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Svnopsis.  The early origin of four vertebrate Hox gene clusters during the evo-
lution of gnathostomes was likely caused by two consecutive duplications of the
entire genome and the subsequent loss of individual genes. The presumed con-
served and important roles of these genes in tetrapods during development led to
the general assumption that Hox cluster architecture had remained unchanged
since the last common ancestor of all jawed vertebrates. But recent data from
teleost fishes reveals that this is not the case. Here, we present an analysis of the
evolution of vertebrate Hox genes and clusters, with emphasis on the differences
between the Hox A clusters of fish (actinopterygian) and tetrapod (sar copterygian)
lineages. In contrast to the general conservation of genomic ar chitecture and gene
sequence observed in sarcopterygians, the evolutionary history of actinopterygian
Hox clusters likely includes an additional (third) genome duplication that initially
increased the number of clusters from four to eight. We document, for the first
time, higher rates of gene loss and gene sequence evolution in the Hox genes of
fishes compared to those of land vertebrates. These two observations might suggest
that two different molecular evolutionary strategies exist in the two major verte-
brate lineages. Preliminary data from the African cichlid fish Oreochromis niloticus
compared to those of the pufferfish and zebrafish reveal important differences in
Hox cluster architecture among fishes and, together with genetic mapping data
from Medaka, indicate that the third genome duplication was not zebr afish-spe-
cific, but probably occurred early in the history of fishes. Each descending fish
lineage that has been characterized so far, distinctively modified its Hox cluster
ar chitecture through independent secondary losses. This variation isrelated to the
large body plan differences observed among fishes, such as the loss of entire sets
of appendages and ribs in some lineages.

INTRODUCTION

The understanding of the interconnected-
ness of developmental and evolutionary bi-
ology advanced much since the finding that
the process of pattern formation in most—
if not all—metazoan phyla is regulated by
homologous sets of highly conserved de-
velopmental control genes (Akam, 1989;
De Robertis, 1997; Slack et al., 1993).
Among these, Hox genes have become a
paradigm for researchers who try to under-
stand the generation of novel morphologies
and the evolution of body plans, mainly be-
cause of their important role in the speci-
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fication of the embryonic body axis (Lewis,
1978 and papers in this symposium vol-
ume). Hox genes are characterized by the
presence of a 183 bp DNA sequence motif,
the homeobox, which encodes a conserved
DNA binding structure, the homeodomain
(e.g., reviewed in Gehring, 1998). Within
the large homeobox gene superfamily, Hox
genes are a subset defined by their arrange-
ment in genomic clusters, and by their co-
linearity, i.e., the correlation between chro-
mosomal organization, time of activation,
and boundary of expression along the an-
terior-posterior (a-p) axis (e.g., Krumlauf,
1994). Genes located progressively up-
stream in the complex are activated later
and more posteriorly in development.

That the evolution of morphological di-
versity could have been facilitated by in-
creasing levels of genetic complexity is
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based largely on the comparative study of
vertebrate Hox clusters (e.g., Holland et al.,
1994; Ruddle et al., 1994). It is thought that
the ancestral Hox gene cluster arose from a
single locus as a result of multiple tandem
duplication events, and that subsequent
rounds of entire genome duplication gave
rise to the multiple clusters now found in
higher vertebrates (Holland, 1997; Holland
and Garcia-Fernandez, 1996; Meyer and
Malaga-Trillo, 1999; Meyer and Schartl,
1999; Wittbrodt et al., 1998). Protostome
invertebrates and the deuterostome cepha-
lochordate Amphioxus possess a single Hox
cluster, while mammals have four clusters
(A-D), each derived from a basic arrange-
ment of 13 paralogous groups (McGinnis
and Krumlauf, 1992). These clusters are
likely to have arisen by whole-genome du-
plications, early in vertebrate evolution (al-
though a less parsimonious scenario of in-
dividual chromosomal duplications cannot
be completely ruled out). Representatives
of basal lineages such as agnathan fishes are
hence expected to have two to four Hox
clusters (Meyer, 1996, 1998; Zhang and
Nei, 1996).

Until recently, it had been assumed that
the mammalian Hox cluster architecture of
39 genes in four clusters was a shared de-
rived feature for all vertebrates. However,
the characterization of seven Hox clusters
in the zebrafish (Amores et al., 1998) re-
vealed that both the number of clusters and
the number of genes per cluster are free to
vary during evolution. Earlier work on puf-
ferfish Hox genes (Aparicio et al., 1997) al-
ready had suggested that at least the number
of genes can vary, even if the number of
Hox clusters in fish was originally thought
to be fixed at four. Whether this variation
is confined to one or a few teleost lineages,
or whether it represents a more genera
trend in vertebrates is not known, although
fragmentary evidence from other teleost
fish already suggested that this duplication
is not exclusive for the zebrafish (Misof and
Wagner, 1996; Prince et al., 1998; Naruse
et al., 2000).

Here we compare the Hox A clusters
from some of the few fish model systems
studied to date, with regard to gene content
and DNA sequence variation. Included in
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these analyses are some of our own prelim-
inary data on the Hox gene architecture of
the African cichlid fish Oreochromis nilo-
ticus. We also used avail able Hox sequences
from some of the most important fish model
systems, to examine their relationships and
to analyze Hox gene/cluster evolution.

THE Hox CASE FOR A TELEOST-SPECIFIC
GENOME DUPLICATION

Bony fish (class Pisces) are the most suc-
cessful and *“ species-rich” group of verte-
brates, comprising more than 25,000 spe-
cies that encompass a huge spectrum of
morphological variation. The division Te-
leostei within the Osteichthyes (bony fish)
is made up of 38 orders (Nelson, 1994).
Hox gene DNA sequences have been char-
acterized from six of these orders: Cyprin-
iformes (zebrafish), Tetraodontiformes (puf-
ferfish), Cyprinodontiformes (medaka),
Atheriniformes (killifish), Salmoniformes
(salmon) and Perciformes (African cichlid
and striped bass) (Amores et al., 1998;
Aparicio et al., 1997; Kurosawa et al.,
1999; Misof et al., 1996; Misof and Wag-
ner, 1996; Pavell and Stellwag, 1994; Snell
et al., 1999). Even though these orders cov-
er a good portion of the teleost radiation,
the datasets differ largely in the power of
the experimental approaches used to collect
the DNA sequences and therefore do not
aways provide the complete and reliable
information that is required for a compre-
hensive comparative analysis of Hox cluster
variation. The most common method em-
ployed for the identification of Hox genes
has been the sequencing of short PCR prod-
ucts amplified from genomic DNA with de-
generate ‘‘universal” primers for the ho-
meobox. This strategy permits the presence
of different paralogous group members to
be established, but it does not allow for pre-
cise identification of their cluster affiliation,
due to the limited number of variable amino
acid positions in the homeobox. Further-
more, gene absence cannot be unambigu-
ously confirmed due to the inherent prob-
lems of PCR template competition when
amplifying multiple targets with one primer
pair. Moreover, in the absence of linkage
data, it can be difficult to distinguish be-
tween duplicated paralogues and aleles at
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one locus. The alternative to this strategy is
the characterization of Hox-positive clones
from genomic libraries which, although la-
borious and time-consuming, provides ex-
tensive DNA sequence data for coding and
non-coding regions, as well as unambigu-
ous information about gene assignments
and cluster composition. Among teleost
fishes, this sort of reliable genomic data is
available only for zebrafish (Amores et al.,
1998), pufferfish (Aparicio et al., 1997),
striped bass (Snell et al., 1999) and now
partly for the African cichlid fish Oreo-
chromis niloticus (Méalaga-Trillo, Amores,
McAndrew, Postlethwait and Meyer, un-
published data).

Theinitial evidence for Hox variation be-
tween fishes and tetrapods comes from a
study by Aparicio and colleagues (1997),
where a set of only 31 Hox genes arranged
in four clusters were described for the puf-
ferfish (Fugu rubripes). Three of the clus-
ters could be assigned as orthologues of the
mammalian complexes A, B and C, but the
fourth cluster (originally designated as D)
showed ambiguous similarities to both the
A and the D clusters, and probably repre-
sents an extra cluster. The absence of eight
genes relative to the 39 mammalian Hox
genes suggested that gene loss might be a
distinctive feature of Hox cluster evolution,
at least in the very compact Fugu genome.
The apparent reduced Hox gene comple-
ment of the pufferfish correlates well with
its known small genome, and these genetic
characteristics have been readily associated
with reduced or lacking features of its mor-
phology, such as the absence of ribs and
pelvic bones (Aparicio et al., 1997). How-
ever, there is no experimental evidence yet
on whether the genetic and morphological
simplification observed in this fish are
linked by a causal relationship (Meyer,
1998; Meyer and Méaaga-Trillo, 1999;
Meyer and Schartl, 1999).

The existence of more than the expected
four Hox clusters in fish was first reported
by Prince et al. (1998), who described 42
Hox genes in the zebrafish. 39 of these
genes were unequivocally assigned to four
linkage groups that identified clusters A-D,
homologous to their mammalian counter-
parts. However, three new genes mapped to
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two additional linkage groups, indicating
the presence of six rather than the expected
four Hox gene clusters. Subsequent exten-
sive characterization of zebrafish Hox genes
by Amores et al. (1998) showed that the
zebrafish genome contains at least 48 Hox
genes arranged in at least seven Hox clus-
ters. Phylogenetic analysis and genetic
mapping revealed that the seven zebrafish
clusters are orthologous to the mammalian
ones and that they most likely arose through
an additional genome duplication event ex-
perienced by the fish but not the tetrapod
lineage. These Hox clusters were termed
Aa, AB, Ba, BB, Ca, CB and Da (Amores
et al., 1998). The zebrafish data also pro-
vided an explanation for the ambiguous
pufferfish D complex: upon sequence com-
parisons between zebrafish and pufferfish,
it became clear that the problematic Fugu
cluster isindeed an AB and not a D cluster
(Amores et al., 1998; Aparicio, 2000). This
suggested that the putative genome dupli-
cation of the zebrafish is shared by at least
one other teleost lineage and that it is not
specific to Cypriniform fishes, or the result
of a specific polyploidization of the zebra-
fish genome (Meyer and Malaga-Trillo,
1999). Therefore, the initial estimate of four
Hox clusters in the pufferfish is probably
erroneous, and raises the possibility of the
existence of up to four additional clusters
(or their secondary loss).

Besides the detailed genomic studies in
zebrafish and pufferfish, upcoming genomic
data from the African cichlid fish Oreo-
chromis niloticus (Méalaga-Trillo, Amores,
McAndrew, Postlethwait and Meyer, un-
published data) provide additional evolu-
tionary information for the comparative
analysis of teleost Hox gene clusters. Al-
though the characterization of cichlid Hox
genes has not been completed, there is al-
ready enough evidence for the presence of
more than four Hox clusters (at least six)
that also contain different sets of genes than
those of other fish. The specific differences
between the entire Hox complements of
these fish are not the focus of this article,
and will be discussed somewhere else. But
for the time being, it is interesting to note
that al genomic evidence from the above-
mentioned systems (zebrafish, pufferfish,
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cichlid) indicates that an actinopterygian
ancestor already possessed eight Hox clus-
ters and not four, as it had recently been
hypothesized (Stellwag [1999] but see
Meyer and Méa8aga-Trillo [1999] and Meyer
and Schartl [1999]). Stellwag also argued
that the known occurrence of polyploidy in
the order Cypriniformes could in principle
explain the seven zebrafish clusters as the
result of a lineage-specific duplication. This
assumption was based on the fact that, at
the time, no more than four representatives
from each paralogous groups had been iso-
lated from other divergent teleost lineages
such as Medaka and the striped bass (Ku-
rosawa et al., 1999; Pavell and Stellwag,
1994). However, the data for these two fish
were generated in PCR surveys and there-
fore do not constitute conclusive evidence
about the absence of specific clusters, e.g.,
the zebrafish case (see Misof and Wagner
[1996] vs. Amores et al. [1998]). In this
regard, it should be emphasized that even
when using a more thorough genomic ap-
proach, technical difficulties can limit the
coverage of a Hox screening procedure, as
appears to have been the case for the orig-
inal pufferfish study by Aparicio et al.
(1997), where only four Hox clusters were
identified (Amores, personal communica-
tion). In addition, three new lines of evi-
dence strengthen the idea that the zebrafish
genome duplication is not limited to the
fishes of the order Cypriniformes. 1) The
presence of two A clusters in the pufferfish
(Amores, personal communication), 2) The
finding of more than four Hox clusters in
cichlid fish (Maaga-Trillo, Amores, Mc-
Andrew, Postlethwait and Meyer, unpub-
lished data), and 3) The recent mapping of
Medaka Hox genes to seven linkage groups
(Naruse et al., 2000). In this context, the
identification of five Hox group 9 sequences
in the PCR-surveyed killifish (Misof and
Wagner, 1996) also argues for the existence
of more than four Hox clusters in this spe-
cies, adding support to the thesis of an ad-
ditional teleost-specific genome duplication
that is not shared with the sarcopterygian
lineage.

INSIGHTS FROM VARIATION IN HOX
CLUSTER A
Here we focus our analysis on variation
of vertebrate Hox A clusters, because they
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illustrate the history of duplications and
genelosses that are typical for Hox clusters.
Currently, there are more points of com-
parison across the vertebrate phylogeny for
the A clusters, including partial data on bas-
al lineages such as the horned shark Het-
erodontus francisci (Kim et al., 2000) and
the Australian lungfish Neoceratodus for-
steri (Longhurst and Joss, 1999). Most re-
constructions of Hox cluster evolution are
based on the assumption that sharing of
genes is indicative of common descent,
since independent gene loss is more parsi-
monius than the independent gaining of
genes. It is therefore possible to reconstruct
Hox ancestral states of vertebrates by using
the Hox cluster configuration of selected
extant taxa (typically, cephalochordates,
gnathostomes, mammals and fish) as cla-
distic characters (Fig. 1). At least 500 mil-
lion years ago (MYA), probably before the
evolutionary split between jawed and jaw-
less fishes, the single ancestral chordate
Hox cluster—composed of al 13 Hox
genes—underwent two rounds of genome
duplication to give rise first to two proto
clusters (AB and CD, Zhang and Nei,
1996), and then to the four clusters typi-
cadly found in mammals (A, B, C, D)
(Amores et al., 1998; Holland and Garcia-
Fernandez, 1996; Meyer, 1998; Meyer and
Malaga-Trillo, 1999). The combined pattern
of A cluster genes present in all vertebrates
studied to date strongly suggests that the
ancient gnathostome A cluster suffered a
reduction that deleted paralogous groups 8
and 12 early in the evolution of vertebrates.
Based on the shared absence of group 12
genesin al known A and B clusters, it must
be assumed that this gene was lost in the
proto AB cluster, after the first round of ge-
nome duplication. The loss of the group 8
gene must have therefore occurred after the
second genome duplication but before the
evolution of cartilaginous fishes around 460
MYA, since the absence of group 8 in the
horn shark A cluster homologue is con-
firmed by complete sequencing of this ge-
nomic region (Kim et al., 2000). Because
the shark, lungfish and mouse A clusters do
not show additional losses relative to the
hypothetical gnathostome ancestor, the con-
figuration of the A cluster in sarcopterygian
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Fic. 1. A hypothetical scenario for the evolution of vertebrate Hox gene clusters, as inferred from the known
Hox cluster architectures of Amphioxus, mouse, zebrafish and pufferfish (Fugu). The reconstruction was made
using cladistic analysis, assuming Amphioxus as the ancestral chordate state and mapping Hox cluster evolution
onto an expected vertebrate phylogeny. Colored boxes represent individual paralogous genes (1-13); boxes with
crosses represent inferred gene losses. Clusters are labeled A-D, and « or 8 are used to designate the duplicated
clusters of fish. Approximate phylogenetic timing of the genome duplications and gene losses are indicated in

million years ago (MYA).

and chondrichtyan lineagesis likely to have
remained unchanged since then. Extensive
work on additional phylogenetically impor-
tant lineages is desirable to be able to rule
out that other independent gene losses oc-
curred. Of particular interest is the config-
uration of basal sarcopterygian lineages
such as the lungfish, for which only frag-
mentary data are available at present (Long-
hurst and Joss, 1999).

Another issue that needs further clarifi-
cation is the finding of—so far—only two
Hox clusters in the horn shark which show

strong affinities for the mammalian A and
D clusters (Kim et al., 2000). If the Hox
complement of cartilaginous fish consisted
of only two clusters, then these M (A-like)
and N (D-like) clusters would be expected
to correspond to the proto AB and CD clus-
ters that probably originated after the first
vertebrate genome duplication (Fig. 1).
However, this is not likely to be the case,
since the proto AB cluster is expected to
contain a group 8 gene (absent in the shark
M cluster, Fig. 1). In addition, the homol-
ogy of the shark N cluster remains unclear:
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Fic. 2. Cladistic reconstruction of the evolution of Hox A clusters in vertebrates, based on the same taxa as
in Figure 1, but with the addition of recent Hox gene data from the shark, lungfish, Medaka, striped bass and
the cichlid fish Oreochromis niloticus (see text). The evolution of Hox A clusters was mapped onto an expected
vertebrate phylogeny (independent of Hox genes). The independent gene losses that took place in zebrafish and
Fugu—relative to cichlids—are indicated on the branches leading to these lineages. Solid boxes represent in-
dividual genes. Duplicated clusters are designated a or B. Fugu clusters appear with their original names, A and
D, but are now known to be the homologues of the Aa and AR clusters of zebrafish. Genes which have not
been completely sequenced are indicated by open boxes. Genes where differential evolution between fish lineages
has taken place are indicated with orange boxes; pseudogene alO« in zebrafish is marked with a cross. Question

marks represent non-characterized genomic regions.

phylogenetic analyses of this cluster’'s Hox9
and Evx sequences as well as the absence
of a group 6 gene support its orthology to
D clusters (Kim et al., 2000), but the pres-
ence of a group 5 gene does not. If one
assumes that gene loss in the early gna-
thostome ancestor occurred rapidly after the
two-to-four cluster duplication (and there-
fore before the evolution of the shark line-
age), then the presence of a group 5 gene
in the N cluster would be indicative of C-
like affinities, as this paralogous group is
found in all vertebrate C but not D clusters
known to date. The true presence of a
hoxd5 gene in the shark would argue that
this gene arose de novo. Since independent
gene loss is much more likely to occur than
independent gene gain, it would be more

parsimonious to assume that the shark N
cluster is a C-like cluster which secondarily
lost its group 6 gene (normally present in
C but not in D clusters). The characteriza-
tion of Hox clusters in the horn shark is
likely to be incomplete, possibly due to the
low coverage (2x) of the PAC (P1 artificial
chromosome) genomic library utilized for
these experiments, but we expect that ad-
ditional work will eventually uncover the
two remaining clusters.

In striking contrast to the conservation of
Hox A cluster architecture observed in sar-
copterygian and chondrichtyan genomes,
actinopterygian Hox complexes show signs
of a more eventful history that resulted in
distinct cluster architectures for the differ-
ent descending lineages (Fig. 2). The shared
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presence of duplicated Hox A clusters in
the fugu, zebrafish and cichlid lineages
strongly supports the assertion that an ad-
ditional genome duplication took place in
the lineage leading to all modern bony fish-
es. The combined pattern of A genes pre-
sent in the three distantly related fish orders
strongly suggest that this ancestor pos-
sessed two A clusters (o« and B) which
lacked paralogous groups 8 and 12, like the
ancient gnathostome ancestor, but also
without group 6 copies. The shared loss of
group 6 Hox genes in modern teleost Aa
and A clustersindicates that their common
ancestor also lacked these two genes. How-
ever, it is presently difficult to establish the
phylogenetic timing when this loss oc-
curred. It islikely that both copies were lost
in the common ancestor of the Ao and AR
clusters, before the teleost genome dupli-
cation but after the evolution of tetrapods,
since tetrapods do not have two A clusters.
On the other hand, both copies could have
been lost independently after the genome
duplication but before the teleost radiation,
which is a less parsimonious scenario that
would constitute the only known case
where two duplicated copies of a paralo-
gous group were deleted simultaneously
and independently. A third, perhaps more
likely scenario is that the assumption of the
absence of a6 genes in the teleost ancestor
is a reconstruction artifact. If so, a copy of
the a6 gene might till be present in other
teleost lineages, which would imply that
this copy was lost secondarily in the ze-
brafish, Fugu and cichlid lineages. In this
respect, it is noteworthy to consider the case
of the a7 gene (Fig. 2). Based only on the
Fugu and zebrafish architectures, it had to
be assumed that both « and B copies were
independently (and possibly simultaneous-
ly) lost once in the teleost ancestor. How-
ever, identification of the a7« gene in cich-
lid fish (Malaga-Trillo, Amores, Mc-
Andrew, Postlethwait and Meyer, unpub-
lished data) and in the striped bass (Snell
et al., 1999), allows to ascertain the pres-
ence of this gene copy in the reconstructed
configuration of the common teleost ances-
tor. Thus, the absence of both a7 copiesin
Fugu zebrafish is minimized to the inde-
pendent secondary loss of one paralogous
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gene copy in both lineages. It is uncertain
whether this shared loss of a7« relative to
the cichlid lineage is phylogeneticaly in-
formative since current knowledge of fish
phylogenies strongly suggests the relation-
ships indicated in Figure 2. In addition to
the possible shared loss of Hox a6« and
genes, the Hox cluster of the teleost ances-
tor underwent deletions of paralogous
groups 1, 3, 4, 5 and 7 in the AB cluster,
leaving only groups 2, 9, 10, 11, and 13 as
duplicated Ae and AB genes.

The data for the cichlid A clusters have
not been previously published and will be
presented elsewhere in more detail, as part
of a more comprehensive description of
cichlid Hox genes. However, some general
features of the already fully characterized
cichlid Aa cluster are relevant to this dis-
cussion. A set of overlapping cosmid clones
covering this genomic region were sub-
cloned and sequenced to completion. The
entire DNA sequence obtained for the Aa
cluster provides unambiguous information
about cluster length, gene content and spac-
ing, as well as non-coding regions. The
cichlid Aa cluster contains paralogous
groups 1, 2, 3, 4,5, 7,9, 10, 11, 13, and
includes an Evx gene. All these genes have
intact reading frames and the entire cluster
extends over approximately 85 kilobases.
This sizeis larger than that of the pufferfish
(76 kb), but smaller than that of the shark
(96 kb), and the relative spacing between
genes ranges from 4 to 11 kilobases. The
general pattern of gene content istypical for
A clusters and no specific gene losses rel-
ative to other teleost fish are observed.

The most surprising observation when
comparing the complete datasets for ze-
brafish, Fugu and cichlid Hox A« clusters
is that they vary at all. In addition to the
extra genome duplication and gene loss that
occurred in the teleost ancestor, its descen-
dent lineages apparently experienced each
their own particular evolutionary changes.
The zebrafish lineage lost a2« and a7«, and
the pufferfish lost only a7«, but cichlid fish
retained both genes. Also, alO« appears to
have undergone lineage specific changes.
While this gene is intact in cichlids and the
pufferfish, it turned into a pseudogene in
the zebrafish. The reason for this differen-
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tial evolution in paralogous groups 2, 7 and
10 of teleost Aa clustersis not obvious, and
detailed studies on the particular functions
of these genes will be required to find out
if their loss can be associated with selective
consequences. The contrasting Hox cluster
architectures of zebrafish, pufferfish and
cichlid fish strongly suggest that indepen-
dent (post-genome duplication) gene losses
have taken place at different rates in these
lineages since they arose as part of the tel-
eost radiation, approximately 200 MYA
(Pough et al., 1999). The unexpected dif-
ferences discussed here reveal an unprece-
dented degree of variability in Hox cluster
gene composition, and suggest that even
more variation can be uncovered in the ge-
nomes of other fish lineages. Unfortunately,
most of the PCR studies carried out in other
fishes are not extensive enough to detect
these important differences in numbers of
genes and clusters, and new laborious ge-
nomic surveys will be required to provide
the awaited answers.

The strong contrast between the evolu-
tionary histories of Hox clusters in actin-
opterygian and sarcopterygian lineages re-
veals two opposing but equally successful
strategies: conservation of genomic struc-
ture vs. modification, variation and experi-
mentation. The reasons why natural selec-
tion favored—or at least permitted—such
divergent strategies in each lineage are not
clear, but could be related to the different
developmental and morphological challeng-
es that each of these animal groups had to
face in the course of evolution (Meyer and
Schartl, 1999; Wittbrodt et al., 1998).

Hox GENE SEQUENCE EvoLuTION IN FISH

An immediate consequence of genome
duplications is genetic redundancy, the
presence of more than one gene that per-
form the same function (see Nowak et al.,
1997; and Brookfield, 1997). Genetic re-
dundancy is often regarded as beneficial be-
cause it increases an organism’'s genetic
complexity by providing new genes that
can potentially diverge in function (Ohno,
1970; Lynch and Conery, 2000). However,
genetic redundancy through polyploidiza-
tion may also result in dosage effects (Guo
et al., 1996), a consequence which, at least
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for some genes, might lead to deleterious
consequences associated with overexpres-
sion (Krebs and Feder, 1997; Zelinski et al .,
2001). Let us consider the hypothetical sce-
nario of an organism that develops imme-
diately after a genome duplication took
place. The functional consequences of sud-
denly having two identical copies of every
locus obviously depend on the specific
function of each given gene product. The
likelihood of keeping or eliminating newly
duplicated gene copies will therefore de-
pend on how the traits determined by these
genes are affected by a gene duplication.
Duplicated loci for which a quantitative in-
crease of gene products would be beneficial
for the individual, are likely to be main-
tained, whereas duplicated loci whose in-
creased activity would result in deleterious
effects, or even lethality, are expected to be
selected against. In this latter case, the (sud-
den) requirement to avoid deleterious levels
of gene expression would lead to selection
for the elimination of one copy or for ac-
celerated changes in both copies so that
they subdivide the role of their single pre-
duplication ancestor (‘‘subfunctionaliza-
tion,” see Force et al., 1999). In thisregard,
the losg/inactivation of different Hox gene
duplicates in different fish lineages could be
indicative of selective pressure against the
preservation of identical gene copies at
those particular loci (although the tradition-
al explanation for duplicate gene losswould
be that additional copies are eliminated
through random drift because their inacti-
vation has little or no effect on the pheno-
type).

During evolution, Actinopterygian Hox
clusters have clearly experienced gene loss-
es (after the initial doubling of their num-
ber) at a much higher rate than Sarcopter-
ygian lineages, where no variation in cluster
architecture has been reported. This differ-
ence in the rate of gene loss possibly re-
flects a general adaptive tendency towards
rapid evolution after genome duplication
(e.g., increased rates of gene deletion). It is
known that genome duplications can cause
genomic instability (Matzke et al., 1999),
which in turn can lead to rapid structural
changes. Such changes may involve the
programmed loss of subgenomic sequences
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Fic. 3. Neighbor joining phylogenetic tree of verte-
brate hoxa4/a9 homeodomain aminoacid sequences.
Numbers above the branches indicate bootstrap sup-
port values (1,000 replications). The length of the
branches is proportional to the genetic distance be-
tween taxa (mean character difference) and reflect the
differences in rates between sarcopterygian and actin-
opterygian lineages, since they are sister lineages.

in order to allow diploid meiotic behavior,
thereby generating extensive genetic diver-
sity (Song et al., 1995).

In the absence of comparative genomic
and developmental studies, it is not yet pos-
sible to establish at which rate the functions
of Actinopterygian Hox genes might have
been modified or entirely replaced by new
ones. However, it is possible to analyze
their rates of gene sequence evolution and
determine whether rapid changes have oc-
curred in a particular lineage. We examined
and compared the variation in Hox gene se-
quences among the vertebrate groups dis-
cussed in this study. The neighbor joining
tree in Figure 3 presents a vertebrate phy-
logeny based on the alignment of hoxa4
and hoxa9 homeodomain aminoacid se-
quences, using the horn shark as an out-
group. Only the position of the Australian
lungfish, Neoceratodus forsteri, could not
be accurately resolved because of the in-
sufficient sequence data available for this
taxon (hoxa9 gene not reported yet). The
rest of the taxa are grouped into two distinct
lineages, containing sarcopterygian (chick,
mouse and human) and actinopterygian se-
quences (teleost fish), respectively. The re-
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lationships among teleost lineages in our
molecular phylogeny are supported with
high bootstrap values and agree with tra-
ditional expectations derived from morpho-
logical characters (Nelson, 1994). Percifor-
mes (cichlid and bass) and Tetraodontifor-
mes (pufferfish) are more closely related to
each other than to Cyprinodontiformes
(Medaka) and to the more distantly related
Cypriniformes (zebrafish). Closer exami-
nation of the actinopterygian and sarcopter-
ygian sister groups reveals another striking
difference between the two (equally old)
groups, the former having longer branches
(genetic distances) than the latter. This re-
sult indicates that after the split of the two
lineages, actinopterygian Hox sequences
accumulated differences at a much higher
rate than those of their sarcopterygian ho-
mologues, i.e., the hoxad4/hoxa9 gene se-
quences do not seem to have evolved at
constant rates in all vertebrates. Thisis also
supported by a Kishino-Hasegawa (1996)
test as implemented in the Puzzle program
(Strimmer and von Haeseler, 1996). Maxi-
mum likelihood estimates of branch lengths
based on the Dayhoff substitution model
(Dayhoff, 1978) and assuming site rate ho-
mogeneity clearly rejects a clock-like tree
at a significance level of 5%.

The disparity of evolutionary rates sug-
gests that the Hox genes of these two ver-
tebrate lineages might have been subjected
to different selective pressure. Interestingly,
the rapid evolution of teleost Hox sequenc-
es coincides with the occurrence of an ad-
ditional genome duplication and a subse-
quent higher rate of gene loss in this group.
Although the precise timing of all of these
eventsis not clear, it is tempting to suggest
that this link might be causal. Positive se-
lection for gene loss and increased levels of
DNA sequence divergence could have ef-
fectively reduced the levels of genetic re-
dundancy created by a genome duplication.
Thus, the generation of genomic diversity
in the Hox clusters of teleost fish would be
just one example of how organisms inde-
pendently face the consequences of geno-
mic instability after genome duplication.
The study of the possible effects of these
genetic changes on the evolution of mor-
phological diversity, by performing detailed
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comparative analyses of gene expression
and function in selected teleost fish, will
permit further testing on this.
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