Available online at www.sciencedirect.com

sc.ence@o.“cw

Molecular Phylogenetics and Evolution 32 (2004) 164-182

MOLECULAR
PHYLOGENETICS
AND

EVOLUTION

T\ A

A d

ELSEVIER

www.elsevier.com/locate/ympev

Phylogenetic hypotheses for the turtle family Geoemydidae™

Phillip Q. Spinks,*®* H. Bradley Shaffer,* John B. Iverson,® and William P. McCord®

& Section of Evolution and Ecology, University of California, Davis, CA 95616, USA
> Research Associate, Turtle Bay Museum and Arboretum, Redding, CA 96009, USA
¢ Department of Biology, Earlham College, Richmond, IN 47374, USA
4 East Fishkill Animal Hospital, 455, Route 82, Hopewell Junction, New York 12533, USA

Received 1 July 2003; revised 17 December 2003
Available online 20 February 2004

Abstract

The turtle family Geoemydidae represents the largest, most diverse, and most poorly understood family of turtles. Little is known
about this group, including intrafamilial systematics. The only complete phylogenetic hypothesis for this family positions geoemy-
dids as paraphyletic with respect to tortoises, but this arrangement has not been accepted by many workers. We compiled a 79-taxon
mitochondrial and nuclear DNA data set to reconstruct phylogenetic relationships for 65 species and subspecies representing all 23
genera of the Geoemydidae. Maximum parsimony (MP) and maximum-likelihood (ML) analyses and Bayesian analysis produced
similar, well-resolved trees. Our analyses identified three main clades comprising the tortoises (Testudinidae), the old-world Geo-
emydidae, and the South American geoemydid genus Rhinoclemmys. Within Geoemydidae, many nodes were strongly supported,
particularly based on Bayesian posterior probabilities of the combined three-gene dataset. We found that adding data for a subset of
taxa improved resolution of some deeper nodes in the tree. Several strongly supported groupings within the Geoemydidae dem-
onstrate non-monophyly of some genera and possible interspecific hybrids, and we recommend several taxonomic revisions based on
available evidence.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Currently, the turtle family Geoemydidae is com-
posed of 23 genera and approximately 73 species. It is
the largest turtle family in the world, accounting for
about 25% of the total species-level diversity of turtles
(Iverson, 1992). Geoemydids are predominantly fresh-
water aquatic and semi-aquatic turtles, and are widely
distributed from Europe and North Africa, to India and
southern Russia, to Indonesia, and the Philippines. Al-
though geoemydids are often referred to as “Old World
pond turtles,”” one genus, Rhinoclemmys, is found in the
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New World from Mexico south to Ecuador, Venezuela,
and Brazil (Ernst and Barbour, 1989; Iverson, 1992).
The Geoemydidae (the names Batagurinae/Bataguri-
dae are junior synonyms of Geoemydidae (Bour and
Dubois, 1986; McCord et al., 2000) ) has been the sub-
ject of several recent morphological and molecular
phylogenetic studies, and its taxonomy is in flux. Based
on seven morphological characters, McDowell (1964)
subdivided what was then the Emydidae into two sub-
families, Emydinae and Batagurinae, and further sub-
divided the Batagurinae into four implicitly
monophyletic generic complexes: Batagur, Geoemyda,
Hardella, and Orlitia (Table 1a). Based on a similar
mechanism for closing the anterior part of the shell,
Bramble (1974) hypothesized that Cuora, Cyclemys, and
Pyxidea form a closely related phyletic assemblage (his
Cyclemys group). Bramble further postulated that the
Cyclemys group was probably derived from a Heose-
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Table 1
Generic complexes after McDowell (1964), Bramble (1974), and Carr and Bickham (1986)
Generic complexes Batagur Geoemyda Hardella Orlitia
(a) Generic complexes of McDowell (1964)
Genera in each Batagur Geoemyda Hardella Orlitia
Callagur Cuora Geoclemys Siebenrockiella
Chinemys Cyclemys Morenia
Hieremys Heosemys
Kachuga Mauremys
Malayemys Melanochelys
Ocadia Notochelys
Rhinoclemmys
Sacalia
Pyxidea®
Leucocephalon®
Generic complexes Batagur Geoemyda Hardella Heosemys Orlitia
(b) Generic complexes of Bramble (1974)
Genera in each Batagur Geoemyda Hardella Heosemys Orlitia
Callagur Mauremys Geoclemys Cuora Siebenrockiella
Chinemys Melanochelys Morenia Cyclemys
Hieremys Notochelys Pyxidea
Kachuga Rhinoclemmys
Malayemys Sacalia
Ocadia Leucocephalon
Generic complexes Batagur Geoemyda Hardella Heosemys Malayemys Orlitia
(c) Generic complexes of Carr and Bickham (1986)
Genera in each Batagur Geoemyda Hardella Heosemys Malayemys Orlitia
Callagur Mauremys Geoclemys Cuora Siebenrockiella
Chinemys Melanochelys Morenia Cyclemys
Hieremys Notochelys Pyxidea
Kachuga Rhinoclemmys
Ocadia Sacalia

Leucocephalon

McDowell’s complexes are based on 15 morphological characters, Bramble’s are based on 20 morphological characters while Carr and Bickham

based their arrangement on karyotypes.

“McDowell (1964) considered Pyxidea mouhotii a junior synonym of Geoemyda; thus, Pyxidea would be included in his Geoemyda complex.
® Leucocephalon, would be in the Geoemyda complex since the type species was redescribed from Geoemyda yuwonoi (McCord et al., 2000).

mys-like ancestor and therefore all four genera could be
united into a Heosemys complex (Table 1b). Using
chromosomal data, Carr and Bickham (1986) concluded
that the genus Malayemys was distinct enough to war-
rant elevating it to its own generic-level complex along
with the other five complexes (Table 1c). The combined
complexes of McDowell (1964) and Bramble (1974) are
further supported by chromosomal data (Bickham,
1975), while weak support for Carr and Bickham’s
(1986) Malayemys complex comes from allozyme data
(Sites et al., 1984).

Hirayama (1984) produced the first fully resolved
generic level phylogenetic hypothesis for the Geo-
emydidae (Fig. 1) based on 82 morphological and four
chromosomal characters. Hirayama proposed a novel
phylogenetic hypothesis for the group that recognized a
basal, sister-group relationship between two previously
unrecognized clades. One, equivalent to the Batagur,
Hardella, and Orlitia complexes, was highly aquatic,
including herbivorous turtles with an extensive second-
ary palate (his broad-jawed group). The other, equiva-

lent to McDowell’s Geoemyda complex plus the
tortoises, were relatively terrestrial turtles with a less
extensive secondary palate (the narrow-jawed group)
(Hirayama, 1984). Gaffney and Meylan (1988) elevated
the Batagurinae and Emydinae to family status (Ba-
taguridae and Emydidae, respectively), and recognized
Hirayama’s broad-jawed and narrow-jawed clades at the
subfamilial level (Geoemydinae and Batagurinae,
respectively).

Recently, both morphological and molecular analyses
have been conducted on various subsets of the Geo-
emydidae. Yasukawa et al. (2001) completed a mor-
phological (35 characters) phylogenetic analysis of 28
species of the subfamily Geoemydinae, and their results
were largely in agreement with those of Hirayama
(1984). Like Hirayama (1984), Yasukawa et al. (2001)
found that Rhinoclemmys was not monophyletic and
therefore partitioned it into two genera: Rhinoclemmys,
which included R. areolata, R. diademata, R. funerea,
R.  melanosterna, R. nasuta, R. pulcherrima, and
R. punctularia, and Chelopus, which was resurrected for
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Fig. 1. Phylogenetic hypothesis of Hirayama (1984) (after Gaffney and Meylan, 1988). Hirayama’s hypothesis is based on 86 characters (82 mor-
phological and 4 chromosomal), from 37 species of geoemydids, 24 emydids, and an undisclosed number of testudinids. Notice the placement of the

Testudinidae.

annulata and rubida. Hirayama (1984) and Yasukawa
et al. (2001) also recognized the division of Cuora into
Cuora (containing C. amboinensis, C. aurocapitata,
C. mccordi, C. pani, C. trifasciata, C. yunnanensis, and
C. zhoui) and Cistoclemmys (containing flavomarginata
and galbinifrons; reviewed in Ernst and Barbour, 1989).

Honda et al. (2002a) analyzed phylogenetic relation-
ships among 17 geoemydine (sensu Hirayama, 1984;
including all genera except Melanochelys and Rhino-
clemmys) and four batagurine genera (four species)
based on 882 base pairs (bp) of combined 12S and 16S
ribosomal mitochondrial DNA (mtDNA). The primary
goal of their study was to reconstruct phylogenetic re-
lationships within the genus Cuora (the Asian box tur-
tles). Based on their discovery that the monotypic
Pyxidea was nested within Cuora, Honda et al. (2002a)
recommended synonymizing Cistoclemmys and Pyxidea
with Cuora, and this recommendation has been followed
by some recent authors (Stuart and Parham, in press).
Honda et al. (2002a,b) further noted that Mauremys

appeared to be paraphyletic with respect to Chinemys
and Ocadia, but made no taxonomic recommendations.

Additional intrageneric phylogenetic analyses have
been completed for four geoemydid genera. Sites et al.
(1981) produced a phylogeny for a subset of Rhino-
clemmys (five out of eight species) based on isozyme
data. In their results, R. pulcherrima is the sister taxon to
the group (R rubida (R. punctularia (R funerea,
R. areolata))). Iverson et al. (1989) (using morphometric
data) and Barth et al. (2003) (using 871 bp of cyto-
chrome b [cyth] mtDNA sequence data), produced
phylogenies for the three species of Chinemys (C. meg-
alocephala, C. nigricans [=kwangtungensis], and
C. reevesii). Both analyses found C. reevesii paraphyletic
with respect to C. megalocephala. Guicking et al. (2002)
produced a phylogeny for all five species of Cyclemys
based on 982bp cyth and anonymous nuclear (inter
simple sequence repeats [ISSR]) DNA data. They found
strong support for the non-monophyly of three species
including C. pulchristriata, C. atripons, and C. oldhamii.
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They also identified two genetically distinct lineages
within Cyclemys that may represent undescribed species.
Finally, Stuart and Parham (in press) analyzed phylo-
genetic relationships within Cuora and found support
for elevating all three subspecies of C. galbinifrons (C. g.
boureti, C. g. galbinifrons, and C. g. picturata) to full
species status. They also found paraphyly of Cuora with
respect to Pyxidea, and followed Honda et al. (2002a) in
subsuming Pyxidea within Cuora. Here, we follow the
taxonomic revisions proposed by Honda et al. (2002a)
and Stuart and Parham (in press) in considering nmouh-
otii a species of Cuora.

In spite of these analyses, phylogenetic relationships
and the taxonomy derived from those relationships
within the Geoemydidae remain uncertain. The wide-
spread confusion regarding the phylogenetic content
and relationships of the Geoemydidae stems from at
least three issues. First, no analyses have included a
broad enough sampling of geoemydid turtles and ap-
propriate outgroups to draw firm conclusions on intra-
familial relationships. Second, there is a lack of even the
most rudimentary knowledge of the natural history,
distribution and ecology of most species in the wild
(Ernst and Barbour, 1989; Lau et al., 2000; Lau and Shi,
2000; Thirakhupt and van Dijk, 1994). Third, a number
of studies have identified potential widespread hybrid-
ization among species and genera, which has greatly
confounded recent efforts to clarify species boundaries
and taxonomic status of several taxa (Parham et al.,
2001; Stuart and Parham, in press; Wink et al., 2001). In
part, all of these stem from the same potential cause—
many key species of Asian turtles have been commer-
cially over-exploited in the food and medicine trade
during the last several decades (Engstrom et al., 2002;
Stuart and Parham, in press; van Dijk et al., 2000),
forcing systematists to rely on specimens derived solely
from market vendors as a source of material. Recent
economic change in China has led to a staggering in-
crease in the numbers of turtles imported for food and
traditional Chinese medicine (TCM) (Gibbons et al.,
2000; ITUCN Asian Turtle Workshop, 2001; van Dijk
et al., 2000), and wild populations of many geoemydid
species have been over-harvested to the point where they
are commercially extinct. The extremely high demand
and value of turtles and turtle products for food and
TCM has led to a large and growing turtle-farming in-
dustry in China and southeast Asia. Turtle farmers
typically keep turtles of many species in multi-species
ponds (Shi and Parham, 2001), and Parham et al. (2001)
asserted that these conditions produced hybrids that
went to markets and were purchased and described as
new species.

To work toward a stronger resolution of the phy-
logeny of the diverse, poorly known, and frequently
endangered geoemydid turtles, we present a compre-
hensive molecular phylogeny for almost the entire

family (and appropriate outgroups) based on cyth and
12S ribosomal mtDNA as well as nuclear DNA se-
quence data from a novel intron (Fujita et al., in press).
Using the resultant phylogenetic trees, we address three
key issues for geoemydid turtles. First, we derive a new
phylogeny for almost the entire group (59 of 73 species
and all 23 genera), and use rigorous statistical tests to
compare our tree with those proposed by previous,
primarily morphological analyses. Second, we briefly
address the origin and validity of several potentially
hybrid species. We note that clearly-identified hybrid
taxa do provide important insights into the hybridiza-
tion potential between long-recognized species and
genera, but they should not be considered valid species.
Finally, we propose several taxonomic revisions within
this diverse group of turtles to reflect the emerging
consensus on their phylogenetic relationships.

2. Materials and methods
2.1. Choice of taxa and genes

Due to the rarity of many geoemydid turtles in the
wild, much of the material currently used in phyloge-
netic studies (including ours) comes from turtles col-
lected from food markets in Asia and from the pet trade
(Guicking et al., 2002; Hirayama, 1984; Honda et al.,
2002a,b; Parham et al., 2001; Stuart and Parham, in
press; Yasukawa et al., 2001, and see below). Our tissue
samples were obtained from live animals (66 geoemydids
and four tortoises) from the private collection of WPM
and five species from other sources (see Appendix A). As
has been the case in the past, WPM specimens will be
deposited in museums upon the death of the animal.
Species from the WPM collection were identified by
WPM and JBI. Blood samples were drawn from these
species and shipped to UC Davis for DNA analysis,
where they are stored in the HBS tissues collection (see
Appendix A for catalogue numbers). Requests for tissue
samples from specimens used herein should be made to
either PQS or HBS.

Included in our analyses are 65 geoemydid species
and subspecies as well as five tortoise species. We also
include nine emydid turtles (GenBank sequences) as
outgroups since Emydidae is believed to be the sister
taxon to the (Geoemydidae+ Testudinidae) clade
(Shaffer et al., 1997). Because our analysis includes fairly
complete taxon sampling at the species level within the
Geoemydidae, we can explicitly test the phylogenetic
hypotheses of McDowell (1964), Bramble (1974), Carr
and Bickham (1986), Hirayama (1984), Wu et al. (1998),
Yasukawa et al. (2001) and Honda et al. (2002a).

The choice of molecular data is crucial for phyloge-
netic analyses, and molecular studies can now be tai-
lored specifically for particular phylogenetic groups and/
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or questions (Lamb and Lydeard, 1994). Ideally, the
chosen nucleotides are variable enough to be phyloge-
netically informative yet not so variable as to be exces-
sively homoplastic (Sanderson and Shaffer, 2002). For
our analyses we used the protein-coding cyth mtDNA,
12S ribosomal (rDNA) mtDNA, and a ~1kb intron
from the R35 neural transmitter gene (Friedel et al.,
2001; Fujita et al., in press). We chose cyth because
previous analyses indicated that this gene should evolve
at a rate appropriate for both inter- and intrafamilial
phylogenetic studies of turtles (Bowen et al., 1993;
Caccone et al., 1999; Shaffer et al., 1997; Weisrock and
Janzen, 2000). Our cytb data set comprises the entire
1140 bp gene for 80 individuals (we included two Mau-
remys iversoni). We included the 12S rDNA and nuclear
intron sequence data for two reasons. First, increasing
evidence indicates that single gene partitions sometimes
reflect idiosyncrasies of individual genes rather than
trees of species (Maddison, 1991; Ruvolo, 1997). Thus,
we include sequence data from two unlinked data par-
titions (mtDNA and nDNA) in order to reconstruct a
more robust species-level phylogeny. Second, recent
studies have shown that TDNA and nuclear intron se-
quences often evolve more slowly than cyth mtDNA in
vertebrates (Alfaro and Arnold, 2001; Giannasi et al.,
2001; Prychitko and Moore, 2000), including turtles
(Engstrom et al., unpublished; Fujita et al., in press;
Palkovacs et al., 2002; Shaffer et al., 1997), suggesting
that the rDNA and nDNA data may provide increased
resolution for the deeper nodes of geoemydid phylog-
eny. Most of the 12S sequences are from the analysis of
Honda et al. (2002a) and represent a fairly broad sam-
pling of the Geoemydinae (sensu Hirayama, 1984). We
supplemented these sequences with 13 additional se-
quences in order to assemble complete 12S sampling of
all geoemydid genera except Leucocephalon yuwonol,
which was unavailable at the time of analysis.

Our primary goals in compiling the R35 data set were
to include unlinked DNA sequence data and to provide
greater resolution deep in the geoemydid tree, particu-
larly for nodes that are poorly supported based on
mtDNA data alone. We therefore compiled a 29-taxon
nDNA data set consisting of one representative from
each geoemydid genus except Cuora, for which we in-
cluded three species. We also included three distantly
related tortoises as outgroups to the Geoemydidae. In
compiling our R35 data set, choice of representative
geoemydids was not straightforward, due to the taxo-

nomic confusion regarding the content of Mauremys
and Cuora, and also the possibility of hybridization
between a number of taxa (see below). For example,
previous analyses have suggested that Mauremys is pa-
raphyletic with respect to Chinemys (Honda et al.,
2002a,b), and Cuora may be paraphyletic with respect to
Geoemyda and Rhinoclemmys (Hirayama, 1984; Ya-
sukawa et al., 2001). We solved this dilemma by using
our initial cytb analysis (Fig. 2) and results from the
literature to choose representatives of Mauremys and
Cuora that should capture the overall generic divergence
and relationships within the Geoemydidae.

For Mauremys we chose M. mutica since it is, ac-
cording to our mitochondrial data, phylogenetically
nested within a clade containing all members of the
genus. For Cuora we chose three species, C. aurocapi-
tata, C. flavomarginata, and C. serrata. Based on our
mtDNA data, Cuora aurocapitata is also phylogeneti-
cally nested within a clade containing all members of
Cuora, whereas Cuora flavomarginata (and C. galbini-
frons) are sometimes placed in the genus Cistoclemmys
(i.e., Hirayama, 1984; Yasukawa et al., 2001). We also
attempted to include Cuora serrata, M. iversoni, and M.
pritchardi because of their recently proposed hybrid
status (Parham et al., 2001; Stuart and Parham, in press;
Wink et al., 2001). However, of these three we were able
to acquire high-quality R35 sequence data only from
C. serrata.

2.2. DNA extraction, amplification, and sequencing

Our cyth and nuclear intron data sets consist of se-
quences we have generated for this study, augmented by
nine emydid cythb sequences downloaded from Gen-
Bank. Our 128 data set consists of 47 sequences, 34 from
GenBank and 13 from this study (for Accession num-
bers see Appendix A). Tissue samples consisted of whole
blood from live turtles or muscle tissue from preserved
specimens. Blood was either frozen and maintained at
—80°C, or preserved in a lysis buffer composed of
100 mM Tris (pH &), 100mM EDTA, 10 mM NaCl, and
1% SDS and stored at —20°C. Muscle tissue was pre-
served in 95% ethanol and stored at —20 °C.

Genomic DNA was obtained from blood and muscle
tissue via proteinase K digestion followed by phenol/
chloroform extraction. The entire 1140 nucleotide cytb
gene was sequenced for 66 geoemydids and three tor-
toises, and shorter sequences were generated for the

>

Fig. 2. Maximum-likelihood reconstruction based on the 79-taxon cytb data set (1140 bp). Estimated model parameters conform to the GTR + G+1
model of nucleotide sequence evolution. — In L = 19174.7845, rate matrix: A-C = 0.456, A-G =10.1546, A-T =0.4458, C-G =0.4822, C-T =8.1373,
G-T=1. Base frequencies: A =0.36, C=0.36, G=0.06, T=0.21. Proportion of invariable sites (I)=0.403. y-Shape parameter = 0.9412. Numbers
above and below branches are bootstrap proportions and decay indices (respectively) recovered from a MP analysis of this data set (9 most
parsimonious trees, not shown) length =4225 steps, CI=0.219, RI=0.600. * Indicates posterior probabilities >95% from clades recovered from
Bayesian analysis of this data set. Potential hybrid species are enclosed in quotation marks. We follow Stuart and Parham (in press) in the use of the

name C. picturata, although this is controversial.
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Table 2

Oligonucleotide primers for amplification and sequencing of turtle mitochondrial and nuclear DNA
Primer Sequence (5 to 3')* Position® Gene Source
CytbG AACCATCGTTGTWATCAACTAC 14368-14389 Cytb Shaffer lab
CytbJSi GGATCAAACAACCCAACAGG 15011-15030 Cytb Shaffer lab
CytbJSr CCTGTTGGGTTGTTTGATCC 15030-15011 Cytbh Shaffer lab
GLUDGE TGATCTTGAARAACCAYCGTTG 14358-14378 Cyth Palumbi et al. (1991)
THR TCATCTTCGGTTTACAAGAC 15593-15574 Cytb Shaffer lab
THR-8 GGTTTACAAGACCAATGCTT 15585-15566 Cytb Shaffer lab
12SA AAACTGGGATTAGATACCCCACTAT 501-525 128 Kocher et al. (1989)
12SB GAGGGTGACGGGCGGTGTGT 939-920 128 Kocher et al. (1989)
R35EX1 ACGATTCTCGCTGATTCTTGC — R35 Shaffer lab
R35EX2 GCAGAAAACTGAATGTCTCAAGG — R35 Shaffer lab

#Redundancy codes R = Aand G, W = Aand T, Y = Cand T.

®Position refers to the 5’ to 3’ location of the primer relative to the complete mitochondrial genome sequence of the turtle Chrysemys picta

(Mindell et al., 1999).

remaining two tortoises (1115 and 1126 bp, respec-
tively). Eight of the nine emydid cyth sequences ob-
tained from GenBank are complete (the remaining
sequence was 1131 bp). The 12S sequences from Gen-
Bank and from this study (41 geoemydids, four emydids
and two tortoises) consisted of about 400 bp. However,
the final nine nucleotide positions at the 3’ end of the
sequence were difficult to align so we excluded these
from our analyses. Our nuclear data come from intron
number one of the RNA fingerprint protein (R35). The
function of this protein is unknown but the gene is
thought to behave as a single locus (Friedel et al., 2001).
Exon priming intron crossing (EPIC) primers for R35
were developed in the Shaffer lab by Matt Fujita (Fujita
et al., in press) and our R35 data set consists of 712
nucleotides for 29 taxa (26 geoemydids and three tor-
toises).

Gene products were amplified using Tag-mediated
PCR, and the PCR products were sequenced on ABI
377 or ABI 3100 automated sequencers in the UC Davis
Division of Biological Sciences DNA sequencing facil-
ity. Initial cyth sequences were amplified and sequenced
using universal primers. Some geoemydid taxa did not
amplify, or did not amplify well, using these primers, so
we designed primers specifically for the geoemydids. Our
primers allowed us to amplify and sequence both light
and heavy strands of the entire cyth gene (Table 2).
Cytochrome b sequences were aligned within individual
turtles using SeQed (Applied Biosystems) and converted
into amino acid sequences using GeneJockey (Biosoft,
Cambridge, England). Alignments across taxa were
made by eye in PAUP* V4.0b10 (Swofford, 2001). No
insertions or deletions were detected and all nucleotide
sequences translated into amino acid sequences. The 12S
rDNA sequence data was generated using the 12SA and
12SB universal primers of Kocher et al. (1989). For our
nuclear data, we used sequence data from a ~1 kb intron
from the R35 neural transmitter gene. The best se-
quencing results for this study were obtained with the
R35EX2 primer, so the intron was sequenced in only
one direction. All primers are listed in Table 2. 12S and

R35 sequences were aligned using ClustalX v1.64b
(Thompson et al., 1997) using default settings. Minor
adjustments were made to the 12S alignment by eye and
indels were treated as missing data (coded as “-” in
PAUP#*4.0b10). Our aligned sequence file is available
from TreeBASE (www.treebase.org, accession number
S1002). Sequences were deposited in GenBank (Acces-
sion numbers in Appendix A).

2.3. Phylogenetic analysis

Phylogenetic relationships were estimated with max-
imum parsimony (MP) and maximum-likelihood (ML)
using PAUP*4.0b10 (Swofford, 2001) and Bayesian
analysis using MrBayes v3.0B4 (Huelsenbeck and
Ronquist, 2001). Heterogeneity of the three data sets
(cyth, 12S, and R35) was assessed using the incongru-
ence length difference (ILD) test (Farris et al., 1994)
(partition homogeneity test in PAUP*4.0b10). Data sets
were combined by concatenating sequences, with miss-
ing data coded as “?”. Third codon position saturation
of cyth data was assessed by plotting transitions and
transversions against uncorrected “p”’ distances. Third
codon positions appear saturated (results not shown),
but we nonetheless include these characters, because
recent work has shown that third codon positions can
contain phylogenetic information regardless of the per-
ceived degree of saturation (Broughton et al., 2000;
Kallersjo et al., 1999).

For each MP analysis, we ran 100 replicate random
stepwise heuristic searches with tree-bisection-recon-
nection (TBR) branch swapping and searches con-
strained to one million rearrangements each. We then
bootstrapped the MP trees 100 times to assess their
statistical reliability (Felsenstein, 1985). We consider
bootstrap proportions of <50% as not supported, pro-
portions between 50 and >70% as weakly supported,
and proportions 70% as potentially well supported
(Georges et al., 1998; Hillis and Bull, 1993). Decay in-
dices (DI) were calculated using AutoDecay 4.0.2’PPC
(Eriksson, 1998) and visualized using Treeview 1.5
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Table 3
Maximum-likelihood model parameters, for data sets compiled for testing previous hypotheses, estimated using Modeltest (Posada and Crandall,
1998)
Parameter Data Set
Hirayama (1984) Wu et al. (1998) Yasukawa et al. (2001) Honda et al. (2002a)
Number of taxa 50 13 34 28
Nucleotides 2243 2243 2243 2243
Model GTR+G+1 GTR+G GTR+G+1 GTR+G+1
Base frequencies
A 0.34 0.33 0.32 0.33
C 0.30 0.29 0.29 0.29
G 0.14 0.14 0.14 0.14
T 0.22 0.24 0.24 0.24
Rate matrix
A-C 1.5128 2.1169 1.2091 1.6517
A-G 9.6847 9.154 8.8317 8.1731
A-T 1.5026 1.9421 1.0251 1.4857
C-G 0.5096 0.381 0.4576 0.4722
C-T 20.3875 22.2061 17.2281 18.9182
G-T 1 1 1 1
Gamma (G) 0.8406 0.1807 1.0123 0.6304
Invariable sites (I) 0.4854 0 0.5338 0.4317
Unconstrained — In L score 20783.2652 8929.8764 13624.4513 13505.0099
—In L score constrained 22506.0518 8952.5282 14214.0329 13565.8346
to previous hypothesis
—In L score constrained 20792.5004 8932.136 13624.9559 13509.0175

to Fig. 3

In cases where multiple hypotheses were tested from the same paper (e.g., Wu et al., 1998), we show only their best —In L score.

(Page, 1996). Uninformative characters were excluded
for calculations of consistency indices (CI) and retention
indices (RI). Maximum-likelihood reconstructions em-
ployed model parameters for each data set estimated
with Modeltest V3.06PPC (Posada and Crandall, 1998).
Model parameters are shown in Figure legends and in
Table 3. Due to computational limitations, we con-
strained the topology of the outgroups and used the
nearest-neighbor-interchange (NNI) branch swapping
algorithm for initial ML searches. These trees were then
used as starting trees for subsequent ML searches em-
ploying the subtree-pruning-regrafting (SPR) branch
swapping algorithm. For Bayesian analysis, we parti-
tioned the data into five partitions, three for cytb (first,
second, and third codon positions), 12S, and R35. We
ran three analyses starting from random trees and em-
ployed Metropolis-coupled Markov chain Monte Carlo
(Huelsenbeck and Ronquist, 2001) with one cold and
three heated chains (using default heating values). Each
analysis was run for 10° generations, sampling the
chains every 100 generations. Log-likelihood values of
sample points were plotted against generation time (not
shown) and stationarity of the Markov chains was de-
termined to be attained when the values reached a stable
equilibrium. Sample points prior to equilibrium were
discarded as burn-in and the remaining values were used
to generate a 50% majority-rule consensus tree. Poster-
ior probabilities (PP) for a clade are then the proportion
of samples recovering that particular clade.

To test previous phylogenetic hypotheses, we con-
structed data sets containing all or nearly all of the same
geoemydid taxa used in the original analyses of
McDowell (1964), Bramble (1974), Carr and Bickham
(1986), Hirayama (1984), Wu et al. (1998), Yasukawa
et al. (2001), and Honda et al. (2002a). Using the
appropriate data set, we constructed constraint trees
equivalent to the generic complexes and phylogenetic
hypotheses in each of these papers as well as pruned
versions of our optimal tree (the combined data ML
tree). Next, we obtained likelihood scores based on
model parameters estimated from these data sets (Table
3), and then reconstructed likelihood trees using the
same data sets and parameters, but without imposing
any constraints. We then tested constrained trees vs.
unconstrained trees using the Shimodaira—Hasegawa
(SH) test (Shimodaira and Hasegawa, 1999) with RELL
optimization implemented in PAUP*4.0b10.

3. Results
3.1. 80-taxon phylogenetic results

Given our goal of producing a comprehensive tree for
all geoemydid taxa, we first asked whether there was any
significant conflict within our mtDNA or between our
mtDNA and nDNA data partitions. Currently, the ILD
test is often used to assess data combinability, although
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recent work indicates that this test has limited ability to
detect incongruence (Darlu and Lecointre, 2002; Dol-
phin et al., 2000; Dowton and Austin, 2002), and at least
some authors (Yoder et al., 2001) go so far as to suggest
that the ILD test should not be used as a measure of
data partition combinability. Nevertheless, we used the
ILD test in an attempt to gain some insight regarding
congruence of our data partitions. To assess the
mtDNA data partitions, we compiled a data set con-
sisting of combined cyth and 12S sequence data for 47
taxa and we compiled a combined mtDNA and R35
data set for 25 taxa to examine congruence between the
mtDNA and nuclear data partitions. Results of the ILD
test indicated a conflict within the mtDNA (cytb vs 1285,
p=0.01) but no conflict between the nuclear and
mtDNA (cyth vs R35, p =1.0; 12S vs R35, p =0.97).
For the 47-taxon data set, the major discrepancies be-
tween the cyth and 12S trees were the relative positions
of three emydid outgroups, both tortoises and two
geoemydids (S. crassicollis and H. annandalii). In a
subsequent ILD test with all the emydids and tortoises
(six taxa) removed from the analysis the incongruence
disappeared (p = 0.20), suggesting that the incongruence
was largely due to our outgroups. We further explored
this by running seven more ILD tests with the six
emydids and tortoises included, but sequentially re-
moving blocks of six different geoemydid taxa for each
run (we removed the last five taxa only in the final run).
In six of seven runs the data were incongruent (p < 0.02)
and in only one case did the results approach congru-
ence (p = 0.04). We take these results to indicate that
most of the apparent conflict between our mtDNA data
partitions is within the outgroups/tortoises or between
the outgroups/tortoises and ingroup and should not
greatly impact our ingroup reconstructions.

We present our phylogenetic results as two trees, a
cytb-only tree and a combined mitochondrial/nuclear
DNA tree based on cyth, 12S and R35 sequence data.
The cyth only tree has data for all species, whereas the
combined tree attempts to gain additional resolution for
the deeper levels of the geoemydid tree by providing
sequence data for key representatives spanning the ma-
jor clades of the tree. Our cytb-only tree had 1140 bp of
cyth sequence for 80 taxa. Of the 1140bp, 550 were
parsimony-informative. Maximum parsimony analysis
recovered nine trees (not shown) while ML analysis re-
covered a single tree (Fig. 2). In all three Bayesian
analyses, stationarity was reached and —InL scores

converged to approximately the same value after 31,000
generations (results not shown). Fig. 2 shows the cytb-
only ML reconstruction with DIs, BPs and PPs on
branches recovered from the MP and Bayesian analyses.
Our combined 80-taxon mtDNA/R35 data set had
1140 bp of cyth for 80 taxa, 391 bp of 12S data for 47
taxa and 712bp of R35 data for 29 taxa. Of the com-
bined 2243bp, 712bp are parsimony-informative.
Maximum parsimony analysis recovered three trees (not
shown) and ML analysis recovered a single tree (Fig. 3).
In all three Bayesian analyses stationarity was reached
and —InL scores converged to approximately the same
value after 40,000 generations (results not shown). Fig. 3
shows the 80-taxon combined data ML reconstruction
with DIs, BPs, and PPs on branches recovered from the
MP and Bayesian analyses.

3.2. Testing previous hypotheses of geoemydid relation-
ships

To test previous phylogenetic hypotheses explicitly,
we compared —InL scores recovered from trees con-
strained to previous hypotheses with —InL scores re-
covered from unconstrained trees using the SH test.
For testing the generic complexes of McDowell (1964),
Bramble (1974), and Carr and Bickham (1986), we
used the combined mtDNA/R35 data set. We assumed
that the intent of these previous authors was that each
generic complex was monophyletic, and we con-
strained ML searches to trees compatible with each
generic complex hypothesis. We did not impose any
phylogenetic structure among the generic complexes,
or among taxa within complexes. Next, we compiled a
tree file in PAUP* V4.0b10 containing the constrained
trees as well as the tree in Fig. 3 and compared —InL
scores of all trees using the SH test. The uncon-
strained tree (Fig. 3) always had the best —In L score,
which was significantly better than any of the three
generic complex hypotheses (SH test, p = 0.000 in all
cases).

We used a similar strategy to test the phylogenetic
hypotheses of Hirayama (1984), Wu et al. (1998), Ya-
sukawa et al. (2001), and Honda et al. (2002a). In these
cases, we compiled combined mtDNA and nDNA data
sets containing all of the geoemydid species that they
used in their respective analyses. In some cases, we had
no sequence data for a few geoemydid or tortoise spe-
cies. These geoemydid species were eliminated from the

>

Fig. 3. Maximume-likelihood reconstruction based on the combined mtDNA/R35 data set (2243 bp). Estimated model parameters conform to the
GTR + G +1 model of nucleotide sequence evolution. — In L =25141.579, rate matrix: A-C=1.225, A-G=9.1189, A-T=1.1447, C-G =0.5409,
C-T=16.1548, G-T=1. Base frequencies: A=0.34, C=0.31, G=0.12, T=0.23 Proportion of invariable sites (I)=0.4541. y-Shape parame-
ter =0.7535. Numbers above and below branches are bootstrap proportions and decay indices (respectively) recovered from a MP analysis of this
data set (3 most parsimonious trees, not shown) length = 5025 steps, CI =0.239, RI =0.594. * Indicates posterior probabilities >95% from clades
recovered from Bayesian analysis of this data set. Potential hybrid species are enclosed in quotation marks. Numbers to the right of clades are

69

maximum uncorrected “p”” sequence divergences for that clade based only on cytb.
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analysis, but in tests involving tortoises, we used some of
our tortoise sequences. We estimated model parameters
for each data set using Modeltest, and used them in
recovering likelihood trees from constrained and un-
constrained searches (Table 3). For each previous hy-
pothesis, we again compiled a tree file in PAUP*
V4.0b10 containing trees constrained to the hypothesis
under consideration, as well as trees constrained to a
pruned version of Fig. 3 and trees recovered from un-
constrained searches. The —In L scores from the result-
ing trees were then tested against one another using the
SH test in PAUP* V4.0b10.

For testing the hypothesis of Hirayama (1984), we
compiled a 50-taxon data set that contained all of the
geoemydid taxa used in his original analyses except for
Kachuga trivittata and the fossil taxon Echmatemys. For
outgroups, Hirayama included Echmatemys, 24 species
of emydids (we have nine) and an undisclosed number of
tortoise species (we included our five tortoises). With
our data, the ML tree resulting from an unconstrained
search had a significantly better —InZ score than the
ML tree constrained to Hirayama’s (1984) hypothesis
(SH test, p = 0.00). The —InL score for the ML tree
constrained to Fig. 3 was not significantly different than
the —In L score for the unconstrained ML tree (SH test,
p=10.61).

For testing the hypotheses of Wu et al. (1998) we
compiled a data set containing all 13 taxa used in their
analyses including 12 geoemydid species as well as
Chelus fimbriata (from GenBank), a chelid turtle that
they used as an outgroup. Wu et al. (1998) produced a
neighbor-joining (NJ) and MP tree based on 393 bp of
12S rDNA sequence data. The tree resulting from an
unconstrained ML search of this data set had a signifi-
cantly better — In L score than the trees constrained to
either the NJ or MP topology of Wu et al. (1998)
(»<0.03). The — In L score for the ML tree constrained
to a pruned version of Fig. 3 was not significantly dif-
ferent from the —In L score for the unconstrained ML
tree (SH test, p = 0.62).

The data set we compiled for testing the hypothesis of
Yasukawa et al. (2001) contained 34 geoemydids in-
cluding all of the taxa used in their original analysis,
although some ambiguity exists over material attributed
to the genus Cyclemys. Yasukawa et al. (2001) examined
skeletal remains for eleven specimens of Cyclemys, but
these specimens were not identified to the species level.
We included our three Cyclemys (C. atripons, C. dentata,
and C. tcheponensis), which probably includes the spe-
cies studied by Yasukawa et al. (2001). The uncon-
strained ML tree recovered from this data set had a
significantly better —In L score than the ML tree con-
strained to the hypothesis of Yasukawa et al. (2001) (SH
test, p = 0.00), and the —InL score for the ML tree
constrained to Fig. 3 was not significantly different from
that of the unconstrained ML tree (SH test, p = 0.48).

Finally, the data set we compiled for testing the hy-
pothesis of Honda et al. (2002a) contained all of the
geoemydid taxa used in their original analysis except for
Cuora f. flavomarginata and perhaps Cyclemys. Honda
et al. (2002a) included Cuora f. flavomarginata, but we
included C. f. sinensis since we do not have a represen-
tative of the former subspecies. In addition, Honda et al.
(2002a) included “Cyclemys sp.” in their analyses but
they did not indicate which species were included. As
before, we included our three Cyclemys in order to
represent the genus. Honda et al. (2002a) also included
two emydid turtles (Emys orbicularis and Trachemys
scripta elegans) and two tortoises (7Testudo horsfieldii
and Geochelone carbonaria). We have cytb sequence data
for the first two emydid turtles, but we substituted
Manouria emys and Gopherus agassizii as representative
tortoises. For outgroups, Honda et al. (2002a) followed
Gaffney and Meylan (1988) and included a musk turtle
(Staurotypus triporcatus—Family Kinosternidae) and a
softshell turtle (Pelodiscus sinensis—Family Trionychi-
dae), because according to Gaffney and Meylan (1988)
these turtle families are basal to the Emydidae/Geo-
emydidae/Testudinidae clade. Therefore, in order to
replicate their data set most accurately, we included an
892bp cytb S. triporcatus sequence and a complete
(1140 bp) P. sinensis cytb sequence from GenBank (see
Appendix A). With our mtDNA data, the tree resulting
from an unconstrained ML search had a significantly
better —In L score than any of the trees constrained to
the ML, MP, and NJ hypotheses of Honda et al. (2002a)
(SH test, p<0.003). Once again, the —In L score from
the tree constrained to Fig. 3, was not significantly dif-
ferent from that of the unconstrained ML tree (SH test,
p = 0.55).

4. Discussion

As in other studies, our cytbh sequence data are more
variable than the 12S or nuclear intron data (Engstrom
et al., unpublished; Giannasi et al., 2001; Palkovacs et
al., 2002; Prychitko and Moore, 2000; Shaffer et al.,
1997). For the 41 geoemydid taxa with complete cyth
and 12S data, cyth has a mean uncorrected pairwise
sequence divergence of 13.7% while the corresponding
12S data are 8.3% divergent (S1, 2). For the 24 geoe-
mydid taxa with complete mitochondrial and nuclear
sequence data, mean uncorrected pairwise sequence
divergence of cythb = 14.7%, 12S =8.7%, and R35=1.8%
(S1-3).

Including the 12S and R35 data did not have a pro-
found affect on our reconstructions, although it did help
resolve a few problematic nodes. Posterior probabilities
increased for the (Batagur/Callagur/Kachuga) clade as
well as for the positions of the (Malayemys/Orlitia) and
the (GeoemydalSiebenrockiella) clades but MP bootstrap
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support was significantly greater for the position of the
(Malayemys/Orlitia) clade only. In addition, Leuco-
cephalon and Notochelys are sister taxa with reasonably
strong support in the cytb-only tree but, with the added
data, Leucocephalon shifts to assume a sister-group po-
sition to a clade containing (Heosemys/Hieremys/Cy-
clemys/Notochelys) in Fig. 3. Several relationships that
were poorly resolved in the cytd only analysis, including
the position of Rhinoclemmys, Hardella, and Melan-
ochelys, remained unstable in the combined analysis
(compare Figs. 2 and 3).

We view the topology in Fig. 3 as our best current
hypothesis of geoemydid relationships because it is
based on our most complete dataset, reflects generally
strong agreement between all three analytical methods
that we employed, and displays no major conflicts be-
tween it and the cytb-only topologies. On the combined
mtDNA/R35 ML tree, 64% of nodes were well
supported under MP with BPs of >70%, while 69% of
nodes had Bayesian posterior probabilities >95%.
Overall, we have made much progress toward a resolu-
tion of the phylogeny of the Geoemydidae, although
unresolved issues remain, particularly deep in the tree.

At the family level, our combined data analyses
support a monophyletic Emydidae as the sister taxon to
Geoemydidae plus Testudinidae (BP =100%, DI =38,
PP = 100%, Fig. 3). We included nearly all geoemydid
species, including all but one Rhinoclemmys (R. nasuta),
and the tortoises included in our analysis represent a
broad sampling of testudinid phylogenetic diversity
(Gerlach, 2001). Given the diversity of taxa included in
our analyses, we are confident that the Testudinidae and
the New World geoemydid genus Rhinoclemmys are
each monophyletic. The remaining members of Geo-
emydidae (exclusive of Rhinoclemmys) may form a
monophyletic group, although statistical support for
this is based solely on Bayesian posterior probabilities.
Within the Geoemydidae, key results include the sister-
group relationship of Cuora and Mauremys (among
which several hybridization events have been proposed),
the close relationship of Heosemys and Hieremys, the
consistent close relationships among Kachuga, Callagur,
Batagur, Pangshura, and Hardella, and the identification
of a series of monotypic genera as phylogenetically basal
branches with no close living relatives. Most of these
genera, including Siebenrockiella, Orlitia, Malayemys,
and Geoclemys, have long been recognized as distinctive,
monotypic taxa based on morphological criteria,
whereas Leucocephalon (McCord et al., 2000) has only
recently been so recognized.

4.1. Previous hypotheses
Within the Geoemydidae, our reconstructions have

little in common with most previous phylogenetic hy-
potheses. Under a likelihood framework, we were able

to reject the generic complex hypotheses of McDowell
(1964), Bramble (1974), and Carr and Bickham (1986) as
well as the morphology-based hypotheses of Hirayama
(1984) and Yasukawa et al. (2001). While the phylogeny
in Fig. 3 has a statistically significantly better —InL
score than the DNA-based hypotheses of Honda et al.
(2002a), there are some similarities between their hy-
potheses and our own. For example, in our analyses, as
well as that of Honda et al. (2002a), Mauremys is pa-
raphyletic with respect to Chinemys. The discrepancies
between our phylogenetic hypotheses and Honda et al.
(2002a) might be due to taxon sampling and slower rates
of nucleotide substitution within 12S compared to cytb.
For taxon sampling, Honda et al. (2002a) included 22
species/subspecies from 12 genera. At the time of their
analyses, phylogenetic relationships within the Geo-
emydidae were largely unstable. Thus, the sampling of
Honda et al. (2002a) is somewhat haphazard, whereas
ours is nearly complete and includes relatively large
amounts of sequence data.

4.2. Hybridization

Within the last two decades, 14 new species of geoe-
mydid turtles have been described from China (Kou,
1989; Parham et al., 2001, and references therein), and
most of these taxa have been described from animals
culled from the large food markets of China and Hong
Kong. These taxa form a vexing, but potentially impor-
tant aspect of our understanding of the evolution and
biodiversity of the Geoemydidae. Many of these species
have unconfirmed locality data, have not been found by in
the wild by researchers, are sometimes unfamiliar to
people living in the regions from which they are pur-
portedly derived, and sometimes have phenotypes that
appear intermediate between those of other recognized
species (Parham et al., 2001). Thus, some of these new
“species,” including Mauremys iversoni and Cuora serrata
may be of recent, human-mediated, hybrid origin (Par-
ham et al., 2001; Stuart and Parham, in press). Con-
versely, Wink et al. (2001) proposed that Mauremys
iversoni and M. pritchardi might be the result of ancient
hybridization events, based on molecular clock estimates
of taxon age. Which, if any, of these species are the
products of human-mediated hybridization events is of
considerable importance since some are known from few
specimens and are presumed to be in grave danger of ex-
tinction (van Dijk, 2000). Thus, if they are valid evolu-
tionary taxa, these species may require immediate,
potentially costly intervention to prevent extinction. Al-
ternatively, if they are hybrids produced during captive
farming efforts, they are not valid species, and are not
candidates for protection (although they may still be of
value in the pet /TCM trade). In either case, these forms
may provide important insights into the evolution of in-
trinsic reproductive isolating mechanisms in turtles.
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A thorough examination of hybridization within the
Geoemydidae is beyond the scope of our data, and re-
quires much deeper sampling of both the purported
hybrid taxa and their postulated parental forms for
nuclear and mitochondrial gene trees. However, phylo-
genetic relationships, even for haploid, maternally in-
herited mtDNA can provide some insights into
hybridization (Perry et al., 2002). In using our phylog-
eny to make inferences regarding potential hybrid spe-
cies, we rely on the following criteria. First, recent
hybrids (that is, those generated by turtle farmers)
should have cyth haplotypes that are very similar, or
identical, to their maternal parental species. Second, if a
hybrid is a cross between species from different genera,
and those genera are monophyletic, then some fraction
of the time a hybrid will fall in the “wrong” genus, and
those cases are identifiable phylogenetically. If the cross
is equally successful regardless of which sex is the mo-
ther, then one prediction is that about half the time a
hybrid species will fall in the “correct” genus, and half
the time it will not. Thus, if species fall in the “wrong”
place in our phylogeny, and particularly if there are very
short branch lengths between these misplaced taxa and
their sister species, then they become candidates for
hybrid origin. With this criterion, we can distinguish
recent, anthropogenically derived and ancient, natural
hybridization only by the amount of divergence between
taxa, and this is difficult to interpret absolutely. In ad-
dition, mtDNA is maternally inherited, and hybridiza-
tion could go undetected in our analyses if successful
crosses were always between females of the genus to
which a hybrid species was originally assigned and males
from the “wrong” genus. However, nuclear sequences
may help in these cases.

Our phylogeny, together with inferences from previ-
ous authors, illustrates that hybridization between
Mauremys and Cuora is a plausible explanation for
some of the taxonomic inconsistencies in our results. In
our analyses, Mauremys and Cuora are closely related
suggesting that they have retained the ability to hy-
bridize from their shared common ancestor. In our
analyses, M. iversoni, O. glyphistoma, and O. philippeni
appear to be hybrids, and other work indicates that M.
iversoni as well as M. pritchardi and C. serrata may be
hybrid taxa (Parham et al., 2001; Stuart and Parham, in
press; Wink et al., 2001). Below we discuss these puta-
tive hybrid species.

4.3. Ocadia glyphistoma

In our results, Ocadia as currently recognized is
polyphyletic (Fig. 3). It includes the well-established
species O. sinensis (Gray, 1870), and the recently de-
scribed O. glyphistoma (McCord and Iverson, 1994) and
O. philippeni (McCord and Iverson, 1992). The type
species, O. sinensis, was described from “China” over

130 years ago and is closely related to Chinemys reevsii,
C. megalocephala, and Mauremys japonica (BP = 100%,
DI=16, PP=100%, Fig. 3). Thus, O. glyphistoma falls
in the “wrong” place in our phylogeny (Fig. 3). Rather
than grouping with O. sinensis, O. glyphistoma is well-
nested within Mauremys, and is relatively similar (1.2%
uncorrected cyth sequence divergence) to M. annamen-
sis. The description of Ocadia glyphistoma was based on
ten specimens (nine living and one preserved) reportedly
from North Vietnam and Southeast China (McCord
and Iverson, 1994). Our specimen of O. glyphistoma is
most similar morphologically to O. sinensis yet falls on a
short branch in the clade with Mauremys, a result con-
sistent with it being a hybrid between a male O. sinensis
and a female M. annamensis.

4.4. Ocadia philippeni

Ocadia philippeni was described from nine specimens
(seven living and two preserved) reportedly from Hainan
Island, China (McCord and Iverson, 1992). The inter-
pretation of O. philippeni as a potential hybrid is
somewhat clouded by its close relationship with Mau-
remys iversoni, which is itself a potential hybrid species
(see below). The O. philippeni in our analysis appears to
be a hybrid because it falls on a very short branch with a
non-congeneric species (M. iversoni), and both of these
species are nested well within the genus Cuora
(BP=100%, DI =16, PP =100%, Fig. 3). However, the
Mauremys iversonil O. philippeni clade is reasonably well-
differentiated from all other Cuora (3.6% average cytb
divergence between O. philippeni and the Cuora pani/
aurocapitataltrifasciatalzhoui clade), a result we would
not expect if M. iversoni and O. philippeni are both
recent hybrids between recognized taxa.

4.5. Mauremys iversoni

Mauremys iversoni was described from 29 specimens
reportedly from Fukien Province, China (Pritchard and
McCord, 1991). As with O. philippeni, the status of
M. iversoni remains open to interpretation. Both speci-
mens of M. iversoni in our analysis appear to be hybrids
because (1) they fall on very short branches with respect
to O. philippeni and (2) they are deeply nested within the
larger genus Cuora with strong support (BP =100,
DI=16, PP=100%, Fig. 3). There is very little cytb
sequence divergence between either specimen of M.
iversoni and that of O. philippeni (0.26-0.61%), less
divergence than within, for example, the polytypic geo-
emydid species Cuora amboinensis (C. a. couro, C.
a. amboinensis, C. a. lineata, and C. a. kamaroma) which
ranges from 1.1 to 5.1%. This very low level of diver-
gence is consistent with the interpretation that our
specimens of M. iversoni and O. philippeni are either
recent hybrids between the same female species of Cuora
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and male Mauremys and Ocadia, respectively, or per-
haps that these individuals represent the result of hy-
bridization between an undescribed species of Cuora and
either a species of Mauremys or Ocadia. Other work
indicates that some specimens assigned to M. iversoni
are hybrids between Mauremys mutica and Cuora tri-
fasciata. Parham et al. (2001) analyzed allozyme and
mtDNA (ND4 and COI) data from a known hybrid
(purchased from a turtle farm in China) morphologi-
cally assignable to M. iversoni and proposed that their
individual was a hybrid between M. mutica and C. tri-
fasciata. In addition, Wink et al. (2001) analyzed
mtDNA (cyth) and anonymous nuclear DNA (ISSR)
from two M. iversoni and also proposed that their in-
dividuals were crosses between M. mutica and C. tri-
fasciata. Somewhat consistent with this interpretation,
our M. iversoni specimens form a distinct group within
Cuora that is the sister taxon to the group (((C. auro-
capitata, C.trifasciata), C. pani), C. zhoui) (Fig. 3), im-
plicating one of these taxa as the potential female
parental species. However, the cytb sequence divergence
between M. iversonil O. philippeni and this clade of Cu-
ora is relatively large (2.5-4.0%), suggesting that either
the hybridization event(s) that we are identifying are
ancient (Wink et al., 2001), or that there is additional
sequence variation within Cuora that we have not
sampled.

4.6. Mauremys pritchardi

Mauremys pritchardi was described from 20 speci-
mens reportedly from Myanmar and Yunnan Province,
China. The holotype and two paratypes were reportedly
collected in Myanmar while the remaining 17 specimens
were reportedly purchased from local markets in both
Myanmar and China (McCord, 1997). Subsequent work
indicated that some specimens of M. pritchardi are hy-
brids between M. mutica and Chinemys reevesii (Wink
et al., 2001) and in our reconstructions, M. pritchardi is
grouped with strong support with some M. mutica
haplotypes to the exclusions of others (BP =100%, DI
=12, PP=100%, Fig. 3), thereby indicating paraphyly
for M. mutica. Thus, our data are consistent with the
hypothesis that our specimen of M. pritchardi is a hybrid
between a female M. mutica and another species.
However, our data are also consistent with the inter-
pretation that M. pritchardiis a recently derived member
of the genus Mauremys, and that M. mutica is composed
of more than one species.

4.7. Cuora serrata

Cuora serrata was first described as a subspecies (C.
galbinifrons serrata) from 29 specimens purchased from
Hainan Island, China (Iverson and McCord, 1992) and
was later elevated to species status (Fritz and Obst, 1997).

Based on allozyme and mtDNA data (from two and three
individuals, respectively), Parham et al. (2001) proposed
that C. serrata is a hybrid between C. galbinifrons and C.
(previously Pyxidea) mouhotii. In a relatively large
mtDNA (COI and ND4) analysis of the genus Cuora
(including five C. serrata) Stuart and Parham (in press)
found strong support for a hybrid origin for C. serrata. In
their analyses, C. serrata was paraphyletic; two C. serrata,
grouped within Cuora galbinifrons and the remaining
three grouped within Cuora boureti. In our MP and ML
results C. serrata is the sister taxon to C. mouhotii, a result
consistent with hybrid origin. However, the cytb sequence
divergence between C. serrata and C. mouhotii is reason-
ably large (~2.7%), which is also consistent with many
species-level divergences.

4.8. Taxonomic issues

Aside from potential hybrid species, our analyses
highlight taxonomic issues with respect to well-estab-
lished geoemydid genera. In making taxonomic recom-
mendations, we share the view of most current
systematists that named taxa above the species level
should be monophyletic, and demonstrably non-mono-
phyletic taxa should be revised with the goal of achiev-
ing monophyly. While most would agree that
paraphyletic groups should be revised, practical solu-
tions are often not straightforward. Our position is that
taxonomy should be revised to convey the greatest ge-
nealogical information, while promoting taxonomic
stability. In our view, taxonomic stability dictates that
changes at the generic or higher levels only be made
when non-monophyletic groups are discovered and need
to be replaced by monophyletic ones. Maximal genea-
logical information implies that, when changes are
proposed, monotypic genera be avoided if possible,
since they fail to convey meaningful phylogenetic in-
formation concerning group membership (Hennig, 1966;
Maddison, 1996; Mayr, 1943; Miyamoto and Cracraft,
1991; Stanley, 1979).

For turtles in general, the solution to previous ex-
amples of non-monophyly has been a proliferation of
monotypic genera. Ostensibly, monotypic genera are
often erected in an attempt to indicate large levels of
interspecific differentiation, and they are frequently in-
terpreted as species that are so different from all others
that they “demand” classification in their own genus.
However, we agree with Mayr (1943) in his assessment
that the function of the genus name is to identify group
membership, while the function of the species is to
identify distinctiveness. Within the Geoemydidae, about
half (11/23) of the currently recognized genera are
monotypic, a condition that seems at odds with the
concept of the genus as a mechanism whose primary
function is to indicate inclusion within monophyletic
groups.
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4.9. The Mauremys/Ocadial Chinemys clade

Although based on DNA alone, and primarily on
mtDNA, our analyses strongly support the paraphyly of
Mauremys as currently recognized (Honda et al., 2002a)
(Fig. 3). Mauremys is demonstrably paraphyletic with
respect to Chinemys (reevesii and megalocephala) and
Ocadia sinensis (the remaining species of Ocadia are
probably of hybrid origin). The demonstrable paraphyly
of Mauremys is based on the position of M. japonica
within a well-supported clade (BP=100, DI=17,
PP =100, Fig. 3) including both Chinemys and Ocadia
to the exclusion of all other Mauremys (Fig. 3). Clearly,
taxonomic revision within the Mauremys/Chinemys/
Ocadia clade is required. However, the resolution of this
issue is somewhat complicated by the unresolved phy-
logenetic position of M. leprosa. In most analyses,
leprosa is the sister group to the remainder of the
Mauremys/Chinemys/Ocadia clade but without strong
statistical support, whereas there is strong statistical
support for the Mauremys/Chinemys/Ocadia clade
(BP=100, DI=17, PP=100, Fig. 3). There are two
reasonable strategies to replace this demonstrably non-
monophyletic group. Either new genera can be erected
for japonica and potentially leprosa (depending on its
ultimate phylogenetic position), or both Chinemys and
Ocadia could be synonymized with Mauremys sensu
latu. We prefer the latter choice for the following rea-
sons: (1) Mauremys (exclusive of M. iversoni) is a well-
supported clade (BP =98%, DI =13, PP =100%, Fig. 3)
of relatively closely-related species that contains roughly
as much cytb genetic divergence as other non-monotypic
geoemydid genera (Fig. 3, S1) [while we do not propose
defining clades based on sequence divergence alone, it
can be a useful heuristic tool to compare relative
divergences within clades], (2) our unpublished data sets
with increased taxon sampling (Spinks and Shaffer, un-
published) support the position of leprosa as the sister
group to the remaining members of the Mauremys/
Ocadial Chinemys clade, and (3) recognizing a mono-
phyletic Mauremys that includes C. nigricans, C. ree-
vesii, C. megalocephala, and O. sinensis promotes long-
term taxonomic stability in that a single, well-supported
clade receives recognition at the generic level.

Our proposed action requires shifting generic names
of four species, two of which (C. reevesii and O. sinensis)
are among the best-known geoemydid taxa. However, it
also eliminates the monotypic, and therefore phyloge-
netically uninformative genus Ocadia, and maintains the
use of the name Mauremys in the spirit that it has been
used for over a century, to represent a monophyletic
group of generalized pond turtles that spans most of
Europe, the Middle East, and Asia. As future phyloge-
netic studies on this group of turtles resolve relation-
ships within Mauremys, there is room for the
recognition of subgenera for clades of particular mor-

phological or biogeographic interest. Regardless, the
phylogeny and resulting biogeographic interpretations
of Mauremys species across much of Eurasia is a fasci-
nating area for future research.

4.10. The Rhinoclemmys/Chelopus clade

Yasukawa et al. (2001) found Rhinoclemmys to be
paraphyletic and partitioned this genus into Rhino-
clemmys (with seven species) and Chelopus (including
annulata and rubida). Based on our larger dataset, Rhi-
noclemmys is monophyletic and the species annulata and
rubida do not form a monophyletic group. Thus, we do
not follow Yasukawa et al. (2001) in recognizing Chel-
opus. Rather, we retain the name Rhinoclemmys for the
entire clade of genetically, morphologically, and bioge-
ographically distinct New World geoemydids.

4.11. The Hieremys/Heosemys clade

Hieremys annandalii is another phylogenetically
problematic, monotypic genus. The genera Heosemys
and Hieremys form a well-supported clade (BP =97%,
DI =13, PP=100%, Fig. 3) and, in our combined data
MP analysis (not shown), H. annandalii is the sister group
to Heosemys. However, in the combined data ML anal-
ysis Heosemys is paraphyletic with respect to Hieremys
annandalii (Fig. 3), rendering Heosemys potentially, but
not demonstrably, paraphyletic. Interestingly the cytb
only tree (Fig. 2) provides strong Bayesian support for the
position of Hieremys nested within Heosemys, but this
support disappears in the larger dataset (Fig. 3). Thus, we
refrain from recommending taxonomic revisions for this
clade, and await further data to resolve the potential for
non-monophyly of Heosemys.

5. Conclusions

With the large number of molecular data sets and
analyses now available, researchers can tailor genes to
particular phylogenetic questions. In our analyses, cyth
as well as 12S and R35 sequence data analyzed sepa-
rately and in combination provided relatively clear res-
olution for the intrafamilial phylogenetics of the
Geoemydidae. Both MP and ML analyses recovered
similar topologies with many well-supported clades, al-
though resolution for some of the deeper nodes in our
analyses remain elusive or are only recovered with
Bayesian analysis. Our data sets allowed us to test, and
statistically to reject previous hypotheses of geoemydid
relationships, and to provide a new phylogeny for the
group. Our results strongly suggest that the genus
Mauremys as previously defined is paraphyletic with
respect to both Ocadia and Chinemys, and we suggest
that Mauremys should be redefined to include the spe-
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cies Mauremys megalocephala, Mauremys nigricans,
Mauremys reevesii, and Mauremys sinensis. We also
tentatively support the hypotheses that Mauremys iver-
soni, Ocadia glyphistoma, and O. philippeni are hybrid
taxa due to their well-supported phylogenetic positions
within genera to which they are not currently classified,
combined with the relatively small levels of genetic di-
vergence between them and their non-congeneric sister
taxa. Knowledge of the extent of genetic variation
within Mauremys and Cuora, combined with more ex-
tensive sampling of the purported hybrid taxa, should
bring final resolution to the hybrid issue, and we are
pursuing this additional work. As a group, the Geo-
emydidae contains a disproportionately high number of
endangered and threatened turtles. According to the
IUCN, 12 of the 16 most critically endangered turtle
species are geoemydids, as are 14 of 30 endangered
species and 9 of 37 vulnerable species; one geoemydid
turtle—Cuora yunnanensis—is considered to be extinct
(IUCN, 2002). Thus, a critical problem for the imme-
diate future is to elucidate patterns of genetic variation
within clades and species, and use this information to
further determine the validity of species recently de-
scribed from China.
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Appendix A

List of species, UC Davis tissue number (preceeded
by HBS), and GenBank Accession numbers for DNA
sequence data. UF numbers refer to type specimens of
potential hybrid taxa deposited in the Florida Museum
of Natural History (FLMNH).

Batagur baska baska (HBS38418,
AY434638,  AY434658), Callagur

AY434600,
borneoensis

(HBS38419, AY434601, AB090044, AY434659), Chelus
fimbriata (U81343, U40636), Chrysemys picta (5902189,
5902189), Clemmys guttata (AF258870), Cuora ambo-
inensis amboinensis (HBS38398, AY434580, AB090029),
Cuora amboinensis couro (HBS38399, AY434581), Cu-
ora amboinensis kamaroma (HBS38394, AY434575),
Cuora amboinensis lineata (HBS38438, AY434620), Cu-
ora aurocapitata (HBS38444, AY434626, AB090030,
AY434671), Cuora flavomarginata evelynae (HBS38424,
AY434606, AB090034, AY434663), Cuora flavomargi-
nata sinensis (HBS38389, AY434570), Cuora mccordi
(HBS38387, AY434568), Cuora mouhotii (HBS38422,
AY434604, AB090036, AY434661), Cuora pani
(HBS38393, AY434574, AB090031), Cuora picturata
(UC Davis Museum of Vertebrate Zoology voucher
number = HBS38448, AY434576, AB090028), Cuora
serrata (UF 81791-98, HBS38442, AY434624, AY434
670), Cuora trifasciata (Museum of Vertebrate Zoology
(MVZ) UC Berkeley voucher number = MVZ 230636,
AY434627, ABO090032), Cuora zhoui (HBS38402,
AY434584, AB090033), Cyclemys atripons (HBS38435,
AY434617), Cyclemys dentata (HBS38397, AY434579,
AF043402, AY434653), Cyclemys  tcheponensis
(HBS38395, AY434577), Emys blandingii (AF258869),
Emys marmorata (AF258867, U81321), Emys orbicularis
(AF258868, AB090021), Geoclemys — hamiltoni
(HBS38392, AY434573, AY434632, AY434651), Geo-
emyda japonica (HBS38420, AY434602, AB090038),
Geoemyda spengleri (HBS38404, AY434586, AY434634,
AY434655), Glyptemys insculpta (AF258876), Glypte-
mys muhlenbergii (AF258875), Gopherus agassizii
(HBS38449, AY434562, AY434630, AY434646), Hard-
ella thurjii thurjii (HBS38421, AY434603, AB090025,
AY434660), Heosemys depressa (HBS38425, AY434607),
Heosemys grandis (HBS38385, AY434566, AB090039),
Heosemys spinosa (HBS38396, AY434578, U81339,
AY434652), Hieremys annandalii (HBS38416, AY434598,
AF043408, AY434657), Indotestudo elongata (HBS38450,
AY434643, AF175338), Indotestudo forsteni (HBS38451,
AY434561, AY434645), Indotestudo travancorica (Tis-
sue donated by I. Das, HBS38452, AY434644), Kachuga
dhongoka (HBS38388, AY434569, AY434631, AY434649),
Leucocephalon  yuwonoi ~ (HBS38426, AY434608,
AY434664), Malayemys subtrijuga (HBS38409, AY434591,
AF043398, AY434656), Manouria emys (HBS38453,
AY434563, AY434647), Mauremys  annamensis
(HBS38383, AY434564, AB090041), Mauremys caspica
(HBS38412, AY434594, AB090043), Mauremys iversoni
1 (Florida State Museum 71865, UF 71866, HBS38384,
AY434565), Mauremys iversoni 2 (HBS38427, AY434609),
Mauremys japonica (HBS38405, AY434587, AB(090042),
Mauremys leprosa (HBS38410, AY434592, AY434635),
Mauremys megalocephala  (HBS38411, AY434593,
AY434636), Mauremys mutica (HBS38446, AY434628,
AB090040, AY434672), Mauremys mutica kami
(HBS38440, AY434622), Mauremys pritchardi (UF
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105422-24, HBS38391, AY434572), Mauremys reevesi
(HBS38386, AY434567, AB090026, AY434648), Mau-
remys rivulata (Tissue donated by P. Vander Schouw,
HBS38441, AY434623, AY434641), Mauremys sinensis
(HBS38433, AY434615, AF043391, AY434666), Mel-
anochelys  trijuga edeniana (HBS38447, AY434629,
AY434642, AY434673), Melanochelys trijuga trijuga
(HBS38406, AY434588, AF043405), Morenia ocellata
(HBS38423, AY434605, AF043409, AY434662), Not-
ochelys platynota (HBS38431, AY434613, AB090037,
AY434665), Ocadia glyphistoma (UF 84818, HBS38414,
AY434596), Ocadia  philippeni  (UF  80765-66,
HBS38400, AY434582), Orlitia borneensis (HBS38437,
AY434619, AB090024, AY434669), Pangshura smithii
smithii (HBS38407, AY434589), Pangshura tecta
(HBS38401, AY434583, AY434633, AY434654),
Pangshura tentoria circumdata (HBS38428, AY434610),
Pangshura tentoria flaviventer (HBS38430, AY434612,
AY434639), Pelodiscus sinensis (AY259553, AB090045),
Rhinoclemmys annulata (HBS38439, AY434621), Rhi-
noclemmys areolata (HBS38429, AY434611), Rhino-
clemmys diademata (HBS38434, AY434616, AY434640,
AY434667), Rhinoclemmys  funerea  (HBS38417,
AY434599), Rhinoclemmys melanosterna (HBS38408,
AY434590), Rhinoclemmys  pulcherrima incisa
(HBS38415, AY434597), Rhinoclemmys punctularia
punctularia (HBS38413, AY434595, AY434637), Rhi-
noclemmys rubida (Tissue donated by R. Wicker,
Frankfurt Zoo, HBS38443, AY434625), Sacalia bealei
(HBS38403, AY434585, AB090023), Sacalia quadrio-
cellata (HBS38436, AY434618, AF043392, AY434668),
Sacalia pseudocellata (HBS38432, AY434614), Sieben-
rockiella crassicollis (HBS38390, AY434571, AF043406,
AY434650), Staurotypus triporcatus  (U81349,
ABO090018), Terrapene ornata (AF258874), Trachemys
scripta (AF207750, AB090022).
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