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Abstract. Animals evolved a variety of gene families stomes and gnathostomes by gene duplications and
involved in cell-cell communication and developmental possibly chromosomal duplications.

control by gene duplication and domain shuffling. Each

family is made up of several subtypes or subfamiliesKey words: Protein tyrosine kinases — isoforms —
with distinct structures and functions, which diverged byhagfish — lamprey — amphioxus — gene duplication —
gene duplications and domain shufflings before the diphylogenetic tree — evolution

vergence of parazoans and eumetazoans. Since the sepa-

ration from protostomes, vertebrates expanded the mul-

tiplicity of members (isoforms) in the same subfamily by |4iroduction

further gene duplications in their early evolution before

the fish—tetrapod split. To know the dates of isoform y,iticellular animals evolved a variety of gene families

duplications more closely, we have conducted isolation,q|ved in cell-cell communication and developmental

and sequencing cDNAs encoding the fibroblast growthy, o by gene duplication and domain shuffling. Each

factor receptor, Ephsrc, and platelet-derived growth 5niiy diverged from one or a few ancestral genes, which
factor receptor subtypes belonging to the protein tyrosing;e shared with plants and fungi, or from an ancestral

kinase family fromBranchiostoma belcheran amphi- gene created uniquely in animal lineage (e.g., lwabe et

oxus,Eptatretus burgeria hagfish, andampetra reiss- 5 1996). From phylogenetic analyses of several gene
neri, a lamprey. From a phylogenetic tree of each subsynijies involved in the signal transduction and devel-

family inferred from a maximum likelihood (ML) oomental control, we recently showed that the pattern of
method, together with a bootstrap analysis based on thgene diversification is characterized by two active peri-
ML method, we have shown that the isoform duplica- oys jn gene duplication interrupted by considerably long
tions frequently occurred in the early evolution of verte- periods of silence, instead of proceeding gradually (Suga
brates around or just before the divergence of cyclog 5 1997, 1999: Koyanagi et al. 1998a, 1998b: Hoshi-
yama et al. 1998; Ono et al. 1999). In the early period
before the parazoan—eumetazoan split, animals under-
went extensive gene duplications (subtype duplications)

Data deposition:The nucleotide sequence data reported in this paper, . . . .
have been deposited in the DDBJ, EMBL, and GenBank nucleotidet.hat gave rise to different subtypes with diverse func-
sequence databases (accession nos. AB025534-AB025557) tions. AlImost complete sets of present-day subtypes had
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Table 1. Degenerate primers used for the cloning of cDNAs from cyclostomes and amphioxus

Primer
Subtype Name Sequence Amino acid sequence
FGFR sense SO "B5GTAARCCIYTIGGIGARGGIKSNTTYGG-3 GKPLGEG(C/A)FG
S1 5-GGCAAGCAYAARAAYATIRTIAAYYT-3 ' GKHKNI(I/V)NL
antisense Al 5GACGACICCIWRISHCCANAYRTC-3 D(VI)W(S/A)(FIYIL)GVV
Eph sense SO 'BGTIATIGGIGNIGGNGARTTYGG-3 VIGXGEFG
S1 5-GTICAYMGIGAYYTIGCIRCNMGNAA-3"’ VHRDLA(A/T)RN
antisense Al 5GCYTCIGGIGCIGTCCANC-3 RWTAPEA
A2 5-GTCCAICKIAYIGGIATYTT-3' KIP(I/V)RWT
src sense S1 5GGAVMNGGIYRITTYGGIGANGTNTGG-3 GXG(Q/C)FG(E/D)VW
S2 5-GGNGARGTNTGGATGGGNACNTGGAAYGG-3 GEVWMGTWNG
antisense Al 5GCYTCIGGNGCIGTCCAYTTDATNGG-3 PIKWTAPEA
A2 5-GGYTCNGTNGCNGTRAARTARTCYTCNARRAA-3 FLEDYFTATEP
PDGFR sense SO "BSGTMRACCIYTIGGINVIGGIGCNTTYGG-3 G(K/R)PLGXGAFG
S1 5-GGCAAGCAYAARAAYATIRTIAAYYT-3 ' GKHKNI(I/V)NL
antisense Al 5GACGACICCIWRISHCCANAYRTC-3 D(VIW(S/IA)(FIYIL)GVV

The identical primer is used for the cloning of cDNAs frdBmanchiostoma belcherfamphioxus),Eptatretus burgerihagfish), andLampetra
reissneri(lamprey), except for the lamprey Eph (see Materials and Methods).

of protostomes and deuterostomes, the multiplicity ofan amphioxus, and larva dfampetra reissneria lamprey, were ex-
members in the same subtype rapidly increased in thgacted from the whole body using TRIZOL Reagent (Gibco BRL).

. . . These total RNAs were reverse-transcribed to cDNAs using oligo(dT)
first half of chordate evolution before the fish—tetrapod primer with reverse transcriptase (SuperScript Il, Gibco BRL) and were

split by further gene duplications (isoform duplications), ysed as templates for PCR amplifications with Expand High-Fidelity
which gave rise to different isoforms; in most cases,PCR System (Roche). The sense and antisense degenerate primers were
different isoforms in the same subfamily are virtually designed from conserved amino acid residues as shown in Table 1.
identical in structure and function, but differ in tissue PCR amplifications were carried out under annealing condition of 46°C

N . . . . . . with the primers S1 and Al (see Table 1) for all subtypes shown in
distribution (for isoforms in the protein tyrosine kinase Table 1, followed by nested PCR with S1 and A2 for the Eph subtype

[PTK] family, see Kraus et al. 1989; Partanen et al. 1991, | _ reissneriin E. burgeri,cDNAs prepared from the liver, brain, and
Shier and Watt 1992; Mustelin and Burn 1993; Takaha-vestigial eye were used as templates, except for the Eph subtype, for
shi and Shirasawa 1994; Fox et al. 1995). A remarkablavhich the cDNA from the brain was used. For thee subtype, we
consequence suggested by these ana|yses is that thé;f)éried out another PCR procedure with the primers S1 and A2 under

might be no direct link between the Cambrian expIosionizggflg%%éond't'on of 46°C, followed by nested PCR with S2 and Al

and the burst _Of S_Ubtype dUp"_Cati_On- _ _ The PCR-amplified fragments were purified and cloned into the
The extensive isoform duplication in the first half of pT7BIue vector (Novagen). More than three independent clones were

chordate evolution has been identified in many subtypessolated for each gene and sequenced using BigDye Terminator Cycle

belonging to various gene families (Miyata et al. 1994;Sequencing Ready Reaction Kit and ABI PRISM 377 DNA Sequencer
(tPerkin—EImer).

lwabe et al. 1996; Suga et al. 1997, 1999;-Hosh|y.ama € The 3 ends of cDNAs were amplified using RACE System for

al. 1998). To know the dates of the active period ofrapid Amplification of cDNA Ends (Gibco BRL). The’ ortions of
isoform duplication more closely, we have conductedcDNAs belonging to the FGFR, PDGFR, and Eph subtypes were am-
isolation and sequencing cDNAs encoding the fibroblasplified by PCR using respective subtype-specific sense primers (S0)
growth factor receptor (FGFR), Epbrc, and platelet- and_ _gene—specific antisense primers_. These amplified fragments were
derived growth factor receptor (PDGFR) subtypes of theounfled, subcloned, and sequenced in the same way as above.

PTK family from an amphioxus, a hagdfish, and a lam-
prey. We report here that the extensive isoform duplica- . .
tion is observed in a period around or immediately beforeSequence Alignment and Phylogenetic Tree Inference

the cyclostome—gnathostome split. )
Alignments were made by the methods of Needleman and Wunsch

(1970) and Berger and Munson (1991), together with manual inspec-
. tion.
Materials and Methods The method of phylogenetic tree inference we adopted here is an
approximate method for inferring the maximum likelihood (ML) tree of
Isolation and Sequencing of Cyclostome and prot(?ln phylogeny (Kishino et al. 1990). This r_ne_thod consists qf per-
Amphi DNA forming rearrangement of tree topology for a limited number of initial
mphioxus ¢ S trees by the methods of nearest-neighbor interchange (NNI; Swofford
et al. 1996; Adachi and Hasegawa 1996) and subtree pruning and
Total RNA of Eptatretus burgeria hagfish, was extracted from each of regrafting (SPR; Swofford et al. 1996). The calculation procedure is as
the liver, brain, and vestigial eye, and thosé8adnchiostoma belcheri,  follows:
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100 [ Drosophila DFR2 (X74031)
_— Drosophila FGFR (D14976)

Strongylocentrotus purpuratus FGFR (U17164) Fig. 1

Maximum likelihood tree of FGFR
human FGFR1 (X57121) subfamily. From a comparison of the kinase
] FGFR1

Xenopus FGFR1 (M61687) domain_ sequences, the tree was inf_erred by_ an
100 T= Xenopus X1FGFR (M55163) approximate ML method described in Materials

and Methods, usin@rosophilaFGFRs as an

100 2% hum: n FGFR2 (X52832) :[FGFRZ outgroup. The number at each branch node
% hu’;ﬂ:i::;ﬁ::::i) represents the local boqtst_rap probability estimated
Xenopus FGFR3 (AB007035) :IFGFFIS by the RELL methoq (Kishino et al. 19_90;
Hasegawa and Kishino 1994). Open circles,
64 74 - human FGFR4 (X57205) fish—tetrapod split or amphibian—amniote split;
quail FREK (X76885) filled circle, cyclostome—gnathostome split; double
88 Xenopus FGFRAb (AB007037) FGFR4 circle, cephalochordate—vertebrate split; open
100 % Xenopus FGFR4a (AB007036 ) rhombus, gene duplication that postdates the
83 zebrafish FGFR4 (U23839) cyclostome—gnathostome split, but antedates the
hagfish FGFR3/4a fish—tetrapod split; filled rhombi, gene duplications
lamprey FGFR3/4 that antedate the cyclostome—gnathostome split;
hagfish FGFR3/4b open boxes, gene duplications on the lineage
phioxus FGFR leading to cyclostomes ofenopusAccession
[ numbers of sequences are shown in parentheses;
0.1 substitutions/site reverse letters, present work.

1. Based on the neighbor joining (NJ) method (Saitou and Nei 1987)cations (isoform duplications). These isoform duplica-
using the distance matrix estimated by the ML method (Adachi a”dtions have been completed until dates before the fish—
Hasegawa 1996), 4,000 tree topologies, including that inferred fro . . . .
actual alignment are generated by the bootstrap resampling progét-etrapc’d Sp|lt (Mlyata et {;ll. 1994; lwabe et al. 1996; Suga
dure (Felsenstein 1985). et al. 1997, 1999; Hoshiyama et al. 1998). '

2. For each of the 4,000 trees, the log-likelihood value is calculated by TO determine the divergence times of these isoforms
the ML method of protein phylogeny (Kishino et al. 1990; Adachi more closely, we have conducted isolation and sequenc-
and Hasegawa 1996) based on the JTT model (PROTML versior]ng cDNAs encoding the FGFR pr[C and PDGFR
2.3 in Adachi and Hasegawa'’s program package MOLPHY), andSubtypes belonging to the PTK family froB1 belcheri
the top 40 trees are selected by log-likelihood criterion. . . ! N '

3. The tree topology with the largest log-likelihood value (approximate E- bu':ge”aand L. reissneriby the method described in
ML tree) is searched through repeated local rearrangements (Adactaterials and Methods. Including these sequences, phy-
and Hasegawa 1996) by NNI for all the 40 trees obtained in step 2]ogenetic trees of the four subfamilies have been inferred

4. To exclude a possibility that the approximate ML tree obtained in by the ML analysis described in Materials and Methods.
step 3 is local optimum, the approximate ML tree is subjected to

further rearrangements by SPR. If no tree with log-likelihood value

being larger than that of the approximate ML tree in step 3 is . .
generated by SPR, the calculation procedure is completed. AI'[ernal-:)I‘IyIC)gem:"tIC Tree of FGFR SUbfamlly

tively if trees with larger log-likelihood value are obtained, the —
procedures in steps 3 and 4 are repeated for these trees. At least four distinct members (FGFR1-FGFR4) belong-

ing to the FGFR subfamily have already been identified
The local bootstrap probability (LBP) at each node of a tree was cal-m. gn.athostomes, and they exhibit dn‘ferenF tissue dis-
culated by the RELL method (Kishino et al. 1990; Hasegawa andtribution (Partanen et al. 1991). We have isolated two
Kishino 1994). cDNAs from E. burgeri,one cDNA fromL. reissneri,

and one cDNA fromB. belcheri,and their nucleotide

sequences have been determined for regions encoding
Results and Discussion the kinase domain. The amino acid sequences encoded

by these cDNAs were aligned with known FGFR se-
Each of the animal gene families involved in cell-cell quences for a highly conserved region corresponding to
communication and developmental control divergedamino acid positions 491-780 in human FGFR1, for
from one or a few ancestral genes during animal evoluwhich unambiguous alignment is possible (alignment not
tion by gene duplications and domain shufflings. Theshown). On the basis of the alignment comprising 270
family tree comprises several independent clusters coramino acid sites, excluding gap positions, a phylogentic
responding to different subtypes or subfamilies that di-tree was inferred, using twBrosophila FGFRs as an
verged before the divergence of parazoans and eumetautgroup. The obtained ML tree is shown in Fig. 1.
zoans, the earliest divergence among extant animal phyla According to Fig. 1, the three gene duplications that
(Koyanagi et al. 1998a, 1998b; Hoshiyama et al. 1998pgave rise to the four gnathostome FGFRs obviously an-
Siga et al. 1999; Ono et al. 1999). After the separatiortedate the divergence of amphibian and amniotes, as pre-
from protostomes, chordates expanded the multiplicity ofviously shown (lwabe et al. 1996; Suga et al. 1997). It is
members in the same subfamily by further gene dupli-also evident that these gene duplications postdate the
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cephalochordate—vertebrate split. In the accompanyinguplications occurred after the divergence of cephalo-
paper (Kuraku et al. 1999), we have shown that lampreyshordates and vertebrates. The tree also shows that all
and hagfishes form a monophyletic group (see also Stocgene duplications (represented by rhombi in Fig. 2) that
and Whitt 1992; Mallatt and Sullivan 1998). The FGFR gave rise to known Eph isoforms (EphA1-EphA8 and
tree also supports the cyclostome monophyly; the hagephB1-EphB5) antedate the amphibian—amniote split or
fish FGFR3/4a shows a close association with the lamthe fish—tetrapod split, as expected (lwabe et al. 1996;
prey FGFR3/4, although the bootstrap probability is notSuga et al. 1997); for four gene duplications that gave
significantly high. It is therefore likely that the hagfish rise to EphA3 and EphA5-EphAS8, their divergence
FGFR3/4a and the lamprey FGFR3/4, together with thaimes are unknown. The hagfish EphA and the hagfish
hagfish FGFR3/4b that was generated in the cyclostomand lamprey EphBs are likely homologs of gnathostome
lineage by gene duplication, are the cyclostome hoEphA4 and EphB2/5, respectively; note that the cyclo-
mologs of vertebrate FGFR3 and FGFR4. Thus, Fig. 1stome EphBs support the cyclostome monophyly. Of the
suggests that, of the three gene duplications that genef-4 gene duplications, excluding gene duplications on the
ated the four gnathostome FGFRs, two gene duplication¥enopus,zebrafish, hagfish, and amphioxus lineages
antedate the cyclostome—ganthostome split, but the lategtepresented by open boxes), six gene duplications (filled
gene duplication that gave rise to FGFR3 and FGFR4hombi) antedate the cyclostome—gnathostome split, and
occurred after the cyclostome—gnathostome split. one gene duplication (open rhombus) postdates that split;
Two more gene duplications were observed@amo-  for the remaining seven gene duplications (half-filled
puslineage (Fig. 1). Such gene duplications were alsorhombi), the divergence times are unknown, although
observed in other genes, which might be derived by venthree antedate the fish—tetrapod split. It is therefore likely
recent chromosomal duplications (Suga et al. 1997). Théhat, since the separation from cephalochordates, verte-
gene duplications orXenopuslineage were also ob- brates created many Eph isoforms by gene duplications,
served in Eph4 (Sek-1/Pag) and ssoct1/2 (see below).  most of which occurred at dates before the divergence of
We do not discuss further these recent gene duplicationsyclostomes and gnathostomes.
in Xenopusln addition to the gene duplication in hagfish  In addition to gene duplications oXenopusand cy-
(FGFR3/4a and 3/4b), two more gene duplications werelostome lineages (see above), one gene duplication was
also observed in Eph subfamily (hagfish E@iig} andin  observed in each of the amphioxus and zebrafish lin-
PGDFR subfamily (lampre¥it-like receptor A/B) (see eages (Ephl/2 andk5/8, respectively). The amphioxus
below). Divergence of the hagfish EphC1 and EphC2Ephl and Eph2 might diverged recently, judging from
may have occurred by a very recent gene duplicationthe k; value (0.79) between them. One more example of
judging from the number (k of synonymous substitu- gene duplication qrc-like protein A/B) on amphioxus
tion per site (Miyata and Yasunaga 1980); the value idineage was found in therc subfamily (see below).
only 0.67, which is comparable to the corresponding
value (0.64 + 0.18 on the average of 574 genes) between
human and rodents (unpublished data). Phylogenetic Tree adrc Subfamily

We have isolated three cDNAs frof&. burgeri, two
Phylogenetic Tree of Eph Subfamily cDNAs from L. reissneri,and two cDNAs fromB.

belcheriand compared these sequences with known se-
A similar analysis was carried out for Ephs, members ofquences belonging to thterc subfamily. On the basis of
the PTK family. At least 13 gnathostome Ephs have beerthe sequence alignment for regions corresponding to the
identified to date (Flanagan and Vanderhaeghen 1998amino acid positions 292—-531 in humart (238 amino
because EphB6 is highly divergent and the structure iscid sites total, excluding gap sites), a phylogenetic tree
unusual, this member was excluded from all the analysesf src subfamily was inferred, using hydra and sponge
(Matsuoka et al. 1997). We have isolated four cDNAssrc-related sequences as an outgroup (Fig. 3). The hag-
from E. burgeri,two cDNAs fromL. reissneri,and two  fish src-like protein C might be orthologous to the gna-
cDNAs fromB. belcheri,and their nucleotide sequences thostomesrcs. The hagfish and lampreyrc-like protein
have been determined for regions encoding the kinas@s are possibly paralogous, if the cyclostome monophyly
domain. The amino acid sequences of the cyclostomé correct, and the former is the ortholog of huniek.
and amphioxus Ephs were aligned with those of knownThere is, however, still a possibility that the two cyclo-
Ephs for regions corresponding to amino acid positionsstome sequences form a cluster.
632-973 in human EphB1. On the basis of the alignment The ML tree revealed that all gene duplications (rep-
of 306 sites in total, excluding gap sites, a phylogenetiaesented by rhombi in Fig. 3) that gave rise to known
tree of Eph subfamily was inferred, using nematode andsoform genes belonging to therc subfamily postdate
sponge Ephs as an outgroup (Fig. 2). the cephalochordate—vertebrate split, but antedate the

The phylogenetic tree of Fig. 2 shows that all geneamphibian—amniote split or the fish—tetrapod split. The
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Fig. 2. Maximum likelihood tree of Eph
subfamily. From a comparison of the kinase
domain sequences, the tree was inferred by an
approximate ML method described in Materials
and Methods, using nematode and sponge Eph-like
sequences as an outgroup. The number at each
branch node represents the local bootstrap
probability estimated by the RELL method
(Kishino et al. 1990; Hasegawa and Kishino
1994). Open circles, fish—tetrapod split or
amphibian—amniote split; filled circles,
cyclostome—gnathostome split; double circle,
cephalochordate—vertebrate split; filled rhombi,
gene duplications that antedate the
cyclostome—gnathostome split; open rhombus,
gene duplication that postdates the
cyclostome—gnathostome split, but antedates the
amphibian—amniote split; half-filled rhombi, gene
duplications whose divergence times are unknown;
open boxes, gene duplications on the lineage

100 amphioxus Epht
_Damphioxus Eph2
r de Eph-like
sponge Eph-like

leading to cyclostomes{enopusfish, or
cephalochordates. Accession numbers of sequences
are shown in parentheses; reverse letters, present
work.

—
0.1 substitutions/site

seven gene duplications out of 10 antedate the cycloduplications that gave rise to distinct isoforms antedate
stome—vertebrate split; for the remaining three, their dithe cyclostome—gnathostome split.
vergence times are unknown.

Bootstrap Analysis for Estimating the Number of

Phylogenetic Tree of PDGFR Subfamily Isoform Duplications

We have isolated two cDNAs fronk. burgeri,two  The above phylogenetic analyses of the four subfamilies
cDNAs from L. reissneri,and one cDNA fromB.  provides clear evidence that most if not all isoform du-
belcheri. These sequences were aligned with those replications occurred in a period between the cephalochor-
ported to date for regions corresponding to the aminalate—vertebrate split and the amphibian—amniote split. It
acid positions 606-953 in human PD@&R (245 amino  is, however, not obvious whether the majority of isoform
acid sites total, excluding gap sites). Figure 4 shows theluplications predate or postdate the cyclostome—
ML tree inferred by using human, purple urchin, and gnathostome split. This may be due to simultaneous iso-
DrosophilaFGFRs as an outgroup. According to Fig. 4, form duplications around the cyclostome—gnathostome
the hagfishkit-like receptor and the lamprekit-like re-  split, judging from the short branch lengths and the low
ceptor A support the cyclostome monophyly, althoughbootstrap probabilities around that split on trees. It is
the bootstrap probability is not high enough. Unlike thetherefore necessary to estimate the number of isoform
above three subfamilies, the deepest gene duplicatioduplication on a solid statistical basis. For this purpose,
antedate the cephalochordate—vertebrate split. Becausee carried out a bootstrap analysis similar to that de-
the group of five isoforms, PDGHBR, FIt3, CSF-1R, scribed previously (Suga et al. 1997). Based on the stan-
and c-kit, has five immunoglobulin (lg)-like repeats in dard bootstrap procedure (Felsenstein 1985), we gener-
the extracellular region, whereas the group of VEGFR ated 100 ML trees with the largest log-likehood value by
FLT4, and Flk1 has seven Ig-like repeats (van der Geerepeated local rearrangements (Adachi and Hasegawa
et al. 1994), it remains possible that they comprise sepat996), using the NJ trees as initial trees. From these set
rate subfamilies. In the former group, all the four geneof ML trees, the numbers of isoform duplications that
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Fig. 3. Maximum likelihood tree ofrc

subfamily. From a comparison of the kinase
domain sequences, the tree was inferred by an
approximate ML method described in Materials
and Methods, using hydra and sponge sequences
as an outgroup. The number at each branch node
represents the local bootstrap probability estimated
by the RELL method (Kishino et al. 1990;
Hasegawa and Kishino 1994). The dotted arrow
means that the swordtaskc is the outgroup of the
human andXenopus srg, when their complete
sequences are compared. Open circles,
fish—tetrapod split or amphibian—amniote split;
filled circles, cyclostome—gnathostome split;
double circle, cephalochordate—vertebrate split;
filled rhombi, gene duplications that antedate the
cyclostome—gnathostome split; half-filled rhombi,
gene duplications whose divergence times are
unknown; open boxes, gene duplications on the
lineage leading tXenopusor cephalochordates.
Accession numbers of sequences are shown in
parentheses; reverse letters, present work.

Fig. 4. Maximum likelihood tree of PDGFR

subfamily. From a comparison of the kinase domain
sequences, the tree was inferred by an approximate
ML method described in Materials and Methods,

using human, purple urchin, a@rosophilaFGFR
sequences as an outgroup. The number at each branch
node represents the local bootstrap probability
estimated by the RELL method (Kishino et al. 1990;
Hasegawa and Kishino 1994). Open circles,
fish—tetrapod split or amphibian—amniote split; filled
circles, cyclostome—gnathostome split; double circle,
cephalochordate—vertebrate split; filled rhombi, gene
duplications that antedate the cyclostome—gnathostome
split; half-filled rhombi, gene duplications whose
divergence times are unknown. Data on chromosomal
mapping of human genes were taken from van der
Geer et al. (1994). Accession numbers of sequences
are shown in parentheses; reverse letters, present
work.

took place at dates before and after the cyclostomethan the latter, on the average. Since the value pisN

gnathostome split were counted (designated gsand
N, respectively).

not negligibly small, it may be reasonable to conclude
that extensive isoform duplications occurred in a limited

Table 2 shows the results of the four subfamilies,period around or just before the divergence of cyclo-
together with those of the other three protein groups. Instomes and gnathostomes.

the seven gene groups examined herg,idN always

There is a possibility that these isoform duplications

larger than N; the former is three times larger in value were derived from chromosomal duplications in part
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Table 2. The numbers of isoform duplications in evolutionary peri- |ies involved in the signal transduction and developmen-
ods before and after the divergence of cyclostomes and gnathostomes| control. we recently showed that most subtype
duplications that gave rise to different subfamilies with
diverse functions had been completed before the para-
PTK subfamily zoan—eumetazoan split, the earliest divergence of extant

Nb Na Nb/Na

EGhFR g-gfi-j ;gf:g g-g animal phyla (Suga et al. 1997, 1999; Koyanagi et al.
Sr'z 79414 17+15 42 1998a, 1998b; Hoshiyama et al. 1998; _Ono et al. _1999).
PDGER 39+11 0.8+09 4.9 These results suggest that the Cambrian explosion, the
Other proteins burst of diversification of the major group of animal
Aldolase 1.3£09 1.2+09 11 phyla at the Cambrian/Vendian boundary (Conway Mor-
E’;?T:afsmems 22'11;%95 tlli;%-% 12-2 ris 1993), has been accomplished without creating fur-
Total P 260 85 31 ther new genes. Thus, the molecular mechanism of the

Cambrian explosion should be understood based on
N, and N, the numbers of isoform duplications that occurred at datesmechanisms that could generate organismal diversity by
before and after the cyclostome—gnathostome split, respectively. Isogtilizing or recruiting preexisting genes, but not by cre-
form duplications whose divergence times are unknown were exclude%ting new genes with novel functions.

from the calculations of \and N,. For the calculation procedures, see

text. Complements, gene groups encoding the complement components

C3, C4, and C5. For the phylogenetic trees of three gene groups in othéicknowledgments. We thank Prof. M. Hasegawa, Dr. N. Iwabe, and

proteins, see the accompanying paper (Kuraku et al. 1999). Dr. K. Kuma for discussion. This work was supported by grants from
the Ministry of Education, Science, Sports and Culture of Japan.
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