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Published molecular phylogenetic studies of elapid
nakes agree that the marine and Australo–Melanesian
orms are collectively monophyletic. Recent studies,
owever, disagree on the relationships of the African,
merican, and Asian forms. To resolve the relation-
hips of the African, American, and Asian species to
ach other and to the marine/Australo–Melanesian
lade, we sequenced the entire cytochrome b gene for
8 elapids; 2 additional elapid sequences from Gen-
ank were also included. This sample includes all
frican, American, and Asian genera (except for the
are African Pseudohaje), as well as a representative
ample of marine/Australo–Melanesian genera. The
ata were analyzed by the methods of maximum-
arsimony and maximum-likelihood. Both types of
nalyses yielded similar trees, from which the follow-
ng conclusions can be drawn: (1) Homoroselaps falls
utside a clade formed by the remaining elapids; (2)
he remaining elapids are divisible into two broad
ister clades, the marine/Australo–Melanesian species
s the African, American, and Asian species; (3) Ameri-
an coral snakes cluster with Asian coral snakes; and
4) the ‘‘true’’ cobra genus Naja is probably not mono-
hyletic as the result of excluding such genera as
oulengerina and Paranaja. r 2000 Academic Press

INTRODUCTION

Two recent molecular studies (Keogh, 1998 [partial
6S and cytochrome b mtDNA sequences]; Slowinski et
l., 1997 [amino acid sequences of the venom proteins
LA2 and NXS]) have explored the phylogenetic rela-
ionships within the snake family Elapidae, a major
roup of venomous snakes containing nearly 300 spe-
ies in approximately 60 genera (Golay et al., 1993;
erein we use Elapidae in the broad sense to include
oth terrestrial and marine species, whereas Golay et
l. place the marine species in a separate family
ydrophiidae). The two studies agree that the marine

nd Australo–Melanesian species are collectively mono-
hyletic. They further agree that the marine species

re diphyletic: the ‘‘laticaudine’’ sea snakes have arisen o

157
rom within an unidentifiedAustralo–Melanesian ovipa-
ous clade (Keogh et al., 1998), whereas ‘‘hydrophiine’’
ea snakes have arisen from within the viviparous
ustralian ‘‘Notechis group’’ (Keogh et al., 1998; Slowin-
ki et al., 1997). These two conclusions had been
reviously reached in several other smaller studies
reviewed in Slowinski et al., 1997), both morphological
nd molecular.
With regard to the remaining elapids, however, the

tudies of Slowinski et al. (1997) and Keogh et al. (1998)
isagree. Whereas Slowinski et al. (1997) found evi-
ence suggesting that all African, American, and Asian
pecies are collectively monophyletic, Keogh et al.
1998) found kraits (Bungarus) to be the sister group of
he marine and Australo–Melanesian clade, with the
elationships of the African, American, and remaining
sian forms being unresolved. The motivation for the
resent study was to resolve the relationships of the
frican, American, and Asian species to each other and

o the marine/Australo–Melanesian clade. Toward this
nd, we sequenced the entire cytochrome b gene from
ll African, American, and Asian genera (except for the
are African Pseudohaje [tree cobras]), as well as a
ample of species from the marine/Australo–Melane-
ian clade. The data were analyzed by the maximum-
arsimony and maximum-likelihood methods.

MATERIAL AND METHODS

equencing

Liver tissues or shed skins from all African, Ameri-
an, and Asian elapid genera were sampled for this
tudy (Table 1), except for the rare African Pseudohaje.

representative sample of species from the marine/
ustralo–Melanesian clade was also included (Table 1).
dditionally, two elapid cytochrome b sequences (Micru-
us fulvius1, Accession No. U69846; Elapsoidea semian-
ulata, U80618) from GenBank were included in the
ata matrix. For outgroups, we sequenced the cyto-
hrome b gene from the snakes Coluber constrictor,
eterodon simus, and Acrochordus granulatus. Two
ther snake cytochrome b sequences (Morelia amethis-

1055-7903/00 $35.00
Copyright r 2000 by Academic Press
All rights of reproduction in any form reserved.
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158 SLOWINSKI AND KEOGH
ina, U69847; Farancia abacura, U69832) from Gen-
ank were also included as outgroup sequences.
DNA extractions were performed by first digesting

issues in 2 ml lysis buffer (pH 8.0; 100 mM Tris–HCL;
0 mM EDTA; 10 mM NaCl; 0.5% SDS) containing
roteinase K at a concentration of 0.06 mg/ml. Diges-
ion was carried out for approximately 3 h at 65°C with
onstant motion, followed by two extractions in phenol–
hloroform, followed by a final extraction in chloroform.
NA was then precipitated with ethanol and washed
ith 80% ethanol. The precipitated DNA was dissolved

n TE buffer and diluted to an appropriate strength
200–400 ng/µl) prior to PCR.

TAB

List of Taxa Seque

Taxon

lapids
Australo–Melanesian and marine species

Acanthophis antarcticus (common death adder) Nor
Aspidomorphus muelleri (collared adder) W. S
Austrelaps superbus (copperhead) S. A
Drysdalia coronata (crowned snake) Wes
Hydrophis semperi (Garman’s sea snake) Phil
Laticauda colubrina (banded sea krait) Indo

Micropechis ikaheka (small-eyed snake) W. S
Notechis ater (tiger snake) S. A
Pseudechis australis (king brownsnake) S. A
Toxicocalamus preussi (Papuan groundsnake) W. S

African species
Aspidelaps scutatus (shield-nose cobra) Afri
Boulengerina sp. (water cobra) Zair
Dendroaspis polylepis (black mamba) Afri

Elapsoidea nigra (black garter snake) Afri
Hemachatus haemachatus (rinkals spitting cobra) Sou
Homoroselaps lacteus (harlequin snake) Sou
Naja nivea (cape cobra) Afri
Paranaja multifasciata (cobra) Afri
Walterinnesia aegyptia (black desert cobra) Nor

Asian species
Bungarus fasciatus (banded krait) Aye
Calliophis japonicus (Japanese coral snake) Ryu
Calliophis macclellandi 1 (Macclelland’s coral snake) Nor
Calliophis macclellandi 2 (Macclelland’s coral snake) Nor
Maticora bivirgata (long-glanded coral snake) Sou
Naja kaouthia (monocled cobra) Aye
Ophiophagus hannah (king cobra) Aye

American species
Micruroides euryxanthus (coral snake) Ariz
Micrurus fulvius 2 (coral snake) Flor

utgroups
Acrochordus granulatus (wart snake) Asia
Coluber constrictor (racer) Eas
Heterodon simus (hognose snake) Flor

Note. Museum abbreviations are as follows: AM, Australian Mus
cademy of Sciences; HLMD, Hessisches Landesmuseum Darmstad
cience; NTM, Northern Territory Museum of Arts and Sciences; RO
nited States National Museum.
Two primers (R. Lawson, unpublished) in the tRNAs e
anking the cytochrome b gene were used to amplify
he entire cytochrome b gene. PCR was carried out
sing the hot start method in 100-µl volumes as follows:
he lower layer contained 16 µl H2O, 5 µl 103 buffer
ith 1.5 mM Mg21, 2 µl dNTPs (10 mM each dNTP),
nd 1 µl of each primer (25 µM). This was overlayered
ith paraffin wax and then 57 µl H2O, 5 µl 103 buffer, 3
l taq (1 u/µl), and 10 µl template. PCR amplifications
ere carried out with the following cycle parameters:

nitial denaturation at 94°C for 7 min; followed by 40
ycles of 94°C, 30 s; 46°C, 30 s; 72°C, 1 min; with a final
-min extension at 72°C followed by ramping to 4°C.
CR products were cleaned of remaining dNTPs, prim-

1

ed for This Study

Distribution Museum voucher no. (tissue no.)

rn Territory, Australia NTM R17880 (SAM S99)
k Prov., Papua New Guiniea AM 135504 (SAM 40320)
ralia, Australia SAM R19835
n Australia, Australia SAM R22966
ines USNM FS 56633
sia Unnumbered voucher in senior

author’s possession
k Prov., Papua New Guinea SAM 11800
ralia, Australia SAM R31604
ralia, Australia SAM R31703
k Prov., Papua New Guinea AM 135505 (SAM 40321)

LSUMZ 56251
HLMD RA-1607
Unnumbered voucher in senior

author’s possession
LSUMZ 56273

frica No voucher
frica LSUMZ 55386 (H 9582)

No voucher
No voucher

frica No voucher

wady Div., Myanmar CAS 207988 (RCD 12296)
Islands, Japan CAS 204980 (JBS 1768)

rn Vietnam ROM 31158
rn Vietnam ROM 31159
ast Asia LSUMZ 37496 (HCD 2887)
wady Div., Myanmar CAS 206602 (RCD 12287)
wady Div., Myanmar CAS 206601

AMNH 128233 (FT 961)
, USA CAS 195959

No voucher
USA No voucher

, USA CAS 195598

; AMNH, American Museum of Natural History; CAS, California
ollection; LSUMZ, Louisiana State University Museum of Natural
, Royal Ontario Museum; SAM, South Australian Museum; USNM,
LE

nc

the
epi
ust
ter
ipp
ne

epi
ust
ust
epi

ca
e
ca

ca
th A
th A
ca
ca
th A

yar
kyu
the
the
the
yar
yar

ona
ida

tern
ida

eum
t c
M

rs, and primer dimers using the Promega Corporation



W
t

C
f
l
C
1
T
M
s
a
p

P

s
q
c
o

p
e
e
p
m
(
h
t
b
o
p
e
a
e
a

n
e
l
c
m
t
1
c
s
a
d
r
t
s
P
F
l
l
g
p

C

q
(
s
p
1
p
s
s
s
c
C
1
t
i

n
T

E

O

159PHYLOGENETIC RELATIONSHIPS OF ELAPID SNAKES
izard PCR preps DNA purification system according
o the manufacturer’s protocol.

Cycle sequencing was performed with 58-CCCT-
AGAATGATATTTGTCCTCA-38 (Kocher et al., 1989),

our other sequencing primers (R. Lawson, unpub-
ished), and Perkin–Elmer Big-Dye reaction premix.
ycle parameters were the following: 50 cycles of 96°C,
0 s; 45°C, 5 s; 60°C, 4 min; with final ramping to 4°C.
he sequenced products were separated using ABI
odel 377 or 310 automated sequencers. The output

equences contained in the ABI files were assembled
nd analyzed using Sequencer 2.0. The sequences were
laced in GenBank (AF217812-217842).

hylogenetic Analyses

The 35 (30 elapid, 5 outgroup) complete cytochrome b
equences were aligned by eye and the aligned se-
uences assembled into a data matrix. Because the
oding sequences varied from 1101 to 1122 bp (Table 2),
nly the first 1100 bp were used in the analyses. For the

TABLE 2

Summary of Cytochrome b Gene Lengths and Termi-
ation Signals for the Elapid Sequences Generated in
his Study

Taxon
Gene

length (bp)
Termination

signal

lapids
Acanthophis antarcticus 1116 T
Aspidelaps scutatus 1116 T
Aspidomorphus muelleri 1116 T
Austrelaps superbus 1101 Stop codon (TAA)
Boulengerina sp. 1116 T
Bungarus fasciatus 1110 T
Calliophis japonicus 1116 T
Calliophis macclellandi 1 1113 T
Calliophis macclellandi 2 1113 T
Dendroaspis polylepis 1116 T
Drysdalia coronata 1113 Stop codon (TAA)
Elapsoidea nigra 1113 T
Hemachatus haemachatus 1116 T
Homoroselaps lacteus 1113 T
Hydrophis semperi 1116 T
Laticauda colubrina 1113 T
Maticora bivirgata 1122 T
Micropechis ikaheka 1110 Stop codon (TAA)
Micruroides euryxanthus 1113 T
Micrurus fulvius 2 1113 T
Naja kaouthia 1116 T
Naja nivea 1116 T
Notechis ater 1104 Stop codon (TAA)
Ophiophagus hannah 1113 T
Paranaja multifasciata 1116 T
Pseudechis australis 1116 T
Toxicocalamus preussi 1113 T
Walterinnesia aegyptia 1116 T
utgroups
Acrochordus granulatus 1116 T
Coluber constrictor 1113 T
Heterodon simus 1116 T
 C
arsimony analyses, uninformative characters were
xcluded. Two types of phylogenetic analyses were
mployed using PAUP* 4.0 (Swofford, 1998): maximum-
arsimony and maximum-likelihood. Maximum-parsi-
ony analyses were run with all sites weighted equally

see Results for justification). Two hundred sequential
euristic searches were performed with the starting
rees obtained via random stepwise addition, followed
y TBR branch swapping. The reliability of the clades
n the shortest tree(s) was assessed using bootstrap-
ing (Felsenstein, 1985) performed with 100 replicates,
ach executed as 20 sequential heuristic searches done
s above. Skewness values (g1; Hillis, 1991) were
stimated from random samples of 10,000 trees gener-
ted by PAUP* 4.0.
For the maximum-likelihood searches, it was first

ecessary to choose an appropriate model of sequence
volution (Swofford et al., 1996). This was done using
ikelihood ratio tests (Huelsenbeck and Rannala, 1997)
omparing nested, successively more-parameter-rich
odels. Three models were compared using PAUP* 4.0:

he F81, HKY85, and GTR models (Swofford et al.,
996). Because it is well understood that the three
odon sites in protein-coding genes experience different
ubstitution rates, rate heterogeneity was assumed
nd rate variation was modeled as a discrete gamma
istribution (Yang, 1993, 1996) with four rate catego-
ies. Fixing the most-parsimonious tree as the tree for
he tests, the gamma GTR model was found to be
uperior to the gamma HKY85 model (x2 5 134, df 5 4,
9 0.001), which was much superior to the gamma
81 model (x2 5 2376, df 5 1, P 9 0.001). A maximum-

ikelihood heuristic search (ASIS stepwise addition fol-
owed by TBR branch swapping) was then run under the
amma GTR model using the estimated substitution
arameters and the estimated gamma parameter (0.297).

RESULTS

ytochrome b Sequences

Characteristics of complete snake cytochrome b se-
uences have previously been considered by Campbell
1997). Drawing on cytochrome b sequences from a
ample of mostly henophidian snakes, Campbell re-
orted that the gene in snakes is between 1113 and
116 bp long. Using an alignment against other tetra-
ods, he demonstrated that the reason why the gene is
horter in snakes than in other vertebrates is due to
everal codon deletions near the ends of the gene. In our
tudy, we found greater variation in the length of the
ytochrome b gene in elapids than was reported by
ampbell, with the gene ranging between 1101 and
122 bp long (Table 2). This variation in elapids is due
o deletions and/or insertions at the 38 end, rather than
nternal insertions/deletions.

In approximately half of the snakes examined by

ampbell (1997), the cytochrome b gene was termi-
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160 SLOWINSKI AND KEOGH
ated by a stop codon. The remaining sequences were
erminated by a T, which is presumably polyadenylated
osttranscriptionally to form a functional stop codon
Campbell, 1997), a mechanism that has been reported
n other vertebrates (e.g., carp: Chang et al., 1994). In
ur study, we found that only 14% of the elapid
equences end with a stop codon, which was always
AA (Table 3). The remaining sequences end with a
erminal T (Table 2).

Nucleotide compositional bias manifested itself in
everal ways (Table 3). First, compositional bias existed
mong the three codon sites, with A’s dominating at
rst sites, T’s at second sites, and A’s at third sites,
hich possessed very few G’s (Table 3). This is similar

o the pattern found by Campbell (1997) in other
nakes and is generally similar to the pattern found in
ther vertebrates (e.g., mammals: Irwin et al., 1991).
econd, there was significant compositional bias among
he species at the third sites (Table 3) but not at the
rst and second sites. Comparison of the third site
ucleotide frequencies across species reveals that, in
he context of the preferred trees (see Phylogenetic
nalyses), there is little conservatism to the frequen-
ies, indicating the lack of a strong phylogenetic compo-
ent to the third site compositional bias.

hylogenetic Analyses

Asingle shortest tree of 3993 steps (Fig. 1; CI 5 0.250;
I 5 0.339) was found from the parsimony searches.
he g1 statistic for this data was 20.797, indicating
ighly structured data. The g1 statistic was also mea-
ured separately for the three sets of codon sites: the
rst sites contributed 827 steps to the overall length
nd had a RI of 0.343 and a g1 of 20.454; the second
ites contributed 317 steps to the overall length and
ad a RI of 0.419 and a g1 of 20.280; the third sites
ontributed 2849 steps to the overall length and had a
I of 0.328 and a g1 of 20.693. These RI and g1 data

ndicate that all three sets of codon sites retain phyloge-
etic signal and that there is little justification for
ownweighting third sites relative to the first and
econd sites, despite the fact that the third sites
ontribute the majority of the substitutions.
A single tree of -log likelihood 16427.039 was found

TABLE 3

Compositional Bias for the Sequences Generated
in This Study

Mean
compositional

ias for all species A C G T

x2

test among
all species (P)

irst positions 0.3363 0.2376 0.1721 0.2525 27.73 (1.000)
econd positions 0.1984 0.2888 0.1114 0.4000 7.88 (1.000)
hird positions 0.3790 0.3765 0.0427 0.2000 269.99 (0.000)
ll positions 0.3045 0.3009 0.1088 0.2843 109.81 (0.281)
 (
rom the maximum-likelihood search (Fig. 2). This tree
s very similar to the maximum-parsimony tree (Fig. 1)
ut differs in several ways which are discussed below.

DISCUSSION

In the following, we summarize the salient features
f elapid phylogeny as presented in Figs. 1 and 2. In
oing so, we compare our results with those of earlier
tudies. Congruence is probably the best arbiter of the
ccuracy of phylogenetic results (Penny et al., 1982;
iyamoto and Cracraft, 1991; Slowinski, 1993).
omoroselaps

Prior to McDowell (1968), Homoroselaps (as Elaps)
as considered an elapid because of its possession of

he proteroglyphous maxilla. Based on morphological
vidence, McDowell (1968) argued for the removal of
omoroselaps from the Elapidae and transfer to the
olubridae, but Underwood and Kochva (1993), in a
hylogenetic analysis of morphological characters in
epresentatives of Atractaspis, Homoroselaps, African
parallactine colubrids, African elapids, and the South
merican colubrids Apostolepis and Elapomorphus,

ound support for a relationship between Homoroselaps
nd elapids and returned Homoroselaps to the Elapi-
ae. Our data indicate that Homoroselaps falls outside
clade formed by the remaining elapids, a conclusion

upported by Keogh et al. (unpublished). To determine
hether Homoroselaps shares a close relationship to
lapids will require additional work within the context
f a large sample of colubroid snakes.
lapines vs Hydrophiines

Both the parsimony and the likelihood trees (Figs. 1
nd 2) support a division of the remaining elapids into
wo broad clades: the marine and Australo–Melanesian
pecies on the one hand vs the African, American, and
sian species on the other hand. The monophyly of the

ormer clade can hardly be contested; in phylogenetic
tudies of elapids, this is the one result that all studies
gree on (see Keogh, 1998; Keogh et al., 1998; Slowinski
t al., 1997, and references therein). Relationships
ithin the marine and Australo–Melanesian clade have
een explored in a number of studies (see Keogh et al.,
998, and references therein) and will not be discussed
urther here.

Less well corroborated is the hypothesis that the
frican (sans Homoroselaps), American, and Asian
lapids are collectively monophyletic. Keogh (1998), in
phylogenetic analysis of partial 16S and cytochrome b

equences, found Bungarus to be the sister taxon to the
arine/Australo–Melanesian clade, with the relation-

hips of the African, American, and remaining Asian
orms left unresolved at the base of the tree. Yet, within
he context of a very limited number of elapids, the
olecular studies of Mao et al. (1983) and Guo et al.
1987) have linked Bungarus with the cobra genus
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161PHYLOGENETIC RELATIONSHIPS OF ELAPID SNAKES
aja to the exclusion of marine/Australo–Papuan forms.
urther, in a study based on the amino acid sequences
f two venom protein genes, Slowinski et al. (1997)
ound the African and Asian species (no American
pecies were sampled) to be monophyletic, a result
upported by both genes. Thus, the balance of evidence
upports monophyly for the African, American, and

FIG. 1. The most-parsimonious tree (L 5 3993 steps, CI 5 0.250
equences. Bootstrap values greater than 50% are shown above the b
ree (Fig. 2).
sian species. L
Slowinski et al. (1997) recommended adopting a
odified version of Smith et al.’s (1977) classification

or elapids, wherein all marine and Australo–Melane-
ian species are placed in the subfamily Hydrophiinae,
hile all African, American, and Asian species are
laced in the subfamily Elapinae. This classification
iffers from Smith et al.’s only in including the marine

I 5 0.339) resulting from unweighted analysis of the cytochrome b
ches. Asterisks indicate the clades that were also present on the ML
, R
ran
aticauda within the hydrophiines. The present study
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162 SLOWINSKI AND KEOGH
rovides additional support for Slowinski et al.’s subfa-
ilial classification.

lapines

The parsimony analysis (Fig. 1) found elapines to be
ivided into two clades: coral snakes vs cobras, Bunga-

FIG. 2. The maximum-likelihood tree (log likelihood 5 16427.0
amma GTR model.
us, Elapsoidea, and Dendroaspis. The term ‘‘cobra’’ has s
raditionally been applied to the genera Aspidelaps,
oulengerina, Hemachatus, Naja, Ophiophagus, Pa-
anaja, Pseudohaje, and Walterinnesia, a mostly Afri-
an group generally characterized by the ability to
atten the neck into a ‘‘hood’’ when threatened. The
frican mambas (Dendroaspis) also have the ability to

resulting from analysis of the cytochrome b sequences under the
39)
pread a hood when threatened (Broadley, 1983; Greene,
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163PHYLOGENETIC RELATIONSHIPS OF ELAPID SNAKES
997), albeit more weakly than many members of the
forementioned group. Our study found significant
ootstrap support for a core cobra group consisting of
aja, Boulengerina, Paranaja, Aspidelaps, Hemacha-

us, and Walterinnesia. Oddly, the Asian king cobra,
phiophagus hannah, was not part of this clade,

lustering instead with a group including Dendroaspis
nd Bungarus on the most-parsimonious tree (Fig. 1) or
ith Elapsoidea on the maximum-likelihood tree (Fig.
). This result calls into question the monophyly of
obras and underscores the uncertainty of the homol-
gy of the hood spreading behavior in cobras and
ambas. The relationships of Dendroaspis, Ophiopha-

us, and Bungarus differed between the parsimony and
ikelihood analyses, suggesting that more work is neces-
ary to resolve the relationships of these problematic
axa.

Figures 1 and 2 call into question whether the
idespread African and east Asian Naja is monophy-

etic. Szyndlar and Rage (1990) and Szyndlar and
erova (1990) reviewed some osteological characters of
he skull in living and fossil members of Naja and
oncluded that a suite of synapomorphies supported
he monophyly of Asian Naja but that African Naja
ight be paraphyletic. Our study sampled only one
frican Naja (N. nivea) and therefore cannot address

he monophyly or nonmonophyly of this group but
oes indicate that, collectively, Naja is nonmonophy-
etic because of the exclusion of Boulengerina and
aranaja.
Our study found American (Micruroides and Micru-

us) and Asian (Calliophis and Maticora) coral snakes
o be related, a result also found by Keogh (1998). A
lose link between these groups is hardly surprising,
iven the degree of morphological similarity (McDow-
ll, 1986; Slowinski and Boundy, unpublished). Both
he maximum-parsimony and the maximum-likelihood
nalyses (Figs. 1 and 2) suggest that the New World
oral snakes are monophyletic, with Micrurus and
icruroides clustering as sister genera. This result is

ignificant because Slowinski and Boundy (unpub-
ished), in an exploration of the relationships among
merican and Asian coral snakes based on morphologi-
al characters, found that there is no compelling mor-
hological evidence linking Micruroides and Micrurus
o the exclusion of the Asian forms. Both the maximum-
arsimony and the maximum-likelihood analyses (Figs.
and 2) suggest that the subtropical Calliophis (repre-

ented here by C. macclellandi and C. japonicus) are
onophyletic, in accordance with Slowinski and Boundy.
urther, the maximum-likelihood tree (Fig. 2) suggests
hat the subtropical Calliophis and New World coral
nakes are sister clades, to the exclusion of other Asian
oral snakes, also in accordance with Slowinski and

oundy.
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