2.96 (2.88-
3.06), close to the distance of 3.02 estimated by our additive tree
model (Table 3, Bf-n2 + n2-n3). To obtain a set of ancestral fam-
ily combinations of similar size to our 2R WGD set, we randomly

selected sets of 500 family combinations from these 9161 tetra-
pod-teleost pairs. In 100 trails, the mean syntenic distance was
2.98, and the estimated 95% confidence intervals contained 3.02
exactly 95% of the time. Similar results were obtained from the
ancestral set inferred to exist at the divergence of zebrafish and
fugu. For 100 trails of 500 random family combinations, the
mean distance to amphioxus was 3.48, and the confidence in-
tervals contained the previous estimate of 3.32 (Table 3,
Bf-n2 + n2-n3 + n3-n6) in 91% of the cases. Hence, syntenic dis-
tances calculated from ancestral sets are reliable, and the confi-
dence intervals appear to generally account for the increase in
uncertainty.

We used similar ancestral reconstruction to try to subdivide
the synteny loss before and after the teleost-specific WGD event.
The human, fugu, zebrafish, and amphioxus phylogenetic trees
were used to identify syntenic gene pairs that duplicated prior to
the teleost divergence (n6), but after the tetrapod-fish divergence
(n3). This analysis identified 135 family combinations that were
likely to be present immediately prior to the teleost WGD event.
The syntenic distance between these pairs and the human ge-
nome is 0.75 (0.59-0.93). The 95% confidence interval for this
measure is narrower than the interval calculated for the 2R WGD
reconstruction (0.34 vs. 1.21), but nonetheless, because the total
amount of synteny loss around the teleost WGD event is so low
(Table 3, n3-n6 = 0.30), the confidence intervals for the resulting
synteny loss rates before and after the teleost WGD event are
large and overlapping (n3-WGD, synteny loss rate = 0.06, 95%
confidence = 0-0.15; WGD-n6, synteny loss rate = 0.38, 95%
confidence = 0-0.71). Hence, the relatively low amount of syn-
teny loss in this branch prevents us from determining the syn-
teny loss before and after the teleost WGD with any reliability.
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