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The Phylogenetic Position of the Snapping Turtles (Chelydridae) Based on

Nucleotide Sequence Data

Christopher H. Chandler' and Fredric J. Janzen®

We augmented existing genetic datasets with nucleotide sequences from Recombination Activase Gene 1 (RAG-T7) and
an intron in the RNA fingerprint protein 35 (R35) for Macrochelys temminckii (Chelydridae), and from the nuclear gene
Glyceraldehyde-3-phosphate Dehydrogenase (GAPDH) for Macrochelys temminckii, Apalone spinifera (Trionychidae),
Trachemys scripta (Emydidae), Sternotherus odoratus (Kinosternidae), Staurotypus triporcatus (Kinosternidae), Chelydra
serpentina (Chelydridae), Dermochelys coriacea (Dermochelyidae), Platysternon megacephalum (Platysternidae), and
Chelonia mydas (Cheloniidae) to address the phylogenetic relationships of the Chelydridae. Our study finds support for a
sister group relationship between Chelydridae and either the clades Kinosternoidea (Kinosternidae + Dermatemydidae)
or Chelonioidea (Cheloniidae + Dermochelyidae). Further analysis also suggests that the speciation events leading to
these clades occurred in rapid succession, within approximately one million years of each other.

(Chelydridae) to other chelonians remains ambigu-

ous despite recent work (Krenz et al., 2005; Parham
et al., 2006; Iverson et al., 2007). Early studies, especially
using morphological data, first suggested a close affinity
with the Big-Headed Turtle (Platysternon megacephalum;
Platysternidae; e.g., Shaffer et al., 1997), but this hypothesis
has largely been refuted by genetic data (Krenz et al., 2005;
Parham et al., 2006; Shaffer et al., 2008), suggesting that the
similarity between these two groups is the result of
convergence. Current research indicates that the closest
relative of the Chelydridae may be the Chelonioidea (sea
turtles; Cheloniidae + Dermochelyidae; Fig. 1A) or Kinos-
ternoidea (mud and musk turtles and the Mesoamerican
River Turtle; Kinosternidae + Dermatemydidae; Krenz et al.,
2005; Fig. 1B), or that the Chelydridae are sister to
Chelonioidea + Testudinoidea (Emydidae + Platysternidae
+ Geoemydidae + Testudinidae; Parham et al., 2006;
Fig. 1C).

Difficulties in resolving the phylogenetic placement of
groups such as the Chelydridae with molecular data may
sometimes be caused by long branch attraction or repulsion
(Felsenstein, 1978; Siddall, 1998). However, the addition of
new taxa to datasets may help by splitting long branches
into shorter segments. Therefore, to evaluate these com-
peting hypotheses and clarify the phylogenetic position of
the Chelydridae, we sequenced approximately 4000 bp of
the nuclear genes RAG-1 and R35, which have proved
useful in resolving family-level relationships, from another
chelydrid (Macrochelys temminckii) to supplement existing
datasets. We also sequenced approximately 500 bp of the
GAPDH gene from exemplars of seven turtle families.
Finally, we used a Power Analysis to estimate how much
resolution our dataset should provide, to assess whether
any apparent polytomies might be meaningful or merely
due to insufficient data.
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MATERIALS AND METHODS

Taxa and genes.—We restricted our analysis to eight focal
species that have already been examined in previous
phylogenetic analyses using gene sequence data: Apalone
spinifera (Trionychidae), Trachemys scripta (Emydidae), Pla-
tysternon megacephalum (Platysternidae), Sternotherus odoratus
(Kinosternidae), Staurotypus triporcatus (Kinosternidae), Che-
lydra serpentina (Chelydridae), Dermochelys coriacea (Dermo-
chelyidae), and Chelonia mydas (Cheloniidae). We also
obtained sequences from the Alligator Snapping Turtle
(Macrochelys temminckii; Chelydridae), which has not been
included in previous molecular phylogenetic studies of
turtles.

Sequences from Apalone spinifera, Trachemys scripta, Pla-
tysternon megacephalum, Sternotherus odoratus, Staurotypus
triporcatus, Chelydra serpentina, Dermochelys coriacea, and
Chelonia mydas were obtained from previous studies,
including portions of Recombination Activase Gene 1
(RAG-1) and the RNA fingerprint protein 35 (R35) intron,
which are both nuclear (Fujita et al.,, 2004; Krenz et al.,
2005). We collected nucleotide sequences from RAG-1 and
the R35 intron for M. temminckii to augment the previously
published dataset. We also sequenced approximately 500 bp
of intron XI of the nuclear gene Glyceraldehyde-3-phos-
phate Dehydrogenase (GAPDH) for all nine study species,
using the same individuals as Krenz et al. (2005).

DNA sequencing.—We extracted total genomic DNA from a
Macrochelys temminckii tissue sample from Florida, as
previously described (Krenz et al.,, 2005). Using this
template, we amplified approximately 3000 bp of Recombi-
nation Activase Gene 1 (RAG-1), in three separate fragments
using the primer pairs RAGF1/RAGR2, RAGF3/RAGR4, and
RAGFS, RAGRS (Krenz et al., 2005), in 25 uL volumes with
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Fig. 1. Recent hypotheses for the phylogenetic position of the
snapping turtles (Chelydridae) supported by molecular data from Krenz
et al. (2005) and Parham et al. (2006). Trionychia is the clade that
includes Trionychidae + Carettochelyidae (Joyce et al., 2004).

10-70 ng of purified genomic DNA, 1X PCR buffer (16 mM
(NHy4)2SO4, 67 mM Tris-Cl, 0.01% Tween-20; Bioline, Taun-
ton, MA), 3.0 mM MgCl, (Bioline), 1.0 mM dNTPs (Pro-
mega, Madison, WI), 0.5 uM forward and reverse primer,
and 0.6 u Taq Biolase DNA polymerase (Bioline). Thermo-
cycling consisted of an initial denaturation at 94°C for
5 min, then 35 cycles of denaturation at 94°C for 30 sec,
annealing at 55°C for 1 min, and extension at 72°C for
90 sec, followed by a final 5-min 72°C extension phase using
an Eppendorf Mastercycler Gradient. We amplified approx-
imately 1000 bp of the R35 intron with primer pair R35Ex1/
R35Ex2 (Fujita et al., 2004) and approximately 500 bp of the
GAPDH gene with primer pair GapdL890/GAPDH950 (Frie-
sen et al., 1997; Spinks and Shaffer, 2005). These amplifica-
tions used the same reaction conditions as the RAG-1

reactions, but with 60°C and 63°C annealing temperatures
for their respective primers.

PCR products were purified by electrophoresis in 1.5% TBE
agarose gels in the presence of ethidium bromide and DNA
fragments of known lengths. Bands of expected lengths
were excised from gels and further purified using a Qiagen
Gel Extraction Kit. For samples that failed to sequence
following initial attempts with gel extracts, we purified
PCR products directly using ExoSAP-IT (USB Corporation,
Cleveland, OH). We used gel extracts or purified PCR
products as template for cycle sequencing reactions using
the ABI Prism BigDye Terminator Cycle Sequencing Ready
Reaction Mix (PE Applied Biosystems, Foster City, CA). We
ran reactions in 10 uL volumes using approximately 25 ng
PCR product, 1.3 uL 5X Sequencing Buffer, 2.5 uM primer,
and 1.3 pL Terminator Ready Reaction Mix. Cycle sequenc-
ing reactions were subjected to 45 cycles of 96°C for 30
seconds, 50°C for 30 seconds, and 60°C for 4 minutes. Cycle
sequencing reaction products were purified using Centri-
Sep (Sephadex) spin columns (Princeton Separations,
Freehold, NJ). Purified cycle sequencing reactions were
submitted to the Iowa State University DNA Sequencing
and Synthesis Facility for electrophoresis using an Applied
Biosystems 377 Automated Sequencer. Sequences generat-
ed in this study were deposited in the GenBank database
under accession numbers FJ234440-FJ234450. DNA frag-
ments were assembled into contiguous sequences using
BioEdit v7.0.1 (Hall, 1999) and aligned using ClustalW v1.4
(Thompson et al., 1994) through the menu option
implemented in the BioEdit interface (Hall, 1999) using
the default parameters.

Phylogenetic analysis.—We assessed the suitability of GAPDH
sequences for phylogenetic analysis using a saturation plot.
We conducted Maximum Parsimony (MP) and Maximum
Likelihood (ML) analyses using PAUP* v4.0b10 (Swofford,
2003) and Bayesian Analysis (BA) with MrBayes v3.0b4
(Huelsenbeck and Ronquist, 2001). All analyses were
performed using rooted trees, with A. spinifera as the
outgroup. For ML and BA analyses, we selected models of
molecular evolution using Modeltest v3.6 (Posada and
Crandall, 1998) and MrModelTest v2.2 (Nylander, 2004).

Heuristic searches were performed in MP and ML
analyses with ten replicates of random taxon addition,
tree bisection-reconnection (TBR) branch swapping, zero-
length branches collapsed to yield polytomies, and gaps
coded as missing data. In Bayesian analyses, four Markov
chains were calculated simultaneously, initiated with
random starting trees, and run for 2.0 X 10° generations,
with chains sampled every 1000 generations. Stationarity
was confirmed graphically, and the first 200 of 2000 trees
were discarded (burnin = 200). We estimated statistical
support for nodes using 10000 bootstrap replicates for MP
and 100 bootstrap replicates for ML analyses, while support
for nodes in Bayesian analyses was assessed using posterior
probabilities.

Finally, we performed a Power Analysis using the
difference of a proportion method of Walsh et al. (1999)
to estimate the minimum length of time between successive
speciation events that a dataset of this size can resolve. We
estimated the average substitution rate by computing the
proportion of sites exhibiting nucleotide substitutions
between pairs of taxa, dividing by twice the estimated
divergence time between the two taxa, and averaging over
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all pair-wise comparisons; divergence time estimates were
obtained from Near et al. (2005). Then, beginning with an
arbitrary desired resolvable divergence time, from the
average substitution rate we calculated the proportion of
sites expected to undergo nucleotide substitutions under the
desired resolvable divergence time. We used this proportion
to estimate the effect size index, h, using the formula given
in Walsh et al. (1999). Finally, we used the effect size index
to calculate the sample size (N, number of base pairs)
required to achieve that resolution, with the formula N =
N 10/(100h?%), where N ;o = 1237, the sample size required for
an effect size index of h = 0.10, with o = 0.05 and = 0.80
(Walsh et al., 1999). By adjusting the desired resolvable
divergence times and repeating this process, we were able to
estimate numerically the minimum divergence time resolv-
able by our dataset.

RESULTS

Saturation plots, showing the pair-wise number of transi-
tions or transversions versus the patristic distance between
taxa, demonstrated that GAPDH is suitable for phylogenetic
analysis at this taxonomic level, since it was not saturated
for transitions or transversions (data not shown). Partition
homogeneity tests revealed that all loci were combinable,
but analyses of GAPDH by itself, however, yielded a slightly
different tree topology in some cases, whereas RAG-1 and
R35 were congruent. Therefore, we present results from
analyses of GAPDH alone, RAG-1+R35, and all three genes
combined.

Our final alignment consisted of 2800 bp of RAG-1,
1092 bp of R35, and 881 bp of GAPDH, with 683 variable
characters, of which 231 were parsimony-informative. Of the
881 bp of GAPDH, 168 were variable and 68 were parsimony-
informative; these statistics have already been described for
RAG-1 and R35 (Fujita et al., 2004; Krenz et al., 2005).

For ML analysis, ModelTest selected the TIM+I+G model
using the Akaike information criterion (AIC) for the
combined analysis, the HKY+G for the GAPDH dataset,
and the TrN+G model for the R35+RAG-1 dataset (Posada
and Crandall, 1998). For Bayesian Analysis, MrModelTest
selected the GTR+G model for the combined dataset, the
HKY+G model for the GAPDH dataset, and the GTR+G
model for the R35+RAG-1 dataset, again using AIC (Ny-
lander, 2004). In the few cases where hierarchical likelihood
ratio tests and AIC selected different optimal models in
ModelTest and MrModelTest, we present only the model
selected by AIC, but both models always produced identical
tree topology and similar bootstrap support.

All analyses supported a monophyletic Chelydridae.
Analysis of GAPDH alone grouped the Chelonioidea with
the Emydidae and Platysternidae with weak support, with
this clade connected to the Kinosternoidea and Chelydridae
in a three-way polytomy (Fig. 2). Analysis of R35 and RAG-1
suggested a sister relationship between the Kinosternoidea
and Chelydridae, with weak (<70% bootstrap) support in
MP analyses and moderate support in ML (about 70%
bootstrap) and Bayesian (about 0.85 posterior probability)
analyses (Fig. 2). Maximum likelihood and Bayesian analy-
ses of the combined dataset yielded the same topology with
slightly stronger support, but the MP analysis was inconclu-
sive, resulting in a large polytomy (Fig. 2).

The average nucleotide substitution rates were 0.0020,
0.0003, and 0.0005 substitutions per site per million years
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Fig. 2. Phylogenies produced by analysis of (A) 881 bp of GAPDH, (B)
2800 bp of RAG-T plus 1092 bp of R35, and (C) all three genes
combined, using Maximum Parsimony (left) and Maximum Likelihood
and Bayesian analyses (right). Numbers next to nodes indicate
bootstrap support in the Maximum Parsimony trees and Maximum
Likelihood trees and posterior probabilities in the Bayesian trees.
Maximum Likelihood and Bayesian analyses always produced identical
topologies, so their node support values are shown on the same trees.
Branch lengths depicted on the right are derived from Maximum
Likelihood analyses; phylograms are not all shown on the same scale.

for GAPDH, R35+RAG-1, and all three genes combined,
respectively. Power Analysis using these estimates indicated
that our GAPDH, R35+RAG-1, and combined datasets could
resolve speciation events separated by at least 0.89 million
years, 1.45 million years, and 0.64 million years, respectively
(given o = 0.05 and B = 0.80).

DISCUSSION

In this study, we supplemented existing datasets with both
additional taxa and additional loci to explore the phyloge-
netic position of chelydrid turtles. We also restricted our
analysis to the taxa most relevant to the problem at hand.
Despite these new data, we were unable to reject with
substantial certainty any of the hypotheses regarding the
phylogenetic relationship between the Chelydridae and
other turtles (Fig. 2), although the relationships suggested
by Parham et al. (2006) were not supported strongly. None
of our results implied a close relationship between the
Chelonioidea and the Chelydridae, which is suggestive that
these two groups are not sister taxa. However, support for
key nodes was relatively weak, so additional data are needed
before that hypothesis can be ruled out completely.

Rapid divergence events may explain the ambiguous
relationships among these groups. Ancient rapid radiations
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such as this are especially difficult to resolve, because the
large amount of subsequent change that has occurred may
obscure an already weak phylogenetic signal (Whitfield and
Lockhart, 2007). Additionally, incomplete sorting of ances-
tral polymorphisms is a problem in cases of rapid speciation.
Therefore, sequencing many additional loci may be of little
use in solving this problem, because incomplete sorting
could cause different unlinked loci to represent different
evolutionary histories—that is, only a fraction of the gene
trees will reflect the species tree (Whitfield and Lockhart,
2007).

Power Analysis showed that the size of our dataset should
provide resolution of at least 0.64 to 1.45 million years.
Although the approach we used to obtain this estimate is
relatively simplistic compared to other available methods, it
tends to be more conservative. For example, taking into
account homoplasy by estimating pair-wise genetic distanc-
es using a Jukes-Cantor correction or Maximum Likelihood,
rather than using the raw proportion of sites with substitu-
tions, would suggest that our dataset could resolve even
more rapid successive speciation events (Walsh et al., 1999).
Therefore, our inability to completely reject alternative
phylogenetic hypotheses is unlikely to result from inade-
quate data. Considering the large degree of morphological
divergence among these groups of turtles, and that the splits
between other turtle families are separated by millions of
years (Near et al., 2005), the divergence of the Chelonioidea,
Kinosternoidea, Chelydridae, and Emydidae + Platysternidae
may be explained by near-simultaneous speciation events.

Our results show that support for phylogenetic hypothe-
ses may not always be strengthened by including additional
relevant taxa while excluding those outside the unresolved
nodes, or by the addition of new loci. While we did not find
support for a sister relationship between the Chelydridae
and Chelonioidea or Testudinoidea, we were unable to
resolve the phylogenetic position of the Chelydridae with
great confidence. Our Power Analysis suggests that these
higher-level clades of turtles diverged from one another
relatively rapidly, within 0.64-1.45 million years, and that
this diversification process may be a ‘‘hard” polytomy that is
unlikely to be resolved even by large genetic datasets.
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