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Abstract

Whole genome duplication (WGD) events have shaped the history of many evolutionary
lineages. One such duplication has been implicated in the evolution of teleost fishes, the by
far most species-rich vertebrate clade. After initial controversy, evidence is now solid that
such an event took place in the common ancestor of all extant teleosts, the so-called teleost-
specific (TS) WGD. After WGD, duplicate genes have different fates. The most likely
outcome is non-functionalization of one duplicate gene due to the lack of selective constraint
on preserving both copies of the gene. Mechanisms that act on preservation of duplicates are
subfunctionalization (partitioning of ancestral gene functions on the duplicates),
neofunctionalization (assigning a novel function to one of the duplicates) and dosage-
selection (preserving genes to maintain dosage-balance between interconnected components).
Since the frequency of these mechanisms is influenced by the gene’s properties, there are
over-retained classes of genes, such as highly expressed ones and genes involved in neural
function. The consequences of the TS-WGD, especially its impact on the massive radiation of
teleosts, have been matter of controversial debate. It is evident that gene duplications are
crucial for generating complexity and WGDs provide large amounts of raw material for
evolutionary adaptation and innovation. However, it is less clear whether the TS-WGD is
directly linked to their evolutionary success and radiation. Recent studies let us conclude that
TS-WGD has been important in generating teleost complexity, but that more recent
ecological adaptation only marginally related to TS-WGD might have played an even bigger

role.



1. Introduction

During evolution, genes are often subject to duplication events. Duplications can affect single
genes, a stretch of several genes, whole chromosomes or even whole genomes. Doubling of
whole genomes initially leads to polyploidization (doubling of the whole chromosomal set)
and can principally be achieved by nonreduction in meiosis or somatic doubling in mitosis,
either in the parental germline or in the early embryo. However, on an evolutionary timescale
polyploidy does not persist. Duplicated chromosomes accumulate changes until they become
too different to pair as quadrivalents during meiosis. Eventually, when disomic inheritance of
all chromosomes is restored, a fully diploid organism emerges. This process is called re-
diploidization. While re-diploidized organisms are no longer polyploid, they still carry signs
of the ancestral polyploidization event, such as genes that have been retained as duplicates.
Duplication of a gene results in two daughter genes, termed paralogues (resulting from a
duplication event within the genome regardless of the mechanism they arose by).
Immediately after duplication, paralogues are identical and functionally redundant. It was
realized early on by Susumu Ohno that such redundant genes are attractive candidates to
provide the genetic raw material for evolutionary innovation (Ohno, 1970a). By releasing
genes from selective constraint in this way, one of the duplicates can be assigned a novel
function, a process called neofunctionalization.

It has been suggested that whole genome duplications are especially important in generating
novel genes, since during whole-genome duplication (WGD) the entire genetic repertoire of
an organism is doubled.

Although the importance of polyploidization events has initially been realized in plants, it is
now clear that also many animals experienced WGDs (Mable, 2004). Even within mammals,

which are generally thought not to tolerate polyploidization, a duplicated genome was



identified in a rodent (Gallardo et al., 1999; Gallardo et al., 2004). There is now clear
evidence that the radiation of vertebrates was preceded by two rounds of WGD, and it has
been suggested that these events have contributed to diversification and evolutionary
innovations within vertebrates (Canestro et al., 2013).

The subject of this review is to focus on a third round of WGD within vertebrates that
occurred at the base of the teleost fish lineage, the so-called teleost-specific (TS) WGD.
Teleosts comprise most extant bony fishes and are the by far most diverse vertebrate group.
First, we will summarize evidence for this WGD event. We will then discuss the fate that
duplicate genes can undergo, especially in the context of genes that originated in the TS-
WGD. Finally, we are asking which evolutionary consequences the TS-WGD had, focusing

on its potential contribution to the massive radiation of teleost fishes.

2. WGDs have shaped teleost evolution

A WGD took place in the common ancestor of all teleosts

First evidences for TS-WGD emerged from the realization that many tetrapod genes have two
orthologues in teleosts (Wittbrodt et al., 1998; Taylor et al., 2001). However, it was unclear
whether these co-orthologues originated in a single WGD event or in a sequence of smaller
duplications at the level of whole chromosomes or chromosomal pieces.

Several lines of evidence confirm that a WGD indeed took place at the root of the teleost
lineage:

Early on, the developmentally important and well-conserved Hox gene clusters sparked
interest. After identifying many supernumerous Hox genes to the already known ones from

tetrapods (Njolstad et al., 1988; Misof and Wagner, 1996; Aparicio et al., 1997), the



systematic evaluations of Hox genes revealed seven Hox clusters in zebrafish (Amores et al.,
1998; Prince et al., 1998) as opposed to the four found in tetrapods. Although duplicated Hox
genes have also been identified in other teleosts, it was initially not clear whether the increase
in the number of Hox clusters is universal for teleosts (Prohaska and Stadler, 2004). Recently,
duplicated Hox gene clusters were found in the two most basal extant groups of teleost fishes,
the Elopomorpha (including eels and tarpons) (Guo et al., 2009; Henkel et al., 2012). and
Osteoglossomorpha (including bony tongues and elephantfish) (Chambers et al., 2009).
Notably, the eels (European and Japanese eel) are currently the only fishes in which the
complete set of the original eight Hox clusters has been observed (Guo et al., 2009; Henkel et
al., 2012). Since Elopomorpha is the most basal teleost group (Arratia, 1997; Near et al.,
2012) this strongly suggests that the ancestor of all living teleosts also possessed eight Hox
clusters, consistent with a WGD at the base of teleost evolution (Figure 1).

Since the conservation of long stretches of gene order in the entire teleost lineage is an
expected outcome of a WGD, the detection of conserved synteny (gene order on
chromosomes) of Hox clusters and other genes in a number of teleost fishes was taken as
strong evidence (Amores et al., 1998; Gates et al., 1999; Barbazuk et al., 2000; Taylor, 2003;
Hoegg and Meyer, 2007; Sato et al., 2009). Additional support for TS-WGD has been gained
by molecular clock analyses. A WGD is expected to result in the divergence of all the
resulting paralogues at the same time. Indeed, in two molecular-clock analyses using the
Fugu genome, clear peaks in age distribution of paralogous blocks of duplicated genes were
observed (Christoffels, 2004; Vandepoele et al., 2004). Although the age estimates of the
fish-specific genome duplication are slightly diverging (350 million years ago (mya)
(Christoffels, 2004) versus 320 mya (Vandepoele et al., 2004)), both studies place it before
the teleost radiation, which is consistent with a genome duplication at the base of ray-finned

fishes.



Finally, whole-genome sequencing of a number of fish genomes provided conclusive
evidence for at least one WGD in the whole teleost lineage (Aparicio et al., 2002; Jaillon et
al., 2004; Kasahara et al., 2007; Howe et al., 2013; Schartl et al., 2013).

In summary, owing to convincing evidence on many levels, it is now near universally

accepted that the TS-WGD took place.

Additional lineage-specific WGDs occurred in salmonids and some cyprinids

Additionally to the WGD at the base of teleost evolution, more recent genome duplications
have shaped fish evolution. WGD events are well established for both salmonids and
cyprinids.

The ancestor of all extant salmonids underwent a tetraploidization event (Johnson et al.,
1987), according to most recent estimations probably between 80 and 50 mya (Alexandrou et
al., 2013). From the 1970ies on (Ohno, 1970Db), it has been suspected that the salmonid
specific genome duplication event, which preceded the origin of migratory behavior,
provided the genetic basis for this evolutionary innovation (Alexandrou et al., 2013).

Within Cyprinidae, the common carp and the goldfish have been suggested to be tetraploid
(Ohno et al., 1967).

Analysis of microsatellite loci (David, 2003) and comparing the linkage map of the common
carp to the zebrafish genome (Zhang et al., 2013) provided strong evidence for the
duplication event in the common carp. Goldfish and the common carp are closely related and
likely share the same tetraploid ancestor which underwent a genome duplication an estimated
5.6 —11.3 mya (Wang et al., 2012).

Additional polyploidization events within the Cyprinidae have been described in some

loaches (Cobitidae) (Ferris and Whitt, 1977a) and in suckers (Catostomidae) (Uyeno and



Smith, 1972). Once more fish species become subject to genomic analysis, we will likely see

many more additional examples of WGDs in teleost sublineages.

The evolution of chromosome numbers after teleost WGDs

WGD initially leads to doubling of the chromosomal set. However, it is well known that
chromosomes behave dynamically during evolution and undergo rearrangements, such as
centric fusions by Robertsonian Translocation. This mechanism leads to two chromosomes
being fused at their centromeres, resulting in a reduction of chromosome number.
Approaches to infer the ancestral teleost prior to TS-WGD have consistently predicted a
haploid chromosome number of 12 to 13 (Postlethwait et al., 2000; Jaillon et al., 2004; Kohn
et al., 2006; Kasahara et al., 2007). Accordingly, TS-WGD resulted in a post-duplication
ancestor with 24 or 26 chromosomes. More than 50% of all extant teleosts with data in the
genome size database (http://wwwgenomesize.com) have indeed 24 or 25 chromosomes
(Naruse et al., 2004), presumably representing the ancestral condition. Thus, the number of
chromosomes remained nearly unchanged during evolution of most extant species. However,
whereas the number of chromosomes remained fairly constant, the comparison of different
teleost genomes to that of humans revealed a higher rate of chromosomal rearrangements
other than fusions (Kasahara et al., 2007).

After the recent WGD in the ancestor of common carp and goldfish, chromosome numbers
have also not been reduced. Both species have 50 chromosomes, twice as many as other
Cyprinidae (Ohno et al., 1967).

Conserving chromosome numbers after WGD is not essential, as chromosome numbers of
salmonids illustrate. Because the stem salmonid underwent WGD, unchanged chromosome

numbers would result in extant salmonids with around 50 chromosomes, a number twice that



of their closest relatives. In contrast, although cells of salmonid fishes consistently have
double the DNA content (Gregory et al., 2007) and chromosome arms (Phillips et al., 2009)
as compared to their closest relatives, their chromosome numbers vary extensively between
26 and 51. Most of the species have a lower chromosome number than the original number
after duplication (Supp. Fig.1). Therefore, chromosome fusions must have played a major
role in shaping salmonid karyotypes, as proposed by Hartley (Hartley, 1986). Different
modes of chromosome evolution appear to have acted in the evolution of different salmonid
sublineages, leading to the diverse chromosome numbers observed (reviewed by Phillips and

Rab, 2001).

3. The fates of duplicated genes after WGD

After WGD, all duplicated genes should be relieved from selective pressure and therefore
would be expected to vanish over time. However, the fate of duplicated genes is more
complicated and much more interesting (Figure 2).

WGD derived duplicate gene pairs can undergo different fates: One of the duplicates may be
lost (non-functionalization), both duplicates may be retained basically unchanged, both
duplicates may acquire changes so that the function of the ancestral gene is divided among
the duplicates (a process called subfunctionalization), and finally one of the duplicate genes
may acquire a new function (neofunctionalization). For clarity, we will describe the different
scenarios as individual processes. But we like to stress that the categories are simplified, and
that multiple scenarios may affect the evolution of individual genes. Different mechanisms
can act successively to shape different phases of gene evolution. Furthermore, two or more

mechanisms may act on the same duplicate gene pair simultaneously.



Non-functionalization

Immediately after WGD, the daughter genes of each ancestral gene are identical, and their
functions are redundant. This suggests that selective constraint of maintaining both of them is
low and that one of them is therefore free to disappear due to genetic drift. A classical model,
first formulated by Ohno (Ohno, 1970a) predicts that loss of one paralogue is the most
common outcome of duplicate gene evolution. This assumption is based on the simple fact
that deleterious mutations are much more likely to occur than beneficial ones. Thus, one of
the duplicates is expected to accumulate deleterious mutations, eventually leading to its
silencing. Indeed, experimental studies have confirmed that non-functionalization is the most
common scenario of duplicate gene evolution (Jaillon et al., 2004; Woods et al., 2005; Brunet
et al., 2006).

Estimates have suggested that as few as 1-5% of duplicate genes have been retained in
pufferfish (Aparicio et al., 2002; Jaillon et al., 2004). This is roughly in agreement with the
first genome-wide, comparative analysis of five different fish species by Kassahn et al.
(Kassahn et al., 2009) These authors found that in all five species examined, 3-4% of the
genes show strong evidence for having originated in the ancient TS-WGD. Due to the design
of the study, this number is probably underestimating the real abundance of gene retention
after TS-WGD, and can be considered a minimum estimate, as pointed out by the authors
themselves. The study also found that there is no difference in the percentage of duplicate
gene retention between the five species analyzed. By looking at gene families, other studies
have come to the conclusion that up to 20% of TS-WGD-duplicate genes may have been
retained in zebrafish (Postlethwait et al., 2000; Postlethwait et al., 2004; Woods et al., 2005),
which can be considered the maximum estimate of gene retention rate after the TS-WGD.

Gene retention rates after the more recent WGD events in Salmonids and the lineage leading



to common carp are much higher: Probably more than 50% of all genes are still present in
duplicates in the common carp and salmonids (Ferris and Whitt, 1977b; Allendorf, 1978).

Although non-functionalization is very frequent, Force and coauthors (Force et al., 1999)
noted that the fraction of genes preserved after genome duplication events is higher than
predicted by Ohno’s classical model (Ohno, 1970a). In other words, the probability of a
mutation being beneficial versus it being deleterious is too low to explain the number of
duplicates observed after WGD events. Force et al. (Force et al., 1999) therefore proposed a
seminal model of subfunctionalization with  their  Duplication-Degeneration-

Complementatiion (DCC) model.

Subfunctionalization by Duplication-Degeneration-Complementation (DDC)

Genes usually have more than only one function. These functions can be represented by
expression in different cell types or developmental stages. Different expression domains are
regulated by transcription factors binding to distinct elements in regulatory regions of a gene.
The Duplication-Degeneration Complementation model (Force et al., 1999) proposes that
duplicates can be conserved by complementary degenerative mutations in such regulatory
regions. The degenerative mutations are neutral, because one gene still performs the ancestral
function that was lost in the other one. By this mechanism, functions of a gene can be
subdivided between the daughter genes, which — together — continue to perform the functions
of their ancestral pre-duplication gene. After complementary loss of subfunctions, both genes
will be fixed in the genome, because loss of either of them will disrupt the essential ancestral
gene function. It is important to point out that this process can take place in the absence of
selection. Genetic drift leading to complementary loss of subfunctions is sufficient to explain

the DDC mechanism. A mathematical model provided by Force et al. demonstrates that the
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higher the number of subfunctions of a gene pair, the higher the probability of fixation by the
DDC model, and the lower the probability of non-functionalization (Force et al., 1999).
Furthermore, the model predicts that the fate decision between non- and subfunctionalization
is determined quickly on an evolutionary time scale (within a few million years). Taken
together, the model suggests that the DDC mechanism has had a significant contribution to
the proportion of retained duplicates after WGD that we can observe today. Indeed, numerous
cases of TS-WGD duplicate gene pairs evolving by DDC have been reported (for example,
see McClintock et al., 2001; Jovelin et al., 2007; Kassahn et al., 2009; Renninger et al., 2011;
von Niederhdusern et al., 2013).

One demonstrative example of subfunctionalization is shown by the study of cellular
retinaldehyde-binding proteins (CRALBP) in zebrafish (Fleisch et al., 2008). During light
perception in photoreceptors, visual pigment absorbs a photon, leading to isomerization of its
visual chromophore (11-cis-retinal). The visual pigment is replenished in two separate visual
cycles, the canonical cycle located in the retinal pigment epithelium (RPE) and the non-
canonical cycle in Muller glia cells (Fleisch and Neuhauss, 2010). The visual chromphore
needs to be chaperoned by CRALBP, hence tetrapods express this protein in both RPE and
Maller glia cells. In zebrafish there are two CRALBP paralogues, one expressed in Mdller
glia cells and one in the RPE (Collery et al., 2008; Fleisch et al., 2008). Functional analyses
showed that they serve different functions in vision. Hence the ancestral function and
expression domain is split up between two paralogues, who together make up the function of
the presumptive ancestral gene duplicated at WGD.

Clear examples of subfunctionalization by changes on the amino acid level in animals are
rare, but one exemplary case of Proopiomeloncortins in pufferfish duplicated by TS-WGD

and subfunctionalized on the amino acid level has been documented (de Souza et al., 2005).
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Some examples of subfunctionalization on the level of coding sequence after WGD have also

been found in plant genomes (Cusack and Wolfe, 2007).

Subfunctionalization by escape from adaptive conflict (EAC)

Besides subfunctionalization by the DDC mechanism, an additional mode of
subfunctionalization was first proposed by Hughes (Hughes, 1994) and has been later termed
escape from adaptive conflict (EAC) by Des Marais and Rausher (DesMarais and Rausher,
2008). In this model, two duplicate genes evolve not solely by genetic drift, but when
adaptive evolution is driving changes in both paralogues, leading to their divergence
(DesMarais and Rausher, 2008). In this way, better adaptation of a different subfunction in
each gene can be achieved. This scenario is expected to occur in cases when two subfunctions
of a gene cannot be improved simultaneously, because optimization of one subfunction
would negatively interfere with the other one. Duplication solves this conflict and one
paralogue is free to acquire adaptive mutations to optimize one subfunction without
compromising the performance of the other one, whereas the second paralogue can optimize
another subfunction. Whether this model is able to explain a substantial fraction of retained
paralogues depends on two factors: The abundance of multifunctional genes and the
abundance of situation where optimization of one function impairs another one (Innan and
Kondrashov, 2010). Physical modeling of amino acid chains suggests that EAC preferentially
takes place under moderate selective pressure and therefore likely in genes that are not
essential for survival, but that can substantially improve fitness if optimized (Sikosek et al.,
2012). So far, duplicate gene evolution by EAC has been mainly a theoretical model and only
few cases indicating EAC have been documented (DesMarais and Rausher, 2008; Deng et al.,

2010; Huang et al., 2012). One reason for the scarcity of examples is related to the difficulty
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to ascertain whether the criteria for EAC are fulfilled, in particular whether functions were
improved compared to the ancestral gene and whether this improvement was really

constrained before duplication (Barkman and Zhang, 2009).

Neofunctionalization

Besides non- and subfunctionalization, duplicate genes can also acquire novel functions. This
is the classical model of neofunctionalization of one paralogue, again first formulated by
Ohno (Ohno, 1970a). It is also referred to as “mutation during non-functionality” (MDN)
model (Hughes, 1994; Conant and Wolfe, 2008). Due to the lack of selective constraint on
maintaining both duplicates, one of them is free to acquire mutations conferring a new
function. As discussed above, beneficial mutations occur only at a low rate. Therefore, this
scenario is expected to be encountered less frequently than non- or subfunctionalization.
Indeed, fewer instances of neofunctionalization have been confirmed. The technical difficulty
to identify cases of neofunctionalization likely greatly contributes to the apparent scarcity of
bona fide examples (Conant and Wolfe, 2008). Duplicate genes with divergent functions, one
of which is new, might be gene pairs that underwent neofunctionalization. Instances of
neofunctionalization that have been reported are frequently gain of novel expression domains,
and therefore probably neofunctionalization by alterations in their regulatory regions
(Kassahn et al., 2009), while changes in the coding sequence of a genes giving rise to a new
function are rarer (Braasch et al., 2006; Douard et al., 2008).

One illustrative example of neofunctionalization in both regulatory and protein coding
sequences of a TS-WGD duplicate gene pair is the co-option of a voltage-gated sodium
channel to contribute to the origin and function of electric organs (Zakon et al., 2006;

Arnegard et al., 2010). Both African mormyroid and South American gymnotiform fishes
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possess organs to electrically generate communication signals. Interestingly, although the
electric organs of those two groups are very similar (for example, they are both derived from
skeletal muscle), they evolved independently (Alves-Gomes, 1999). The electric organ was
therefore invented twice by convergent evolution. The function of electric organs highly
depends on modified voltage-gated sodium channels that are needed to discharge
electrocytes, the cells of the electric organs suitable to produce the communication signal.
Teleost fishes possess scndaa and scndab, two products of TS-WGD coding for alpha-
subunits of voltage-gated sodium channels. In non-electrogenic fishes, both paralogues are
expressed in skeletal muscle. But in all members of both groups of electrogenic fishes,
expression of scn4aa was found to be lost from muscle and gained in the electric organ. The
fact that this switch in expression is found even in the most basal electrogenic fishes in both
groups suggests that scnd4aa not only acts in, but also supported the formation of the electric
organs (Arnegard et al., 2010). Furthermore, the authors found that selective pressure acted
specifically on the protein-coding sequence of the scn4aa paralogue during phases when the
electric organ was evolving, whereas selective pressure on scn4ab remained constantly low.
Strikingly, selective forces showed to be particularly high in functionally important regions
of the proteins, for example in extracellular loops that are thought to have an impact on the
duration of electric organ discharge and therefore on the properties of the communication
signal. These specific changes occurred in parallel in types of gymnotiform and mormyroid
electric fishes that generate pulsed electric signals as opposed to the more uniform signals of
their relatives. In summary, the innovation of electric organs in two distant related groups of
weak electric fishes highlights two interesting aspects: Firstly, it demonstrates that genes
which arose in genome duplications can acquire new functions, leading to the acquisition of
evolution of new evolutionary traits, even complex ones such as new organs. Secondly, it

illustrates an example of pre-adaptation and co-option: The duplicated sodium channel
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existed in the genome of fishes and probably acted in muscle activity for around 100 million
years (Arnegard et al., 2010) until, within an evolutionary short period of time, it was co-

opted twice to function in the electric organ.

Gene dosage effects

A final mechanism of duplicate gene retention worth discussing here is retention due to
dosage effects. Directly after WGD, all chromosomes and genes are doubled in every cell,
and therefore it can be assumed that the duplicate gene pairs are all expressed at a higher
level than the corresponding ancestral gene. Since this is true for every gene, relative gene
dosage is not disrupted by WGD. Maintaining gene dosage balance seems to be crucial for
some genes, and loss of so-called dosage-sensitive genes after WGD can be detrimental.
Degenerative mutations of such genes disrupt balanced expression of genes interconnected in
networks. Because relative gene dosages of such genes are important, reducing gene dosage
by deleterious mutations in one paralogue can lead to negative developmental or
physiological consequences. Genes where dosage is believed to be especially important are
ribosomal genes, genes coding for proteins with a high number of interactions, and genes
encoding proteins functioning in signaling pathways and networks. Requirement for gene
dosage maintenance can lead to scenarios in which all genes of a network or pathway remain
duplicated, and it has been suggested that retention of duplicate members in whole networks,
can have broad evolutionary implications (Conant and Wolfe, 2007).

Support for this Gene Balance Hypothesis comes from comparing trends in gene retention
between single-gene duplications and WGDs. Relative gene dosages are after a WGD
initially not changed, while single-gene duplications instantaneously disrupt gene dosage

balance and should therefore be selected against in dosage-sensitive systems. Indeed, it has
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been shown in vertebrates and plants that highly interconnected genes, such as genes
involved in transcription and signaling cascades, and genes coding for proteins with more
than average protein-protein interactions are over-retained after WGDs, but not after small-
scale duplications (Blomme et al., 2006; Freeling, 2008; Hufton et al., 2009).

Hufton et al. even propose that the gene balance hypothesis better explains gene duplication
retention in vertebrate genomes than the DDC model (Hufton et al., 2009). In their study of
phylogenetically conserved noncoding sequences, they showed that genes retained after
WGD are rather marked by many protein interaction sites than by many conserved noncoding
elements, as the DDC model would predict (Hufton et al., 2009). Additionally, it is plausible
that an increased dose of some genes is beneficial even if they are not highly interactive. In
such a case, both duplicates will be preferentially retained in the genome as well. Examples
for genes that are required in high doses and that are therefore prone to be maintained as
duplicates by positive selection are histones and ribosomal proteins (Sugino and Innan,
2006). However, both histones and ribosomal proteins are also dependent on the abundance
of their interaction partners (other histones, other ribosomal proteins and ribosomal RNA),
and might therefore be retained by both the benefits of an increased dose and the need to keep
dosage balance.

As noted at the beginning of the section, the different mechanisms leading to different fates
cannot be regarded as isolated processes since they can act together, resulting in complex
evolutionary dynamics of duplicate genes. On top of that, outcomes of duplicate gene
evolution are also affected by other interesting evolutionary mechanisms such as gene

conversion.

Concerted evolution by gene conversion
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Gene conversion has been described as nonreciprocal exchange of DNA fragments between
homologous sequences within a genome. Gene conversion can also be regarded as a copy-
and-paste event by which a gene fragment is replaced by a homologous sequence. When gene
conversion is active between genes at a sufficiently high rate, those genes do not evolve
independently anymore, but in a fashion called concerted evolution. The principal effect of
concerted evolution is that affected genes remain more similar to each other than would be
expected considering only divergent evolution without gene conversion.

Gene conversion is dependent on homology and sufficient sequence similarity (Ahn et al.,
1988; Elliott et al., 1998), and can therefore also be expected to be active between paralogues
arising through WGDs.

Several effects of gene conversion on duplicated genes have been suggested (reviewed by
Innan, 2009): First, gene conversion is expected to make non-functionalization less likely,
since deleterious mutations in one duplicate can be removed by “pasting” the corresponding
sequence of its intact paralogue. Second, gene conversion can contribute to
neofunctionalization, since beneficial mutations can be shared and also, novel combinations
of allelic sequences can be created. In a theoretical model, Teshina and Innan have explored
another interesting effect of gene conversion by which it counteracts neofunctionalization
(Teshima and Innan, 2008). A DNA sequence conferring a novel function can be converted
back to the ancestral sequence by gene conversion. Therefore, in genes undergoing
conversion, neofunctionalization can only occur under strong selection. A second
consequence suggested by this study is that gene conversion prevents complete fixation of a
novel gene. As a result, fixation of neofunctionalization can only take place subsequently to
mechanisms that terminate gene conversion, i.e. progressive sequence divergence or events of

immediate large impact such as transposon insertions.
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Clear examples of gene conversion are documented in plants, fungi and animals (for
example, see Semple and Wolfe, 1999; Drouin, 2002; Rozen et al., 2003; Mondragon-
Palomino and Gaut, 2005). It has also been shown that gene conversion can principally be
active after WGD by studies in yeast (Wolfe and Shields, 1997; Kellis et al., 2004). However,
the extent to which gene conversion contributes to duplicate gene conversion, in particular
after WGDs, is still unclear due to difficulties in detecting gene conversion with current
methods (Mansai and Innan, 2010).

Almost all gene conversion events discovered in teleosts have affected paralogues that do not
stem from TS-WGD but rather from more recent duplications (mostly tandem duplications)
in teleost sublineages (Bargelloni et al., 1999; McGuigan et al., 2004; Noonan et al., 2004;
Gerrard and Meyer, 2007; Yu et al., 2007; Windsor and Owens, 2009; Weadick and Chang,
2012). Only one instance of gene conversion between paralogues generated by TS-WGD,
namely rainbow trout sox9a2 and sox9 (Alfaqgih et al., 2009) has so far been documented.
However, the scarcity of examples does not necessarily imply that gene conversion was
infrequent or unimportant after TS-WGD. Since gene conversion depends on sufficient
sequence similarity between paralogues, it is expected to be most common directly following
WGD events and becoming less frequent over the course of time. Therefore, many gene
conversion events acting on paralogues duplicated by TS-WGD can be expected to be ancient

and quite hard to detect.

Coding and noncoding regions in duplicate gene evolution

Most of the mechanisms we have discussed can either be achieved by mutations in coding- or

noncoding regions. In the case of subfunctionalization, gene expression of duplicate genes

can be divided between tissues by reciprocal loss of cis-regulatory elements, as Force et al.
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initially postulated (Force et al., 1999). However, distribution of an ancestral function onto
two paralogous genes can in principal also be achieved by reciprocal inactivation of
functional domains. Similarly, a new function can be gained through the addition of another
regulatory element resulting in a new expression domain, or through imposing a new function
via changes within the coding sequence.

It is still lively debated whether changes in coding- or non-coding sequences are more
relevant to the evolution of genes and new traits (Carroll, 2000; Hoekstra and Coyne, 2007;
Wray, 2007; Lynch and Wagner, 2008; Wittkopp and Kalay, 2012). One of the difficulties is
that it is straightforward to detect changes in coding regions, while cis-regulatory elements
are small, interspersed with non-relevant sequences, often far away from the regulated gene,
and less strictly conserved in sequence. Furthermore, their position can be changed or they
can be inverted without functional consequences. Therefore meaningful changes in non-
coding sequences are much harder to identify. Hence it is no surprise that studies having
directly identified cis-regulatory sequence changes as the source of divergent duplicate gene
expression are rare. However, the consequences of cis-regulatory mutations can easily be
identified by expression analyses, such as (quantitative) reverse PCR and RNA in-situ
hybridization. In fact, changes in expression patterns have often been interpreted by authors
as alterations in cis-regulatory regions. This may often be the appropriate conclusion,
however the methods used might not always detect alternatively spliced variants of a
paralogue which might be prevalent in a certain tissue, and mRNA abundances can also be
altered through changes in mRNA stability (Hoekstra and Coyne, 2007).

Comparative genome wide analyses of retained duplicates after the TS- WGD from five
species (Kassahn et al., 2009) showed that expression patterns often diverge between
paralogues: 87% of duplicate gene pairs showed distinct expression patterns (indicative of

neo- and subfunctionalization events) in at least one developmental stage examined. This
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number represents only a rough estimate since it might underestimate the actual number of
divergent genes. Some paralogues might be differentially expressed in developmental stages
not examined. This is especially relevant since adult stages are often not included in
expression analyses, and the same survey showed that expression patterns of duplicate gene
pairs get more distinct during development.

This study suggests that neofunctionalization through changes in regulatory regions might be
more abundant than predicted by the classical model of neofunctionalization by Ohno (Ohno,
1970a). This discrepancy can be alleviated if the “Duplication Degeneration Innovation”
(DDI) model proposed by Jiménez-Delgado and coauthors is taken into account (Jimenez-
Delgado et al., 2009). In the DDI model, sub- and neofunctionalization act together on
regulatory elements to achieve evolutionary innovation. After duplication and during
degeneration, conserved non-coding elements (CNEs) become non-functional, but retain their
structural enhancer properties. Therefore, expression in a new spatial and/or temporal manner
can be achieved even by only subtle mutations in those degenerate CNEs, making

neofunctionalization more likely to occur.

When contemplating evolutionary divergence of coding regions, the first events that come to
mind are amino acid substitutions caused by non-synonymous point mutations. While this
mechanism has received considerable attention for decades, there is accumulating evidence
that other mechanisms, which have been started to be investigated more recently, are also
significantly contributing to structural and functional divergence of proteins after genome
duplications.

Divergence of coding regions can be achieved by a number of mechanisms other than point
mutations. These include insertions/deletions (indels), exon gain/loss,

exonization/pseudoexonization, exon suffling and divergence of alternative splicing.
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Divergence in splicing and indels have been suggested to contribute substantially to evolution

after WGD.

Divergence of splicing events can principally play a role after polyploidization as shown in a
study in plants (Brassicaceae) (Zhou et al., 2011). In this study natural and resynthesized
tetraploid species were compared to a closely related diploid species in terms of splicing
patterns of paralogous genes. A substantial number (>20%) of paralogous gene pairs were
found to have diverged in splicing events. The resynthesized tetraploids showed that those
changes occur fast: Already after 5 generations, more than 20% of duplicate gene pairs
showed divergent splicing patterns. The study also showed that the most common change in
splicing is loss of one parental splicing event in a duplicate gene. Whether such a mechanism
is equally prevalent in teleost evolution is not known, but provides an attractive alternative
mechanism to explain duplicate gene retention due to partition of alternative splicing between
paralogues.

Indels have also been shown to very frequently contribute to divergent gene evolution after
the TS-WGD. Both members of a paralogous gene pair have experienced significantly more
insertion and deletion events than genes not retained as duplicates. These indels mostly
occurred shortly after the duplication event and are predicted to affect protein structure more
than amino acid substitutions (Guo et al., 2012).

This and other reports (Brunet et al., 2006; Jiang and Blouin, 2007; Tian et al., 2008; Chen et
al., 2009) have led to the idea that Indels have at least as much impact on duplicate gene

evolution as nucleotide substitutions do.

A number of studies were conducted aiming to address evolution in both coding and

noncoding regions of TS-WGD duplicates. In some cases, both noncoding and coding
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sequences of certain paralogues were found to undergo divergent evolution. In particular,
such scenarios were shown for Proopiomelanocortins, prohormones mostly expressed in the
pituitary gland (de Souza et al., 2005), and Follistatins, TGF-$ binding proteins involved in
muscle development (Macqueen and Johnston, 2008). Other studies exclusively identified
divergent evolution in noncoding regions, while the coding sequence or gene function
remained highly conserved. This was true for a duplicated gene pair of the argonaute (Ago)
family, encoding AGO proteins important for small RNA mediated gene silencing
(McFarlane et al., 2011), and for IGFBP-2 genes, binding and regulating actions of Insulin-
like growth factor (Zhou et al., 2011). None of these studies reported identical expression
patterns of TS-WGD duplicates, emphasizing that changes in regulatory elements are very

common after WGD.

Over-retained duplicates after WGDs

Having discussed the mechanisms for duplicate gene retention, an obvious follow-up
question is if the retained genes are distributed equally among gene categories. Strong
evidence, mainly obtained in plants, yeast and unicellular eukaryotes has been collected that
duplicate genes with certain properties are over-retained after WGD events (for example, see
Seoighe and Wolfe, 1999; Papp et al., 2003; Maere et al., 2005; Aury et al., 2006).

In agreement with the dosage-balance hypothesis, over-retained duplicate genes often encode
proteins with more than average protein-protein interactions and proteins that function in
complexes (Hakes et al., 2007). Correspondingly functional categories that have been over-
retained include ribosomal proteins, protein kinases and transcription factors. Two recent
studies have shown that gene expression is a factor highly correlated with duplicate gene

retention. Gout et al. investigated the relation between gene expression and duplicate gene
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retention on a genome-wide basis in the unicellular Paramecium tetraurelia (Gout et al.,
2010). The evolutionary lineage leading to P. tetraurelia is marked by three rounds of
WGDs. There was a strong positive relationship between expression level and duplicate gene
retention. Similarly, Chain et al. found that expression level is the factor correlating most
strongly with duplicate gene retention in tetraploid Xenopus laevis, again suggesting dosage
sensitivity of retained duplicates (Chain et al., 2011). Evenness of expression was the second
strongest factor positively associated with duplicate gene retention. “Evenness” of expression
means activation in many tissues and therefore might be linked to pleiotropy
(multifunctionality) and complexity of regulatory sequences, features that increase the chance
of sub- and neo functionalization.

Another observation made in both P. tetraurela and X. laevis was that genes which have been
evolving slowly before a genome duplication are more likely to be retained (Gout et al.,
2010; Chain, Frederic J. J. et al., 2011). Consistent with this finding, Semon and Wolfe have
previously argued that slowly evolving genes may tend to persist because they give sub- or
neofunctionalization more time to take place before deleterious mutations occur (Semon and
Wolfe, 2008). An observation that points to the same direction is that in pufferfish, well
conserved genes with close homologues already present in invertebrates are overrepresented
among duplicates (Kassahn et al., 2009).

By assigning functions to duplicate and non-duplicate genes of five teleost species, it was
shown that a number of functional categories is strongly enriched among paralogues derived
from TS-WGD (Kassahn et al., 2009). The categories most enriched are related to ion
channel and transporter activity. lon transport needs to be tightly regulated in any cell.
However, neurons are the cells that most strongly rely on a repertoire of diverse ion channels
and transporters. Consistent with this genome-wide analysis, also studies of protein families

in zebrafish have shown that genes involved in neuronal function have often retained both
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paralogues (Gesemann et al., 2010; Di Donato et al., 2013; Haug et al., 2013; Kastenhuber et

al., 2013).

4. Consequences of TS-WGD for fish evolution

Teleost fishes represent the by far most diverse vertebrate clade, constituting more than
32,000 species of an estimated total number of 64,000 vertebrate species (Froese and Pauly,
2013). Teleost fishes populate a wide range of oceanic and freshwater habitats all over our
planet, ranging from arctic to tropic regions. Without doubt, teleosts are an evolutionary
highly successful group.

WGDs are found at the base of some other diverse taxa. The vertebrate stem is marked by
two rounds of WGD (Dehal and Boore, 2005; Putnam et al., 2008; Kuraku et al., 2009).
Similarly, ancient WGDs have been documented in flowering plants (Jaillon et al., 2007,
Tang et al., 2008). Additionally in flowering plants, more recent WGDs at the base of diverse
subgroups have been reported (reviewed by Soltis et al.,, 2009). These and similar
observations made in Fungi and unicellular eukaryotes (Aury et al., 2006; Scannell et al.,
2007) have led to the idea that there is a causal correlation between WGD, evolutionary
success and radiation.

Here, we are going to discuss the impact of TS-WGD on teleost evolution, focusing on its
role in their radiation. First, we will briefly summarize the mechanisms by which WGDs are
thought to impose selective advantage and facilitate speciation. For an extensive review on
this matter, the reader is referred to Van de Peer et al. (Van de Peer et al., 2009). Then, we
will discuss the current and controversial state of evidence on teleost radiation driven by TS-

WGD.
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Mechanisms by which WGDs can contribute to evolutionary success and radiation

Although polyploidization most often leads to an evolutionary dead end, it seems that
polyploid organisms sometimes have advantages over their diploid relatives. In particular,
some polyploids have been suggested to be more robust to changing environments, therefore
having reduced risk of extinction (Fawcett et al., 2009). Rapid genomic and epigenetic
changes taking place after WGD (Osborn et al., 2003) probably enable polyploids to adapt
faster than diploids. Furthermore, polyploids have been suggested to have increased
mutational robustness, meaning that redundant genes copies can transiently mask the effect of
deleterious mutations in their paralogue (Otto and Whitton, 2000).

WGDs have also been suggested to directly facilitate speciation by reciprocal gene loss,
where different paralogues are lost in different populations, ultimately leading to genetic
isolation and speciation of these populations (Scannell et al., 2006). There is indeed evidence
for reciprocal gene loss in teleost lineages. It was found that 8% of gene loci of Tetraodon
nigroviridis (green spotted puffer) and zebrafish underwent reciprocal gene loss (Sémon and
Wolfe, 2007). Similar to reciprocal gene loss, also subfunctionalization has the potential to
lead to genetic isolation of populations (Lynch and Force, 2000; Postlethwait et al., 2004;
Volff, 2005).

Also evolutionary innovations made possible by WGD provide a path to evolutionary
success. Gene duplication of any kind is a crucial generator of raw material for evolutionary
innovation. As discussed before, however, WGDs uniquely enable duplication of dosage
sensitive genes. Such genes include regulatory genes, thought to eminently contribute to the
emergence of evolutionary innovations. Regulatory gene have also been over-retained in

fishes (Blomme et al., 2006; Brunet et al., 2006). Additionally, dosage sensitivity is expected
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to result in the retention of whole transcriptional networks that can as a whole get assigned a
novel function (Freeling and Thomas, 2006; Freeling, 2009).

Finally, WGD leads to rapid expansion of whole gene families that can be retained to evolve
and generate many genes with similar but not identical function. Thus, it is reasonable to
assume that WGD particularly enables fine tuning and optimization of already existing

functions.

State of evidence for TS-WGD causing evolutionary success and radiation

At first, we want to stress that WGDs are neither necessary for nor predictive of
diversification and radiation. Although WGDs are found at the base of radiating clades such
as vertebrates and flowering plants, there are also many species-rich lineages that show no
signs of WGD, for instance in Coleoptera (beetles), the most diverse group of insects,
consisting of over 360,000 species. Conversely lineages that are not unusually species-rich
have undergone WGD, such as the Salmoniformes. Although this teleost lineage underwent
an additional round of WGD, they are with 222 species comparatively species poor (Froese
and Pauly, 2013). A conclusive assessment of the correlation between occurrence of WGDs
and evolutionary rate or radiation requires a more complete picture on WGD across the tree
of life. The current data may very well be biased in favour of a causative role of WGD,
simply due to the unequal number of species in different lineages. We expect that many more
WGDs across the whole tree of life will be revealed by future genome analyses.

Due to the lack of clear correlation between WGD and diversification, the sole fact that TS-
WGD took place cannot be taken as evidence for it generating teleost diversity.

A way to address the question whether TS-WGD enabled teleosts to radiate is to closely look

at the timing of TS-WGD and the rate of teleost diversification. A recent study estimating the
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timing of diversification rates in teleosts indeed revealed a prominent diversification event at
the base of teleost evolution (Santini et al., 2009). This result supports a role of WGD in the
diversification of teleosts. However, two additional and more recent diversification events
were detected, preceding the radiation of Percomorpha and Ostariophysi, two particularly
species-rich teleost clades. The delay between TS-WGD and more recent occurrence of
diversification puts a causal link between TS-WGD and diversification into question. Since
around 88% of species richness stems from the two more recent diversification events
(Santini et al., 2009), it is suggested that it was not the primary factor generating teleost
diversity. Also recent time-calibrated phylogeny of ray-finned fishes showed that the major
teleost lineages originated late after TS-WGD, in the late Mesozoic and early Cenozoic (Near
etal., 2012).

Interestingly, similar patterns of WGD followed by delayed radiation were found in several
large groups of flowering plants that independently underwent WGD. Such lineages show
greater biodiversity than lineages of flowering plants without WGD (Soltis et al., 2009).
However, the major shifts in diversification did not immediately follow WGD, but took place
in later emerging subclades (Smith et al., 2011). At least six species-rich families of
flowering plants show a pattern of WGD followed by the emergence of both radiating and
species-poor subclades (Schranz et al., 2012). Also the phylogenetic tree of teleosts shows
such a pattern with the species-poor Elopomorpha and Osteoglossomorpha at the base and
later evolving highly diverse clades such as Cyprinidae and Percomorpha. These similarities
led Schranz et al. to propose that a temporal delay between WGD and radiation is a pattern
generally observed and called it “time-lag model” (Schranz et al., 2012). Also in salmonids, a
gap of 40-50 million years between WGD (which likely took place 88-103 mya) and
diversification (although low in comparison to some other teleost groups) was reported

(Macqueen and Johnston, 2014).

27



Since such patterns of delayed diversification seem to be common, they are likely not
coincidental. It is possible that WGDs enable radiation long after the duplication event
occurred. Indeed reciprocal gene loss and subfunction partitioning have been shown to take
place long after WGD in many instances (Scannell et al., 2006; Sémon and Wolfe, 2007).

If TS-WGD did not directly drive teleost diversification, which factors did and how are they
related to TS-WGD? There is not enough data available to answer these questions
conclusively, but a picture is emerging.

The most prominent phase marked by radiation came with the appearance of the
Acanthomorpha, the most diverse group of teleosts, including the species-rich Percomorpha.
The appearance of Acanthomorpha 100-150 mya (Near et al., 2012) preceded the so-called
teleost explosion, the phase when a dramatic number of new fish species emerged.
Acanthomorpha radiated in the oceans, but descended from freshwater ancestors. This
transition from fresh- to saltwater is a major adaptive step due to different osmoregulatory
demands of the marine environment. Once this adaptive hurdle is taken, oceans provide a rich
biotope to diverge into. Therefore adaptation of Acanthomorpha to the high salinity is a likely
cause of their massive oceanic radiation. Eggs principally have the same osmolarity as the
maternal body fluids and are therefore hypoosmotic to sea water. If such an egg is spawned in
the hyperosmotic ocean, it will suffer from osmotic water efflux. It has been shown that
marine fishes increase the osmolarity of their eggs by cleaving yolk proteins, which in turn
are derived from Vitellogenin (\Vtg). This cleavage is especially prominent in pelagic eggs,
resulting in a large amount of free amino acids driving their hydration and thus making the
eggs even float (Amores et al., 1998; Finn et al., 2002).

Phylogenetic analysis showed that Vtgs are evolutionary derived from a large-lipid transfer
molecule that predated the origin of Bilateria (Finn and Kristoffersen, 2007). Vtg evolution in

vertebrates is marked by numerous duplication events (both WGD events and local
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duplications) as well as gene losses. Teleost Vtgs can be assigned to three different types, and
Acanthopterygii show a lineage specific duplication of one of the Vtgs (VtgA), resulting in
VtgAa and VtgAb (Finn and Kristoffersen, 2007). The free amino acid pool in pelagic eggs
mainly stems from VtgAa paralogues (Matsubara et al., 1999), while VtgAb is essentially not
degraded (La Fleur et al., 2005). VtgAb thus functionally represents the ancestral state. This
ancestral state of VtgAb versus the derived state of VtgAa could also be confirmed by
evolutionary rate analysis between the two paralogues (Finn and Kristoffersen, 2007). Finn
and Kristoffersson conclude that the hydration of marine eggs and therefore the oceanic
radiation of Acanthomorpha were made possible by a post-WGD event. TS-WGD only
contributed indirectly by the expansion of the Vtg gene family that preceded the crucial
duplication event in Acanthomorpha.

In salmonids, climatic changes have recently been suggested to have caused their
diversification. Most salmonid lineages and species only formed in the last 10 myr, with two
clades independently evolving anadromy (migratory behavior from freshwater to the oceans
and back for reproduction). Macqueen and Johnston found that the shift in diversification
correlates with climatic cooling, and argue that this climate change might have provided a
selective advantage for anadromous behavior, since marine productivity exceeds that of
freshwater in a temperate climate, providing more abundant food sources (Macqueen and
Johnston, 2014). Migrating to the oceans also offered new freshwater habitats. Via estuaries,
salmonids were now able to enter new river systems with new ecological demands,
stimulating speciation. It has been speculated that anadromy was made possible by WGD at

the base of salmonids, but clear evidence is still missing (Alexandrou et al., 2013).

In summary, there are good reasons to believe that TS-WGD has been important in

generating teleost complexity. However, the time delay between TS-WGD and phases of
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extensive speciation suggest that TS-WGD has not been the direct factor generating teleost
diversity. Ecological changes followed by adaptations also had a large impact. TS-WGD
probably provided teleost fishes with diversification potential that can be utilized when
needed, even after tens of millions of years. In other words, TS-WGD may very well set the

stage for important ecological adaptations.
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Fig.1 Simplified phylogeny of teleost fishes. The teleost lineage split from basal ray-finned
fishes and started to diverge after a WGD event that took place 320-350 mya. Additional
WGDs occured at the base of Salmoniformes 50-80 mya and in a closely related ancestor of
the common carp less than 16 mya. For the sake of clarity, only a selection of teleost taxa is
presented. Orange circles depict WGD events within teleost evolution. WGD events outside

the teleosts are not shown. Mya, million years ago.

Fig.2 Fates of duplicated genes after WGD. A WGD event results in the formation of two
identical duplicates of every gene. Duplicate genes can undergo different fates. Non-
functionalization: Deleterious mutations occur in one of the duplicates, eventually leading to
loss of expression (pseudogenization). Mutations continue to accumulate until the structural
features of the gene have disappeared completely. Subfunctionalization: Complementary
degenerative mutations in paralogous genes lead to preservation of both duplicates.
Neofunctionalization: One of the genes acquires a novel function. Dosage selection: Dosage-
sensitive genes remain basically unchanged after WGD. Although the initial mutations are
depicted in regulatory regions, also changes in coding sequence can lead to the different
scenarios. For sake of simplicity, introns were omitted, and regulatory regions are depicted

only 5’ of the transcription start site.

Supp. Fig 1 Chromosome number distribution of salmonids. Haploid chromosome numbers
are shown. Data is obtained from the Animal genome size database

(http://www.genomesize.com). All 27 salmonid species’ chromosome numbers available in

the database were analyzed.
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