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Abstract.— Phylogenetic relationships among salamander families illustrate analytical challenges inherent to inferring phy-
logenies in which terminal branches are temporally very long relative to internal branches. We present new mitochondrial
DNA sequences, approximately 2100 base pairs from the genes encoding ND1, ND2, COI, and the intervening tRNA genes
for 34 species representing all 10 salamander families, to examine these relationships. Parsimony analysis of these mtDNA
sequences supports monophyly of all families except Proteidae, but yields a tree largely unresolved with respect to in-
terfamilial relationships and the phylogenetic positions of the proteid genera Necturus and Proteus. In contrast, Bayesian
and maximum-likelihood analyses of the mtDNA data produce a topology concordant with phylogenetic results from
nuclear-encoded rRNA sequences, and they statistically reject monophyly of the internally fertilizing salamanders, subor-
der Salamandroidea. Phylogenetic simulations based on our mitochondrial DNA sequences reveal that Bayesian analyses
outperform parsimony in reconstructing short branches located deep in the phylogenetic history of a taxon. However,
phylogenetic conflicts between our results and a recent analysis of nuclear RAG-1 gene sequences suggest that statistical
rejection of a monophyletic Salamandroidea by Bayesian analyses of our mitochondrial genomic data is probably erroneous.
Bayesian and likelihood-based analyses may overestimate phylogenetic precision when estimating short branches located
deep in a phylogeny from data showing substitutional saturation; an analysis of nucleotide substitutions indicates that these
methods may be overly sensitive to a relatively small number of sites that show substitutions judged uncommon by the
favored evolutionary model. [Bayesian; DNA simulation; internal fertilization; mitochondrial DNA; parsimony; ribosomal

RNA; salamander.]

Phylogenetic relationships among taxonomic families
of salamanders are difficult to resolve because branches
grouping multiple families are likely very short rela-
tive to the subsequent evolutionary history of the group
(Larson et al., 2003). Parsimony-based analyses of mor-
phological characters and nuclear-encoded rRNA se-
quences produce different phylogenetic topologies with
statistically significant conflict between these data sets
(Larson and Dimmick, 1993; Larson, 1998). Analyses of
an expanded set of morphological characters and se-
quences from the nuclear RAG-1 gene likewise show
that resolution of deep phylogenetic relationships varies
among data partitions and phylogenetic methods (Wiens
et al., 2005).

Analyses of combined morphological and molec-
ular data support monophyly of internally fertiliz-
ing salamanders, suborder Salamandroidea (families
Ambystomatidae, Amphiumidae, Dicamptodontidae,
Plethodontidae, Proteidae, Rhyacotritonidae, and Sala-
mandridae; Larson and Dimmick, 1993; Wiens et al.,
2005), although this grouping is rejected statistically
by two independent molecular data sets, the nuclear-
encoded rRNA sequences and the mitochondrial ge-
nomic sequences reported here.

Nonmonophyly of Salamandroidea requires homo-
plastic evolution of internal fertilization, a complex syn-
drome of characters involving morphology of male and
female cloacal glands, life history and behavior (see Sever
and Brizzi, 1998) or secondary loss of this trait. Indepen-
dent evolution of internal fertilization by multiple lin-
eages seems unlikely (Sever and Brizzi, 1998). Absence
of evolutionary loss of this syndrome within families in-
dicates that it is indispensable to the species that have
it and therefore highly “burdened” using the terminol-
ogy of Riedl (1978) and Donoghue (1989); such characters

are unlikely to be secondarily lost. External fertilization,
as observed in suborder Cryptobranchoidea (families
Cryptobranchidae and Hynobiidae) and strongly in-
ferred for suborder Sirenoidea (family Sirenidae; Sever
et al., 1996), is considered ancestral for salamanders and
anuran amphibians.

To reexamine these relationships and the phylo-
genetic-information content of molecular characters, we
present new mitochondrial DNA (mtDNA) sequences,
approximately 2100 base pairs from the genes encod-
ing ND1, ND2, CO], and the intervening tRNA genes.
Our phylogenetic analyses apply parsimony, maximum-
likelihood, and Bayesian criteria (Huelsenbeck et al,,
2001; Swofford et al., 1996) to test alternative phyloge-
netic hypotheses using bothnew mtDNA data and previ-
ously published morphological and nuclear rRNA data
(Larson, 1991; Larson and Dimmick, 1993). We use a va-
riety of statistical tests to evaluate alternative phyloge-
netic hypotheses derived from both a priori information
(e.g., monophyly of suborder Salamandroidea) as well
as a posteriori hypotheses generated from our new phy-
logenetic results. We identify and describe the molec-
ular characters that make large contributions to sta-
tistically significant phylogenetic results obtained from
maximum-likelihood and Bayesian methods.

Because the evolutionary age of salamanders is at least
150 My (Gao and Shubin, 2001) and fossil evidence dates
some extant families to the upper Cretaceous (Gao and
Shubin, 2003), branches grouping two or more families
are probably short relative to their phylogenetic depth.
Previous attempts at using mtDNA sequence (12S and
16SrRNA) data to resolve salamander-family phylogeny
produced a tree with extremely long terminal branches
and short, poorly supported interfamilial branches (Hay
et al., 1995), indicating that family-level cladogenesis
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occurred over a relatively short time interval. In such
cases, misleading phylogenetic information generated
by parallel substitutions among branches within tax-
onomic families may overwhelm the signal generated
by substitutions on a lineage ancestral to two or more
families. Phylogenetic signal is eroded further by mul-
tiple substitutions occurring at the sites containing the
original phylogenetic signal. Phylogenetic reconstruc-
tion of such evolutionary histories can be misled by
long-branch attraction (Felsenstein, 1978; Huelsenbeck,
1997; Swofford et al., 2001). In extreme cases, a bifur-
cating tree may be analytically indistinguishable from
a polytomy (see discussion by Donoghue and Sander-
son [1992], Fishbein et al. [2001], Jackman et al. [1999],
Misof et al. [2001], Poe and Chubb [2004], Slowinski
[2001], and Walsh et al. [1999]). We explore the lim-
its of deep phylogenetic reconstruction in the evolu-
tionary history of salamanders using simulations based
on the inferred evolutionary models of our mtDNA
sequences.

MATERIALS AND METHODS
Taxon Sampling

This study used the published morphological and
nuclear rRNA sequence data matrices of Larson and
Dimmick (1993). The morphological data used by Larson
and Dimmick (1993) are compiled from other sources
representing head and trunk morphology (Duellman
and Trueb, 1986) and cloacal characters related to fer-
tilization (Sever 1991a, 1991b; 1994). The complete data
matrix containing all taxa and morphological characters
from Larson and Dimmick (1993) was used in combined
analyses with molecular characters.

Nuclear rRNA sequence data were taken from Larson
and Dimmick (1993) and Larson (1991) and included
the anuran outgroup Xenopus laevis, the caecilian out-
group, Typhlonectes compressicauda, and 24 ingroup taxa
representing all ten salamander families (Table 1). Ten in-
group samples from Larson (1991) were excluded from
our analyses because they are identical or nearly identi-
cal to analyzed samples representing the same taxonomic
family. This reduction in sampling made heuristic parsi-
mony and likelihood searches and bootstrap resampling
computationally manageable.

Taxon sampling for the mtDNA data closely matched
that of the nuclear rRNA sequence data (Table 1). When
possible, tissue samples from the same specimen were
used for the nuclear rRNA and mtDNA data; in all other
cases but one (Rhyacotritonidae), another specimen of
the same species was used. The mtDNA data set con-
tained samples of 38 taxa, including 4 outgroup and 34
ingroup taxa covering all 10 salamander families. This
included mitochondrial sequence for Proteus anguinus,
a European troglodytic salamander grouped with the
North American genus Necturus in the family Protei-
dae. Placement of these genera within the same family
is the most dubious of all salamander-family groupings.
Sequences for two outgroup taxa, Rana catesbeiana and
Typhlonectes natans, and three ingroup taxa, Chioglossa

lusitanica, Notophthalmus viridescens, and Salamandra sala-
mandra, were taken from GenBank (Table 1).

Taxon sampling in combined phylogenetic analyses
followed two approaches. Because not all data were
available for all taxa across data sets, we assembled
pruned data sets that minimized the amount of miss-
ing data. Wiens (2003) showed that accuracy of phylo-
genetic analyses of incomplete data may be high if each
taxon sampled contains sufficient characters; therefore,
wealso assembled combined data sets using the full com-
plement of taxa from the mtDNA data set with rRNA and
morphological data missing for some taxa.

DNA Extraction and Sequencing

DNA extraction, polymerase chain reaction, and se-
quencing methods were as described by Weisrock et
al. (2001) except that some sequencing reactions were
performed using a Big-Dye Terminator Ready-Reaction
Kit (Perkin-Elmer) and run on an ABI (PE Applied
Biosystems, Inc.) 373A automated DNA sequencer. We
sequenced approximately 2100 contiguous bases of mito-
chondrial DNA including the genes encoding ND1 (sub-
unit one of NADH dehydrogenase), tRNA'¢, tRNA®!,
tRNAMet, ND2 (subunit two of NADH dehydrogenase),
tRNATP, tRNAAR tRNAAT, tRNASYS, tRNAY, and COI
(subunit I of cytochrome c oxidase), plus the origin for
light-strand replication (Oy) between the tRNAA*" and
tRNAS genes. This block of sequence also contains a
small number of bases of intergenic sequence separat-

ing some tRNA genes. Primers used for sequencing are
listed in Table 2.

Sequence Alignments

Alignment of the nuclear rRNA sequence data was
similar to the original alignments of Larson (1991) and
of Larson and Dimmick (1993) except for some length-
variable segments in divergent domains of rRNA where
alignment was considered ambiguous. These regions
were excluded from all analyses.

Alignment of the mtDNA sequences was performed
manually using amino acid sequence translations for
protein-coding genes and secondary-structural models
for tRNA genes (Kumazawa and Nishida, 1993). Length-
variable regions whose alignment was ambiguous, in-
cluding tRNA loops, all intergenic sequence, and much
of the origin for light-strand replication (O), were ex-
cluded from all phylogenetic analyses.

All new mtDNA sequences have been deposited
in GenBank under accession numbers AY916014 to
AY916045. Data alignments for the mtDNA and nuclear
rRNA character matrices have been placed in TreeBase
under accession number 51237.

Phylogenetic Analyses

Parsimony analysis was performed on the mtDNA
and nuclear rRNA data using PAUP* v4.0 (Swofford,
2002). A heuristic search option with 100 random-
addition replicates was used with equal weighting of
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TABLE 1. Taxon sampling utilized for nuclear rRNA and mtDNA sequence data.
Outgroup/ Taxa sampled Taxa sampled
Salamander nuclear rRNA Museum/ mtDNA data Museum/ GenBank
family data set tissue no. set tissue no. no.
Anuran Xenopus laevis No voucher® Rana catesbeiana — AF314016
Xenopus laevis — NC001573
Caecilian Typhlonectes compressicauda FC12006 Typhlonectes compressicauda FC11146 AY91604
Typhlonectes natans — AF154051
Ambystomatidae Ambystoma californiense MVZ161802 Ambystoma californiense MVZ161803 AY91605
Ambystoma maculatum MVZ187998 Ambystoma tigrinum MVZ187202 AY91606
Ambystoma tigrinum No voucher
Amphiumidae Amphiuma means MVZ144879 Amphiuma means MVZ144889 AY916037
Amphiuma tridactylum No voucher Amphiuma pholeter No voucher AY916035
Amphiuma tridactylum MVZ232868 AY916036
Cryptobranchidae Andrias davidianus MVZ204245 Andrias davidianus MVZ204245 AY916038
Cryptobranchus alleganiensis INHS11236 Cryptobranchus alleganiensis INHS11236 AY916039
Dicamptodontidae Dicamptodon aterrimus MVZ208187 Dicamptodon aterrimus MVZ203271 AY91607
Dicamptodon tenebrosus MVZ187929 AY91608
Hynobiidae Batrachuperus mustersi MVZ232869 Batrachuperus mustersi MVZ232869 AY916034
Hynobius leechii MVZ169094 Hynobius leechii MVZ163727 AY916029
Hynobius nebulosus DMG3466 Hynobius nebulosus KUHE24698 AY916030
Onychodactylus japonicus No voucher® Onychodactylus fischeri MVZ163731 AY916033
Salamandrella keyserlingii DMG3467 Onychodactylus japonicus No voucher® AY916032
Salamandrella keyserlingii MVZ 222330 AY916031
Plethodontidae Desmognathus ochrophaeus MVZ137266 Desmognathus ochrophaeus MVZ137267 AY916020
Eurycea longicauda No voucher® Eurycea longicauda No voucher® AY916023
Pseudoeurycea rex FC12359 Parvimolge townsendi 58674 AY916024
Pseudotriton montanus MVZ137300 Pseudoeurycea rex FC12359 AY916025
Pseudotriton montanus MVZ137300 AY916021
Stereochilus marginatus FC10268 AY916022
Proteidae Necturus beyeri FC13770 Necturus alabamensis MVZ187705 AY916043
Necturus beyeri MVZ187709 AY916044
Necturus lewisi FC13623 AY916042
Proteus anguinus® No voucher AY916045
Rhyacotritonidae Rhyacotriton kezeri MVZ197368 Rhyacotriton variegatus MVZ222581 AY916019
Salamandridae Notophthalmus viridescens MVZ161843 Chioglossa lusitanica MVZ230958 AF296620
Pleurodeles waltl MVZ162383 Notophthalmus viridescens MVZ230959 AF296616
Taricha rivularis MVZ161862 Pleurodeles waltl MVZ162384 AY916026
Salamandra salamandra MVZ186046 AF296622
Salamandrina terdigitata MVZ178849 AY916022
Taricha rivularis MVZ158853 AY916027
Sirenidae Siren intermedia MVZ144878 Siren intermedia MVZ144877 AY916040
Siren lacertina MVZ161877 Siren lacertina MVZ161877 AY916041

DMG number: Tissues used from the Redpath Museum.

FC and S numbers: Tissues used from the Museum of Vertebrate Zoology for which an animal voucher was not available.

INHS number: Specimen vouchered in the collections of the Illinois Natural History Survey.

KUHE number: Specimen vouchered in the collections of the Kyoto University Graduate School of Human and Environmental Studies.
MVZ numbers: Tissues used from the Museum of Vertebrate Zoology which have an animal voucher available.

2Originally published in Salim and Maden (1981).
bCollected 1/4 mile west of Nikko, Tochigi Prefecture, Japan.
“Collected 5 mi. south of Murphysboro, Jackson Co., Illinois.
4Blood sample provided by R. Highton.

all characters and TBR branch swapping. To assess sup-
port for branches in the parsimony trees, bootstrap anal-
ysis was applied using 1000 bootstrap replicates with
100 random additions per replicate, and decay indices
(Bremer, 1994) were calculated for each internal branch
using TreeRot, v2.0 (Sorenson, 1999) and PAUP* v4.0
(Swofford, 2002). To test alternative phylogenetic hy-
potheses using parsimony, we used the Wilcoxon signed-
ranks (WS-R) test (Templeton, 1983) as implemented in
PAUP* v4.0. A number of a priori phylogenetic hypothe-
ses were tested based on current classification and re-
sults from previous phylogenetic studies. To test these
hypotheses we used the most parsimonious topology

compatible with the alternative hypothesis for the data
being examined. To generate these alternative topolo-
gies, a constraint tree was generated using MacClade
v4.0 (Maddison and Maddison, 2000) and implemented
in a parsimony search using PAUP* v4.0. All alterna-
tive topologies tested in this study are presented in
Appendix 1 (available at www.systematicbiology.org).
Maximume-likelihood (ML) phylogenetic analysis was
performed on the individual mtDNA and nuclear rRNA
data sets using PAUP* v4.0 with a heuristic search option
and stepwise addition of taxa, 10 random-addition repli-
cates, and TBR branch swapping. Likelihood-ratio tests
implemented in the program Modeltest v3.06 (Posada
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TABLE 2. List of mtDNA primers. Primers are designated by their 3’ ends corresponding to numbered positions in the human mitochondrial
genome (Anderson et al., 1981). H and L denote primers whose extension produces the heavy and light strands, respectively. Positions with

mixed bases are labeled with standard one-letter codes: R=G or A, Y =T or C, and N = any base.

Primer Sequence Reference

L3002 ¥ TACGACCTCGATGTTGGATCAGG * (Macey et al., 1997a)
L3878 % GCCCCATTTGACCTCACAGAAGG® (Macey et al., 1998b)
1L.3878a ¥ GCCCCATTTGAYCTCACAGARGG * This Study

L3878b % CCCCCATTTGAYCTAACTGARGG ¥ This Study

L3878c % AGCCCCTTTGAYCTCACAGARGG ¥ This Study

H4141 ¥ AGTTGGTCRTAGCGGAANCG ¥ (Macey et al., 2001)
L4160 ¥ CGATTCCGATATGACCARCT ¥ (Kumazawa and Nishida, 1993)
L4178b 5 CAACTAATACACCTACTATGAAA ¥ (Macey et al., 1997a)
L4221 ¥ AAGGATTACTTTGATAGAGT ¥ (Macey et al., 1997a)
L4419 ¥ GGTATGGGCCCAAAAGCTT ¥ (Macey et al., 1998b)
L4437 5 AAGCTTTCGGGCCCATACC ¥ (Macey et al., 1997a)
14882al ¥ TGACAAAAACTAGCACC® (Macey et al., 1997a)
L4882a2 ¥ TGACAAAAACTAGCCCC? (Macey et al., 2000)
14882b YTGACAAAAAATTGCNCC? (Macey et al., 2000)
1.4882c ¥ TGACAAAANCTNGCCCC* This Study

H4980 % ATTTTTCGTAGTTGGGTTTGRIT ¥ (Macey et al., 1997a)
L5551 ¥ GACCAAAGGCCTTCAAAGCC? (Macey et al., 1997b)
L5617b ¥ AAAGTGTCTGAGTTGCATTCAG (Macey et al., 1997a)
L5638a ¥ CTGAATGCAACYCAGAYATTTT ¥ (Macey et al., 1997a)
H5692 % GCGTTTAGCTGTTAACTAAA ¥ (Weisrock et al., 2001)
L5805 ¥ CGTTGAAATTTGCAATYTCA ¥ This Study

H5934 % AGRGTGCCAATGTCTTTGTGRIT ¥ (Macey et al., 1997a)
H6159 % GCTATGTCTGGGGCTCCAATTAT ¥ (Weisrock et al., 2001)

and Crandall, 1998) were used to find the model op-
timal for individual data sets. The resulting models
and estimated parameters were used in the maximum-
likelihood analyses. Alternative maximume-likelihood
phylogenetic topologies were tested using the Shi-
modaira and Hasegawa (SH) test with 1000 RELL boot-
strap replicates (Goldman et al., 2000; Shimodaira and
Hasegawa, 1999) as implemented in PAUP* v4.0. This
included the same a priori hypotheses tested under par-
simony, as well as two a posteriori hypotheses based on
the topologies of the ML and Bayesian trees. Alternative
topologies were generated using maximum likelihood
as described above for the Wilcoxon signed-ranks test.
To determine whether individual branches in the result-
ing ML tree were significantly different from zero, we
used a likelihood-ratio test as implemented in PAUP*
v4.0 following Slowinski (2001) with a mixed chi-square
distribution (Goldman and Whelan, 2000).

Bayesian phylogenetic analysis (Huelsenbeck et al.,
2001; Larget and Simon, 1999; Yang and Rannala, 1997)
was performed on the individual mtDNA and nuclear
rRNA data sets and on combined molecular and mor-
phological data sets using the parallel-processor version
of MrBayes v3.04 (Altekar et al., 2004; Huelsenbeck and
Ronquist, 2001) run on a Silicon Graphics Origin 2000
through the Washington University Center for Scien-
tific Parallel Computing (http:/ /harpo.wustl.edu). In all
analyses four Markov chains were used with the temper-
ature profile at the default setting of 0.2.

In Bayesian analyses of combined data sets we used
a partitioned model (Nylander et al., 2004). Combined
molecular data analyses treated the mtDNA and nuclear
rRNA as separate partitions, using appropriate models

as determined through likelihood-ratio tests. Combined
molecular and morphological analyses used three par-
titions and implemented the Lewis Mk model for the
morphological data partition (Lewis, 2001).

In all analyses uniform priors were used for all model
parameter estimates, and random trees were used to start
each Markov chain. For the mtDNA data set, five million
generations were run with a tree sampled every 5000th
generation for a total of 1000 trees. For the rRNA data
set, 10 million generations were run with a tree sam-
pled every 5000th generation for a total of 2000 trees. For
all combined analyses two million generations were run
with a tree sampled every 1000th generation for a total
of 2000 trees. All saved trees from generations prior to a
stationary likelihood value were discarded. Trees in the
posterior distribution were parsed with MrBayes to con-
struct phylograms based upon mean branch lengths and
with PAUP*v4.0 to calculate the posterior probabilities of
all branches using a majority-rule consensus tree. To ac-
count for the possibility that individual analyses may not
converge upon the stationary posterior distribution, two
additional independent runs were performed for each
data set using identical conditions. Likelihood values,
tree topology, branch lengths, and posterior probabili-
ties were compared across the replicated runs to verify
that similar results were achieved.

For both molecular data sets, maximum-likelihood
and Bayesian analyses reconstructed the same tree topol-
ogy. Consequently, Bayesian posterior probabilities were
indicated on the maximum-likelihood tree. Bayesian
posterior probabilities equal to or greater than 0.95 in-
dicate statistically significant branch support. Therefore,
we treat posterior probabilities as statistical measures
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and apply this test to the same alternative hypotheses
tested with the WS-R and SH tests. Use of Bayesian pos-
terior probabilities as measures of phylogenetic support
is a contentious issue because a number of studies sug-
gest that it gives overconfidence under some conditions
(e.g., Simmons et al., 2004; Suzuki et al., 2002; Waddell
et al., 2001). In contrast, simulation studies suggest that
Bayesian analysis provides reliable results (e.g., Alfaro
et al., 2003; Wilcox et al., 2002).

Mitochondrial-DNA Simulations

DNA-sequence simulations were performed to exam-
ine the combined influences of the length of an inter-
nal branch and its phylogenetic depth on its recovery
with significant decay indices in a parsimony analy-
sis and with high posterior probabilities in a Bayesian
analysis. We chose three subsets of salamander taxa
from the mtDNA phylogeny for the mtDNA simula-
tions. Each subset contained three confamilial ingroup
species whose relationships were robustly supported in
the mtDNA analysis and a single outgroup from an-
other salamander family (Fig. 1). Branch lengths were
estimated for each four-taxon subset individually using
maximum likelihood. Evolutionary models that best fit
the individual data sets were assessed using likelihood-
ratio tests as described above for the larger data sets.

We generated topologies for simulation of DNA
evolution (Fig. 2) using two forms of branch-length
manipulation. First, we started with the initial ML phy-
logram for each subset of taxa and successively short-
ened the internal branch (y) by a length of 0.0032 in units
of likelihood-corrected sequence divergence. This proce-
dure produced a series of trees with shortened internal
branches (Fig. 2, moving from left to right). Each time
branch y was shortened, an equivalent length was added
to the terminal branches z; and z; to preserve overall tree
height. Reduction of the internal branch was repeated
until the tree formed a polytomy. Because initial branch
lengths differed among the three model trees (Fig. 1),
some trees needed more rounds of internal-branch short-
ening than others to reach a polytomy. Second, for each

Pseudotriton montanus

Ambystoma californiense

tree generated in this manner, a new series of trees was
created to adjust the depth of the internal branch by suc-
cessively increasing the lengths of all terminal branches
(w, X, z1, and z) by 0.0032 (moving from top to bottom
in Fig. 2). For each set of taxa, this lengthening of termi-
nal branches was repeated for the same number of steps
needed to reduce branch y to a polytomy. The end prod-
uct of these manipulations was a large set of trees rep-
resenting the starting phylogram and all pairwise com-
binations of a reduction in length of y and an increase
in phylogenetic depth of the internal branch (Fig. 2). For
each tree, 100 replicate data sets of 1829 base pairs (the
total number of included mtDNA base pairs in the em-
pirical analyses) each were simulated in Seq-Gen v1.2.3
(Rambaut and Grassly, 1997) using the model parameters
that best fit the particular four-taxon data set.

All data sets were analyzed by parsimony in PAUP*
v4.0 using the exhaustive-search option. For each repli-
cate data set the decay index for the branch uniting the
two most closely related ingroup taxa was calculated. For
simulated data sets in which the true phylogeny was not
the shortest recovered tree, the decay index was scored
as zero. The significance of the decay index for each repli-
cate data set was determined via the four-taxon test of
Felsenstein (1985) based on the number of phylogeneti-
cally informative characters for each simulation. Signifi-
cance values for decay indices depend on expectations of
amolecular clock. Using likelihood-ratio tests, we did not
reject a molecular clock for our three starting four-taxon
ML trees; therefore, we used significant decay-index val-
ues that assumed a molecular clock (Felsenstein, 1985;
Weisrock et al., 2001). The percentage of significant de-
cay indices from 100 replicate simulated data sets was
calculated for each tree. These data were then plotted as
a function of the length of the internal branch and the
depth of the internal branch in the phylogeny.

Lack of automation precluded Bayesian analysis of all
replicate data sets for all trees. Therefore, for each of the
three four-taxon subsets we analyzed 10 simulated data
sets from each of 25 trees spaced evenly among the full set
of manipulated trees. Bayesian analysis was performed

Cryptobranchus alleganiensis

0.908 0.961 0.317
O'OSIAmphiuma tridactylum 008 Necturus lewisi 0.173 Batrachuperus mustersi
0.057 0.017 . 0.035 .
Amphiuma pholeter Necturus alabamensis Onychodactylus fischeri
0.059 0.078 .095

0,063 Amphiuma means

FIGURE 1.

0.013Necturus beyeri

0,039 Onychodactylus japonicus

Topologies and branch lengths for the three four-taxon subsets used in simulations of mtDNA data. These include three species

of Amphiuma from the family Amphiumidae and a plethodontid outgroup, three species of the genus Necturus from the family Proteidae and
a ambystomatid outgroup, and three hynobiid species with a cryptobranchid outgroup. The three groups represent subsets of taxa that were
strongly supported in the parsimony analysis of the full mtDNA data set. Numbers along branches represent maximum-likelihood branch
lengths using the evolutionary models determined for each individual data set (Table 3).
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FIGURE 2. Schematic diagram of the generation of trees used in the mitochondrial DNA simulations. The starting tree is represented in the
upper left corner of the figure. To decrease the length of the internal branch (branch y, moving from the upper left corner to the upper right
corner), a series of trees is generated by successively reducing y by increments (/) of 0.0032 for the number of steps required to reach a polytomy.
In each round of shortening, a length of 0.0032 is added to the two terminal ingroup branches, z; and z,. From each tree generated in this manner,
a new series of trees is made to push the internal branch deeper into the phylogeny by successively adding branch-length increments (d) of
0.0032 to every terminal branch (moving top to bottom in the figure). This procedure is repeated the same number of times needed to reduce the
internal branch to a polytomy.
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as described above using one million generations with
a burnin of 100,000 generations. The average posterior
probability for the internal branch of each tree was plot-
ted in the same fashion as the decay indices.

The ND1-COlI gene region used in this study has been
shown to evolve at a consistent rate in numerous ver-
tebrate groups (Bermingham et al., 1997, Hrbek and
Larson, 1999; Macey et al., 1998a, 1999), including sala-
manders (Weisrock et al., 2001), which exhibit a per-
lineage rate of approximately 0.64% change per million
years (My). We therefore used this calibration for inter-
preting the simulations in evolutionary time.

Analysis of Likelihood-Based Character Change

We examined the character changes that support
branches in the mtDNA likelihood-based trees. Two
deep interfamilial branches that were not recovered us-
ing parsimony but had significant posterior probabilities
(branches A and B) were compared to a deep interfa-
milial branch that was not recovered using parsimony
(branch C) and had a low posterior probability (<0.5).
For each branch, the maximum-likelihood tree was com-
pared to alternative trees found through a maximum-
likelihood search constrained not to contain the branch
under consideration. The log-likelihood (InL) value was
calculated for each character position in the mtDNA data
for each tree being compared. For the 25 positions that
showed the greatest difference in InL favoring the orig-
inal maximume-likelihood tree, we identified the types
of substitutional change that differed between the two
trees according to maximum-likelihood reconstructions
of character change obtained from the “Describe Trees”

option in PAUP*. For each of the 25 positions we also
calculated the gamma-shape-approximation rate cate-
gory that received the highest posterior probability. The
gamma-shape approximation was divided into quartiles
with quartile one representing characters with the low-
est probability of change and quartile four representing
characters with the highest probability of change.

RESULTS
Nuclear rRNA Phylogeny

The nuclear rRNA data set contains 2819 aligned po-
sitions, of which 77 are excluded because of ambigu-
ous alignment (positions 701-705, 874-885, 2109-2160,
and 2408-2415). The remaining 2743 characters contain
2547 invariant positions, 68 phylogenetically uninforma-
tive positions, and 128 phylogenetically informative po-
sitions. Likelihood-ratio tests of alternative evolution-
ary models select the General Time-Reversible model
GTR+I+T as the one that best fits the nuclear rRNA
data (Table 3). Plots of absolute numbers of substitutions
against ML corrected sequence divergences reveal a lin-
ear pattern indicating that there is little substitutional
saturation in the rRNA data.

Parsimony analysis produces four most-parsimonious
trees of 317 steps (results not shown). Maximum-
likelihood analysis produces essentially the same phy-
logenetic topology with a InL of —5701.07 (Fig. 3).
Differences between the parsimony and ML topologies
are restricted to short branches within the families Hyno-
biidae and Plethodontidae. Likelihood-ratio tests reveal
that two branches in the ML tree are not statistically

TABLE3. Best-Fit ML models and parameters as determined by likelihood-ratio tests implemented in ModelTest (Posada and Crandall, 1998).
Two main models of sequence variation accounted for the different data sets: The General-Time-Reversible (GTR) model of Yang (1994) and the

Hasegawa-Kishino-Yano (HKY) model of Hasegawa et al. (1985).

Proportion of

invariant Gamma-shape Estimated base Ti:Tv

Data set ML model sites (I) parameter frequencies ratio Substitution rate matrix

Nuclear rRNA? GTRA+I+TI" 0.8304 2.3592 G =0.3403 — A-C=1.6493 C-G=09164
A =0.1978 A-G=29172 C-T=8.4170
T=0.1835 A-T=0.3969 G-T=1.0000
C=0.2784

mtDNA full data set® GTR+I+T 0.2237 0.5691 G =0.0538 — A-C=0.2786 C-G=0.6103
A =0.3888 A-G=5.1495 C-T=2.5456
T=0.3020 A-T=0.3106 G-T =1.0000
C=0.2554

Amphiuma mtDNA subset” HKY+I" — 0.2560 G=0.1185 4.3742 — —
A =0.3409
T=0.2770
C=0.2636

Necturus mtDNA subset® HKY+I 0.5870 G=0.1137 4.7279 — —
A =0.3486
T=0.3319
C=0.2057

Hynobiidae mtDNA subset® GTR+I" — 0.5138 G=0.1250 — A-C=23926 C-G=0.0000
A =0.3328 A-G=74781 C-T=14.036
T=0.3327 A-T=5.2252 G-T =1.0000
C=0.2094

2Estimates of parameters calculated as averages from the Bayesian posterior distribution.

bEstimates of parameters from likelihood-ratio tests implemented in Modeltest (Posada and Crandall, 1998).
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Typhlonectes compressicauda

Xenopus laevis

1.0
100

——— 0.005 substitutions/site

FIGURE 3. Phylogram resulting from maximume-likelihood analysis of the nuclear ribosomal RNA data. The ML topology was similar to the
Bayesian and parsimony topology, and their branch-support measures are mapped to the ML phylogram. Numbers above branches represent
posterior probabilities calculated from a majority-rule consensus tree of the Bayesian posterior distribution of trees. Numbers below branches
represent parsimony bootstrap values above 50%. Branches for which zero length could not be statistically rejected at the p < 0.05 level are
denoted with an asterisk. Two branches (A and B) that show concordance with the mtDNA ML and Bayesian tree are labeled. Shaded boxes
denote the individual salamander families.
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different from zero length (Fig. 3). However, neither of
these branches groups different salamander families. The
Bayesian posterior distribution produces a consensus
topology almostidentical to the parsimony and ML trees.
A stationary InL is reached at approximately 950,000
generations with a mean InL of —5738.27, a maximum
of —5718.29, and a variance of 53.79. For a conservative
analysis, all trees from generations one through 1,000,000
are discarded. Additional Bayesian analyses yield topo-
logically identical results, suggesting that a stationary
posterior distribution is reached (results not presented).

The sister-taxon relationship of Hynobiidae and Cryp-
tobranchidae is strongly supported by parsimony and
Bayesian analysis (bootstrap 99%, PP 1.0; Fig. 3). An al-
ternative topology without this grouping is rejected by
the WS-R test and by Bayesian criteria, but it is not re-
jected by the SH test (Table 4). The sister-taxon rela-
tionship of Ambystomatidae and Dicamptodontidae is
strongly supported by parsimony and statistically sup-
ported by the Bayesian analysis (bootstrap 96%, PP 1.0;
Fig. 3). Alternative topologies without this grouping are
not rejected by the Wilcoxon signed-ranks test or the SH
test; however, the P-values of both tests approach sig-
nificance (Table 4). Placement of Salamandridae as the
sister taxon to the ambystomatid and dicamptodontid
clade is also strongly supported by both parsimony and
Bayesian analyses (bootstrap 96%, PP 1.0; Fig. 3). How-
ever, alternative topologies in which these three families
do not form a clade cannot be rejected statistically by the
WS-R and SH tests (Table 4).

Monophyly of the internally fertilizing suborder Sala-
mandroidea is statistically rejected using Bayesian crite-

ria, but it is not rejected under the WS-R and SH tests
(Table 4). All analyses place Amphiumidae, Plethod-
ontidae, Rhyacotritonidae, and a clade comprising the
remaining families as deep branches in salamander
phylogeny. Furthermore, Amphiumidae is consistently
placed as the sister taxon to all remaining salamander
families across all analyses of the nuclear data set. Re-
lationships among these four branches are not resolved
with strong support by parsimony (Fig. 3), but the Rhy-
acotritonidae is strongly supported as the sister taxon to
a clade containing all remaining families except for Am-
phiumidae and Plethodontidae with Bayesian posterior
probabilities of 1.0 (Fig. 3).

Mitochondrial DNA Phylogeny

Alignment of mtDNA sequences produces a char-
acter matrix of 2115 base pairs, of which 286 posi-
tions are excluded because of ambiguous alignment
(positions 154183, 376-388, 402408, 431-435, 441-448,
461-467, 518-525, 539-545, 558-563, 595-601, 867-
908, 1638-1664, 1678-1683, 1715-1721, 1734-1744, 1757-
1763, 1813-1819, 1832-1838, 1871-1878, 1892-1901,
1911-1932, 1956-1962, 1968-1972, 1995-1999, 2013-
2014, 2027-2033, 2065-2070, and 2084-2085). The
multiple alignment contains 555 invariant charac-
ters, 152 parsimony-uninformative characters, and
1122 parsimony-informative characters. Likelihood-ratio
tests of alternative evolutionary models select the
GTR+I+T model as optimal for the mtDNA data
(Table 3). Plots of absolute numbers of substitu-
tions against ML-corrected sequence divergences re-
veal patterns consistent with substitutional saturation

TABLE 4. Parsimony and maximum likelihood-based statistical tests of alternative topologies. All probabilities are based on a one-tailed
distribution. A significant result denotes rejection of the alternative hypothesis. Some tests assess significance of branches that are found in the
mtDNA ML tree, but not in the mtDNA parsimony tree. Clades A and B are as denoted in Figures 3 and 4b.

Probability Bayesian Probability
Data set Alternative topology tested WS-R test? criterion® ALnLS® SH testd
Nuclear Without monophyletic Caudata P < 0.002* P=0.0" —6.18 P=0.085
rRNA With monophyletic Salamandroidea P <0.238 P=0.0* —14.452 P=01
Without monophyletic P <0.017* P=0.0* —12.303 P=0.126
Cryptobranchoidea
Without Ambystomatidae + P <0.078 P=0.0* —17.038 P=0.052
Dicamptodontidae
Without Ambystomatidae + P <0.078 P=0.01" —14.83 P=0.088
Dicamptodontidae 4 Salamandridae
Without Clade A —6.958 P=0.137
Without Clade B —5.693 P=0.111
mtDNA Without monophyletic Caudata P =0.020 P=0.0" —45.554 P=0.013"
With monophyletic Salamandroidea P <0.011* P=0.0* —21.176 P=0.135
Without monophyletic P <0.193 P=0.0* —11.985 P=0.200
Cryptobranchoidea
With monophyletic Proteidae P=0.049* P=.053 -3.379 P=0.389
Without Clade A — P=0.0 —15.808 P=0.184
Without Clade B — P=0.0* —10.006 P=0.240

?Parsimony-based Wilcoxon signed-ranks test using a one-tailed probability (Templeton, 1983).

The proportion of trees in the Bayesian posterior distribution that contained the alternative phylogenetic topology.
“The difference in the InL score between the alternative ML tree and the unconstrained ML tree.

dLikelihood-based SH test using a one-tailed probability (Shimodaira and Hasegawa, 1999).

*Significant difference at P < 0.05 in columns 3, 4, and 6.
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in the mtDNA protein-coding regions but not in tRNA
genes.

Parsimony analysis of the mtDNA data produces a
single most parsimonious tree of 8285 steps (Fig. 4a).
Maximum-likelihood analysis produces an optimal tree

(a) mtDNA Parsimony

—— Typhlonectes compressicauda
——— Typhlonectes natans

Proteus anguinus

98
30

S Amphiuma

81
11

N
=)

|

[

100
37

- Amphiuma tridactylum
T%Amphiuma pholeter
1

100
50

with a InL score of —33,780.27 (Fig. 4b). Bayesian analy-
sis produces a phylogenetic topology identical to the ML
tree. A stationary InL occurs after approximately 55,000
generations with a mean InL of —33,799.71, a maximum
of —33,782.28, and a variance of 54.3. For a conservative
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(a) Single most-parsimonious tree of 8285 steps resulting from analysis of mtDNA sequence data. Numbers above branches

represent bootstrap values above 50%, and numbers below branches represent decay indices. (b) Maximum-likelihood phylogram resulting
from analysis of the mtDNA sequence data. Numbers on branches represent posterior probabilities calculated from a majority-rule consensus
tree of the Bayesian posterior distribution of trees. Branches whose length is not statistically different from zero at the P < 0.05 level are marked

with asterisks. Branches A and B are deep interfamilial branches that h.

ave a significant Bayesian posterior probability, are not reconstructed

in the parsimony analysis, but are concordant with branches resolved in analyses of the nuclear rRNA. Branch C represents a relatively deep
relationship not recovered with significant posterior probability (and also not recovered using parsimony) and is used for comparison to A and
B in analyses of character change. Shaded boxes correspond to the individual salamander families. (Continued)
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(b) mtDNA ML/Bayesian
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FIGURE 4. Continued.

analysis, all trees from generations one through 100,000
are discarded. Replicated Bayesian analyses yield iden-
tical results, suggesting that the optimal posterior distri-
bution is reached (results not presented).

A monophyletic Caudata is strongly supported in both
the parsimony and Bayesian analyses (bootstrap 98%;
decay index 30; PP 1.0; Fig. 4a, b). Alternative topologies
without this relationship are rejected using all statistical

tests (Table 4). All analyses produce topologies inconsis-
tent with monophyly of internally fertilizing salaman-
ders (Fig. 4a, b). A monophyletic Salamandroidea is re-
jected using the WS-R tests and under Bayesian criteria
but not by the SH test (Table 4).

Except for Proteidae, all families with multiple rep-
resentatives form strongly supported monophyletic
groups in all analyses (Fig. 4a, b). These results are
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particularly noteworthy for family Hynobiidae, whose
monophyly has been questioned (Trueb, 1993). Branch
support in the parsimony tree for relationships among
salamander families is low. The clade comprising Cryp-
tobranchidae and Hynobiidae receives the strongest sup-
port in the parsimony tree (bootstrap 74%; decay index
11) (Fig. 4a). Alternative topologies without this rela-
tionship are not rejected statistically by the WS-R test
(Table 4).

Branches grouping salamander families in the ML tree
are short relative to branches immediately ancestral to
individual families. Likelihood-ratio tests reveal four
branches not statistically different from zero length (Fig.
4b). Three of these zero-length branches represent deep
interfamilial relationships. However, posterior proba-
bilities assigned to three of the nodes in the mtDNA
Bayesian tree show statistical support (PP =1.0) for in-
terfamilial relationships (Fig. 4b; Table 4): (1) a clade com-
prising Ambystomatidae, Sirenidae, Proteidae, Salaman-
dridae, and Dicamptodontidae (labeled branch B in Fig.
4b); (2) a clade composed of the Cryptobranchidae and
Hynobiidae; and (3) a clade comprising the above two
groups (labeled branch A in Fig. 4b). Tests of alterna-
tive ML topologies lacking branches A and B and the
Cryptobranchidae-Hynobiidae clade are not statistically
rejected by the SH test (Table 4).

Monophyly of family Proteidae is not recovered in our
analyses. The European species, Proteus anguinus, forms
the sister taxon to a group containing all remaining sala-
manders in the parsimony tree (Fig. 4a). In the likelihood-
based analyses, Proteus anguinus forms the sister taxon
to a clade comprising Necturus and families Ambystom-
atidae and Sirenidae; however, this relationship does not
receive a significant posterior probability, and the branch
immediately ancestral to this group is not statistically dif-
ferent from zero length (Fig. 4b). An alternative topology
in which Proteus anguinus and genus Necturus are united
to form a monophyletic family Proteidae is statistically
rejected by the Wilcoxon signed-ranks test but not by the
SH test (Table 4). Rejection of this alternative hypothe-
sis approaches significance using Bayesian criteria (Table
4). Recent studies using partial 125 mtDNA sequences
(Trontelj and Goricki, 2003) and RAG-1 sequences (Wiens
et al., 2005) support monophyly of Proteidae, although
only the latter analysis seems statistically robust.

Kumazawa and Nishida (1993) suggest that the slower
evolution of mtDNA tRNA stems might provide phylo-
genetic information for deep phylogenetic relationships,
and they provide convincing examples of recovery of
deep animal relationships with strong branch support.
Parsimony analysis of the eight mitochondrial tRNA
stem sequences yields 29 trees of 1171 steps in length.
A strict consensus of these trees produces a large poly-
tomy and fails to recover monophyly of the families Sala-
mandridae and Hynobiidae (results not shown), clades
strongly supported in the total-mtDNA parsimony anal-
ysis. Thus, restricting the analysis to slower-evolving
sites in tRNA genes does not enhance deep phylogenetic
resolution.

Combined Analyses

Partitioned Bayesian analysis of a combined mtDNA
and nuclear rRNA data matrix using complete taxon
sampling produces a tree with an average InL of
—39814.18, a maximum of —39794.51, and a variance of
51.52 (Fig. 5). This tree is nearly identical to a tree pro-
duced from a tripartitioned Bayesian analysis of a com-
bined mtDNA, nuclear rRNA and morphological data
matrix, which had an average InL of —40172.87. A sta-
tionary distribution is reached in both analyses by the
25,000th generation, and the first 100,000 generations are
treated as burn-in. The combined-data Bayesian trees
are very similar to the trees produced in Bayesian analy-
sis of the individual molecular data sets and find strong
support for all interfamilial relationships supported in
the single-partition trees. However, the combined trees
provide increased support for the most basal interfa-
milial branching event between the Amphiumidae and
a clade containing all remaining salamander families
(Fig. 5). The only uncertain family-level relationships are
the exact placement of lineages representing the Pro-
teidae (Necturus and Proteus) and Sirenidae. However,
these families are firmly placed within the clade identi-
fied by branch B in the individual molecular Bayesian
trees. There was no appreciable difference in results be-
tween combined-data analyses using all taxa from all
data sets and combined-data analyses using a pruned
taxon sampling (results not shown).

Parsimony analysis of the full-taxa, combined mor-
phological and molecular data matrix produces a single
tree of 10221 steps (tree not shown). As in the mtDNA
parsimony tree, the combined-data tree places Proteus
anguinus outside a clade containing the remaining taxa.
However, this placement and most other deep internal
branches are poorly supported. Only two interfamilial
relationships receive bootstrap values greater than 65%
in the combined parsimony tree: (1) the clade composed
of Cryptobranchidae and Hynobiidae (99%) and (2) the
clade composed of Ambystomatidae and Dicamptodon-
tidae (86%). There was no appreciable difference in re-
sults between combined-data parsimony analyses using
all taxa from all data sets and combined-data analy-
ses using a pruned taxon sampling (results not shown).
The sister-group relationship of Ambystomatidae and
Dicamptodontidae and their sister-group relationship to
the Salamandridae are consistent with phylogenetic re-
sults of Titus and Larson (1995) based on mitochondrial
genes encoding 125 and 165 rRNA.

Mitochondrial DNA Simulation Results

The relationship between branch lengths, the mini-
mal decay index needed for statistical significance, and
Bayesian posterior probabilities show similar patterns
across the three separate sets of mtDNA-based simu-
lations. Recovery of both significant decay indices and
posterior probabilities decreases as the internal branch
(y) moves deeper into the tree and as the length of y
is shortened (Fig. 6). However, comparisons across the
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FIGURES. Bayesian tree resulting from a combined and tripartitioned analysis of morphology, nuclear rRNA, and mtDNA data. This analysis
uses all 38 taxa in the mtDNA data set and codes taxa without morphological or rRNA characters as missing data. The branching structure
and posterior probabilities are not different from an approach in which taxa with missing data were excluded from analysis. Numbers above
branches represent posterior probabilities, and numbers below branches represent corresponding parsimony bootstrap values. Branches without
bootstrap values were either below 50% or not recovered in the parsimony tree. The single representative of the Rhyacotritonidae is not labeled
with a species name due to the combined use of rRNA and mtDNA sequence data from different species. Shaded boxes correspond to the
individual salamander families. Clades A and B, which are concordantly resolved with strong Bayesian support in the individual mtDNA and
rRNA Bayesian and ML analyses, are labeled on the combined tree.
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(right) recovered from replicate simulated data sets as a function of the length of the internal branch (y) and its depth in the phylogeny. All axes
are in units of the expected number of substitutions per site.
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three sets of simulated trees reveal a consistent pattern
of higher statistical power of posterior probabilities rel-
ative to decay indices.

Differences in the graphical patterns of Figure 6 are
partly a function of differences in branch lengths among
the three starting trees. For example, recovery of the
true tree from the simulated data sets is higher in the
Hynobiidae-based simulations than the Amphiuma and
Necturus-based simulations. The greater power in recov-
ery of the true phylogeny in the Hynobiidae-based sim-
ulations probably results from availability of a closer
outgroup for this four-taxon subset (Fig. 1). This in-
creased power may be influenced also by use of the
more parameter-rich General Time-Reversible model of
substitution in this simulation relative to the less com-
plex HKY model used in Amphiuma and Necturus-based
simulations.

Based on the Hynobiidae results, an internal branch
must have at least 0.03 substitutions per site to be re-
covered with significant decay indices in 90% to 100%
of the subsets when placed at a phylogenetic depth of
0.13 substitutions per site. Bayesian analysis can recover
branches of similar depth with average posterior prob-
abilities of 0.9 to 1.0 when internal branches are greater
than approximately 0.015 substitutions per site. When
the internal branch is placed at a phylogenetic depth of
0.18 substitutions per site, the internal branch needs to be
at least 0.045 in length to be recovered with significant
decay indices in 90% to 100% of the subsets. Bayesian
analysis of trees with an internal-branch depth of 0.18
substitutions per site can be recovered with posterior
probabilities in the 0.9 to 1.0 range when the internal-
branch lengthis atleast 0.035 substitutions per site. When
the phylogenetic depth of the internal branch increases
to 0.23 substitutions per site, the internal branch must
have at least 0.06 substitutions per site for recovery with
significant decay indices in 90% to 100% of the subsets
and at least 0.035 substitutions per site to be recovered
with an average posterior probability of 0.9 to 1.0.

Likelihood-Based Character Change for mtDNA Data

MtDNA character support was compared for two deep
interfamilial branches receiving significant Bayesian
posterior probabilities (branches A and B in Fig. 4b) and
an interfamilial branch lacking such support (branch C
in Fig. 4b) to identify the kinds of character changes
that contribute the strongest evidence favoring clades
A and B. For branch A, 20 of the 25 character positions
with the highest difference in InL between the ML tree
and the alternative tree have a difference of at least 1.0
(Table 5). The top seven characters have a difference
of at least 2.0 (Table 5). For branch B, 23 of the top 25
InL differences are greater than 1.0, and six characters
have a difference of at least 2.0 (Table 6). For branch
C, 11 of the highest 25 InL differences are greater than
1.0 and two are greater than 2.0 (Appendix 2, available
at www.systematicbiology.org). Character changes with
the highest InL differences (particularly those with a dif-
ference greater than 2.0) usually involve transversions

TABLE 5. Overview of character change for 25 mtDNA sequence
positions that show the greatest difference in log likelihood (InL) be-
tween the ML tree and an alternative likelihood tree constrained not to
contain branch A (Fig. 4b).

Difference in Position ~ Coding Character Gamma
InL (ML — Alt.) no. position?® change® quartile
5.971 1470 1st pos. GtoT 2
5.728 1087  2nd pos. GtoC 1
5.109 2058  TYR stem GtoT 1
4.657 916  2nd pos. CtoG 1
3.998 2044  TYR stem Cto A 1
2.762 1038  1st pos. Cto A 3
2.681 1548  1st pos. AtoT 3
1.899 1846  ASN loop CtoA;CtoT 2
1.759 368  2nd pos. TtoA; TtoC 2
1.359 922 2nd pos. CtoT 1
1.311 1785  ALA stem CtoT 2
1.299 1385  3rd pos. CtoA;CtoT 3
1.287 1460 3rd pos. AtoT, TtoC 3
1.099 1527 1st pos. TtoC;,TtoG; Tto G 3
1.094 670  2nd pos. TtoC 2
1.047 1579 2nd pos. Cto A 3
1.032 1441 2nd pos. CtoT,CtoA;CtoT 3
1.030 1020 1st pos. CtoA;CtoT 3
1.021 755 3rd pos. AtoT, TtoC; TtoC 4
1.015 2016  TYR stem Gto A 2
0.997 1059  1st pos. CtoT 2
0.978 834 1st pos. GtoA;AtoT 3
0.936 1413 1st pos. TtoA;TtoA; TtoC 4
0.935 1976  CYS stem Gto A 2
0.860 1549 2nd pos. AtoT, TtoC 3

?1st, 2nd, and 3rd pos. refer to codon positions in protein-coding genes. Stem
designation of tRNAs refer to a base that pairs with another base according to
tRNA structural models. Loop designation refers to any unpaired base.

PMaximum-likelihood reconstructions of character changes present on a
branch in the ML tree that were absent from the alternative tree.

“The gamma-shape approximation rate category with the highest posterior
probability for a particular nucleotide position. Sites with a high posterior
probability of being in category 1 are among the slowest evolving sites in the
data set, while sites having a high posterior probability of being in category 4
are among the fastest evolving.

at character positions with low evolutionary rates, typi-
cally in 1st or 2nd codon positions or stem structures of
tRNA genes (Tables 5, 6; Appendix 2).

Di1SCUSSION
Challenges in Deep Phylogenetic Reconstruction

Phylogenetic relationships among salamander fam-
ilies illustrate the analytical challenges inherent to
inferring phylogenies in which terminal branches
are temporally very long relative to internal ones
(Felsenstein, 1978; Huelsenbeck, 1997; 1998). As phyloge-
netic depth increases relative to the length of an internal
branch, characters representing true phylogenetic signal
become an increasingly smaller portion of the total in-
formative characters in a data set, and parallel changes
along terminal branches increase. Together, these fac-
tors increase the difficulty of correctly recovering deep
phylogenetic relationships with strong branch support
and of statistically rejecting alternative phylogenetic hy-
potheses. This phenomenon often leads to an interpreta-
tion of simultaneous branching among multiple lineages.
Under these conditions, it is difficult to distinguish
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TABLE 6. Overview of character change for 25 mtDNA sequence
positions that show the greatest difference in log likelihood (InL) be-
tween the ML tree and an alternative likelihood tree constrained not
to contain branch B (Fig. 4b). See Table 5 for explanations of column
headings.

Difference in Position Coding Character Gamma
InL (ML—Alt.) no. position change quartile
6.184 1470 1st pos. GtoT 2
4.663 916 2nd pos. CtoG 1
4.048 109 1st pos. GtoT 1
2.988 1038 1st pos. Cto A 3
2.530 1284 1st pos. GtoT 2
2277 1548 3rd pos. AtoT 3
1.917 1846 ASN loop AtoT,CtoT 2
1.788 368 2nd pos. TtoA; TtoC 2
1.655 553 MET loop Cto A 1
1.534 1949 CYS stem GtoC 2
1.412 1785 ALA stem CtoT 2
1.366 1385 3rd pos. CtoA;CtoT 3
1.298 1460 3rd pos. AtoT 3
1.136 1991 CYS stem Gto A 2
1.122 1527 1st pos. TtoG; TtoG 3
1.112 755 3rd pos. AtoT 4
1.070 1020 1st pos. Cto A 3
1.063 750 1st pos. Cto A 2
1.044 670 2nd pos. TtoC 2
1.031 1579 2nd pos. Cto A 3
1.030 331 1st pos. TtoA; AtoC 3
1.019 2016 TYR stem Gto A 2
1.015 645 1st pos. AtoT 2
0.997 536 GLN stem CtoT 1
0.994 1550 3rd pos. AtoT,TtoC 3

analytical artifacts that yield polytomous trees (called
a “soft” polytomy) from evolutionarily simultaneous
branching of multiple lineages (a “hard” polytomy sensu
Maddison [1989]).

Our simulations address the phylogenetic resolving
power of our mtDNA data and phylogenetic methods
using evolutionary models derived from the data to sim-
ulate sequence evolution on trees whose internal and
terminal branches vary in length. Our mtDNA-based
simulations quantify the positive relationship between
the evolutionary depth of an internal branch in a phy-
logenetic tree and the minimum evolutionary duration
needed for its recovery with strong branch support (see
also Halanych, 1998 and Philippe et al., 1994).

Our results suggest that the mtDNA data have limited
ability to recover relatively old and short branches and
may not provide substantial support for many branching
events deep in salamander phylogeny. Lineages ances-
tral to groupings of two or more salamander families
have a phylogenetic depth of at least 50 million years
and possibly as large as 150 million years (reviewed in
Larson, 1991; Gao and Shubin, 2001; 2003). Model-based
phylogenetic analyses are expected to be more effec-
tive in detecting relatively short branches with statistical
significance than is unweighted parsimony analysis in
four-taxon tests (Hillis et al., 1994; Hulesenbeck, 1995).
Our Hynobiidae-based simulations, interpreted using a
rough molecular clock calibrated for our mtDNA gene
region, suggest that with ~1800 base pairs of aligned
sequences, a lineage ancestral to taxa separated for 35

million years (branch length of 0.23 substitutions/site)
must be at least 9 million years in duration to be recov-
ered under parsimony with statistically significant decay
indices 90% of the time and at least 5 million years in du-
ration on average to be recovered with Bayesian poste-
rior probabilities of 0.9 to 1.0. Ancestral lineages of even
half these durations are much less likely to be recovered
with strong support (Fig. 6). From these calculations, it
seems clear that internal branches ancestral to salaman-
der family lineages would need to have had substantial
evolutionary durations to have generated sufficient phy-
logenetic signal in mtDNA sequences.

These estimates assume roughly constant nucleotide
substitution rates over time and that appropriate out-
groups are available; they are underestimates of the du-
ration needed for recovery of an ancestral lineage if only
very distant outgroups are available. Increased taxon
sampling (Hillis, 1996; Poe, 2003; Poe and Swofford,
1999) and closely related outgroups (Halanych et al.,
1999) should increase resolving power relative to the con-
ditions simulated. However, increased taxon sampling
across salamanders may have limited ability to reduce
problems of long-branch attraction because the extant di-
versity found within salamander families generally rep-
resents only a small portion of the total evolutionary
duration of a family-level branch. Consequently, even
ancestral lineages of substantial evolutionary duration
may be very difficult to resolve with confidence if they
occur deep in a phylogenetic tree. This analytical prob-
lem may be avoided by using sequences that evolve more
slowly than the ones modeled (e.g., nuclear rRNA versus
mtDNA) due to the slower accumulation of misleading
information. However, phylogenetic signal would be di-
minished proportionately and could substantially limit
the resolution of short internal branches (Donoghue and
Sanderson, 1992; Fishbein et al., 2001).

Substantial evolutionary changes in morphology and
geographic distribution could have occurred early in
the evolutionary history of salamanders on ancestral
branches that are of millions of years in duration. How-
ever, unless these branches were of a minimum duration
that could generate sufficient phylogenetic information
to withstand long periods of terminal evolution, they
would be nearly invisible to currently available phyloge-
netic methods and could be perceived as a rapid branch-
ing event.

Rapid Cladogenesis of Salamander Families?

Short internal branch lengths are frequently high-
lighted as potential “radiations” of lineages, often with
the connotation that cladogenesis occurred simultane-
ously among multiple lineages. Although the evidence
for such radiations has grown (e.g., Schluter, 2000), only
recently have rigorous tests been applied to discrimi-
nate hard and soft polytomies (e.g., Fishbein et al., 2001;
Jackman et al., 1999; Misof et al., 2001; Poe and Chubb,
2004; Slowinski, 2001; Walsh et al., 1999). Likelihood-
ratio tests of nonzero branch lengths (Slowinski, 2001)
offer a computationally simple way to test the null
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hypothesis of nonzero branch lengths. Such tests may be
conservatively biased because only a single branch is al-
lowed to vary between trees (the potentially zero-length
branch). Alternative methods such as the parametric
bootstrap may offer a more powerful test of nonzero
branch lengths (Fishbein et al., 2001; Knowles, 2000; Poe
and Chubb, 2004). However, rejection of nonzero branch
lengths using a likelihood-ratio test represents robust ev-
idence for the presence of a particular internal branch.

Perhaps the most crucial aspect in diagnosis of a hard
polytomy among lineages is the signature of nonzero
branch lengths in molecular phylogenies of multiple un-
linked loci (Poe and Chubb, 2004; Slowinski, 2001). Using
likelihood-ratio tests, we could not reject the hypothesis
of zero branch length for three interfamilial branches in
the salamander mtDNA ML tree; however, these same
branches were found with statistical support in the rRNA
ML tree. The mtDNA branch-length patterns are less
likely to have arisen as a result of a multifurcating gene
tree and are more likely a function of the long time since
cladogenesis among salamander families. A major ben-
efit of incorporating our simulation work into our as-
sessment of rapid branching patterns is that it gives us
insight into the phylogenetic patterns expected for re-
solving deep relationships. Decay of phylogenetic signal
in our mtDNA data at deep branches during the long
evolutionary time since cladogenesis offers the best ex-
planation for zero-length branches deep in the mtDNA
ML tree.

Salamander Phylogeny and Potentially Misleading Effects
of Weighting Saturated Data

Parsimony analysis of the newly reported mitochon-
drial genomic sequences provides strong independent
support to a number of groupings consistent with prior
analyses of nuclear genomic data and morphological
characters (Larson et al., 2003; Wiens et al., 2005). These
groupings span a large scale of salamander phylogenetic
history and include (Fig. 4a) monophyly of (1) Urodela,
(2) family Ambystomatidae, (3) family Amphiumidae,
(3) family Cryptobranchidae, (4) family Dicamptodon-
tidae, (5) family Hynobiidae, (6) family Plethodonti-
dae, (7) family Salamandridae (8) family Sirenidae, (9)
genus Necturus, (10) bolitoglossine plethodontids (rep-
resented here by Parvimolge and Pseudoeurycea), (11)
hynobiid genus Onychodactylus, and (12) hynobiid sala-
manders excluding genus Onychodactylus. Model-based
analyses (maximum likelihood, Bayesian analysis) pro-
vide strong support to these same groupings (Fig. 4b).
As expected from our simulations, model-based anal-
yses demonstrate stronger resolving power in finding
statistical support for some additional groupings that
received only weak support from the parsimony analy-
sis: (1) monophyly of hemidactyliine plethodontids (rep-
resented here by Eurycea, Pseudotriton, and Stereochilus);
(2) monophyly of Cryptobranchoidea (Cryptobranchi-
dae and Hynobiidae); (3) grouping of North American
newts Notophthalmus and Taricha relative to other sala-
mandrids; (4) grouping of newts Notophthalmus, Pleu-

rodeles, and Taricha relative to other salamandrids; and
(5) grouping of true salamanders (Chioglossa and Sala-
mandra) relative to other salamandrids. Only the group-
ing of Hynobius and Salamandrella seems stronger in the
parsimony analysis than in the Bayesian analysis (Fig. 4).

Several results indicate that most branches grouping
two or more salamander families are relatively short
ones located deep in the evolutionary history of sala-
manders. First, parsimony analysis provides no convinc-
ing phylogenetic groupings of salamander families other
than the Cryptobranchoidea and the clade containing
all salamanders (Urodela). Likelihood-based estimates
of branch lengths show that the branches grouping two
or more salamander families are very short relative to
those immediately ancestral to individual families. Our
simulations show that these conditions are ones in which
model-based methods of phylogenetic reconstruction
should outperform parsimony analysis.

Model-based methods nonetheless find statistical sup-
port for groupings of families that seem anomalous
based on prior information (Larson and Dimmick, 1993;
Chippindale et al.,, 2004; Wiens et al., 2005). Specifi-
cally, branches A and B on Figure 4b both receive strong
support by the model-based analyses, and both require
rejection of monophyly of salamander suborder Sala-
mandroidea, which comprises all internally fertilizing
salamanders. Both of these branches are recovered in-
dependently by model-based analyses of nuclear rRNA
gene sequences, although only branch A receives sta-
tistical support from these analyses (Fig. 3). Reasons
for considering these results anomalous include (1) sup-
port for a monophyletic Salamandroidea in parsimony
and Bayesian analyses of nuclear RAG-1 sequences com-
bined with the rRNA sequences and other mitochon-
drial genomic sequences (Chippindale et al., 2004; Wiens
et al., 2005), and (2) expected evolutionary stability of
the internal-fertilization system as a synapomorphy of
Salamandroidea.

The internal-fertilization system of Salamandroidea is
a suite of morphological and life-history characteristics
considered a functionally burdened complex unlikely to
show homoplastic evolution or to be secondarily lost
(see discussions by Larson, 1991; Sever and Brizzi, 1998).
Male and female cloacal glands associated with internal
fertilization are similar among salamandroid families ex-
cept that spermathecae are more complex structures in
plethodontids than in other families (Sever, 1994). Al-
though fertilization is not well documented in Sirenidae,
absence of the cloacal glands that function in salaman-
droid fertilization and absence of sperm in the oviducts
of reproductive females strongly suggest external fertil-
ization (Sever et al., 1996) or at least a fertilization system
very different from salamandroid fertilization. Internal
fertilization appears not to have been lost within any
salamandroid families, indicating that it is indispensable
to their reproductive biology.

Given strong reasons to expect monophyly of Sala-
mandroidea, the statistical support for branches A and B
of Figure 4b from our model-based analyses provides a
means to identify conditions under which model-based
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methods may produce misleading results. Character
support for clades A and B in the maximum-likelihood
analyses of mitochondrial DNA data depends largely
upon a small number of character positions (Tables 5 and
6) that individually contribute relatively large amounts
to total InL in the maximum-likelihood tree. The high
InL at these positions depends on substitutions expected
to be rare for the favored evolutionary model combined
with a relatively low evolutionary rate for the character
position. The biological interpretation of this resultis that
homoplasy is unlikely to produce a sharing of derived
states for such characters. A major contrast between in-
terpretations of parsimony-based analyses and model-
based approaches is that parsimony analysis finds the
mitochondrial genomic data equivocal regarding mono-
phyly of Salamandroidea, whereas model-based criteria
in the Bayesian analysis reject monophyly of Salaman-
droidea largely on patterns from heavily weighted char-
acters.

Our results therefore suggest that despite strong
evidence for greater statistical power of maximum-
likelihood and Bayesian methods relative to unweighted
parsimony analysis, the model-based methods may pro-
vide misleading results where a parsimony analysis
would be more conservative in judging the results incon-
clusive. Either over- or under simplification of estimated
models could produce inaccurate trees with inflated con-
fidence (Buckley, 2002), and model-based phylogenetic
methods are not immune to long-branch attraction when
evolutionary models are violated (Huelsenbeck, 1997;
Swofford et al., 2001).

Statistical support for a mistaken topology is perhaps
most likely to occur when resolving relatively short inter-
nal branches located deep in the phylogenetic history of
a group, especially when some substitutional saturation
has occurred in the sequences being compared. In such
situations, an analysis of the contributions of individual
characters to the statistical significance of model-based
results is recommended to determine whether such sig-
nificance results from a relatively small number of heav-
ily weighted characters, as seen for branches A and B in
Figure 4b (Tables 5 and 6). Such outcomes would be most
sensitive to errors in estimation of an evolutionary model
or temporal changes in an evolutionary model (Lemmon
and Moriarty, 2004; Sullivan and Swofford, 1997). This
character-based analysis may be the most objective way
toidentify misleading statistical confidence derived from
a Bayesian analysis (Buckley et al., 2001; Buckley, 2002;
Goldman et al., 2000).
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Terrestrial stages of eastern North American salamanders Desmognathus ochrophaeus (Plethodontidae, top) and Notophthalmus viridescens
(Salamandridae, bottom). Photos by David Weisrock.



