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Abstract—We present a phylogenetic hypothesis and novel, rank-free classification for all extant species of softshell tur-
tles (Testudines: Trionychidae). Our data set included DNA sequence data from two mitochondrial protein-coding genes
and a ~1-kb nuclear intron for 23 of 26 recognized species, and 59 previously published morphological characters for
a complimentary set of 24 species. The combined data set provided complete taxonomic coverage for this globally dis-
tributed clade of turtles, with incomplete data for a few taxa. Although our taxonomic sampling is complete, most of the
modern taxa are representatives of old and very divergent lineages. Thus, due to biological realities, our sampling con-
sists of one or a few representatives of several ancient lineages across a relatively deep phylogenetic tree. Our analyses of
the combined data set converge on a set of well-supported relationships, which is in accord with many aspects of tradi-
tional softshell systematics including the monophyly of the Cyclanorbinae and Trionychinae. However, our results conflict
with other aspects of current taxonomy and indicate that most of the currently recognized tribes are not monophyletic.
We use this strong estimate of the phylogeny of softshell turtles for two purposes: (1) as the basis for a novel rank-free
classification, and (2) to retrospectively examine strategies for analyzing highly homoplasious mtDNA data in deep phy-
logenetic problems where increased taxon sampling is not an option. Weeded and weighted parsimony, and model-based
techniques, generally improved the phylogenetic performance of highly homoplasious mtDNA sequences, but no single
strategy completely mitigated the problems of associated with these highly homoplasious data. Many deep nodes in the
softshell turtle phylogeny were confidently recovered only after the addition of largely nonhomoplasious data from the
nuclear intron. [Homoplasy; mitochondrial DNA; multiple data sets; rank-free classification; nuclear intron; phylogeny;

Trionychidae.]

The use of DNA sequence data has become nearly
ubiquitous in systematics (Hillis et al., 1996). Mitochon-
drial DNA (mtDNA) sequence data has been and con-
tinues to be particularly popular because the conserved
gene order, lack of introns, and lack of recombination
in the mitochondrial genome render the acquisition and
analysis of mtDNA sequence data relatively easy com-
pared with the more complex nuclear genome. The
rapid rate of nucleotide substitution in the mitochondrial
genome (Brown et al., 1979) provides a rich source of
variable characters. However, this rapid rate of substitu-
tion, combined with at most four character states, a con-
sistently strong base compositional bias, and functional
constraints (Graybeal, 1993; Meyer, 1994) all contribute
to potentially high levels of homoplasy in mtDNA, par-
ticularly for more divergent phylogenetic lineages. High
homoplasy levels may lead mtDNA studies to spurious
conclusions (Naylor and Brown, 1998; Garcia-Machado
et al., 1999; Wiens and Hollingsworth, 2000), bringing
into question the general utility of mitochondrial data for
deep phylogenetic questions (Naylor and Brown, 1998;
Mattheeetal.,2001). However, the actual effects that high
levels of homoplasy have on phylogenetic reconstruction
are not clear. Although homoplasy does have the po-
tential to obscure phylogenetic information (Sanderson
and Hufford, 1996), several studies have found a posi-
tive relationship between level of homoplasy in a data set
and the level of resolution in the phylogeny (Sanderson
and Donoghue, 1996; Kallersjo et al., 1998, 1999), imply-
ing that homoplasy may not be all bad. Further coun-
tering this lingering doubt about the utility of mtDNA

is the observation that many relatively deep problems
in vertebrate phylogenetics have apparently benefited
from mtDNA analyses (Shaffer et al., 1997; Zardoya and
Meyer, 1998; Hedges and Poling, 1999; Mindell et al,,
1999).

In contrast to mtDNA, nuclear protein—coding genes
and introns tend to evolve more slowly (Prychitko and
Moore, 1997, 2000; Groth and Barrowclough, 1999; Birks
and Edwards, 2002), making them less prone to excessive
homoplasy. Nuclear introns have the further advantage
of being free from many of the evolutionary constraints
imposed on protein-coding sequences, resulting in phy-
logenetic markers, which, in vertebrates, usually show
little base compositional bias, relatively low transition-
transversion ratio, and little among-site rate heterogene-
ity (Armstrong et al., 2001; Prychitco and Moore, 2003;
Fujita et al., 2004). One disadvantage of nuclear DNA
is that the same slow rate of evolution, which makes
nuclear DNA less prone to homoplasy on long time
scales, can also result in a lack of variation on shorter
time scales (Birks and Edwards, 2002). The identifica-
tion of near-universal primers for a few genes, including
RAGTI (Greenhalgh et al., 1993; Groth and Barrowclough,
1999), c-mos (Saint et al., 1998), beta fibrinogen intron 7
(Prychitko and Moore, 1997, 2000, 2003), and other in-
trons (Friesen et al., 1999; Fujita et al., 2004), has helped
make nDNA sequences more accessible to the vertebrate
phylogenetics community. However, the fact remains
that for most taxa, nuclear data are still not as easily
obtainable as mtDNA data and it is possible that nu-
clear DNA data may never be collected for the many
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studies that have been done exclusively using mtDNA.
Thus many molecular phylogenetic analyses are limited
to mitochondrial data even when these data are likely
to be compromised by high levels of homoplasy. This
fact, coupled with the incredible diversity of mtDNA
sequence data now available for virtually any phyloge-
netic question, make it desirable to develop strategies
for analyzing data sets containing highly homoplasious
data typical of mtDNA, both alone and in combination
with nuclear DNA in a way that that incorporates the
strengths and overcomes the weaknesses of each.

Here we present phylogenetic analyses of mitochon-
drial and nuclear DNA sequence data for softshell tur-
tles (Testudines: Trionychidae) separately, combined with
each other and with previously published morphological
characters. Our molecular data consist of mitochondrial
sequence data from two protein-coding genes and nu-
clear sequence data from a ~1-kb intron from the R35
neural transmitter gene (Friedel et al., 2001; Fujita et al.,
2004) from 23 of 26 recognized species of softshell turtles.
We chose to work with these two mitochondrial genes
because previous studies have shown them to be useful
in resolving deep relationships in turtle phylogenetics
(Shaffer et al., 1997; Starkey, 1997) and because their fre-
quent use in vertebrate systematics implies that observa-
tions on analytical strategies that we have applied here
might be more broadly applicable. The morphological
data set consists of 59 osteological characters collected
by Meylan (1987) for a complimentary set of 24 triony-
chid species.

A primary objective of this study was to produce a
well-supported phylogeny for all extant softshell tur-
tles. Although neither the molecular nor the morpho-
logical data set alone contains data for every recognized
species, the combined data set includes complete tax-
onomic coverage for this globally distributed clade of
turtles, with incomplete data for a few taxa. There are po-
tential disadvantages to including taxa with incomplete
data; however, these problems are usually outweighed
by the advantages of their inclusion (Wiens and Reeder,
1995; Wiens, 1998, 2003). In this case we feel that the ad-
vantage of obtaining a complete phylogenetic hypothe-
sis at the species level for all softshell turtles outweighs
potential disadvantages.

For many taxa, mtDNA data from one or two genes
are all that is currently available for phylogenetic anal-
yses, and for better or for worse these existing mtDNA
data may be all that is ever available for some taxa. In
recognition of this reality, a second, more methodologi-
cal goal of this work is to evaluate a series of strategies
aimed at recovering accurate phylogenetic signal from
potentially highly homoplasious mtDNA data. We are
particularly interested in the case when increasing phy-
logenetic resolution through dense taxonomic sampling
(Hillis, 1996; Pollock et al., 2002; Zwickl and Hillis, 2002)
is impossible. Although our taxonomic sampling of the
Trionychidae is complete, most of the modern softshell
turtle taxa are representatives of old and very divergent
lineages (Meylan, 1987). Thus, due to biological realities,
our sampling consists of one or a few remaining repre-

sentatives of several ancient lineages across a relatively
deep phylogenetic tree. In the case of softshells, addi-
tional sampling simply is not possible, because the set of
surviving species is itself a sparse tree. Using our com-
bined data set as a strong estimate of the best tree, we
retrospectively evaluate several strategies to ask whether
any one approach outperforms others for extracting phy-
logenetic signal from highly homoplasious mtDNA data.

Previous Phylogenetic Hypotheses and Taxonomy

The softshell turtles (Trionychidae) are an ancient, mor-
phologically bizarre, and geographically widespread
group of turtles characterized by reduction of the bony
elements of the shell and complete loss of the kera-
tinized, carapacial scutes that are characteristic of most
other turtles. They include some of the largest (over
100 kg; Pritchard, 2001) and most endangered (Van Dijk
et al.,, 2000) turtles in the world. Extant trionychids oc-
cur in North America, Europe, Africa, Asia, and the East
Indies (Iverson, 1992). Fossil forms are also known from
Australia (Gaffney, 1979a). The fossil record of triony-
chids is extensive (Romer, 1968), with some fossil taxa
from as early as the late Cretaceous (Kordikova, 1991;
Chkhikvadze, 2000) classified within modern genera.
This fossil record and the highly autapomorphic mor-
phologies of extant taxa (Meylan, 1987) suggest that the
crown group may be evolutionarily ancient. The mono-
phyly of the Trionychidae has never been questioned;
however, the relationship of softshell turtles to other tur-
tles has been controversial (reviewed by Gaffney and
Meylan, 1988; Shaffer et al., 1997; Fujita et al., 2004).
Recent molecular studies (Shaffer et al., 1997; Starkey,
1997; Fujita et al., 2004; Krenz et al., unpublished re-
sults) strongly support a sister relationship between the
Austral/New Guinea pig-nosed turtle, (Carettochelidae:
Carettochelys insculpta) and the softshell turtles, and place
this clade (Trionychoidae of Shaffer et al., 1997; Con-
verted clade name Trionychia of Joyce et al., 2004) as
the sister group of all other living cryptodires, and possi-
bly to all other living turtles (Krenz et al., unpublished
results). Based on fossil evidence and inferences from
molecular data, the split between Trionychia and all other
turtles is estimated to have taken place approximately
90 to 120 million years ago (Shaffer et al., 1997)

Our current conception of the relationships within the
Trionychidae is based on Meylan’s (1987) analysis of mor-
phological characters of the skull, shell, and postcranial
skeleton (see Fig. 1). Flap-shelled turtles, which can hide
their feet under flaps of skin projecting from the plastron,
have long been considered unique among softshell tur-
tles (Boulenger, 1889; Lydekker, 1889) and are referred
to the subfamily Cyclanorbinae (Meylan, 1987). All other
softshell turtles are classified in the subfamily Trionychi-
nae (Hummel, 1929). The monophyly of the flap-shells
has been questioned (de Broin, 1977); however, Meylan
(1987) describes 12 shared derived morphological char-
acters for Cyclanorbinae and an additional 9 for Tri-
onychinae, strongly supporting the reciprocal monophyly
of the two subfamilies. Within Cyclanorbinae, Meylan
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recognized four species in two African genera, Cyclanor-
bis and Cycloderma, which he placed in the tribe Cy-
clanorbini and one species in the genus, Lissemys, en-
demic to the Indian subcontinent for which he erected
the tribe Lissemydini. The monophyly of each of these
two groups has never been questioned.

In contrast, the taxonomy and phylogenetic relation-
ships within Trionychinae have been far more controver-
sial. Until Meylan (1987), all trionychine softshell turtles
with the exception of the Southeast Asian giant genera
(Chitra and Pelochelys) were included in a single “waste-
basket” genus Trionyx. No evidence for the monophyly
of Trionyx had ever been assembled and Gaffney (1979b)
asserted that the all-inclusive genus Trionyx was based
on plesiomorphic characters and that the continued use
of “Trionyx” for all non-(Chitra, Pelochelys) trionychines
was equivalent to “Trionychidae sp eq.”. Meylan reclas-
sified the 15 species formerly comprising Trionyx into
nine genera, with the goal of a purely cladistic classi-
fication. To accomplish this goal, he resurrected seven
genera, erected one novel genus, and left Trionyx as a
monotypic genus containing Trionyx triunguis. This in-
creased the total number of trionychine genera from 3 to
11, 8 of which were considered to be monotypic. Meylan
grouped these 11 genera into four tribes: Chitrini, Aspi-
deretini, Trionychini, and Pelodiscini (Fig. 1). Although
Meylan considered the content and monophyly of each
of these four clades to be well established, he was not able
to resolve the relationships among the tribes. Meylan’s
novel classification has been widely accepted, although
the single large genus Trionyx is sometimes still used for
most Trionychine softshell turtles (e.g., Nie et al., 2001;
Plummer, 2001).

MATERIALS AND METHODS
Taxonomic Sampling and Laboratory Protocols

Based on previous studies of turtle phylogeny
(Gaffney and Meylan, 1988; Shaffer et al., 1997; Starkey,
1997; Fujita et al., 2004; Krenz et al., unpublished results),
Carettochelys insculpta was chosen as the most appropri-
ate outgroup to the softshell turtles. We generated molec-
ular data for C. insculpta and for 23 of 26 recognized
species of softshell turtles, including representatives of
all recognized genera. Tissues were not available for Rafe-
tus swinhoei, Aspideretes nigricans, and Aspideretes leithii,
all of which are critically endangered and extremely rare
(Van Dijk etal., 2000). We also reanalyzed the morpholog-
ical data from Meylan’s (1987) monographic treatment of
the family. Details of morphological characters and speci-
mens examined are provided in Meylan (1987). Meylan’s
study includes morphological data for the three species
for which we lack molecular data, but lacks morpho-
logical data from species which Meylan viewed as con-
specific (Lissemys scutata and L. punctata [Webb, 1982])
or which have been recognized since Meylan’s work
(Chitra chitra [Nutaphand, 1986; McCord and Pritchard,
2002], Chitra vandijki [Engstrom et al., 2002; McCord and
Pritchard, 20021, and Pelochelys bibroni [Webb, 1995]). By
combining these two data sets, we have complete taxo-

nomic sampling at the species level, with a full data set
for 19 species, only morphological data for 3 species, and
only molecular data for the remaining 4.

Samples for the following taxa were obtained from
live animals in the private collection of William P.
McCord: Amyda cartilagenea (Thailand), Aspideretes hu-
rum (Dacca Market, Bangladesh), Aspideretes gangeti-
cus (Dacca Market, Bangladesh), Carettochelys insculpta
(South coast of Irian Jaya, Papua, Indonesia), Chitra chi-
tra (Thailand), Chitra indica (Bangladesh), Chitra vandijki
(Riuli Market, Yunnan Provence, China; animal col-
lected in Myanmar), Cyclanorbis elegans (Benin), Cy-
clanorbis senegalensis (Togo), Cycloderma aubryi (Gabon),
Cycloderma frenatum (Lake Malawi), Dogania subplana
(Panang, Malaysia), Lissemys punctata (India), Lisse-
mys scutata (Myanmar), Nilssonia formosa (Myanmar),
Palea steindachneri (China-Vietham border), Pelochelys
bibroni (South coast of Irian Jaya, Papua, Indonesia), Pe-
lochelys cantorii (“Thailand,” either Menona, Cambodia,
or Peninsular Thailand), Pelodiscus sinensis (Shanghai,
China), and Trionyx triunguis (Liberia). Blood samples
from Apalone ferox (Palm Beach County, Florida), Apalone
mutica (Escambia River just north of State Road 4,
Escambia County, Florida), and Apalone spinifera as-
pera (Ochlocknee River, Whitehead Landing, Liberty
County, Florida) were collected by Paul Moler as part
of long-term mark recapture studies. Apalone spinifera
emoryi (introduced to the University of California Davis
Arboretum Waterway, Yolo County, California [Spinks
et al, 2003]), and Rafetus euphraticus (CAS 228508,
Euphrates River, Biricik, Turkey) were field collected by
TNE.

Blood and tissue samples were stored at 4°C in lysis
buffer (White and Densmore, 1992). Genomic DNA was
extracted by standard phenol/chloroform techniques
(Palumbi, 1996) and stored at —20°C. Polymerase chain
reaction (PCR) was conducted in 15 or 25 uL volumes
containing 0.5 mM of each primer, 0.125 mM of each
dNTP, 0.25 mM MgCl,, 0.5 M betaine, and 0.5 to 0.75 U
Tag DNA polymerase using primers described in Table 1.
Thermal cycle profile consisted of a 3-min initial denat-
uration at 94°C followed by 35 cycles of denaturation
for 30 s at 94°C, annealing for 45 s at 50°C (mtDNA) or
60°C (nDNA intron), extension for 1 min at 72°C with
a final 3-min extension at 72°C following the last cycle.
Negative controls were used in all amplifications to check
for possible contamination. Unincorporated primers and
dNTPs were removed either using Millipore Ultrafree
MC 30,000 NMWL filters or enzymatically using exonu-
clease 1, shrimp alkaline phosphatase treatment (Amer-
sham Pharmacia Biotech), and sequenced at the U.C.
Davis Division of Biological Sciences DNA Sequencing
Facility (http://dnaseq.ucdavis.edu/) with an ABI 377
or ABI 3100 automated sequencer. All DNA sequences
were confirmed either by sequencing both the forward
and reverse strands of a single PCR product or by se-
quencing the forward strand of two PCR products from
two different reactions from the same individual. Pur-
ported cytb sequences from Rafetus euphraticus and the
three species of Apalone each had a one base pair indel
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immediately prior to the stop codon suggesting that
these sequences may have come from nuclear pseudo-
genes. To confirm that these sequences are mitochon-
drial cytochrome b, we sequenced the 3’ end of cytb
from multiple PCR products including long PCR prod-
ucts (~2300 bp) spanning the adjacent ND6 and con-
trol region from several DNA extractions from each of
the four individuals and from three different individu-
als of R. euphraticus. We also compared patterns of se-
quence evolution in the purported cytb sequence with
known cytb pseudogenes. The presence of a single ge-
nomic copy of the R35 gene was confirmed by South-
ern blot analysis of genomic DNA (Fujita et al., 2004).
mtDNA sequences were aligned by eye using SeqEd
V.1.0.3 (Applied Biosystems), and R35 intron sequences
were aligned using clustal X (Thompson et al., 1997). Se-
quences were deposited in GenBank (accession numbers:
cytb, AY259546-AY259570, ND4 AY259596-AY259615,
R35 intron AY259571-AY259595). Aligned sequence data
are available on treebase (http://www.treebase.org).

Tests for Excessive Homoplasy (“Saturation”)

Molecular data were tested for substitutional satu-
ration by plotting observed pairwise distance for tran-
sitions and transversions for each pair of taxa against
the corrected distance estimated from maximum likeli-
hood. Unsaturated data are expected to increase linearly,
whereas saturated data are expected to show a distinct
plateau at higher levels of divergence (Irwin et al., 1991;
Graybeal, 1994). To construct a reproducible criterion for
“saturation,” we fitted a 2nd order polynomial regression
line to the saturation plots. If the slope of this regres-
sion line was zero or negative for comparisons within
the ingroup taxa, we considered the data saturated. For
the mitochondrial protein—coding genes, saturation plots
were constructed for each codon position separately, and
cytb was further divided into structural partitions of in-
termembrane, transmembrane, and matrix (Degli et al.,
1993; Griffiths, 1997). This resulted in two saturation
plots for the intron (ti and tv), six from ND4 (ti and tv for
each of 3 codon positions), and 18 from cytb (ti and tv for
3 codon positions in 3 structural regions). Data in which
transitions but not transversions were considered satu-
rated were excluded by recoding nucleotides as purine or
pyrimidine and appending this recoded data to the end
of the data matrix. Analyzing recoded data rather than
using transition matrixes to analyze the original data al-
lows parsimony searches to proceed more rapidly and
also allows analysis of transitionless data using likeli-
hood criteria whereas the use of transition matrices does
not.

Tests for Base Compositional Bias

We tested the possibility that our phylogenetic anal-
yses were mislead by base composition bias using the
base stationarity test implemented in PAUP* version
4b10 (Swofford, 2002). Tests were carried out using only
variable sites for each gene individually, for combined
mtDNA, and for all molecular data. Although the test

does not constitute a rigorous test of base composition
bias because it ignores correlation of characters due to
phylogenetic structure and lacks power, the qualitative
assessment of the degree and direction of differences in
base frequencies among taxa is still informative. In cases
when a strong difference in base composition among
taxa was detected, the direction of bias was compared
to phylogeny inferred using character-based methods to
determine if conflicts in our analyses reflected greater
similarity in base composition rather than phylogenetic
history.

Phylogenetic Analyses

Phylogenetic analyses using maximum parsimony
and maximum likelihood were performed using PAUP*
version 4b10 (Swofford, 2002) with heuristic searches us-
ing TBR branch swapping. Support for nodes was as-
sessed using nonparametric bootstrap analysis based on
1000 pseudoreplicates with 10 random sequence addi-
tions for all parsimony analyses and on 100 pseudorepli-
cates with 1 random sequence addition for all likelihood
analyses. Because a goal of our analysis was to evaluate
the ability of different analytic methods to recover phy-
logenetic information from both saturated and unsatu-
rated data partitions, we analyzed data from each gene
separately and combined under a variety of conditions.

Maximum parsimony analyses were performed for the
morphological, cyth, ND4 (including 23 bp of tRNAMS),
combined mtDNA, combined mtDNA and morphol-
ogy, intron, combined mitochondrial and intron, and
combined molecular and morphological data using sev-
eral weighting schemes. In equally weighted analysis all
characters and all types of character changes were as-
signed a weight of 1. We also conducted analyses using
step matrices to exclude transitions entirely, or to differ-
entially weight transitions and transversions. We chose
ti/tv weights by using maximum likelihood to estimate
a transition bias (k) for all data and for each codon posi-
tion within each gene separately on the most likely tree
(Voelker and Edwards, 1998). Step matrices were used to
give transitions a weight equal to 1/« and transversions
were given a weight of 1. In “weeded” analysis, satu-
ration plots were used to identify and exclude a priori
any data suspected to be highly homoplasious and thus
potentially misleading.

Maximum-likelihood analyses were performed on
cyth, ND4 (including 23 bp of tRNA™MS), combined
mtDNA, intron, and combined mitochondrial and nu-
clear data sets. Additional analyses were carried out for
“weeded” mtDNA data sets from which suspected sat-
urated transitions were excluded by recoding sites as
purine-pyrimidine. For each data set, initial model choice
and parameter values were estimated using Modeltest
Version 3.06 (Posada, 2001). These were used to con-
struct an initial tree, which was then used to estimate
new parameter values. This process of iterative parame-
ter estimation was repeated until two iterations returned
the same parameter values. The parameters from this
iteration were then used in all further analyses. Aligned
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sequence data and details of models used for each par-
tition are in a nexus file available from the senior author
or at http://www.treebase.org.

Because we detected significant base composition bias,
and significant among site rate variation, we also per-
formed LogDet paralinear distance analysis, which is
less likely to be misled by nonstationary base composi-
tion (Guand Li, 1998). As with maximum-likelihood and
Bayesian analyses, LogDet+I analyses were performed
on cytb, ND4 (including 23 bp of tRNAMS)  combined
mtDNA, intron, and combined mitochondrial and nu-
clear data sets. The proportion of invariant sites for each
analyses was estimated separately for each gene or com-
bination of genes using GTR+I model of sequence evo-
lution. Estimated values for I were cytb (0.48772), ND4
(0.42476), mtDNA (0.46242), intron (0.244705), combined
mtDNA and nuclear (0.51645).

Bayesian analyses were performed using Mr. Bayes
V. 3.0 (Huelsenbeck and Ronquist, 2001). Analyses were
performed on separate cytb, ND4 (including 23 bp of
tRNAMS)  combined mtDNA, intron, combined mito-
chondrial and nuclear, and combined molecular and
morphological datasets. In combined analyses, data were
partitioned by gene and by codon position within protein
coding genes. Molecular partitions were analyzed with a
GTR+I+G model of sequence evolution with parameters
for each partition estimated separately for each molecu-
lar data partition, and morphological partition was ana-
lyzed with Lewis’ (2001) maximum-likelihood approach
to modeling discrete morphological character data. De-
fault priors were used in each analysis using four, heated
MCMC chains. We started each analysis from two differ-
ent random starting points to confirm convergence and
mixing and ran each analysis 4,000,000 generations, sav-
ing trees every 100 generations (40,000 saved trees total).
The first 1,000,000 generations (10,000 trees) were dis-
carded as “burn in,” and the remaining 30,000 sampled
generations were used to estimate posterior probabilities
of tree topology and parameters values.

We used partitioned maximum likelihood (DeBry,
1999; Wilgenbusch and de Queiroz, 2000; Caterino et al.,
2001) to evaluate support for various phylogenetic hy-
potheses under the best possible model of molecular
evolution, because it is possible for maximum-likelihood
analyses to favor incorrect topology if the model of
molecular evolution used is not correct (Buckley and
Cunningham, 2002). This could occur if the global like-
lihood model selected does not adequately describe the
heterogeneous evolutionary processes of different parti-
tions of the data, and we did not want our acceptance
or rejection of a particular hypothesis to be compro-
mised by poor model choice. We also used partitioned
maximum-likelihood to identify which partitions sup-
ported conflicting topologies. For partitioned likelihood
analyses, data were divided into eight partitions con-
sisting of (1) nuclear intron, (2) cytb 1st position, (3)
cytb 2nd position, (4) cytb 3rd position, (5) ND4 1st
position, (6) ND4 2nd position, (7) ND4 3rd position,
and (8) tRNAMs, We used Modeltest v. 3.06 (Posada,
2001) to select the best model of sequence evolution

and parameter values for each data partition. Details
of models used for each partition are available from
the senior author or in an aligned data file on tree-
base (http://www.treebase.org). We calculated parti-
tioned likelihood scores for each phylogenetic hypoth-
esis by estimating likelihood scores for each partition
separately and then summing across all partitions. Hy-
potheses tested using partitioned analysis included (1)
the best trees from our maximume-likelihood, maximum-
parsimony, weeded maximum-parsimony, and Bayesian
analyses; (2) Meylan's (1987) preferred topology; (3) trees
representing each of Meylan’s four trionychine tribes,
Chitrini, Aspideretini, Trionychini, and Pelodiscini; and
(4) the most likely tree containing a monophyletic “Tri-
onyx” in the pre-Meylan sense of that name. The most
likely tree containing each of these nodes of interest were
chosen by constraining the monophyly of each of these
groups in a maximum-likelihood search with the com-
bined molecular data.

Alternative topologies were tested using paramet-
ric bootstrapping procedures outlined by Huelsenbeck
et al. (1996). Test trees and simulation model parameters
were selected using PAUP* to estimate parameters for
GTR+I4+G model of sequence evolution in maximum-
likelihood searches with topological constraints consis-
tent with each hypothesis. These trees and model param-
eters were then used as to simulate 1000 data matrices
equal in size to the original matrix using the Genesis
module in Mesquite v. 0.996 (Maddison and Maddison,
2003). PAUP* was then used to conduct two parsimony
searches for each simulated data matrix, either con-
strained to the hypothesis being tested or unconstrained.
Differences in tree length for constrained and uncon-
strained searches for each of the 1000 simulated ma-
trices were calculated and plotted as histograms using
Mesquite v. 0.996 (Maddison and Maddison, 2003). This
serves to build a null distribution of tree length differ-
ences between two potential topologies. If the difference
between constrained and unconstrained topologies in
the original data set falls outside the 95% confidence
interval of this distribution, then the hypothesis that
the constraint tree constitutes the true evolutionary his-
tory is rejected in favor of the shorter unconstrained

topology

RESULTS

The primers described in Table 1 consistently am-
plified single gene products of appropriate size from
all softshell turtles. With one exception, all mitochon-
drial protein—coding sequences were successfully trans-
lated into proteins similar to published turtle sequences
(Zardoya and Meyer, 1998; Kumazawa and Nishida,
1999; Mindell et al., 1999). A single-base pair indel at
the 3’ terminus of cytb was detected in both forward
and reverse sequencing reactions of all PCR and long
PCR products in all members of the Apalonina clade.
These purported cytb sequences do not show signa-
ture patterns of sequence evolution common to nuclear
pseudogenes, including a 5% to 10% decrease in rate of
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TABLE 1.
et al., AF366350).

PCR primers used in this study. Position is in reference to the complete mitochondrial sequence of Dogania subplana (Farajallah

Primer name Position Sequence Reference
ND4 672(f) 10904 TGACTACCAAAAGCTCATGTAGAAGC Engstrom et al., 2002
Hist (r) 11628 CCTATTTTTAGAGCCACAGTCTAATG Aravelo et al., 1994
Gludg (f) 14165 TGACTTGAARAACCAYCGTTG Palumbi, 1996

CB2 (1) 14591 CCCTCAGAATGATATTTGTCCTCA Palumbi, 1996
CB94lt (f) 14487 TGCATCTACC TTCACATYGG MCG Shaffer et al., 1997
CB3 (1) 14999 GGCAAATAGGAAATATCATTC Palumbi, 1996
CB534(f) 14718 GACAATGCAACCCTAACACG This study
CB649(r) 14834 GGGTGGAATGGGATTTTGTC This study
CB791(f) 14976 CACCMGCYAACCCACTATC This study
Teytbthr(r) 15355 TTCTTTGGTTTACAAGACC This study

NDé6 346F 13938 GAATAAGCAAAAACCACTAACATACCCCC This study

TCR500 16616 CCCTGAAGAAAGAACCGAGGCC This study

R35Ex1 (f) R35Exon1 ACGATTCTCGCTGATTCTTGC Fujita et al., 2004
R35Ex2 (r) R35Exon2 GCAGAAAACTGAATGTCTCAAAGG Fujita et al., 2004

divergence (e.g., Arctander 1995; DeWoody et al., 1999;
Li et al., 2002), high incidence of indels resulting in
multiple-phase shift or stop codon mutations (Bensasson
et al., 2000), decrease in ti/tv ratio from typically high
mtDNA ratio to ~2:1 (DeWoody et al., 1999), and loss of
differences in substitution pattern among (former) codon
positions (Bensasson et al., 2000). The sequences also
show a paucity of guanine, which is typical of mtDNA
protein-coding genes and has been used as a criterion for
identifying authentic mtDNA (Macey etal., 1997a, 1997b;
Schulte et al., 2003). Extra untranslated nucleotides have
been described in the mtDNA ND3 gene in some birds
and a turtle (Mindell et al., 1998). Given the weight of this
evidence, we conclude that these sequences are authen-
tic mitochondrial cytb. The R35 intron sequences ranged
from 975 to 1034 bp. However, indels ranging from 1 to
24 bp were common, yielding an aligned sequence ma-
trix of 1063 nucleotide positions.

Reanalysis of Morphological Data

Meylan’s (1987) study predated the intensive search-
ing of tree space and statistical analyses that are now
standard in phylogenetics. We provide both bootstrap
(BP) and decay values, based on Meylan’s dataset, in
Figure 1. Our reanalysis of Meylan’s data produced six
equally most parsimonious trees of length 193 (CI 0.446,
RI 0.621, RC 0.277, HI 0.554). The topology of the boot-
strap consensus tree is identical to the strict consensus of
these six trees (not shown). This consensus tree is largely
consistent with the preferred tree upon which Meylan
based his taxonomy. In Figure 1 we show Meylan’s (1987)
preferred tree, with BP and decay values from our con-
sensus tree. There is strong support for the monophyly
of both Cyclanorbinae and Trionychinae, the sister relation-
ship of Chitra and Pelochelys (BP = 99), the monophyly
of Rafetus (BP = 89), and for the (Apalone spinifera, A. mu-
tica) clade (BP = 77). However, of the five nonmonotypic
genera recognized, only Rafetus has a reasonable level of
bootstrap support, with others ranging from 0% to 47%.
Two of the five nonmonotypic tribes proposed by Mey-
lan are weakly recovered as nonmonophyletic (indicated
in Figure 1 by negative Bremer support at those nodes),

with Nilssonia falling outside the Aspideretini, and the
Cyclanorbini recovered as paraphyletic with respect to
Lissemys. The greatest bootstrap support for any of the
three monophyletic tribes is 46% (Chitrini). As noted
by Meylan, for the relationship among the four, triony-
chine tribes are poorly resolved. Overall, our reanalysis
of Meylan’s morphological data set provides weak sup-
port for some of the named taxa in Meylan (1987), and
weak conflict with others.

— Nilssonia formosa ]
A . 1
N Aspideretes hurum S
-2 Aspideretes gangeticus §
+2 Aspideretes leithii ‘;3
Aspideretes nigricans | =
% —— Amyda cartilaginea g
Pelochelys bibroni 3
+2 99 5
pra Chitraindica | & g
— . —_/
Dogania subplana [
+2 23 3
s
32 TE Pelodiscus sinensis | S §
+
——— Palea steindachneri g g
Rafetus euphraticus | g
Rafetus swinhoei g
% Apalone ferox %
Apalone mutica =
§
Apalone spinifera i
Trionyx triunguis __ | _ o
NA Cycloderma frenatum |Q | <&
Nnal Cycloderma aubryi | & %
-1 | n/A — Cyclanorbis senegalensis § 3
0 i s S
10 Cyclanorbis elegans | S &>
Lissemys punctata Lissemydini_| ‘%
[}
FIGURE 1. Meylan’s (1987) preferred tree upon which he based his

phylogenetic classification of the softshell turtles. Bootstrap support
and decay indices (Bremmer support) from our reanalyses are shown
above the node and below the node respectively. Negative decay index
indicates that a node was not found in the most parsimonious tree.
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FIGURE 2. Saturation plot showing the pairwise divergence in the
ND4, cytb, and R35 introns. The x-axis represents pairwise divergence
estimated by maximum likelihood. The y-axis is the observed diver-
gence. Comparisons for ND4 are shown with open triangles, cytb with
closed circles, and the R35 intron in open squares.

Molecular Data

Tests for saturation.—Saturation plots (Figs. 2 and 3)
show that the two mitochondrial genes evolve at a sub-
stantially faster rate than the nuclear intron. Transitions
at the third positions of all process partitions of both

mtDNA genes conformed to our saturation criteria (only
cytb shown in Fig. 3). Transitions at 1st positions in both
the matrix and transmembrane, but not in the intermem-
brane, portions of the cytb data were saturated. Based
on this evidence of substitutional saturation, these par-
titions were excluded from some maximum-parsimony
and maximum-likelihood analyses. The three process
partitions in the cytb data showed evidence of hetero-
geneous patterns of substitution (Fig. 3). Overall, inter-
membrane sites showed the slowest substitution rates in
1st and 2nd positions, and transmembrane sites showed
the fastest rates.

Tests for base compositional bins.—Base stationarity tests
showed significant differences among taxa in base com-
position bias in the mtDNA data (cytb: x* = 127.66
[df =72], P =0.000059; ND4: x2=118.43 [df=72],
P = 0.00048; combined mtDNA: x2 = 214.69 [df = 72],
P = 0.00), but not in the intron (2 = 19.75 [df =72],P =
1.00) or combined data (x2 = 62.27 [df =72], P =0.79).
This base composition bias in the mtDNA cannot explain
the topological conflict between our mtDNA and intron
data. The case in which conflict between mitochondrial
and nuclear genes is most apparent regards the place-
ment of Rafetus euphraticus relative to the Asian clade
(Amydona) and the North American softshells (Apalone).
Phylogenetic analysis of mtDNA places Rafetus euphrati-
cus as sister to the Amydona; however, the mtDNA base
composition of Rafetus is more similar to that of the three
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species of Apalone. Similarly, phylogenetic analysis of
ND#4 data renders Cyclanorbini paraphyletic by placing
Cycloderma and Lissemys as sister taxa to the exclusion
of Cyclanorbis; however, the base composition of Cyclo-
derma is closer to that of Cyclanorbis than to Lissemys.
These results are consistent with a recent simulation
study showing that the level of base composition bias
needed to mislead phylogenetic methods in simulated
data sets is far higher than that normally found in nature
(Conant and Lewis, 2001) and much higher than in our
data.

mtDNA.—In parsimony, likelihood, LogDet, and
Bayesian analyses, ND4 provided strong support (BP >
90, PP > 95) for several tip nodes, but very low support
(<50) for most deep nodes (Fig. 4, see Appendix 1 for de-
tail, available at the Society of Systematic Biologists Web-
site, http://systematicbiology.org). Equally weighted
parsimony analysis of the cytb data (Appendix 1) also
left the deeper nodes within the trionychines completely
unresolved. However, maximum-likelihood (Appendix
1) and Bayesian (Fig. 4, Appendix 1) analyses of cytb did
recover some strongly supported deep nodes. The two
mitochondrial genes provide strong, concordant support
for some nodes at the tips of the tree. However, the two
mitochondrial genes, which presumably share a single
geneology, provide conflicting support for opposite re-
lationships among the three species of North American
softshell turtles (Apalone ferox, A. mutica, and A. spinifera).
ND4 supports a sister relationship of Apalone spinifera
and A. mutica (bootstrap support of 92 MP, 75 ML, 100
Bayes), whereas cytb supports the sister relationship of
A. spinifera and A. ferox (80, 74, 77).

Analysis of the combined mtDNA places African cy-
clanorbines as monophyletic, Trionyx triunguis as sister
to the Southeast Asian giants Pelochelys and Chitra (68, 84,
100), and weakly places Rafetus euphraticus as sister to the
Asian clade (<50 ML, 79 Bayes). Relationships among the
three species of Apalone are not resolved, with likelihood
weakly supporting an (Apalone spinifera, A. ferox) clade
and parsimony and Bayesian analyses supporting (A.
spinifera, A. mutica). Overall, the mtDNA strongly sup-
ports monophyly of the Cyclanorbinae and Trionychinae,
and of three major clades within Trionychinae, but is not
able to resolve the relationships among these clades, and
is not able to place Rafetus.

mtDNA versus nuclear intron.—Saturation plots, low
bootstrap values, and weak or conflicting resolution of
some nodes all indicate that homoplasy may be an is-
sue with the mtDNA data (Fig. 3, Appendix 1). In con-
trast the linear accumulation of substitutions in the in-
tron (Fig. 2) is accompanied by the resolution of deep
nodes with high levels of almost homoplasy-free charac-
ter support, suggesting that the R35 intron may provide
a more reliable estimation of deep nodes in the softshell
phylogeny (Graybeal, 1994). The R35 intron provided re-
markably good resolution for deep nodes but relatively
little information regarding relationships at the tips of
the tree. Intron data strongly support the monophyly
of Trionychinae and Cyclanorbinae (100 MP, 100 ML, 100
Bayes), monophyly (100, 100, 100), and pectinate struc-

ture of the Asian clade (=95, >97, 100 for all nodes within
the clade), Trionyx triunguis as the sister of the Southeast
Asian giants (Chitra, Pelochelys) (81, 91, 100), and Rafe-
tus euphraticus as sister (99, 100, 100) to a monophyletic
North American Apalone clade (100, 100, 100), not as part
of the Asian clade as suggested by mtDNA. Within Cy-
clanorbinae, the intron provides strong support for the
monophyly of Lissemys (99, 100, 100) and moderate sup-
port for Cycloderma (78, 70, 93), but the monophyly of
Cyclanorbis and of the two African genera Cyclanorbis
and Cycloderma is equivocal. The intron supports the sis-
ter relationship between Apalone spinifera and A. ferox
(supported by the cytb, conflicting with ND4 and mor-
phological data). The topology supported by the intron
(Fig. 4) differs from the mtDNA topology in several key
aspects, most notably in the placement of Rafetus euphrati-
cus. This relationship is supported by 13 intron charac-
ters (11 of which have a consistency index of 1) receives
bootstrap support of 100 in both maximum-parsimony
and maximum-likelihood analyses, and has a Bayesian
posterior probability of 100%.

Maximume-likelihood and Bayesian analyses of the
combined, nearly homoplasy-free intron with the more
variable mtDNA data converged upon a single set of re-
lationships with strong support for both deep nodes and
tipnodes (Figs. 4, 5). The conflicts within mtDNA and be-
tween mtDNA and the intron are resolved with African
cyclanorbines monophyletic (80, 67, 99), and Rafetus eu-
phraticus sister to the North American Apalone (—, 83,
100) and A. spinifera is sister to A. ferox, although sup-
port for this relationship is weak (60, 69, 75). The cur-
rently recognized tribes, Chitrini, Pelodiscini, Triony-
chini, and “Trionyx” in the pre-Meylan sense, do not
appear as monophyletic groups. Each of the five topolo-
gies in which one of these groups was constrained as
monophyletic was statistically rejected using paramet-
ric bootstrap analyses of the combined molecular data
(P <« 0.01).

Combined Molecular and Morphology

By combining all morphological and molecular data,
we obtained a phylogenetic hypothesis for all extant soft-
shell turtles. The topology and bootstrap support for
nodes based on parsimony analysis of the morpholog-
ical/molecular data for the complete taxon matrix us-
ing 1/« ti/tv weighting for the mtDNA are shown as
the top number above each node in Figure 5. Bayesian
posterior probabilities for combined morphological and
molecular data are shown as the bottom number below
each node. Bootstrap support and posterior probabilities
from maximume-likelihood and Bayesian analyses of the
24 taxa with molecular data available are shown on the
same tree. Support for virtually all nodes is high, and
the only conflict between analysis of the combined
molecular and morphological data set, and of the molec-
ular data alone, regards alternative relationships among
the three North American softshell turtles. Both parsi-
mony and Bayesian analyses group Apalone spinifera with
A. mutica to the exclusion of A. ferox, whereas molecular
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FIGURE 5. Our best estimate of the phylogenetic relationships of
softshell turtles based on maximum-likelihood and Bayesian analy-
ses of combined mitochondrial and nuclear DNA sequence data, 1/«-
weighted parsimony analyses of combined molecular and morpholog-
ical data, and Bayesian analyses of combined molecular and morpho-
logical data. The bootstrap support from MP (all data) and ML (DNA
data only) analyses are listed above the node, and the Bayesian poste-
rior probability for DNA only (MrB) and for DNA and morphological
data (MrBM) is below the node. The nodes lettered A-V are referred to
in Appendix 1.

data weakly support the sister relationship of A. ferox and
A. spinifera (shown in Fig. 5). Overall, we consider this a
very strongly supported topology, and our best current
estimate of the phylogeny of softshell turtles.

Getting the Most Out of Homoplasious Data: Weighting,
Weeding, and Combining Data

Bootstrap support from various analyses of separate
and combined mitochondrial data partitions and com-
bined mitochondrial and nuclear partitions for each of
the 22 nodeslettered A to V in the topology in Figure 5 are
shown in Appendix 1. There are a few relationships, in-
cluding the monophyly of Trionychinae and Cyclanorbinae
(nodes Q and V), monophyly of Apalone (I), and sister
relationship of Pelochelys and Chitra (N), that are well
supported in all analyses of all partitions and combina-
tions of data. Other deep nodes that are very strongly
supported in the intron and combined analyses, such as
placement of Amyda, Dogania, Palea, and Pelodiscus as suc-

cessive sister groups to (Aspideretes, Nilssonia) (nodes C,
D, E, F), placement of Rafetus as sister to Apalone (H), and
placement of Trionyx as sister to (Chitra, Pelochelys) (P), re-
ceive consistently weak support from equally weighted
parsimony analysis of mitochondrial genes, both sepa-
rately and when combined. In our evaluation of the ef-
ficacy of various analytical techniques, we assume that
the combined tree presented in Figure 5 is “correct” and
focus primarily on the ability of a given technique to re-
cover these six difficult nodes (C, D, E, F, H, P). As a gross
indicator of effectiveness, we summed bootstrap scores
and calculated the average bootstrap score across the en-
tire tree and for nodes C, D, E, F, H, P (bottom two rows
of Appendix 1).

In 11 out of 12 cases, weighted and weeded parsimony
analyses improved bootstrap support for the six diffi-
cult nodes when compared with equally weighted parsi-
mony. Only transversion parsimony analysis of the com-
bined mtDNA /nDNA data set did not increase overall
bootstrap support for the key nodes. The effect of weight-
ing schemes on bootstrap support across the entire tree
was not as uniformly positive. Weighting or weeding
increased overall tree bootstrap support in seven cases
and decreased bootstrap support in five. Transversion
parsimony was the least effective weighting scheme, re-
sulting in a decrease in bootstrap support for the entire
tree, in three of four data partitions and for key nodes
in one of four partitions. In contrast, weeded parsimony
and ti/tv weighting (both of which retain some infor-
mation from transitions) increased support for the six
difficult nodes in all partitions and increased support for
the overall topology in all partitions except ND4. In sim-
ilar weighted and weeded analyses of combined molec-
ular and morphological data (not shown), all weighting
schemes resulted in increased bootstrap support for the
six key nodes relative to unweighted parsimony (aver-
age 1149 BP points, +-24.8 points per node). Weeding and
ti/tv weighing also resulted in moderate increase across
the entire tree (average 448 BP points, 42.2 points per
node), but transversion parsimony resulted in a loss of
support for the overall tree (—42 BP points, —1.9 points
per node). Likelihood and Bayesian techniques recov-
ered difficult nodes with levels of support that were
much greater than equally weighted parsimony and usu-
ally greater than weeded and weighted parsimony. For
all partitions except ND4, unweeded likelihood analysis
returned the highest overall bootstrap support and ei-
ther weeded or unweeded likelihood analysis returned
the highest levels of support for the six key nodes.

It is important to note that although the sister
relationship of Rafetus and Apalone (node H) is very
strongly supported by intron data and by morphological
data, no weeding/weighting scheme or model-based
technique was able to recover the Rafetus and Apalone
sister relationship using mitochondrial data alone.
Only LogDet+]I analyses successfully recovered this
relationship from mtDNA data albeit very weakly
(Appendix 1). Support for an alternative placement of
Rafetus was generally weaker in weeded, weighted, and
model-based analyses compared to equally weighted



2004

ENGSTROM ET AL—PHYLOGENY OF SOFTSHELL TURTLES

703

analyses, indicating misplacement of Rafetus may be
due to long-branch attraction, and that the problem is
most severe under parsimony. In maximum-likelihood,
LogDet, and Bayesian analyses of the combined mtDNA
plus nDNA data set node H (Rafetus, Apalone) is re-
covered with high levels of support. This node is also
recovered by ti/tv weighting and weeded parsimony
analysis of combined molecular data (Appendix 1)
and in Bayesian and parsimony analyses of combined
morphological and molecular data (Fig. 5).

Partitioned Maximum Likelihood

Partitioned maximume-likelihood analysis resulted in
a large overall improvement in likelihood scores com-
pared with analysis using the global likelihood model
(see Appendix 2 for detail, available at the Society of
Systematic Biologists website, http://systematicbiology.
org). There is no support from individual or summed
partitions for the monophyly of the tribes Chitrini,
Pelodiscini, or Trionychini (Fig. 1), monophyly of the pre-
vious concept of the genus “Trionyx” (all trionychines ex-
cept for Chitra and Pelochelys), or the overall topology of
Meylan'’s tree. Partitioned likelihood shows that support
for the topology in which of Rafetus is not sister to Apalone
comes exclusively from the mtDNA 3rd codon parti-
tions, which are the most prone to long-branch attrac-
tion. There is no support for this topology from mtDNA
1st or 2nd codon positions or from the intron.

DiscuUsSION

The two primary objectives of this study were to pro-
duce a well-supported phylogeny for all extant softshell
turtles and to evaluate strategies for extracting phyloge-
netic signal from highly homoplasious mtDNA data. We
first discuss key points of the phylogeny of softshell tur-
tles and build a taxonomy with which that phylogeny can
be effectively communicated. We then use this strongly
supported phylogenetic taxonomy to discuss the analyt-
ical strategies of more general phylogenetic interest.

Phylogenetics and Taxonomy of Softshell Turtles

Phylogeny.—Softshell turtles are a morphologically
unique, ancient, group of economically important tur-
tles. They include the largest freshwater turtles in the
world (Pritchard, 2001), and some of most threatened of
any vertebrate species (Van Dijk et al., 2000). A strong
phylogeny for the group is essential in assessing biodi-
versity, making sound management decisions, and un-
derstanding the evolution of their bizarre morphologies
and biogeographic history. We have made major strides
toward obtaining a complete phylogeny for the group.
All forms of analysis, including maximum-likelihood
and Bayesian analyses of molecular data and Bayesian
and maximum-parsimony analyses of combined molec-
ular and morphological data, converge on the well-
supported set of relationships shown in Figure 5. We
consider this to be our best operational hypothesis for
relationships of softshell turtles. The only areas of un-

certainty within this set of relationships regard the po-
tential paraphyly of Aspideretes with respect to Nilsso-
nia formosa, the potential paraphyly of the African Cy-
clanorbines with respect to Lissemys, and the relationships
among North American softshell turtles, Apalone.

Our analysis agrees with several key features of tradi-
tional (i.e., Meylan, 1987) ideas of softshell turtle system-
atics. We found unequivocal support for the monophyly
of Cyclanorbinae and Trionychinae. Within Cyclanorbinae,
we found strong support for the monophyly of Cyclo-
derma and Lissemys and variable support for the mono-
phyly of Cyclanorbis. Within Trionychinae, we found
support for the long-held idea of a close relationship
between the giant Southeast Asian genera Chitra and Pe-
lochelys (Gray, 1873), for the monophyly of the North
American softshell turtles (Apalone), and for a South
Asian (Nilssonia, Aspideretes) clade (Meylan’s Aspidere-
tini). We also found strong support for the seemingly
unlikely sister relationship of the Middle Eastern and
East Asian Rafetus and the North American Apalone. Al-
though the Apalone-Rafetus relationship was not recov-
ered in analyses of mtDNA, it is strongly supported by
the intron, weakly but consistently by the morphological
data, and universally in all combined analyses.

Our analysis disagrees with other aspects of traditional
softshell systematics. Using parametric bootstrapping,
we are able to reject the monophyly of the currently rec-
ognized tribes Chitrini, Trionychini, and Pelodiscini, al-
though for Chitrini and Trionychini, this is due to the
misplacement of a single taxon from each. Another area
in which our analyses conflict with traditional views of
softshell turtle systematics, and show some internal con-
flict, is in the interrelationships among the three North
American species of Apalone. One of the few statistically
well-supported nodes in Meylan’s morphological analy-
sis is the sister relationship of the wide-ranging, broadly
sympatric species A. mutica and A. spinifera to the ex-
clusion of the allopatric, Florida endemic, A. ferox. Se-
quence data from ND4 also strongly support the sister
relationship of A. spinifera and A. mutica. In contrast, a
detailed phylogeographic study based on extensive sam-
pling of all three species using cytb supports A. spinifera
and A. ferox as sister taxa with strong (BP = 89) statistical
support (Weisrock and Janzen, 2000). In our data, both
cytb and the R35 intron support the Weisrock and Janzen
(2000) topology with A. spinifera and A. ferox as sister taxa.
For the time being, we provisionally favor the sister re-
lationships of Apalone spinifera and A. ferox as our best
hypothesis of the relationships of North American soft-
shell turtles, based on support from global maximum-
likelihood, Bayesian, and unweighted and unweeded
parsimony analyses of our own molecular data and from
the more densely sampled cytb phylogeny of Weisrock
and Janzen (2000). We are currently attempting to resolve
this conflict using increased taxonomic sampling and se-
quences from additional mtDNA genes.

Taxonomic implications.—The phylogeny proposed by
Meylan (1987) has been the basis of softshell turtle tax-
onomy for the past 15 years. Although elements of this
classification appear in our phylogeny (compare Figs. 1
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and 5), few of Meylan’s proposed tribes map to mono-
phyletic groups. Given that Meylan’s (and our) goal is
a monophyly-based classification, we propose a novel
phylogenetic classification of softshell turtles in accord
with recommendations of the PhyloCode (de Queiroz
and Cantino, 2001), following the protocol for conver-
sion of rank-based names described by Joyce et al. (2004)
(Table 2). As recommended by the PhyloCode, all clade
names are italicized to clearly distinguish them from
taxon names governed by the ICZN (1999) (e.g., Triony-
chidae versus Trionychidae). In assembling this classifica-
tion, we have strived to simultaneously maintain nomen-

TABLE 2. A rank-free phylogenetic taxonomy of softshell turtles
based on the phylogenetic analyses presented in Figure 5. Definitions
of converted clade names are given in Table 3. Definitions of new clade
names are given in the text and in Table 3. Bibliographic documentation
of original use of the name follows Meylan (1987) Table 22 except where
indicated with an.*

Trionychidae (Geoffroy-St.Hilaire, 1809a, 1809b) Bell, 1828
Cyclanorbinae (Hummel, 1929)
Lissemys (Malcom Smith, 1931)
Lissemys punctata (Lacépede, 1788)
Lissemys scutata (Peters, 1868)*
Cyclanorbini
Cycloderma (Peters, 1854)
Cycloderma frenatum (Peters, 1854)
Cycloderma aubryi (Dumeril, 1856)
Cyclanorbis (Gray, 1854)
Cyclanorbis senegalensis (Dumeril and Bibron, 1835)
Cyclanorbis elegans (Gray, 1869)
Trionychinae (Fitzinger, 1826) Lydekker, 1889
Gigantaestuarochelys (new clade name)
Trionyx triunguis (Forskal, 1775)
Chitraina (Gray, 1873)*
Pelochelys (Gray, 1864)
Pelochelys bibroni (Owen, 1853)*
Pelochelys cantorii (Gray, 1864)*
Chitra (Gray, 1844)
Chitra indica (Gray, 1831)
Unnamed Clade
Chitra chitra (Nutaphand, 1986)*
Chitra vandijki McCord and Pritchard, 2002)*
Unnamed Clade
Apalonina (Meylan, 1987)*
Rafetus (Gray, 1864)
Rafetus euphraticus (Daudin, 1802)
Rafetus swinhoei (Gray, 1873)
Apalone (Rafinesque, 1832)
Apalone mutica (Le Sueur, 1827)
Unnamed Clade
Apalone spinifera (Le Sueur, 1827)
Apalone ferox (Schneider, 1783)
Amydona (new clade name)
Pelodiscus sinensis (Wiegman, 1835) Gray 1844
Unnamed Clade
Palea steindacheri (Siebenrock, 1906) Meylan, 1987
Unnamed Clade
Dogania subplana (Geoffroy-St.Hilaire, 1809a) Gray, 1844
Unnamed Clade
Amyda cartilaginea (Boddaert, 1770) Geoffroy-St.Hilaire,
1809a
Aspideretini (Hay, 1903) Meylan, 1987
formosa (Gray, 1869)
gangeticus (Cuvier, 1831)
hurum (Gray, 1831)
leithii (Gray, 1872)
nigricans (Anderson, 1875)

clatorial stability and accurately reflect our improved un-
derstanding of the phylogenetic relationships of these
turtles. Phylogenetic definitions of converted clade
names used in this classification are provided in Table 3.

The primary subdivision of Trionychidae into two
clades, Cyclanorbinae and Trionychinae, is well supported
in both Meylan’s morphological data and our molec-
ular data. Within Cyclanorbinae, we found some un-
certainty regarding the monophyly of Meylan’s tribe
Cyclanorbini based on both molecular and Meylan’s own
morphological data. The clade Cyclanorbini is weakly
supported and Lissemydini contains a single genus and
thus is redundant with Lissemys. We therefore recom-
mend abandoning Lissemydini but provisionally main-
taining Cyclanorbini and Cyclanorbis as informal clade
names pending additional investigation of the phyloge-
netic placement of Cyclanorbis senegalensis.

There is very little support for maintaining the cur-
rent tribe designations within Trionychinae. Parametric
bootstrapping of our molecular data rejects the mono-
phyly of three of the four tribes proposed by Meylan
(1987). Only Aspideretini is monophyletic in our analy-
ses, and it is deeply nested within a group consisting of
members of two of the other presently recognized tribes
(Fig. 5). Several other monophyletic groups, which are
ecologically, morphologically, or biogeographically co-
herent, and may therefore be worth recognizing taxo-
nomically, do emerge from our analyses. The first of these
is the clade of giant, often estuarine softshells containing
Trionyx, Pelochelys, and Chitra. This group may be defined
as consisting of all of the descendents of the most recent
common ancestor of Trionyx triunguis and Chitra indica.
All extant members are characterized by an extremely
large adult body size, often exceeding 100 cm carapacial
length (Pritchard, 2001) and frequent use of estuarine or
marine habitats (Ernst and Barbour 1989). We suggest the
clade name Gigantaestuarochelys for this group of giant,
estuarine turtles (Table 2). Within Gigantaestuarochelys,
the Chitra+Pelochelys clade has long been recognized as
distinct. In a rank-free context Grey’s (1873) subfamily
name, Chitraina is available for this group, defined as
all descendants of the most recent common ancestor of
Chitra indica and Pelochelys bibroni (Table 3). Gigantaestu-
arochelys is sister to an unnamed group consisting of all of
the descendents of the most recent common ancestor of
Amyda cartilagenea and Apalone ferox. This large clade can
be further divided into a diverse and pectinate clade of
Asian/Indian softshells consisting of Amyda cartilagenea,
Dogania subplana, Palea steindachneri, Pelodiscus sinensis,
and Aspideretini. This clade is characterized by a small
to medium size (Pritchard, 2001), and the presence of a
strong symphysial ridge located in a depression (Meylan
1987, character 95). Amydais the oldest subordinate taxon
name in this clade. To avoid confusion with the mono-
typic subtribe name Amydina erected by Meylan (1987),
we suggest the name Amydona (signifying a larger clade)
for the clade consisting of all of the descendents of the
most recent common ancestor of Amyda cartilagenea and
Pelodiscus sinensis (Tables 2, 3). Amydona is sister to a
clade derived from the most recent common ancestor
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TABLE 3. Definitions of clade names used in the classification shown in Table 2. Following conventions established by de Quiroz and Cantino
(2001) and Joyce et al. (2004), the most commonly used current names are assigned to the clade that most closely approximates its current meaning.
The name of the relative stem clade is formed by the addition of the prefix “Pan.” For example, “Trionychidae” as defined below includes all
extant softshell turtles and any fossil forms arising from the last common ancestor of all extant softshell turtles. “Pantrionychidae” refers to this
clade as well as all fossil forms, which share a more recent common ancestor with the crown clade than with its sister clade Carettochelys inscultpa.
Unless otherwise indicated, bibliographic documentation of original use of the name is provided in Meylan (1987), Table 22. Abbreviations:
CCN, converted clade name; NCN, new clade name; ICN, informal clade name.

Trionychidae

As previously defined by Joyce et al. (2004), refers to the crown clade arising from the last common ancestor of

Trionyx (orig. Testudo) triunguis (Forskal, 1775), Cyclanorbis senegalensis (Dumeril and Bibron, 1835).

Cyclanorbinae (CCN)

Refers to the crown clade arising from the last common ancestor of Cyclanorbis senegalensis (Dumeril and Bibron,

1835) and Lissemys punctata (Lacépede, 1788).

Cyclanorbini (ICN)

Informal clade name for Meylan’s (1987) tribe of the same name containing the taxa Cycloderma frenatum (Peters,

1854), Cycloderma aubryi (Dumeril, 1856), Cyclanorbis senegalensis (Dumeril and Bibron, 1835), and Cyclanorbis
elegans (Gray, 1869). Not formally defined here because of ambiguity regarding the relationship of Cyclanorbis
senegalensis (Dumeril and Bibron, 1835) to other members of Cyclanorbinae.

Cyclanorbis ICN)

Informal clade name for the group containing Cyclanorbis senegalensis (Dumeril and Bibron, 1835) and Cyclanorbis

elegans (Gray, 1869). Not formally defined here because of ambiguity regarding the relationship of C.
senegalensis to other members of Cyclanorbinae.

Cycloderma (CCN)
Cycloderma aubryi (Dumeril, 1856).
Lissernys (CCN)
Lissemys scutata (Peters, 1868).
Trionychinae (CCN)

Refers to the crown clade arising from the last common ancestor of Cycloderma frenatum (Peters, 1854) and
Refers to the crown clade arising from the last common ancestor of Lissemys punctata (Lacépede, 1788) and

Refers to the crown clade arising from the last common ancestor of Trionyx triunguis (Forskal, 1775), Apalone ferox

(Schneider, 1783), and Amyda cartilaginea (Boddaert, 1770).

Gigantaestuarochelys (NCN)

Refers to the crown clade arising from the last common ancestor of Trionyx triunguis (Forskal, 1775), Chitra indica

(Gray, 1844), and Pelochelys bibroni (Owen, 1853).

Chitraina (CCN)
bibroni (Owen, 1853).
Chitra (CCN)

Refers to the crown clade arising from the last common ancestor of Chitra indica (Gray, 1844) and Pelochelys

Refers to the crown clade arising from the last common ancestor of Chitra indica (Gray, 1844), Chitra chitra

(Nutaphand, 1986), and Chitra vandijki (McCord and Pritchard, 2002).

Pelochelys (CCN)
cantorii (Gray, 1864).
Apalonina (CCN)
Apalone ferox (Schneider, 1783).

Rafetus (CCN)

swinhoei (Gray, 1873).
Apalone (CCN)

mutica (Le Sueur, 1827).
Amydona (NCN)

Refers to the crown clade arising from the last common ancestor of Pelochelys bibroni (Owen, 1853) and Pelochelys
Refers to the crown clade arising from the last common ancestor of Rafetus euphraticus (Daudin, 1802) and
Refers to the crown clade arising from the last common ancestor of Rafetus euphraticus (Daudin, 1802) and Rafetus
Refers to the crown clade arising from the last common ancestor of Apalone ferox (Schneider, 1783) and Apalone

Refers to the crown clade arising from the last common ancestor of Amyda cartilaginea (Boddaert, 1770),

Pelodiscus sinensis (Wiegman, 1835), and Aspideretini formosa (Gray, 1869).

Aspideretini (CCN)

Refers to the crown clade arising from the last common ancestor of “Nilssonia” formosa (Gray, 1869),” Aspideretes”

gangeticus (Cuvier, 1831), “Aspideretes” hurum (Gray, 1831), “Aspideretes” leithii (Gray, 1872), “ Aspideretes”

nigricans (Anderson, 1875).

of Apalone ferox and Rafetus euphraticus. Meylan (1987)
erected the name Apalonina for this biogeographically
disparate clade, which was first recognized by Loveridge
and Williams (1957) based on the reduced or absent 8th
pleurals (Meylan 1987, character 48).

The current generic taxonomy of softshell turtles pro-
vides several interesting puzzles. Of the eight currently
recognized genera that are not monotypic, six appear
to be unquestionably monophyletic groups. These in-
clude Apalone (3 species), Chitra (3 species), Cycloderma
(2 species), Rafetus (2 species), Lissemys (2 species), and
Pelochelys (2 species). The other two genera, Cyclanorbis
and Aspideretes, are paraphyletic in many of our analyses;
Cyclanorbis with respect to Cycloderma and Lissemys, and
Aspideretes with respect to Nilssonia formosa. We do not
recommend changing the content of Cyclanorbis until fur-
ther studies clarify its content and relationships to other
flap-shelled turtles. In the case of Aspideretes, the older
genus name Nilssonia (Gray, 1872) has precedence over
Aspideretes (Hay, 1903 [but commonly reported as 1904]),
thus with traditional rank-based taxonomy with the
mandatory rank of genus, changing the taxonomy to re-

flect our best current estimate of phylogeny of these tur-
tles requires both changing the genus name Aspideretes to
Nilssonia and changing the spelling of the species names
of the four species of Aspideretes to the feminine gender to
match Nilssonia. We are reluctant to suggest such sweep-
ing changes given that there is some ambiguity in our
analyses regarding these relationships. Our preferred so-
lution, given our current level of knowledge, is to aban-
don the current generic names, and refer all five species
to a higher clade, Aspideretini, defined as the clade aris-
ing from the last common ancestor of these five species
(Table 3). This unranked clade definition would provide
recognition the close relationship of formosa and the four
species currently classified as Aspideretes, and would re-
main taxonomically stable under changing ideas of the
relationships within the group. Although this is our rec-
ommendation, we recognize that some biologists will be
unwilling to accept a taxonomy, which does not include
a genus name. For them, we recommend that the cur-
rent binomials be maintained, but with the tacit recogni-
tion that the genus names are placeholders not intended
to convey any phylogenetic information until there is
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convincing evidence on the relationships among the five
species of the crown clade Aspideretini.

The remaining five currently recognized genera are
monotypic. These monotypic genera were resurrected
to maintain a consistent cladistic taxonomy and to rec-
ognize morphological uniqueness of species (Meylan,
1987). Our molecular results support the idea that these
monotypic genera represent old lineages with a long his-
tory of independent evolution (the minimum mtDNA se-
quence divergence in our data set among taxa currently
classified in different genera is 9.03% between “Nilsso-
nia” formosa and “Aspideretes” hurum). However, the idea
of anything approaching a consistent “generic level of
differentiation” for either molecular or morphological
characters has never been seriously considered, even
within the turtle systematic community. Thus, it is not
clear what, if any, useful information monotypic genus
names convey (Spinks et al., 2004). Monotypic genera
(or any other higher category name) also fail to convey
unique phylogenetic information, making them literally
redundant under phylogenetic taxonomy (de Queiroz
and Gauthier, 1994; de Queiroz and Cantino, 2001). Al-
though, in general we do not favor the monotypic genus,
in this case we feel that there is little to gain from collaps-
ing the current widely used names. Four of these mono-
typic genera (Amyda, Dogania, Palea, and Pelodiscus) are
members of the highly pectinate Amydona. There is no
obvious ecological, morphological, or phylogenetic dis-
tinction within this group that we feel merits special tax-
onomic recognition, and lumping the entire group in a
single genus name would convey no more (or less) phylo-
genetic information that is present in the unranked clade
Amydona. The fifth monotypic genus, Trionyx, is a mem-
ber of the Gigantaestuarochelys and sole sister group of
the Chitraina (Chitra+Pelochelys). Chitra (Gray, 1864) and
Pelochelys (Gray, 1864) are the only two names that have
remained stable and consistent over the past century, but
the older Trionyx (Geoffroy, 1809a, 1809b) would have
precedence over these two well-known names. Subsum-
ing Chitra and Pelochelys into Trionyx would convey no
more phylogenetic information than is present in the un-
ranked clade name Gigantaestuarochelys and, ironically,
would be completely at odds with former usage of the
name Trionyx to refer to all Trionychines except for Chitra
and Pelochelys.

Further motivation for the maintenance of current
generic names is the recent discovery of considerable
unrecognized diversity within taxa, which were for-
merly considered to be monotypic (Engstrom et al., 2002;
Engstrom and McCord, 2002; McCord and Pritchard,
2002). The high sequence divergence in our molecular
data confirms that several recently recognized species
including Lissemys punctata and L. scutata (Webb, 1982:
10.5% mtDNA), Pelochelys bibroni and P. cantorii (Webb,
1995: 6.5%), Chitra indica, C. chitra (Nutaphand, 1986:
6.6%), and C. vandijki (McCord and Pritchard, 2002: 4.4%)
represent divergent evolutionary lineages that are con-
sistent with species status (Wiens and Penkrot, 2002).
This suggests that species diversity of softshell tur-
tles may be much greater than presently recognized

(Engstrom et al., 2002). If this is true, then the monotypic
genus names, which at present seem superfluous, may
at some point in the near future be able to convey useful
phylogenetic information about as yet undescribed, and
unnamed, phylogenetic diversity.

Analytical Strategies for Extracting Phylogenetic Signal
from Saturated mtDNA Data

The theoretical, empirical, and computational chal-
lenges of recovering accurate phylogenetic information
from DNA sequence data have proven very substantial
(Sanderson and Shaffer, 2002). This seems particularly
true for studies using mtDNA to resolve deep phyloge-
netic relationships. These studies often result in poorly
resolved, starburst-like phylogenies consistent with an
ancient rapid diversification of lineages (Shaffer et al.,
1997; Mahoney, 2001). In other cases mtDNA consis-
tently support anomalous relationships that are widely
believed to be incorrect based on strong morphologi-
cal and/or fossil data (Naylor and Brown, 1998; Garcia-
Machado et al., 1999; Wiens and Hollingsworth, 2000). In
this study we have seen instances of each type of behav-
ior. Equally weighted parsimony analyses of mitochon-
drial genes resulted in a poorly resolved phylogeny con-
sistent with rapid early divergence. Mitochondrial data
also consistently places Rafetus euphraticus as a member
of the Asian clade whereas nuclear and morphological
data clearly place Rafetus as sister to the North American
Apalone.

A possible solution to this problem with mitochondrial
data could be simply to seek better data (Sanderson and
Shaffer, 2002) in the form of nuclear sequence data (e.g.,
this study; Prychitko and Moore, 1997; Georges et al.,
1999; Baker et al., 2001; Matthee et al., 2001; Springer
et al., 2001a), morphological data (Shaffer et al., 1997;
Wiens and Reeder, 1995, 1997; Wiens, 1998), or fossil
data (Shaffer et al., 1997; Springer et al., 2001b; Soltis
et al.,, 2002). Although “simply” collecting better data
may be the most desirable solution, this is not always
possible (due to a lack of markers) or economically fea-
sible. We have also seen from our data that including
more nuclear and morphological data that are less ho-
moplasious does not automatically lead to stronger con-
clusions (Appendix 1). This, combined with the unfor-
tunate possibility that many studies that were initially
done with mtDNA will not be replicated with more or
better genes, has led many systematists to attempt to
rescue mtDNA on two fronts: (1) more complete taxon
sampling (whether collecting the data themselves or har-
vesting data from databases), and (2) more sophisticated
analyses. Increased taxon sampling can reduce error and
increase accuracy of phylogenetic inference (Hillis, 1996,
1998; Kallersjo et al., 1999; Pollock et al., 2002; Zwickl
and Hillis, 2002), and is a reasonable approach when
possible. However, increased sampling may be impos-
sible because many groups, including softshell turtles,
simply contain relatively few living taxa. In these cases
the only option available is a more critical analyses of
the available data. We examined two main categories of
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critical analyses of these data: (1) weighted parsimony,
in which some attempt is made to identify, and then
down-weight or eliminate, potentially misleading data;
and (2) model-based approaches including maximum
likelihood and Bayesian phylogenetic inference, which
compensate for homoplasy by identifying and utilizing
realistic models of character evolution.

Parsimony: weighting and weeding.—Weighted parsi-
mony has lead to mixed positive (Chippindale and
Wiens, 1994; Allard and Carpenter, 1996; Voelker and
Edwards, 1998; Barker and Lanyon, 2000) and nega-
tive (Kéllersjo et al., 1999; Broughton et al., 2000; Frost
et al., 2001) results. The two mitochondrial protein—
coding genes used in this study show many of the clas-
sical signs of excessive homoplasy attributable to sat-
uration with multiple substitutions, and fail to recover
relationships that are very strongly supported by non-
homoplasious characters in the nuclear intron. Our use
of saturation plots to identify highly homoplasious, po-
tentially misleading data may be problematic. Kjer et al.
(2001) highlight the flaws of the concept of “saturation”
by pointing out that as generally discussed, “saturation”
is a distance-based concept, but in character-based phy-
logeny methods (e.g., parsimony or likelihood), “sat-
urated” data may still provide meaningful phyloge-
netic information, especially with adequate taxonomic
sampling (Hillis, 1996, 1998; Yang and Goldman, 1997;
Graybeal, 1998; Pollock et al., 2002; Zwickl and Hillis,
2002). This is because homoplasy in different parts of the
tree can be efficiently isolated (Swofford et al., 1996; Kjer
et al., 2001). In our case (and possibly many others) in
which extensive taxon sampling is simply not an option,
we found that saturation plots were a useful heuristic de-
vice to identify, candidate data for weighted parsimony.

Our results echo those of Broughton et al. (2000) in that
parsimony analyses of mitochondrial protein—coding
genes singly and combined failed to recover all of the
well-supported deep nodes in the softshell turtles phy-
logeny when equally weighted or with any differential
weighting scheme. However, all of the parsimony weed-
ing and weighting techniques used here increased boot-
strap support for most of the difficult nodes compared
to equally weighted parsimony. The methods employ-
ing ti/tv weighting using 1/«, and weeding of saturated
sites, both of which retain information from transitions,
were most effective, and almost always resulted in in-
creased overall tree support and support for key deep
nodes. Although neither of these two methods was ob-
viously superior to the other, our preferred schemeis 1/«
transition weighting because it retains potentially valu-
able information from all transitions, without artificially
increasing the weight of transversions in the mtDNA
data. This is particularly valuable when combining noisy
mtDNA data with nuclear and morphological data sets
containing fewer informative characters.

Model-based  approaches:  likelihood and  Bayesian
analyses—Maximum-likelihood analyses of both
weeded and unweeded data performed better than any
parsimony technique that we evaluated, according to
our heuristic measure of summed overall bootstrap

support. This was true for both measures of BP support
across the entire tree and for the six difficult nodes. In
contrast to parsimony, weeded maximum-likelihood
analysis did not show a marked improvement over
analysis of the unweeded data. These homoplasious
data contain useful information, which can be ac-
cessed by using appropriate models of DNA evolution.
Maximum-likelihood analysis is more effective when
considering this information than when these data are
completely eliminated. Although maximum-likelihood
analyses of mtDNA data recovered many deep nodes
with higher levels of bootstrap support than parsimony,
no maximum-likelihood analysis of mtDNA alone was
able to recover the sister relationship of Rafetus and
Apalone. Thus, exclusive reliance on mtDNA would
have left us with a very different view the evolu-
tionary history of this biogeographically fascinating
group. As with previous studies, using partitioned
maximum-likelihood (DeBry, 1999; Wilgenbusch and
De Queiroz, 2000; Caterino et al., 2001), we found
a substantial improvement in likelihood scores for
partitioned likelihood compared to global models.
Partitioned maximum-likelihood also served well as a
means to highlight areas of conflict in our data set. In
the case of Rafetus, partitioned maximum-likelihood
showed that even with a parameter-rich model of
molecular evolution, maximum likelihood can be
susceptible to long-branch attraction (Felsenstein, 1978),
by highlighting the support from 3rd positions for
the nonmonophyly of Rafetus and Apalone. This as
an indication that the conflict among fast and slowly
evolving characters in these ancient lineages is caused
by homoplasy in the fast evolving characters.

Bayesian analyses is a powerful tool for inference
(Huelsenbeck et al., 2001), and may be the only practi-
cal means by which to apply model based phylogenetic
inference to large data sets (Leaché and Reeder, 2002)
and data sets containing both molecular and morpholog-
ical data. Our Bayesian analyses of molecular data recov-
ered the six deep nodes with high posterior probabilities
without sacrificing resolution of shallow nodes. Bayesian
analyses of combined molecular and morphological data
were largely congruent with analyses of molecular data
alone and with parsimony-based analyses of the com-
bined morphological and molecular data. However, the
Bayesian support for the contested relationships within
Apalone was much higher than in molecular data alone
or parsimony analyses (100 PP versus 76). This is not
surprising in light of simulation studies showing the
high sensitivity of Bayesian analyses to small amounts
of signal in the data (Alfaro et al., 2003). As a caution-
ary note, however, Buckley et al. (2002) and Erixon et al.
(2003) have shown that model mis-specification can also
result in overconfidence in the results of Bayesian analy-
ses. Because maximum-likelihood methods for modeling
morphological character evolution (Lewis, 2001) are rel-
atively new and have not been extensively tested empir-
ically, it still seems advisable to continue to employ both
Bayesian and parsimony methods such as those outlined
here for mixed molecular and morphological data sets.
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CONCLUSION

We set out to provide a working hypothesis for the
phylogeny of softshell turtles and to examine strate-
gies for analyzing saturated mtDNA data in deep phy-
logenetic problems. We found that mtDNA provided
good resolution for shallow divergence, but experienced
long branch-related problems with deep divergences.
Weeded and weighted parsimony and model-based tech-
niques were only partially able to mitigate these prob-
lems. Only by the addition of largely nonhomoplasious
data from a nuclear intron were we able to confidently
recover many deep nodes in the softshell turtle phy-
logeny. The R35 intron used here provided remarkably
good resolution for deep nodes, but contained limited
information regarding recent divergences. By combin-
ing the intron with the more variable mtDNA data were
we able to confidently reconstruct these shallow nodes
as well. Using just one of these markers would not have
provided a well-resolved phylogeny, even with the most
sophisticated analytical strategies we could find in the
literature. Analysis of these heterogeneous data using
partitioned models of sequence evolution removes the
problems associated with combining data and appears to
be the most logical way to analyze heterogeneous data.
By further combining this DNA data set with a com-
plimentary morphological data set, we have been able to
provide a well-supported, completely sampled phyloge-
netic hypothesis for softshell turtles, and have identified
a small number of ambiguous relationships that will re-
quire further clarification. We hope that this phylogeny
can be used to frame future research on this group and
that the classification built on this phylogeny will facili-
tate effective communication of that research.
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