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Abstract. Understanding the formation of metazo-
an multigene families is a good approach to recon-
stitute the evolution of the chordate genome. In this
attempt, the analysis of the genome of selected species
provides valuable information. Ciona intestinalis be-
longs to the urochordates, whose lineage separated
from the chordate lineage that later gave birth to
vertebrates. We have searched available sequences
from the small marine ascidian C. intestinalis for or-
thologs of members of five vertebrate superfamilies,
including tyrosine kinase receptors, ETS, FOX and
SOX transcription factors, and WNT secreted regu-
latory factors, and conducted phylogenetic analyses.
We have found that most vertebrate subfamilies have
a single C. intestinalis ortholog. Our results support
the hypothesis of a gene expansion prior the base of
chordate ancestry followed by another gene expan-
sion during vertebrate evolution. They also indicate
that Ciona intestinalis genome will be a very valuable
tool for evolutionary analyses.
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Introduction

Gene duplication is believed to be a key force of ge-
nome evolution. This has been supported by the re-
cent analyses of several genomes (Wolfe and Shields
1997; The Arabidopsis Genome Initiative 2000). They
can occur as small-scale and large-scale duplications.
Large-scale duplications, possibly in the form of
polyploidizations, are thought by many authors to
have molded early vertebrate evolution and, to some
extent, brought about vertebrate innovations, al-
though there is no clear relationship between com-
plexity and gene number (Graham 2000; Shimeld and
Holland 2000; Holland and Chen 2001). It is believed
that the vertebrate ancestor had a single gene corre-
sponding to a gene family of two, three, or four
members in present-day tetrapods due to a rapid in-
crease in the number of genes caused by these large-
scale duplications (Ohno 1970; Schughart et al. 1989;
Lundin 1993; Holland et al. 1994; Spring 1997;
Pébusque et al. 1998; Popovici et al. 2001b). This is
sometimes known as the ‘‘big-bang model.’’ This
model further describes two rounds of such large-
scale duplication after the divergence of vertebrates
from the cephalochordates; this is known as the ‘‘2R
hypothesis’’ (for recent reviews see Wolfe 2001;
Taylor and Brinkmann 2001). Additional duplica-
tions have occurred in the fish lineage (Amores et al.
1998; Aparicio 2000) and in Amphibia (see Fig. 1).
Large-scale duplications may also have occurred
earlier but are less well documented.
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Another important mechanism has influenced
vertebrate evolution. It is based on gene-by-gene
small-scale and segmental duplications that created
new paralogous genes in a continuous flux (Gu et al.
2002). Regarding vertebrate evolution, alternative
explanations challenging the 2R hypothesis have been
proposed that include a continuous mode of evolu-
tion made of these small-scale and segmental dupli-
cations only (Hughes et al. 2001; Friedman and
Hughes 2001; Martin 2001; Page and Cotton 2002;
Friedman and Hughes 2003). Finally, if the impor-
tance of gene duplications, whether common (i.e.,
early) or lineage-specific (i.e., late) (Popovici et al.
1999; Lespinet et al. 2002; Minguillon et al. 2002), is
increasingly recognized, gene conversion (Gogarten
and Olendzenski 1999) complicates our understand-
ing of vertebrate genome history.

For many metazoan gene subfamilies, a single
orthologous gene may be recognized in nonverte-
brates. In vertebrates, chromosomal regions that
contain paralogs (i.e., paralogous regions or paralo-
gons; PGs) have been identified (Popovici et al.
2001b; McLysaght et al. 2002). They are likely rem-
nants of the large-scale duplications proposed to ex-
plain the increase in gene number in vertebrates. This
is the case of genes encoding proteins with homeo-
domains, such as HOX, ParaHOX, and MetaHOX/
NKL (Brooke et al. 1998; Coulier et al. 2000a, b;
Pollard and Holland 2000; Popovici et al. 2001a).
Several previous works have recorded genes poten-
tially deriving from large-scale duplications (Lundin
1993; Birnbaum et al. 1994; Spring 1997; Ollendorff
et al. 1998; Gibson and Spring 1999; Wang and Gu
2000; Popovici et al. 2001b; but see also Skrabanek
and Wolfe 1998). However, the analysis of the se-
quence of the human genome did not reveal a peak of
gene families with four members and brought only
partial support for the 2R hypothesis (Lander et al.
2000; Li et al. 2000; Venter et al. 2000; McLysaght et
al. 2002). If the 2R hypothesis is true, it suggests that
evolution of genes in vertebrates has included exten-
sive loss of members in gene families and has erased
most traces of the large-scale duplications; if gene
duplication is an important phenomenon, subsequent
gene loss must be their true yin-yang countereffect
(Lynch and Conery 2000; Wagner 2001). Alterna-
tively, gene losses need not be so extensive if expan-
sion has occurred via continuous small-scale
duplications. The greater number of vertebrate genes
might not be due to expansion but to adaptive radi-
ation with greater retention and fixation of gene du-
plicates (Friedman and Hughes 2003). Yet a strong
argument in favor of large-scale duplications and of
the 2R hypothesis is the existence of blocks of du-
plicated genes and paralogons. This has been clearly
demonstrated by recent works that have taken ad-
vantage of the availability of the human genome se-

quence (McLysaght et al. 2002) or of comparison
with a nonvertebrate chordate genome (Abi-Rached
et al. 2002).

Previous genome analyses (Adams et al. 2001; The
C. elegans Sequencing Consortium 1998) have shown
a greater number of genes in vertebrates that in
protostomians. The genome of chordate nonverte-
brate species may be similar to those of protostomi-
ans (no expansion), similar to those of vertebrates
(expansion), or intermediate (incomplete expansion).
Chordate species may be found in the cephalochor-
dates and the urochordates (Makalowski 2001; Stach
and Turbeville 2002). We chose to investigate exam-
ples of gene superfamilies in the urochordate ascidian
Ciona intestinalis since genomic sequences from this
species have been released recently. We constructed
phylogenetic trees of five gene superfamilies, i.e.,
genes encoding tyrosine kinase receptors (RTKs),
FOX (forkhead box), SOX (sex determining region
Y-box), and ETS transcription factors, and WNT
(wingless-type integration site) secreted regulatory
factors. The hypothesis of gene expansion in verte-
brates predicts that a vertebrate gene subfamily will
have a single ortholog (or few coorthologs in the case
of a recent duplication in the ascidian lineage) in the
C. intestinalis genome. We found that this is indeed
the case: most identified vertebrate subfamilies had
only one C. intestinalis ortholog. Our results support
the hypotheses of gene expansion at the base of ver-
tebrate ancestry after the separation from the uro-
chordates. In addition, since many small-scale
duplications have occurred in gene superfamilies, the
identification of C. intestinalis orthologs allows us to
delineate the period of these events.

Materials and Methods

Definitions

Families and superfamilies are the result of early duplications that

took place before the urochordate/chordate split, while paralogs,

which constitute subfamilies, derive from more recent duplications

that took place after the urochordate/chordate split and before the

apparition of vertebrates.

The following definitions are commonly used: two genes are

orthologs if they diverged due to a speciation event; they are

paralogs if they diverged due to duplication within a lineage (Fitch

1970; Koonin 2001). Therefore, when there is a speciation event

followed by duplication events in both derived lineages, genes from

the resulting multigenic family in one species are orthologous to

any gene of the resulting family in the second species. Within each

species the genes forming the multigenic family are paralogous.

Although the term paralog can be used to designate genes within

the same species deriving from any type of duplication, we use it in

this paper only to designate the members of a vertebrate gene

subfamily. Paralogs constitute subfamilies. Genes issued from an-

cient duplications that separated families are ‘‘metaparalogs’’ (i.e.,

different classes of RTKs). Families and superfamilies are higher

orders of classification (Popovici et al. 2001b). A series of paralo-

gous regions, within the same species, that could be recognized as
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deriving from a common ancestor region is called a paralogon (PG)

(Coulier et al. 2000a; Popovici et al. 2001b; McLysaght et al. 2002).

Genes that belong to the same paralogon are ‘‘coparalogs,’’

whether or not they are related by sequence similarities. When

possible, one may use the term ‘‘direct orthologs’’ to specify pairs

of genes that have a correspondence across species (for example,

FGFR1 in humans and FGFR1 in the mouse).

We used the term ‘‘large-scale duplication’’ to indicate genome-

size duplication (e.g., polyploidization in relation with the 2R hy-

pothesis). We used the term small-scale duplication for gene-size or

segmental duplication, e.g., gene duplications in relation to other

theories (Hughes et al. 2001).

Selection of Superfamilies

We selected the superfamilies to be studied based on the following

criteria: (i) distribution of members in several key species including

protostomians; (ii) distribution of members throughout the whole

set of paralogons defined in a vertebrate genome with available

sequence (here the human genome); (iii) existence of a conserved

domain with a length allowing sequence comparisons and phylo-

genetic analyses; (iv) presence of at least six subfamilies in a su-

perfamily; and (v) to avoid heterogeneity in selective pressure, role

of members in regulatory and developmental processes (Gerhart

and Kirchner, 1997).

Family Tree Construction

All protein sequences for each selected superfamily were gathered

using Blast searches against the nr database of proteins and clas-

sified with phylogenetic studies. Families and subfamilies of genes

were named according to previous classifications (Laudet et al.

1999; Bowles et al. 2000; Kaestner et al. 2000; Schubert et al. 2000;

Grassot et al. 2003). Multiple alignments were done with Clustalx

1.81 (default parameter) for Linux (Thompson et al. 1997). Phy-

logeny analysis was done with PhyloWin (Galtier et al. 1996)

(neighbor-joining, Poisson distance correction, and maximum

parsimony methods, global gap removal, and 500 bootstrap repli-

cates) with either complete protein sequences or family specific

domains.

Maximum likelihood analyses were done on combinations of

subfamilies with the Phylip 3.6 package (proml program with

Jones–Taylor–Thornton amino acid change model).

Gene Search and Reconstitution of C. intestinalis
Genes

Specific domains of each protein family were compared with Blast

(default parameter) (Altschul et al. 1997) against the JGI Ciona

intestinalis Whole Genome Shotgun reads (WGS) database (http://

www.jgi.doe.gov/programs/ciona.htm) to find genomic sequences

with similarity to the vertebrate proteins. All the resulting reads

were collected and assembled with the Cap3 (default parameter)

program (Huang and Madan 1999). After the first round of as-

sembly, we obtained a collection of contigs (�12 per family). Each

contig was scanned with GenScan (with the human matrix) to

detect exons (Burge and Karlin 1997). Putative proteins were

compared with the nr database to identify which family they could

belong to. Only the proteins matching one of the family of interest

were kept, except in the case of the SRC and CIC Ciona intestinalis

proteins, which were used as outgroups with RTK and SOX

families, respectively. Contigs that code for putative proteins of

interest were extended by Blast against the C. intestinalis WGS

database. Only alignments with an E value of 0 were selected to

increase the probability the corresponding reads belong to the ge-

nomic contig. Moreover, the assembly program Cap3 selected only

sequences with sufficient overlaping. New read sequences were as-

sembled in the contigs which were scanned for exon sequences. All

contigs were extended to obtain complete genomic sequences en-

coding specific domains (or in some cases complete proteins) for

each subfamily. C. intestinalis predicted cDNAs were compared

with the C. intestinalis cDNA database to complete our data set, or

to correct possible mispredictions due to the use of human matrix

in GenScan, when the cDNA was (partially or not) available.

When Ciona intestinalis predicted ORF sequences became

available (Dehal et al. 2002), we checked that our predictions were

in close agreement with the now available sequences (data not

shown).

Nomenclature of Ciona intestinalis Genes

When they belong to a defined group or subfamily, C. intestinalis

proteins were named according to the name of the group, except in

the RTK family, where they were named according to the most

popular human gene of the group.

Results

An Expansion of Genes Postdates the Separation of
Urochordates from the Other Chordates

Due to its position in the tree of life (http://
tolweb.org/tree/phylogeny.html), the small marine
ascidian Ciona intestinalis is a key species to study
chordate evolution (Fig. 1). It has around 16,000
genes coded by a genome of �160 Mb, similar in size
to that of Drosophila melanogaster. The C. intestinalis
genome is remarkably homogeneous in base compo-
sition as well as in gene distribution, contrasting with
vertebrate genomes (de Luca di Roseto et al. 2002). A
genome project has made available C. intestinalis
genomic draft sequences (http://www.jgi.doe.gov/
programs/ciona.htm) and ESTs (http://ghost.zool.
kyoto-u.ac.jp/indexr1.html).

We previously constructed a database dedicated to
the study of paralogous relationships in vertebrates
(Leveugle et al. 2003). In this database (http://
abi.marseille.inserm.fr/paradb/), a large number of
gene superfamilies are inventoried, paralogous rela-
tionships are established for their members, and
paralogons are identified in the human genome.
From this database, we selected five superfamilies of
proteins: RTKs, the FOX, SOX, and ETS tran-
scription factors, and the WNT secreted regulatory
factors.

Each selected family was investigated to find or-
thologous genes in the Ciona intestinalis genome. C.
intestinalis proteins were aligned with vertebrate and
nonvertebrate proteins from representative lineages:
human, mouse, chicken, zebrafish, clawed frog, and
fruit fly. Other species (silkworm, trout, quail, etc.)
were used when these families were not available
from the representative lineages (see Table 1 for a list
of all species used). We aimed to have one repre-
sentative for several taxa (insects, actinopterygii,
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mammals, amphibians, and birds). Orthology and
family membership of C. intestinalis proteins were
established with phylogenetic trees. The topology of
the trees was the same whether using neighbor-join-
ing (Figs. 2–7) or parsimony methods (not shown); in
some cases, maximum likelihood algorithm was used.

According to structural and evolutionary consid-
erations, the RTKs can be separated into subfamilies
(commonly designated classes); we named these
classes according to the RTKdb nomenclature
(Grassot et al., 2003; http://pbil.univ-lyon1.fr/
RTKdb/). A total of 15 C. intestinalis genes encoding
putative RTKs was identified. We did a neighbor-
joining phylogenetic analysis of the RTK kinase do-
main, including the 15 C. intestinalis RTK kinase
domains. The analysis was done with 183 kinase
domain sequences (164 sites) and 500 bootstrap rep-
licates. C. intestinalis sequences were named accord-
ing to the most usual name of the class or to the class
name. The tree (Fig. 2) was rooted with the SRC
nonreceptor protein kinase family, which contains
one C. intestinalis protein. Only bootstrap values over
50 are displayed in Fig. 2. Nodes with bootstraps
over 70% are thought to be robust (Felsenstein 1985;
Hillis and Bull 1993). For 10 classes, a single
C. intestinalis RTK was found (FGFR, VEGFR,

IGFR, DDR, ROR, RYK, EGFR, RTK VIII, RTK
X, and PTK7) and the orthology relationships were
clear. We found five C. intestinalis tyrosine kinases
domains that belong to the Ephrin receptor class
(RTKVI). It was not possible to identify direct or-
thologs of these molecules in vertebrates; it is likely
that lineage-specific small-scale duplications have
occurred in this class. For some of the classes (i.e.,
classes III and VII), no C. intestinalis RTKs could be
found. There are several possible explanations for
this. First, there were no available sequences in the
database yet or we failed to retrieve them; second,
the corresponding C. intestinalis gene was lost in the
urochordate lineage; third, these classes of RTK ap-
peared after the separation of urochordates from the
other chordates. These latter two possibilities are
discussed further below. We found one more RTK
fragment which matches with one EST in the C. in-
testinalis cDNA database project; according to Blast
results this fragment could belong to the ROS class
(RTK XIII) but the kinase domain could not be ex-
tended enough to be integrated in the tree.

Very similarly, we found a single Ciona ortholog
for most subfamilies of the other four superfamilies
(Figs. 4–6). Figure 3 shows the neighbor-joining
phylogeny analysis of FOX proteins based on the

Fig. 1. Phylogenetic tree of the bilaterian lineage. Series of du-

plications shown by arrows are positioned along the tree and phyla

are indicated after each node (http://tolweb.org/tree/phylog-

eny.html). Two types of duplications, large-scale (hatched arrows)

and small-scale (filled arrows), that may have molded metazoan

evolution are indicated. Large-scale duplications are thought to

have occurred in two rounds (Ohno 1970), whereas small-scale

made a continuous flux of new gene creations (Gu et al. 2002). Like

small-scale duplications, gene losses (filled diamond) are probably

important at every period. Time periods are tentatively indicated

(Myr: megayears). The Ciona lineage, which is the focus of this

paper, is underlined.
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amino acid sequence of the FOX domain (about 98
amino acid residues) including 9 C. intestinalis FOX
domains and 78 other FOX domains (87 proteins, 60
sites, 500 bootstrap replicates). The tree was rooted
with the N and J FOX groups. The groups were
named according to the unified FOX nomenclature
(Kaestner et al. 2000). We found one C. intestinalis
protein for each group, except groups G, H, J, and K.
We identified three additional fragments, which could
be putative C. intestinalis FOX according to Blast
results, but these sequences could not be extended
into a complete forkhead domain and were not in-
cluded in the tree.

Figure 4 shows the neighbor-joining phylogeny of
the SOX family based on the HMG (high mobility
group) domain (80 domains, 71 sites, and 500 boot-
strap replicates); it includes 6 C. intestinalis HMG
domains. SOX subfamilies were named according to
Bowles et al. (2000), and Ciona proteins according to
the group they belong. The tree was rooted with the

HMG domain of the CIC (capicua homolog) protein
family (Lee et al. 2002); one CIC C. intestinalis pro-
tein was identified. We found one C. intestinalis
protein in each major SOX group (B1, B2, C, D, E,
F) except, as expected, in the SOX A group (SRY),
which is known to derive from the SOX3 gene and to
be specific to the mammalian chromosome Y (Katoh
and Miyata 1999). In groups C, D, and E, C. intes-
tinalis proteins branched as expected between fly and
vertebrates. In groups F, B1, and B2, C. intestinalis
positions were not clearly defined regarding nonver-
tebrate sequences, and bootstrap values were low
(<50). The single-gene groups (G, H, I, and J) were
not represented by C. intestinalis proteins.

Figure 5 shows the neighbor-joining phylogeny of
ETS family based on the ETS domain (96 domains,
51 sites, 500 bootstrap replicates), including 8
C. intestinalis ETS domains. Groups were named
according to the ETS database (http://www.
biochem.missouri.edu/�martin/Etsaling.htm; Laudet
et al. 1999), and C. intestinalis proteins according to
the group name. The tree was rooted with the SPI
group. Only bootstrap values over 40 are displayed.
The ETS family members cluster in 13 groups (ETS,
ER71, GABP, PEA3, ERG, ERF, ELK, DETS4,
ELF, ESE, TEL, and YAN) (Laudet et al. 1999).
Four of these groups (ER71, DETS4, TEL, YAN)
are single-gene groups and are characterized by a
position not well resolved in the tree. In the ERG
group, there might be two C. intestinalis proteins. In
six groups (YAN, ER71, ERF, DETS4, ELF, and
TEL), we did not identify a C. intestinalis protein.
Two other fragments of putative ETS domain were
found but these domains were not complete and
could not be included in the tree.

Neighbor-joining phylogeny of WNT proteins is
shown in Fig. 6. It is based on the full-length se-
quences (77 proteins, 70 sites, 500 bootstrap repli-
cates) and includes 4 C. intestinalis WNT proteins.
The tree was rooted using complete WNT1 group as
an outgroup. Only bootstrap values over 40 are dis-
played. We found C. intestinalis proteins in the WNT
1, 3, 5, and 8 groups. Two more WNT fragments
were found and Blast results suggested that they are
good candidates for the WNT2 and WNT4 ortho-
logs. However, we could not extend these fragments
to the complete protein sequence and they were not

Table 1. Abbreviations used for species names in the trees: Genus

initial (uppercase) and first two letters of species

Abbreviation Species name

Ame Ambystoma mexicanum

Bbe Branchiostoma belcheri

Bfl Branchiostoma floridae

Bla Branchiostoma lanceolatum

Bmo Bombyx mori

Bta Bos taurus

Cau Carassius auratus

Cco Coturnix coturnix

Cel Caenorhabtitis elegans

Cin Ciona intestinalis

Csa Ciona savignyi

Dme Drosophila melanogaster

Dre/Bre Danio rerio

Ebu Eptatretus burgeri

Efl Ephydatia fluviatilis

Fru/Tru Fugu rubripes

Gga Gallus gallus

Hro Halocynthia roretzi

Hsa Homo sapiens

Hvu Hydra vulgaris

Lre Lethenteron reissneri

Lst Lymnaea stagnalis

Mmu Mus musculus

Ola Oryzias latipes

Omy Oncorhyncus mykiss

Pbu Petrogale burdidgei

Pma Petromyzon marinus

Pwa Pleurodeles waltl

Rno Rattus norvegicus

Sma Sminthopsis macroura

Sman Schisostoma mansoni

Smax Scophthalmus maximus

Spu Strongylocentrotus purpuratus

Ssc Sus scrofa

Tca Torpedo californica

Xla Xenopus laevis

Xxi Xiphophorus xiphidium

Fig. 2. Neighbor-joining phylogeny of the RTK proteins based

on the tyrosine kinase domain of the 17 subfamilies. The tree in-

cludes 15 Ciona intestinalis RTK kinase domains in 11 RTK

families and 1 C. intestinalis SRC kinase domain in the SRC family

used as outgroup. All named proteins are appended with the spe-

cies designation (one letter for genus and two for species, for ex-

ample, Hsa—Homo sapiens; see Table 1) and C. intestinalis proteins

are in boldface and underlined. Group names are based on the

RTKdb nomenclature (Grassot et al. 2003).

c
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included in the tree. Identification of C. intestinalis
WNTs was difficult because these proteins have a
moderately conserved domain and the GenScan ma-
trix used was a human matrix.

Discussion

Gene duplications seem to have a singular impor-
tance in evolution. Depending on their extent, they
provide a suddenly enlarged repertoire of genes and
possibilities from which new regulatory interactions
can create novel developmental strategies and char-
acters before most of the duplicated genes undergo
detrimental substitutions and loss (Graham 2000;
Shimeld and Holland 2000; Holland and Chen 2001).
After a potential initial beneficial or deleterious gene
dosage effect (Kondrashov et al. 2002), the evolution
of gene duplicates (Page and Cotton 2002) between
gene fixation or gene extinction (inactivation or loss)
is thought to depend on the rapidity of acquisition of
a new function (neofunctionalization) (Hughes 2002)
or partitioning of an ancestral one (subfunctionali-
zation) (Force et al. 1999; Mazet and Shimeld 2002),
with cooption (True and Carroll 2002) and redun-
dancy (Cooke et al. 1997) being results of the overlap
of the new functions or territories of expression. The
race between fixation and extinction exists for du-
plicates whatever the mechanism of their generation.
Gene duplicates that can be recognized in a genome
represent a biased subset of the ones that have oc-
curred (Otto and Yong 2002). Large-scale duplica-
tions may also facilitate (Sidow 1996) punctuated
equilibria (Eldredge and Gould 1972; Gould and
Eldredge 1993).

The exact importance of gene and genome dupli-
cations in evolutionary innovation remains to be
further delineated and the mechanism of the dupli-
cations is still debated. With respect to vertebrate
evolution, one mechanism involving two rounds of
large-scale duplications (known as the ‘‘2R hypoth-
esis’’) has been proposed by Ohno (1970) and modi-
fied by Holland (1994). Alternatively, continuous
small-scale duplications only may have led to gene
expansion in the vertebrate lineage (Friedman and
Hughes 2001). Comparison of the genomes of several
key species provides information on the importance,
mechanisms, and period of occurrence of the dupli-
cations. Most informative are comparisons made
with lineages that diverged closer to the origin of
vertebrates, such as ascidians and amphioxus. The
marine tunicate Ciona intestinalis is a urochordate
whose genome has been deciphered. If most of the
vertebrate gene subfamilies were to be represented by
a single C. intestinalis ortholog (or coortholog in the
case of independent duplications in the urochordate
lineage), it would prove that the ancestor of the
urochordates separated from the vertebrate ancestor

prior to the occurrence of vertebrate gene expansion.
To test this prediction, we reconstituted C. intestinalis
genes and genes families from available databases.
We found that most vertebrate subfamilies are rep-
resented by a single C. intestinalis ortholog.

Several Ciona gene families have been studied re-
cently. Ferrier and Holland (2002) have reported the
genomic organization of the ParaHox genes of C.
intestinalis. ParaHox genes, although not clustered as
in vertebrates, are present in single copies, as in am-
phioxus. Similarly, FGF genes from Ciona intestinalis
belong to separate subfamilies (Satou et al. 2002). To
test the value of our approach we did a phylogenetic
analysis of the FGF superfamily (data not shown)
and found the same results as Satou et al. (2002).
More recently, the Satoh laboratory has issued a se-
ries of analyses of Ciona superfamilies, including the
five studied here (Hino et al. 2003; Satou et al. 2003;
Yagi et al. 2003; Yamada et al. 2003). Their data are
in perfect agreement with our results and hypotheses.

Thus, taken together with our results, the data on
Ciona superfamilies show that vertebrate genome
expansion postdated the separation of the urochor-
dates from the other chordates. They show that ex-
pansion has occurred in all gene families studied so
far.

Small-Scale Duplications Have Contributed to
Vertebrate Gene Expansion

Vertebrate genome expansion occurred either
through a sudden ‘‘big bang’ due to large-scale
duplications or continuously upon extensive small-
scale duplications. In the former case, extensive
gene loss should have occurred. In the latter
proposition, adaptive radiation and gene fixation
should explain the greater number of genes (Hug-
hes 2002).

Independently of the problem of vertebrate an-
cestry, it is evident that a continuous flux of small-
scale duplications occurred at all stages of metazoan
evolution. Some small-scale cis-duplications have
been described (Smith et al. 1999; Nusse 2001;
Popovici et al. 2001b). They have created gene
families, including the HOX, ParaHOX, and Meta-
HOX gene clusters. The analysis of the Ciona
intestinalis genome is particularly helpful in deter-
mining the time of occurrence of these small-scale
duplications. We have therefore taken this oppor-
tunity to speculate on the evolution of the selected
superfamilies. Figure 7 illustrates examples of small-
scale duplications that expanded the RTK gene su-
perfamily.

For the RTK superfamily, the presence of a sin-
gle C. intestinalis ortholog was found in most
classes. However, no ortholog of class III was
found. Receptors of classes III, IV, and V have
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Fig. 3. Neighbor-joining phylogeny of FOX proteins based on

the amino acid sequence of the FOX domain (about 98 amino acid

residues) including 9 Ciona intestinalis FOX domains. The tree was

rooted using FOX N and J groups as outgroup. For each protein

we indicated the organism, the name, and the proposed name for C.

intestinalis FOX. The groups were formed with the unified FOX

nomenclature (Kaestner et al. 2000). C. intestinalis proteins are in

boldface and underlined.
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three, five, and seven immunoglobulin domains, re-
spectively, and group together in a phylogenetic tree

(see Fig. 3). In humans, class III and class V genes
are located in clusters in paralogous chromosomal

Fig. 4. Neighbor-joining phylogeny of SOX proteins based on the HMG domain sequences (80 amino acids), including six Ciona

intestinalis SOX HMG domains and one C. intestinalis Capicua HMG domain in the Capicua HMG protein family which was used as

outgroup. C. intestinalis proteins were named according to the SOX group they belong. C. intestinalis proteins are underlined.

176



regions (Rosnet et al. 1993; Agnès et al. 1997).
There are several possibilities to explain the absence
of C. intestinalis class III RTK: the duplication class

III-class V might have occurred after the separation
of urochordates from the chordate branch or the C.
intestinalis class III ancestor might have been lost.

Fig. 5. Neighbor-joining phylogeny of ETS proteins based on the amino acid sequence of the ETS domain (about 100 amino acids)

including eight Ciona intestinalis ETS domains. The tree was rooted using the SPI group as the outgroup. Groups are named according to

Laudet et al. (1999). C. intestinalis proteins are in boldface and underlined.
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Fig. 6. Neighbor-joining phylogeny of WNT proteins based on

the full-length sequences including four Ciona intestinalis WNT

sequences. The tree was rooted using WNT1 group as outgroup.

For each protein we have indicated the organism, the name, and

the proposed WNT name for Ciona intestinalis. The groups were

formed on the model of Schubert et al. (2000). C. intestinalis pro-

teins are in boldface and underlined.
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In the first case, this is reminiscent of what exists in
Drosophila, where a single gene is the ortholog of
both class III (Hematopoietic and PDGF receptors)
and class V (VEGF receptors) genes, and has been
accordingly named PVR (PDGF/VEGF receptor)
(Duchek et al. 2001). However, the second scenario
fits better the topology of the tree. The same rea-
soning may be applied to the group comprising
classes VII (TRK), XI (DDR), and XV (MUSK,
ROR) and encoding RTKs that all play a role in the
nervous system and whose genes all map in the same
paralogon (not shown). A similar analysis, applied
to the FOX, SOX, ETS, and WNT superfamilies
showed the importance of small-scale (cis-) dupli-
cations (not shown).

Thus, by combining phylogenetic analyses in
which the Ciona lineage is considered and paralogy
information at both the phylogenetic and the chro-
mosome level, it is possible to reconstitute the history
of gene superfamilies. The availability of sequences
from the amphioxus genome and other key species

should soon bring additional information to delineate
the exact period of the small-scale duplications.

In conclusion, our work shows that Ciona intesti-
nalis will be a good model for evolutionary analyses.
So far, the comparison vertebrates versus nonverte-
brates used mainly the completely sequenced Dro-
sophila melanogaster and Caenorhabditis elegans
protostomian genomes. It is now widely thought that
the C. elegans genome is not adapted for this type of
study due to a high frequency of lineage-specific du-
plications (Gu et al. 2002). Due to its location in the
tree of life, Ciona intestinalis is an interesting subject
for evolution analysis; we show here that it is all the
more true due to the fact that massive lineage-specific
duplications or losses did not seem to obscure the
picture.
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Fig. 7. Examples of gene subfamilies submitted to events of

small- and large-scale duplication and loss. Tyrosine kinase re-

ceptors (RTK) of classes III (five Ig domains) and V (seven Ig

domains) are shown at the right. Drosophila melanogaster has one

such RTK, named PVR (PDGFR/VEGFR-like receptor [Ducek et

al. 2001; Heino et al. 2001]); we found one in Ciona intestinalis;

there are three class V, two class IIIa, and three class IIIb RTKs in

Homo sapiens. The corresponding gene clusters (Popovici et al.

2001b), thought to derive from both large-scale (‘‘2R’’) and small-

scale duplications (prior to the separation urochordates/other

chordates) are shown on the human chromosomes (paralogon 4q/

5q/13q/X of Popovici et al. [2001a]; there were probably genes on a

fourth location, possibly the equivalent of the X chromosome,

which were lost). The absence of a C. intestinalis class III ortholog

may be due to the loss of a class III ancestor gene in the uro-

chordate lineage.
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