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Letter

Domain shuffling and the evolution of vertebrates
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Masahiko Yoneda,® Nicholas H. Putnam,?” Daniel S. Rokhsar,?” Minoru Kanehisa,*®
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"Okinawa Institute of Science and Technology, Uruma, Okinawa 904-2234, Japan; Department of Energy Joint Genome Institute,
Walnut Creek, California 94598, USA; 3/apanese Society for Promotion of Sciences, Tokyo 102-8471, Japan; “Human Genome Center,
Institute of Medical Science, University of Tokyo, Tokyo 108-8639, Japan; SGraduate School of Life and Environmental Sciences,
University of Tsukuba, Tsukuba 305-8572, Japan; *Department of Nursing & Health, School of Nursing & Health, Aichi Prefectural
University, Nagoya 463-8502, Japan; ”Center for Integrative Genomics, University of California, Berkeley, Berkeley, California 94720,
USA; Bioinformatics Center, Institute for Chemical Research, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan

The evolution of vertebrates has included a number of important events: the development of cartilage, the immune
system, and complicated craniofacial structures. Here, we examine domain shuffling as one of the mechanisms that
contributes novel genetic material required for vertebrate evolution. We mapped domain-shuffling events during the
evolution of deuterostomes with a focus on how domain shuffling contributed to the evolution of vertebrate- and
chordate-specific characteristics. We identified ~1000 new domain pairs in the vertebrate lineage, including ~100 that
were shared by all seven of the vertebrate species examined. Some of these pairs occur in the protein components of
vertebrate-specific structures, such as cartilage and the inner ear, suggesting that domain shuffling made a marked
contribution to the evolution of vertebrate-specific characteristics. The evolutionary history of the domain pairs is
traceable; for example, the Xlink domain of aggrecan, one of the major components of cartilage, was originally utilized as
a functional domain of a surface molecule of blood cells in protochordate ancestors, and it was recruited by the protein of
the matrix component of cartilage in the vertebrate ancestor. We also identified genes that were created as a result of
domain shuffling in ancestral chordates. Some of these are involved in the functions of chordate structures, such as the
endostyle, Reissner’s fiber of the neural tube, and the notochord. Our analyses shed new light on the role of domain
shuffling, especially in the evolution of vertebrates and chordates.

[Supplemental material is available online at www.genome.org.]

The question of how novel structures are created by changing
genetic information is one of the most challenging issues in evo-
lutionary biology. It is generally accepted that the morphological
features of various multicellular animals are built on a common set
of genes. Carroll et al. (2001) and Davidson (2006) proposed that
the novel features emerged as a result of altered gene expression
patterns. Novel genetic material has also contributed to the evo-
lution of novel structures. Much attention has been focused on
gene duplications as a mechanism for the evolution of novel ge-
netic material. Particularly in the case of vertebrate evolution,
whole genome duplications that occurred twice in ancestral ver-
tebrates have been regarded as the main force driving the evolu-
tion of novel structures (Holland et al. 1994). As an additional
mechanism, we focus here on domain shuffling (Chothia et al.
2003; Babushok et al. 2007). Several different molecular mecha-
nisms for domain shuffling have been proposed. Since the
domains are often correlated with exon boundaries, exon shuf-
fling is believed to be one of the major forces driving domain
shuffling (Liu and Grigoriev 2004). In addition, the introns at the
boundaries of domains show a marked excess of symmetrical
phase combinations, and, consequently, these domains may be
inserted without changing the reading frame of ancestral genes
(Kaessmann et al. 2002; Vibranovski et al. 2005). Some other
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mechanisms might have been involved in domain shuffling, such
as the simple fusion of genes and recruitment of mobile elements
(Babushok et al. 2007; Ekman et al. 2007).

In contrast to thorough investigation of the mechanistic
aspects of domain shuffling, the contribution of the new genes
created by domain shuffling to the evolution of phenotype has
not been sufficiently explored. Because domain shuffling occurs
more frequently in metazoan lineages than in unicellular organ-
isms, suggesting that domain shuffling played an important role
in the evolution of multicellularity (Patthy 2003; Ekman et al.
2007), we reasoned that domain shuffling also contributed to the
elaboration of metazoan body plans. In this study, we compre-
hensively investigated the domain shuffling events during deu-
terostome evolution. The complete amphioxus genome sequence
provides sufficient deuterostome genomic sequences (Dehal et al.
2002; Sea Urchin Genome Sequencing Consortium 2006; Putnam
et al. 2008) to map the domain shuffling events accurately. We
listed gene models that were created by domain shuffling in the
ancestors of vertebrates, and examined how domain shuffling
contributed to the evolution of new genes for vertebrate-specific
characteristics. The contribution of domain shuffling was also
examined in the evolution of chordates.

Results and Discussion

Detection of domain shuffling in deuterostome evolution

We identified pairs of protein domains found in single-gene mod-
els, including the human, mouse, rat, chicken, frog, pufferfish,
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zebrafish, ascidian, and amphioxus genomes. We took the order of
the domains into account, so that the domain pair A and B (in
order from the N terminus) was treated as a distinct pair from
domains in the order B and A. This is because these domain pairs
with different orders are more likely to have been gained by dis-
tinct domain shuffling events than by divergence from a common
ancestral pair. We surveyed domain pairs found in all splicing
variants in order to detect all domain pairs transcribed in the
genomes. As outgroups, domain pairs from the proteomes of a sea
urchin, fly, mosquito, gastropod snail, two species of nematode,
sea anemone, choanoflagellate, slime mold, yeast, and plant
(Arabidopsis) were obtained (Supplemental Table 1). In the 20
proteomes, profile-HMM (HMMER) searches of the Pfam database
(E-value cutoff of 1073 see Methods) recognized 4649 protein
domains. Of these, 2727 were found paired with other domains.
Approximately 2000-5500 domain pairs were found in the gene
models of each species. For example, 4057 domain pairs were
found in the human gene models, with 2251 found in ascidian
and 5387 in amphioxus. From these datasets, we surveyed domain
pairs shared by the major deuterostome taxa (Table 1). By this
method, triplets of domains were detected as two or three domain
pairs in one gene model (e.g., SNF2 histone linker PHD RING
helicase or attractin in Table 2).

Table 1. Shared domain combinations and unique domains

Class | Class Il Unique
combinations® combinations® domains®

VCBSO 0 1326 1532
VCBS_ 0 20 2
VCB_O 0 355 116
VC_SO 0 129 25
V_BSO 0 458 161
_CBSO 0 15 0
VCB__ 0 43 5
VC_S_ 2 4 1
V_BS 2 51 4
_CBS_ 0 8 0
VvC_O 0 143 11
V_B O 0 496 83
CB_O 0 28 2
V__SO 0 131 25
_C_SO 0 4 0
__BSO 0 92 10
VC___ 1 34 3
V_B__ 21 157 18
_CB__ 0 35 0
V_S_ 2 43 1
_C_S_ 0 4 0
__BS_ 2 71 1
V_ O 0 439 118
_C_O 0 21 2
_BO 0 242 25
__SO 0 44 3
vV 368 859 209
_C__ 0 79 0
_B__ 32 1933 7
_ S 10 455 2
(0] 0 2951 361

Number of shared domain combinations for which one of the domains
was found only in that species.

PNumber of shared domain combinations for which the domains were
found in other species.

“Numbers of domains uniquely found in the species.

(V) Vertebrates; (C) Ciona (ascidian); (B) Branchiostoma (amphioxus); (S)
Strongylocentrotus (sea urchin); (O) other species examined.

Based on the table of shared domain pairs (Table 1), we
mapped the gained and lost domain pairs on a phylogenetic tree
that had been previously deduced by using concatenated amino
acid sequences (Fig. 1A; Putnam et al. 2008). If more than two taxa
shared domain pairs, we regarded the pairs as having been ac-
quired in the last common ancestor. If pairs were shared in only
some of the descendent taxa, we assumed that those pairs were
lost in the rest of the descendent taxa. This method to reconstruct
the gain/loss of domain pairs does not follow the maximum par-
simony principle. Rather, to filter domain pairs that are more
likely to have been achieved by independent domain shuffling
events, we examined the overall domain structures of the gene
models and defined a convergent index (CI) (see Methods). Al-
though these independent acquisitions were thought to be rare
(Gough 2005), we detected several domain pairs that are likely to
have been achieved independently. By filtering domain pairs of
CI = 0.5, we found that 15 pairs that were shared by the sea urchin
and some chordates had rather different domain architectures
(Supplemental Fig. 1). Therefore, these domain pairs were more
likely to have been acquired by convergence. Among 269 domain
pairs that were assumed to have been gained in the ancestors of
chordates, 13 pairs showed a CI = 0.5, and thus were suggested to
have evolved convergently. No domain pairs shared by ascidians
and vertebrates, and new pairs acquired in the vertebrate lineage,
showed a CI = 0.5.

After filtering domain pairs of CI < 0.5, 209 pairs were as-
sumed to have been acquired in the common ancestors of deu-
terostomes, 256 pairs in the common ancestors of chordates, and
35 in the common ancestors of ascidian and vertebrates. Re-
garding the gained and lost pairs in each deuterostome taxon, it is
notable that many of the new pairs (1965 pairs) were acquired in
the amphioxus lineage, which exceeded the number observed in
the vertebrate lineage. Because some ambiguity remains in the
gene models predicted from the genome sequences and EST se-
quences, some of the predicted gene models may combine two
distinct transcripts. If these misassigned gene models are abun-
dant in the amphioxus genome, the number of amphioxus-
specific domain pairs may be artifactually high. However, we think
it is not the case here, because after filtering of the gene models
by EST evidence (gene models supported by stretches of EST
sequences and thus proven presence of the transcripts), 847
amphioxus-specific domain pairs were still found, while only
35,280 Pfam domains were recognized in the filtered gene models
compared with 121,370 domains recognized in all amphioxus
gene models (Supplemental Table 2). Therefore, we think this
observation is unlikely to be an artifact of gene modeling. In
amphioxus-specific domain pairs, Lectin_C, LRR_1, TPR_1, and
TPR_2 occurred most frequently together with other domains,
which also frequently were involved in domain shuffling in other
lineages. On the other hand, some domains such as Death and
F5_F8_type_C were more frequently involved in amphioxus
compared with other lineages. Death is involved in apoptosis,
and F5_F8_type_C is found in membrane protein or coagulation
factors. This is consistent with previous reports that the gene
repertoires for apoptosis and the innate immune system are ex-
panded in amphioxus (Holland et al. 2008; Huang et al. 2008).
Conversely, many of the pairs were lost in the ascidian lineage,
which is not surprising considering that extensive gene loss has
occurred in that lineage (Dehal et al. 2002). To correlate genomic
complexity with phenotypic variation, it is worth noting that
amphioxus species, which have more or less retained their an-
cestral morphology, acquired several new domain pairs, whereas
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Figure 1. Domain shuffling during the evolution of deuterostomes. (4) Gai

n and loss of the domain pairs were mapped on the deuterostome phy-

logenetic tree constructed using molecular phylogenetic analyses of multiple gene sequences (Putnam et al. 2008). Numbers on each node present gains
and loss of domain pairs after screening Cl < 0.5 (see Methods for the definition of Cl). Gains of Class Il domain pairs are shown in brackets. (Arrows)

Domain pairs acquired in the ancestral chordates, and those in ancestral verteb

rates, that were examined in detail. Among 1227 pairs that were acquired

in the ancestral vertebrates, 51 class | domain pairs and 75 class Il domain pairs were conserved in seven vertebrate species examined. Some of these were
involved in vertebrate-specific characters such as cartilage (E-H), tight junctions, and auditory systems (see text for details). Among 256 domain pairs

unique to the chordates, 31 pairs were conserved in ascidian, amphioxus, an

d more than one species of vertebrates. Some of them were involved in

chordate-specific characters such as the notochord (B-D) and endostyle (see text for details). (B-D) Tenascin, latrophilin, and ADAMTS-5, which were
created by domain shuffling in ancestral chordates, are expressed in the notochords of ascidian embryos. Symbols are indicated with the domain ID and
Pfam accession numbers (Finn et al. 2006). (B) Ci-tenascin is expressed in the ascidian notochord (N) and muscle cells (Mu). (C) Ci-latrophilin expression
was detected in the notochord, neural tube (NT), and endodermal strand (ES) of ascidian larvae. (D) Expression of Ci-ADAMTS-5 was restricted to the

ascidian notochord. (£) Domain structures of the proteins that include an Xlin

k domain. (F,G) Expression of Ci-link1 was observed in some of the blood

cells from an ascidian juvenile. (Arrowheads) Some of the Ci-link]-positive cells. Scale bars, 50 um. (En) Endostyle, (GS) gill slits, (St) stomach, (It)

intestine. (H) Domain structures of cartilage acidic protein and proteins conta

many pairs were lost in the ascidian lineage, which has evolved
extensive morphological variation.

Domain shuffling in the ancestral vertebrates

The vertebrate lineage acquired 1227 domain pairs. Of these, 137
pairs were conserved among all seven species, whereas the rest
were restricted to certain taxa (Fig. 1A). Surveying the NCBI
Conserved Domain Database (CDD) with each domain pair using

ining an ASPIC-and-UnbV domain encoded by amphioxus gene models.

CDART searches (http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.
shtml) identified 11 of the pairs in invertebrates such as bees,
Drosophila, or Caenorhabditis elegans (Supplemental Table 3; some
genes from Drosophila or other species in the CDD were missing
from the proteome database because the gene models were in-
complete). Of the remaining 126 pairs, 51 contained one or two
domains found only in vertebrate genomes (Supplemental Table
4). These pairs, which we designated as class I domain pairs,
therefore may not have evolved via domain shuffling, but instead
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may have resulted from de novo establishment of new domain
sequences. Alternatively, some domain sequences might be too
divergent to be detected in outgroups, and may not be novel
combinations. In contrast, the remaining 75 pairs consisted of two
domains, both of which were found in invertebrates as well as in
vertebrates (Table 2). We designate them as class II domain pairs,
which certainly evolved via domain shuffling. Only two gene
models contain both class I and class II domain pairs (latrophilin1
and amyloid beta [A4] protein precursor).

We first asked whether these class II domain pairs were ac-
quired by exon shuffling events. We examined the exon-intron
structures of 75 pairs that were found in 143 human gene models.
In 24% of these gene models, the two domains are encoded by
exons separated by one intron (referred to as “neighbor” in Fig. 2
and Supplemental Table 5), including those in which either do-
main is encoded by more than two exons. In 65%, the two
domains were encoded by exons separated by two or more in-
trons and one or more exons (“farther” in Fig. 2 and Supplemental
Table 5). In only 11%, the two domains were not separated by any
introns and, thus, there is an exon that codes at least part of both
domains (“same” in Fig. 2, Supplemental Table 5). Although in
some domains the boundary of the exon does not always correlate
with the boundary of the domain, and the shuffling of these exons
provides a stretch of amino acid sequences between the domains
(Supplemental Table 5), these data suggest that most of the new
domain pairs were acquired by exon shuffling. Supporting this
idea, for more than half of the domains, the introns forming their
boundaries have symmetrical phase combinations, and they can
be inserted without disrupting the reading frame of the ancestral
genes (Table 3). In addition, many of the domains are abutted by
phase 1 introns at both of their boundaries, while phase O introns
are dominant in the entire genomes of human and amphioxus
(Fig. 3; Table 3; Supplemental Table 5). This is consistent with
a previous study in which large numbers of introns participating
in exon shuffling are phase 1 (Patthy 1999). Note also that while
the novel domain is inserted at either the N or C terminus in most
cases (Ekman et al. 2007), we found one clear example in which

B i
8%
18%
1

\ /

N

‘D same M neighbor O farther |

A

65%

Figure 2. Position of the domain sequences relative to introns.
(Neighbor) Domains are encoded by exons separated by one intron,
(farther) domains are encoded by exons separated by one or more exons
and two or more introns, (same) domains are encoded by the same exon.
(A) Seventy-five class Il pairs of the vertebrates (Table 2) were found in 143
gene models in the human genome. The relative position of the domain
sequences in these gene models is summarized. Details of the data are
given in Supplemental Table 5. (B) Thirty-one class Il pairs of the chor-
dates (Table 4) were found in 76 gene models in the human genome. The
relative position of the domain sequences in these gene models is sum-
marized. Details of the data are given in Supplemental Table 7.

Table 3. Intron phases of the domains

Vertebrate-specific Chordate-specific

Intron phase Class I Class Il
pair-type

Observed P-value Observed P-value
0-0 7 1.00 15 0.974
1-1 115 0 41 0
2-2 2 0.997 4 0.735
0-1 31 0.566 15 0.637
0-2 6 1.00 4 0.989
1-2 9 0.954 1 0.995
1-0 29 0.709 11 0.923
2-0 5 1.00 10 0.653
2-1 13 0.735 10 0.214
Total 217 111

Statistical analyses were performed based on the observed intron phases
in human genomes (Phase 0, 66,882; Phase 1, 46,696; Phase 2, 32,260;
total: 145,838).

a new domain was inserted between the domains of the ancestral
gene (Supplemental Fig. 2).

Among these class II domain pairs, some were obviously in-
volved in the evolution of vertebrate-specific characteristics. As an
example, aggrecan—the most abundant noncollagenous protein
in cartilage—was created by domain shuffling in ancestral verte-
brates, as has been previously suggested (Upholt et al. 1994;
Valhmu et al. 1995; Patthy 2003). Aggrecan consists of five types
of domains, and the combination of the immunoglobulin domain
(V-set: PFO7686; ig: PFO0047) and extracellular link domain (Xlink:
PF00193) was identified as a novel domain pair (Fig. 1E). Aggrecan
is a heavily glycosylated protein. Repeated amino acid sequences
that are modified with keratan sulfate and chondroitin sulfate
moieties are located between the Xlink domain and the EGF do-
main (Fig. 1E), although these repeats were not recognized as
protein motifs in the Pfam database. The Xlink domains are es-
sential for binding with glycosaminoglycan hyaluronic acid. The
molecular complex of hyaluronic acid and heavily glycosylated
aggrecan provides the tensile strength that allows cartilage to ab-
sorb shock and resist compression in joints, and mutations in
aggrecan cause severe cartilage defects and result in dwarfism
(Watanabe and Yamada 1999).

To trace the evolutionary history of aggrecan genes, we ex-
amined each domain in the amphioxus and ascidian genomes.
Since the V-set, ig, Lectin C, EGF, and Sushi domains are relatively
abundant in both genomes, we traced the origin of the Xlink
domain. Two ascidian gene models and 20 amphioxus gene
models contained Xlink domains. One of the ascidian gene
models (Ci-link1) encoded a single Xlink domain and an F5/8 type
C domain (PFO0754), and is expressed in some blood cells in
juveniles (Fig. 1F,G). In vertebrates, the Xlink domain is found not
only in aggrecan and its paralogs, but also in CD44, TNFAIP6 (also
known as TSG6), LYVE1, and stabilin 1. These proteins contain
single Xlink domains (Fig. 1E) and are involved in lymphocyte
migration (Ponta et al. 2003; Kzhyshkowska et al. 2006). There-
fore, the molecular structure and function of Ci-link1 more closely
resemble those of these single-link proteins than those of aggre-
can. These results suggest that the Xlink domain is a component of
surface molecules on blood cells in protochordate ancestors.
Moreover, the Xlink domain was combined with other domains,
such as the V-set domain, in a vertebrate ancestor, and the protein
was used as a component of cartilage—a unique vertebrate struc-
ture. Cartilage acidic protein 1 was also created by combining
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ear; in humans, a missense mutation in
the ZP domain of tectorin alpha causes
hearing loss in the range of 50-80 dB
(Verhoeve et al. 1998). Furthermore, a mu-
tation in the LCCL domain of cochlin,
a novel gene created by domain shuffling

in an ancestral vertebrate, causes deafness
(Supplemental Fig. 3; Robertson et al.
2006).
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Figure 3. Phase of introns involved in domain shuffling. The intron phases of exons that encode the C

terminus of domain 1 and that of the N terminus of domain 2 were counted here. Although the phase
0 intron is dominant in the gene models of Homo and Branchiostoma, the phase 1 intron is dominant in
the class Il pairs. The intron phase of the class Il pairs was analyzed using the human gene models.

Details of the data are given in Supplemental Tables 5 and 7.

domains, including the ASPIC-and-UnbV (UnbV_ASPIC:
PF07593) and calcium-binding EGF domains (EGF_CA: PF07645;
Fig. 1H).

Among the vertebrate-specific domain pairs, we identified
two proteins that contribute to cell junctions. Occludin—a com-
ponent of tight junctions—contains a domain pair of a membrane-
associating domain (MARVEL: PF01284) and an occludin_ELL
domain (PF07303) that is specific to vertebrates (Supplemental Fig.
3). The amphioxus and ascidian proteomes possess an occludin_
ELL domain in the RNA polymerase II elongation factor ELL.
Conversely, 17 amphioxus genes and four ascidian genes contain
sequences encoding the MARVEL domain, and for each of these
genes, the MARVEL domain was the only recognized functional
domain. The structures of protochordate proteins containing the
MARVEL domain were more similar to MAL and physins, which
are involved in vesicle trafficking (Sanchez-Pulido et al. 2002).
Therefore, a gene in an ancestral vertebrate acquired the sequence
encoding the occludin_ELL domain, resulting in a new protein
that functioned as a component of tight junctions, which are
found only in vertebrates and ascidians together with the major
tight junction component claudin. Interestingly, occludin is not
an essential component of tight junctions, but rather has been
suggested to be involved in the regulation of tight junctions by
mediating extracellular cell adhesion signals (Saitou et al. 2000).
Therefore, acquiring occludin as a component of tight junctions
may have provided vertebrates with additional uses for these
complexes. The gap junction protein, alpha 1, 43 kDa (con-
nexin43), was also found to contain a class I vertebrate-specific
domain pair, which was composed of the Connexin (PF00029)
and Connexin43 (PF03508) domains (Supplemental Fig. 3). The
Connexin43 domain, which is found only in vertebrates, serves as
a regulatory domain for the gap junction protein alpha 1, 43 kDa
(connexin43) through its phosphorylation status (Axelsen et al.
2006).

Another notable class of genes that contained sequences
encoding vertebrate-specific domain pairs included those in-
volved in the vertebrate auditory system. Tectorin-alpha is a major
component of the tectorial membrane in the mammalian inner

Note also that genes involved in
neurogenesis and immune responses
were also identified. Amyloid beta (A4)
precursor and agrin are involved in syn-
aptic physiology and synapse formation
(Banks et al. 2003; Kamenetz et al.
2003), stabilin 1 is a scavenger receptor
(Kzhyshkowska et al. 2006), and attractin
is essential for initial immune cell clus-
tering (Duke-Cohan et al. 1998). Com-
plements C6/7 and C3/4/5 were also
identified due to their unique combina-
tions of domains (Azumi et al. 2003). Fi-
bronectin, nidogen, and vitronectin were
recognized as vertebrate-specific extra-
cellular matrix (ECM) proteins among the class II domain pairs
(Patthy 2003).

Although they may not have been achieved by domain
shuffling, it is worth noting that various transcription factors
(HOXC9, HNF1A, CDX2, NFIC, and ZFY) categorized as class I
have acquired vertebrate-specific transactivation domains. It has
been suggested that the evolution of the transactivation domain
was critical for the evolution of arthropod leg morphogenesis
(Galant and Carroll 2002).

Domain shuffling in the common ancestors of chordates

Of the 256 pairs acquired by the ancestral chordates (the last
common ancestors of amphioxus, ascidians, and vertebrates), 43
pairs were conserved between the ascidian, amphioxus, and at
least some of the vertebrate species. After surveying each domain
pair in the CDD (http://www.ncbi.nlm.nih.gov/Structure/cdd/
cdd.shtml), 12 were found in other invertebrates (Supplemental
Table 6) and were omitted from further analysis. The remaining 31
pairs (Table 4) were found in proteins encoded by 14 types of
vertebrate genes. Sequences coding for all of these domains were
found in nonchordate genomes; therefore, there were no class I
pairs. Thirty-one pairs were found in 76 human gene models.
Among these gene models, 18% were encoded by exons separated
by one intron (referred to as “neighbor” in Fig. 2 and Supple-
mental Table 7) and 74% by exons separated by two or more
introns and one or more exons (“farther” in Fig. 2 and Supple-
mental Table 7). Only 8% were encoded by the same exon (“same”
in Fig. 2 and Supplemental Table 7). Many of the domains involved
in chordate-specific pairs were also separated by phase 1 sym-
metric introns, and so these domain pairs were likely achieved by
exon shuffling (Fig. 3; Table 3). In most cases, we confirmed that
the protochordate genes listed in Table 4 encode the cognates of
human genes by checking the best-hit genes in a BLASTP search.

Two unique domain pairs (the PFO3098 An_peroxidase
domain with Sushi or EGF) were encoded in the thyroid peroxi-
dase gene, which is expressed in the endostyle or thyroid of chor-
dates where it performs an essential role in iodide metabolism
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(Ogasawara et al. 1999). Since the endostyle/thyroid is a chordate-
specific structure, it is likely that a gene with an essential role in
the endostyle was created in ancestral chordates. The gene
encoding the mucous protein VWF is also specific to chordates.
Ciona VWF (Ciona gene collection ID 03415) has been reported to
be expressed in the endostyle (Satou et al. 2005). vVWF may be
a component of mucus excreted from the endostyle, and origi-
nally functioned in the filter-feeding systems of chordates, which
were subsequently used to form the blood-clotting machinery of
vertebrates. The main component of Reissner’s fiber, a chordate-
specific structure that extends from the infundibular organ of
the neural tube, is SCO-spondin (Gongalves-Mendes et al. 2003),
which was created by domain shuffling in chordates. Our results
demonstrated that Ciona SCO-spondin was expressed in the neu-
ral tube (Supplemental Fig. 4).

The development of an innate immune system in chordates
was facilitated by the expansion of protein repertoires. Our anal-
ysis recognized three domain pairs in two types of genes involved
in innate immune systems as chordate-specific: complement com-
ponent C6/7/8/9 and surfactant protein D (SP-D). Ciona C6/7/8/9
is expressed in the blood cells of ascidians and is also likely in-
volved in their innate immune system (Satou et al. 2002, 2003). In
contrast, the expression of Ciona SP-D is detected only in the
embryonic nervous system (Supplemental Fig. 4).

These examples indicate that, as in ancestral vertebrates,
domain shuffling played important roles in the phenotypic evo-
lution of ancestral chordates. In this study, we have taken ad-
vantage of the availability of the Ciona gene collection (http://
ghost.zool.kyoto-u.ac.jp/indexrl.html; Satou et al. 2005) to ex-
amine the expression of Ciona genes using in situ hybridizations.
One of the important structures acquired by ancestral chordates
was the notochord, which had an essential role in the formation of
the chordate body plan (Satoh 2003). Therefore, it is notable that
three of the identified ascidian genes, tenascin, latrophilin, and
the ADAMTS-like 5 homolog, are expressed in the notochord (Fig.
1B-D). Ciona tenascin is expressed in both the notochord and
muscle (Fig. 1B), whereas vertebrate tenascin genes are expressed
in a wide variety of cells, including the notochord and somites
(Tongiorgi 1999). One of the original functions of tenascin may lie
in the formation of the notochord. Latrophilin is thought to be
involved in exocytosis (Lang et al. 1998), whereas ADAMTS-like
protein 5 is a metalloprotease involved in ECM digestion (Tor-
torella et al. 2002). These proteins may have been essential for the
evolution of notochord cells, which secrete the ECM that makes
up the notochord sheath.

We made a list of domain pairs that were inferred to have
been acquired by the common ancestors of vertebrates, as well as
those acquired by common ancestors of chordates. These genes are
likely to have gained new functional roles by acquiring new
domains, and are likely to be involved in phenotypic evolution.
Indeed, we have presented some examples showing that novel
genes drove the evolution of the characteristic features of verte-
brates or chordates.

Recently, comparative developmental biology revealed that
the morphological features of various multicellular animals are
built on a common set of genes, and morphological variation
is attributable to the altered expression patterns of preexisting
genes (Carroll et al. 2001). However, these studies are primarily
concerned with transcription factors and signaling molecules,
with less attention to structural proteins. We propose that, in
addition to the regulatory change of preexisting genes, dra-
matic molecular evolutionary events such as the evolution of

novel genes via domain shuffling have contributed to phenotypic
evolution.

Methods

We used the Pfam database (Finn et al. 2006; Pfam_ls, release 20.0;
http://pfam.sanger.ac.uk), which contains 8296 conserved do-
mains. Protein entries matching conserved domains in Pfam were
identified using HMMER searches (Eddy 1998) of a set of 20 species
with complete genomic sequences. Details of the data sources are
presented in Supplemental Table 1. In total, 4649 of 7677 Pfam
domains were found in these proteomes (E-value cutoff of 1073).
Some scripts for parsing the data and for making pairwise domain
matrixes were written using Ruby (http://www.ruby-lang.org) and
BioRuby (http://bioruby.org/).

Our analyses did not consider the number of domains in each
protein; regardless of whether domain A was present with a single
copy of domain B or multiple copies of domain B, the pair of
domain A and domain B was simply scored as present. We did,
however, consider the order of the domains. A domain pair of A and
B with A closer to the N terminus was treated as distinct from a pair
with B closer to the N terminus. We examined domain pairs specific
to vertebrates or chordates using HMMER searches and E-value
cutoffs from 103 to 1072°, and decided to use E-value cutoffs of as
high as 10~ because some vertebrate-specific pairs were eliminated
when the cutoff values were lower, as the amino acid sequences of
some of the domains were less conserved in some species. For these
cases, we still regarded the domain pairs as significant. In contrast,
some domain pairs were eliminated when the cutoff values were
higher, because some pairs became positive in an outgroup taxa. We
did not regard these pairs as specific to vertebrates or chordates.
Therefore, the specific domain pairs were identified using a cutoff
value of 1073, and sequence conservation was assessed by checking
whether the pairs were still specific at lower cutoff values.

The convergent index (CI) was calculated by comparing the
domain architecture between two gene models. When we defined
X as the number of specific domain(s) of gene model A, Yas that of
gene model B, and Z as the number of common domains between
the two gene models, then CI = X X Y/(Z + X X Y). We compared
the CI between all gene models that had the domain pairs. When
the lowest CI was =0.5, we regarded the pairs as likely to have been
acquired convergently (Supplemental Fig. 1).

We examined the expression of Ciona genes in the tailbud
and young juvenile stages of all of the gene models listed in Table 4
except those whose expression had already been published. For
those in which early expression was not detected, we list in-
formation on their expression from previously published studies.
In situ hybridization was performed as described (Ogasawara et al.
2002; Satou et al. 2005).
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