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Abstract

We sequenced approximately 4.5kb of mtDNA from 161 individuals representing 11 named taxa of giant Galapagos tortoises
(Geochelone nigra) and about 4 kb of non-coding nuclear DNA from fewer individuals of these same 11 taxa. In comparing mtDNA
and nucDNA divergences, only silent substitutions (introns, ITS, mtDNA control region, and synonymous substitutions in coding
sequences) were considered. mtDNA divergence was about 30 times greater than that for nucDNA. This rate discrepancy for
mtDNA and nucDNA is the greatest yet documented and is particularly surprising for large ectothermic animals that are thought to
have relatively low rates of mtDNA evolution. This observation may be due to the somewhat unusual reproductive biology and
biogeographic history of these organisms. The implication is that the ratio of effective population size of nucDNA/mtDNA is much
greater than the usually assumed four. The nearly neutral theory of molecular evolution predicts this would lead to a greater

difference between rates of evolution.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Since the classic demonstration by Brown et al. (1979)
that mitochondrial DNA (mtDNA) evolves consider-
ably faster than nuclear DNA (nucDNA), this obser-
vation has been repeatedly confirmed in virtually all
eukaryotic animals. Quantitatively, the accepted differ-
ence, repeated in a number of widely used texts, is that
mtDNA evolves 5-10 times faster than nucDNA (e.g.,
Avise, 1994; Hartl and Clark, 1997; Li, 1997). Here we
report a more extreme difference between rates of evo-
Iution of mtDNA and nucDNA in a large reptile, the
Galapagos giant tortoises, Geochelone nigra (elephanto-
pus). To our knowledge, this is the largest discrepancy in
rates ever documented.
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There are 15 described taxa of Galapagos tortoises, of
which 11 survive today (MacFarland et al., 1974; Prit-
chard, 1996). The precise taxonomic status of these taxa
is debated, primarily as to whether they should be
considered species or subspecies (Zug, 1997). We have
been conducting genetic studies of the 11 extant taxa
and have shown that many are genetically distinct
monophyletic units (Caccone et al., 1999, 2002; Ciofi
et al., 2002) that by some species definitions would
qualify them as species (Avise and Ball, 1990; Baum,
1992; Cracraft, 1989). Because these taxa are very re-
cently diverged, most of our work has concentrated on
mtDNA and microsatellites. The deepest node in the
phylogeny is no more than 2.5mya and possibly as re-
cent as 1.5mya; the more recent taxa splits are likely
less than 0.5mya (Caccone et al., 2002). In an attempt
to confirm the conclusions from the other data sets,
we sequenced nucDNA regions that should be the
fastest evolving: introns of protein coding genes and the
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internal transcribed spacer (ITS-1)' of the nuclear
rDNA region. To our surprise, we found virtually no
variation for these nucDNA regions.

2. Materials and methods
2.1. Tortoises

The collection of tortoise blood, storage, DNA ex-
tractions, etc. has been described previously (Caccone et
al., 1999, 2002). We sequenced between one and seven
individuals from each taxon for the nucDNA regions
described below. As outgroups, we sequenced three
mainland South American tortoises: Geochelone chilen-
sis, Geochelone carbonaria, and Geochelone denticulata.
On average, 23 tortoises were sequenced for each intron
or ITS-1 with a maximum of 37 for the aldolase I intron
and a minimum of 11 for the creatine kinase introns.

2.2. Nuclear sequences

A total of 4108 bp of nuclear DNA, largely introns,
was sequenced using the EPIC method described by
Palumbi (1996). Using the conserved primer sequences
in exons described in Palumbi (1996) we PCR amplified
actin introns I and II, aldolase introns I and II, and
creatine kinase introns 6 and 7; primers described in
Duda and Palumbi (1999) were used to amplify cal-
modulin introns 1 and 2. In addition we sequenced the
internal transcribed space of the rDNA region, ITS-1,
based on conserved primer regions (Lessa and Apple-
baum, 1993). All sequencing was performed on an ABI
automated sequencer following manufacturer’s proto-
cols; both strands were sequenced in all cases. Specific
primers for these animals as well as sequencing primers,
PCR conditions, and alignments are available from the
authors. All nuclear sequences have been deposited in
GenBank with Accession Nos. actin, AY101612-37; al-
dolase 1, AY101638-77; aldolase 2, AY101678-707;
calmodulin, AY101708-33; creatine kinase, AY101734-
48; ITS-1, AY1011749-63. Accession to the mtDNA
sequences can be found in Caccone et al. (2002).

2.3. Data selection

The mtDNA data are from 161 Galapagos tortoises
sequenced for a total of 4.5kb each, including the se-
quences of the 12S and 16S ribosomal subunit genes,
Cytochrome b, Nd5, Nd6 genes, and control region
(Caccone et al., 2002). In our attempt to compare rates of
evolution of mtDNA and nucDNA we excluded the 12S
and 16S mtDNA genes from the mtDNA data set. This

v Abbreviation used: 1TS, internal transcribed space of rDNA.

reduced the mtDNA data set to 3506bp. For both
mtDNA and nucDNA we calculated the number of silent
substitutions per site (K;), with silent including synony-
mous and noncoding substitutions. For the nuclear
DNA, only 257 of the 4108 bp were coding, i.e., the exon
priming sites included some coding sequences. We con-
sidered only 10 taxa of the 11 analyzed because there is
good evidence that the two southern most described taxa
on Isabela are not genetically distinct (i.e., there is on-
going gene flow; Caccone et al., 1999, 2002; Ciofi et al.,
2002); therefore, we treated these two as a single taxon.

2.4. Analyses

Divergence between taxa was calculated by compar-
ing pairs of individuals from different taxa and average
across all individual pairwise comparisons. To compute
K (here, the number of silent substitutions per site) for
each pair of sequences we used the algorithm proposed
by Nei and Gojobori (1986), as implemented in DNASP
ver 3 (Rozas and Rozas, 1999). Although based on the
Jukes and Cantor (1969) distance, Nei and Gojobori’s
algorithm still performs well, when compared with the-
oretically more precise maximum-likelihood based al-
gorithms (Castresana, 2002; Smith and Hurst, 1999).
The phylogenetic trees presented are distance-based
trees: Neighbor-Joining (Saitou and Nei, 1987) based on
Tamura and Nei (1993) procedures for estimating dis-
tances. Bootstrap analysis was done to determine the
strength of the nodes (Felsenstein, 1985). Phylogenetic
analyses were performed using PAUP* (Swofford,
2001).

3. Results and discussion

Fig. 1 plots the K values for mtDNA and nucDNA.
Note that the Y-axis is 10 times the X-axis, otherwise the
line would be virtually flat. Thus the true slope is 1/10
that shown in the figure. The reciprocal of the true slope
is about 30. This implies mtDNA is evolving about 30
times faster than nucDNA at what are generally thought
to be neutral or nearly neutral sites.

Fig. 2 presents the phylogenetic analysis. The
mtDNA tree gives excellent resolution as detailed pre-
viously (Caccone et al., 2002) where we also showed that
maximum parsimony, maximum likelihood, and
Bayesian methods all produce the same, well-supported
tree. The nucDNA tree is totally unresolved with vir-
tually no divergence among taxa. The only information
in the nucDNA is that it strongly confirms the mono-
phyly of the Galdpagos lineage and reasonably supports
the previous conclusion that G. chilensis is the closest
relative on the mainland of South America.

This low variation among taxa is also reflected in
low variation among all the sequences. The average
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Fig. 1. K; values (the number of silent substitutions per site, based on Jukes and Cantor, 1969) between all pairs of the 11 named taxa of Galapagos

tortoises. Dots indicate the average of all pairwise comparison of individuals from different taxa. Note that the Y-axis (nucDNA divergence) is 10
times that of the X-axis, and thus the slope is one-tenth that shown.
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Fig. 2. Comparison of NJ trees for mtDNA (A) and nucDNA (B) drawn to the same scale. Estimated distances are indicated on the branches. Only
bootstrap values greater than 50% are shown. Every node labeled in the mtDNA tree has an associated bootstrap value of >98% and an identical

topology was obtained for MP, ML, and Bayesian analyses (see Caccone et al., 2002 for details). While the nucDNA tree is an NJ tree, bootstrap
values for NJ, MP, and ML are shown (top to bottom) for the only two nodes with values >50%.
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pair-wise per site heterozygosity (m, Saitou and Nei,
1987) is 0.011 for mtDNA. The nucDNA introns vary in
7 from 0 to 0.002; for the ITS = is 0.0005. The overall
mean 7 for the whole nucDNA data set is 0.0003.

In addition to the extreme rate difference between
mtDNA and nucDNA, these data also appear to be in
conflict with the general pattern of rate differences be-
tween ectothermic and endothermic vertebrates (Martin
and Palumbi, 1993; Rand, 1994): mtDNA of ectotherms
generally evolves slower than endotherms. Also, there is
a negative correlation between body size and rate of
mtDNA for both ectotherms and endotherms, i.e., ver-
tebrates with larger body size have slower rates of
mtDNA evolution. In order to be consistent with the
geological history of the Galapagos, we estimated an
absolute rate of mtDNA evolution for these tortoises at
nearly 1%/my (Caccone et al., 2002). This is among the
highest ever recorded for an ectothermic vertebrate and
within the range of endotherms (Rand, 1994). Yet these
tortoises are the largest extant terrestrial herbivorous
ectotherms reaching a size of up to 400kg (Pritchard,
1996).

The extreme rate difference may be related to the
reproductive biology and biogeographic history of these
tortoises. Sex is determined by the temperature at which
eggs are incubated: warmer temperatures produce fe-
males, cooler temperatures males. The Galapagos are
notorious for fluctuations in year to year temperatures
due largely to ENSO events (“El Nino™). Thus sex ratio
may fluctuate widely meaning that the relative effective
population sizes of mtDNA and nucDNA may likewise
be temporally highly variable. Furthermore, females are
known to store sperm from several males for long pe-
riods. This means that if a single gravid female founded
a new population on a recently emerged island, the
number of mtDNA lineages is one whereas the nucDNA
copies are 2+ 2N, where N is the number of males who
mated with the female. Both the widely fluctuating sex
ratio and multiple male sperm storage implies that the
ratio of nucDNA and mtDNA effective population sizes
is even greater than the fourfold assumed for species
with 1:1 sex ratios (Birky et al., 1989). This can explain
why there is more phylogenetic signal in the mtDNA as
lineage sorting and coalescence will occur more rapidly
with a lower N, (Hudson, 1990). But, assuming equi-
librium, the larger N, of nucDNA should lead to greater
overall nucleotide diversity under the neutral theory,
which is not the case; almost certainly equilibrium pre-
dictions do not hold for many of these recent lineages as
confirmed by DNA sequence mismatch analysis (Behe-
regaray et al., 2003).

This observation of a more extreme difference in
effective population size of mtDNA compared to
nucDNA affecting the rate of substitution is in accord
with the nearly neutral theory of molecular evolution
(Ohta, 1992, 1995). This theory predicts higher rates of

slightly deleterious nucleotide substitutions in smaller
populations as well as in populations that have experi-
enced repeated founder events (see also Lynch, 1997).
This was first empirically documented in another remote
oceanic island system, Hawaiian Drosophila (DeSalle
and Templeton, 1988). These demographic, biogeo-
graphic, and reproductive biology features of Galdpagos
tortoises, coupled with the well-known higher rate of
mtDNA mutation (Rand, 2001), could account for this
extreme difference in evolutionary rates.
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