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Abstract: Genome sequences from the pufferfishes Takifugu rubripes  (Fugu) and Tetraodon nigroviridis, the zebrafish
Danio rerio and the medaka Oryzias latipes together with genomic data from various other fish species have opened an
important era of comparative genomics shedding a new light on the structure and evolution of vertebrate genomes. For in-
stance, comparative analysis of fish genomes has revealed that the ancestral bony vertebrate genome was composed of 12
chromosomes, has confirmed the occurrence of at least one event of genome duplication in the early history of vertebrates
and has allowed the identification of conserved regulatory and coding sequences in the human genome. Importantly, ma-
jor differences have been observed between teleost fish and mammalian genomes. There is now convincing evidence that
all teleosts are derived from a common tetraploid fish ancestor. This tetraploidization event arose about 320-350 million
years ago in the ray-finned fish lineage, followed by rediploidization and retention of hundreds of duplicate pairs. Diver-
gent evolution of the resulting duplicates has been proposed to be involved in the species richness observed in teleost
fishes. Fish genomes also contain many more families of transposable elements than mammals and birds. Finally, while
the mammalian and bird lineages possess major sex determination systems with sex chromosomes conserved in very di-
vergent species, fishes have very frequently switched between sex determination mechanisms and repeatedly created
novel sex chromosomes during evolution. Hence, teleost fishes display a high level of genomic plasticity, which might be
related to the astonishing biodiversity observed in these animals.
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WHY TO SEQUENCE A FISH GENOME

There are many good reasons to sequence a fish genome.
For example, fish genomes can help to understand numerous
biological processes in human and their dysfunction in dis-
ease. This is particularly true in the domain of developmental
biology. Even if teleost fishes and humans are separated by
approximately 450 million years of evolution, they both be-
long to the vertebrate lineage, and should therefore have im-
portant developmental pathways in common. Accordingly,
some aquarium fish species like the zebrafish Danio rerio
and the medaka Oryzias latipes  are established as important
complementary models for the study of vertebrate develop-
ment. The sequence of their genomes should highly facilitate
the characterization of the plethora of mutants generated
during different large-scale mutagenesis programs, and will
certainly shed a new light on development and disease in
fishes and humans [1-4]. The zebrafish is increasingly used
to study the function of genes involved in human diseases [5-
8]. Fishes of the genus Xiphophorus are traditional models
for cancer research [9].

The pufferfishes Takifugu rubripes (Fugu) and Tetraodon
nigroviridis are pure models of comparative genomics. Their
compact genomes principally provide an evolutionary coun-
terpart to the human genome allowing the identification of
conserved coding and regulatory sequences [10-12]. Unfor-
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tunately, both pufferfishes are extremely difficult to bread in
the laboratory, this prohibiting their use for functional analy-
ses.

Other teleost fishes like the East African cichlids and the
three-spined stickleback Gasterosteus aculeatus are impor-
tant models to analyse many fundamental questions in evo-
lution and ecology [13-17]. Analysis of their genomes will
certainly help to better understand the molecular basis of
adaptation and speciation in fish. Various teleost species
including the medaka, the platyfish, the three-spined stickle-
back, the Nile tilapia Oreochromis niloticus and several sal-
monids are used to study sex determination, which is ex-
tremely variable in fish [18-19]. The sequencing of the sex
chromosomes in these fishes will certainly reveal new sex-
determining genes and mechanisms able to drive sexual di-
morphism in vertebrates [20]. Applications of fish genomics
are multiple and include the study of the interactions be-
tween organisms and environment and the analysis of the
response to natural or anthropogenic modifications of the
biotope (environmental genomics [21]).

Importantly, fish is a vital source of food for people, par-
ticularly in Africa and Asia where livestock is relatively
scarce, and has a substantial social and economic importance
in many countries. Consequently, several genome projects
have an economical basis. Such genomic programs, involv-
ing species like the Atlantic salmon Salmo salar, the rainbow
trout Oncorhynchus mykiss , the Nile tilapia and the channel
catfish Ictalurus punctatus,  essentially aim to identify at the
molecular level qualitative and quantitative trait loci (QTLs)
controlling among others growth, reproduction, environ-
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mental tolerance or resistance to disease, which are relevant
traits for the aquaculture.

Since ray-finned fishes constitute the sister group of the
lineage containing humans and other tetrapods (Fig. 1), these
multiple genomic efforts on different fish species concomi-
tantly provide independently of their respective motivation
an important basis for comparative genomics within the ver-
tebrate lineage and allow a better understanding of the evo-
lution of our own genome. Furthermore, comparison of dif-
ferent piscine genomes are important to understand the mo-
lecular mechanisms driving biodiversity in teleost fishes,
which represent about half of extant vertebrate species and
display a high level of diversity principally affecting their
morphology, ecology and behaviour [22].

FISH GENOME PROJECTS

Genome projects generate sequence data principally by
clone-by-clone sequencing of large genomic inserts (typi-
cally BACs, for bacterial artificial chromosomes [23]),
which can be mapped physically on chromosomes by fluo-
rescent in situ hybridization (FISH), or by analysis of clones
generated by whole genome shotgun (WGS). Both strategies
are often combined for the analysis of large genomes [24].
From these data, gene sequences can be predicted, orthology
to genes from other organisms can be assessed and syntenic
regions (regions with conserved gene content) can be identi-
fied [25]. Of particular interest is the identification of new
genes, gene families and regulatory sequences as well as the
reconstruction of the evolutionary events that shaped ge-
nomes.

There is a continuously increasing flux of novel se-
quences from fish genomes into public databases, including
data produced by several fish genome projects (for an over-
view on current fish genetic and genomic resources, see
[26]). The National Center for Biotechnology Information
currently lists 113 animal genome projects (http://www.ncbi.
nlm.nih.gov/genomes/leuks.cgi) comprising 41 mammals,
the Western clawed frog Xenopus tropicalis, the chicken
Gallus gallus, the little skate Leucoraja erinacea (cartilagi-
nous fish) as well as three teleost fishes, the pufferfishes
Takifugu rubripes (Fugu) and Tetraodon nigroviridis as well
as the zebrafish Danio rerio. Added to this list should be the
medaka Oryzias latipes , which is object of a very advanced
project (http://biol1.bio.nagoya-u.ac.jp:8000/), as well as the
three-spined stickleback Gasterosteus aculeatus (http://
www.genome.gov/12512292). Genome projects are being or
will be initiated very soon for other teleost species too, in-
cluding catfish, salmonids and cichlids, for which substantial
genetic and genomic resources including a plethora of ex-
pressed sequence tags (ESTs) are already available [26].

The genome of the pufferfish T. rubripes (Fugu) was the
second vertebrate genome to be sequenced, after the human
but prior to the mouse genome [27]. The Fugu sequence was
recently followed by the draft of the genome of the related
green spotted pufferfish Tetraodon nigroviridis [28]. Both
species were chosen as models for comparative genomics
because of their extremely compact genomes, which are with
about 400 megabases approximately eight times smaller than
the human genome. This relative compaction is mainly due
to shorter introns (even if exceptional "giant" genes have

been observed in the genome of Fugu [27]) and to a lower
content of repetitive sequences, but not to a reduced gene
content [10]. However, compact pufferfish genomes unex-
pectedly contain many more families of transposable ele-
ments than the larger mammalian and chicken genomes [29].
One major advantage of the Tetraodon genome draft is the
physical anchoring of more than 60% of the genome assem-
bly on chromosomes by FISH, providing a major resource
for comparative genomics [28]. A genetic linkage map with
200 microsatellite markers has been recently established for
Fugu, which will serve as a basis for the development of a
physical map [30].

Comparison of predicted genes from T. rubripes and T.
nigroviridis with the human genome led to the identification
of approximately 1000 and 900 non-annotated human genes,
respectively [27-28]. Furthermore, genomic comparisons of
pufferfish vs. mammals allowed the detection of putative
conserved cis-regulatory elements in vertebrates [12].
Twenty-three of 25 such highly conserved non-coding se-
quences found at the proximity of four genes showed signifi-
cant enhancer activity in one or more tissues in zebrafish
embryos [31].

Assemblies of the genomes of the medaka and zebrafish
(http://www.ensembl.org/Danio_rerio/) are publicly avail-
able, and their analysis should be published in the next fu-
ture. Despite problems apparently due to an important poly-
morphism between the different individual zebrafish ge-
nomes sequenced, sequence data produced by the zebrafish
genome project, which was started in February 2001 and is
based at the Sanger Institute, were already extremely useful
to the scientific community in association with a dense ge-
netic map [32]. In order to tackle the problem of polymor-
phism, the main strategy recently adopted by the Sanger In-
stitute is the "clone-by-clone" sequencing of a BAC library
generated from a single double haploid fish.

GENOME DUPLICATIONS AND VERTEBRATE
EVOLUTION: OUR POLYPLOID ANCESTORS

It has been suggested that two genome duplications have
occurred at the origin of vertebrates 500-800 million years
ago (The 2R hypothesis; Fig. 1) [33, 34 and references
therein], but the number and timing of these events remain
matter of debate [35]. The 2R hypothesis ("one-two-four"
rule) is suggested by the fact that some genes or gene clus-
ters are present as single copies in non-chordate invertebrates
as well as in Ciona (urochordate) and Amphioxus (cephalo-
chordate), but at three to four copies in mammals and birds.
This situation is perfectly exemplified by the Hox gene clus-
ters, which encode transcription factors determining the
positional specification of the anterior-posterior axis [36 and
references therein]. Other examples supporting two genome
duplications include the major histocompatibility complex
loci (MHC) as well as the fibroblast growth factor receptor
(Fgfr) and the epidermal growth factor receptor (Egfr) gene
families [34 and references therein; 37-38] (Fig. 2). The first
genome duplication event is postulated after the divergence
of Ciona and Amphioxus from the vertebrate lineage but be-
fore the split between jawless and jawed vertebrates, the sec-
ond after the divergence of jawless vertebrates but before the
split between cartilaginous and bony vertebrates (Fig. 1).
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Fig. (1). Schematic view of the chordate lineage with particular emphasis on teleost fish models with substantial genetic and genomic re-
sources. Haploid genome sizes (in megabases, Mb) as well as chromosome numbers are shown. The presumed timing of genome duplication
events (1R, 2R, 3R) is shown. MYA, million years ago. Origin of fish pictures: Manfred Schartl and Christoph Winkler (medaka, zebrafish,
platyfish and Tetraodon), Erwin Schraml (African cichlid), John F. Scarola (rainbow trout and Atlantic salmon), Suzanne L. and Joseph T.
Collins (channel catfish), Bernd Ueberschaer (Nile tilapia), Konrad Schmidt (three-spined stickleback) and Greg Elgar (Torafugu).
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Fig. (2). Molecular phylogeny of epidermal growth factor receptor (Egfr)-related proteins in animals. The consensus tree was obtained from a
690 amino-acid sequence alignment using the neighbour-joining methods (1,000 pseudosamples) [118]; bootstrap values for major nodes are
given as percentages. The presumed genome duplication events (1R, 2R, 3R) are shown. "Fish-specific" ancient gene duplicates are indicated
by "a" and "b". Accession numbers: Erbb2: Homo sapiens NP_001005862, Mus musculus NP_034282, Danio rerio NM_200119, Tetraodon
nigroviridis CAG12653; Egfrb: Xmrk Xiphophorus maculatus P13388, Xiphophorus xiphidium AAD10500, Danio rerio XP_700110; Egfra:
Tetraodon nigroviridis CAG07098, Xiphophorus xiphidium AAP55673, Danio rerio NP_919405; Egfr: Homo sapiens NP_005219, Mus
musculus NP_997538, Gallus gallus P13387; Erbb4: Homo sapiens NP_005226, Mus musculus XP_136682, chicken NP_001025536;
Erbb4a: Tetraodon nigroviridis CAF98213; Erbb3 Homo sapiens NP_001973, Mus musculus NP_034283; Erbb3a Danio rerio
NM_001005320; Erbb3b: Danio rerio NM_001014826; Takifugu rubripes AAC34391; Tetraodon nigroviridis CAG07406; Egfr from inver-
tebrates: Drosophila melanogaster AAR85260, Caenorhabditis elegans Let-23 BAA09729, Ciona intestinalis BAE06394.

Other sequences are derived from data generated by genome projects of the zebrafish (http://www.ensembl.org/Danio_rerio/), medaka
(http://dolphin.lab.nig.ac.jp/medaka/), Tetraodon (http://www.genoscope.cns.fr/externe/tetranew/) and Fugu (http://fugu.biology.qmul.ac.uk/).

Analysis of fish genomes has confirmed that Hox clusters
and many other genes present as single copies in inverte-
brates are present at a higher copy number in divergent
teleost species as observed in mammals, supporting the oc-

currence of ancient large-scale duplications in the early
evolution of the vertebrate lineage. Interestingly, in a recent
study including the complete gene sets of Fugu, Ciona,
mouse and human, the plotting of the genomic map positions
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of paralogous genes that were duplicated prior to the fish-
tetrapod split revealed clear patterns of four-way paralogous
regions covering a large part of the human genome [39]. This
analysis, based in part on fish sequences, provides substan-
tial support for two distinct genome duplication events early
in vertebrate evolution.

THE "FISH-SPECIFIC" GENOME DUPLICATION(S)

Strikingly, the zebrafish not only possesses more Hox
clusters than invertebrates, but also than mammals: seven
hox gene clusters have been identified in Danio rerio , com-
pared to only four in tetrapods. A least seven Hox clusters
are also present in pufferfishes, medaka, salmonids and
cichlids [36, 40-44]. These observations show that large an-
cient duplications have taken place during early evolution of
the ray-finned fish lineage. As Hox clusters are generally
good indicators of genome duplications, it has been sug-
gested that extra clusters in teleost fishes are remnants of an
ancient tetraploidization also called the "fish-specific" ge-
nome duplication (FSGD) (the 3R hypothesis [40, 45-48]).
This hypothesis was validated by the identification of hun-
dreds of ancient pairs of duplicates co-orthologous to mam-
malian single copy genes in various teleost genomes [28, 49-
51] (Fig. 2; Table 1). Most of these paralogues are contem-
poraneous and have been formed in the ray-finned fish line-
age approximately 320-350 million years ago [51-52]. Plot-
ting these ancient "fish-specific" duplicates onto the ge-
nomes of zebrafish, Tetraodon and medaka revealed the
presence of large duplicated regions present on different
chromosomes in fishes but corresponding to unique regions
in mammals; all teleost chromosomes contain such large
paralogous regions [28, 32, 53]. These large duplicated seg-
ments are located for example on chromosomes 7/25, 16/19
and 17/20 in zebrafish (Table 1). Duplicated regions have
generally an orthologous counterpart in other teleost species:
paralogous segments on chromosomes 7 and 25 of the ze-
brafish are orthologous to regions on chromosomes 5 and 13
of Tetraodon, respectively (Table 1). Taken together, these
observations provide strong evidence for an ancient genome
duplication having occurred during the evolution of the ray-
finned fish lineage. This event probably took place after the
divergence of bowfin, paddlefish, sturgeon and bichir from
the stem lineage leading to teleosts [54-55]. Hence, the "fish
specific" genome duplication might be coincident with the
origin of teleosts. If this tetraploidization arose within a same
species (autotetraploidy) or through interspecific hybridiza-
tion (allotetraploidy) remains to be determined.

More recent tetraploidization (and even octoploidization)
events have occurred independently through different
mechanisms in several lineages of non-teleost (for example
in sturgeons; [56]) and teleost fishes, with various stages of
rediploidization [57-58]. The entire family Salmonidae,
which includes salmon and trout, descends from an auto-
tetraploid ancestor that underwent genome duplication 25-
100 million years ago. Here again, Hox clusters are reliable
markers for genome duplication: at least 13 Hox clusters
have been identified in salmonids, compared to 7-8 clusters
in diploid teleost species [43]. The common carp Cyprinus
carpio is a more recent tetraploid; its genome has been du-
plicated about 12 million years ago possibly by hybridization
(allotetraploidy) [59].

Finally, as observed in mammals and other organisms,
duplications of more restricted chromosomal regions are also
playing an important role in the evolution of gene function
and gene families in fish. This is well illustrated by the
claudin gene family, which comprises 56 members in Fugu
compared to 19 genes in human. Claudin expansion in
teleosts resulted not only from the ancestral "fish-specific"
genome duplication but also from multiple tandem duplica-
tions [60].

THE EVOLUTIONARY FATE OF DUPLICATED
GENES – INSIGHTS FROM FISH

Genetic redundancy probably creates a favourable tran-
sient framework for evolutionary innovation, and it has been
proposed accordingly that genome duplication events have
been associated with major evolutionary transitions [33].
Because of the occurrence of an ancestral tetraploidization in
the ray-finned fish lineage, with hundreds of duplicate gene
pairs having been conserved in numerous species after
rediploidization, teleost fishes represent an excellent model
to analyse the consequences of genome duplication on gene
function, organismal complexity and organism/species diver-
sity. In addition, the availability of more recent tetra-
ploidized species with variable degrees of rediploidization in
the fish lineage might provide important insights into the
early steps of this important evolutionary process.

After tetraploidization, each of the gene copies can fol-
low very different evolutionary fates [47 and references
therein]. One of the duplicates can be inactivated through
mutations into a pseudogene, which will be discarded even-
tually from the genome. This process called nonfunctionali-
zation apparently removed one copy from about 90% of the
duplicate pairs generated by the "fish-specific" genome du-
plication [28, 32].

On the other hand, more than 2000 pairs of ancient gene
duplicates have been maintained in teleost fish genomes
[32]. Different mutually non-exclusive major mechanisms
have been proposed to explain this persistence [47, 61]. The
increase of expression conferred by the presence of two
copies might be beneficial for the organism, leading to the
maintenance of both duplicates. Duplicated genes can also
experience functional divergence. One duplicate might ac-
quire a novel, positively selected function (neofunctionaliza-
tion). Alternatively, functions of the ancestral single-copy
gene might be distributed between the duplicates, making the
presence of both copies necessary to fulfil the original func-
tions (subfunction partitioning). If this phenomenon is re-
sponsible for the preservation of the duplicates, it is called
subfunctionalization (the duplication-degeneration-comple-
mentation model; [62, 63]). Reciprocal degenerative muta-
tions in the regulatory sequences of duplicates can lead to
quantitative, spatial or temporal subfunction partitioning
[47]. Reciprocal mutations in the coding region of the dupli-
cates affecting different functional protein domains can also
lead to subfunction partitioning if these domains perform
different functions in the original protein [64 and references
therein]. Combinations of these models are of course possi-
ble: subfunctionalization of duplicated genes has been pro-
posed to correspond to a transition state to neofunctionaliza-
tion (the sub-neo-functionalization model; [65, 66]).



6    Current Genomics, 2006, Vol. 7, No. 1 Froschauer et al.

Table 1. Fifty Examples of Ancient “Fish-Specific” Gene Duplicate Pairs Orthologous to Single-Copy Genes in Mammals

Genes Zebrafish Medaka Fugu Tetraodon Others References

eng1b

eng1a

Dre1

Dre9

+

+

+

nd

+

nd

[70]

dlx2b

dlx2a

Dre1

Dre9

nd

+

nd

+

nd

Tni2

[119]

dla(dll1a)

dld(dll1b)

Dre1

Dre13

+

+

+

+

+

Tni5

[120]

msxb(msx3a)

msxc(msx3b)

Dre1

Dre13

+

+

+

+

Tni17

Tni18

[121, 122]

kitb

kita

Dre1

Dre20

+

+

+

+

Tni18

Tni1

[123, 124]

mdh1a

mdh1b

Dre1

+

+

+

+

+

+

Tni17

Sid

Sid

[125]

appa

appb

Dre1

+

+

+

+

+

Tni3

Tni2

[126]

shhb (twhh)

shha

Dre2

Dre7

nd

+

nd

+

nd

Tni6

Cca, Ame [127, 128]

eng2b

eng2a

Dre2

Dre7

+

+

nd

+

nd

Tni6

[70, 129, 130]

fzd8b

fzd8a

Dre2

Dre24

+

+

+

+

Tni15

+

Oni [54, 131]

sox9b

sox9a

Dre3

Dre12

LG8

LG19

+

+

Tni3

+

Gac, Mal

Gac, Mal

[82, 83, 132]

hoxB5a

hoxB5b

Dre3

Dre12

LG8

LG19

LG5

LG1

+

Tni2

Sne

Sne

[30, 40, 42, 53]

timp2b

timp2a

Dre3

Dre12

+

+

+

+

Tni3

Tni2

[73]

sox10b

sox10a

Dre3

nd

+

+

+

+

+

Tni18

[133-135]

cntn1b

cntn1a

Dre4

Dre25

+

+

+

+

Tni19

Tni13

[74]

insa

insb

Dre5

Dre14

+

+

+

+

Tni7

Tni1

Cca, Oni, etc [136]

notchb

notcha

Dre5

Dre21

+

+

+

+

Tni12

Tni4

[137]

mitfa

mitfb

Dre6

Dre13

+

+

+

+

Tni11

Tni9

Xma

Xma

[68, 69]

erbb3a

erbb3b

Dre6

Dre23

+

+

+

+

+

Tni9

[138]

igf1rb

igf1ra

Dre7

Dre18

+

+

+

+

+

Tni13

Cca, Pol, etc

Cca, Pol, etc

[139]

mdka

mdkb

Dre7

Dre25

nd

+

nd

+

nd

Tni13

Omy

Omy

[140]
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(Table 1) contd….

Genes Zebrafish Medaka Fugu Tetraodon Others References

isl3(isl2b)

isl2(isl2a)

Dre7

Dre25

+

+

+

+

Tni5

Tni13

Ots

Ots

[141]

pax6b

pax6a

Dre7

Dre25

+

+

+

+

Tni5

+

[142]

crabp1b

crabp1a

Dre7

Dre25

+

+

+

+

Tni5

Tni13

[75]

irx5a

irx5b

Dre7

Dre25

+

+

+

+

Tni5

+

[143]

hoxD9a

hoxD9b

Dre9

nd

LG21

LG15

LG1

+

Tni2

Tni17

Omy, Gac [30, 40, 42, 43, 53]

hoxC6b

hoxC6a

Dre11

Dre23

nd

LG7

nd

LG3

nd

Tni9

Omy

Sne

[30, 40, 42, 43, 53]

snai1a

snai1b

Dre11

Dre23

+

+

+

+

Tni11

Tni9

[144, 145]

ptenb

ptena

Dre12

Dre17

+

+

+

+

Tni17

+

[146, 147]

slit1a

slit1b

Dre13

Dre22

+

+

+

+

Tni17

+

[148]

egfrb

egfra

Dre14

+

+

+

+

+

+

Tni15

Xph, Xma

Xma

[38, 149, 150]

gra

grb

Dre14

nd

+

+

+

+

Tni1

Tni7

Omy, Abu

Omy, Abu

[151, 152]

hoxA9b

hoxA9a

Dre16

Dre19

LG16

LG11

LG7

LG12

Tni16

Tni21

Sne

Sne

[30, 40, 42, 53]

mc5rb

mc5ra

Dre16

Dre19

nd

+

nd

+

nd

Tni8 Omy, Cca

[153]

irx1a Dre16

Dre19

+

+

+

+

+

Tni21

[143]

tpi1b

tpi1a

Dre16

Dre19

+

+

+

nd

+

nd

Xma

Xma

[154]

sox4b

sox4a

Dre16

Dre19

+

+

+

+

Tni8

Tni21

[134, 155]

crabp2a

crabp2b

Dre16

Dre19

+

+

+

+

Tni8

Tni21

[156]

flot1b

flot1a

Dre16

+

+

+

+

+

Tni8

+

Cau [157]

sox11a

sox11b

Dre17

Dre20

+

nd

+

+

Tni10

Tni8

Oni

Omy

[54, 71, 158]

snap25b

snap25a

Dre17

Dre20

+

+

+

+

+

Tni14

[159]

bmp2a

bmp2b

Dre17

Dre20

nd

+

nd

+

nd

Tni14 Pol

[160]
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(Table 1) contd….

Genes Zebrafish Medaka Fugu Tetraodon Others References

runx2a

runx2b

Dre17

Dre20

nd

+

nd

+

nd

Tni14

[161]

pomca(_)

pomcb(_)

Dre17

Dre20

+

+

+

+

+

Tni14

Omy, Oni, etc

Omy, etc

[67]

cyp19a1a

cyp19a1b

Dre18

Dre25

+

+

+

+

Tni5

Tni13

Oni, Omy

Oni, Omy

[162, 163]

spon1a

spon1b

Dre18

Dre25

+

+

+

+

Tni5

+

[164]

hey1b

hey1a

Dre19

nd

+

+

+

+

Tni8

Tni21

[165]

syn2b

syn2a

Dre25

nd

+

+

+

+

Tni9

Tni11

[73]

wt1a

wt1b

Dre25

+

+

+

+

+

+

Tni5

Omy

Omy

[166]

erbb4a

erbb4b

+

+

+

+

+

+

Tni2

Tni3

[38]

Abu, Astatotilapia burtoni; Ame, Astyanax mexicanus  (Mexican tetra); Cau, Carassius auratus (goldfish); Cca, Cyprinus carpio (common carp); Dre, chromosome of the zebrafish
Danio rerio; Gac, Gasterosteus aculeatus (three-spined stickleback); LG, linkage group; Mal, Monopterus albus (swamp eel); nd, not detected; Omy, Oncorhynchus mykiss (rainbow
trout); Oni, Oreochromis niloticus (Nile tilapia), Ots, Oncorhynchus tshawytscha (Chinook salmon); Pol, Paralichthys olivaceus (halibut); Sid, Sphyraena idiastes (pelican
barracuda); Sne, Sphoeroides nephelus (pufferfish), Tni, chromosome of the pufferfish Tetraodon nigroviridis; Xph, Xiphophorus xiphidium; Xma, Xiphophorus maculatus (southern
platyfish); +, present but not mapped.

Sequences and gene localization were obtained directly from ZFIN (http://zfin.org) or NCBI (http://www.ncbi.nlm.nih.gov). Sequences not characterized so far were identified

through BLAST analysis of the genome of the zebrafish (http://www.ensembl.org/Danio_rerio), medaka (http://dolphin.lab.nig.ac.jp/medaka), Fugu (http://fugu.biology.qmul.ac.

uk/blast/) and Tetraodon (http://www.ncbi.nlm.nih.gov/BLAST). Phylogenetic relationships were established as described in the legend of figure 2.

Subfunctionalization/ subfunction partitioning has been
proposed to explain the persistence of numerous pairs of
ancient fish duplicates. For example, the duplicated proo-
piomelanocortin genes have experienced spatial subfunction
partitioning having led to complementary expression in brain
and pituitary. In addition, partitioning was also observed at
the protein sequence level, with a beta-endorphin segment
being apparently functional in the translation product of one
of the duplicates but degenerated in the product of the sec-
ond one [67]. Two isoforms of the microphthalmia-asso-
ciated transcription factor MITF with different functions,
which are produced in mammals using alternative 5' exons
and promoters from a single gene, are encoded by two dis-
tinct mitf genes in teleosts [68-69]. Subfunction partitioning
between the mitf duplicates is associated with the reciprocal
degeneration of isoform-specific alternative first exons and
regulatory elements. Other putative examples of subfunction
partitioning in teleosts include duplicates encoding Engrailed
2 homeoproteins [47, 70], Sox11 proteins [71], HoxB5 tran-
scription factors [72], Synapsins [73], Cntn1 (Contac-
tin/F3/F11) cell adhesion molecules [74], cellular retinoic
acid-binding proteins type I [75], cytoglobins [76] and oes-
trogen receptors beta [77].

Possible examples of neofunctionalization have been also
postulated for some duplicates generated by the “fish-
specific” genome duplication [47], and in some cases posi-
tive selection was even detected in both duplicates [55].

However, neofunctionalization is generally difficult to dem-
onstrate unambiguously, since functions and expression pat-
terns of duplicates are generally compared with those of the
orthologous gene in the mouse or in human. For example,
the apparent apparition of a "new" expression pattern in one
of the fish paralogues, which is absent for the corresponding
gene in mammals, might be indicative of neofunctionaliza-
tion. However, if this expression pattern was already present
in the ancestral fish lineage before duplication, the mecha-
nism shaping the evolution of the duplicates would be sub-
function partitioning rather than neofunctionalization.

DIVERGENT PARANOME EVOLUTION IN FISH: A
KEY TO BIODIVERSITY

Since the "fish specific" genome duplication predates the
origin of teleosts [54, 55], a causal link has been proposed
between this event and the huge species diversity observed in
this group of fishes [26, 47, 48; but see 78]. With at least
24.000 species, teleost fishes are indeed the most diverse and
successful vertebrate taxon [22]. Intuitively, massive dupli-
cation of genetic information should dramatically increase
the global evolvability of a genome and strongly favour ge-
netic innovation and diversity [55]. The reduction of the
paranome itself (i.e. of the set of duplicated genes) might be
linked to species formation: non-functionalization of differ-
ent copies within pairs of paralogues in different populations
(divergent resolution) might result in genomic incompatibil-
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ity associated with reduced fertility and/or viability of hy-
brids. This might consequently favour speciation [26, 47, 79-
81]. Alternatively, divergent subfunction partitioning of du-
plicate pairs in different populations would lead to a similar
effect [26, 47, 79].

Accordingly, divergent evolution of the "fish-specific"
paranome has been already observed in different teleost fish
sublineages. It has been estimated that about 50% of genes
duplicated in zebrafish are single-copy in pufferfish [32, 49].
However, this value might be an overestimation due to in-
complete genome sequence datasets. Divergent resolution
has been reported for some hox clusters. Zebrafish, medaka
and Tetraodon all possess seven clusters. However, cluster
hoxDb, which is present in pufferfish and medaka, is absent
from zebrafish. Conversely, cluster hoxCb, which has been
identified in zebrafish, has been apparently lost in a common
ancestor of pufferfish and medaka. Divergent evolution of
individual genes within hox clusters common to these spe-
cies has been also observed [36, 42]. Other putative exam-
ples of differential loss of ancient duplicate genes in diver-
gent teleost sublineages include genes encoding the Hey1a
basic helix-loop-helix transcription factor, the tiggy-winkle
hedgehog protein (formally sonic hedgehog b), the Sox10a
transcription factor, the Mcr5b melanocortin receptor, the
bone morphogenetic protein 2a and the runt-related tran-
scription factor 2a (Table 1). Finally, comparative analysis of
sox9a and sox9b duplicates in zebrafish, stickleback and
medaka has provided evidence for lineage-specific subfunc-
tion partitioning [82, 83]. However, for numerous pairs of
duplicates, subfunctions have been partitioned early in the
teleost lineage before the divergence of medaka and zebraf-
ish.

RECONSTRUCTING THE ANCESTRAL BONY
VERTEBRATE GENOME

With the genomes of several teleost fishes and mammals
in hand, it was possible to reconstruct the karyotype of their
last common ancestor that lived approximately 450 million
years ago. Different studies based on high-quality genetic
maps of the zebrafish [32, 84] and medaka [53] as well as on
the genome sequence draft and physical map of the puffer-
fish Tetraodon nigroviridis [28] congruently concluded that
the haploid genome of the ancestral bony vertebrate was
constituted by 12 chromosomes. Subsequently, the haploid
set of 20-30 chromosomes observed in mammals was
achieved through multiple chromosome fissions, while the
"fish-specific" genome duplication generated a set of chro-
mosomes from which the 21-25 chromosomes of modern
teleosts are derived. Consistently, the nodal value for the
haploid number of chromosomes in teleosts is 24. Relatively
few interchromosomal rearrangements have occurred in the
teleost lineage. Local gene order was principally scrambled
by intrachromosomal rearrangements. In contrast, the human
genome has been extensively shuffled by interchromosomal
rearrangements after its split from ray-finned fishes [28, 32].

DIFFERENTIAL EVOLUTION OF TRANSPOSABLE
ELEMENTS IN FISH AND MAMMALS

Transposable elements are mobile DNA sequences able
to integrate into new genomic sites within genomes [85-86].

They are not only able to disrupt genes and other sequences
through insertion, but can also induce the formation of vari-
ous types of genomic rearrangements including deletions,
duplications, inversions and translocations principally
through homologous recombination between non-allelic
copies of a same element. Transposition itself can also pro-
duce different rearrangements at new insertion sites [85].
Transposable elements can modify the expression of flanking
genes either through their own regulatory sequences, or by
local modification of chromatin structure. Intronic insertions
can also be recruited as exons and hereby disrupt the open
reading frame of a gene at the mRNA level.

On the other hand, transposable elements have played a
very important role in the evolution of genome structure and
gene function in vertebrates and other organisms, and have
generated at least half of human and mouse genomes [85-
86]. A substantial fraction of regulatory and coding se-
quences in mammals are derived from transposable ele-
ments, and important cellular functions are encoded by do-
mesticated retroelements and DNA transposons [87-90].

Transposable elements are separated in two major classes
according to their structure and mechanism of transposition
[91]. Essentially, distinction is made between retrotranspos-
able elements (retroelements), which transpose through a
mechanism involving the reverse transcription of an mRNA
molecule (retrotransposition), and DNA transposons, which
do not require reverse transcription for transposition.

Retrotransposable elements and DNA transposons are
both present in mammalian and teleost fish genomes, with a
much higher global copy number in mouse and human than
in pufferfish or zebrafish [27-29, 85, 92]. However, many
ancient groups of transposable elements present in inverte-
brates could be identified in teleost genomes but not in
mammals and chicken [29]. This was particularly true for a
very diverse group of endogenous retroelements called
Ty3/Gypsy long terminal repeat (LTR) retrotransposons.
These sequences encode among others a Gag structural pro-
tein as well as an integrase and a reverse transcriptase. Their
coding region is flanked by two LTRs in direct orientation,
and they are structurally and phylogenetically related to ver-
tebrate retroviruses. As many as nine ancient phylogenetic
groups of Ty3/Gypsy retrotransposons also present in a vari-
ety of invertebrate species were found in the genome of vari-
ous teleost fish species. In contrast, none of them could be
detected in mammalian genomes, with the exception of a
family of Ty3/Gypsy retrotransposon-derived domesticated
neogenes [90]. Other types of reverse transcriptase-encoding
retrotransposable elements were identified in fishes but not
in mammals, including Ty1/Copia LTR retrotransposons
[29], BEL-like LTR retrotransposons [93], tyrosine recom-
binase-encoding LTR retrotransposons [94], Penelope-like
elements [95-96] and non-LTR retrotransposons with re-
striction enzyme-like endonuclease [97-98]. Even for non-
LTR retrotransposons with apurinic-apyrimidinic endonucle-
ase, which constitute with more than 650.000 copies about
20% of the human and mouse genomes, more families were
detected in teleost fishes than in mammals [29], but with
much lower copy numbers.

Taken together, from a total of 26 ancient families of
non-retroviral retrotransposable elements characterized in
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both vertebrates and invertebrates, 22 families were identi-
fied in the genome of the zebrafish. In contrast, only three
are present in human and mouse genomes. Even the very
compact genomes of the smooth pufferfishes with their low
repeat content show a higher diversity of endogenous
retroelements than mammalian genomes: 22 and 15 families
were detected in Fugu and Tetraodon, respectively. A similar
situation is observed for DNA transposons [92, 99]. On the
other hand, endogenous retroviruses, which were introduced
independently through infection into the different vertebrate
lineages, are present in both teleost fishes and tetrapods, as
well as non-coding retroelements called SINEs (short inter-
spersed nuclear elements, for example Alu sequences in hu-
mans). However, the copy number of SINEs is dramatically
higher in mammals than in fishes.

Assuming a mode of vertical transmission, these obser-
vations indicate that the great majority of transposable ele-
ment families present in the genome of the last common an-
cestor of tetrapods and ray-finned fishes have been elimi-
nated before the split of human and mouse. Absence of most
major retroelement families from the chicken genome but
their presence in Xenopus (unpublished results) suggests that
this "genomic purge" arose approximately 300-350 million
years ago in the tetrapod lineage. The basis of this massive
elimination remains unknown. "Higher" vertebrates might
have developed new defence mechanisms not present in
fishes and amphibians. Alternatively, very successful fami-
lies of retrotransposons like L1 in mammals or CR2 in
chicken might have supplanted other less efficient groups of
transposable elements during evolution.

In contrast to the situation observed in the human ge-
nome, where the immense majority of mobile sequences
have been inactivated through mutations, numerous families
of transposable elements have been recently and are proba-
bly still active in different teleost fish genomes. However,
their copy number is generally much lower in fishes than in
mammals, suggesting a higher turnover in transposable ele-
ments in fishes [29].

Analysis by fluorescent in situ hybridization of the lo-
calization of various types of transposable elements in the
compact genome of the pufferfish Tetraodon nigroviridis
showed that these sequences are generally excluded from
gene-rich regions. They rather accumulate together with
other categories of repeats (duplicated pseudogenes, minisat-
ellites) in particular heterochromatic regions of the genome
[98, 100-101]. These observations demonstrated the extreme
degree of compartmentalization of the pufferfish compact
genome. Such a situation is not observed in humans, where
repeated sequences constitute an important fraction of eu-
chromatic DNA.

SEX CHROMOSOMES IN MAMMALS AND FISH:
CONSERVATION VS. CREATIVITY

Mammals and birds possess relatively stable sex deter-
mination systems, with conserved sex chromosomes in di-
vergent species of the same group [102]. In most mammals,
males are XY and females XX (male heterogamety), with the
Y-linked Sry gene inducing the male phenotype. In birds,
males are ZZ and females ZW, with the Z-linked gene dmrt1
as a candidate for the master sex-determining gene.

In teleost fishes, the picture is completely different. All
possible forms of genetic sex determination have been ob-
served in fishes, with variable influence of environmental
factors including the temperature and the pH of the water
[18-19, 103-104]. In addition, numerous fish species are
hermaphrodites. Within a same species, different types of
sex determination can coexist (for example genetic sex de-
termination and influence of temperature in the Nile Tilapia).
Different systems of genetic sex determination can be found
in a same fish genus (e.g. in Oreochromis spp.) and even in a
same species (e.g. in the platyfish). The molecular and evo-
lutionary mechanisms driving sex determination and its vari-
ability in teleost fishes are poorly understood; mammalian Y
chromosome and sex-determining gene Sry are absent from
the fish lineage.

Recent analyses from different fish species suggest that
the diversity of sex determination in fishes and the frequent
switching between different sex-determining systems might
be linked to an astonishing property of teleost genomes to
create new sex chromosomes. This is illustrated by the best
example studied to date, the Y chromosome of the medaka
Oryzias latipes. O. latipes has a genetic sex determination
with male heterogamety. Using different approaches, two
groups have independently isolated the Y-linked master sex-
determining gene of the medaka [105-106]. This gene, called
dmrt1bY (aka DMY), is the first master sex-determining gene
to be identified in a non-mammalian vertebrate species [19,
107-108]. The dmrt1bY gene is a Y-specific duplicate of the
autosomal gene dmrt1, which encodes a putative transcrip-
tion factor also involved in sex determination and/or differ-
entiation in tetrapods. Consistent with a role as master sex-
determining gene, natural mutations in dmrt1bY result in XY
sex-reversed females [105].

Dmrt1bY has been formed though a large transchromo-
somal duplication from linkage group 9 onto another auto-
some, which consequently became the neo-Y-chromosome;
all other genes included in this duplication have been subse-
quently inactivated by mutations [106]. Importantly,
dmrt1bY and its autosomal counterpart dmrt1 are very simi-
lar, suggesting that the duplication event that led to the for-
mation of the master gene is relatively recent. Accordingly, it
was estimated that dmrt1bY has been formed approximately
10 million years ago [109]. Dmrt1bY was detected in only a
very restricted number of Oryzias species, and is absent from
more divergent fishes [110-112].

Another recent sex chromosome in fish is the Y chromo-
some of the three-spined stickleback Gasterosteus aculeatus,
which is probably less than 10 million years old [113]. Fi-
nally, different Y-chromosomes have apparently evolved in
different salmonid species [114]. All fish sex-determination
regions analyzed so far in fishes are very unstable, and this
instability might be relevant for the molecular differentiation
between different types of sex chromosomes, for the evolu-
tion of sex-linked genes and for the frequent switching be-
tween sex determination systems observed in fishes [26].
The evolutionary background behind the repeated formation
of new chromosomes in fishes remains completely unknown.
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CONCLUSION AND PERSPECTIVES

The analysis of teleost fish genomes has considerably
improved our knowledge of the structure and evolution of
vertebrate genomes, and has allowed approaching the ge-
nomic mechanisms associated with major evolutionary tran-
sitions during vertebrate evolution. As a basis for compara-
tive genomics, teleost fishes have significantly contributed to
a better understanding of the functioning of the human ge-
nome. Interestingly, these analyses have also revealed sev-
eral remarkable features of fish genomes not observed in
tetrapods. Fishes are therefore an outstanding model for the
investigation of the molecular processes driving diversity
and speciation in living organisms.

One major discovery of the era of fish genomics was the
ancestral "fish-specific" genome duplication, which is re-
sponsible for the presence of hundreds to thousands of an-
cient duplicated genes in teleost genomes that are present as
single copy genes in human and mouse. Taking this major
difference between fishes and mammals into account is very
important for disciplines using fishes as models for the in-
vestigation of biological processes in human. Due to phe-
nomena like divergent resolution or divergent subfunction
partitioning, a same gene might have different functions in
two different fishes, or a same function might be performed
by different paralogues. Hence, divergent fish models, like
zebrafish and medaka in the field of developmental biology
[3], should be compared before drawing definite conclusions
concerning the function of a given gene. Differential evolu-
tion of gene pairs involved in embryonic development in
medaka and zebrafish might explain why certain mutants
have been obtained in one species but not in the other. On
the other hand, partitioning of ancestral functions performed
by a same gene between two duplicates will allow the sepa-
rate study of these functions in fishes. This might be of im-
portance for a better characterization of multifunctional genes
in humans, particularly in relation with disease [37, 47].

Much more work will be required to understand the evo-
lutionary processes responsible for the persistence of hun-
dreds of ancient duplicated genes in more than 20,000 differ-
ent fish species. The development of suitable outgroups for
comparison of gene expression and function is certainly one
of the major challenges for the future. The ideal pendant for
the teleost lineage would be a ray-finned fish having di-
verged from the stem lineage leading to teleosts before the
"fish-specific" genome duplication (for example a sturgeon).
Alternatively, teleost fishes should be compared not only
with mammals but also with cartilaginous fishes (for exam-
ple sharks) in order to assess the function and expression of
the gene studied before the split of tetrapods and ray-finned
fishes. Such comparisons have been already performed at the
sequence level for some Hox genes [115, 116]. The chimera
Callorhinchus milli (elephant fish) has been recently pro-
posed as a cartilaginous fish model for comparative genom-
ics because of the relatively small size of its genome [117].
The fact that two genome duplication events have probably
occurred between non-vertebrate chordates and bony verte-
brates strongly complicates comparisons with Ciona or Am-
phioxus, which also lack several important vertebrate-
specific developmental features that might be important for
comparative analysis.

Finally, many more different teleost sublineages will
need to be tested to understand the evolutionary flexibility of
the “fish-specific” paranome and the influence of its differ-
ential evolution on organismal and species diversity. The
causal relationship between genome duplication and increase
in phenotypic complexity, morphological innovation and
taxon richness has been recently challenged through the con-
sideration of extinct taxa [78]. In addition, other essential
characteristics of teleost fish genomes, like the numerous
families of active transposable elements or the turnover of
sex chromosomes, might also play a role in the species rich-
ness and organismal diversity observed in teleosts. Clearly,
the next era of comparative functional genomics in fishes
will provide further insights into the general mechanisms
driving diversity and speciation.
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