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Nucleotide sequences of portions of the mitochon-
drial 12S and 16S ribosomal RNA genes were used to
extend a recent study of anuran phylogeny (Hay et
al., Mol. Biol. Evol. 12: 928-937, 1995) and to further
evaluate phylogenetic relationships within the Neoba-
trachia. An analysis of almost 900 nucleotides from
each of 8 new representatives of the Dendrobatidae,
Hylidae, Leptodactylidae, and Myobatrachidae, plus
14 available members of the Neobatrachia provides
support for 2 major lineages (Bufonoidea and Ra-
noidea) within this anuran suborder. The neotropical
Bufonoidea and their derivatives are monophyletic.
There is an interesting association of the 2 Australian
myobatrachids with the South African Heleophryni-
dae, and the Sooglossidae is one of the basal bufo-
noid lineages. Within the New World bufonoid frogs, a
monophyletic Dendrobatidae is strongly supported.
An Australian hylid (Pelodryadinae) shows close af-
finity with the South American hylid Phyllomedusi-
nae. A group composed of Hylinae (Hyla and Smilisca),
Centrolenidae, Bufonidae, and the hylid Hemiphracti-
nae, with the latter two clustered, was supported sig-
nificantly. The addition of new taxa has more clearly
defined some relationships within the suborder Neo-
batrachia and has indicated that the families Hylidae,
Leptodactylidae, and Myobatrachidae may not be
monophyletic. 0 1996 Academic Press, Inc.

INTRODUCTION

Among living amphibians the vast majority (88%) of
the more than 4500 species belong to the order Anura,

Sequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under Accession Nos. U39968—
U39991.

! Present address: Department of Molecular Biology, Lewis
Thomas Laboratory, Princeton University, Princeton, NJ 08544.

2 Present address: 505 Andy Holt Tower, The University of Tennes-
see, Knoxville, TN 37996.

most of which (96%) are classified as advanced frogs
(suborder: Neobatrachia). Phylogenetic relationships
within this diverse group remain obscure despite nu-
merous studies of their evolutionary history using mor-
phological, behavioral, ecological, and biochemical ap-
proaches (Duellman and Trueb, 1986; Cannatella and
Hillis, 1993; Ford and Cannatella, 1993; Hedges and
Maxson, 1993; Hillis et al., 1993). Morphological traits
are not always able to resolve branching patterns
within the Anura largely because of the paucity of phy-
logenetically informative characters due to the strict
conservation of the anuran body plan (Duellman and
Trueb, 1986). Molecular methods that are useful for
elucidation of specific and generic level relationships
often are unable to resolve interfamilial relationships
(Hillis, 1991; Maxson, 1992). Recently, DNA sequences
of mitochondrial ribosomal RNA (rRNA) genes have
been shown to be evolving at rates appropriate for re-
solving some aspects of amphibian phylogeny (e.g.,
Hedges and Maxson, 1993; Hay et al., 1995). In addi-
tion, available fossil evidence indicates that major lin-
eages of modern frogs diverged during a relatively
short time span (Milner, 1988) which, if true, will com-
plicate precise identification of relationships regardless
of the method of phylogenetic inference employed.

The suborder Neobatrachia (Reig, 1958) was erected
based on morphology and has recently received support
from gene sequence data (Hedges and Maxson, 1993;
Hillis et al., 1993). The analysis of phylogenetic rela-
tionships among amphibian families based on more ex-
tensive mitochondrial rRNA gene sequences convinc-
ingly demonstrated the monophyly of this suborder
(Hay et al., 1995). The results of that study also corrob-
orated the hypothesis of an early separation between
the two major neobatrachian lineages: Bufonoidea and
Ranoidea. However, only a few of the proposed relation-
ships within either of these superfamilies were signifi-
cantly supported.

One potential problem with most phylogenetic recon-
structions is that of using only a single taxon to repre-
sent a large and diverse group. In such cases if the as-
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sumption of the monophyletic origin of a group is not
satisfied, the results of the analysis will be invalid. The
impact of the species sampling scheme on the results
of the phylogenetic analysis also can be significant
(Lecointre et al., 1993; Maxson et al., unpublished
data).

To improve the resolution of the neobatrachian por-
tion of the anuran tree, we sequenced the same portions
of the slowly evolving mitochondrial 12S and 16S rRNA
genes that were used by Hay et al. (1995). The ex-
panded data set from that study now includes represen-
tatives of all four currently recognized subfamilies of
the Hylidae (Hemiphractinae, Hylinae, Pelodryadinae,
and Phyllomedusinae), both subfamilies of the Myoba-
trachidae (Limnodynastinae and Myobatrachinae), two
leptodactylid subfamilies (Leptodactylinae and Telma-
tobiinae), and three genera within the Dendrobatidae,
a family traditionally associated with the ranoids
(Duellman and Trueb, 1986; Ford, 1993), but according
to the DNA sequence data, is nested within the Bufo-
noidea (Hedges and Maxson, 1993; Hay et al., 1995).

In this study we address the following questions:
(1) What are the relationships of the hylid subfamilies;
in particular, what are the phylogenetic affinities of the
Australian hylids (Pelodryadinae)? (2) Is the Myoba-
trachidae a monophyletic family and is it more closely
related to the Heleophrynidae than to other bufonoid
families? (3) Was the placement of the Dendrobatidae
within the Bufonoidea (Hay et al., 1995) an artifact of
sampling or will its position remain the same with the
inclusion in the analysis of additional members of the
family? Finally, we anticipated that by including a
wider representation of species, new patterns of rela-
tionships between different taxa might emerge.

MATERIALS AND METHODS

Taxa Examined

Eight new bufonoid species (see Appendix), rep-
resenting the Dendrobatidae (Colostethus, Phobo-
bates), Hylidae (Gastrotheca, Litoria, Phyllomedusa,
Smilisca), Leptodactylidae (Lithodytes), and Myoba-
trachidae (Pseudophryne) were added to those species
studied by Hay et al. (1995). All three mitochondrial
ribosomal gene regions analyzed in this study were ob-
tained from the same individual. Taxonomic assign-
ment of examined species follows Duellman (1993).

DNA Amplification and Sequencing

Total DNA was extracted from frozen (—20°C) tissue
samples of whole blood, plasma, heart, or muscle using
a standard phenol—-chloroform protocol (Hedges et al.,
1991) or Puregene DNA isolation kit (Gentra). A region
of the 12S and two adjacent regions of the 16S mito-
chondrial rRNA genes were sequenced using the follow-
ing scheme. Double-stranded fragments were amplified
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in 30—35 cycles of the polymerase chain reaction (PCR;
95°C for 1 min, 50°C for 1 min, and 72°C for 2.5 min).
Single-stranded sequencing template was produced in
a second PCR amplification (25-35 cycles: 95°C for 1
min, 60°C for 1 min, 72°C for 2.5 min) with one primer
as limiting, i.e., diluted to 1% of the original concentra-
tion (Gyllensten and Erlich, 1988). Slight variations in
annealing temperatures and/or numbers of cycles were
employed as needed to improve the quality of the DNA
template. The primer pair 12L1/12H1 amplified a frag-
ment of 12S rRNA gene (about 400 nucleotides long),
while 16L1/16H1 (or 16L8/16H9) and 16L2a/16H10
yielded fragments of the 16S rRNA gene with approxi-
mate lengths of 500 and 570 nucleotides, respectively.
Primers that were used for the double-stranded PCR
were also used to generate a single-stranded template.
In addition, a primer internal to the 16L.2a/16H10 pair
(16L2) was used. Location and sequences of all primers
used were previously reported (Hedges, 1994), with the
exception of 16H9 (5'-CCGGTCTGAACTCAGATCA
CGT-3"), which is colocalized with the 16H1 primer.
The template was purified using 30,000 molecular
weight filters (Millipore) and sequenced (Sanger et al.,
1977) using Tag (Thermus aquaticus) DNA polymerase
with second round PCR primers as sequencing primers.
A more detailed description of the methods has been
published (Hedges et al., 1991).

Sequence Analysis

Sequences were read from autoradiograms using the
digitizing program GELIN (S. W. Schaeffer, Pennsylva-
nia State University). We used only those portions of
the new sequences which corresponded to the regions
used in the analysis of amphibian phylogenetic rela-
tionships reported by Hay et al. (1995). The new data
were combined with the sequences from representa-
tives of 14 families of advanced frogs from that study.
Since monophyly of both the Neobatrachia and the
Archaeobatrachia is well established (Hay et al., 1995)
we used 4 representatives of the latter as outgroups in
these analyses. The alignment was done by eye using
the ESEE sequence editor (Cabot and Beckenbach,
1989). We omitted 359 sites from further analysis be-
cause of the moderate degree of length variation and
presence of highly variable regions where homology
could not be inferred with certainty.

Phylogenetic trees were constructed based on Jukes-
Cantor corrected distances (Jukes and Cantor, 1969)
using the neighbor-joining algorithm of Saitou and Nei
(1987). We used the Jukes-Cantor distance in accor-
dance with the recommendation of Kumar et al. (1993)
since corrected distances were less than 0.3, average
nucleotide frequencies did not deviate substantially
from 25% (A, 32.7%; T, 22.6%; C, 23.7%; G, 21%), and
transition/transversion ratios (range: 1-2.5, majority:
1.5-2) were not strongly biased. Nevertheless, for com-
parative purposes phylogenetic trees were constructed
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using more sophisticated distance estimation methods
that (a) account for deviation of nucleotide frequencies
from 25% (Tajima and Nei, 1984), (b) consider differ-
ences in transitional versus transversional substitu-
tion rates (Kimura, 1980), and (c) both of the above con-
ditions (Tamura and Nei, 1993). The resulting tree
topologies were identical to the neighbor-joining tree
reported here.

It has been shown that bootstrap confidence values
tend to underestimate the extent of statistical support
of species clusters, particularly when the true tree is
starlike and the number of sequences involved in anal-
ysis is large (Sitnikova et al., 1995). These circum-
stances are likely in our study since divergences within
the Neobatrachia occurred during a short period of time
(Milner, 1988), so we assessed statistical significance
of groupings by the interior-branch test (Rzhetsky and
Nei, 1992). Both the tree construction and statistical
tests were done as implemented in the METREE pro-
gram (Rzhetsky and Nei, 1994). Because the interior-
branch test may overestimate statistical confidence
when both the test and the tree reconstruction are done
using the same data set (Sitnikova et al., 1995), inte-
rior-branch confidence values (P.) were corrected using
a computer program provided by Tatyana Sitnikova
(Pennsylvania State University). This correction gives
a conservative estimate of statistical significance;
therefore we treat values above 0.95 as significant and
those above 0.90 as strongly supported. All calculations
were done using the MEGA package (Kumar et al.,
1993).

Using MEGA, we also obtained maximum parsimony
trees using the heuristic search method which does not
guarantee that the tree(s) of minimal length will be
found. The size of our data set prohibits the use of ex-
haustive or branch-and-bound searches, which provide
such a guarantee. However, for this large data set, with
long branches and short internodes, we believe the
neighbor-joining algorithm, which has been shown to
be more efficient in computer simulations (Nei, 1991;
Nei et al., 1995), is the most appropriate analytical
method to use for recovering a phylogeny.

RESULTS

For each of the eight new taxa approximately 345
and 820 nucleotides were sequenced from the 12S and
16S rRNA genes, respectively. When combined with
previously available data (Hay et al., 1995) these se-
quences produced an alignment (Fig. 1) with a total
length of 1258 nucleotides (376 for the 12S and 882 for
the 16S). After conservative omission of sites where
alignment was uncertain due to length and/or exten-
sive sequence variation, a data set of 899 nucleotides
was obtained (317 from the 12S and 582 from the 16S).
Almost half (465) of those sites were variable; interest-
ingly, the variation was equally distributed among both
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genes (169 sites in the 12S and 296 sites in the 16S).
This implies that within the Anura the requirements
of sequence conservation due to structural constraints
may be similar for these two genes.

The shaded areas in Fig. 1 were omitted from all
analyses. Examination of the remaining alignment re-
veals that there still are some sites remaining which
show a limited amount of length variation and missing
data. There are two ways of analyzing our data set. All
sites with gaps and missing data can be eliminated
from the data set prior to the analysis (complete dele-
tion) or they can be deleted from each pair of compared
sequences separately (pairwise deletion). Since we had
relatively few missing sites and they were distributed
uniformly throughout the alignment we chose the lat-
ter option (Kumar et al., 1993). When complete deletion
was used the number of variable sites was reduced by
about 10% (to 422 sites).

The phylogenetic tree reconstructed by the neighbor-
joining method (Fig. 2) provides support for many
groupings within the Neobatrachia. The monophyly of
both the Bufonoidea (P = 0.96) and Ranoidea (P. =
0.78) is supported. The three dendrobatid genera are
monophyletic (P = 0.98) and cluster within the Bufo-
noidea. The two hylid subfamilies Pelodryadinae and
Phyllomedusinae cluster together (P. = 0.90), the Aus-
tralian Myobatrachidae clusters with the Heleophryni-
dae (Pc = 0.69), the leptodactylid subfamily Telmatobi-
inae is a sister taxon of the New World bufonoids and
their derivatives (P = 0.92), and there are several
strong associations within the latter. Importantly, a
neighbor-joining tree constructed using the complete
deletion option (not shown) differed little from the tree
presented here. Discrepancies between the two trees
primarily involved a rearrangement of branches that
received little statistical support, notably the relation-
ships within the outgroup (Archaeobatrachia) and the
position of the Sooglossidae (it was a sister group of the
Telmatobiinae + neotropical Bufonoidea). In addition,
a cluster containing the Centrolenidae, Hylinae, and
Bufonidae with the Hemiphractinae was expanded in
the “complete-deletion” tree to include the Leptodactyl-
inae and Rhinodermatidae (P; = 0.95).

The tree topologies derived from maximum parsi-
mony analyses (with and without gaps and missing
data) were fairly consistent with the neighbor-joining
tree. All trees supported the division of the Neoba-
trachia into the Bufonoidea and Ranoidea and the
placement of the Australian Myobatrachidae and the
Heleophrynidae (although not as a monophyletic
group) outside of the monophyletic Telmatobiinae +
New World Bufonoidea. Also supported were the Hyli-
nae (Hyla + Smilisca) and the Pelodryadinae + Phyl-
lomedusinae joined consecutively by the Pseudidae and
Rhinodermatidae. The most conspicuous differences
between the neighbor-joining and the maximum parsi-
mony trees involved the positioning of lineages with
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CCGCCAGGGAACTACGAGCCTCAGCTTAAAACCCAAAGGACTTGGCGGTGCCCNAAACCCACCTAGAGGAGCCTGTTCTA
CCGCCAGGGTACTACGAGCTACAGCTTAAAACCCAAAGGACTTGGCGGTGCCCCACACCCACCTAGAGGAGCCTGTTCTA
CCGCCTGGGAACTACGAGCGCCAGCTTAAAACCCAAAGGACTTGGCGGTGCCC-ARACCCACCTAGAGGAGCCTGTTCTA
CCGCCTGGGAACTACGAGCCTARGCTTARAACCCAAAGGACTTGGCGGTGCCCCAAACCCACCTAGAGGAGCCTGTTCTA
TCGCCAGGGAACTACGAGCTAA-GCTTAAAACCCAAAGGACTTGACGGTACCCCATATCCCCCTAGAGGAGCCTGTCCTA
TCGCCAGGGAACTACGAGCAAA-GCTTAAAACCCAAAGGACTTGACGGTACCCCACATCCACCTAGAGGAGCCTGTCCTA
TCGCCTGGGAACTACGAGCTAA-GCTTAAAACCCAAAGGACTTGACGGTACCCCATATCCCCCTAGAGGAGCCTGTCCTA
TCGCCTGGGAACTACGAGCTAA-GCTTAAAACCCAAAGGACTTGACGGTACCCCATATCCCCCTAGAGGAGCCTGTCCTA
TCGCCAGGGTATTACGAGCCCAAGCTTARAACCCAAAGGACTTGACGGTGCCCCA-ATCCCCCTAGAGGAGCCTGTTCTA
TCGCCAGGGAACTACGAGCAAA-GCTTAAAACCCAAAGGACTTGACGGTACCCCATATCCCCCTAGAGGAGCCTGTCCTA
TCGCCAGGGAACTACGAGCAAA-GCTTAARAACCCAAAGGACTTGACGGTACCCCATATCCACCTAGAGGAGCCTGTCCTA
ACGCCAAAGAACTACGAGCGCAAGCTTAAAACTTAAAGGACTTGACGGTGTCCCA- -TCTACCTAGAGGAGCCTGTTCTA
TCGCCAGGGAACTACGAGCTAT-GCTTAAAACCCAAGGGACTTGACGGTACCCCAAATCCACCTAGAGGAGCCTGTCCTA
TCGCCCGGGAACTACGAGCCCAGCCTTAAAACCCAAAGGACTTGACGGTGCCCCACATCCCCCTAGAGGAGCCTGTCCTA
GCGCCAGGGAATTACGAGCGTANNNTTAAAATCCAAAGGATTTGACGGTGTCCCA- - CCCACCTAGAGGAGCCTGTTCTA
CCGCCCGGGAATTACAAGCCCAAGCTTARAACCCAAAGGACTTGACGGTGTCCCA- -CCCACCTAGAGGAGCCTGTTCTA
CCGCCCGGGTACTACAAGCTAAAGCTTARAACCCAAAGGACTTGACGGTGCCCCACATCCACCTAGAGGAGCCTGTCCTA
TCGCCCGGGAACTACGAGCAAR-GCTTAAAACCCAAAGGACTTGACGGTACCCCATATCCACCTAGAGGAGCCTGTCCTA
TCGCCCGGGAACTACGAGCTAA-GCTTAAAACCCAAAGGACTTGACGGTACCCCACATCCCCCTAGAGGAGCCTGTCCTA
ANGCCAGAGAACTACAAGCAAA-GCTTAAAACTCARAGGACTTGACGGTACCCCATATCCACCTAGAGGAGCCTGTCCTA
TCGCCTGGGAACTACGAGCCAA-GCTTAAAACCCAAAGGACTTGACGGTACCCCATATCCCTCTAGAGGAGCCTGTCCTA
GCGCCAGGGAACTACGAGCAAT-GCTTAAAACCCAAAGGATTTGACGGTGTCCCA- - CCCAGCTAGAGGAGCCTGTTCTT
TCGCCCGGGAACTACGAGCAAA-GCTTAAAACCCAAAGGACTTGACGGTGCCCCATATCCCCCTAGAGGAGCCTGTCCTA
TCGCCAGGGGACTACGAGCAAA-GCTTAAAACCCAAAGGACTTGACGGTACCCCATATCCACCTAGAGGAGCCTGTCCTA
GCACCTGGGAACTACAAGCAAAAGCTTGAAACCTAAAGGACTTGACGGTGCCCCAAACCCACCTAGAGGAGCCTGTTCTA
TCGTCAGGGAAATACAAGCAAA-GCTTTARACCCAAAGGACTTGACGGTATTCCACATCCCCCTAGAGGAGCCTGTCCAA

‘ACCGCCTATATACCACCGTCGCCAGCCCACCCCGTGAG
‘ACCGCCTATATACCACCGTCGCCAGCCCACCCTGTGAA
TCCGCCTATATACCGCCGTCGCCAGCTTACCCTTTGAA
‘ACCGCCTATATACCACCGTCGECAGCCCACCCTGTGAG
TCAGCCTGTATACCTCCGTCGTCAGCTTACCACGTGAG
TCAGCCTGTATACCTCCGTCGTCAGCTTACCACATGAG
TCAGCCTGTATACCTCCGTCGTCAGCTTACCACGTGAG
ACAGCCTGTATACCTCCGTCGTCAGCTCACCGCGTGAG
"TCCGCCTGTATACCTCCGTCGCCAGCCCACCGCATGAG
TCAGCCTGTATACCTCCGTCGTCAGCTTACCGCATGAG
TCAGCCTGTATACCTCCGTCGTCAGCTTACCACGTGAG
TCAGTCTGTATACTTCCGTCGTAAGCTTACCATATGAA
TCAGCCTGTATACCTCCGTCGTCAGCTTACCATGTGAR
CCCGCCTGTATACCTCCGTCGTCAGCTCACCGCATGAT
TCAGCCTGTATACCTCCGTCGCAAGCTTACCATTTGAA
TCAGTCTGTATACCTCCGTCGCAAGCTTACCATGTGAA
CCAGCCTGTATACCTCCGTCGCCAGCTCACCGCATGAG
TCAGCCTGTATACCTCCGTCGTCAGCTTACCACGTGAG
TCAGCCTGTATACCTCCGTCGTCAGCTTACCACGTGAG
TCAGTTTGTATACCTCCGTCGTCAGCTTACCACGTGAG
TCCGCCTGTATACCTCCGTCGTCAGCTTACCACGTGAG
TCAGTCTGTATACCTCCGTCGAAAGCTTACCATGTGAA
‘TCAGCCTGTATACCTCCGTCGTCAGCTTACCCCGTGAG
TCAGCCTGTATACCTCCGTCGTCAGCTTACCACGTGAG
CCAGCCCGTATACCTCCGTCGTCAGCTTATCACTCAAG
TCAGCCTGTATACTTCCGTCGTAAGTAAGCCACATGAA

TAATCGATAACCCCCGCTTAACCTCACCACTTCTTGC!
TAATCGATAACCCCCGCTAAACCTCACCACTTATTG
TAATCGATAATCCACGATCAACCTCACCACTTCTTGC!
TAATCGATAATCCCCGCTTTACCTCACCACTTCTAGC!
TAATCGATAATCCACGTTTAACCTCACCATTTCTAG
TAATCGATACCCCCCGCTARACCTCACCACCTCTCG!
TAATCGATAACCCCCGCTTTACCTCACCATTTTTTGC
TAACCGATAATCCCCGTTTAACCTCACCATTTCTAG
TAATCGATGATCCCCGTTAAACCTCACCACTTCTCGC!
TCATCGATACTCCACGTTTAACCTCACCATTTCTAGT!
TAATCGATAATCCCCGCTAAACCTCACCATTTCTAGC!
TAATCGATAATCCTCGTTATATCTCACCTTTTTTAGC!
TAATCGATAACCCCCGCTTAACCTCACCATTTTTTGT:
TAATCGATGATCCACGTTTTACCTCACCTCTTCTTGCE,
TAATCGATAATCCTCGATATACCCAARCCATTTCTTGC
TAATCGATTCCCCCCGATACACCCCACCCCTTCTAGC
TAATCGATGATCCACGTTTAACCTCACCACTTCTAGC!
TAATCGATAACCCCCGCTTAACCTCACCATTTTTAGC
TAATCGATAACCCCCGCTTAACCTCACCATTTTTTGC
TAATCGATAACCCCCGCTTTACCTCACCATTTTTAGTE,
TAATCGATAATCCCCGTTTAACCTCACCATTTTTAGC!
TAATCGATGATCCCCGCTACACCTGACCATTTCTTG
CAACCGATAACCCCCGATTAACCTCACCATTTTTAG
TAATCGATAACCCCCGTTTAACCTCACCATTTTTAG
TAACCGACACTACCCGATAAACCTCACCACCACTAG
TAATCGATAACCCTCGCTTTACCTCACCACATCTTG

80

160

FIG. 1. Alignment of portions of mitochondrial 12S and 16S rRNA genes for all species in this study. “—" designates alignment gaps;
“N" denotes undetermined nucleotides. Shaded areas were omitted from the phylogenetic analysis.

finding the shortest tree (see Hedges et al. (1992) for
discussion of a similar case). Furthermore, the nature
of the tree (large number of taxa, long terminal
branches, and short internal nodes) makes it difficult
for a maximum parsimony algorithm to identify the
correct tree (Nei et al., 1995). Nonetheless, only nodes

long branches (notably, the Sooglossidae and, to a
lesser extent, Telmatobiinae and Hyperoliidae), an ef-
fect described by Felsenstein (1978). It should be reem-
phasized that because of the size of our data set (26
sequences of 899 nucleotides) we were unable to con-
duct a maximum parsimony search that guaranteed
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Discoglossidae
Leiopelmatidae
Pelobatidae
Rhinophrynidae
Bufonidae
Centrolenidae
Colostethus
Dendrobates
Heleophrynidae
Hemiphractinae
Hyla
Hyperoliidae
Leptodactylinae
Limnodynastinae
Mantellidae
Microhylidae
Myobatrachinae
Pelodryadinae
Phobobates
Phyllomedusinae
Pseudidae
Ranidae
Rhinodermatidae
Smilisca
Sooglossidae
Telmatobiinae

GGAAAGAAATGGGCTACATTTTCTGG
GGGAAGAAATGGGCTACATTTTCTACK

Discoglossidae
Leiopelmatidae

Pelobatidae GGAAAGAAATGGGCTACATTTTCTAA!
Rhinophrynidae GGGAAGAAATGGGCTACATTTTCT.
Bufonidae GAAAAGAGATGGGCTACACTTTCT,
Centrolenidae GGGAAGAGATGGGCTACACTCTCT.
Colostethus GGARAGAGATGGGCTACACTCTCTAAL
Dendrobates GGGAAGAGATGGGCTACACTCTCT.
Heleophrynidae GGARAGAAATGGGCTACACTCTCT.
Hemiphractinae GGGAAGAGATGGGCTACACTTTCT.
Hyla GGGAAGAGATGGGCTACACTTTCT,
Hyperoliidae GGGAAGAAATGGGCTACAATTTCTA

GGATAGAGATGGGCTACACTTTCT.
GGGTAGAGATGGGCTACATTTTCTAAY
GGAAAGTAATGGGCTACAATTTCTAT,;
GGAAAGAAATGGGCTACAATCTCTA
GGGCAGAGATGGGCTACATTTTCTA
GGGAAGAGATGGGCTACACTTTCTA

Leptodactylinae
Limnodynastinae
Mantellidae
Microhylidae
Myobatrachinae
Pelodryadinae

Phobobates GGAAAGAGATGGGCTACACTTTCTA!
Phyllomedusinae TGGAAGAGATGGGCTACACTCTCTAA!
Pseudidae GGGAAGAGATGGGCTACACTCTCTA
Ranidae GGGAAGCAATTGGCTACAATTTCTAA!
Rhinodermatidae GGGAAGAGATGGGCTACACTTTCTAAL
Smilisca GGGAAGAGATGGGCTACACTCTCTAAL

GGGCAGAAATGGGCTACACTCCCTC.
GGAATGTGATTGGCTACACTTTTTAAL

Sooglossidae
Telmatobiinae
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240
'CAGAACGTCAGGTCAAGGTGTA-GCGTATGAAGT
ARAACGTCAGGTCAAGGTGTA-GCACATGAAGT
CAAAACGTCAGGTCAAGGTGTA-GCGAATGAAGT
AACACGTCAGGTCAAGGTGTA-GCGTATGGAGT
CAACACGTCAGGTCAAGGTGCA-GCARATGAAAT
CAACACGTCAGGTCAAGGTGCA-GCAAATGAGAT
CCACACGTCAGGTCAAGGTGCA-ACATATAAAGT
CTTAACGTCAGGTCAAGGTGCA-ACATATGTGAT
CAATACGTCAGGTCAAGGTGCA-GCACATGAAGT
CAATACGTCAGGTCAAGGTGCA-GCAAATGAAAT
CAACACGTCAGGTCAAGGTGCA-GTAAATGAAAT
CAAAACGTCAGGTCAAAGTGCA-GCCAACAAAAA
CAGTACGTCAGGTCAAGGTGCA-GCTAATGAAAT
CAAAACGTCAGGTCAAGGTGCA~GCACATGAATA
CAATACGTCAGGTCAAGGTGCA~GCCAATGTAAT
CAACACGTCAGGTCAAGGTGCA-GCTCACGAAGC
CAARACGTCAGGTCAAGGTGCA-GCTAATGAAGC
CAATACGTCAGGTCAAGGTGCA-GTAAATAAAAT
CTATACGTCAGGTCAAGGTGCA-ACATATAAAAT
CAATACGTCAGGTCAAGGTGCAACTAACAARATG
CAATACGTCAGGTCAAGGTGCA-GTAAATAAAAT
CAATACGTCAGGTCAAGGTGCA-GCTTAAGAAAT
CAATACGTCAGGTCAAGGTGCA-GCAAATAAAAT
CAATACGTCAGGTCAAGGTGCA-GTAAATAAAAT
CAATACGTCAGGTCAAGGTGCA-GCATATGTCGT
CAATACGTCAGGTCAAGGTGCA-GCGGATGATGT

320

‘ATGAAA-CCTGACC- -CAAAGGAGGA
‘ATGAAA-CATGCTC- -AGAAGGTGGA
ATGAAA-AAGAATC- - TGAAGGAGGA
‘ATGAAA-CCTGGTC- - TGAAGGCGGA
‘ATGAAA-CCTAGTT- -AGAAGGCGGA
'ATGAAA-CCTAGTC- - TAAAGGCGGA
‘ATGAAA-CCTAACT - -AGAAGGCGGA
‘ATGAAA-TCTAGTC- - AAAAGGTGGA
CTGAAACACCAGTC--TGAAGGCGGA
ATGAAA-CCTAGTC- -GGAAGGCGGA
*ATGAAA-CCTAGTC- -GGAAGGCGGA
CTGAAA-ACTACTA- - TGAAGGCGGA
ATGARA-TCTAATC- - TGAAGGCGGA
ATGAAA-CCCAGTC- -AGAAGGCGGA
‘ATGAAA-AACAGTCA-TGAAGGCGGA
‘ATGAAA-AACAGTCA-TGAAGGCGGA
GTGAAA-CCCCGTC--AGAAGGAGGA
'ATGAAA-TCTAGTT- - AGAAGGCGGA
‘ATGAAA-CCTAGTC- -AGAAGGCGGA
ATGAAA-CCTAGTT- -AGAAGGCGGA
‘ATGAAA-CCTGGTC- -AG-AGGCGGA
GTGAAA-TCATAGCAGCGAAGGTGGA
*ATGAAA-CCTAGTC- -AGAAGGCGGA
‘ATGAAA-TCTAGTC- -AGGGGGCGGA
iGAGAAA-CAAAGTC- -AAAAGGCGGA
TGAAA-CTCTGTC- -AGAAGGCGGA

FIG. 1—Continued

poorly supported on the neighbor-joining tree varied in
their position in the maximum parsimony trees.

DISCUSSION

The addition of eight new sequences representing
members of different bufonoid lineages and using a

phylogenetically closer outgroup, the Archaeobatra-
chia, has allowed us to clarify some relationships with
the Neobatrachia. There is support for a split at the
base of the radiation between the two major groups
(Bufonoidea and Ranoidea) within the suborder. We
now can securely place the Sooglossidae in the Bufo-
noidea (Pc = 0.96). Previous morphological studies had
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Discoglossidae TTTAGTAGTAAA AGAGTTCTCTTTAA!
Leiopelmatidae TTTAGCAGTAAAAAGG. GAGTCCTTTTTAR'
Pelobatidae TTTAGCAGTAAAAGAGG. GATGCCCCTTTTAAR:
Rhinophrynidae TTTAGCAGTAAAAAGAAAL AGAGTTCTTTTTAAAL
Bufonidae TTTAGCAGTAAAAAGG CATGTCCATTTTAA!
Centrolenidae TTTAGAAGTAAARRAAAARNT - GAATGTCCTTTTTAA
Colostethus TTTAGCAGTAAAATGAAA AGCGTTCATTTAARA'
Dendrobates TTTAGAAGTAAAACGT AGAGTCCTTTTTAA
Heleophrynidae TTTAGTAGTAAAAAG. AGAGTTCTTTTTAA
Hemiphractinae TTTAGAAGTAAGGGGAAA! AATGTCCCCONTTAA!
Hyla TTTAGAAGTAAAAAAAG AAARCTCTTTTTAA
Hyperoliidae TTTAGRAGTAAAATG. GTGTTCATTTTAA
Leptodactylinae TTTAGAAGTAAAAAGARAL! AGTGTTCTTTTTAA
Limnodynastinae TTTAGCAGTAAAAGGAAA AAAGTCCTTTTTAA
Mantellidae TTTAGTAGTAAAAGGGG AGAGCCCCTTTTAA
Microhylidae TTTAGTAGTAAAAAG. GTGTTCTTTTTAA
Myobatrachinae TTTAGTAGTAAAGCAGA( TGAGCTCTCTTTAA!
Pelodryadinae TTTAGTAGTAAAAAGAAA AGAGTTCTTTTTAA
Phobobates TTTAGCAGTAAGGTGAAA! AGCGTTCACTTAAA
Phyllomedusinae TTTAGCAGTAAAAAG AGAGTTCTTTTTAA'
Pseudidae TTTAGCAGTAAAAAAGG AGAGCCTTTTTTAA
Ranidae TTTAGTAGTAAAAAG. AGTGTTCTTTTTAA
Rhinodermatidae TTTAGCAGTAAAAAGAT AGAGTTCTTTTTAA
Smilisca TTTAGGAGTAAAAAGAG AGAGCTCTTTTTAA!
Sooglossidae TTTAGTAGTAAARAG. AGTGTTCTTTTTAA
Telmatobiinae TTTAGAAGTAAGAAAAA CATATTTTTCTTARA'

RUVINSKY AND MAXSON
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'GGCCCTGGG-CGCG
'GGCCCTGGG-CGCG
GCCCTTGGGCGCG

GCACTGGGGTGTG
(GGCACTGGGGTGTG
GCACTGGG-TGTG
‘GGCCCTGGGGTGTG
G-CACTGGGGTNTG'
‘GGCACTGGGGTGTC
GCTCTGGGACGTG
'GGCACTGGGGTGTG
GCCCAGGG-GATG
iGGCCCTGGGACGTG
\GGCCCTGGGACGCG
GCACAGGGGCATG
‘GGCACTGGGGTGTG
‘GGCACTGGGGTGTG'
\GGCACTGGGGTGTG
GCACTGGGGTGTG
GCTCTGGGATGCG
'GGCACTGGGGTGTG
GCACTGGG-TGTG
GCCCTGGGACACG
GGCACTGGAGTATG'
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Discoglossidae TAAACCCATAAATACTAATGAGCCTCTCTATA! TATAGAACAGTTTATGCTAG
Leiopelmatidae CCCATCAACACTACTGGGCCTATCTATA] CATGGATACGCTTATGCTGG
Pelobatidae AACCCATTAAAACTATTGAGTATTCCTAT. 'TATAGGAGAATTAATGCTAG
Rhinophrynidae CAAMCCCTAACACACTACTGAGCTGTTCTAT, ‘TATAGAACCACTTATGCTAG
Bufonidae ‘AATCCTTCACTAATACTGAGTAATTCTAT. TATAGAAAATTTTATGTTAA
Centrolenidae [AACCCTTACATAGTACTGAGTAATTCTAT. TATAGAAGACTTTATGTTAA
Colostethus 'AACCCCTTCCCCCCARAGAGCAATTCTAT. "TATAGAAACTATTATGTTAA
Dendrobates CCCCTTTACCCCCTATAGAGCAACTCTATAL TATAGAAACTTTTATGTTAA
Heleophrynidae CCCTCACCCACTATCAAGCAATTCTAT. TATAGAACATCTTATGCTAG
Hemiphractinae 'AACCCTTCAACAATACTGAGTAATTCTAT. ‘TATAGAAATTTTTATGTTAA
Hyla AACCCTTCCTCACTAATAAGTACTTCTATARS 'TATAGAACATTTTATGTTAA
Hyperoliidae CCCACCATCAATACCAAATAACTTTAT. TATAAAAAATATTATGTTAG
Leptodactylinae AACCCCACTTCAATATTAAGCAATCCCAT, TATGGNAGGTTTTATGTTAA
Limnodynastinae CCCTTCTCCAGTATCAAGCAATTCTAT. TATAGAAAAACTTATGCTAG
Mantellidae CCCCTCCCCAATATTGAGTAATTCCATAS TATGGAAGATATTATGCTAG
Microhylidae AACCCTCACCCAGTACTAAATAACTCTAT, TATAGAAATTATTATGCTAA
Myobatrachinae CCCACACACACTATTGAGTGATTCCAT. TATGGAAGACCCTATGCTAG
Pelodryadinae CCCTTAACTACTATTAAGTACTTCCAT. ATGGAATTTACAATGTTAA
Phobobates AACCCATTTTCCCCAGAGAGCAATTCTAT. TATAGAAAATTTTATGTTAA
Phyllomedusinae CCCTTAACTAATATTAAGTAATTTTAT, TATAAAACATATAATGTTAA
Pseudidae ACCCCTTTATTTTTATTGAGTAGTTCTAT. ATAGAAATTATACTGTTAA
Ranidae CAACCCTTTATCCCTACTGAATTATTTTAT. ATAAAAGTAATAATGCTAG
Rhinodermatidae 'AACCCTTTAATAGTACTGAGCACTTCTAT. ATAGAATTTTTTATGTTAA
Smilisca AACCCTTCATCATTATTGAGAACTTCTAT. ATAGAATATTTTATGTTAA

Sooglossidae
Telmatobiinae

AACCCTGATACACCATTAAGCAATCCTAT
CCCTACCTTAATACTGAATAATTCCAT.

AT-GAAC-TATTATGCTARA
ATGGAAGCTATTATGTTAA

FIG. 1—Continued

alternately located this family in the Bufonoidea
(Laurent, 1979), or the Ranoidea (Duellman, 1975).
Placement of Sooglossidae close to the Myobatrachinae
(Ford and Cannatella, 1993; Lynch, 1973) within the
Bufonoidea remains a possibility, since our phyloge-
netic tree does not definitively identify a sister-group
of the Sooglossidae.

The Heleophrynidae is still most closely associated

with the Australian Myobatrachidae (Limnodynasti-
nae) as found by Hay et al. (1995). However, inclusion
of representatives from both myobatrachid subfamilies
suggests that the Myobatrachidae may not be mono-
phyletic. In their review of phylogenetic relationships
among major frog lineages, Ford and Cannatella (1993)
found evidence for the monophyly of the Limnodynasti-
nae and of the Myobatrachinae, but not of the family
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AACTAGTAAC-ACGAAA

Discoglossidae ;
AATGAGTAAC-AAGAAT!

Leiopelmatidae

Pelobatidae AACTAGTAACTCAGAA
Rhinophrynidae AACTAGTAAC-ATGAATH
Bufonidae AACTAGTAAT - AAGRAG]
Centrolenidae AACTAGTAAT - ARGAAG!
Colostethus AACTAGTAAT-AAGAAG!
Dendrobates AACTAGTAAT - AAGAAG

Heleophrynidae
Hemiphractinae
Hyla
Hyperoliidae
Leptodactylinae
Limnodynastinae
Mantellidae
Microhylidae
Myobatrachinae
Pelodryadinae

AACTAGTAAC-ARGAAG;
AACTAGTAAC-AAGAAGE
AACTAGTAAC - AAGAA(
AATGAGTAAT-AAG

AACTAGTAAC-AAGAAG!
AACTAGTAAC-AAGALA'
AACTAGTAAC-AAGAAA!
AACTAGTAAC-ATGAAG
AATTAGTAAT- CCGAAG]
AACTAGTAAC - ARGAAG]

Phobobates ARACTAGTAAT- ARGAAGH
Phyllomedusinae AACTAGTAAC-ARGAAC)
Pseudidae AACTAGTAAC-ARGAAGH
Ranidae AACTAGTAAC-ARGAAAL
Rhinodermatidae AACTAGTAAC-AAGAAC
Smilisca AACTAGTAAC- AAGAAG!

AACTAGTAAT- AAGGGC]
AACAAGTAAC-ATGAAG

Sooglossidae
Telmatobiinae
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Mantellidae
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Myobatrachinae
Pelodryadinae
Phobobates
Phyllomedusinae
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:ATTCTCT- -AAATGCAAGTGTAAATCAGATCGAAAACCTCACTGATAATNAA
CATCTCC- -CAATGTAAGTGCAACCCAGACCGAATCAATCACTGGCAATTAA
ATTCTCT - -TAATGTAAGTGTAAATCAGATTGAATAAATCACTGATAATTAA
‘ATTCTCCC-AAATGCAAGTGTAAATCAGATCGAAACAATCACTGATAATTAAL
CTTCTCTT-TAATGTAAGTGTAAATCAGAAAGGACAAACCACTGATATTTAA
CTTCTCTT-ACATGCAAGTGTAAATCAGATAGGACACTCCACTGATAATTAA
CTTCTCTT-TAATGCAAACCTACATCAGCAAGGACACCCCACTGATTCTTAT
CTTCTCTT-AAACGCAAGTTTGCGTCAGTTCGGACACCCCCCTGACAATTAA
CTTCTCCA-CAATACACGTGTAAATCAGATTGGACCACCCCCTGATAATTAA
CTTCTCTT-AAATGCGCCCGTAAATCAGAAAGGACCCCCCACTGATAATTAA
CTTCACTT-AAATGCAAGTGTAAGTCAGAAAGGACCTACCACTGACTTTTAT
TTTCTCCA-AAATATAAGCATAATGCAAAATAAACTAAA-ACTGCCAATTAC
CTTCTCAT - TAGTGCATGTGTAAATCAGACAGTACATTCCACTGATCCCTAA
CTTCTCTC- CAATATAAGTGTACATCAARRATGGACACACCACTGATAACTAA
TTTCTCCA-AAATGTAAGTCTAAGCCACATTAGATAAACTAATGGCAATTAA
CTTCTCCT-AAATGTACATGTACGCCAAAAAGAACAATTCATTGGCATTTAA
CTTCTCTA-CAACACAAGTGTAAATCAGAACGGACACCCCCCTGATAATTAA
CTTCTCTT-AAATGCAAGTGTAAATCAGAAAGGACACACCACTGATAATTAA
CTTCTCTT-TAATGCAAACTTARATCAGTCAGGACCATCCGCTGATCTTTAA
CTTCTCTA-TAATGCAAGTGTATGTCAGATTGGACARACCGCTGACTCTTAA
CTTCTCTT-AAATGCGAGTGTATATCAGAAAGGACAAACCACTGATAATTAA'
TTCTCCT-ARATGCAAGCATAAACCAGAATAGACACCCTACTGGTAATCAA
CTTCTCTAACAATGCATATGTAAATCAGAAAGGACACACCACTGCTAATTAA
CTTCACTT-AAATGTAAGTGTAAATCAGAAAGGACTCACCACTGACTATTAA
CCCCTCTT-TAATGCAAACATACATCAGCACGGATARACCACCGATACTTAA
CTTCTCTT-AAATGTAAACTTAAGTCAGACCGGATAAAACACTGACAATTAA

AAGAAAA- - -TCCTAC
AAGAAAA---CCCTAC
AAGAAAA---CCTTAC;
AAGAAAA- - -CCCTAT;
AAGAARA---CTCTAC
AAGAARA- - -CTCTAC
AAGAARA---CACTCC
AAGAARA---GCCTAC,
AAGAGAA---ACCTA
TAGAAAA- - -ACTTAC
AAGAAAA---ACTTAA
TAGAAAA---CCCTAC:
AAGAAAA---CCCTAT:
ARGAARA- - -CCCTAC;
AAGAAAA---TTCTAC
CAAGAGAA- - -TCTTGC
TAGAAAA - - ~TCCTGC;
AAGAAAA---TTCTAC
AAGAARA---CACTAC
AAGAARA---TTTTAC,
AAGAAAA--~-CCTTAC:
TAGAAAA-~--TCCTAT;
AAGAAAA- - ~-TTCAAC
AAGAARA- - -ACCTAA;
AAGAAAA- - -TTTACC;
AAGAAAATCTCACTAT:

539

560

640
TTAATCTAACACAAGAGCAT
TTAACCTAACACAAGAACAT
TTAATCTTACACAAGAACAC
TTAAACTTACACAAGAGCAT
TTAACCTAACACAAGAACAT
TTAATCTAACACCAGAGCAT
TTAACCTAACACCAGAGCAT
TTTACCTTACACTAGCGCGT
TTAACCTAACACAAGAGCAT
TAAACCTAACACAAGAGCAT
TTAATCTAACACAAGAGCAT
TTAATCTAACACAAGAATAT
TTAATCTAACACAAGAGCAC
TTAACCTAACACTAGAGTAT
TTAACCTTACACTAGAACAT
TTAACCTAACACAAGAACAT
TTAACCTAACACAAGAGTGT
TTAACCTAACACAAGAGCAT
TTAACCTGACACAAGAGCAT
TTAATCTAACACAAGAGCAT
TTAACCTAACACAAGAGCAT
TTAACCTTACACTAGAGCAT
TTAACCTAACACAAGAGCAT
TTAACCTAACACCAGAGCAT
TTAACCTAACACAAGCGCAT
TTAACCTAACACAAGAACAT

FIG. 1—Continued

Myobatrachidae, which consists of both lineages. Ex-
panded sampling of members within both of these old
lineages (Maxson, 1992) will be necessary to identify
the sister group of the South African Heleophrynidae.

The position of the Dendrobatidae within the Neoba-
trachia has elicited much controversy. It was previ-
ously placed both within the Ranoidea (Duellman and
Trueb, 1986; Ford, 1993) and the Bufonoidea (Lynch,

1973). With the addition to the analysis of two more
dendrobatid genera we substantiated the placement of
the Dendrobatidae within the bufonoids. Relationships
within this family will be discussed in more detail else-
where (I. Ruvinsky, B. J. Smith, and L. R. Maxson, un-
published data).

Monophyly of a bufonoid subgroup (containing all
taxa except the Heleophrynidae, Myobatrachidae,
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AA-~AAGAAAGATTAAAAGATATAAAAGGAACTCGGCAAACATGAACTTCGCCTGTTTACCAAAAACATCGCCTCCTG!
ACTAGGAAAGATTAAAAAACAAGGAAGGAACTCGGCARATATGAACCTCGCCTGTTTNCCARAAACACCGCCTCTTG!
ACCAAGAAAGATTAAAAGATATAGAAGGAACTCGGCAAATCTAGGTCCCGCCTGTTTACCAAAAACATCGCCTCTTG!
TCCAGGAAAGATTTAAAGACTTGGAAGGAACTCGGCAAACAAGAACCCCGCCTGTTTACCAARAACATCGCCTCTTG!
TTCAAGAAAGATTAAAAGAAARAGAAGGAACTCGGCAAATATTAACCTCGCCTGTTTACCAAAAACATCGCCTCTTG!
TACAAGAAAGATTAAAAGAAAGAGAAGGAACTCGGCAAATATTAACCTCGCCTGTTTACCAAAAACATCGCCTCTTG
TTTAARGAARAGATTTAAAGAAARAGAAGGAACTCGGCAAATAATAGCCCCGCCTGTTTACCAAAAACATCGCCTCTTG
TACAAGAAAGATTAARAGAAAAAGAAGGAACTCGGCARATATTAGTCTCGCCTGTTTACCAAAAACATCGCCTCTTG
TTCTGGARAGATCTAAAGGAGAGGAAGGAACTCGGCAAATTTTGGCCCCGCCTGTTTACCARAAACATCGCCTCTTG:
TTCAAGAAAGATTAAAAGAAAAAGAAGGAACTCGGCAAATATTAGCCCCGCCTGTTTACCARAAACATCGCCTCTTG:
TTCAAGTACGATTTAACGAAAAAGAAGGAACTCGGCAAATATTAACCTCGCCTGTTTACCAARAACATCGCCTCTTG;
TACTGGAARAGATTAAAAGAATGGGAAGGAACTCGGCAAATATAAACCCCGCCTGTTTACCAARAACATCGCCNCTNNE
TTCAAGARAGATTAAAAGAAAAAGAAGGAACTCGGCAAATCTTAACCCCGCCTGTTTACCAARAACATCGCCTCTTG:
TTTGAGARAGATTAAAAAAAAGGGAAGGAACTCGGCAAATATTAACCTCGCCTGTTTACCAARAACATCGCCTCTTG,
TAATGGAARAGATTAAAAGAAAAAGAAGGAACTCGGCAAATCTTAACCCCGCCTGTTTACCAAAAACATCGCCTCTTG,
TTCAGGAAAGATTAAAAGAGGTGGAAGGAACTCGGCAAATTTTAACCCCGCCTGTTTACCARAAACATCGCCTCCTG
TAATAGAAAGATTAAAAAGGACGGAAGGAACTCGGCAAATACCAACCCCGCCTGTTTACCAARAACATCGCCTCTTG!
TAAAAGAAAGATAAAAAGGAAAAGAAGGAACTCGGCAAATATTAACCTCGCCTGTTTACCAAARAACATCGCCTCTTG.
TCCAAGAAAGATTAAAAGAAARAGAAGGAACTCGGCAAACACCAGCCCCGCCTGTTTACCAARAACATCGCCTCTTG!
TTTCAGACAGATTAAAAGGAAAAGAAGGAACTCGGCAAATATTAACCTCGCCNNTTTACCAARAACATCGCCTCTTG;
TACAAGAAAGATTAAAAAAAGAGGAAGGAACTCGGCAAATATTAACCCCGCCTGTTTACCAAARACATCGCCTCTTG
TTCAGGAAAGATTAAAAGAGAAAGAAGGAACTCGGCAAACTTCAGCCTCGCCTGTTTACCAAAAACATCGCCTCTTG,
TACAAGAAAGATTAAAAGAAAAAGAAGGAACTCGGCAAATATTAACCCCGCCTGTTTACCAAAAACATCGCCTCTTG
TTCAAGTAAGATTAAAAGAAAAAGAAGGAACTCGGCAAATATTAACCTCGCCTGTTTACCAARAACATCGCCTCTTG;
TACAAGAAAGATTACAAGGAAAAGAAGGAACTCGGCAAATTTCAGCCTCGCCTGTTTACCAAAAACATCGCCTTCTG!
TTTAAGAAAGACTTAAAGAGAAAGAAGGAACTCGGCAAAAATTGATTCCGCCTGTTTACCAAAAACATCGCCTCCTG.

16s2><16s81
TAGGAGGTCCAGCCTGCCCAGTGACH
TAAGAGGTATAGCCTGCCCAGTGA
TAAGAGGTCCCGCCTGCCCAGTGA
TAAGAGGTCCAGCCTGCCCAGTGA
TAAGAGGTCCAGCCTGCCCAGTGA
TARGAGGTCCAGCCTGCCCAGTGA
TAAGAGGTCCAGCCTGCCCAGTGA
TAAGAGGTCCAGCCTGCC-AGTGA
TAAGAGGTCCAGCCTGCCCAGTGA
TAAGAGGTCCAGCCTGCCCAGTGA
TAAGAGGTCCAGCCTGCCCAGTGA!
TAAGAGGTCCCGCCTGCCCCGTGA'
TAAGAGGTCCAGCCTGCCCAGTGA
TAAGAGGTCCAGCCTGCCCAGTGA!
TAAGAGGTCTAGCCTGCCCAGTGA!
TAGGAGGTCCAGCCTGCCCAGTGA!
TAAGAGGTCCAGCCTGCCCAGTGA
TAAGAGGTACAGCCTGCCCAGTGA
TAGGAGGTCCAGCCTGCCCAGTGA
TAAGAGGTCTAGCCTGCCCAGTGA
TAAGAGGTCCCGCCTGCCCAGTGA
TAARGAGGTCCAGCCTGCCCAGTGA!
TAAGAGGTCCAGCCTGCCCAGTGA'
TAAGAGGTCCAGCCTGCCCAGTGA!
TAGGAGGTCCTGCCTGCCCAGTGA'
TAAGAGGTCCAGCCTGCCCAGTGA

TTTAACGGCCGCG
TTCAACGGCCGCGH
TTTAACGGCCGCGG;
TTCAACGGCCGCGG!
TTCAACGGCCGCG
TTCAACGGCCGCG
TTCAACGGCCGCGG!
TTCAACGGCCGCGG
TTCAACGGCCGCGG]
TTCAACGGCCGCGG!
TTCAACGGCCGCGG!
TTTAACGGCCGCGG
TTCAACGGCCGCGG!
TTG
TTCAACGGCCGCGEG!
TTAAACGGCCGCGG!
TTCAACGGCCGCGG!
TTTAACGGCCGCGG!
TTCAACGGCCGCG
TTCAACGGCCGCGG]
TTCAACGGCCGC
TTTAACGGCCGCGE!
TTCAACGGCCGCG!
TTCAACGGCCGCGG
TTCAACGGCCGCG
TTNAACGGCCGCGH

FIG. 1—Continued
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Sooglossidae, and Telmatobiinae) is strongly sup-
ported, with the Telmatobiinae strongly supported as
the sister taxon to this subgroup. These findings pro-
vide additional support for the bufonoid phylogeny re-
constructed with less extensive species sampling (Hay
etal., 1995). Identification of a well-supported pair con-
sisting of the Pelodryadinae and Phyllomedusinae pro-
vides a basis for some of the following discussion where

we address evolutionary and biogeographic implica-
tions of the expanded phylogenetic scheme for the Bufo-
noidea.

Members of the Sooglossidae are restricted to two is-
lands of the Seychelles Archipelago which has been sep-
arated from the Indian continent for over 60 million
years (Dickin et al., 1986/1987). It can be proposed that
the ancestor of the Sooglossidae was separated from the
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ATGAATNGCACCACGAAAGTTCAACTGTCTCCTATATCTAATCAGTGAAACTGATCTCCCCGTGCAGAAGCGGGGAT

ATGAACGGCACCACGAGGGCTCAACTGTCTCCCCTGTTTAATCAGTGAAATTGATTTCCCAGTGCAGAAGCTGGGAT
:ATGAACGGCATCACGAAGACCTTACTGTCTCCTATATCCAATCAGTGAAACTGATCTCCCCGTGAAGAAGCGGGGAT
ATGAATGGCACCACGAAGGTTCAACTGTCTCCCAAATCTAATCAGTGAAACTGATCTCCCCGTGCAGAAGCGGGGAT
TGAATGGCACCACGAAGGTTATACTGTCTCCTTTTTCTAATCAATGAAACTAATCTCCCCGTGAAGAAGCGGGGAT
TGAATGGCTCCACGAGGGTTATACTGTCTCCTCTTTCCAATCAGTGAAACTAATCTCTCCGTGAAGARGCGGGGAT
TGAATGGNCCCACGAGCGGTACGCTGTCTCCTTTTTCTAATCAATGAAACTAATCTTCTCGTGAAGAAGCGAGAAT
ATGAACGGCTTCACGAAGACTACACTGTCTCCTTTTTCTAATCAATGAAACTAATCTCCCCGTGAAGAAGCGGGGAT
TGAATGGCTCCACGAGGGTTGAACTGTCTCCCTCCCCCAATCAGTGAAACTGATCTCCCCGTGAAGAAGCGGGGAT
NINNNNNNNNNNACCACGAGGGTTATACTGTCTCCTTTTTCTAATCAGTGAATCTAATCTCCCCGTGAAGAAGCGGGETT
TGAATGGCATCACGAAGGTTACACTGTCTCCTTTTTCCAATCAGTGAAARCTAATCTCCCCGTGAAGARGCGGGGAT
TGAACGGCATNACGAGGGTTTAACTGTCTCCCCATTTTAATCAATGAAATTNATCTTCCCGTGAAGAAGCGGGGAT
HHNNNNNNNNNNNNNNCGAGGGTTGCACTGTCTCCTTTCTCTAATCAGTGAAACTAATCTTCCCGTGAAGARGCGGEGAAT
TGAATGGCATCACGAGGGTTATACTGTCTCCCCTTTTTAATCAGTGAAACTAATCTCCCCGTGAAGAAGCGGGGAT
TCAACGGCATCANGAGGGTTACACTGTCTCCTTTTTCCRAATCAGTGAAACTGATCTCTCCGTGAAGAAGCGGAGAT
TGAACGGCATCACGAGGGTTATACTGTCTCCCACCTCCAATCAGTGAAACTGATCCCCCCETGAAGAAGCGGGGAT
TGAATGGCATCACGAGGGTTATACTGTCTCCTTTCCCTAATCAGTGAAACTAATCTCCCCGTGAAGAAGCGGGGAT
TGAATGGCATCACGAAGGTTGCACTGTCTCCCATCCTTAATCAGTGAAATTAATCCCCCCGTGAAGARGCGGGGAT
TGAATGGCCCCACGAGGGCTGCACTGTCTCCTTTTTCTAATCAATGAAACTAATCTCCCCGTGAAGARAGCGGGAAT
TGAATGGNACCACGAAGGTTATACTGTCTCCTTTCCCTAATNAGTGAAACTAATCTCCCCGTGAAGAAGCGAGGAT
TCAACGGCATCACGAGGACTCAACTGTCTCCTCTCCCAAATCAGTGAAACTAATCTCCCTGTGARAAAGCAGGAAT
TCAACGGCATCACGAAGGCTGCACTGTCTCCTTTCTCTAATCAGTGAAACTGATCTCCCCGTGAAGAAGCGGGGAT
TGAACGGCTTCACGAAGGTTATNCTGTCTCCTTTCTCTAATCAGTGAAACTAATCTCCCCGTGAAGAAGCGGGGAT
TGAACGGCACCACGAAGGTTATACTGTCTCCTTTTTCTAATCAGTGAAACTAATCTCCCCGTGAAGAAGCGGGGAT
TGAACGGCCCAACGAAGGCTGCACTGTCTCCTTTCCCCCATCAATGAACCTGATTTCCCCGTGAAGAAGCGAGGAT
TGAAAGGCATCACGAGAATCACACTGTCTCCTTTCTTTAGTCAGTGAAACTAATCTCCCCGTGAAAAAGCGAGGAT

ATCAACATAAGACGAGAAGACCCCATGGAGCTTTAAACL!
AATAACATAAGACGAGAAGACCCCATGGAGCTTAAGAC!
TTCACCATAAGACGAGAAGACCCCATGGAGCTTTAAA

TTCCACATAAGACGAGAAGACCCTATGGAGCTTTAAA

AAACCTATAAGACGAGAAGACCCTATGGAGCTTTAARAC
AAACACATAAGACGAGAAGACCCTACGGAGCTTTAAAC
AATTTTATAAGACGAGAAGACCCTATGGAGCTTTAAA'
AAACCTATAAGACGAGAAGACCCTATGGAGCTTTAAAC]
AAAAATATAAGACGAGAAGACCCCTTGGAGCTTCAAA
ACAACTATAAGACGAGAAGNNCCTATGGAGCTTTAAA
AAATCTATAAGACGAGAAGACCCTATGGAGCTTTAAA
AAGACTATAAGACGAAAAGACCCCATGGAGCTTTAAA
AAAAATATAAGACGAGAAGACCCTATGGAGCTTTAAA
ATTCCTATAAGACGAGAAGACCCCATGGAGCTTTAAA
TTTTTTATAAGACGAGAAGACCCCATGGAGCTTTAAA
AAARTTATAAGACGAGAAGACCCCATGGAGCTTTAAA
GAACATATAAGACGAGAAGACCCTATGGAGCTTTAAA
AAAATTATAAGACGAGAAGACCCCGTGGAGCTTAAAA
TATCCTATAAGACGAGAAGACCCTATGGAGCTTTAAAC]
AAATATATAAGACGAGAAGACCCTATGGAGCTTAAAA!
AACAATATAAGACGAGAAGACCCCATGGAGCTTTARA
AAAATTATAAGACGAGAAGACCCCATGGAGCTTCAAA!
AAACTTATAAGACGAGAAGACCCTATGGAGCTTTAAA
AAGAATATAAGACGAGAAGACCCTATGGAGCTTTAAA!
AAACCTATAAGACGAAAAGACCCTATGGAGCTTCAGA
GTCTCTACAAGACGAGAAGACCCTTTGGAGCTTAAGA

FIG. 1—Continued
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rest of the proto-bufonoid range during the split of the
Indian continent from Africa (153—-148 million years
ago (MYA); Smith et al., 1994) and remained restricted
to the northern part of India + Antarctica/Australia
until the disintegration of this supercontinent around
120-130 MYA (Smith et al., 1994). This scenario would
involve either an assumption of extinction of members
of this family in India and Madagascar or a continuous

restriction of the sooglossids to the northern part of the
Indian continent. Also, an older date for the separation
of the Seychelles might be invoked.

Phylogenetic relationships of the Australian Myoba-
trachidae to the African Heleophrynidae and of these
families to the rest of the bufonoids remain a phyloge-
netic enigma. Lynch (1973) placed the Cycloraninae
(now the Limnodynastinae) together with the Heleo-
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1040
TTTTCGGTTGGGGCGACCACGGAGAAAAACACATCCTCCGAGACGAA
TCTTCGGTTGGGGCGACCACGGAGAAAAATA-ATCCTCCGAGCCGAA
TTTTCGGTTGGGGCGACCACGGAGAATAATAAATCCTCCTCGATGAA
TTTTCGGTTGGGGCGACCACGGAGAAAAAAANATCCTCCATGAAGAA
TTTTTGGTTGGGGTGACCGAGGAGCATAATGCAACCTCCATGTTGAA
TTTTAGGTTGGGGTGACCGCGGAGAARAAAAC-ATCCTCCACATTGAA
TTTTAGGTTGGGGCGACCACGGAGCAAAATTAAACCTCCACGACGAA
TTTTAGGTTGGGGTGACCACGGAGAACAARATAACCTCCACGTTGAA
TTTTTGGGTGGGGCGACCACGGAGAACAACTAAACCTGCGAGATGTA
TTTTAGGTTGGGGTGACCGCGGAGTAAAAAACAACCTCCACAATGAA
TTTTAGGTTGGGGTGACCGCGGAGTAAAAAATAACCTCCACATTGAA
TTTTCGGTTGGGGCGACCCTGGAGAAARAACAAATCCTCCAAGCTGAA
TTTTTGGTTGGGGTGACCACGGAGAAAAAAGAAACCTCCGCAATGAA
TTTTCGGTTGGGGCGACCACGGAGAATAACACATCCTCCGCGTTGAA
TTTTAGGTTGGGGTGACCGCGGAGCACAATACAGCCTCCACGATGAA
TTTTAGGTTGGGGTGACCGCGGAGCAAAACAAAACCTCCACGATGAA
TTTTGGGTTGGGGTGACCGCGGAGTAAAARAACACCCTCCGCATTGAA
TTTTCGGTTGGGGCGACCACGGAGAAAAACCCACCCTCCACGCTGAA
TTTTAGGTTGGGGTGACCACGGAGCAAAACTAAACCTCCATGAAGAA
TTTTCGGTTGGGGTGACCACGGAGTAAAATTCACCCTCCGCAATGAA
TTTTAGGTTGGGGCGACCGCGGAGTAAAACTTAGCCTCCATGACARA
TTTTGGGTTGGGGGGACCTCGGAGTATAACTTAACCTCCAAAACAAA
TTTTAGGTTGGGGTGACCGCGGAGTAAAAAGTAACCTCCACATTGAA
TTTTAGGTTGGGGTGACCGCGGAGCATAAAACAACCTCCGCGTTAAA
TCTTCGGTTGGGGTGACCACGGAGAAAAACAAACCCTCCACGACAAA
TCTTAGGTTGGGGCAACCGCGGAGTAAAAACAAACCTCCAAGCTGAA

1120
GTAATAGAACCTCTAAC!
TAATAGAACCTCTAAC
TATTAGAATATCTAAC,
TATCAGAACTTCTGAC!
CATCAATA-TATTGAC,
CACCGAAGAAATGGA!
CATCAGCA-AACTGAC
CATCAACA-CATTGAC!
CATCAACA-CCTTGAC,
CATCAACAAAATTGAC,
CACCAATA-AATTGAC,
AATCAAAA-TATTGAC
CATCAATA-AATTGAC,
TATCAACA-CCTTGAS
AATTAGCA-TTCTAAC

AATCACTA-ACCTGAT
‘GAATTATTA-AACTAA’
TATCAATA-AATTGAC,
GCACCAATA-TATTGA'
.GCACCAATA-ATTTAAC
TATCATAA- - ACTGA

FIG. 1—Continued

phryninae (Heleophrynidae) as a basal lineage of the
Bufonoidea, suggesting that it gave rise to the Lepto-
dactylidae which, in turn, served as a source of a vast
bufonoid radiation in the Neotropics. At the same time,
he proposed that the Myobatrachinae + Sooglossidae
gave rise to the ranoids. Lynch’s (1973) polyphyletic
family, Myobatrachidae, was created to distinguish be-

tween the Old World and the New World leptodacty-
loids. Tyler (1979) argued that no factors other than
geographic distribution were used to erect the Myoba-
trachidae. Accordingly, he referred both the Old World
and New World taxa to the Leptodactylidae, insisting
that more diagnostic characters were needed for the
recognition of an independent Myobatrachidae. Duell-
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TGATCAACGAACCAAGTTACCCTGGGGATAACAGCGCAATCCATTTTAAGAGTCCATATCGACAAATGGGTTTACGAC
TGATCAACGAACCAAGTTACCCTGGGGATAACAGCGCAATCCACTCCGAGAGTCCATATCGACGAGCGGGTTTACGAC
TTGATCAACGAACCAAGTTACCCTGGGGATAACAGCGCAATCCATTTCAAGAGTCCATATCGACAAATGGGTTTACGAC
'CTGATCAACGAACCAAGTTACCCTAGGGATAACAGCGCAATCTATTTTAAGAGTTCATATCGACARATAGGTTTACGAC
TTGAACAACGAACCAAGTTACCCTAGGGATAACAGCGCAATCCACTTCAAGAGCTCCTATCGACAAGTGGGTTTACGAC
TTGATCATCGAACCAAGTTACCCTAGGGATAACAGCGCAATCCACTTTAAGAGCCCCTATCGACAAGTGGGTTTACGAC
‘TTGATCAACGAACCAAGTTACCCTAGGGATAACAGCGCAATCTACTTCAAGAGCTCATATCGACAAGTAGGTTTACGAC
TTGATCAACGAACCAAGTTACCCTAGGGATAACAGCGCAATCTACTTCGAGAGTTCTTATCGACAAGTAGGTTTACGAC
TTGACCAACGAACCAAGTTACCCTGGGGATAACAGCGCAAGTCATTTCTAGAGNCCNTATCGACAGATGGGTTTACGAC
' TTGATCAACGAAACAAGTTACCCTAGGGATAACAGCGCAATCCACTTCAAGAGCCCGTATCGACAAGTGGGTTTACGAL
‘TTGATCAACGAACCAAGTTACCCTAGGGATAACAGCGCAATCCGCTTTAAGAGCCCCTATCGACAAGCGGGTTTACGAC
CTGATCAACGAACCAAGTTACCCTGGGGATAACAGCGCAATCCATTTCARGAGCCCCTATCGACARATGGGTTTACGAC
. TTGATCAATGAACCAAGTTACCCTAGGGATAACAGCGCAATCCACTTCAAGAGCCCCTATCGACAAGTGGGTTTACGAC
TTGATCAACGAACCTAGTTACCCTGGGGATAACAGCGCAATCCATTTCAAGAGCCCCTATCGACAAATGGGTTTACGAC
‘TCGATCAACGAACCAAGTTACCCTGGGGATAACAGCGCAATCCACTTCAAGAGCCCCTATCGACAAGTGGGTTTACGAC
TTGATCAACGAACCAAGTTACCCTGGGGATAACAGCGCAATCCATTTCAAGAGCTCCTATCGACAAATGGGTTTACGAC
TTGATCAACGARACCAAGTTACCCTAGGGATAACAGCGCAATCCACTTCAAGAGCTCCTATCGACAAGTGGGTTTACGAC
TTGATCAACGAACCAAGTTACCCCGGGGATAACAGCGCAATCTACTTCAAGAGCTCCTATCGACAAGTGGGTTTACGAC
TTGATCAACGAACCAAGTTACCCTAGGGATAACAGCGCAATCTACTTCAAGAGCTCATATCGACAAGTAGGTTTACGAC
TTGATCAACGAACCAAGTTACCCTAGGGATAACAGCGCAATCCATCTCAAGAGCTCATATCGACAGATGGGTTTACGAC
TCGATCAACGAACCAAGTTACCCTGGGGATAACAGCGCAATCCATTTTGAAAGCTCCTATCGACAAATGGGTTTACGAC
TCGATCAATGGACCAAGTTACCCTGGGGATAACAGCGCAATCTACTTCAAGAGTTCATATCGACAAGTGGGTTTACGAC
TTGATCAACGAACCAAGTTACCCTAGGGATAACAGCGCAATCTACTTCARGAGCCCATATCGACAAGTAGGTTTACGAC
TTGATCAACGAACCAAGTTACCCTAGGGATAACAGCGCAATCCGCTTCAAGAGCCCCTATCGACAAGCGGGTTTACGAC
TTGATCAACGAACCAAGTTACCCTAGGGATAACAGCGCAATCCATTTCAAGAGCCCATATCAACAAATGGGTTTACGAC
‘TTGATTAACGAACCAAGTTACCCTAGGGATAACAGCGCAATCCACTTCAAGAGTTCATATCGAAAAGTGGGCTTACGAC

1258
CTCGATGTTGGATCAGGGTGTCCTAGTGGTGCAGCCGCC
CTCGATGTTGGATCAGGACCCCCTAATGGTGAAGCCGC
CTCGATGTTGGATCAGGGCATCCCAGTGGTGCAGCCGC
CTCGATGTTGGATCAGGGCCCCCCAGTGETGCAGCCGCT,
CTCGATGTTGGATCAGGGTATCCCAGTGGTGCAGCCGCT
CTCGATGTTGGATCAGGGTATCCCGGTGGTGCAGCCGC
CTCGATGTTGGATCAGGGTATCCTAGTGGTGCAGCCGC
CTCGATGTTGGATCGGGGTATCCTGGTGGTGCAGCCGC
CTCGATGTTGGATCAGGGCATCCGGGTGGTGNAGGCGC
CTCGATGTTGGATCAGGGTACCCCAGTGGTGCAGCCGC
CTCGATGTTGGATCAGGGTATCCCAGTGGTGCAGCCGC
CTCGATGTTGGATCGGGATATCCTAGCAGCGCAGCAGTTY
CTCGATGTTGGATCAGGGTATCCCAGTGGTGCAGCCGC
CTCGATGTTGGATCAGGGTATCCCAGTGGTGCAGCCGC
CTCGATGTTGGATCAGGGTATCCTAGTGGTGCAGCAGC
CTCGATGTTGGATCAGGGTATCCCAGTGGTGCAGCCGC!
CTCGATGTTGGATCAGGGTATCCCAGTGGTGCAGCCGCT]
CTCGATGTTGGATCAGGGTA-CCAAGTGGTGCAGCCGC
CTCGATGTTGGATCAGGGTATCCTAGTGGTGCAGCCGC
CTCGATGTTGGATCAGGGTACCCCAGTGGTGCAGCCGC

CTCGATGTTGGATCAGGATACCCAGGTGGTGCAG! :
CTCGATGTTGGATCAGGGTATCCTGGTGGTGCAACCEC

CTCGATGTTGGATCAGGGTACCCCAGTGGTGCAGCCGC!
CTCGATGTTGGATCAGGGTACCCCAGTGGTGCAGCCGC!
CTCGATGTTGGATCAGGGTATCCTAGTGGTGCAACCGCTH!
CTCGATGTTGGATCAAGGTACCCTGGTGGTGCAGCCGL!

FIG. 1—Continued
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man and Trueb (1986) placed a taxon composed of the
Myobatrachidae + Sooglossidae and the Heleophryni-
dae at the base of the neobatrachian radiation. Ford
and Cannatella (1993) identified the Myobatrachinae
and Sooglossidae as sister taxa (excluding the Limno-
dynastinae) on the basis of “at least five shared derived
characters” of morphology. Based on our data, it is

tempting to argue that the Heleophrynidae, Limnody-
nastinae, and Myobatrachinae (with the former two
clustering) constitute a monophyletic group equal to
the Myobatrachidae (sensu Lynch). However, given the
degree of support for the appropriate nodes on the tree
(Fig. 2), we can claim only that these three taxa are
bufonoids (Pc = 0.96) but are likely to be excluded from
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FIG. 2. Phylogenetic relationships of the Neobatrachia based on
a neighbor-joining analysis of combined mitochondrial 12S and 16S
rRNA gene sequences (Jukes-Cantor distances, pairwise deletion;
899 aligned sites, 465 variable). The Archaeobatrachia is used as an
outgroup. The following bufonoid families were represented by more
thanone sample: Dendrobatidae (Colostethus, Dendrobates, and Pho-
bobates), Hylidae (Hemiphractinae, Hylinae (Hyla and Smilisca),
Pelodryadinae, and Phyllomedusinae), Leptodactylidae (Leptodac-
tylinae and Telmatobiinae), and Myobatrachidae (Limnodynastinae
and Myobatrachinae). Numbers on the tree represent confidence
value expressed as percentages from the interior-branch test (values
below 50% are not shown). The distance scale is drawn below the
tree.

the neotropical radiation (P = 0.92). Their relation-
ships with the Sooglossidae also are unclear. Based on
the paleogeographic data (Smith et al., 1994), specia-
tion events giving rise to the three separate myoba-
trachid (sensu Lynch) lineages could have taken place
145-150 MYA, when Antarctica/Australia separated
from Africa, thus determining the present-day distribu-
tion of these taxa. This date is in a good agreement with
the one for the divergence of the Sooglossidae, consider-
ing their proximity on the tree.

Our data suggest an extensive bufonoid radiation
with an apparent center in South America. Somewhat
in accord with the morphology-based proposal (Lynch,
1973) we see a member of the Leptodactylidae at the
base of this event. However, it is a representative of
the Telmatobiinae (Eleutherodactylus cuneatus) which,
according to Lynch’s (1971) scheme, was deeply nested
within the family tree and not basal to the rest of the
neotropical leptodactylids as shown by our data (Fig.
2). The second member of this family which is included
in the present analysis, Lithodytes lineatus (Leptodac-
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tylinae), was placed within the neotropical bufonoids,
not with the Telmatobiinae, suggesting a polyphyletic
Leptodactylidae. Since the majority of the bufonoid ra-
diation is restricted to South America and because the
bufonoid diversity is the highest in this region, it is
likely that initial radiation took place there after both
Africa and Australia became separated. The present-
day distribution of the cosmopolitan bufonids and hy-
lines can be explained as a series of secondary dispersal
events (see comments on the Pelodryadinae below).

Antarctica/Australia became disjoined from South
America around 153 MYA (Smith et al., 1994). They
were reconnected by a narrow land bridge between 140
and 130 MYA. The area of contact between South
America and Africa was more extensive; they achieved
a substantial degree of separation around 125 MYA
(Smith et al., 1994) and became completely disjoined
before 100 MYA. The several multifurcating nodes on
our tree (Fig. 2) are likely a reflection of an explosive
radiation taking place among the Neotropical bufo-
noids soon after they became restricted to South
America, thus dating the event around 110-120 MYA.
More extensive sampling of diverse leptodactylid lin-
eages as well as bufonids and hylids from different lo-
calities in the Old and New Worlds will be needed to
test this biogeographic hypothesis.

The Pelodryadinae is a biogeographic oddity. While
the three other hylid subfamilies are predominantly
South American (Hylinae is cosmopolitan), pelodrya-
dines are restricted to Australia and New Guinea. Sav-
age (1973) raised this subfamily to familial level, sug-
gesting a leptodactyloid ancestry of unspecified affinity.
Tyler (1979) argued for the recognition of the Australo-
Papuan tree frogs as a subfamily of the Hylidae. Molec-
ular (Maxson, 1976) and morphological (reviewed in
Tyler, 1979) studies aimed at identifying a sister group
of the Pelodryadinae found no apparent association be-
tween the members of this subfamily and any other bu-
fonoid lineage tested. Our present data suggest the
South American Phyllomedusinae as the most likely
candidate for such association. Following the line of pa-
leogeographic considerations above, a divergence be-
tween these two lineages had to take place immediately
after or during the extensive bufonoid radiation in
South America, but at or before the time of the separa-
tion of Australia. Otherwise, it would be necessary to
postulate an unlikely dispersal event either across the
Drake Passage or the Pacific. Considering the short in-
ternal nodes in our tree, it is possible that an ancestral
phyllomedusine diverged from an ancestral pelodrya-
dine within a few million years of the beginning of a
large-scale bufonoid diversification in the Neotropics.
Thus the timing of this speciation can be roughly placed
at 110-120 MYA. According to the paleogeographic
data (Smithetal., 1994) an Antarctica/Australia super-
continent remained connected to South America from
140 until 130 MYA, after which there was an archipel-
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ago link until approximately 100-105 MYA. Therefore,
the inferred dates of major land mass rearrangements
are within a time frame allowing all necessary specia-
tions to occur. However, this model would require an
assumption of an explosive radiation as well as rapid
expansion of the ranges occupied by different lineages
and, perhaps, a dispersal event through an archipelago
linking South America with Antarctica/Australia.
Some estimates suggest that the average temperatures
in the latitudes where colonization and initial radiation
are postulated to have taken place could have been
about 20°C higher than at present (Barron, 1983), thus
making Antarctica habitable to frogs. A split of Austra-
lia from Antarctica around 80 MYA allows ample time
for the range expansion. An estimated divergence be-
tween the major groups of the Pelodryadinae (55 mil-
lion years; Hutchinson and Maxson, 1987) lies well
within this date.

The only other well-defined cluster (P = 0.96) within
the Bufonoidea consists of the representatives of three
currently recognized families: Bufonidae, Centroleni-
dae, and Hylidae. A significant pairing of the two hy-
lines (Hyla and Smilisca) presents little surprise. Most
workers also associate the Hylidae and Centrolenidae
(Lynch, 1973; Duellman and Trueb, 1986; Ford and
Cannatella, 1993). On the other hand, the suggestion
of an association of the Bufonidae with the hylid sub-
family Hemiphractinae is totally unexpected. We pre-
dict that wider taxonomic sampling of both the Hylidae
and the Bufonidae—including additional representa-
tives of both Old World and New World genera—will
clarify relationships among these lineages. We further
predict that such analyses will still show that hylid and
bufonid lineages are closer to one another than they
are to lineages of other bufonoid families, as already
indicated in Fig. 2.
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CONCLUSIONS

Our analysis of portions of mitochondrial 12S and
16S rRNA genes for additional representatives of the
Neobatrachia revealed some new patterns of phyloge-
netic relationships within the suborder. There is addi-
tional evidence for a deep split between the Bufonoidea
and Ranoidea. We are able to assign the Sooglossidae
to the bufonoids; however, its sister taxon is not identi-
fied. A weakly supported group including the Austra-
lian Myobatrachidae and African Heleophrynidae is
placed basally to the rest of the Bufonoidea, supporting
morphology-based classifications. The leptodactylid
Telmatobiinae appears to lie at the base of bufonoid ra-
diation in the Neotropics. This radiation may have
served as a source for the main portion of the rich South
American anuran fauna and later provided initial
stocks for expansion into North America and the rest
of the world. The Dendrobatidae is monophyletic and
within the neotropical Bufonoidea. The Pelodryadinae
and Phyllomedusinae cluster, as do the Hylinae, the
Centrolenidae, the Bufonidae, and the Hemiphracti-
nae. These arrangements suggest that the Hylidae, the
Leptodactylidae, and the Myobatrachidae may not be
monophyletic families. Based on the phylogenetic rela-
tionships advocated here and the paleogeographic data,
we propose a scenario in which a series of vicariant
events divided species ranges, resulting in speciation
and accounting for the present-day species distribu-
tion. Thus, this study provides a new phylogenetic
scheme for the Neobatrachia and identifies areas where
additional work needs to be done. We also support our
earlier assertion that extensive species sampling and
an increased amount of sequence data will be required
to resolve enigmatic and controversial phylogenetic re-
lationships among the Anura.

APPENDIX

Species for which rRNA Gene Sequences Were Obtained

Family Species Locality Specimen
Dendrobatidae Colostethus pratti Panama LM 1143-A
Phobobates trivittatus Peru, Panguana LM 739-A

Hylidae

Hemiphractinae Gastrotheca riobambae Ecuador, San Rafael LM 3176

Hylinae Smilisca phaeota Ecuador, Esmeraldas Province LM 2504

Pelodryadinae Litoria cyclorhynchus Western Australia, Angerup LM 3175

Phyllomedusinae Phyllomedusa palliata Peru, Cuzco Amazonico LM 2010
Leptodactylidae

Leptodactylinae Lithodytes lineatus Peru LM 269
Myobatrachidae

Myobatrachinae Pseudophryne guentheri Western Australia, Mt. Margaret LM 2725

Note. LM, frozen tissue collection of LRM. Voucher specimens are available for LM 3176 (UNIMNH 94580), LM 3175 (SAMA R20141),
LM 2010 (KU 205420), and LM 2725 (WAM 101218). Collections are from the University of Illinois, Museum of Natural History (UIMNH),
South Australian Museum (SAMA), University of Kansas (KU), and Western Australian Museum (WAM).
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