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Abstract Gene duplication generates new genetic material
which, if retained after duplication, may contribute to
organismal evolution. A whole-genome duplication occur-
red in the ancestry of teleost fish and consequently there are
many duplicated genes in teleost genomes. Indeed, it has
been proposed that the evolutionary diversification of teleost
fish may have been stimulated by the fish-specific genome
duplication (FSGD). However, it is not clear which factors
determine which genes are retained as duplicate copies and
which return to a singleton state after duplication. In the
present study, gene complexity, in terms of encoded protein
length and functional domain number, is compared between
duplicate and singleton genes for nine well-annotated teleost
genomes. A total of 933 gene families with retained dupli-
cates and 4590 singleton gene families are analysed. Genes
with retained duplicates are found to be significantly longer
(27.9-38.2%) and to have more functional domains
(20.5-26.5%) than singleton genes in all the nine teleost
genomes, suggesting that genes encoded longer proteins
with and more functional domains were preferentially
retained after whole-genome duplication in teleosts. This
differential retention of duplicated genes will have increased
the genomic complexity of teleost fish after FSGD which,
together with differential duplicated gene retention as a
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lineage-splitting force, may have greatly contributed to the
successful diversification of teleost fish.
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Introduction

Gene duplication is commonly believed to be of major
evolutionary significance because it generates new genetic
material giving opportunities for innovation (Ohno 1970;
Stephens 1951). The fact that large numbers of genes
belong to multigene families reveals that duplication has
been very prevalent in eukaryotic evolution (Zhang 2003).
However, in most cases, duplicated genes are expected to
be functionally redundant immediately after duplication
and thus prone to evolutionary loss; only a proportion of
duplicated genes will be retained long term (Lynch and
Conery 2000). It is important, therefore, to understand what
are the determinants that predispose towards retention of
duplicated genes. Gene complexity has been reported to be
one determinant affecting retention of duplicated genes in
yeast: retained duplicate genes in yeast tend to have longer
protein sequences, more functional domains and more cis-
regulatory motifs than singleton genes (He and Zhang
2005). However, this association needs further assessment
in other organisms (Chain et al. 2011).

Gene duplication can involve single genes, arrays of
genes or whole genomes. The last of these mechanisms
provides the best opportunity for analysing post-duplica-
tion gene retention since paralogy relationships between
chromosomes ensure that gene loss can be recognised
unambiguously. Teleosts provided one of the first unam-
biguous examples of ancient whole-genome duplication in
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Table 1 Number, mean length and mean domain number of duplicated and singleton genes in each of the nine teleost fish

Duplicated genes

Singleton genes

Number (pairs) Length (amino acid) Domain number Number Length (amino acid) Domain number
Cavefish 587 970.4 + 22.3* 4.0 + 0.1* 3805 740.8 £ 9.7 3.3 +£0.04
Cod 468 950.6 £ 26.6 4.1 £0.1 3506 687.7 £ 9.8 34 4+ 0.04
Fugu 560 1025.0 £+ 33.6 44 + 0.1 3600 743.1 £ 9.7 3.5+ 0.05
Medaka 507 941.0 £ 223 42 £0.1 3415 706.4 £ 9.9 3.4 £ 0.05
Platyfish 560 927.5 £ 21.0 4.0+ 0.1 3680 7249 £ 9.5 3.3+ 0.04
Stickleback 606 961.5 £ 23.5 4.2 + 0.1 3878 7189 £ 9.8 34 4+ 0.05
Tetraodon 506 907.0 £ 20.4 4.3 + 0.1 3397 695.3 £ 9.1 34 4+ 0.05
Tilapia 657 9935 £ 214 4.1 £0.1 3965 757.6 £ 9.8 3.3+ 0.04
Zebrafish 598 1018.0 £ 41.2 4.8 £ 0.1 3858 7375 £ 9.8 3.9 4+ 0.05

* Standard error of the mean

an animal lineage, an event in the common ancestor of all
teleosts referred to as the fish-specific genome duplication
(FSGD), teleost genome duplication (TSD) or the 3R.
Teleost fish are thus ideal models to study the fate of
duplicated genes. There is much interest in the genomic
consequences of the FSGD and especially whether it
influenced or promoted the diversification of teleosts
(Amores et al. 1998; Taylor et al. 2003). Indeed, the FSGD
gave rise to thousands of retained duplicated genes in
extant teleost genomes (Guo et al. 2011, 2012; Inoue et al.
2015). To understand why some genes have been retained
in teleost genomes after hundreds of million years while
other duplicates were lost, here I compare gene complexity,
assessed by protein length and number of protein domains,
between FSGD-derived duplicated genes and singleton
genes across nine well-annotated teleost genomes. Com-
plex genes are found to be preferentially retained after
whole-genome duplication in teleost fish.

Materials and Methods

Nine well-annotated teleost genomes were analysed:
cavefish Astyanax mexicanus, cod Gadus morhua, fugu
pufferfish Takifugu rubripes, medaka Oryzias latipes,
platyfish Xiphophorus maculatus, three-spined stickleback
Gasterosteus aculeatus, tetraodon pufferfish Tetraodon
nigroviridis, tilapia Oreochromis niloticus and zebrafish
Danio rerio. Species that were known to have undergone
additional genome duplication after the FSGD were
avoided.

The nine teleost genome sequences were retrieved from
Ensembl release 76. Retained duplicated genes resultant
from the FSGD event, and singleton genes whose duplicate
copies have been lost, were retrieved from Inoue et al.
(2015) in which orthologous and paralogous relationships
of all teleost genes were resolved using tree-based methods
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with the human homolog as the outgroup. Specifically, to
avoid false positive singleton and duplicated gene identi-
fication, only orthologous groups with singleton human
genes and exact ‘1tol’ or ‘1to2’ (without further gene
duplication after the FSGD event) teleost genes were used.
The predicted number of functional domains for proteins
encoded by each gene in each of the nine species was
obtained from Ensembl using BioMart (Kasprzyk 2011).
The statistics and figures were obtained with R version
3.3.2.

Results

Singleton genes, and genes with retained duplicates fol-
lowing the FSGD event, were retrieved from Inoue et al.
(2015). In total, 933 gene families with retained duplicates
and 4590 singleton gene families were used in the present
study; the number of duplicated and singleton genes in
each of the nine teleost fish is given in Table 1. The
identities of each gene, and their human orthologs, are
listed in Additional file Table S1.

The first measure of gene complexity examined was
the length of encoded protein. Protein length was com-
pared between post-FSGD-retained duplicates and sin-
gleton genes for each of the nine teleost genomes. The
post-FSGD-retained duplicates encode deduced proteins
with a mean length of 907.0 £ 20.4 (standard error of the
mean) to 1025 £ 33.6 amino acids, and the mean length
for singleton genes is 687.7 £ 9.8 to 757.6 £ 9.8 amino
acids, depending on the species (Table 1). The mean
length of post-FSGD retained duplicates is 27.9%
(platyfish) to 38.2% (cod) greater than the mean length of
singleton genes; the difference is significant in each of
the nine teleost genomes (two-tailed Wilcoxon rank-sum
tests, P <2.2 x 10~® for each species; Fig. la). The
distribution of protein length shows that the significant
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Fig. 1 Comparisons of a protein length in amino acids and b functional domain number between retained duplicates and singleton genes in nine

teleost genomes. /fol singleton genes, /fo2 retained duplicate genes

difference in protein length between duplicated and sin-
gleton genes is not the result of outliers, and that long
proteins (length >600, 700 or 800 amino acids) are fre-
quent among retained duplicates than among singleton
genes (Fig. 2a). Similar results were obtained when one
random copy of a pair of duplicated genes was used in
statistical comparison for each species, or when com-
parisons were restricted to the 101 duplicated genes and
1702 singleton genes found in all of the nine teleost
genomes.

The second measure of complexity examined was the
number of functional protein domains. The mean number
of functional domains in proteins encoded by post-FSGD-
retained duplicate genes ranged from 4.0 &+ 0.1 (cavefish
and platyfish) to 4.8 & 0.1 (zebrafish), and the mean for
singleton genes ranged from 3.3 4+ 0.04 (cavefish, platy-
fish, and tilapia) to 3.9 4 0.05 (zebrafish) (Table 1).
Hence, the mean domain number is 20.5% (cod) to 26.5%
(tetraodon) greater for retained duplicates that for singleton
genes; the difference is significant in each of the nine tel-
eost genomes (two-tailed Wilcoxon rank-sum tests,
P < 3.0 x 107" for each species; Fig. 1b). The distribu-
tion of functional domain number shows that difference in
domain number does not result from outliers (Fig. 2b).
Similar results were obtained when comparisons were
performed with different datasets, as outlined above for
protein length comparisons.

Discussion

The most salient finding of this study is that duplicated
genes with longer protein length and more functional
domains are preferentially retained after whole-genome
duplication in teleost fish. This finding is consistent with
the analyses in yeast which concluded that the higher the
complexity of a gene, the higher its probability of retention
after duplication (He and Zhang 2005). Together, these
studies suggest that the complexity of a gene, or its enco-
ded protein product, is a determinant of retention proba-
bility after duplication across widely divergent organisms.

There are two distinct implications of this conclusion.
First, the finding is relevant for understanding the evolu-
tionary mechanisms at play after gene or genome dupli-
cation. It is logical to suppose that one of a pair of genes
would be soon lost after duplication except under particular
circumstances, such as dosage advantage, subfunctional-
ization, or neofunctionalization. The preferential retention
of duplicated genes encoding more complex proteins is
compatible with subfunctionalization being a prevalent
force, since functional divergence could occur more rapidly
in more complex genes after duplication (He and Zhang
2005). Second, the finding is relevant to discussions con-
cerning the relation between genomic and organismal
complexity (He and Zhang 2005; Yang et al. 2003). The
evolutionary significance of gene duplication has long been
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conjectured (Ohno 1970; Stephens 1951), but the mecha-
nisms by which duplicate genes contribute to phenotypic
evolution or diversification are not fully resolved. The
whole-genome duplication event shared by all teleost fish
preceded teleost diversification, and hence it has been
suggested this event contributed to the great diversification
of teleosts (Amores et al. 1998; Taylor et al. 2003), either
through increased genomic complexity and/or by con-
tributing to reproductive isolation through differential loss
of duplicated genes (Lynch and Conery 2000; Semon and
Wolfe 2007). This proposed relation between FSGD and

diversification has been challenged on the grounds that
much of teleost diversity is found in clades that radiated
long after the genome duplication, and because palacon-
tological evidence does not show a rapid increase in dis-
parity post-FSGD (Clarke et al. 2016); however, these
criticisms are weakened by the finding that gene diver-
gence can be delayed until long after genome duplication
(Macqueen and Johnston 2014; Martin and Holland
2014, 2017). The preferential retention of complex genes
after the FSGD, reported here, is particularly relevant to
these discussions, since it indicates that eventual loss of
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Fig. 2 Distribution of a protein length in amino acids and b functional domain number between retained duplicate and singleton genes in nine

teleost genomes. /fol singleton genes, /fo2 retained duplicate genes
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Fig. 2 continued

duplicate genes was not random. The preferential retention
of duplicate genes encoding more complex proteins is
consistent with a model in which the FSGD generated
additional genomic complexity which may have been
exploited during the successful diversification of teleost
fish.
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