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Abstract

We determined the complete nucleotide sequence of the mitochondrial (mt) genome of five individual caecilians (Amphibia: Gym-

nophiona) representing five of the six recognized families: Rhinatrema bivittatum (Rhinatrematidae), Ichthyophis glutinosus (Ichthy-

ophiidae), Uraeotyphlus cf. oxyurus (Uraeotyphlidae), Scolecomorphus vittatus (Scolecomorphidae), and Gegeneophis ramaswamii

(Caeciliidae). The organization and size of these newly determined mitogenomes are similar to those previously reported for the cae-

cilian Typhlonectes natans (Typhlonectidae), and for other vertebrates. Nucleotide sequences of the nuclear RAG1 gene were also

determined for these six species of caecilians, and the salamander Mertensiella luschani atifi. RAG1 (both at the amino acid and

nucleotide level) shows slower rates of evolution than almost all mt protein-coding genes (at the amino acid level). The new mt

and nuclear sequences were compared with data for other amphibians and subjected to separate and combined phylogenetic analyses

(Maximum Parsimony, Minimum Evolution, Maximum Likelihood, and Bayesian Inference). All analyses strongly support the

monophyly of the three amphibian Orders. The Batrachia hypothesis (Gymnophiona, (Anura, Caudata)) receives moderate or good

support depending on the method of analysis. Within Gymnophiona, the optimal tree (Rhinatrema, ((Ichthyophis, Uraeotyphlus),

(Scolecomorphus, (Gegeneophis Typhlonectes)))) agrees with the most recent morphological and molecular studies. The sister group

relationship between Rhinatrematidae and all other caecilians, that between Ichthyophiidae and Uraeotyphlidae, and the monophyly

of the higher caecilians Scolecomorphidae+Caeciliidae+Typhlonectidae, are strongly supported, whereas the relationships among

the higher caecilians are less unambiguously resolved. Analysis of RAG1 is affected by a spurious local rooting problem and associ-

ated low support that is ameliorated when outgroups are excluded. Comparisons of trees using the non-parametric Templeton,

Kishino–Hasegawa, Approximately Unbiased, and Shimodaira–Hasegawa tests suggest that the latter may be too conservative.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Caecilians (Gymnophiona) are one of the three or-

ders of recent Amphibia. They are readily distinguished

from frogs and salamanders by their sensory tentacles

and annulated, limbless bodies, and are distinct in many
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other characters (e.g., Himstedt, 1996; Noble, 1931;

Taylor, 1968). Most of the approximately 160 currently

recognized species (Frost, 2002; Nussbaum and Wilkin-

son, 1989) are tropical, soil-dwelling predators for at

least their adulthood, but members of the South Amer-

ican family Typhlonectidae are semiaquatic or aquatic
(Wilkinson and Nussbaum, 1999). Despite increasing

evidence of high local abundance in some species (e.g.,

Gower et al., 2004; Measey et al., 2003), caecilians
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remain probably the least known order of recent tetra-

pods. Although they are a relatively small group, it is

clear that they have a remarkable morphological, eco-

logical, and reproductive diversity (e.g., Gower et al.,

2004; Loader et al., 2003; Wake, 1977; Wilkinson and

Nussbaum, 1997).
Fossils of potential crown-group caecilians are

represented only by isolated vertebrae (Evans and Si-

gogneau-Russel, 2001) so that inferring phylogenetic

relationships among caecilians is essentially a neonto-

logical enterprise. Between 1968 and 1979, the previous-

ly single caecilian family Caeciliidae was partitioned into

the six higher taxa (Nussbaum, 1977, 1979; Taylor,

1968, 1969) that are widely recognized as families today
(Duellman and Trueb, 1986; Nussbaum and Wilkinson,

1989; Wilkinson and Nussbaum, 1999). Four caecilian

families have relatively restricted distributions—the

South American Rhinatrematidae (two genera, eight

species) and Typhlonectidae (five genera, 13 species), In-

dian Uraeotyphlidae (one genus, five species), and Afri-

can Scolecomorphidae (two genera, six species).

Ichthyophiidae (two genera, 30+ species) occurs in
South and South East Asia (West of Wallace�s line).

The more cosmopolitan Caeciliidae (21 genera, ca. 100

species) occurs on all land masses where caecilians are

known except South East Asia. The current distribution

of extant caecilians is consistent with a Gondwanan or-

igin of the order (Duellman and Trueb, 1986; Hedges

et al., 1993; Wilkinson et al., 2002). The four smaller

and more local families represent morphologically dis-
tinctive caecilian clades (Nussbaum, 1977, 1979, 1985;

Wilkinson and Nussbaum, 1999). In contrast, molecular

data suggest that ichthyophiids might not be monophy-

letic (Gower et al., 2002), and morphology and mole-

cules agree that the Caeciliidae, which comprises those

caecilians that have not been assigned to the five more

recently described families, is paraphyletic (Hedges et

al., 1993; Nussbaum, 1979; Wilkinson, 1997; Wilkinson
et al., 2003).

Nussbaum (1979) presented the first numerical phylo-

genetic analysis of caecilians, using morphological char-

acters to investigate the interrelationships of 12 genera.

This, and the subsequent analyses of Duellman and

Trueb (1986) and Hillis (1991) that used family-level

taxa and a subset of Nussbaum�s (1979) characters, iden-
tified a clade comprising the caeciliids, typhlonectids,
and scolecomorphids that Nussbaum (1991) dubbed

the ‘‘higher’’ caecilians. The Uraeotyphlidae, Ichthyo-

phiidae, and Rhinatrematidae were successively more

distant outgroups to the higher caecilians in these anal-

yses. Diverse morphological evidence that the Rhinatre-

matidae is the sister group of all other extant caecilians

(Nussbaum, 1977; Wilkinson, 1992, 1996a) is considered

to provide strong support for this hypothesis, which has
been used to root caecilian phylogenetic trees in more re-

cent morphological and molecular analyses (Gower
et al., 2002; Wilkinson, 1997; Wilkinson and Nussbaum,

1996; Wilkinson et al., 2002, 2003). Wilkinson and

Nussbaum (1996) and Wilkinson (1997) also supported

the monophyly of the higher caecilians, but found

strong support for an alternative arrangement of more

deep-branching families, in which the Ichthyophiidae
and Uraeotyphlidae are sister taxa. Whereas earlier fam-

ily-level phylogenies (Duellman and Trueb, 1986; Hillis,

1991) recovered Caeciliidae and Typhlonectidae as more

closely related to each other than to Scolecomorphidae,

the most comprehensive morphological study to date

(Wilkinson, 1997) was unable to resolve relationships

among these higher caecilians.

Previous molecular analyses that have been informa-
tive regarding the relationships among caecilian families

have used nucleotide sequences of mitochondrial (mt)

cytochrome b and 12S and 16S rRNA genes (Gower

et al., 2002; Hay et al., 1995; Hedges and Maxson,

1993; Hedges et al., 1993; Wilkinson et al., 2002,

2003). These have supported recent morphological anal-

yses by recovering clades comprising Ichthyophii-

dae+Uraeotyphlidae and Nussbaum�s (1991) higher
caecilians (caeciliids, scolecomorphids, and typhlonect-

ids) (Wilkinson et al., 2003), and a paraphyletic Caecil-

iidae (Hedges and Maxson, 1993; Hedges et al., 1993;

Wilkinson et al., 2002, 2003). Wilkinson et al. (2003)

carried out the only previous molecular analysis to in-

clude members of all six currently recognized families.

In agreement with the most recent morphological inves-

tigation, their study suggested that Caeciliidae is para-
phyletic with respect to perhaps Scolecomorphidae as

well as Typhlonectidae. However, many relationships

within the higher caecilians were not strongly support-

ed, and they suggested that more molecular and

morphological data were required to resolve these

relationships.

We have determined the complete nucleotide se-

quences of the mt genomes of five caecilian species,
and compared them with the only previously described

caecilian mt genome, that of Typhlonectes natans (Zard-

oya and Meyer, 2000). The sampling includes one repre-

sentative of each of the six currently recognized families.

Our mitogenomic (Curole and Kocher, 1999) approach

follows several recent studies (Cummings et al., 1995;

Russo et al., 1996; Zardoya and Meyer, 1996b) that

demonstrated the utility of large sequence data sets for
establishing robust high-level phylogenetic inferences.

To provide independent data from a different genome,

we have also sequenced the nuclear gene RAG1, which

has proven useful in inferring relationships among other

major vertebrate lineages (e.g., Groth and Barrowc-

lough, 1999; Martin, 1999). Through separate and com-

bined analyses, we explore the utility of these data in

establishing a robust higher-level phylogenetic frame-
work for caecilians. The inclusion of comparable data

for representatives of frogs, salamanders, and more dis-
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tant outgroups, make our analyses relevant to the con-

troversial relationships (Zardoya and Meyer, 2001)

among the three recent amphibian orders.
2. Materials and methods

2.1. Taxon sampling

Our sampling includes one species from each of the

six currently recognized caecilian families. The typhlo-

nectid T. natans was chosen because of the availability

of its mt genome sequence (Zardoya and Meyer,

2000). The other five species belong to the type genus
(sometimes as the type species) of their respective fami-

lies (Table 1). Caeciliid paraphyly means that this family

is inadequately represented with a single species. The

type genus, the Neotropical Caecilia, has been shown

to be among those caeciliids most closely related to Ty-

phlonectidae (Hedges et al., 1993; Wilkinson et al., 2002,

2003). In contrast, our chosen caeciliid, the Indian Gege-

neophis ramaswamii, is more distantly related to the
Neotropical typhlonectids than is Caecilia (Wilkinson

et al., 2002), thus providing an opportunity to further

explore the nature of caeciliid paraphyly.

For comparisons of mt genomes, we selected the fol-

lowing outgroups (GenBank accession numbers in pa-

rentheses): the anuran amphibians Xenopus laevis

(NC_001573, Roe et al., 1985) and Rana nigromaculata

(NC_002805, Sumida et al., 2001), the caudate amphib-
ians Mertensiella luschani (NC_002756, Zardoya et al.,

2003) and Ranodon sibiricus (NC_004021, Zhang et al.,

2003), and two lobe-finned fishes, a coelacanth, Latime-

ria chalumnae (NC_001804, Zardoya and Meyer, 1997),

and an African lungfish, Protopterus dolloi (NC_001708,

Zardoya and Meyer, 1996a).

Outgroups for examination of RAG1 sequences were

one anuran, X. laevis (L19324, Greenhalgh et al., 1993),
two caudates, Pleurodeles waltl (AJ010258, Frippiat
Table 1

Data for amphibian samples employed in this study

Species Taxonomic assignment Vouch

Gegeneophis ramaswamii Gymnophiona: Caeciliidae MW 3

Ichthyophis glutinosusc Gymnophiona: Ichthyophiidae MW 1

Rhinatrema bivittatumc Gymnophiona: Rhinatrematidae BMN

Scolecomorphus vittatusc Gymnophiona: Scolecomorphidae BMN

Uraeotyphlus cf. oxyurusc Gymnophiona: Uraeotyphlidae MW 2

Typhlonectesc natans Gymnophiona: Typhlonectidae BMN

Mertensiella luschani atifi Caudata: Salamandridae —

BMNH, The Natural History Museum, London; MW, field series of the Zoo

National Museums, Colombo (Sri Lanka).
a Zardoya and Meyer (2000).
b Zardoya et al. (2003).
c Indicates type species/genus of family.
et al., 2001) and Mertensiella luschani atifi (Table 1), a

coelacanth, Latimeria menadoensis (AY442925, Brink-

mann et al., 2004); and an African lungfish, P. dolloi

(AY442928, Brinkmann et al., 2004).

2.2. DNA extraction, PCR amplification, cloning, and

sequencing

Total DNA was purified from ethanol-preserved liver

or muscle, with a standard phenol/chloroform extrac-

tion procedure (Sambrook et al., 1989). A suite of 28

primers (Table 2) was used to amplify by PCR contigu-

ous and overlapping fragments that covered the entire

mt genome (Fig. 1). PCR amplifications were conducted
in 25ll reactions containing 67mM Tris–HCl, pH 8.3,

1.5mM MgCl2, 0.4mM of each dNTP, 2.5lM of each

primer, template mtDNA (10–100ng), and Taq DNA

polymerase (1U, Biotools), using the following cycling

conditions: an initial denaturing step at 94 �C for

5min; 35 cycles of denaturing at 94 �C for 60s, annealing

at 42–54 �C (see Table 2) for 60s, and extending at 72 �C
for 90s; and a final extending step of 72 �C for 7min.
PCR products were purified by ethanol precipitation,

and sequenced in an automated DNA sequencer (ABI

PRISM 3700) using the BigDye Deoxy Terminator cy-

cle-sequencing kit (Applied Biosystems) following man-

ufacturer�s instructions. For mtDNA, short amplicons

were sequenced directly using the corresponding PCR

primers. Long amplicons were cloned into pGEM-T

vectors (Promega), and recombinant plasmids were se-
quenced using the M13 (forward and reverse) universal

primers as well as additional walking primers (available

from the authors upon request). The sequences obtained

averaged 700 base pairs (bp) in length, and each se-

quence overlapped the next contig by about 150bp. In

no case were differences in sequence observed between

the overlapping regions.

Four primers were designed in conserved regions of
the RAG1 gene to amplify, by PCR, two contiguous
er No. Collection locality GenBank Accession Nos.

(mt genomes, RAG1)

31 Thenmalai, India AY456250, AY456255

733 Peradeniya, Sri Lanka AY456251, AY456256

H 2002.6 Kaw, French Guyana AY456252, AY456257

H 2002.100 Amani, Tanzania AY456253, AY456258

12 Payyanur, India AY456254, AY456259

H 2000.218 Potrerito, Venezuela AF154051,a AY456260

Fersin, Turkey NC_002756,b AY456261

logy Department, University of Kerala (India); and the Department of



Table 2

Primers used to sequence the complete caecilian mt genomes (see Fig. 1 to trace fragments along the genome)

Fragment name Primer name Sequence Approximate

product length (bp)

Annealing temperature

(�C) used in the PCR

12S L1091a 50-AAAAAGCTTCAAACTGGGATTAGATACCCCACTAT-30 380 51

H1478a 50-TGACTGCAGAGGGTGACGGGCGGTGTGT-30

MID Amp-12S F 50-AAGAAATGGGCTACATTTTCT-30 1200 50

Amp-16S R 50-AAGTGATTAYGCTACCTTTGCAC-30

16S 16Sar-Lb
50-CGCCTGTTTATCAAAAACAT-30 500 51

16Sbr-Hb
50-CCGGTCTGAACTCAGATCACGT-30

P1 MNCN-16S Fc
50-GGTTTACGACCTCGATGTTGGATC-30 1350 42

Lati-Met Rd
50-TCGGGGTATGGGCCCGAAAGCTT-30

P2 Amp-P2 F 50-CAAYTAATRCAYCTAGTATGRAAAA-30 2500 42

Amp-P2 R 50-ATATARCCAAAWGGTTCTTTTTT-30

P3 Amp-P3 F 50-CAATACCAAACCCCCTTRTTYGTWTGATC-30 900 45

Amp-P3 R 50-GCTTCTCARATAATAAATATYAT-30

P4 Amp-P4 F 50-GGMTTTATTCACTGATTYCC-30 1400 50

Amp-P4 R 50-AAATTGGTCAAAKAARCTTAGKRTCATGGTCA-30

P5 8.2 L8331e 50-AAAGCRTYRGCCTTTTAAGC-30 1590 54

MNCN-COIII Rc
50-ACGTCTACRAARTGTCAGTATCA-30

P6 Amp-P6 F 50-ACATGAGCYCAYCACAGYATTAT-30 1440 50

Amp-P6 R 50-CGGGTAATAATAATTAATGTTGG-30

P7 Amp-P7 F 50-AAYCTCCTACAATGYTAAAAAT-30 1550 48

Amp-P7 R 50-CATARCTTTTACATGGATTTGCACC-30

P8 MNCN-His Fc
50-AAAACATTAGATTGTGATTCTAA-30 1210 42

Lati-ND5 R1d 50-CCYATYTTTCKGATRTCYTGYTC-30

P9 Amp-P9 F 50-AGCCARCTYGGCCTAATAATAGT-30 1630 50

Amp-P9 R 50-CAGCCGTARTTTACGTCTCGRCAGAT-30

P10 MNCN-Glu Fc
50-GAAAAACCACCGTTGTTATTCAACTACA-30 1170 48

Amp-P10 R 50-TTCAGYTTACAAGACYGATGCTTT-30

P11 Amp-P11 F 50-TGRATYGGRGGCCAACCAGTAGAAGA-30 1550 50

Amp-12S R 50-TCGATTATAGAACAGGCTCCTCT-30

a Kocher et al. (1989).
b Palumbi et al. (1991).
c Zardoya (Unpublished data).
d Zardoya and Meyer (1997).
e http://nmg.si.edu/bermlab.htm.
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and overlapping fragments that cover a 1500bp portion

of the 30 end of this gene: Amp-RAG1 F (50-AGC TGC

AGY CAR TAC CAY AAR ATG TA-30), Amp-RAG1

R1 (50-AAC TCA GCT GCA TTK CCA ATR TCA

CA-30), Amp-RAG1 F1 (50-ACA GGA TAT GAT
GAR AAG CTT GT-30), and Amp-RAG1 R (50-TTR

GAT GTG TAG AGC CAG TGG TGY TT-30). PCR

mixtures and cycling conditions were as described above

(annealing temperature was 54 �C). PCR products were

cloned into pGEM-T vectors and sequenced using the

M13 universal primers as described above.
All new nucleotide sequences reported in this paper

have been deposited in GenBank under accession num-

bers given in Table 1.

2.3. Molecular and phylogenetic analyses

Nucleotide sequences (RAG1 gene) and the deduced

amino acid sequences of all 13 mt protein-coding genes

were aligned separately, using the default parameters of

CLUSTAL X version 1.83 (Thompson et al., 1997), and

the alignments revised by eye in an effort to maximize

http://www.bergianska.se/index_forskning_soft.html


Fig. 1. Gene organization and sequencing strategy for the mt genomes of the caecilians. Genes encoded by the L strand are underlined. Arrow-

headed segments denote the location of the fragments amplified by PCR with each pair of primers (see Table 2 for the primer DNA sequence

associated with each fragment). Gegeneophis ramaswamii departs from this general consensus in lacking the tRNAPhe gene.
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positional homology. Alignment ambiguities and gaps

were excluded from phylogenetic analyses using

GBLOCKS version 0.91b (Castresana, 2000). Align-

ments and data files are available from the authors upon

request.

Four commonly used methods of phylogenetic infer-

ence, namely Maximum Parsimony -MP- (Fitch, 1971),
Minimum Evolution -ME- (Rzhetsky and Nei, 1992),

Maximum Likelihood -ML- (Felsenstein, 1981), and

Bayesian Inference -BI- (Huelsenbeck et al., 2001) were

applied separately to the RAG1 data and to a concate-

nated dataset of the amino acid sequences of the mt pro-

tein-coding genes. Bayesian and MP analyses of the

combined RAG1 (except Pleurodeles) and mt amino ac-

id sequence data (except Ranodon and Rana) were per-
formed. Separate analyses using only the ingroup taxa

(caecilian-only data) were also performed for both mt

amino acid and RAG1 nucleotide data sets.

Quartet puzzling ML analyses of amino acid se-

quence data (100,000 puzzling steps) were conducted

with TREE-PUZZLE version 5.0 (Strimmer and von

Haeseler, 1996). ML analysis of RAG1, and all ME

and MP analyses, were performed with PAUP* version
4.0b10 (Swofford, 1998), with 10 random addition se-

quences and TBR branch swapping. ME analyses of

mt amino acid and nuclear DNA sequences used mean

character and ML distances, respectively. BIs were made

using MrBayes version 3.0b4 (Huelsenbeck and Ron-

quist, 2001) with four simultaneous chains, each of a

million generations, sampled every 100 generations.

Trees sampled before the cold chain reached stationa-
rity, as judged by plots of ML scores, were discarded

as ‘‘burn-in.’’

Following Yang et al. (1998), we used the mtREV24

model (Adachi and Hasegawa, 1996) in all likelihood

and Bayesian analyses of amino acid data, and we em-

ployed likelihood ratio tests (LRTs) to select among

the following hierarchically nested alternative models:
equal rates (eq.) versus proportion of invariant sites

(I), versus gamma-distributed rates (C), versus gamma-

distributed rates and proportion of invariant sites

(C+I). ML analyses of RAG1 sequences used the

best-fit model of nucleotide substitution selected accord-

ing to the Akaike information criterion (AIC) calculated

using Modeltest version 3.4 (Posada and Crandall,
1998). For BI, best-fit models were selected for each

RAG1 codon position and model parameters were esti-

mated independently (‘‘unlink’’ option). For the com-

bined data Bayesian analysis, and for analyses of the

caecilian-only data, best-fit models were re-estimated

for each partition because of the exclusion of taxa.

Support was evaluated with non-parametric boot-

strap proportions (BPs—1000 pseudoreplicates), Bayes-
ian posterior probabilities (BPPs), and quartet puzzling

proportions (QPs). Decay indices (d) were also calculat-

ed using AutoDecay version 5.04 (Eriksson, 2001). Ap-

proximately Unbiased -AU- (Shimodaira, 2002),

Shimodaira–Hasegawa -SH- (Shimodaira and Hase-

gawa, 1999), Kishino–Hasegawa -KH- (Kishino and

Hasegawa, 1989), and Templeton (Templeton, 1983)

tests were used to evaluate the 105 alternative, fully re-
solved unrooted trees for the caecilian-only data. Tem-

pleton test (two tailed) was performed in PAUP*,

whereas the other three tests were carried out using

CONSEL version 0.1f (Shimodaira and Hasegawa,

2001) with site likelihoods calculated by p4 version

0.79 (Foster, 2003).

Substitution rates and among-site rate heterogeneities

were compared among RAG1 (at both nucleotide and
amino acid levels), each mt protein (at the amino acid

level), and a concatenated data set including all mt pro-

teins (at the amino acid level) using the same subset of

taxa used in the combined BI (see above). BI (100,000

generations) was used to estimate substitution rate

(measured as tree length -TL-) and among-site rate het-

erogeneity (a parameter of the gamma distribution).
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ANOVA analyses were used to assess variations in sub-

stitution rates and among-site rate heterogeneities.

Planned comparisons were used to examine contrasts

between RAG1 and each mt protein, and between

RAG1 and the concatenated mt data set. Statistical

analyses were performed using STATISTICA version
6.0 (StatSoft Inc., 2001).
3. Results

3.1. Mitochondrial genome organization and structural

features

The complete nucleotide sequences of the L strands

of the mt genomes of five caecilians (G. ramaswamii, Ich-

thyophis glutinosus, Rhinatrema bivittatum, Scolecomor-

phus vittatus, and Uraeotyphlus cf. oxyurus) were

determined. Total length ranged from 15,897 to

16,432bp. As in T. natans, all five newly sequenced cae-

cilian mt genomes encoded for two rRNAs, 22 tRNAs,

and 13 protein-coding genes, with the single exception of
G. ramaswamii�s lack of the tRNAPhe gene. In all cases,

the organization (Fig. 1) conforms to the consensus mt

gene arrangement for vertebrates (Jameson et al.,

2003). Other notable distinct features are only found

in non-coding regions.

The control regions of the five new caecilian mt ge-

nomes are similar in length, ranging from 600 to

682bp, and are also similar in structure and motifs
(Fig. 2A). Three conserved blocks (CSB-1, CSB-2, and

CSB-3, Walberg and Clayton, 1981) were identified at

the 30 end of each control region (Fig. 2B). Two polypy-

rimidine tracts, PP-1 and PP-2, were identified upstream

from the CSB-2 and CSB-3 motifs (Fig. 2A). PP-1 con-

sists of a stretch of thymines, and PP-2 is a poly(C)

stretch located between CSB-1 and CSB-2 motifs. A pu-

tative termination-associated sequence (TAS) was found
Fig. 2. Main features of the caecilian mtDNA control region. (A) Consens

sequence blocks (CSB-1, 2, and 3) and two pyrimidine-rich regions (PP-1 an

natans. The latter taxon possesses, in addition, seven 109-bp tandem repeats i

CSBs in caecilians. Data for Typhlonectes natans are from Zardoya and Me
only in S. vittatus, close to the 50 end of the control re-

gion. In contrast to T. natans (Zardoya and Meyer,

2000), no tandem repeats were found in the control re-

gions of the newly sequenced caecilian mt genomes.

As in most vertebrates, the putative origin of L-

strand replication (OL) of the five new caecilian mt ge-
nomes was located within the WANCY tRNA cluster,

between the tRNAAsn and tRNACys genes (Fig. 1).

The OL ranges from 30 to 39bp and, in all five caecil-

ians, has the potential to fold into a stem–loop second-

ary structure, sharing some nucleotides with the flanking

tRNAs (Fig. 3). However, none of them can fold into al-

ternative secondary structures with the adjacent

tRNACys sequence such as reported for T. natans (Zard-
oya and Meyer, 2000). The 50-GCCGG-30 motif that in

human mtDNA is involved in the transition from RNA

synthesis to DNA synthesis (Hixson et al., 1986), is en-

tirely conserved in the mtDNA of R. bivittatum and U.

cf. oxyurus, whereas the remaining caecilian mt genomes

show less conserved motifs (Fig. 3).

The mt genomes of R. bivittatum and U. cf. oxyurus

have long non-coding regions between tRNAThr and
tRNAPro genes of 312 and 437bp, respectively. No sec-

ondary structures, tandem repeats, or functional ORFs

were found in these intergenic regions, and BLAST

searches produced no close matches. The non-coding

spacer of R. bivittatum exhibits the same base composi-

tion as in the L strand of the whole mt genome, whereas

in U. cf. oxyurus there is a much higher frequency of C

(33%) and lower frequency of G (8%) than in the L
strand.

3.2. RAG1 molecular features

All amphibian RAG1 sequences examined in this

study are very conserved and show no indels. Absence

of a single codon distinguishes amphibians from lobe-

finned fishes. Overall base frequencies of sequences of
us structure of the control region. All caecilians have three conserved

d 2). TAS* is found only in Scolecomorphus vittatus and Typhlonectes

n the right domain, close to the 30 end. (B) Alignments of the identified

yer (2000).



Fig. 3. Proposed secondary structures for the origins of L-strand replication (OL) in caecilians. The 50-GCCGG-30 related motif is indicated by a box.

Lines show the nucleotides partially shared with flanking tRNAs. Data for Typhlonectes natans are from Zardoya and Meyer (2000).
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the frog and salamanders are fairly similar, but sequenc-

es of caecilians and lobe-finned fishes have a higher fre-

quency of A (30.2–32.5%) and lower frequency of C

(17.7–20.0%). Third codon positions in frogs, caecilians,
and lobe-finned fishes have a G+C content of 31.8–

47.6%, whereas the salamanders have a moderately

strong G+C bias (61.0–62.8%), a difference that is sig-

nificant in pairwise comparisons (v25%ð30Þ ¼ 202:49,
P<0.001). Pairwise differences among other codon posi-

tions across all taxa are not significant.

Average substitution rate of RAG1 is relatively low

in comparison with those of most mt proteins (Fig. 4).
RAG1 rates (at the nucleotide level) are between those

of COII and COIII (at the amino acid level), whereas

RAG1 rates at the amino acid level are between rates

of COIII and COI (at the amino acid level) (Fig. 4). Rel-

ative substitution rates (TL) estimated for the different

mt proteins are highly variable (Fig. 4). All statistical

contrasts between RAG1 and each mt protein, and be-

tween RAG1 and the concatenated mt data set are high-
ly significant (F1,14400 values range from 17.79 to

75,809.88; P<0.001 in all cases). For the caecilian-only

data, all mt proteins (and the concatenated mt data

set) have TL values about half those for the all-taxa da-

ta, whereas for RAG1 the differences in TL values are

much greater (about 4.6 times at the nucleotide level

and 3.6 times at the amino acid level).

Estimated among-site rate heterogeneities (a) are
quite similar among the different protein data sets
(Fig. 4). With the exception of ATP8 and ND3, a is less

than two for all subsets of mt data. RAG1 among-site

rate heterogeneity at the nucleotide level is 3.32±0.09,

lying between the values for COIII and ND3 (at the ami-
no acid level). RAG1 among-site variation at the amino

acid level is 1.17±0.03, lying between the values for

ND4 and ND4L (at the amino acid level) (Fig. 4). All

statistical contrasts between a values for RAG1 at the

nucleotide level and each mt data set are highly signifi-

cant (F1,14400 values ranged from 41.49 to 2579.20;

P<0.001 in all cases). At the amino acid level, only con-

trasts between RAG1 and ATP8, COIII, ND2, ND3,
and ND6 are significant (F1,14400 values ranged from

5.26 to 3826.08; P<0.05 in all five cases).

3.3. Phylogenetic analyses

The deduced amino acid sequences of all 13mt protein-

coding genes of six caecilians, two salamanders, two frogs,

and two lobe-finned fisheswere combined into a single da-
ta set that produced an alignment of 3857 positions. Of

these, 394 were excluded from the analyses because of

alignment ambiguities, 1615 are invariant, and 1179 are

parsimony informative. Within caecilians, the number

of parsimony-informative sites is 518. Mean character

distances among caecilians range from 0.15 (Ichthyophis

vs. Uraeotyphlus) to 0.25 (Ichthyophis vs. Typhlonectes),

and among amphibian orders from 0.23 to 0.32.
MtREV24+C+I was selected as the best-fitting model.



Fig. 4. Substitution rates (measured as Bayesian tree length -TL-) and among-site rate heterogeneities (a parameter of the gamma distribution) of

RAG1 (at both nucleotide and amino acid levels), each mt protein (at the amino acid level), and a concatenated data set including all mt proteins (at

the amino acid level).

Fig. 5. Phylogenetic relationships (ML phylogram) of caecilians inferred from a single concatenated data set of the deduced amino acid sequences of

all 13 mt protein-coding genes. Numbers above branches represent support for MP (BPs; upper value of each quartet), ME (mean character

distances; BPs; middle-upper value), ML (mtREV24+C+I model; QPs; middle-lower value), and BI (mtREV24+C+I model; BPPs; lower value).

Hyphens indicate support values of less than 50. Numbers below branches represent decay indices. Lobe-finned fishes (Protopterus and Latimeria)

were used as outgroups.
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All phylogenetic analyses, MP (6229 steps; CI=0.71),

ME (score=1.43), ML (�Ln likelihood=38653.67), and

BI (�Ln likelihood=38676.48) yielded the same inferred
relationships with differences only in branch lengths and

levels of support (Fig. 5). With all methods and mea-

sures, quantitative support for the monophyly of living
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amphibians (Lissamphibia), salamanders (Caudata),

and caecilians is maximal, whereas for the monophyly

of frogs (Anura) and the sister group relationship be-

tween Anura and Caudata (the Batrachia hypothesis;

Milner, 1988) BPPs are maximal and QPs are high

(>90), but BPs are less impressive (63–71). Within caecil-
ians, quantitative support for the sister group pairing of

Ichthyophis and Uraeotyphlus is maximal with all meth-

ods. Rhinatrema was recovered as the sister group of all

other caecilians, with only ME providing support values

less than 95. Only BPPs and QPs indicate strong support

for a higher-caecilian clade, comprising Typhlonectes,

Gegeneophis, and Scolecomorphus, and for a sister group

pairing of Typhlonectes and Gegeneophis.
RAG1 gene nucleotide sequences produced a raw

alignment of 1512 positions. One gapped codon was ex-

cluded, and of the remaining positions, 795 are invariant

and 503 parsimony-informative. Uncorrected ‘‘p’’

distances among caecilian taxa ranged from 0.04 (Ich-

thyophis vs. Uraeotyphlus) to 0.11 (Rhinatrema vs. Sco-

lecomorphus), and among amphibian orders from 0.22

to 0.25. Interestingly, only 90 RAG1 positions are par-
simony-informative among the sampled caecilians. Us-

ing Modeltest, we selected the parameter-rich GTR

(Rodrı́guez et al., 1990)+C+I model of substitution

for the ML and ME analyses. For the Bayesian analyses,
Fig. 6. Phylogenetic relationships of caecilian lineages inferred from RAG1 n

for the clades outside Gymnophiona. Numbers above branches indicate su

distances; BPs; middle-upper value), ML (GTR+C+I model; BPs; middle-lo

text; BPPs; lower value). Lobe-finned fishes (Protopterus and Latimeria) were

each phylogenetic method for the clades within Gymnophiona. (C) Unrooted

support for the four methods given in same order as listed for (A). Number
the best-fit models selected were GTR+C for the first

and the second position partitions and GTR+C+I for

third positions.

All methods, ML (�Ln likelihood=8379.63), MP

(1507 steps; CI=0.69), BI (�Ln likelihood=8071.51),

and ME (score=1.50), produced single trees that dif-
fered only in the interrelationships among the caecilian

lineages (Fig. 6) and which are otherwise congruent with

the single tree inferred from the mt data. As with the mt

data, there is maximal or very strong support for the

monophyly of Lissamphibia, Caudata, and Gymnophi-

ona, but quantitative support for the Batrachia hypoth-

esis is less impressive and appears strong only with BPPs

and MP BPs (Fig. 6A). Within caecilians, only the sister
group relationship of Ichthyophis and Uraeotyphlus was

consistently recovered by all methods of analysis. As

with the mt data, quantitative support for this relation-

ship is maximal or nearly so. MP, ML, and BI on the

one hand, and ME on the other, yielded two different

trees for caecilians (Fig. 6B). Of these, the ME tree is

most similar to that inferred from the mt data, differing

from it only in the resolution of the relationships of the
higher caecilians Gegeneophis, Scolecomorphus, and Ty-

phlonectes. MP, ML, and BI yielded a tree (Fig. 6B) that

conflicts dramatically with the mt data (Fig. 5). In all

analyses, quantitative support values for the non-con-
ucleotide sequence data. (A) ML phylogram showing statistical support

pport for MP (BPs; upper value of each quartet), ME (GTR+C+I

wer value), and BI (different models according to codon position, see

used as outgroups. (B) Inferred relationships and statistical support for

tree inferred from analysis of caecilian-only RAG1 data, with statistical

s below branches represent decay indices in all trees.
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gruent relationships are unimpressive. Much of the dif-

ference between the alternative trees for the RAG1 data

is attributable to different rootings of the caecilian clade.

To further explore this, we performed an unrooted anal-
Fig. 7. Phylogenetic relationships (BI phylogram) of caecilians

inferred from a combined data set of mt protein amino acids and

RAG1 nucleotide sequences. Numbers above branches represent

support for MP (BPs; upper value) and BI (mtREV24+C+I model

for the mt proteins, and different models according to codon position

for the RAG1 gene, see text; BPPs; lower value). Numbers below

branches represent decay indices. Lobe-finned fishes (Protopterus and

Latimeria) were used as outgroups.

Table 3

Log likelihood and p values of Approximately Unbiased (AU), Shimodaira–H

of the 15 unrooted topologies that maintain the Ichthyophis+Uraeotyphlus p

Alternative topologies mt proteins

�logL AU SH KH T

(G,((((I,U),R),S),T)) 23748.22 0.900 0.998 0.798 0

(G,((((I,U),R),T),S)) 23756.37 0.329 0.863 0.202 0

(G,(((I,U),R),(S,T))) 23763.21 0.036 0.739 0.044 0

(G,(((I,U),(R,S)),T)) 23770.63 0.047 0.603 0.032 0

(G,((((I,U),S),R),T)) 23777.95 <0.001 0.471 0.003 0

(G,((((I,U),T),R),S)) 23778.06 0.041 0.467 0.040 0

(G,(((I,U),(R,T)),S)) 23779.09 0.036 0.456 0.033 0

(G,(((I,U),T),(R,S))) 23786.58 0.032 0.335 0.015 0

(G,((I,U),((R,S),T))) 23790.74 0.007 0.281 0.007 1

(G,((I,U),((R,T),S))) 23791.23 0.024 0.275 0.007 0

(G,((((I,U),T),S),R)) 23793.72 0.002 0.247 0.004 0

(G,((I,U),(R,(S,T)))) 23794.61 0.002 0.236 0.003 0

(G,(((I,U),S),(R,T))) 23796.24 0.002 0.216 0.002 0

(G,(((I,U),(S,T)),R)) 23799.82 0.005 0.177 0.001 0

(G,((((I,U),S),T),R)) 23802.56 0.007 0.156 <0.001 0

The first topology corresponds to the optimal ML tree. Ninety of the 105 p

p<0.001. G, Gegeneophis; I, Ichthyophis; R, Rhinatrema; S, Scolecomorphus;
ysis using the caecilian-only data. All methods yielded

an unrooted tree (Fig. 6C) that is fully consistent with

the tree supported by the mt data (Fig. 5) and measures

of support are considerably enhanced compared to the

corresponding splits in the analyses of the full RAG1

data.
The combined mt and nuclear data comprised a total

of 4991 sites. For BI, the best-fitting model for the mt

amino acid partition was mtREV24+C+I, and for the

nucleotide RAG1 data were GTR+C for the first posi-

tion, GTR+C+I for the second position, and GTR+C
for the third position. BI and MP yielded the same tree

(Fig. 7; �Ln likelihood=41,461.80; 6551 parsimony

steps, CI=0.74). Relationships among the caecilians
are identical to those recovered from the mt data using

all methods (Fig. 5) and are fully consistent with the un-

rooted analysis of the RAG1 caecilian-only data. BPPs

are maximal for all relationships in this tree. Parsimony

BPs are maximal or nearly so for Lissamphibia, Gymno-

phiona, the sister group relationship of Rhinatrema to

all other caecilians and the Ichthyophis+Uraeotyphlus

pairing, substantial (>75) for the Batrachia hypothesis
and the ‘‘higher’’ caecilians, but less impressive for the

resolution of relationships within the higher caecilians.

Results of AU, SH, KH, and Templeton tests of al-

ternative tree topologies, using caecilian-only data, are

summarized in Table 3. Although unrooted, for conve-

nience we describe these trees as if they were rooted

on Rhinatrema. With either the mt or the RAG1 data,

SH tests allow us to reject only trees that do not include
the grouping of Ichthyophis and Uraeotyphlus. AU, KH,

and Templeton tests also allow rejection of these trees

but, in addition, allow rejection of some of the 15 trees
asegawa (SH), Kishino–Hasegawa (KH), and Templeton tests for each

airing for the caecilian-only data

RAG1

empleton �logL AU SH KH Templeton

.697 4094.83 0.902 0.994 0.781 1.000

.558 4101.83 0.093 0.677 0.077 0.029

.939 4105.61 0.094 0.677 0.077 0.012

.821 4106.19 0.080 0.810 0.126 0.033

.125 4101.83 0.360 0.844 0.219 0.134

.287 4097.87 0.088 0.550 0.068 0.011

.346 4105.77 0.037 0.523 0.052 0.086

.286 4105.61 0.089 0.550 0.068 0.007

.000 4107.66 0.004 0.493 0.031 0.007

.431 4104.66 0.037 0.522 0.053 0.046

.158 4098.67 0.087 0.550 0.068 0.016

.305 4105.61 0.004 0.493 0.031 0.007

.127 4107.46 0.144 0.574 0.085 0.071

.031 4106.20 0.003 0.491 0.028 0.004

.025 4107.46 0.034 0.541 0.057 0.009

ossible topologies are not shown because all four tests reject them at

T, Typhlonectes; and U, Uraeotyphlus.
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that place Ichthyophis and Uraeotyphlus together. With

RAG1, AU tests allow us to reject six of these 15 trees,

including all those in which Gegeneophis is more closely

related to Ichthyophis and Uraeotyphlus than to any

other caecilians. With the mt data, the AU tests allow

us to reject all except one suboptimal tree, in which Ge-

geneophis is most closely related to Scolecomorphus rath-

er than to Typhlonectes. KH test results match closely

those of the AU test. Templeton test results match close-

ly those of SH test with the mt data, but allow us to re-

ject 11 of the 15 trees with RAG1.
4. Discussion

4.1. Distinct features of the new caecilian mitochondrial

genomes

The new caecilian mt genomes are similar in size and

gene arrangement to those of T. natans (Zardoya and

Meyer, 2000), and thus conform to the vertebrate con-

sensus organization (Jameson et al., 2003). The only ex-
ception is the mt genome of G. ramaswamii, which lacks

the tRNAPhe gene. This presumably derived absence is

unique among known vertebrate mt genomes. Absence

of other tRNA genes has been previously reported in

marsupials (Janke et al., 1997, 2002), and the tuatara

(Rest et al., 2003). In marsupials, it has been shown that

an alternative tRNA of nuclear origin is imported into

mitochondria to participate in the translation process
(Dorner et al., 2001). Given that the usage of phenylal-

anine in the mt proteins of G. ramaswamii is comparable

to that in the other caecilians (not shown), an analogous

importation may be implicated.

All caecilian mt control regions lack tandem repeats

with the exception of that of T. natans (Zardoya and

Meyer, 2000). The newly reported caecilian CSB-1 mo-

tifs are not reduced to a truncated pentamotif (50-GA-
CAT-30) as in fishes (e.g., Hurst et al., 1999), but share

high similarity with the mouse CSB-1 (Walberg and

Clayton, 1981). A truncated CSB-1 was tentatively re-

ported for T. natans (Zardoya and Meyer, 2000), but

the alignment of all caecilian mt control regions allowed

us to identify a complete CSB-1 motif in this species.

One of the pyrimidine-rich regions, PP-1 (poly(T)

stretch), has been previously described for several fishes
(Hurst et al., 1999) and might be involved in regulatory

aspects of the origin of H-strand replication. A second

pyrimidine-rich region, PP-2 (poly(C) stretch), shows a

moderately high similarity in most caecilians to the

downstream CSB-2 motif, and could be the result of a

former duplication. Except for S. vittatus and T. natans,

the general absence of TAS (Doda et al., 1981) at the 50

end of caecilian mt control regions contrasts with their
presence and putative essential role in arresting replica-

tion in many other vertebrate mt genomes.
Unusually long intergenic spacers were found be-

tween the tRNAThr and tRNAPro genes in R. bivittatum

and U. cf. oxyurus. Other cases of long intervening non-

coding sequences have been reported in salamanders

(Zardoya et al., 2003; Zhang et al., 2003), but not in

frogs to date, and in all cases sequence similarities are
low, suggesting that they are not homologous.

4.2. Comparative analysis of mitochondrial and RAG1

molecular features

Overall base compositions are biased against guanine

in all caecilian mt genomes (not shown). This is a typical

feature of vertebrate mtDNA, and is mainly due to a
strong selection against the use of guanine at third co-

don positions of protein-coding genes (Zardoya and

Meyer, 2000). In contrast, RAG1 gene sequences are ho-

mogenous in base composition, similar to what has been

reported for this gene in birds and crocodiles (Groth and

Barrowclough, 1999). The only exceptions are the sala-

mander RAG1 sequences, which show a moderately

strong G+C bias. This may reflect constraints in codon
usage in this amphibian group. More amphibian RAG1

gene sequences (especially from anurans and salaman-

ders) need to be determined to further investigate this

distinctive condition.

Substitution rate of RAG1 at both nucleotide and

amino acid levels was relatively slower than that of al-

most all mt proteins, being similar to those of the amino

acid sequences of the most conservative mt protein-cod-
ing genes (cytochrome oxidase subunits, Zardoya and

Meyer, 1996b). This makes RAG1 a potentially useful

molecular marker for the study of deep vertebrate diver-

gences. Among-site rate heterogeneity of RAG1 is quite

similar to those of most mt proteins, being a little higher

at the nucleotide level. Only ATP8 shows an unexpect-

edly high value of among-site rate heterogeneity, which

is consistent with the fact that this is the shortest mt pro-
tein-coding gene, and shows few conserved positions

across vertebrates (Zardoya and Meyer, 1996b).

4.3. Phylogenetics

All relevant analyses provide strong support for four

uncontroversial high-level relationships—monophyly of

Lissamphibia, Anura, Caudata, and Gymnophiona. Ad-
ditionally, all relevant analyses are consistent with the

Batrachia hypothesis (Gymnophiona, (Anura, Cauda-

ta)). This resolution of the Lissamphibia problem is

the best hypothesis given the available data, but support

is not consistently high in all analyses and, given the lim-

ited sampling of anuran and caudate taxa, it cannot be

accepted without reservation.

With the exception of RAG1 only, all analyses
strongly support the conventional view based on mor-

phology that the Rhinatrematidae is the sister group
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of all other caecilians. With outgroups included, RAG1

supports two alternative caecilian trees depending on the

method of analysis. Only ME produces the expected sis-

ter group relationship between Rhinatrema and the

other caecilians, with other methods recovering Typhlo-

nectes as the sister taxon of other caecilians. In neither
arrangement are support values for the basal split high,

and low support also characterizes the other intracaecil-

ian relationships except for the pairing of Uraeotyphlus

and Ichthyophis. The latter is extremely well supported

in all analyses, in statistical tests, and by previous anal-

yses of morphology and molecules (see below). When

outgroups are excluded from RAG1 analyses, all meth-

ods yield a single unrooted caecilian tree, fully consistent
with relationships inferred from mt amino acid sequence

data. This suggests that when outgroups are included

there is a local rooting problem in the caecilian tree. Wil-

kinson (1996b) showed how unstable leaves (taxa) can

decrease the bootstrap support for otherwise well-sup-

ported relationships. The present example is a special

case in which the unstable ‘‘leaf’’ is the root of the cae-

cilian tree. In order to investigate whether low support
for the Batrachia hypothesis was a product of the insta-

bility of the root of the caecilian tree, we repeated the

RAG1 analyses after exclusion of the higher caecilians.

This had no substantial impact upon support values

(not shown).

The sister group relationship between Uraeotyphlus

and Ichthyophis appears to be the best supported rela-

tionship among the sampled caecilians. It is recovered
in all analyses with maximal or near maximal support.

Monophyly of the higher caecilians (Gegeneophis, Sco-

lecomorphus, and Typhlonectes) is also supported in all

analyses that were not affected by local rooting prob-

lems but measures of support, though generally high,

are not universally high. Most uncertainty remains in

the resolution of the higher caecilians. Mt amino acid

and combined analyses place Gegeneophis with Typhlo-

nectes, but with a mixture of high (BPP and QP) and

low (MP and ME BPs) support.

There appears to be considerable uncertainty as to

which of the various parametric and non-parametric

likelihood-based tests are best used to determine

whether the difference in fit of two or more trees to

the data is significantly greater than expected under the

null hypothesis of random sampling error. Although
the KH test has been widely used, its validity requires

the trees to be specified a priori rather than chosen

on the basis of their likelihoods (Goldman et al.,

2000). The SH test can be used to evaluate trees chosen

a posteriori, but to be valid it requires the inclusion of

all ‘‘reasonable’’ trees, and it is unclear how the set of

reasonable trees can be selected (Buckley, 2002). On this

point, Goldman et al. (2000) note only that selecting all
possible trees will always be conservative, but this is an

impractical selection for all but the smallest taxon sam-
plings. Empirical comparisons of non-parametric SH

tests, and of tests that use parametric bootstrapping,

have provided very divergent results and quite different

biological conclusions that suggest the SH test is very

conservative because of the multiple comparisons, and

that parametric bootstrapping may be too liberal as a re-
sult of model misspecification (e.g., Buckley, 2002;

Goldman et al., 2000; Strimmer and Rambaut, 2001).

A further uncertainty arises when the trees to be com-

pared are chosen partly a priori and partly a posteriori,

such as when we are interested in a putative monophy-

letic group but not in the resolution of relationships

within that group. The more recently developed AU test

is non-parametric and uses a multiscale bootstrap ap-
proach. It is less biased than other methods, but is also

impractical when the number of trees to be compared is

large (Shimodaira, 2002).

We used multiple non-parametric likelihood-based

KH, SH, and AU tests and parsimony-based Temple-

ton tests to further evaluate the strength of our infer-

ences on caecilian relationships, and to provide an

empirical comparison of the tests. We used the caeci-
lian-only data because for six taxa there are only 105

possible unrooted trees, making the selection of all pos-

sible trees practical. Based on previous analyses of mor-

phology and mt DNA sequence data, we expect two

splits to be present in the caecilian tree, the pairing of

Uraeotyphlus and Ichthyophis, and the partitioning of

the higher caecilians, with particularly strong prior con-

fidence in the former. Thus, based on a priori consider-
ations, we are interested in comparing the three

alternative resolutions of the higher caecilians. With

RAG1, KH tests do not allow us to reject any of these

alternatives, whereas with the more substantial mt ami-

no acid data, KH tests allow the rejection of the group-

ing of Scolecomorphus with Typhlonectes, leaving a

pairing of Gegeneophis with either Typhlonectes, as in

the optimal tree, or with Scolecomorphus as viable alter-
native hypotheses. Ignoring a priori expectations and

examining all 105 possible trees, SH tests are much less

discriminatory. Using RAG1 or mt amino acid data,

SH tests agree in rejecting only those trees that do not

include the pairing of Uraeotyphlus and Ichthyophis. Us-

ing AU tests, these trees are also rejected, but RAG1 al-

lows rejection of six additional trees (those that place

Gegeneophis in a partition with Uraeotyphlus and Ich-

thyophis) and mt amino acid data allow rejection of

all except one suboptimal tree (that placing Gegeneophis

with Scolecomorphus).

Although the a posteriori SH tests provide strong

support for our a priori confidence in the Uraeotyphlus

and Ichthyophis pairing, the failure to discriminate

against other hypotheses is disappointing given the

amount of data available and the levels of support indi-
cated by BPs, BPPs, and QPs. This suggests that the

conservative SH test is too conservative.
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Comparative results from the AU test bear this out.

AU tests indicate that the mt amino acid data, in par-

ticular, strongly support the higher caecilian grouping

also, and fail only to discriminate between the place-

ment of Gegeneophis with Typhlonectes or with Scolec-

omorphus within the higher caecilians. Despite the
concern that KH tests of trees that are not selected a

priori are biased (Goldman et al., 2000), our KH test

results are very similar to those obtained using the

AU test. Good, but less tight correlation between KH

and AU test results are reported for other data sets

by Shimodaira (2002). The extent to which easily imple-

mented KH tests may be a reasonable proxy for the

more computationally demanding AU tests merits fur-
ther investigation. Templeton test results are quite dis-

similar between mt data and RAG1, seeming too

conservative with the former and highly discriminative

with the latter.

To summarize our phylogenetic investigations (using

the initial letters to represent genera), we consider that

the mt and nuclear data provide good support for

(R,((I,U),(S,(G,T)))), and this is our preferred tree, al-
though we do not discount (R,((I,U),(T,(S,G)))). As-

suming that Caecilia, the type genus of the Caeciliidae,

is more closely related to Typhlonectes than is Gegeneo-

phis (Wilkinson et al., 2003) the latter tree would indi-

cate that the Caeciliidae is paraphyletic with respect to

the Scolecomorphidae as well as with respect to the Ty-

phlonectidae.

Using mt ribosomal DNA sequence data, Wilkinson
et al. (2003) were unable to resolve a number of relation-

ships among the sampled caecilians. Our analyses dem-

onstrate the potential of both mt protein gene and

nuclear RAG1 data for providing well-supported resolu-

tion of caecilian phylogenetic relationships. Thus,

expanded taxon sampling for these data is expected to

provide much needed additional insights into caecilian

phylogeny, particularly with respect to poorly under-
stood relationships among the higher caecilians.
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