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The significance of whole-genome duplications (WGD) for vertebrate evolution remains controversial, in part because the
mechanisms by which WGD contributed to functional evolution or speciation are still incompletely characterized. Fish
genomes provide an ideal context in which to examine the consequences of WGD, because the teleost lineage experienced
an additional WGD soon after divergence from tetrapods and because five teleost genomes are available for comparative
analysis. Here we present an integrated approach to characterize these post-duplication genomes based on genome-scale
synteny, phylogenetic, temporal, and spatial gene expression and on protein sequence data. A minimum of 3%-4% of
protein-coding loci have been retained in two copies in each of the five fish genomes, and many of these duplicates are key
developmental genes that function as transcription factors or signaling molecules. Almost all duplicate gene pairs we
examined have diverged in spatial and/or temporal expression during embryogenesis. A quarter of duplicate pairs have
diverged in function via the acquisition of novel protein domains or via changes in the subcellular localization of their
encoded proteins. We compared the spatial expression and protein domain architecture of zebrafish WGD-duplicates to
those of their single mouse ortholog and found many examples supporting a model of neofunctionalization. WGD-
duplicates have acquired novel protein domains more often than have single-copy genes. Post-WGD changes at the gene
regulatory level were more common than changes at the protein level. We conclude that the most significant consequence
of WGD for vertebrate evolution has been to enable more-specialized regulatory control of development via the ac-
quisition of novel spatiotemporal expression domains. We find limited evidence that reciprocal gene loss led to re-
productive isolation and speciation in this lineage.

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

The availability of an ever-increasing number of complete genome
sequences has fuelled research into the evolution and function of
genomes as a whole. Eukaryotic genomes have been modified over
the course of evolution not only by single gene duplications
(Ohno 1970; Lynch 2002) but also by several rounds of whole-
genome duplication (WGD) (Jaillon et al. 2004; Dehal and Boore
2005), which were typically followed by extensive gene loss. These
WGD events would thus have had significant effects on gene
regulatory control and protein—protein interactions. Nonetheless,
WGD are comparatively common and have been described in
plants (Vandepoele et al. 2002), yeast (Kellis et al. 2004), the an-
cestor of vertebrates (Dehal and Boore 2005), teleost fishes (Jaillon
et al. 2004; Le Comber and Smith 2004), and the frog Xenopus
laevis (Sémon and Wolfe 2008). Furthermore, polyploidy can be
artificially induced by heat shock in rainbow trout and common
carp, and triploid fish are commonly generated in aquaculture to
achieve sterility and thus avoid interbreeding with native fish
stocks (Le Comber and Smith 2004). The fact that ploidy levels can
be so easily manipulated in teleost fishes and that several rounds
of WGD and subsequent gene loss have occurred in vertebrate
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evolution challenges our experience that knocking-down or al-
tering individual genes can suffice to disrupt normal vertebrate
development and function.

Studying the function of post-duplication genomes can thus
contribute to our understanding of how genomes evolve as a
whole, which components are amenable to change, and by which
mechanisms new functions or regulatory control evolve (e.g.,
Woolfe and Elgar 2007). In terms of biodiversity, loss of alternative
copies of a duplicated locus has been suggested to promote within-
population mating and to lead to reproductive isolation between
populations. Speciation dynamics and gene loss patterns in
polyploid yeast, for example, provide strong support for the “di-
vergent resolution” hypothesis of speciation (Wong et al. 2002;
Scannell et al. 2006). There is some evidence that reciprocal gene
loss after WGD could have also contributed to the radiation of tel-
eost fishes (Sémon and Wolfe 2007). These fishes experienced a
WGD event during their early evolution, some 305-450 million
years (Myr) ago (Amores et al. 1998; Christoffels et al. 2004; Hoegg
et al. 2004; Vandepoele et al. 2004). Today, teleost fishes constitute
the most speciose vertebrate lineage, with over 22,000 extant spe-
cies (Taylor et al. 2003). The last WGD event has thus often been
implicated as a driver for the radiation and diversification of this
lineage (Amores et al. 1998; Meyer and Schartl 1999), although
others have questioned the significance of this WGD for generating
species diversity (e.g., Robinson-Rechavi et al. 2001).
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The teleost-specific WGD offers great potential for under-
standing the evolution of this lineage as well as for understanding
vertebrate genome evolution and function more generally. How-
ever, to date there have been no systematic, genome-scale studies
investigating which genes have been retained in duplicate in dif-
ferent teleost lineages. Evolutionary theory predicts that most
gene duplicates would rapidly become nonfunctional and lost
(Force et al. 1999). For example, gene retention after WGD in the
pufferfishes Tetraodon nigroviridis and Takifugu rubripes may be as
low as 1%-5% (Aparicio et al. 2002; Jaillon et al. 2004), although
there has been debate regarding these estimates (Brunet et al.
2006). Analysis of individual gene families in the zebrafish Danio
rerio suggested that up to 20% of gene duplicates may have been
retained from the last teleost-specific WGD event (Postlethwait
et al. 2000, 2004; Woods et al. 2005). Previous studies have not
been able to determine the proportion of retained duplicate genes,
because these studies either were limited in the number of families
investigated or did not distinguish between gene duplicates de-
rived by WGD and those derived by gene-specific duplication
events thereafter. Nevertheless, vertebrate genomes have been
shown to contain a large number of anciently duplicated genes,
many of which are expected to have originated by WGD (Blomme
et al. 2006; Brunet et al. 2006).

In this study, we performed comparative genome analyses,
including gene order (synteny) and phylogenetic analyses, in
D. rerio, T. rubripes, T. nigroviridis, medaka (Oryzias latipes), and
stickleback (Gasterosteus aculeatus) to identify gene duplicates re-
tained from the last, teleost-specific WGD. We show that a mini-
mum of 3%—-4% of protein-coding genes have been retained in
duplicate in each of the five fishes. Almost all D. rerio duplicate
gene pairs examined here differed in spatiotemporal expression
during embryogenesis, suggesting significant changes in gene
regulatory control after WGD. The observed expression data
support a model of neofunctionalization (Lynch et al. 2001),
with many duplicates having acquired novel expression domains
after duplication, although the signatures indicative of neofunc-
tionalization are also easier to detect than those of other evolu-
tionary fates, such as subfunctionalization. A quarter of duplicate
pairs encode proteins with different protein domain architec-

ture and/or subcellular localization, suggesting functional differ-
ences between their protein products. Our assessment of changes
in regulatory control versus changes in protein sequence indi-
cates that WGD primarily led to increased specialization of gene
regulatory control of development, although some functional
variation in coding sequence was observed. These data shed
new light on the impact of WGD on vertebrate genome evolution
and on how these post-duplication genomes have evolved new
functionalities.

Results

Identifying sister chromosome regions based on conserved
gene order

Paralogs derived from WGD are expected to be located in chro-
mosome regions of shared ancestry. To help identify such regions,
we first determined fish-human gene homology relationships by
exhaustive, “all-against-all,” sequence similarity searches, saving
all matches with an E-value <1 X 1073, assuming that true homo-
logs will have more-significant E-values (McLysaght et al. 2002;
Christoffels et al. 2004). Some 20,300 fish proteins had a match in
the human proteome using this threshold, while some 18,500
human proteins had a match in each of the five fish proteo-
mes (Table 1). Approximately 11,200 fish-human protein pairs
were reciprocal best hits in each of these comparisons (Table 1).
Fish-human and human-fish unidirectional and reciprocal
best hits were used to build the initial gene (positional) homology
matrices and to identify collinear regions in the genomes of fish
and human, followed by a search for additional homologs that
map to the identified syntenic regions (Fig. 1). Due to the lack of
a physical genomic map for T. rubripes, synteny analyses could not
be performed in this species. Approximately 9300 positional
homologs, namely, genes that share significant sequence similar-
ity as well as conserved gene order and chromosome location
across genomes, were identified per fish-human genome com-
parison (Table 1). Some 2100 human gene loci had positional
homologs in two fish genome regions, suggesting that these fish
loci are duplicate loci retained from WGD (Table 1). Synteny maps

Table 1. Comparative analyses of the genomes and proteomes of five teleost fishes

Sequence similarity Synteny Phylogenetic
search (SSEARCH) analyses analyses
Proteins in  Proteins
Protein-coding Fish-human Human-fish Reciprocal Retained all Ensembl in D. rerio Retained
genes best hits best hits best hits Anchor-points duplicates trees subtrees duplicates
Danio rerio 21,322 20,002 18,460 10,715 8038 1753 19,775 4842 1318
Oryzias latipes 20,131 17,975 18,462 11,265 9459 2128 18,711 5185 1436
Gasterosteus aculeatus 20,791 19,279 18,539 11,884 10,075 2274 19,223 4901 1669
Tetraodon nigroviridis 27,918 23,940 18,437 10,717 9455 2294 21,652 5116 1398
Takifugu rubripes 21,880 20,444 18,485 11,211 NA NA 20,702 5168 1525

Protein-coding gene sequences were taken from Ensembl v48. The number of unidirectional and reciprocal best hits were determined using the ex-
haustive Smith-Waterman algorithm implemented in the SSEARCH sequence alignment software (Pearson 1995). Only protein match pairs with E-values
<1 x 1073 are shown. Synteny analyses were performed between the human and four fish genomes using the i-ADHoRe software (Vandepoele et al.
2002; Simillion et al. 2004), with a minimum of three anchor points required to define a collinear genomic region. The number of human-fish homologs
that map to such collinear regions is shown. Where a single human genomic position had anchor points on two distinct fish chromosomes, the fish
homologs were retrieved as potential gene duplicates retained from the teleost-specific whole-genome duplication. Note that due to the lack of a physical
genomic map, synteny analyses could not be performed for T. rubripes. The last three columns describe the number of proteins represented in the 27,308
Ensembl protein family trees (v48) and in the D. rerio subtrees that were identified in this study. The number of retained duplicate predictions was based
on tree topologies consistent with an origin by WGD.

NA, Not available.
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Figure 1.

Computational analysis pipeline for the identification of gene duplicates retained from whole-genome duplication in five teleost fish

genomes. Synteny and phylogenetic analyses provide independent lines of evidence for origin by WGD. The level of support in the synteny and phy-
logenetic analyses was used to categorize WGD-duplicates. Duplicates of “high confidence” map to sister chromosome regions of shared ancestry and

have tree topologies consistent with an origin by WGD.

for each fish-human genome comparison illustrating the posi-
tional homologs identified in this study are available in Sup-
plemental Figure 1. The syntenic map between T. nigroviridis and
human corresponds largely with the one by Jaillon et al. (2004).

Protein family tree topologies consistent with origin by WGD

As a second line of evidence for origin by WGD, we used phylo-
genetic approaches and the protein family trees of Ensembl Com-
para v48. Given that D. rerio is the most basal fish taxon in our
comparisons (Metscher and Ahlberg 1999), we searched for
duplication nodes that predate the split between D. rerio and
the other fish taxa (Fig. 1). Approximately
20,000 proteins per fish species were repre-
sented in the Ensembl v48 protein families,

used in computational and experimental analyses to characterize
their present functions.

Presence of homologs in basal metazoan lineages and yeast

We expected that retained duplicates would be enriched for
“vertebrate innovations,” namely, genes that arose only in early
vertebrate evolution, and that such duplicates would underlie di-
versification in this lineage. To test this hypothesis, we looked for
homologs in basal metazoa and yeast. Of the 12,533 protein
families in fish, 754 contained a WGD-duplicate. Families con-
taining WGD-duplicates were significantly larger than the average

Table 2. Combined results from synteny and phylogenetic analyses

corresponding to ~89% of all protein-coding
genes in these taxa. Some 1500 gene pairs
in each of the five fish genomes showed
evidence for origin by WGD based on the

Gene pairs with Gene pairs with Total no. of gene

topology of the protein family tree (Table 1).
Combining the results from the synteny and
phylogenetic analyses, in each of the five
fish taxa, we identified some 680 duplicates,
corresponding to 3%-4% of protein-coding
loci, with strong support for origin by WGD

phylogenetic phylogenetic support pairs with
and synteny and synteny support strong support
support in related fish species for origin by WGD

Danio rerio 288 327 615
Oryzias latipes 469 203 672
Gasterosteus aculeatus 518 257 775
Tetraodon nigroviridis 422 228 650
Takifugu rubripes NA 702 702
Average 424 343 683

(Table 2; for the complete list, see Supple-
mental Table 1). Duplicates showing strong

support for origin by WGD in zebrafish were ~ NA, Not available.

Paralogs with support for origin by WGD in phylogenetic and synteny analyses were considered to
show strong support for origin by WGD.
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Table 3. Comparison of family sizes for all Ensembl protein families containing fish

sequences, with those containing a WGD-duplicate

along different teleost branches (Fig. 2). Given
the uncertainties regarding the existence

All fish-containing
Ensembl protein

Ensembl protein
families containing

of a monophyletic clade “Smegmamorpha”
(NCBI taxonomy vs. Metscher and Ahlberg

families WGD-duplicate predictions  1999; Miya et al. 2003; Kawahara et al.
2008), gene losses were mapped onto two
Total no. of families 12,533 754 plausible tree topologies. Given that D. rerio
Average family size (=SEM)? 38.1 0.5 128.6 = 4.8 is the most basal taxon in our comparisons
Percentage of families with Ciona sequences 39.0 65.9 . . . ’
Percentage of families with insect sequences 36.2 64.1 one of the D. rerio duplicate gene copies was
Percentage of families with worm sequences 28.6 53.1 arbitrarily designated the reference point
Percentage of families with yeast sequences 14.9 235 against which the presence of the locus in
Average number of Ciona sequences 1.1 £0.02 3.0+ 0.2 the other fish taxa and in the sister clade
Average number of insect sequences 1.6 = 0.03 4.6 £0.3 .
Average number of worm sequences 0.5 + 0.01 1.2 + 01 was assessed. We marked all instances where
Average number of yeast sequences 0.2 = 0.01 0.5+ 0.1 a fish taxon or clade was inferred to have lost

The percentage of families containing homologs in basal metazoan taxa and yeast is indicated for
both groups of families. Ciona refers to Ciona intestinalis and Ciona savignyi sequences, two basal
chordates; insects include Anopheles gambiae, Aedes aegypti, and Drosophila melanogaster; worm

refers to Caenorhabditis elegans; and yeast to Saccharomyces cerevisiae.
aSignificant difference in means (P < 0.0001, df = 13285, t = 36.64).

fish protein family (Table 3). We then determined how many of
these families also contained sequences in Ciona intestinalis or
Ciona savignyi, two invertebrate chordates; the insects Aedes
aegypti, Anopheles gambiae, or Drosophila melanogaster; the worm
Caenorhabditis elegans; or the yeast Saccharomyces cerevisiae. Protein
families that contained a WGD-duplicate were more likely to also
contain invertebrate chordate, insect, worm, or yeast sequences
than families that did not contain a WGD-duplicate (Table 3). For
example, 66% of protein families containing a WGD-duplicate
also included a Ciona sequence, while only 39% of all fish-
containing protein families contained
Ciona sequences. The corresponding val-
ues for families containing a homolog
in yeast were 23% and 15%, respectively.
To exclude the possibility that WGD-
duplicates preferentially belong to an-
cient metazoan protein families simply
because WGD-duplicates tend to belong
to families of greater size, we examined

a copy of the locus, taking into account both
plausible species tree topologies (Fig. 2).
There was no evidence to suggest that dif-
ferent teleost species had re-tained a signifi-
cantly different number of duplicate gene
copies (based on studentized residuals, there
were no outliers in the group). Among these
gene losses, we identified 154 instances where two teleost species
had lost alternative copies of the same locus, so-called “reciprocal
gene losses” (not marked in Fig. 2). Of these 154 reciprocal gene
loss events and assuming the existence of a clade Smegmamorpha,
only 10 events were consistent with the loss having occurred at
the time of species divergence (labeled RL in Fig. 2A). Assuming
that O. latipes is basal to a clade containing G. aculeatus and the
Tetraodontiformes, even fewer (seven) reciprocal gene loss events
were consistent with the loss having occurred at the time of spe-
cies divergence (labeled RL in Fig. 2B).

the relationship between family size WGD
and taxonomic representation among ~320-450
the sequences in the family. The average WA
number of invertebrate sequences is ap-
proximately threefold greater in families

that contain WGD-duplicates than in
families that do not (Table 3). Neverthe-
less, the percentage of families containing
invertebrate sequences was consistently
higher for families containing a WGD-
duplicate, suggesting that the probability
of a protein family containing inverte-

brate sequences was not purely a matter of

family size. Figure 2.

B
Tetraodon — Tetraodon
5042 RL
Takifugu —= Takifugu
Gasterosteus Gasterosteus
Oryzias Oryzias
0 Danio 0 Danio
282 Danio 282 Danio
=105 Oryzias Oryzias
-24
=40 Gasterosteus - Gasterosteus
35 = ;
Takifugu Takifugu
74
68 Tetraodon Tetraodon
tetrapods tetrapods

Inferred gene losses along different teleost lineages. For each of the 754 protein families

containing a WGD-duplicate, one of the D. rerio duplicate gene copies was arbitrarily designated the
reference point against which the presence of the locus in the other fish taxa and in the sister clade was

Loss of duplicate gene copies

in different teleost lineages

and reciprocal gene loss

For each of the 754 protein families

containing a WGD-duplicate, we inferred
the number of gene losses since WGD

assessed. We marked all instances where a fish taxon or clade was inferred to have lost a copy of the
locus, taking into account two plausible species tree topologies: (A) the tree topology as represented in
the NCBI taxonomy, which supports a monophyletic clade Smegmamorpha containing Oryzias latipes
and Gasterosteus aculeatus, or (B) the tree topology supported by mitogenomic analyses, which
resolves O. latipes as immediately basal to a clade containing G. aculeatus and the Tetraodontiformes.
Instances where two teleost species had lost alternative copies of the same locus were counted as
“reciprocal gene losses” (data not shown). Reciprocal gene losses that are consistent with the loss
having occurred at the time of species divergence are marked RL.
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Enrichment of Gene Ontology (GO) categories among
WGD-duplicates

To test whether the probability of duplicate gene retention was
related to gene function, we performed gene set enrichment
analysis in D. rerio. Of the 615 duplicate gene pairs in this species,
674 loci had GO annotations in the Zebrafish Information Net-
work (ZFIN) gene association file (Sprague et al. 2006), and we
compared their GO terms to the complete set of GO annotations
in ZFIN. Ninety-seven GO terms were significantly enriched
among WGD-duplicates with adjusted P < 0.1 (Table 4; for a com-
plete list of significant GO terms, see Supplemental Table 2).
Enriched terms included, for example, “calcium ion transport,”
“transcription” and “transcription factor activity,” “integrin-
mediated signaling pathway,” and “growth factor activity” (Table 4;
Supplemental Table 2). Genes annotated with function in “cal-
cium ion transport” included, for example, the annexin genes
anxala/anxalb and anxa3a/anxa3b, the ATPase genes atp2a2a/
atp2a2b, and the calbindin 2 genes calb2/calb2l. Many other genes
retained in duplicate in zebrafish have annotated functions during
development and include, for example, fzd8a and fzd8b and otx1
and otx11b.

Expression localization of WGD-duplicates

Having characterized the types of genes retained in duplicate from
the last, teleost-specific WGD, we assessed the extent to which
these duplicates have acquired different functional roles as in-
dicated by differences in the spatial domains of expression. For
D. rerio, the ZFIN gene expression database is a comprehensive
public resource of mRNA in situ hybridization and RT-PCR ex-
pression data (Sprague et al. 2006). A total of 97 WGD-gene pairs
have expression localization data available in ZFIN, encompassing
949 individual expression observations (Supplemental Table 3).
We categorized the expression patterns of duplicate gene copies as
being the same, partially overlapping, or different and as being
spatially restricted or ubiquitous throughout the animal (Table 5;
Supplemental Table 3). For example, the WGD-duplicates fzd8a
and fzd8b, which encode wnt signaling receptors, localize to dif-
ferent anatomical regions during the segmentation and phar-
yngula stages (Table 5; Supplemental Table 3). Approximately 65%

of all expression observations listed distinct or only partially
overlapping expression localizations for duplicate gene copies,
while 5% described the same expression localization with both
copies being spatially restricted and 30% described nonspatially
restricted expression for both gene copies. Of the 97 WGD-gene
pairs, 87% differed in expression localization during at least one
developmental stage, while only 13% shared the same expression
domain during all developmental stages investigated thus far. The
former value may overestimate the true percentage of gene pairs
with similar expression localizations, as some gene pairs may differ
at developmental stages or under conditions not examined to
date. Of these 13% of gene pairs with common expression local-
ization, the majority (62%) were expressed in a nonspatially re-
stricted manner throughout the animal. The probability of
detecting differences in expression localization was not affected by
the number of expression observations, as five out of the six gene
pairs with the greatest number of expression observations (>20)
showed the same expression localization (data not shown) and no
other trends in the data suggested such an effect.

During the early stages of development (the zygote, cleavage,
and blastula stages), 97% of WGD-duplicates shared the same
expression localization. From gastrula to juvenile stages, the ma-
jority of WGD-duplicates (~73%) showed either distinct or only
partially overlapping expression domains. The percentage of gene
duplicates with distinct expression domains was greatest (~25%)
during the segmentation and pharyngula stages (Supplemental
Table 3).

Temporal expression of WGD-duplicates during
embryogenesis

WGD-duplicates may differ not only in the spatial domain of
expression but also in their temporal profile of expression dur-
ing embryogenesis, especially since these loci are enriched for
transcription factors and signaling genes with important func-
tions in development. To assess this possibility, we examined
two microarray time-course experiments of zebrafish embryo-
genesis (Mathavan et al. 2005; S Wilkins, M Kerr, M Koppen, B
Gardiner, D Taylor, C Simons, M Landsberg, S Grimmond, C
Heisenberg, and A Perkins, in prep.). Using stringent sequence

Table 4. A selection of significant Gene Ontology terms identified by gene set enrichment analysis comparing the Gene Ontology
annotations of Danio rerio genes retained from whole-genome duplication to the complete set of D. rerio GO annotations in ZFIN

GO

Count among Count among all ZFIN  Adjusted P-value

GO ID GO name subontology WGD-duplicates (674) GO annotations (13,571) (FDR)
GO0:0006816 Calcium ion transport B 37 208 420x 10
G0:0016021  Integral to membrane C 136 1618 1.49 x 107°
GO:0004859  Phospholipase inhibitor activity M 6 7 3.70 X 107¢
GO:0050789  Regulation of biological process B 116 1575 1.49 x 10°*
GO:0008083  Growth factor activity M 15 81 3.08 x 10°*
G0:0006006 Glucose metabolic process B 11 51 0.001
GO:0007229  Integrin-mediated signaling pathway B 7 23 0.003
GO:0003700  Transcription factor activity M 51 622 0.005
GO0:0019219 Regulation of nucleobase, B 74 992 0.006

nucleoside, nucleotide and nucleic

acid metabolic process
GO:0048731  System development B 50 649 0.024

P values were adjusted using the method of Benjamini and Hochberg (1995) for controlling the false discovery rate. B refers to biological process; M,
molecular function; and C, cellular component in the GO ontology. For a complete list of significant GO terms, see Supplemental Table 2. GO terms that
are representative of a cluster of GO terms that share annotation in the same set of genes are in bold. For example, the GO cluster “regulation of

nucleobase, nucleoside, nucleotide and nucleic acid metabolic process” includes the terms “regulation of transcription,

of gene expression.”

"

transcription,” and “regulation
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Table 5.

Expression localization of duplicate gene pairs derived from whole-genome duplication in Danio rerio

Type of expression

Schematic of

Expression example

T — expression Count E . . . Devel |
g localization Gene A X]J[’F:SS]IOD Gene B xpr§:551_on evelopmental
localization (A) localization (B) stage
Expression of B subset of y 94 Jfabpll Retina, vein, lens Jabpll1l Retina Pharyngula (prim-5)
A, A and B spatially ﬁ?)’?
restricted
Expression of B subset of p 189 esrrgl Whole organism esrrg Tail bud Segmentation (1-4
A, A unrestricted 4%’ somites to 10-13
somites)
A and B partial overlap, A ) 146 gpxla Neuromast, retina, gpxlb Neuromast, otic Pharyngula (high-
and B spatially restricted gut, liver, lateral line vesicle pec)
system, optic tectum
A and B different 7 191 fzd8a Pharyngeal arch 3-7 Szd8b Telencephalon, Segmentation (14-19
skeleton, forebrain, diencephalon somites)
neural tube, ventral
mesoderm,hindbrain
A and B same, A and B iy 43 arr3 Epiphysis arr3l Epiphysis Segmentation (20-25
spatially restricted %// somites) to
pharyngula (prim-25)
A and B same, unrestricted nedd8 Whole organism nedd8l Whole organism Zygote to hatching

W/ 286

$
S

(pec-fin)

One example per category was selected to illustrate the type of expression localization. The expression domain of duplicate gene A is gray-shaded, the
one of duplicate gene B hatched. Expression data were taken from the ZFIN database (Sprague et al. 2006). In total, 949 expression observations of WGD-
duplicate gene pairs in the same developmental stage are represented in ZFIN.

comparisons, we identified 67 gene pairs that were represented by
microarray probes that discriminated between duplicate gene
copies. Only four of the 67 gene pairs showed significant cor-
egulation across embryogenesis based on significant Pearson cor-
relation coefficients and significance thresholds determined from
random probe sets following the approach of Blanc and Wolfe
(2004), while the remaining 63 showed differences in the tem-
poral expression of the two gene copies (Fig. 3; Supplemental Table
4). Of these latter 63, five gene pairs showed inverse expression
profiles with Pearson correlation coefficients exceeding the sig-
nificance threshold (Fig. 3; Supplemental Table 4).

Spatiotemporal expression of WGD-duplicates

For two gene pairs with distinct temporal expression profiles
(zgc:73223 and g12; fbx114 and fbxl14a), no spatial expression data
were available in ZFIN. To assess whether these gene pairs also
differed in their spatial domains of expression, we performed in
situ hybridization experiments using established methods (Sup-
plemental Methods; Wilkins et al. 2008). Both gene pairs showed
evidence for spatial differences in expression at 24 hours post-
fertilization (hpf) (Supplemental Fig. 2), although further experi-
ments are required to fully characterize the expression domains of
these loci. For 16 additional gene pairs with temporal expression
data, spatial expression data were available in ZFIN. In all 18 cases
in which both sources of expression data were available, gene pairs
differed in temporal and/or spatial expression with 15 gene pairs
differing in both (Supplemental Tables 3, 4).

Comparison of expression domains to those of the single
mammalian ortholog

To assess how the expression of duplicated genes changed after
WGD, we compared their spatial expression domains in zebrafish
to those of the single mouse ortholog, assuming that the ex-
pression domains of the mouse ortholog reflect those of the
vertebrate ancestor before the divergence of the tetrapod and
teleost lineage. While we currently lack expression data for a ray-
finned fish that diverged before the WGD to perform such
comparison, the time of independent evolution after the di-
vergence of lobe- and ray-finned fishes and before the teleost
WGD may also have contributed to expression variation between
mouse and fish, independent of the effects of the teleost-specific
WGD. To make this comparison, we chose the time when organ-
ogenesis is essentially completed, which in zebrafish occurs
between 24 and 48 hpf and in mouse between day 9.5 and
16.5 post-coitum. A total of 47 duplicate gene pairs had corre-
sponding in situ hybridization data in mouse available in the
Mouse Genome Informatics (MGI) database (Table 6; Supple-
mental Table 5; Bult et al. 2008). We excluded nine comparisons
from the analysis because transcripts from these loci were ex-
pressed in a nonspatially restricted manner in zebrafish or mouse,
and we could not exclude the possibility that this was an artefact
of poor probe specificity. Similarly, where different sources repor-
ted spatially restricted versus ubiquitous expression throughout
the whole embryo, the spatially restricted expression was used
to represent the locus, assuming again that ubiquitous expres-
sion was an artefact of poor probe specificity. Of the remaining 38
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Figure 3. Temporal expression of zebrafish duplicated genes. Expression profiles were grouped into three categories (coregulated, inversely co-
regulated, temporal differences) based on their Pearson correlation coefficients (r) and statistical significance thresholds determined from the distribution
of r values for 100,000 random probe pairs, following the approach of Blanc and Wolfe (2004). Only one gene pair is shown here to represent each
category. In each category, the top and bottom panels refer to microarray data from Wilkins et al. (S Wilkins, M Kerr, M Képpen, B Gardiner, D Taylor, C
Simons, M Landsberg, S Grimmond, C Heisenberg, and A Perkins, in prep.) and Mathavan et al. (2005), respectively, while the dashed lines indicate
overlapping time points measured in both data sets. The scale on the y-axis differs between the two microarray data sets due to the different normal-

ization methods used by the investigators.

gene pairs, 20 (53%) had novel expression domains not found in
the mouse ortholog, supporting a model of neofunctionalization
(Table 6). Four gene pairs (11%) had expression domains that
were subsets of those of mouse, supporting a model of subfunc-
tionalization, while 10 gene pairs (26%) showed evidence to
support both neo- and subfunctionalization. Finally, four zebra-
fish gene pairs (11%) showed the same expression pattern during

this developmental time point, potentially indicating functional
redundancy.

Domain architecture of proteins encoded by WGD-duplicates

Besides changes in expression and hence regulatory control, im-
portant functional changes may also occur at the protein-coding
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Table 6. Comparison of spatial expression domains of 38 zebrafish duplicated genes and their single mouse ortholog

Evolution of expression Zebrafish Mouse Expression
domains (ED) Count locus Expression domains ortholog domains
Acquisition of novel EDs 20 anxa2a Epidermis, pharynx Anxa2 Telencephalon
anxa2b Gut
Complementary ED subsets 4 egr2a Rhombomeres 3 and 5 Egr2 (Krox-20)  Hindbrain, rhombomeres
3and 5
egr2b Hindbrain, rhombomeres 3 and 5
Mixture of ancestral and novel EDs 10 pax2a Cloacal chamber, eye, forebrain, Pax2 Ear, eye, renal/urinary
hindbrain, mesoderm, midbrain, system, spinal cord
midbrain hindbrain boundary, nervous
system, neural tube, optic stalk, otic
vesicle, pharyngeal arch 3-7 skeleton,
pharyngeal endoderm, proctodeum,
pronephros, renal tuble, spinal cord,
etc...
pax2a Midbrain hindbrain
boundary, otic vesicle
Retention of same EDs 4 slitla Forebrain Slit1 Forebrain, liver, retina
slit1b Forebrain

Zebrafish expression data were extracted from ZFIN (Sprague et al. 2006), those of mouse from MGI (Bult et al. 2008). All comparisons were made at
a time when organogenesis is completed, which in zebrafish occurs 10-48 h post-fertilization and in mouse 9.5-16.5 d post-coitum. One representative
comparison is shown here for each category (for the complete list including primary references, see Supplemental Table 5). Expression domains are given

in alphabetical order for ease of comparison.

sequence level. To assess this possibility, we first analyzed the pro-
tein domain architecture of proteins encoded by WGD-duplicates
by searching protein sequences against a database of known pro-
tein domain motifs (Pfam-A). Using this strategy, 493 of the 615
gene pairs in zebrafish could be annotated with domain in-
formation (Fig. 4). Where the locus is known to be subject to al-
ternative splicing, we compared the domain architecture of all
alternatively spliced products. In the majority of cases (422), both
duplicate loci encoded proteins with the same protein domain
architecture. We found 39 instances where the protein products
differed in the types of domains and 32 where they differed in the
number of protein domains, but no examples where proteins
differed in the arrangesment of domains (Fig. 4). Given the limited
sequence coverage of the zebrafish transcriptome, for the 71 gene
pairs that showed differences in domain architecture, we in-
vestigated whether there was evidence for the “missing” domains
at the genomic sequence level, even if the transcripts encoding
these domains have not yet been observed. In seven cases, the
genomic sequence had the potential to encode for the missing
domains, while in the remaining 64 cases we found no evidence of
the missing domains at the genomic sequence level (Fig. 4).
Comparing the domain architecture of zebrafish duplicated
genes to those of the single mouse ortholog and assuming that the
domain architecture of the mouse ortholog represents that of the
ancestral locus prior to WGD, we found 31 cases (48%) in which
one of the zebrafish duplicated gene loci had lost a functional
domain, 14 cases (22%) in which it had gained a novel protein
domain, and 18 cases (28%) with a more complex history of do-
main gain and loss (Fig. 4). In one other case, the two zebrafish loci
encoded complementary domain subsets: zgc:158388 encodes
two alternatively spliced proteins with the domain architecture
[PH,ArfGap] and ENSDARG00000039386 encodes a single protein
with domain architecture [ArfGap,Ank,Ank,Ank,Ank], while the
mouse ortholog Acap3 encodes a single protein of domain archi-
tecture [PH,ArfGap,Ank,Ank,Ank,Ank], potentially indicating
partitioning of the ancestral gene functions among the two
zebrafish gene copies. The complete protein domain annotation
in mouse and zebrafish is available as Supplemental Table 6.

Given the long time since WGD and the possibility that orthologs
may diverge in protein domain architecture for reasons other than
the effects of WGD, we also compared the protein domain archi-
tecture of one-to-one zebrafish-mouse orthologs. In total, we
identified 5878 zebrafish-mouse one-to-one orthologs of which
8.8% differed in the types of domains they encoded, while another
6.5% differed in the number of protein domains they encoded.
The remaining 84.7% showed the same protein domain architec-
ture in mouse and zebrafish. In contrast, 11.1% of WGD-duplicates
differed from the single mouse ortholog in the types of domains
encoded, while 11.7% differed in the number of protein domains.
Only 77.2% of WGD-duplicates had the same protein domain
architecture as the single mouse ortholog, indicating that more
WGD-duplicates have diverged in protein domain architecture
than have single-copy genes (x> = 34.3696, degrees of freedom
[dfj =1, P =4.558 X 1079).

Subcellular localization of proteins encoded
by WGD-duplicates

In addition to changes in domain architecture, changes in the
subcellular localization of proteins may bear important functional
consequences. For example, secreted proteins may act as mes-
sengers, while membrane-associated proteins may function as
channels or receptors. To predict the subcellular localization of
proteins encoded by WGD-duplicates, we used computational
methods and the presence or absence of signal peptides and
transmembrane domains. A total of 529 WGD-gene pairs could be
annotated with information regarding the subcellular localization
of the encoded proteins, and in 73 cases, subcellular localiza-
tion differed between proteins encoded by duplicate gene loci
(Fig. 5; Supplemental Table 7). For example, sema3fa (ENSDARG
00000011163) encodes a type II membrane protein, while its
WGD-duplicate sema3fb (ENSDARG00000055373) encodes a sol-
uble intracellular protein (Supplemental Table 7). Semaphorins are
important receptors and signaling molecules in neural differenti-
ation (Pasterkamp and Kolodkin 2003; Yu and Moens 2005). The
different subcellular localization of sema3fa and sem3fb suggest
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Figure 4. Comparison of the protein domain architecture of zebrafish WGD-duplicates and those of their single mouse ortholog. (A) A total of 493
zebrafish gene pairs could be annotated with protein domain information when searched against the Pfam-A database of known protein domain motifs,
with the majority of gene pairs (422) encoding the same types and number of domains. (B) The 71 zebrafish gene pairs that differed in domain
architecture were compared to their single mouse ortholog to infer whether duplicate gene copies had lost or gained a domain compared with the
ancestral locus. In seven comparisons where duplicate zebrafish genes differed in the types of domains encoded, we found evidence for the missing
domains at the genomic sequence level, even if the transcripts or proteins encoding these domains have not yet been observed. These are indicated by
gray boxes in the diagram. For seven other gene pairs, there were no orthologs in mouse.

that the proteins encoded by this duplicate gene pair carry out
fundamentally different functions.

Changes in regulatory control versus changes
in protein-coding sequence

Finally, we investigated the relative importance of changes in
regulatory control as indicated by differences in the spatiotem-

poral expression of WGD-duplicates versus changes in protein
function as indicated by differences in the domain architecture or
subcellular localization of proteins encoded by WGD-duplicates.
In summary, 93% of the 138 gene pairs investigated differed in
spatial and/or temporal expression (Table 7). In contrast, only 24%
of 545 gene pairs encoded proteins that differed in domain ar-
chitecture and/or subcellular localization (Table 7). Of the 134
gene pairs for which we had expression and protein domain/
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Figure 5. Comparison of the subcellular localization of proteins encoded by zebrafish WGD-
duplicates. Subcellular localization was assessed using computational methods, SignalP (Bendtsen et al.
2004) and TMHMM (Krogh et al. 2001). 14% of WGD-duplicates encode proteins that differ in sub-

cellular localization.

localization data, 24 gene pairs (18%) differed in both. This pro-
portion is slightly lower than one would expect if gene pairs dif-
fered in regulatory control and protein domain/localization
according to their individual proportions (0.93 X 0.24 = 0.22, or
22%), indicating that after some 400 Myr of evolution, duplicates
retained after WGD either differ in regulatory control or in protein
function, but not usually in both. Comparison to the single mouse
ortholog showed that many zebrafish gene pairs have acquired
novel expression localizations and protein domain architectures,
potentially indicating that neofunctionalization has been a more
common evolutionary fate than subfunctionalization or re-
dundancy. Our differential ability to identify these alternate evo-
lutionary fates may, however, have biased our results in favor of
neofunctionalization.

response to protein binding, the sub-
cellular localization, and/or the spatial or
temporal expression of the locus. Despite
the significance of studying the func-
tional divergence of WGD-duplicates for
our understanding of genome and gene
function evolution, WGD-duplicates in vertebrates are still poorly
characterized.

Teleost fishes provide a unique opportunity to investigate the
evolution of gene function after genome duplication in verte-
brates, as five genomes are available for comparative analyses, ex-
tensive expression data are available for D. rerio, and both D. rerio
and O. latipes are important model organisms for human de-
velopmental biology. In D. rerio a number of duplicated devel-
opmental genes—such as engla and englb, identified as WGD-
duplicates in this study, and sox9a and sox9b—have already been
shown to have partitioned subfunctions compared with their hu-
man orthologs (Force et al. 1999; Cresko et al. 2003). However, it
remains unknown whether subfunction-partitioning is a common
mechanism underlying the retention of gene duplicates in teleosts.

Table 7. Number of zebrafish gene pairs derived from WGD showing changes in regulatory control versus changes in protein function

Regulatory control

Protein function

Spatial or Domain Subcellular
Spatial Temporal temporal architecture localization
expression expression expression (DA) (SL) DA or SL
Same 12 (13%) 4 (6%) 10 (7%) 422 (86%) 456 (86%) 416 (76%)
Different 80 (87%) 63 (94%) 128 (93%) 71 (14%) 73 (14%) 129 (24%)
Total 92 67 138 493 529 545

Spatial expression data were obtained in this study or from ZFIN, temporal expression data were obtained from Wilkins et al. (S Wilkins, M Kerr, M Koppen, B
Gardiner, D Taylor, C Simons, M Landsberg, S Grimmond, C Heisenberg, and A Perkins, in prep.) and Mathavan et al. (2005), domain architecture of proteins
encoded by WGD-duplicates was determined using InterProScan against the Pfam-A database, and subcellular localization was determined using SignalP
(Bendtsen et al. 2004) and TMHMM (Krogh et al. 2001). Only 7% of gene pairs with spatial and/or temporal expression were identical in expression, while
76% of gene pairs with domain architecture and/or subcellular localization information were identical in protein annotation.
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Thus, we set out to identify as many WGD-duplicates as
possible to allow investigation of their functional evolution after
duplication. We took special care to distinguish WGD-duplicates
from paralogs of other origin, because, based on evidence from
yeast, such duplicates are subject to different evolutionary con-
straints (Wapinski et al. 2007). Given the long time since the
teleost-specific WGD, teleost genomes are expected to have un-
dergone multiple rearrangements (Kasahara et al. 2007) and are
likely to have lost many anciently duplicated loci. To overcome
these challenges, we have used two independent approaches,
based on conserved gene order (synteny) and phylogenetic in-
ference. Using a comparative approach and gene order information
from multiple related genomes, following an approach similar to
Simillion et al. (2004) and Van de Peer (2004), we were able to map
approximately half of all protein-coding genes in fish to colinear
chromosomal regions with human; using a single fish genome
recovered significantly fewer collinear genomic regions and 8%-
14% fewer inter-genome positional homologs (data not shown).
Paralogous gene copies that mapped to sister chromosome regions
in fish were retrieved as potential WGD-duplicates.

However, given the possibility that paralogs may locate to
chromosomal sister regions by a process other than shared an-
cestry, for example, due to genomic rearrangements, it was im-
portant to test the co-orthology of potential fish WGD-duplicates
using phylogenetic methods. To exclude gene duplicates whose
tree topologies were consistent with origin by WGD, but which
originated by gene-specific duplication after WGD instead, we
required support for origin by WGD in both the synteny and
phylogenetic analyses. This strategy identified some 680 gene
pairs, or 3%—-4% of protein-coding gene loci in each of the five fish
genomes, and represents the first genome-scale estimate of the
number of gene duplicates retained from this ancient WGD event.
Previous studies were based either on the analysis of individual
gene families or on the presence of paralogs of any type (Aparicio
et al. 2002; Jaillon et al. 2004). Our findings represent a minimum
estimate of the true number of duplicate genes retained after
WGD, as our analyses are likely biased toward identifying more-
conserved gene pairs. The quality of current teleost genome an-
notations also likely impacts on the number of WGD-duplicates
identified in such analyses. Complex genomic rearrangements
could have precluded identification of collinear regions for some
duplicates, and errors with phylogenetic tree inference could have
precluded identification of co-orthology relationships for others.
For example, we could not recover synteny regions for sox9a and
sox9b despite published literature suggesting that these paralogs
have been derived from WGD (Cresko et al. 2003). Thus, we expect
that our analyses will underestimate the true number of gene
duplicates retained from the last, teleost-specific WGD. However,
the approach we have implemented here identifies substantially
more WGD-gene pairs than has any previous study, suggesting
that we have reduced any potential bias associated with these
limitations as much as currently possible.

Acknowledging these limitations, we found no significant
differences in the number of gene duplicates retained from WGD
in the five teleost species. We mapped reciprocal gene losses de-
scribing the loss of alternative copies in different teleost lineages
and found that very few were consistent with the loss having
occurred at the time of species divergence. These results contrast
with those of Sémon and Wolfe (2007), who found many in-
stances of reciprocal losses between D. rerio and T. nigroviridis and
concluded that reciprocal gene loss was an important driver in
the radiation of teleosts. Our analysis included three additional

teleost genomes, and these additional data allowed us to assign
arelative time to the inferred gene losses and thus test whether the
time of the loss coincided with species divergence. Our results
show that few of these losses coincided with the time of species
divergence so that most losses are unlikely to have contributed to
reproductive isolation in early teleosts. Nevertheless, simple cal-
culations show that a small number of reciprocal gene losses can
significantly reduce “hybrid” fitness and could thus lead to re-
productive isolation between incipient species. For example, 25%
of the offspring (F,) of parents with alternative copies of a WGD-
duplicated locus would not inherit any copy of the locus. With
each additional reciprocal gene loss, F; fitness decreases further. It
is therefore possible that even just a few of these losses could have
been sufficient to drive reproductive isolation and speciation, es-
pecially if the loci involved were dosage-sensitive. Nevertheless,
our data suggest that the more significant contribution of WGD
for teleost radiation was the capacity for functional divergence of
post-duplication genomes, potentially allowing exploration of
new ecological niches and reducing the risk of extinction as sug-
gested by Crow and Wagner (2006).

Here, we show that the probability for retention after WGD is
correlated with gene function as retained duplicates are enriched
for function in signaling, transcription, calcium ion transport, and
metabolism. A general pattern emerges where genes with function
in transcription and regulatory control are preferentially retained
after WGD in yeast, plants and vertebrates (Blanc and Wolfe 2004;
Davis and Petrov 2005; Blomme et al. 2006). It is possible that
these types of genes have biochemical features that make them
more amenable to evolving novel functional roles as proposed
by Conant and Wolfe (2008). Alternatively, duplication of other
types of genes, so-called “duplication-resistant genes,” may be
prohibited because of immediate detrimental effects of duplica-
tion (Conant and Wolfe 2008). We further show that retained
duplicate genes are enriched for ancient metazoan or eukaryotic
genes, indicating that WGD did not capitalize on vertebrate-spe-
cific innovations. Instead, many of the families that contain
WGD-duplicates in teleosts already existed during early metazoan
evolution, and these families have expanded in vertebrates not
only via preferential retention after WGD but also via gene-specific
duplications thereafter. These ancient families are thus particu-
larly amenable to duplication, but the characteristics underlying
their “duplicability” are yet to be determined.

To understand the functional significance of WGD-duplicates,
we first examined the spatiotemporal expression of duplicated
gene loci in D. rerio and found that almost all gene pairs examined
have changed regulatory control since duplication. We also ex-
amined the protein products of WGD-duplicates in D. rerio. About
a quarter of WGD-duplicates differed in domain architecture and/
or subcellular localization. We found that duplicates tend to differ
in regulatory control or in domain architecture/protein subcellular
localization, but not in both. At present, it is not clear why func-
tional adaptation should happen at the regulatory or at the pro-
tein level, but not at both. It is possible, however, that these results
are biased by our inability to fully characterize the protein func-
tions of WGD-duplicates. Comparison of the spatial expression
domains in D. rerio to those of the single mouse ortholog suggest
that many D. rerio duplicates have acquired novel expression
domains and that, at the regulatory level, neofunctionalization is
more common than subfunctionalization. Similarly, comparing
the protein domain architecture of D. rerio WGD-duplicates to
those of the single mouse ortholog, we found many examples
describing the acquisition of a novel protein domain, the loss of
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a domain in one gene copy, and a complex history of domain loss
and gain, but only one example of the loss of complementary
domains, potentially indicating that, at the protein level, neo-
functionalization may also be the prominent fate for the evolution
of WGD-duplicates. However, as discussed by Huminiecki and
Wolfe (2004), it is more difficult to meet the conditions to identify
subfunctionalization than those for neofunctionalization, po-
tentially introducing an ascertainment bias that would compro-
mise accurate quantification of the relative rates of neo- versus
subfunctionalization. In particular, proteins that encode comple-
mentary domain subsets may not have been identified as co-
orthologs in the phylogenetic analyses due to problems with
family classification or sequence alignment. At the regulatory
level, we may have failed to recognize gene pairs that were pre-
served by quantitative subfunctionalization, or for stoichiometric
reasons, due to insufficient sensitivity of the in situ and micro-
array analyses. In addition, sub- and neofunctionalization are not
necessarily mutually exclusive, and functional divergence can also
occur independent of duplication, as demonstrated by the differ-
ences in spatial expression of human-mouse one-to-one orthologs
(Huminiecki and Wolfe 2004). Furthermore, the mechanism un-
derlying the initial retention of the duplicate gene copy, such as
subfunctionalization, may differ from the processes that have
shaped the evolution of the gene pair thereafter, such as acquisi-
tion of novel functions. We assumed here that the spatial ex-
pression domains and domain architecture of the mouse orthologs
can be used to infer those of the ancestral loci before the teleost-
specific WGD, but we caution that interpreting current expression
patterns and protein domain architectures in light of their past
evolution can be misleading.

Our analyses demonstrate that most WGD-duplicates have
acquired changes in function, either via changes in regulatory
control or via changes in protein function. In both cases we found
more examples supporting a model of neofunctionalization, or
the evolution of novel functionalities, than one of subfunction-
alization, or the partitioning of ancestral functions. We also found
that changes at the regulatory level were much more common
than changes at the protein level. To our knowledge, this is the
first study to investigate, on a large scale and in any vertebrate, the
spatiotemporal expression and the protein products of WGD-
duplicates. Our aim was to develop a more general understanding
of the functional significance of duplicates retained from WGD
and of the evolutionary opportunities that polyploidization offers.
We have presented here a significant attempt to identify gene
duplicates retained from WGD in five teleost genomes as well as
information illuminating their functional evolution after dupli-
cation. We conclude that, in the teleost lineage, the most signifi-
cant contribution of WGD has been to allow more-specialized
regulatory control of development, typically via the acquisition of
novel spatial expression domains. These results contribute to our
understanding of vertebrate evolution at both the gene and ge-
nome level. Finally, a deeper understanding of the differences in
gene regulatory control underlying mammals and teleosts, such as
we describe here, will be fundamental to the expanding utility of
D. rerio and O. latipes as model organisms for understanding hu-
man development and disease.

Methods

Gen(om)e annotations

The sequences and genomic locations of all protein-coding loci
for each of the five fish genomes and human were downloaded

from Ensembl v48. These included 21,322 protein-coding loci
in D. rerio (assembly version 7; K Howe, pers. comm.), 20,121 in O.
latipes (v1), 20,791 in G. aculeatus (v1; F Di Palma and K Lindblad-
Toh, pers. comm.), 21,880 in T. rubripes (v7), and 27,919 in
T. nigroviridis (v4). Eighty-seven manually curated HOX and cy-
tokine genes were excluded from the T. nigroviridis data set. For
human, we excluded genes on alternative genome assemblies and
mitochondrial genes, resulting in a total of 22,762 protein-coding
loci (assembly NCBI 36). The genebuilds for human, D. rerio,
O. latipes, and G. aculeatus were produced by Ensembl; that for T.
nigroviridis by Genoscope; and that for T. rubripes by the Fugu
Genome Project.

Similarity searches

All-against-all proteome comparisons between human and fish
were carried out using the SSEARCH sequence alignment tool
(Pearson 1995). Where multiple protein translations exist for
a single locus, only the longest protein translation was used in the
analysis. To avoid exclusion of potential homologs, all protein
pairs with E-values <1 X 10~ were saved.

Synteny mapping between fish and human genomes

Identification of syntenic or collinear genomic regions in fish and
human was performed using the i-ADHoRe synteny mapping tool
(Vandepoele et al. 2002; Simillion et al. 2004) using four fish
genomes (excluding T. rubripes) and the human genome as input.
The initial gene (positional) homology matrices were built using
the genomic location of unidirectional and reciprocal best hits
identified by the proteome comparisons described above. Ele-
ments that were homologous in the matrix across genomes are
referred to as anchor points. We used the following parameter
settings in the i-ADHoRe analyses: gap size (40), cluster gap (150),
g-value (0.8), probability cutoff (0.001), and minimum number of
anchor points (3). This analysis provided a series of genomic an-
chor points, namely, fish-human positional homologs with pre-
served gene order and chromosome location delineating syntenic
regions between human and fish.

We also tried other criteria for inferring protein homologies
and building the gene homology matrices. For example, in a dif-
ferent analysis, we selected all those fish-human protein matches
with an E-value below 1X 1075, alignment coverage of greater
than 50%, and sequence identity of greater than 20%. Based on
published literature (McLysaght et al. 2002; Christoffels et al.
2004) and the observed distribution of values for alignment cover
and percentage ID across the protein space, these values are con-
servative estimates for retrieving potential homologs between
these species. However, when using putative homologs defined in
this manner to build the initial gene homology matrices, we
obtained fewer genomic anchor points than when using unidi-
rectional and reciprocal best hits only. In addition, we performed
synteny analyses using only pairwise comparisons between one
fish genome and the human genome. These pairwise comparisons
retrieved fewer genomic anchors than the analysis based on the
inclusion of all four fish genomes. Thus, the use of four fish
genomes provided additional information for recovering transient
and distant colinearity relationships that could not be retrieved
when performing only pairwise genome comparisons with hu-
man, supporting similar findings from plant genome comparisons
(Simillion et al. 2004).

Identifying additional anchors between fish and human
genomes

For the comparison of synteny between T. nigroviridis and hu-
man, we were able to benchmark our analyses against previously
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published chromosomal sister regions (Jaillon et al. 2004). This
comparison showed that we had identified fewer positional
homologs than did Jaillon et al. (2004), potentially due to the
parameter settings used to build the gene homology matrices be-
ing too strict. For this reason, we searched for additional positional
homologs, using the known anchors identified by i-ADHoRe as
a guide. For each protein-coding human locus, we determined
whether i-ADHoRe had identified an anchor within a range of 20
genes along the human chromosome location in question. If so,
we took these known anchors and searched the fish chromosome
for potential homologs within a neighborhood of 40 genes along
the fish chromosome location of the known anchor. We repeated
this process for each of the fish-human comparisons. All protein
pairs with an E-value below 1x107° were used as putative
homologs in the search for additional syntenic anchors. This
procedure increased the number of genomic anchors by 10%-20%
in each of the fish-human genome comparisons.

Where a single human locus had two or more genomic
anchors within the fish genome of interest, we extracted these
fish—-human protein triplets. These fish proteins shared significant
sequence similarity with the human protein and were located
within genomic regions that shared at least three fish-human
homologs in close proximity, suggesting that the two fish proteins
were derived from a shared ancestral chromosome by duplication,
most likely as a result of the WGD. Many of these human-fish
protein pairs were also unidirectional or reciprocal best hits
(Supplemental Table 1). This procedure provided us with “synteny
predictions” for duplicates retained from WGD (Fig. 1).

Establishing orthology/ paralogy relationships using protein
family trees

As an independent line of evidence, we used phylogenetic data, in
particular the protein family trees of the Ensembl Compara pipe-
line v48 (available at ftp://ftp.ensembl.org/pub/release-48/emf/
ensembl_compara/homologies/), to identify duplicate fish genes
likely derived by WGD. We searched all protein family trees for the
presence of an ancient duplication node at the base of teleosts,
a topology consistent with origin by WGD. We excluded any trees
from the analysis that did not contain any tetrapod or D. rerio
sequences, as well as any trees that did not contain multiple pro-
tein sequences of at least one fish taxon. This procedure left us
with 4453 of the 27,308 protein family trees. Large families were
split into subtrees based on the presence of tetrapod and fish
sequences, resulting in a total of 11,488 subtrees. Of these 11,488
subtrees, 522 subtrees did not have a D. rerio sequence and 7891
subtrees had only a single sequence per fish taxon (no duplicates).
Excluding these subtrees, 3075 subtrees were left in the analysis. In
each of these subtrees, we looked for an ancient duplication node
basal to the split of D. rerio and the other teleosts. This strategy
allowed us to identify instances where a fish taxon contained
sequences in both clades derived from the ancient duplication.
These sequences were considered to show a tree topology consis-
tent with origin by WGD, and were extracted as our set of “phy-
logenetic duplicate predictions” (Fig. 1).

Gene-set enrichment analysis of WGD-duplicates

For gene-set enrichment analysis, we used the GO annotation file
for zebrafish “gene_association.zfin” downloaded on 24/4/08
from the Gene Ontology site at http://www.geneontology.org/
GO.current.annotations.shtml. In order to retrieve GO annota-
tion information from the ZFIN gene association file, the Ensembl
peptide IDs corresponding to these duplicate gene loci were
mapped to ZFIN IDs using the Ensembl BioMart tool http://

www.ensembl.org/biomart/martview. Analyses of gene function
enrichment were performed using the GOstat software tool
(Beissbarth and Speed 2004). The method of Benjamini and
Hochberg (1995) for controlling the false discovery rate (FDR) was
used to control experiment-wise error rates in the face of multiple
testing. GO terms with FDR-adjusted P-values < 0.1 were consid-
ered to be significantly enriched or under-represented among
WGD-duplicates compared with the total set of GO annotations
for D. rerio. Frequently in GO analysis, the most significant GO
terms are annotated in the same set of genes as each gene may
have several, similar GO annotations. To account for such clusters
of similarly annotated genes, we grouped significant GO terms
that were annotated in the same set of genes or where one set of
genes was a subset of the other, allowing for a maximum of five
genes to differ between the annotations of different GO terms
(Supplemental Methods).

Spatial analysis of gene expression

Spatial expression data for D. rerio were downloaded from ZFIN
(http://www.zfin.org); those for the mouse orthologs, from MGI
(http://www.informatics.jax.org/). We designed riboprobes for
two gene pairs, zgc:73223 and g12 and fbxl14 and fbxl14a, that
showed interesting temporal expression profiles but for which no
expression data were available in ZFIN or the published literature
(Supplemental Methods).

Temporal analysis of gene expression

We compared the temporal expression of WGD-duplicates in
D. rerio during embryogenesis using two microarray data sets,
Wilkins et al. (S Wilkins, M Kerr, M K6ppen, B Gardiner, D Taylor, C
Simons, M Landsberg, S Grimmond, C Heisenberg, and A Perkins,)
and Mathavan et al. (2005). Both expression analyses were per-
formed on the Compugen 16K D. rerio oligonucleotide microarray.
This array contains 16,399 oligos (65-mers) representing 15,806
unique D. rerio gene clusters plus controls. To identify which of our
615 gene pairs in D. rerio were represented by unique probes on the
microarray, we used the exonerate sequence alignment tool (Slater
and Birney 2005) to map between zebrafish cDNA sequences
(downloaded from Ensembl) and microarray probes, using a score
threshold of 262 and allowing a maximum of seven mismatches
between transcript and 65-mer probe. This procedure identified
445 genes that were represented by one or more Compugen probes
with less than seven mismatches, and these probes did not match
any other genes with the same mismatch setting. These 445 genes
correspond to 67 gene pairs. The similarity between the expression
profiles of duplicate gene copies was assessed using Pearson'’s
correlation coefficient (r). To determine a suitable threshold r-
value below which duplicate gene copies could be considered di-
vergent in expression, we generated 100,000 random probe pairs
from each of the two microarray data sets using sampling with
replacement. Because two genes represented by a randomly se-
lected probe pair are generally not functionally related and hence
not coregulated, any gene pair with r greater than 95% of random
probe pairs can be considered significantly coregulated at P = 0.05,
following the same strategy as Blanc and Wolfe (2004).

Protein domain architecture and subcellular localization

To test for the acquisition or loss of a protein domain, all protein
sequences encoded by WGD-duplicates in D. rerio were scanned
against the Pfam-A database (Bateman et al. 2004) using the
InterProScan tool (Zdobnov and Apweiler 2001). As a reference for
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comparison, we also performed Pfam-A protein domain analyses
on 5878 zebrafish-mouse orthologs that were identified as one-to-
one orthologs using the Ensembl Compara v53 database (list
available on request). Protein subcellular localization was assessed
using the web-based TMHMM Server v2.0 (Krogh et al. 2001),
available at http://www.cbs.dtu.dk/services/ TMHMM/, and SignalP-
HMM and SignalP-NN applications using the web-based SignalP
Server v3.0 (Bendtsen et al. 2004), available at http://www.
cbs.dtu.dk/services/SignalP/. Predictions were combined using the
schema established by Davis et al. (2006b). For the comparison of
protein subcellular localization, we compared gene pairs only if
HMM and NN methods resulted in the same signal peptide pre-
diction. We defined subcellular localization by five categories,
following the classification of Davis et al. (2006a): (1) soluble in-
tracellular protein, no signal peptide and no transmembrane
domains; (2) soluble secreted protein, signal peptide and no
transmembrane domains; (3) type I membrane protein, signal
peptide and a single transmembrane domain; (4) type II mem-
brane protein, no signal peptide and a single transmembrane do-
main; and (5) multi-spanning membrane protein, multiple trans-
membrane domains.
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