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Abstract. Assertions that the "conventional" rate of 
mitochondrial DNA (mtDNA) evolution is reduced in 
poikilotherms in general and turtles in particular were 
tested for side-necked turtles (Pleurodira: Chelidae). Ho- 
mologous data sets of mitochondrial 12S rRNA gene 
sequences were used to compare the average divergence 
between the Australian and South American species for 
two Gondwanan groups: the chelid turtles and the mar- 
supials. The mean nucleotide divergences between con- 
tinental groups for both the turtles and the marsupials are 
remarkably similar. These data suggest that the rate of 
evolution of mitochondrial 12S rRNA gene is not sub- 
stantially slower in turtles than in the homeothermic mar- 
supials. 
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Introduction 

Evidence is accumulating that the rate of evolution of 
mitochondrial DNA is lower in turtles than in other ver- 
tebrates (Lamb et al. 1989, 1994; Avise et al. 1992; Bo- 

* Present  address: Centre for Animal Conservation Genetics, School 
of Resource Science and Management, Southern Cross University, PO 
Box 157, Lismore NSW 2480, Australia; e-mail jseddon@scu.edu.au 
Correspondence to: J. Seddon 

wen et al. 1993). In one study, Avise et al. (1992) in- 
ferred the rate of sequence evolution in the mitochondrial 

genome across five testudine taxa. Estimated rates give 
an average of 0.25%/MY, eightfold lower (range two- to 
14-fold) in Testudines than the "conventional" rate of 
vertebrates initially suggested by Brown et al. (1979) for 
primates. Other recent studies have questioned the uni- 
versality of this "conventional" rate across vertebrate 
taxa, suggesting that the rate of change in mtDNA is 
slower in poikilotherms than in homeotherms (Kocher et 
al. 1989; Thomas and Bechenbach 1989; Martin et al. 
1992; Canatore et al. 1994) and is influenced by body 
size, generation time and metabolic rate (Martin and 
Palumbi 1993). 

The reduction in the rate of mtDNA evolution in poi- 
kilotherms in general, and turtles in particular, has been 
widely adopted in the calculation of divergence times 
(for example, Encalada et al. 1996). However, it may be 
premature to apply this reduced rate without further sub- 
stantiation. We present an example in which the rate of 
mtDNA evolution in freshwater turtles is not reduced. 

In the present study, we use a biogeographical ap- 
proach to compare the rate of evolution of presumed 
homologous mitochondrial 12S rRNA gene sequence 
data for two Gondwanan groups, the side-necked turtles 
(Pleurodira: Chelidae) and the marsupials. The Chelidae 
are a family of freshwater, side-necked turtles for which 
fossil and extant species are found only in the Southern 
Hemisphere, reflecting their presumed Gondwanan ori- 
gins (Pritchard 1979; Gaffney 1981). Phylogenetic 
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analysis of the 12S rRNA gene sequence data suggests 
that the Australian Chelidae form a monophyletic clade 
(Seddon et al. 1997). A similar biogeographical pattern is 
seen in the distribution and phylogency of the marsupials 
of Australia and the Americas (Kirsch 1984; Springer et 
al. 1994). 

It is proposed that the Australian and South American 
species for both the Chelidae and the marsupials di- 
verged at approximately the time of the separation of the 
continents upon the breakup of Gondwana. Therefore a 
roughly similar divergence time for both groups can be 
assumed but not necessarily estimated. The relative rates 
of mitochondrial evolution can be assessed by comparing 
the divergence of the Australasian and South American 
species for both chelid turtles and marsupials. In this 
manner, the reliance on estimates of the time of clado- 
genesis can be avoided. 

Sequence data were derived from PCR-amplified 
fragments of the 12S rRNA gene for 16 species of Che- 
lidae (nine Australasian, seven South American; Gen- 
bank accession numbers U40392, U40633-U40640, 
U40645-U40648, U40650-U40651, U62017). Se- 
quences of 17 species of marsupials (12 Australian, five 
American) were extracted from Genbank (accession 
numbers U02576, U02587, U21167-U21170, U21174, 
U21176, U21178-U21179, U21181, U21183, U21184, 
U21187-U21190). Sequences were aligned in Clustal W 
(Thompson et al. 1994) and the alignment was adjusted 
by eye. The sequences were presumed to be homolgous. 

Tamura-Nei distances (Tamura and Nei 1993) based 
on transversions only were calculated on 407 (Chelidae) 
and 399 (marsupial) nucleotides of the 12S rRNA gene 
(Table 1). Transversions only were used for distance es- 
timates because the graph of transitions vs. transversions 
for the Chelidae (not shown) reaches a plateau, indicat- 
ing saturation of transitional changes (Mindell and Hon- 
eycutt 1990). Tamura-Nei distances were calculated to 
account for the observed nucleotide bias. The nucleotide 
frequencies in the Australian and South American taxa of 
the Chelidae are similar to those of the marsupials (che- 
lid/marsupial, from sites informative under parsimony: A 
33%/36, T 23%/26%, C 29%/24%, G 16%/25%). 

The mean divergence between the Australian and 
South American species was determined for both the 
chelids and the marsupials (Table 2). The mean diver- 
gence between the continental groups is 1.4-fold higher 
for chelids than for marsupials (l.3-1.5-fold difference 
taking into account the standard errors). Our data do not 
support the hypothesis that the rate of evolution at the 
12S rRNA gene is reduced in turtles. 

Possible Explanations 

Several explanations can be postulated to account for our 
data. Patterns of evolutionary change at the 12S rRNA 

gene may not be equivalent in turtles and marsupials. 
However, several indicators suggest that the pattern of 
evolution is not disparate in one species. The 12S rRNA 
gene sequences from both turtles and marsupials fitted 
well to the stem-loop structure of published secondary 
structure models for domain III (Hickson et al. 1996). In 
addition, mean divergences were calculated using 
gamma distances (Tamura-Nei model, a = 0.5, trans- 
versions only), which takes into account rate heteroge- 
neity among sites. The difference between species was 
similar to the above comparison (chelid/marsupial 0.131/ 
0.089; 1.5-fold difference) indicating that rate heteroge- 
neity among sites was not strongly biasing one species 
group. 

Unequal branch lengths within the clades following 
separation of the fauna can introduce error in calculation 
of mean divergence due to the nonindependence of pair- 
wise comparisons (Hillis et al. 1996). In an attempt to 
examine the influence of potential errors, taxa were re- 
moved to equalize the branch lengths on a neighbor- 
joining tree. Five chelid taxa and one marsupial taxon 
separated from their close relatives by short branch 
lengths were removed. The mean divergence recalcu- 
lated thus (Table 2) remains greater for turtles than for 
marsupials (1.2-fold difference). 

Another possible explanation of these data is that mar- 
supials may also exhibit a reduced rate of sequence evo- 
lution. However, a relative rate test using monotremes as 
the outgroup to marsupials and placentals shows that 
transversions for 12S rRNA in marsupials are the same 
as placentals (Springer et al. 1994). Therefore, the simi- 
larity of rate between chelid turtles and marsupials does 
not reflect a slowdown in these two lineages but an over- 
all similarity with Theria. 

Biogeographical calibrations of rates of evolution 
have been criticized for their dependence on the assump- 
tion of species divergence with the separation of land 
masses, an assumption which has occasionally been in- 
validated (for example, Cannatella and de Sa 1993). In 
our comparison, this assumption of species divergence 
occurring with the separation of continents could be in- 
correct as some support for a paraphyly of marsupials 
has been found. In particular, the relationships of Dromi- 
ciops are controversial (Springer et al. 1994 and refer- 
ences therein). 

The "effective" separation time of the species pro- 
vides a source of variation--for example, with continued 
movement of homeotherms between continents via Ant- 
arctica. However, even this variation is unlikely to be 
sufficient to account for a reduction in the rate of mito- 
chondrial evolution in turtles--for example, in the order 
of eightfold as suggested by Avise et al. (1992). An 
eightfold reduction in rate would require a divergence of 
the Australian and South American species within the 
Chelidae at approximately 400 MY. Such an estimate is 
unreasonable as fossil chelids extend only to the Eocene 
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Table 2. Nucleotide divergences between Australian and South 
American taxa for Chelid Turtles and Marsupials from 12S rRNA gene 
sequence data 

Mean divergence a Mean divergence (reduced taxa) b 
Species +- standard error + standard error 

Turtles 0.104 -+ 0.003 0.097 ___ 0.005 
Marsupials 0.075 _+ 0.004 0.079 _+ 0.003 
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a Tamura-Nei distance based on transversions only 
b Calculation of mean divergence after removal of Phrynops (Meso- 
clemmys) gibbus, Rheodytes leukopus, Emydura macquarii, EIseya la- 
tisternum, Chelodina Iongicollis and Rhynocholestes raphanurus 

(Benton 1993), and micro-complement fixation (MC'F) 
data and fossil dating give the divergence time for the 
family Chelidae from their sister family, Pelomedusidae, 
at the Cretaceous/Paleocene boundary (65MY; Chen et 
al. 1980). In contrast, the latest movement of the marsu- 
pials through Antarctica may be as late as 42 MY, al- 
though climatic restrictions make such movement im- 
probable. Given the extremes of this combination, the 
data support only a 1.1-fold slowdown in turtles. 

Another study also failed to find a reduced rate of 
change in 12S rRNA gene in the crocodile relative to 
birds or mammals (Mindell et al. 1996). It is possible that 
the apparent slow rate of evolution in Testudines ob- 
served by others may be occurring in regions of the 
mitochondrial genome other than the 12S rRNA gene 
and consequently would influence RFLP studies but not 
12S rRNA sequence data. This situation supports the 
body temperature theory (Thomas and Bechenbach 
1989), which explains the reduction in the rate of evo- 
lution in poikilotherms as a relaxation of selective con- 
straints on protein-coding genes of homeothermic verte- 
brates. Such differential selective constraints on 
mitochondrial protein-coding and rRNA genes would ac- 
count for the slowdown in mtDNA detected by RFLP 
studies but not in 12S rRNA gene sequencing studies. 
The effects of differential selection in poikilotherms 
could be tested by extending a study such as this to 
include a mitochondrial protein-coding region. 

Conclusion 

By comparison of a homologous region of mtDNA in 
two groups of fauna with a similar distribution and pre- 
sumed similar origins, the similarity in rates of mito- 
chondrial evolution between the chelid turtles and the 
marsupials has been demonstrated without recourse to an 
absolute date of divergence for calibration. The compari- 
son, while not suggesting that the rates of mitochondrial 
evolution of turtles and marsupials are identical, indi- 
cates that proposed reductions in the rate of evolution 
should not be broadly applied to poikilotherms in general 
nor to turtles in particular without further substantiation. 
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