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Abstract. The phylogenetic position of hagfishes in Introduction

\z;i:jteztggtfR?\}l,zlzgzg ISSU cu(r)rr?r::)e/ r(}:q(;rrl:(r)m;]erls%lf. J;eﬁslr?eSThe phylogenetic position of hagfishes in vertebrate evo-
PP phy’y g Sution is currently controversial at both the morphologi-

and lampreys. In contrast, the mitochondrial DNAS SU9%a1 and molecular levels. According to the traditional

gest the close association of lampreys and gnathostome\%.ew of vertebrate classification, the living jawless ver-

To clarify this controversial issue, we have CondUCtedtebrates, lampreys and hagfishes (cyclostomes), are more

cloning and sequencing of the four nuclear DNA—coded ~." " . . .

: . . : rimitive than jawed vertebrates (gnathostomes) in many
single-copy genes encoding the triose phosphate |someﬁ-]or hological features, and they form a monophyletic
ase, calreticulin, and the largest subunit of RNA poly- P 9 f Y phy

merase Il and Ill. Based on these proteins, together wittgrouP: Cyclostomat.a. There is, however, a growing con-
sensus, based on differences of morphological features of

the Mn superoxide dismutase for which hagfish and Iam_hagfishes from characteristics shared by lampreys and

prey sequences are available in database, phylogenetic
trees have been inferred by the maximum IikelihoodgnathOStomeS’ that lampreys are more closely related to

) gnathostomes than to hagfishes (Janvier 1981, 1996;
(ML) method of protein phylogeny. It was shown that all :
the five proteins prefer the monophyletic tree of cyclo- ;'rilfgzg i;itr;\?s;)iéﬁggeﬁz ?sitﬂsh_?ﬂemfé?u;%dgéas
stomes, and the total log-likelihood of the five proteins )

significantly supports the cyclostome monophyly at therRNA sequences support the cyclostome monophyly
level of +1 SE. The ML trees of aldolase family com- (Stock and Whitt 1992, Mallatt and Sullivan 1998),

. o whereas the mitochondrial DNA (mtDNA) sequences
prising three nonallelic isoforms and the complement

component group comprising C3, C4, and C5, both Ofsugge_st _the close, although statistically not significant,
. : ; . association of lampreys and gnathostomes (Rasmussen e
which diverged during vertebrate evolution by gene du-

lications. also sugaest the cvclostome monoohvl al. 1998). The phylogenetic trees inferred from nuclear
P ' 99 Y PIYY- bNA—coded genes encoding globins and vasotocins are

also controversial. In the former, hagfishes and lampreys
form a monophyletic group (Goodman et al. 1988),
whereas the latter united lampreys with gnathostomes
(Suzuki et al. 1995).

There is still a possibility of paralogous comparison in
the analyses of globins and vasotocins, each of which

. N comprises multiple copies that were generated during
The nucleotide sequence data reported in this paper have been depos- tebrat luti b duplicati Ext .
ited in the DDBJ, EMBL and GenBank nucleotide sequence database¥Er€lrate evolution by gene duplicalions. Extensive

with accession numbers AB025322 - AB025334 gene duplications are observed in the early evolution of
Correspondence toT. Miyata vertebrates (Iwabe et al. 1996; Suga et al. 1997, 1999a).

Key words: Cyclostomes — Gnathostomes — Glyco-
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Table 1. Degenerate primers used for the cloning of cDNAs encoding cyclostome proteins

Primer
Protein Name Sequence Amino acid sequence
TPI sense S1 'BCCGGTACCAAYTGGAARATGAAYGG-3 NWKMNG
antisense Al 5ATGGATCCCCIACIARRAAICCRTC-3 DGFLVP
Calreticulin sense S1 '"B5CAGTTYWSIGTNAARCAYGARCA-3 (SIT)VKHEQ
antisense Al 5GATIGTICCNWSYTTNACYTGCCA-3 WQVKSGT
A2 5-GATAGGAGGYTCCCAYTCNCCRTC-3 DGEW(E/T)(A/P)
Rpoll and rpolll sense S1 "BCAGGATCCTTYGAYGGNGAYGARATG-3' FDGDEM
antisense Al 5GAGAATTCAYYTGYTTNCCNGTCCA-3 WTGKQ(I/V)
A2 5-GAGAATTCCATYTGNGTNSCNGGYTC-3 EP(A/G)TQM
Aldolase sense S1 '"BEAGGATCCAARGGIATHYTIGCNGC-3 KGILAA
antisense Al S5CAGAATTCGTIACCATRTTIGGYTT-3 KPNMVT
Enolase sense S1 "-EATAGCAGCAGTTCCIWSNGGNGC-3 VPSGA
antisense Al 5CTCGGTAACISWNCCDATYTGRTT-3 NQIG(S/IT)V
A2 5-AGGRTTIGTIACNGTNARRTCRTC-3 DDLTVTN

TPI, triose phosphate isomerase; rpoll and rpolll, the largest subunits of RNA polymerase Il and Ill, respectively. EcoRI and BamHI sites
underlined. The primer is the same fér burgeri (hagfish) and_. reissneri(lamprey).

As we have shown in the accompanying paper (Suga atsing oligo(dT) primer with reverse transcriptase (SuperScript I,

al. 1999b) these gene duplications are Iikely to haveGibCO BRL). These cDNAs were used as templates for PCR amplifi-

. - cation with Expand High-Fidelity PCR System (Roche). The sense and
occurred around the time of dlvergence of CyClOStomesantisense degenerate primers were designed from conserved amino acic

and gnathostomes. Furthermore, only the limited NUM+egiques as shown in Table 1.

bers of the amino acid sites are available for comparison PCR amplification was conducted as follows: 2-min denaturation

in vasotocins. In addition, phylogenetic trees inferredstep at 94°C; then 10 cycles of 94°C (20 s), 46-50°C (30 s), and 72°C
from sequence data sets with large differences in evolu@ min); followed by 25 cycles of 94°C (20 s), 50-60°C (30 s), and

. . . . 72°C (2 min). PCR amplification was carried out using primers S1 and
tionary rates between different taxa are often mSleadm%l (see Table 1) for all genes shown in Table 1, followed by nested

(Felsenstein 1978). In the 18S and 28S rRNA trees, UNpcR with S1 and A2 for calreticulin and enolase.

usually high evolutionary rate is observed on lineage The PCR products were separated in a 1.5% agarose gel containing
leading to hagfishes (Stock and Whitt 1992; Mallatt andethidium bromide. Products of expected size were isolated as gel slices,

Sullivan 1998). The evolutionary rates of mtDNA-coded purified by using DNA purification kit (Toyobo) and cloned into the

. . pT7Blue vector (Novagen). More than three independent clones were
proteins vary greatly for different vertebrate groups isolated and sequenced by dideoxy chain termination method (Sam-

(Rasmussen et al. 1998). For inferring a robust tree rePgrook et al. 1989) with ABI DNA Sequencer 377 (Perkin-Elmer) using
resenting the relationship of cyclostomes and gnathosynthetic nucleotide as primers. The éhds of aldolase, calreticulin,
stomes, it is therefore important to use many nucleagnd enolase sequences were determined’bya@d amplification of
DNA~coded single copy genes with approximately con-E1 Ss Frmr o, 989, T st o e e s>
stant e\{omtlonary rates OV‘?r a long evolutionary perIOd'ends by using gsequence Setween S1 :fnd Al as a primer of sense
In this report we have isolated and sequenced fOUEiand and A2 as that of antisense strand.

nuclear DNA—coded single copy genes frdeptatretus

burgeri (hagfish) andLampetra reissner{lamprey). The Phylogenetic Tree Inference

maximum likelihood (ML) trees inferred by these proteins,

together with the Mn superoxide dismutase (SOD), supporPptimal alignment of sequences was obtained by the methods of
the cyclostome monophyly at the significant level of +1 SE.Needleman and Wunsch (1970) and Berger and Munson (1991), to-
i acdiion, thecyclostome monophyly i aso supported by 1 mérua spector usig he amino s seuerces
sets of duplicated proteins, aldolase A, B, and C, and thgere inferred by the ML method of protein phylogeny (Kishino et al.
complement components C3, C4, and C5, as well as thos®90o; Adachi and Hasegawa 1996) based on the JTT model (PROTML
of four gene groups belonging to thcfamily described in  in Adachi and Hasegawa’s program package, MOLPHY); amino acid

the accompanying paper (Suga et al. 1999b). sites where gaps exist in the alignment were excluded from the calcu-
lation. The bootstrap analysis was carried out by the methods of Felsen-
. stein (1985) and Kishino et al. (1990). The local bootstrap probability
Materials and Methods (LBP) was calculated by the method of Adachi and Hasegawa (1996).

Isolation and Sequencing of Hagfish and

Results and Discussion
Lamprey cDNAs

Phylogenetic Relationship of Cyclostomes and

Total RNA of E. burgeri (hagfish) was extracted from the liver, and Gnathostomes Based on Single-Copy Genes
that of L. reissneri(lamprey) from the whole body using acid gua-

nidinium thiocyanate-phenol-chloroform (AGPC) extraction method. TO €xclude a possibility of paralogous comparison, we
Total RNAs of E. burgeriandL. reissneriwere transcribed to cDNAs ~ selected four nuclear DNA—coded genes encoding the
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c) 100[ human (X63564)
100 mouse (U37500)
human (X69723) 67, lamprey (AB025332)
chicken (M11941) —:hagﬁsh (AB025331)

h (A01167) 100 | brine shrimp (U10331)
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Drosophila (X57576) 0.1 substitutions/site
0.1 substitutions/site d)

human (AF021351)
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IS 99 == Xenopus laevis (X67597) hagfish (AB025333)
88 Xenopus Iaevis (X67598) C.elegans (U41991)
81 -
Rana rugosa (D78589)

0.1substitutions/site

_7_9{ lamprey (AB025328)
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76 Drosophila (X64461) e) 95E human (Y00985)

—1 Amblyomma americanum (U07708) A guinea pig (U39843)

L ' _if:r-———_ lamprey (X64059)

0.1 substitutions/site hagfish (X64058)

phioxus (X64061)
49 l sea ber (X64060)

crab (AF019411)

L e |
0.1 substitutions/site

Fig. 1. Vertebrate phylogeny inferred from triose phosphate isom- d; and amphioxus, sea cucumber, and crak.ifthe number at each
erase b, calreticulin,c, RNA polymerase Il largest subunid, RNA node represents the local bootstrap probability calculated by the
polymerase Il largest subunit, ared Mn superoxide dismutase. The method of Adachi and Hasegawa (1996). The branch length is propor-
trees were inferred by the ML method of protein phylogeny (Kishino et tional to the number of amino acid substitutions. Sequence data were
al. 1990; Adachi and Hasegawa 1996). The following species werdaken from GenBank release 110, except for hagfish and lamprey se-
used for outgroups: amphioxus, mosquito, dwsophilain a; sea quences ira—d. The accession numbers of sequences used are shown
hare, Drosophila, and Amblyomma americanunm b; brine shrimp, in parentheses.

Drosophila, Pacific oyster, andlyanassa obsoletan c; C. elegansn

triose phosphate isomerase (TPI), calreticulin, which Unambiguous alignment is possible for regions (com-
modulates both integrin adhesive functions and integrinprising 206 amino acid positions in total) corresponding
initiated signaling (Coppolino et al. 1997), and the larg-to the amino acid positions 18—-33, 36-56, and 59-227 of
est subunit of RNA polymerase Il (rpoll) and IlI (rpolll), human sequence for TPI; those corresponding to 102—
for which no gene duplication on vertebrate lineage has846, and 348-366 for calreticulin (264 amino acids),
been reported to date, except for calreticulin, in which athose corresponding to 502—-1096 for rpoll (595 amino
recent gene duplication oXenopuslineage was ob- acids); those corresponding to 506-626, 628-937, 939—
served. In addition, the evolutionary rates of TPl and954, and 956-1029 for rpolll (521 amino acids); and
calreticulin are approximately constant over a wide evo-those corresponding to 41-106, 108-155, and 157-184
lutionary distance (Ilwabe et al. 1995; Nikoh et al. 1997;(142 amino acids) for Mn SOD. On the basis of the
Kuraku et al. unpublished data). Cloning of these cDNAsalignments and using invertebrate sequences as out-
from L. reissneriand E. burgerihas been conducted by groups, phylogenetic trees of vertebrates have been in-
the method described in Materials and Methods. For eacferred by the following procedures: First, for each pro-
of TPI, calreticulin, rpoll and rpolll, we obtained one tein, the phylogenetic tree was inferred by the method
cDNA from each ofL. reissneriand E. burgeri. The  described in the accompanying paper (Suga et al. 1999b);
deduced amino acid sequences showed apparent similahis method consists of performing rearrangement of tree
ity to those from vertebrates and invertebrates, and thejopology for a limited number of initial trees by the
contain signature motifs at the precise position (align-methods of nearest-neighbor interchange (NNI; Swof-
ment not shown). It is therefore highly likely that the ford et al. 1996; Adachi and Hasegawa 1996) and subtree
isolated cDNAs are the products of the respective genegruning and regrafting (SPR; Swofford et al. 1996). All
In addition, from database searches, we have sampled theees inferred by the five proteins showed an independent
data set of Mn superoxide dismutases (SODs) for whicktluster of gnathostomes. Next, assuming the phyloge-
hagfish and lamprey sequences are available (Smith angetic relationship ([(mammals, [birds, reptile]), amphib-
Doolittle 1992). ians], fishes) among gnathostomes, the ML method of
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Table 2. Phylogenetic relationships of gnathostomes (G), hagfishes (H), and lampreys (L) inferred
from five different single-copy proteins

Tree 1 ((H,L),G) Tree 2 ((G,L),H) Tree 3 ((G,H),L)
Protein Al, + SE P, Al, £ SE P, Al; + SE Py
TPI ML 0.96 -148+7.9 0.02 -14.3+8.1 0.03
Calreticulin ML 0.82 -54+58 0.12 -6.2+55 0.06
Rpoll ML 0.69 -10.7+6.5 0.005 -4.4+8.4 0.30
Rpolll ML 0.55 -6.6+4.7 0.008 -0.9+6.6 0.45
SOD ML 0.57 -5.0+4.2 0.007 -0.7+6.4 0.43
Total ML 0.92 -33.5+13.2 0.001 -22.7+15.0 0.08

The trees were inferred by the ML method of protein phylogeny (Kishino et al 1990; Adachi and
Hasegawa 1996). For outgroups used, see legends of Fig. 1. ((H,L),G), for example, represents a tree that
gnathostomes are outgroup to hagfish—lamprey clAfdeepresents the difference of log-likelihood of
treei(i= 1, 2, or 3) from that of the ML tree®, represents the bootstrap probability that tree i is realized.

TPI, triose phosphate isomerase; rpoll and rpolll, the largest subunits of the RNA polymerase Il and IIl,
respectively; SOD, Mn superoxide dismutase.

protein phylogeny (Kishino et al. 1990; Adachi and Ha- of which has different tissue-specific isoforms generated
segawa 1996) has been carried out for four OTUs (gnaby gene duplication during vertebrate evolution. In ad-
thostome group, lamprey, hagfish, and outgroup); thedition, from database searches, we obtained the set of
following invertebrates were used as outgroups; amphisequence data of the complement components C3, C4,
oxus, mosquito, anddrosophilain TPI tree; sea hare, and C5, for which hagfish and lamprey sequences are
Drosophila,andAmblyomma americanuin calreticulin  available.

tree; brine shrimpDrosophila, Pacific oyster, andlya- Gnathostomes have three duplicated aldolases, aldol-
nassa obsoletan rpoll tree;C. elegansn rpolll tree; and  ase A, B, and C, which differ from each other in tissue
amphioxus, sea cucumber, and crab in SOD tree. distribution. Also, lampreys have two nonallelic aldol-

Figure 1 shows the ML trees inferred from the five ases, muscle- and nonmuscle-type aldolase (Zhang et al
protein species. According to Fig. 1, all the trees support 995). Because no hagfish aldolase sequence has bee
the cyclostome monophyly. Particularly in the TPI tree, yeported to date, we have conducted isolation and se-
the monophyletic relationship of hagfishes and Iamprequencing of hagfish aldolase cDNAs by the method de-
is significant at the level of +1 SE. In the calreticulin, scriped in Materials and Methods. We obtained two
rpoll, and rpolll, and SOD trees, the cyclostome mono-cpNAs, aldolase-1 and aldolase-2, whose amino acid
phyly is not statistically significant. The total 10g- gequences show close similarity to the muscle- and non-

likelihood of the five protein species unambiguously muscle-type aldolases from lampreys, respectively.
supports the cyclostome monophyly at the level of £1 SE - 110 aming acid sequences of these cyclostome aldol-

(Table 2). This result is consistent with that of 18S andases were compared with those of gnathostome and in-

28S TRNA ftrees (Stock and Whitt 1992; Mallatt and vertebrate aldolases. Unambiguous alignment is possible

Sullivan 1998). The present result that in each proteinfor regions corresponding to amino acid positions 34—68,

except for TP the cyclostome monophyly 1s not Stalis-7_239, 241-343, and 352-364 of human aldolase C
ically significant may suggest close divergence imes 0&319 amino acid sites total). Based on the alignment and
three lineages leading to hagfishes, lampreys, an

using amphioxusProsophila, and sponge aldolases as

gnathostomes. an outgroup, we first inferred a phylogenetic tree by an
approximate method for inferring the ML tree described

Phylogenetic Relationship of Cyclostomes and by the accompanying paper (Suga et al. 1999b). Because

Gnathostomes Inferred from Duplicated Genes the inferred ML tree showed five independent clusters

comprising gnathostome aldolase A, B, C, and cyclo-
As we have shown in the accompanying paper (Suga ettome aldolase-1 and -2, a further tree analysis based or
al. 1999b), vertebrates have multiple isoform genes thathe ML method of protein phylogeny (Kishino et al.
have been generated in the early evolution of vertebrate$990; Adachi and Hasegawa 1996) was carried out for
around the time of divergence of cyclostomes andeight OTUs comprising three gnathostome aldolase A, B,
gnathostomes. Thus, a careful analysis is necessary fand C groups (tree topology in each group was assumed),
understanding the phylogenetic relationship of cyclo-four cyclostome aldolases (i.e., hagfish aldolase-1 and
stomes and gnathostomes based on the set of duplicated, and lamprey muscle- and honmuscle-type aldolases)
genes. In this report, phylogenetic analyses have beeand the outgroup.
carried out by two enzymes, aldolase and enolase, each Figure 2 shows the result. The tree b in Fig. 2 is ML
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human aldolase C (AF054987)
chicken aldolase C

Xenopus laevis aldolase C (S73606)
Carassius auratus aldolase C (U36777)
90 Sphoeroides nephelus aldolase C (AF041454)

100 I human aldol A (M11560)
Xenopus laevis aldolase A (AB002267)

72
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Fig. 2. The ML tree of vertebrate
aldolases. Initially a phylogenetic tree was
inferred by an approximate method for
inferring the ML tree described by the
accompanying paper (Suga et al. 1999b)
using amphioxusDrosophila,and sponge
aldolases as an outgroup. Based on the
ML method of protein phylogeny (Kishino
et al. 1990; Adachi and Hasegawa 1996),
a further ML analysis was carried out for
eight OTUs comprising three gnathostome
aldolase A, B, and C groups (tree topology
in each group was assumed); four
cyclostome aldolases (i.e., hagfish

Cc

1A

aldolase-1 and -2, and lamprey muscle-
and nonmuscle-type aldolases), and the
outgroup. The tre® is ML tree. The tree

¢, however, is also likely; the difference of
log-likelihood value of treec from that of

_92: lamprey muscle type aldolase (D38620)

hagfish aldolase-1 (AB025324)

_97I_ lamprey non-muscle type aldolase (D38619)
hagfish aldolase-2 (AB025325)

_ﬂl:s.aurata aldolase B (X82278)
100 Salmo salar aldolase B (AF067796) treeb is 0.6 + 3.6. Thus, assuming the
Maldolase B (M10946) B star phylogeny of five groups,
human aldolase B (X01098) gnathostome aldolase A, B, and C, and
amphioxus aldolase (AB005035) cyclostome aldolase-1 and -2, traevas
Drosophila aldolase (M98351) inferred. The number at each node N
sponge aldolase (AB000890) represents the local bootstrap probability
estimated by the method of Adachi and
[ — .
0.1 substitutions/site  Hasegawa (1996). A, B, and C &,
aldolase A, B, and C, respectively; L-M
b) C c) Cc and L-nonM inb andc, muscle- and
A A nonmuscle-type aldolases of lamprey; H-1
B B and H-2, aldolase-1 and -2 of hagfish.
H-1 H-1 Accession number of each sequence is
L-M L-M shown in parentheses, except for chicken
EﬁonM EjgonM aldolase C, which was taken from Ono et
al. (1990).
57| chicken C3 (U16848)
100 human C3 (K02765)
100 .
85 Xenopus laevis C3(U19253) iy 3 Thg ML tree of vertebrate complement
trout C3 (L24433) components C3, C4, and C5. The tree was inferred
60 lamprey C3 (D10087) as follows: On the basis of the alignment of the
86, hagfish (Z11595) highly conserved region corresponding to amino
100 human C4 (AF019413) acid positions 122-1636 of human C3 (1,039
100 amino acid sites in total, excluding gaps) and

e b—— mouse c4 (M17440) _ .
using sea urchin C3 as an outgroup, a

Xenopus laevis C4 (D78003) phylogenetic tree was inferred by the same method
100p— mouse C5S (M35525) as in Fig. 2. The number at each node represents
ke human C5 (M57729) the local bootstrap probability estimated by the

sea urchin C3 (AF025526) method of Adachi and Hasegawa (1996).
Rhombuses, gene duplications. Accession number
of each sequence is shown in parentheses.

—_
0.1 substitutions/site

tree, but an alternative tree, tree c, is equally likely; thealdolase-1 or aldolase-2, the aldolase tree strongly sug-
difference of log-likelihood value of tree ¢ from that of gests the cyclostome monophyly.

tree b is only -0.6 + 3.6. In tree b, the bootstrap prob- The phylogenetic tree of the complement components
ability that the hagfish aldolase-1 and the lampreyC3, C4, and C5 also provides supporting evidence for the
muscle-type aldolase forms a cluster is very high (98%)cyclostome monophyly. The ML tree of the complement

For the pair of the hagfish aldolase-2 and the lampreycomponents was inferred by the same method as in the
nonmuscle-type aldolase, the corresponding probabilitcase of aldolases (Fig. 3). According to Fig. 3, the hag-
is also high (86%). Assuming the star phylogeny of fourfish and lamprey lineages show a monophyletic group,

groups, the gnathostome aldolase A/C, and B, and thalthough the bootstrap probability is not high enough,

cyclostome aldolase-1 and -2, tree a in Fig. 2 was inand gene duplications that gave rise to C3, C4, and C5
ferred. Although we do not know at present whether theantedate the cyclostome—gnathostome split. In addition,
cognate gene of gnathostome aldolase A/C (or A/B/C) isas we have shown in the accompanying paper, the phy-
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human

(X16288)

=43 chicken a-enolase (D37900)
Peking duck a-enolase (X14195)
43

Alligator mississippiensis a-enolase (L28078)

19

93

liver

Xenopus laevis enolase (Y00718)
3 (X56832)

Fig. 4. The ML tree of vertebrate
enolases. The tree was inferred as follows:

99

human

chicken enolase s 037501y | T CC On the basis of the alignment of the highly

76 chicken enolase (AB004291) — _ co_nservgt_j region corresponding to amino

brain acid positions 40-417 of human enolase

human 2 (X51956) —d . . .
100 and using squidDrosophila,and Penaeus
lamprey enolase-1 (AB025329)
monodonrenolases as an outgroup, a

prey -2 (AB025330) phylogenetic tree was inferred by the same

56 gfi (AB025326) method as in Fig. 2. The number at each

squid (S80961) node represents the local bootstrap
100 Drosophila enolase (X17034) probability estimated by the method of

| P (AF100985) Adachi and Hasegawa (1996). Rhombuses,

gene duplications. Accession number of

S — |
0.1 substitutions/site each sequence is shown in parentheses.

logenetic trees of four subfamilies belonging to the pro-coppolino MG, Woodside MJ, Demaurex N, Grinstein S, St-Arnaud R,
tein tyrosine kinase family provide four more examples Dedhar S (1997) Calreticulin is essential for integrin-mediated cal-
of duplicated genes that suggest the cyclostome mono- cium signalling and cell adhesion. Nature 386:843-847
phyly. These include EphB in Eph subfamily, fibroblast FeIsenste_inJ (1972_5)_ Caseg in whjch parsimony and compatibility meth-
growth factor receptor (FGFR) 3/4 in FGFR subfamily, ~ ©9S Wil be positively misleading. Syst Zool 27:401-410
src in src subfamily, and CSF-1R/Kit in platelet- Felser_‘lsteln J (1985) Conf|den_ce ||m|ts on phylogenies: an approach
derived growth factor receptor subfamily. using the bootstrap. EVOIU,UOH 39:783-791 _ _
. . . rohman MA, Dush MK, Martin GR (1988) Rapid production of full-

Missing one of the dupll_cated genes 0_” one Ilne_age OF length cDNAs from rare transcripts: amplification using a single
cyclostomes due to deletion event during evolution or  gene-specific oligonucleotide primer. Proc Natl Acad Sci USA 85:
due to unsuccessful cloning might mislead one into as- 8998-9002
suming an incorrect relationship between cyclostomesoodman M, Pedwaydon J, Czelusniak J, Suzuki T, Gotoh T, Moens
and gnathostomes. By cloning and sequencing proce- L, ShishikuraF, Walz D, Vinogradov S (1988) An evolutionary tree
dures described in Materials and Methods, we have iso- for invertebrate globin sequences. J Mol Evol 27:236-249
lated two cDNAS encoding enolase isoforms, enolase-ftielfman GS, Cgllette BB, Facey DE (1997) The diversity of fishes.
and enolase-2, frorh. reissneri.We have also isolated ~ Blackwell Science Press, Malden, MA
one enolase cDNA frorE. burgeri. Including these se- Iwabe N, Kuma K, Nikoh N, Miyata T (1995) Molecular clock for

. . dating of divergence between animal phyla. Jpn J Genet 70:687—
quences, a phylogenetic tree was inferred by the same ¢, 9 9 phia. b

method as in the case of aldolases (Fig. 4). According t(?Wabe N, Kuma K, Miyata T (1996) Evolution of gene families and

Fig. 4, the lamprey enc’la?e'l might be the homolog qf relationship with organismal evolution: rapid divergence of tissue-
gnathostome enolases (i.e., liver, muscle, and brain specific genes in the early evolution of chordates. Mol Biol Evol
types), which are likely to have diverged by two gene  13:483-493

duplications in the early evolution of gnathostome split. Janvier P (1981) The phylogeny of the Craniata, with particular refer-
If we did not successfully isolated enolase-2 fram ence to the significance of the fossil agnathans. J Vert Paleontol
reissneri,the enolase tree might mislead into the cur- 1:_121_142 o

rently prevailing belief based on morphological featuresjanwer P (1996) Early vertebrates. Oxford University Press, Oxford

that Iampreys are more closely related to gnathostome@smno H, Miyata T, Hasegawa M (1990) Maximum likelihood infer-
than to hagfishes ence of protein phylogeny and the origin of chloroplasts. J Mol

Evol 30:151-160
Mallatt J, Sullivan J (1998) 28S and 18S rDNA sequences support the
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