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ABSTRACT: Nucleotide sequence data from a 556 bp segment of the mitochondrial 16S ribosomal 
RNA gene support the partition of emydid turtles into two distinct subfamilies. Phylogenetic analysis 
identifies two major clades and corroborates previous morphological assignments of genera to the 
subfamilies Deirochelyinae and Emydinae. Within the subfamily Deirochelyinae, Deirochelys ap- 
pears to be the sister taxon to all other genera in the subfamily, and support is found for a clade 
that includes Trachemys, Graptemys, and Malaclemys. However, the other generic relationships 
within this subfamily are not well resolved. Within the Emydinae, the genus Terrapene is mono- 
phyletic. Conversely, the genus Clemmys is paraphyletic, necessitating a new generic arrangement 
of the species now considered to be in Clemmys, Emydoidea, and Emys. 
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THE status of the genus Clemmys and 
its proposed relationships to other genera 
within the family Emydidae have had a 
varied taxonomic history. Prior to 1964, 
Clemmys included four North American 
and four Eurasian species. McDowell 
(1964) recognized the polyphyletic nature 
of this group and partitioned the genus 
such that New World forms were retained 
in Clemmys and the Old World forms were 
relegated to Mauremys and Sacalia. At the 
time, emydid turtles were considered a 
subfamily (Emydinae) of the Testudini- 
dae. McDowell (1964) subdivided this sub- 
family by reassigning the predominantly 
Old World emydine turtles (including 
Mauremys and Sacalia) to a new subfam- 
ily, the Batagurinae. The three testudinid 
subfamilies recognized by McDowell 
(1964) now represent the three testudinoid 
families Testudinidae, Emydidae, and Ba- 
taguridae (Gaffney and Meylan, 1988). 

As currently recognized, the family 
Emydidae comprises 10 genera and 37 
species (Gaffney and Meylan, 1988). It is 
thought to have originated in North Amer- 
ica where nine of the 10 genera currently 
occur. Two exceptions to this North Amer- 

ican distribution include Emys, found in 
Europe, North Africa, and parts of the 
Middle East, and Trachemys, the range of 
which encompasses portions of both North 
and South America (Iverson, 1992). The 
family clearly is monophyletic but has been 
divided into two subfamilies by Gaff ney 
and Meylan (1988). The Deirochelyinae 
includes the predominantly aquatic 
Chrysemys, Deirochelys, Graptemys, Ma- 
laclemys, Pseudemys, and Trachemys, 
whereas the Emydinae includes both 
aquatic and terrestrial species in the gen- 
era Emys, Emydoidea, Clemmys, and 
Terrapene. This arrangement has received 
support from Seidel and Adkins (1989) 
based on isoelectric focusing. 

Relationships among the four genera of 
emydine turtles have been the subject of 
recurring debate. Clemmys (McDowell, 
1964), Emys (Milstead, 1969), and Emy- 
doidea (Bramble, 1974; Gaffney and Mey- 
lan, 1988) all have been hypothesized to 
be the sister taxon to Terrapene. The po- 
sition of Emydoidea is particularly con- 
troversial, as several investigators have in- 
ferred a close relationship to Deirochelys 
(Loveridge and Williams, 1957; McDow- 
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ell, 1964; Tinkle, 1962; Zug, 1966) whereas 
others have shown a close relationship be- 
tween Emydoidea and the other emydine 
genera (Bramble, 1974; Frair, 1982; Gaff- 
ney and Meylan, 1988; Seidel and Adkins, 
1989). 

Within the Emydinae, only Clemmys 
and Terrapene contain more than one spe- 
cies. Milstead (1969) subdivided Terra- 
pene into two species groups (i.e., T. car- 
olina and T. coahuila; T. nelsoni and T. 
ornata), an interpretation that generally is 
well accepted. The relationships of the four 
species of Clemmys are not as well estab- 
lished. Some studies have suggested that 
C. insculpta is basal (the sister taxon) to 
the other three species (Merkle, 1975;) and 
that C. muhlenbergii and C. guttata are 
closest relatives (Parsons, 1962; Zug, 1966). 
Merkle (1975) hypothesized that C. gut- 
tata and C. marmorata were the most 
closely related species, with C. muhlen- 
bergii being their sister taxon and C. in- 
sculpta being the most distantly related 
taxon. However, Lovich et al. (1991) con- 
cluded that C. muhlenbergii shares fewer 
similarities with the other three species. 

In this study, we examine phylogenetic 
relationships among emydid turtles using 
nucleotide sequence from the mitochon- 
drial 16S ribosomal gene. We employ a 
phylogenetic analysis to address three ma- 
jor issues. (1) We test Gaffney and Mey- 
lan's (1988) hypothesis regarding the status 
and generic composition of the subfamilies 
Deirochelyinae and Emydinae. (2) We 
concentrate specifically on relationships 
within the genus Clemmys, and (3) in so 
doing, we examine the phylogenetic status 
of Clemmys relative to the other emydine 
genera. 

MATERIALS AND METHODS 

We obtained blood samples from a sin- 
gle individual for each of 15 emydid spe- 
cies and two batagurid species. Represen- 
tatives of the Emydinae included all four 
currently recognized species of Clemmys 
(C. marmorata, C. muhlenbergii, C. gut- 
tata, and C. insculpta), three (of the four) 
species of Terrapene (T. coahuila, T. or- 
nata, and T. carolina), Emys orbicularis, 

and Emydoidea blandingii. Representa- 
tives of the Deirochelyinae included Dei- 
rochelys reticularia, Trachemys scripta, 
Graptemys geographica, Malaclemys ter- 
rapin, Pseudemys concinna, and Chrys- 
emys picta. Orlitia borneensis and Ma- 
layemys subtrijuga were chosen as out- 
groups because they (along with Sieben- 
rockiella crassicollis) are the only 
batagurids to have a karyotype (2N = 50) 
like that of emydids (Bickham, 1975; Bick- 
ham and Baker, 1976; Bickham and Carr, 
1983; Carr and Bickham, 1981) and be- 
cause the Bataguridae is considered the 
sister taxon of the Emydidae (Gaff ney and 
Meylan, 1988). 

Genomic DNA was extracted from 30- 
50,ul of blood by incubation in 450 ,1 of 
STE buffer (5.0 M NaCl, 2.0 M Tris-HCI, 
0.5 M EDTA, pH 7.5), 25 ,ul of 20% SDS, 
and 25 Al of proteinase-K at 10 ,ug/ml for 
1 h. We then added 5M NaCl (150 ,u) and 
placed the solution on ice for 1 h, centri- 
fuged it at 9000 RPM for 15 min on a 
Savant HSC 10K Microcentrifuge, and ex- 
tracted the supernatant with a phenol- 
methylene chloride-isoamyl alcohol mix 
(25:24:1). DNA was precipitated with an 
equal volume of 100% isopropyl alcohol, 
centrifuged at 9000 RPM for 1 min, and 
washed in 70% isopropyl alcohol. Precip- 
itated DNA was resuspended in 200 ,Al of 
TE (1 mM Tris, 100 liM EDTA, pH 7.5). 
We amplified a 598 bp portion of the 16S 
gene of the mitochondrial DNA by PCR 
with the primers LGL 381 (5'-ACC CCG 
CCT GTT TAC CAA AAA CAT-3') and 
LGL 286 (5'-AGA TAG AAA CCG ACC 
TGG AT-3'). These primers correspond to 
positions 2487-2510 and 3104-3085 of the 
human mitochondrial genome map, re- 
spectively. These primers are "universal" 
and were constructed based on similarities 
between published mtDNA sequences of 
diverse vertebrate taxa. Samples were am- 
plified by 50 ,l reactions which consisted 
of the following: 0.1-0.5 ,ug genomic DNA; 
5,Il lOX buffer (0.1 M Tris-HCI pH 8.5, 
0.025 M MgCl2, 0.5 M KCI), 5 jil dNTP 
mix (2 mM dATP, dTTP, dCTP, dGTP, 
in 0.1 M Tris-HCl, pH 7.9), 5 jil of a 10 
jiM solution of each primer, 0.025-0.5 jil 
Taq DNA polymerase, and brought up to 
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volume with deionized water. Amplifica- 
tions were done by 32 cycles of 95 C for 
45 s of denaturing, 50 C for 30 s of an- 
nealing, 70 C for 2.5 min of extension, and 
4 s of auto-extension. The PCR products 
were used to sequence a total of 566 bp 
using an Applied Biosystems 373A Auto- 
mated DNA sequencer employing dye la- 
belled terminators (Ferl et al., 1991). Se- 
quence alignments were made using the 
computer software package SeqEd from 
Applied Biosystems Inc., Foster City, Cal- 
ifornia. 

Phylogenetic relationships were recon- 
structed using Paup 3.1 (Swofford, 1990). 
Transversions were weighted 3:1 relative 
to transitions and gaps were treated as 
missing data. A heuristic analysis using 100 
searches with the random addition of taxa 
was used to search for trees of the shortest 
length. We estimated the reliability of the 
branches of the shortest trees by using a 
bootstrap analysis with 250 replicates. Sub- 
sequently, an exhaustive search was per- 
formed separately on just the emydine taxa, 
using Deirochelys as the outgroup, and on 
just the deirochelyine taxa, using Clemmys 
guttata and Terrapene coahuila as the 
outgroup. Again, bootstrapping was per- 
formed to test the reliability of specific 
nodes of the trees. 

RESULTS AND DISCUSSION 

Unambiguous alignment was achieved 
for a 556 bp segment of the 16S ribosomal 
gene for the 17 taxa studied (Fig. 1). We 
found a total of 140 variable nucleotide 
positions of which 105 had only two nu- 
cleotides present among the taxa, 20 had 
three or four nucleotides, and 15 were 
variable by deletion-duplication events 
(including three with nucleotide variation 
as well). Of the 105 variable positions pos- 
sessing only two nucleotides, 56 were C 
T transitions and 29 were A * G transi- 
tions. There were 20 transversions includ- 
ing six A C, 13 T A, and one G T. 
Of the 20 positions that had three or four 
alternative nucleotides, one had A-G-C, 
two had A-G-T, 14 had A-C-T, one had 
T-G-C, and two had all four nucleotides. 
Just considering sites at which only two 

nucleotides are present (N = 105), the tran- 
sition : transversion ratio is 4.25:1. 

Phylogenetic analysis of all species using 
a heuristic search (Swofford, 1990) iden- 
tified four most-parsimonious trees of 323 
steps. In each of these trees, the two sub- 
families of emydid turtles were readily dis- 
tinguished (Fig. 2). In the bootstrap anal- 
ysis, the emydine clade occurred in 94% 
of the trees and the deirochelyine clade 
occurred in 99% of the trees (Fig. 3). Thus, 
monophyly for these two taxa, as suggested 
by Gaff ney and Meylan (1988), is strongly 
supported in this study and is consistent 
with another molecular data set obtained 
by isoelectric focusing (Seidel and Adkins, 
1989). Synapomorphies that define the 
Deirochelyinae were observed at positions 
78, 79, 166, 245, 263, 336, 377, 443, and 
500. Synapomorphies that defined the 
Emydinae were found at positions 212,231, 
253, 256, 260, 362, 385, and 435. These 
were all transitions. 

In order to explore more fully the re- 
lationships of the emydine genera, we 
reanalyzed the data for the nine emydine 
species using only Deirochelys as an out- 
group. An exhaustive search for all most 
parsimonious trees was performed which 
yielded two trees with a length of 166. 
These trees differed only in the relation- 
ships of the three species of Terrapene. 
These were combined in a strict-consensus 
tree on which the results of bootstrap anal- 
ysis using 250 replicates are illustrated (Fig. 
4). The monophyletic nature of the genus 
Terrapene, the box turtles, is supported in 
74% of the bootstrap trees. A clade in- 
cluding T. carolina and T. ornata was 
weakly supported (32% of the trees in the 
bootstrap trees and one of the two most- 
parsimonious trees), which possibly con- 
firms the arrangement of Milstead (1969). 
The only other polytypic genus within this 
group, Clemmys, does not appear to be 
monophyletic. The position of C. guttata 
is problematic in that it falls outside the 
clade that includes all of the rest of the 
emydine taxa. However, the latter clade 
is only supported by 32% of the bootstrap 
trees. Strong support (93% of the bootstrap 
and both of the most-parsimonious trees) 
was found for a close relationship between 
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CIMY M&SAeL2i GTAATGCCTG CCCAGTOACA TTGTT--AAPA CGK3CCGCGOT A2CCTAACCG TGCAAAGOOTA, GC0TAATCAC TA0TCTTTTA, AAT7AhAGQCT AGA9 M CCA~5 GTo~ (T~5CTA G TCTCTTAC&G ACAATCOT 

Clm AalgOlDta GTA&TGCCTO CCCAGTcOAC TTGTT--AAA COOCCGCOOT ATCCTAACCG TOCAAA0OTA. GC0TAATCAC TTGTCTTTTA AATAAAO&CT AGAATOAATG GccAAAcGA~ &=TAcT=C TcTCTTCAc0 ACAATCAGTG 

CL! qo attata GTAA?GcCTO CCCAGTG&CA TTOTT--AAA C00CCGC00T ATCCTAACC0. TOCAAAGGTA GCGTAATCAC TTGTCTTTTA AATAAAGACT AGAXIGAATG GCCAAAC0AG GMTACCT~G TCTCTTATA0 ATAATCAOTG- 
Cieminvs marocrata GTAATGCCTG CCCAt3TUGA TTGTT--AAA COiGCCGCOGGT ATTCTAACCG TGCAAAGGTh GCGTAASCAC TTGTCTTTTh AATAAAGACT AGAATGCA2G GCCAAACGAG GTTCTACCTG TCTCTTATA.G GTAATCAOTG C 
EWs orhicu1aris GTAATGCCTG CCC8GTG&C& TTG=T-AAA COOCCOCGOT ATTCTAACCG TOCAAAGOTP. OC0TAAT2CAC TTGTCTTTTA AATAAAGACT A0AA1TCAATC rCCAAACGAh0 OTTCTACCTG TCTCTTATGG ATAATCAGTG t 

Euydoidea blarAnc?noi GTAATGCCTG CCCA0TGACA TTGTT--AAA CGGCCOCGGT ATTCTAACCG TGCAAAGOTA GCGTAATCAC TTGTCTTTT.& AAT9AAAOACT ACOATGAATG GCcAAAcGAG GTTCTACCTG TCTCTTATGG GTAATCAGTG 
Terrapene carolina GTAATGCCTG CCCAGTGACA TTGTTx-AAA CGOCCGCGGT ATCCTAACCG TGCAAACGTA OCOTOAASCAC TTGTCTTTTA AATAAAGA,CT AGAATGoATG GCCocAAACG ozCmACCTG TCTCTTACTG ATAATCAGTG 
Torvn gg&Rcola GTAAT90CTG CCCAGTGA.CA TTOITT--AAA COOCGCGGOT ATCCTAACCG TGCAAAOGTA GCGTAASCAC TTGTCTTTTA AATAAAOACT GATG0ATG G JLA7cGA GTICTACTG T=TTACTO; ATAATCAGTG- 
T!o0-lre1n 9_rQAta GTAATGTCTG CCCAGTGACA CTGTT--AAA CGOCCGCOOT ATCCTXACCG TOCAAAGOTA GCGTAA2CAC TTGTCTTTTA AATAAAGACT AGAATGAATG GCC.AAACGAG GTTCCACCTG TCTCTTACTG; ATOATCAGTG. 
Deirochelv reticular!& GTAATGCCTO CCCAGTGAC& TTGTIT?AA COGCCGCOOT ATACTAACCG TGCAAAGGTA GCGTAATCAC TTGTCTTCCA AASAAOAT AL3OTGATG (;CCAA&COAG GTTCTACCIO TTTTCrAAACOX 
Tracohews scriovta GTAATQICTG CCC0GTGACA CTGTTTTAkAJ CGGCCGCGGT ATCCTAACCG TGC?AA0GGTA GCGTAA.TCAC TTGTCTTCTA AASAAAGACT AGAATGAATG QCCAMACGAG GTTCTACCTG; TCTCTTACAG ATAXTCAGTG 
Grgtw geograghica GTAATGCCTG CCCAGTGACA CTGTTT-AAA. CGGCCGOCGGT ATCCTAACCG TtJCAAGGT.A GCOTAATCAC TTGTCTTCTA AATAAAGACT AGAATGAATG GCCAAACO.AG GTTCTACCTG TCTTTACAG ATAATCAGT 
t4alaclemve terracis GTAkTGCCTG CCCAGTGACA CTGTTTTAAJL CGOCCGCOGT ATCCTAACCG TGCAAAOOTA GCGTAATCAC TTGTCTTCCA AATAAAGACT AGAATGAATG 0CAC9ACG9.G GTTCTCCTG TCT~CTJA0 ATrAATCAGTG 
PaseudIwr coinna GTAATQOCTG CCCADTGACA CTGTTTTAAA CGGCCGCOOT ATCATAACCO TOCAAAGGTA. OCOTAATCAC TTGTCTTCTA AATAMAGACT AGAATGAhCO, GCCAAAcGA0 GTTCTACCTG TCTCTTACAO ATAZTCAGTG 

2=SSEM picta GTAATGCCTG CCCAGTGACA CTGTTrT-AA CGGCCGCGGT ATCCTAACCG TOCAAAGGTA GCGTOASZCAC TTGTCTTCCA AATAAhCGACT AGAATGAATO; GCCMAACGAG; GTTCTACCTG TCTCTTACAG ATAATCAGTG 
Orlitia borneensie GOTAATGCCTG; CCCAGTGACA TTGTT--AAA CGOCCGCGGT ATCCTAACCG T?OCAAOG0TAL GCGTAA!TCAC TOGTCTTTTA AAMAAGAOAC AGAATGAATG GCCAAACGAG G;TTCTACCTG; TCTCTTACAA ATAATCAOTG 
Maay butroioo GTAATOCCTG CCCAGTGACA CTGTT---AAA COOGCCOCOGT ATTCTAACCG TGCMAA00TA GCGTAASTCAC TTGTCST=TA AATAAAGACT AGAATnATGr GCTOAACGAG =TTTACTG TCTCTTACAA, ATAATCAGTG 

15,0 160 170 180 190 200 210 220 230 240 250 260 270 280 
Ciergeve MrALenbergiA AAATTGATCT CCCCOTGCAA AAGCGGOGGAT AACCCTASAA G.ACGAGOAGA CCCTGTGGAA CTTTOAATAC AGATCAACTA TAATCAA-TA T--CCAACT AGGACTAA TTCAATTAOO ATTTGATCCA TX-TTTT C- 

CLwK ineculata AAATTGATCT CCCCGOTGM AACGGCOOO. AACCTTATAA GAC0AGAAOA CCCTGTGOraA CTTCAAATAC AGATCAACTA TAATCAA-TA T-CTAACTA AG.GACTTATA TTAAATTAGT ATSTOATCcA TA-TSTTTCCO 

2L-M Seottata AAATTGASCT CCCCOTGCAA AAGCAG00AT AACCTTATAA GOCGAOOAAGA, CCCTGTGOOA CTTTAAATAC AOATCAACTA TCATTA--CA C--CCAACTA AGGATTTATA CTTAATTAGG ATTT0ATCCA TA-TTTTC-G 
Cienrsev maranrata AMTITGATCT TCCCOTGCAA AACOOOAAT AACCCTATA OACGAGAAGAL CCCTGTGGAA CTTTAhAAAC A0ATCAACTA TAATCAA-CA T-CCTACTA AGGACTTAT CTTAASTAGC ATTTOATCTA TA-TTTTTG 
Egy orbicularlse AAATTGATCC AAGGGA COGGOGM AACATAZ GACCAGAA0A CCCTGTGGAA CTTTAAATOC A0ATCAACTA TCATCAA-TA T-- CAACTA AGGACTTATPO TTTAATTAG;C ATTTCATCCA TA-TTTTT-G 
Eievdoidea bianotinuji AAATTGATCT CflCCGOAOCAA AAGCGGOAS" AACCTTATA GACGAGAAGA CCCTGTGGAA CTTTAAATAC ACOATCAACTA TCATCAA-CA T--CCAACTA AOGACTTATA CTTAATTArC ATTTGATCCA TA-TTTTT-G 
Terracene caro__ AAASITGATCT CCCCGOTCAA AAGCAGOOAT AACCCTOTAA GAGACAAGA CCCT0TG0AA CTTTAAAtTAr AGATCAACTAL TCATCAAL-TA T-"CTAACCA AA2GACTTASA TTTAATTAOA ASTTGATCCA, TA-TTTTC-G 
Terrapene coahuila AAA!Tr.ATCS CCCCGTOCAA AAGCAGGGAT AACCTTATAA GACQAGAAGA CCCTOTOOAA CTTTAAAtTAC A0OATCAACTA TCATCAA-TOo T--CTAGCCA AGGACTTA2A. TTCAATTAGC ATTTGATCC TA-TTTTC-G 
Terrapen ornata AAATTGATCT CCCCGTGCAA AAGCAGOOOO AACCTTATAA 0ACGAOAAGAL CCCST0GOAA CTTTAAASAC A0ATCAACTA TTATCAA-TA. T--CTAACC& AGGACTTATA TTTAATTAOC ACTTGATCCX TA,-TTTTC-G 

D~eiro_lbelva rticularia AAATTGGTCT CCCCOTGCAA AAGCGA009T ATCCTTATAT GACGAGAAG& CCCTOTGGAA CTTTAAATAA AAATCAACCA TCASCATACA C-CCTAACC& AGCGTTTATA TCCAACTAGT ACATGASCTIA TA-STTTTC-G 
T"achemejs scriota AAATTGOTCT CCCCOTGCAA AAGCCAOOAS AATCCTATAA GACGAGAAGA CCCTOTGGAA, CTTTAAACAC AAATCAACTA CCASCAAACA C--CAAACTA AOGATTTATG ACCAACTAOT ATATGATCCA CG-TTTTC-0 
GrApoteeej o2SeoqaLoia AATOC CCTCA AGOOA ACTTA AOOAA CCGOA TTACC AACA CCATTAA-CA C--CAAACTA, AGGATTTATA ATCAACTAO.T ATATGALTCC& CG-TTTTC-G 

ilaiacieave terrap 
a 

AAATTGGTCT CCCCGTOCAA AAGCOGAOAT AALCCCTATAA GACGAGAAOA CCCTGT000A CTTTAAACAC AAATCAACTA CACAC -CACA AGSTT tAAT0 CTACA C-TT- Ha 
colcinnat AAATTGOATCT CCCCOT0CAh AA0COAOGAT AACCTTATAA GACGAGAAGA CCCTGTOGAA CTTTAAACGC AAATCAACT CCATCAAOCA C--CAAACTA AA2GACTATAS ATCAACTA0T ACATGATCCA CG-TTTTC-G 

t2orvaazuos cincta AAATTGATCT CCCCGTOC4A AAGCGAG0AT AACCTTATAAL GACGAOAAOA CCCTGTGOAA CTTTAAACAC AhAASCAACT CCAT-AAGCA TC-CTAACTA AGGASTTATA ATCAACCA0T ACATGASCIA CG-TTTTC-G 

Chrltia boineani AAATTGATT CCCCGTOTCAA AAGCGOGGAT AACACWTTAA GACGAIAGAAG CCCTGTTOGAA CTTTAAACO.C AAATCAACTAL CCATCAA-TA T-TACCCA C00CTACACTTIA ATCAACCA-T GACTGATCTA CASTTTTC-G 

maMML subtriiooa AAATTGATCT TCCTOT0CAA AAGCAGOAAT AAAATTATAA OACGAAAA0A CCCTOTGGAA CTTCAAATAC AAGTCAATTA TCACTAA-CA C--TAACCTA CAGOCTCATA TTCAACTAAT ATCT0ACTTA SA-TTTSC-G 

290 300 310 320 330 340 350 360 370 300 390 400 410 420 

Qsm aAubienberJi OTTGGGOOGA CCTCOGAOTA AOA0OXAAA-C CTCCGAAAAA -AGAACACGC TT --- CTAAA CCTAGACTTA CAACTCAAAG TACTTAACAG TA-MACGAS CCAACATATT TGATCAAC0G ACCAAGCTAC CCAGGOATA 

CL-& oncuiota 0TTG0G0T0A CCTCGOAOT AA&AOAAAA CTCC0MAAA -AGAACACOC TT --- CTMAA CCTAC%ACTT-A CAATTCAAAO TACTTAACAG T!A-AAATGAT CCAACATAST SGASCAACOA ACCAAOOCTA CCCAGGOATAH 

US ototgtata O;TTOGOOCG& CCTCOGAOTA AAATOAAA-C CTCCGAAAAAk -A0AACACAC TT---CTAAA CCTAGACTTA CAATTCAAAG CACTTAACAG TA-AAACGAT CCAA?ATATT TGASCAACGG ACCAAGCTAC CCCAGOGATA C) 
~;~ earmoata GTTOG=QCA CCTCOGUAGT AAACAAAA-C CTCCGAAAAA -AGAACATAC TTC-TCTAAA CCTAOACTTA CAXTTCAAAG TACCTAACA0 TASMAACOAS CCL1OTASTJ T0ATCAACO.G ACCMOGCTAC CCCAGGGASA t- 
"V orbio4a-rio OTTGOOGTGA CCTCGG0GTA AAACAAAA-C CTCC0AAAAA -AGAMCATAC TT --- CTAAA COT&GACTTA, CAA.TTCAAAG TACTTAACAGI TATOAASATGS CCAACATATT IIGATCAACG0 ACCAAOCTAC CCCA00GATA C 

Ezuvdoidea bianjpctuooi GTTOGQCQA CCTCOOAOTA AAACOaAA-C CTCCGAAAAA -AGAACATO.C TT---CTTAA CCTAOACTTA CAATTCAMO TACTTAACA*1 TA-MAACGAS CCAACASAST TC.ASCOACOG ACCAAGCTAC CCCAG0GATA C 
Tergg carokLia GTTOG00GA CCTCOGAGTA AMXCAMAh-C CTCCGhAAAA -AC4ACATAC TTC--CCAMA CCTAOACTTA CAATC.AAAG TACTTCA0A TA-MVACGAT CCAACATAT TG&TCAACGG ACCAAGCTC CCCAG0GGA 
Tereg coabvlula GTTGGGGCGA CCTCOGGGTA AAMCMAA-C CTCCGAAAAA -AGAACATAC CTC--CTAAA CCTAGACTTA CAATTCMAOA TACTTAACAG TA-MACOAT CCAACATATT T=ACAACGG ACCAAGCTAC CCCAOOGATAL 

Le rr -_n_e gornat a OTTCOGGCQA CCTCGGaGTA MAACAMIA-C CTCCGAMAAA -AGAACATAC TTC--CTTAA CCTAGACTT CA)=TCMAOA TACTTAACAG TA-MAACOAT CACATATAATT TTASCMACGG ACCAMGCTAC CCCAGOGATA > 
Peirocheive reticularia GTTGG=GCO CCTCOGAOT GAACAMAA-C CTCCGAX%MA -AGOMCACTT ATC-TTTAAA CCTAC%ACTT.A CAATTCAMAO TOC-TAACAG TA-MAOAGAT CCAATATATT T0ATCMACOG ACCAAGCTAC CCAGOGATA 

Tragbeiros xcrita OTTGGGOCOPo CCTCOOAOTA AAGCACAA-C CTCCGAMAA& -AG90CATAC TTC-TCTAAA CCTAOACTTA CAACTCAAAO TGC-TAACAG CA-AMAAGAT CCAAT.ATATT TGATCAACOA ACTMAGCTAC CCCAGGGATA 

gEptL gcacaphoica OTTGOOGOCG CCTCGGA0TA AAGCAAAA-C CTCCOAMAAA -AOASCATAC TTC-TTTAAA CCTAOACTTA CAACTCMAAA TGC-TAACAO; TA-MMOAAT CCAATATATT TO3ATCAACGOA ACCAAGCTAC CCCAOGGATA 

OaiAckeweavS terl GTTOOGCOA CCTCOOAGTA AAGCAAMA-C CTCCOAAAMA -AGAGCASAC TTC-TTTMAA CTVAGCTT-A CAACTCMAAO TOsC-TAACAO T.A-MAAAAT CCAATATATT TOATCAACOA ACCMOCTAC CCCAGGGATA 

PsmgL Conciooa OTOGCA CCTCOGhOT MAACAMAA-C CTCCOAAAAA -AGAACATTC TTCTTTTTAA CCTAOACCCA CAATTCAAAG TOC-TAACAG TA-MAAAOAT CCAATATAST TGATCAACGA6 ACCAAGCTAC CCCAGGG=T 
c2orvxe.es cicta GTTOOOGCGO. CCTC0OACA, MAACAMAA-C CTCCGAMAA -AOAACASAC TTCTTTTAAA CCTZAGACTTA CAA.TTCMA6O TGC-TAACAO CA-AAAAGAT CCAATATATT TGATCAACGA ACCAAGCTAC CCCAGOGA2A 
Orlitia k2e*9i GTTOGGOCQA CCTCGGAGCA MAACAAAA-C CTCCGMMAA TAGAATTTAAL C---- CTATA CCTAGACACA CAACCCAMAG TGCTTCCGGC T-AAMATGAT CCAATATAST TGATCAACOA- ACCAAGCTAC CCCAGOOATA, 

lax L sutW L OTT0000C CCTCOGAGCA MASAAAAJA C CTCCCAMAAC -AOAACTCTA T---- CTAAA CCTAGACCCA CAATCCAAAO TO3CTTCCGGC TA-MACGAT CCAATASAST TOASCAACGA ACCMAOCTAC CCCAGOA=A 

430 440 450 460 470 480 490 500 510 520 530 540 500 556 

C1ImCs mablenbergil ACA0GCOCT CCCACCCTAO3 AGTCCCTATC GAC*ATQOGO TTTACOACCT COA%TOTTGGA TCAQGACATC CTGATG=TGT AACCOCTAC MAOG=TCGT TTGTTCAACG ATTAACA0TC CTACGTOATC 506055 
ciwv 

- 
gpt ACA0CCCAAT CCCACCCTAr. AOTCCCTATC GACCATOGC-r TTTACGACCT COASOSTOGA TCAO-OACATC CTGATrGOTOT AACCGCTASC AAO.GOTTCGT TTOTTCAACG ATTAACA0TC CTA GTO-ATC 50605 

SMML utta-ta ACAOCGCAAT CCCACCCTAO6 AOTTCCTS GACOAGOGO TTTACGACCT CGAATOTTGG& TcAeGACATC CTuASGTG AACGCT.ASC MOOGTTCGT TTGTTCAACG ATTAACAOTC CTACGTOATC TGAOT 

C1m marmorata AC0CCGCAAT CCCACCCTAO AOTCCCTATC GACOATOGOG TTTACOACCT COASTGTOGA TCAOGACAC CTGATGGTT MACCOCTATC AAGOGTTCOT TTGTTCAACO ATTAACAOTC CTACOTGASC 506055 

~sW orbic_u_a_rix ACAGCGCAAT CCCATCCTAO AOTCCCTATC GACCATGOGG TTTACGACCT CGATGTTOGA TCAOGACATC CTGATOGrTGT AACCGCTATC AAGGGTTCGT TTGTTCAACO ATTA.ACAOTC CTACGTOAC 50G055 
03odoidsa blSadinol: ACAGCOCAAT CCCACCCTAG AOTCCCT*ATC GACGATOOGO TTTACOACCT COATGTTOGA TCAGGACATC CTGATGrOTGT AACCGCTASC AAG0GTTCOT TTGTTCAAC0 ATTAACAGTC CTACGTCASC 506055 
Terracene carolina ACAOCCCAAT CCCACCCTAO AGSCCCTATC GACGATOGOG TTTACGACCT COATGTTOGA TCAGGACATC CTGATCOTGT MACCGCTATC MOAOTTCOT TTOTTCAACG ATTAATAOTC CTACO;TOATC TGAOTT 
Te r racene coahuila ACAOCOCAAT CCCACCCTAO AGTCCCTATC GACOATGGGG TTTACGACCT COASOTOGA TCACGGACATC CTOATOGTOT AACCOCTATC AACOOOTTCOT TTGTTCMACG ATTAATAGTC CTACGTOASC TGAOTT 

Serrap_ene or-nata ACA0CCMCAT CCCACCCTAG AOTCCCTAS-C GACOATGGGO TTTACGACCT COATGTTGGA TCAOGACATC CTGATGGT0.T MACCOCTATC MOOGTTCGT TTGTTCAACO ATTMATA.OTC CTACTOASC 506055T 

Deiroobalya reticularia ACAOCOCAAT CCCATCCAAO AOCCCCTASC GACGATGCOGO TTTACGACCT COATOTTGGA TCAGGACATC CTGATGOTGP. AACCOCTATT AAGGTTCGT TTGTTCAACO ATTAACAOTC CTACOTQATC 500055 

MrachnY-0 -12t-a ACAGCGCAAT CCCATCCTAG AGCCCTTATC GACGATOOG STTToCGACCT CGATGTTGG& TCAGGACATC CTGATGWGTA AMCCOCTATC AMOOOTTCOT TTOTTCAACG ATTAATAGTC CTACOTGASC 506055 
6i-a4t54V giSSMRaohCa ACAGCGCAAT CCCATCCTAG AGCCCTTATC GACOASGGOG TTTACGACCT CGASOTTOGA TCAOOACASC CTGATOGTGA MACCOCTATC MAGGOTTCGT TTGTTCAACO ASTMTAAAGTC CTACOTOA 506055 
t4alacleaoys terrain ACAOCOCMCT CCCASCCTAO AOCCCTTASC GACCATOGOG TTfTACGACCT COATGTTGGA TCACGACATC CTOATCGTGA AACCO.CTATC AAGGGTTCOT TTGTTCAACG ATTAATAGTC CTACSGATCA 500055T 

FLom 
concion AC60CGC-AAT CCCATCCCAG AGCCCTTATC GACGATOGOG. TTTACQACCT COASOGTTOGA TCAGGACATC CTCAXGGTGA AACCOCTATC AAGGGTTCGT TTGTTCAACG ATTAAT60TC CTACGTOA%TC 506055 

Chrvseoove picta ACAOCGCAAT CCCATCCTAG AGCCCTTATC MACQATGGOG TTTACGACCT CGASOTTOGA TCACOGACATC CTOAVTCGTA MACCOCTATC MAGC.GTCGT TTGTTCMACG ATTAATAGTC CTACGTGASC 506055 Cit 
OrliLtia borneanis ACAOCCCAAT CCCATCCTA0 AGTTCCTAkTC G,CACMGGGG TTTACGACCT CGATGTTOGA TCAGGACATe CTO9ATOGTGC AGCCGCT.ATC AAOGTTCMGT TTOTTCAACO AqTSAACAOTC CTACG;"CTGASC 5005TS 
ttaiaeis E ~ ACAOCGCAAT CCCATCCTAO AOTCCCTATC GACAASTOGG TTTACGAiCCT CGATOTTGGA, TCAGGACATC CTCATCQGTC AACCOCTATC MAGGGTTCGT TTGTTCAACG ASTAATAGTC CTACOTGASC TGAOTT 

FIG. 1.-Aligned sequences for a 556-hp region of the mitochondrial 16S ribosomal gene for 15 species of emydid and two species of batagurid turtles. N 
refers to an undetermined nucleotide and a hyphen indicates the absence of a nucleotide resulting from a deletion or an addition. 
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FIG. 2.-Four most-parsimonious trees found with a heuristic search of the 556 bp sequence of the 
mitochondrial 16S gene from 15 taxa of emydid turtles and using two batagurid species as outgroups. Note 
that in all trees the emydid taxa are separated into two clades that correspond to the Emydinae and 
Deirochelyinae of Gaffney and Meylan (1988) and that the genus Clemmys is paraphyletic. 

Clemmys muhlenbergii and C. insculpta, 
two species found together in the eastern 
United States (Iverson, 1992). These two 
form a clade that is the sister taxon to the 
remaining six emydine taxa (Fig. 4). A 
clade including (Emys orbicularis (Emy- 
doidea blandingii, C. marmorata)) is sup- 
ported by 54% of the bootstrap trees and 
is the sister taxon to the genus Terrapene. 
The arrangement of the emydine taxa in 
the two trees produced in the exhaustive 
search was identical to the two arrange- 
ments for the emydine clade observed in 
the heuristic search conducted using the 
entire data set (Fig. 2). That significant 

phylogenetic signal was present in the data 
set was indicated by the distribution of the 
trees being significantly skewed (gi = 
-0.843). 

An exhaustive search for all most par- 
simonious trees was conducted for the six 
deirochelyine taxa using Clemmys guttata 
and Terrapene coahuila as the outgroup 
(Fig. 4). This search yielded a single most- 
parsimonious tree of 149 steps (Fig. 4). 
This tree is identical to one of the two 
arrangements of the deirochelyine taxa 
found in the heuristic search using the en- 
tire data set (Fig. 2). Deirochelys is well 
supported as the sister taxon to the rest of 
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FIG. 3.-A strict-consensus tree was constructed from the four most-parsimonious trees in Fig. 2. The tree 

has a consistency index of 0.929. The numbers above certain branches are the percentage of trees generated 
by a bootstrap analysis that supported that particular branch. 

the subfamily (85% of the bootstrap trees). 
Within the rest of the Deirochelyinae, a 
clade comprised of Trachemys, Grapte- 
mys, and Malaclemys occurred in 96% of 
the bootstrap trees (Fig. 4). A sister-taxon 
relationship between Graptemys and 
Trachemys was weakly supported (66% of 
the bootstrap trees) as was a sister-taxon 
relationship between Pseudemys and 
Chrysemys (63% of the bootstrap trees). 
Tree distributions were significantly 
skewed (gl = -1.4) indicating phyloge- 
netic signal was present in the data set. 

Although monophyly for the two sub- 

families is strongly supported by our nu- 
cleotide sequence data for the 16S gene 
and is consistent with recent morphologi- 
cal analysis (Gaffney and Meylan, 1988), 
the relationships among the genera within 
each subfamily do not closely correspond 
to those found in any previous analysis. 
Within the Emydinae, the traditional con- 
generic relationships of the three species 
of Terrapene are confirmed, but the same 
cannot be said for Clemmys. Our data sug- 
gest that this genus, as currently recog- 
nized, is paraphyletic. This could result in 
taxonomic name changes with Clemmys 
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FIG. 4.-A strict-consensus of two most-parsimonious trees of length 166 was generated from the results 

of an exhaustive search of (top) nine emydine taxa using Deirochelys as the outgroup. A single tree with a 
length of 149 (bottom) was produced by an exhaustive search of six deirochelyine taxa using Terrapene 
coahuila and Clemmys guttata as outgroups. Numbers refer to the percent of trees in a bootstrap analysis 
that supported that branch. 
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marmorata and Emydoidea (Holbrook, 
1838) being synonymized with Emys (Lin- 
naeus, 1758). However, our data do not 
fully resolve this question. What is clear, 
however, is that the generic relationships 
of the taxa assigned to Clemmys, Emys, 
and Emydoidea appear to be in need of 
reconsideration. In order to test this theory 
of paraphyly for Clemmys, we reanalyzed 
the data using all 17 taxa, but we con- 
strained the analysis to include only trees 
with a monophyletic Clemmys. A heuristic 
search using 100 replicates with random 
addition of taxa found 14 most-parsimo- 
nious trees of length 331. This compares 
to the four most-parsimonious trees found 
in the unconstrained heuristic search (Fig. 
2) with lengths of 323 steps. Therefore, 
eight additional steps are required in the 
analysis in order to support the traditional 
generic arrangement of the four species 
presently included in the genus Clemmys. 

Within the subfamily Deirochelyinae, 
Gaff ney and Meylan (1988) considered 
Graptemys, and possibly Malaclemys, to 
be the most basal branch of a mostly pec- 
tinate phylogeny with the following 
branching sequence: ((Graptemys Mala- 
clemys) (Chrysemys (Deirochelys (Trach- 
emys Pseudemys)))). As in Gaff ney and 
Meylan (1988), a close relationship be- 
tween Malaclemys and Graptemys is sup- 
ported by the molecular data, although 
they were not found to be sister taxa. How- 
ever, our demonstration of a relationship 
between Trachemys and the Graptemys- 
Malaclemys clade is inconsistent with the 
morphological analysis of Gaff ney and 
Meylan (1988). Moreover, the status of 
Deirochelys as the sister taxon to all other 
deirochelyine genera is well supported by 
the molecular data (Fig. 4) and in conflict 
with the relationships proposed by Gaff- 
ney and Meylan (1988). The relationships 
of the deirochelyine genera presented here 
must be considered as preliminary, be- 
cause only a single species from each genus 
was included and because the phylogeny 
is based on nucleotide sequence data from 
a single mitochondrial gene. In particular, 
additional species of the polytypic genera 
Pseudemys, Trachemys, and Graptemys 

should be included in future analyses, and 
additional genes, both mitochondrial and 
nuclear, should be analyzed. 

In summary, we have presented evi- 
dence, based upon nucleotide sequence 
analysis of the mitochondrial 16S gene, that 
the emydid turtles should be divided into 
two monophyletic subfamilies correspond- 
ing to the Emydinae and Deirochelyinae 
of Gaffney and Meylan (1988). Except for 
the placement of Deirochelys as the sister- 
taxon to the rest of the genera, the ar- 
rangement of the genera within the Dei- 
rochelyinae was not well resolved, but 
within the emydinae, strong evidence was 
obtained for a paraphyletic genus Clem- 
mys. We have demonstrated that the 16S 
gene appears to have good resolving power 
for relatively ancient divergences, such as 
that between the two subfamilies, but in- 
tergeneric affinities are less well resolved. 
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