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Mitochondrial phylogeography and subspecies of the wide-ranging sub-Saharan
leopard tortoise Stigmochelys pardalis (Testudines: Testudinidae) — a case study for
the pitfalls of pseudogenes and GenBank sequences
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Abstract

The leopard tortoise (Stigmochelys pardalis) is the most widely distributed sub-Saharan tortoise species, with a range extending from the Horn of
Africa all over eastern Africa to the Republic of South Africa, Namibia and southernmost Angola. Using 1938 bp of mitochondrial DNA (cyt b
gene, partial ND4 gene plus adjacent tRNA genes) from a nearly range-wide sampling, we examined its phylogeographic structure and compared
our findings with previously published GenBank sequences. We identified seven major clades that are largely parapatrically distributed. A few
records of distinct haplotypes at the same locality or in close proximity could be the result of translocation of tortoises by man. The greatest
diversity occurs in the south of the species’ range, with five out of the seven clades. Testing for isolation-by-distance suggests that the observed
phylogeographic structure is the result of restricted geographical gene flow and not of historical vicariance. This is in sharp contrast to wide-
ranging thermophilic reptiles from the western Palaearctic, whose phylogeographic structure was significantly shaped by Pleistocene range
interruptions, but also by earlier dispersal and vicariant events. Most cyt b sequences of S. pardalis from GenBank turned out to be nuclear
pseudogenes, or to be of chimerical origin from such pseudogenes and authentic mitochondrial sequences, which argues for caution regarding
uncritical usage of GenBank sequences. The recent revalidation of the two subspecies of S. pardalis was based on such a chimerical sequence that
was erroneously identified with the subspecies S. p. babcocki. Furthermore, according to our data, the distribution of mitochondrial clades does
match neither the traditional subspecies ranges nor the pronounced geographical size variation of leopard tortoises. We conclude that there is no
rationale for recognizing subspecies within S. pardalis.
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Introduction differences have been attributed either to subspecific variation
(Loveridge 1935; Loveridge and Williams 1957) or the influ-
ence of latitudinal and environmental impact (Lambert 1995;
Lambert et al. 1998; Hailey and Lambert 2002). For decades,
two subspecies have been recognized, Stigmochelys pardalis
pardalis (Bell, 1828), being confined to the southwest of the
range, while S. p. babcocki (Loveridge, 1935) was thought to
occupy the remainder (Fig. 1; Loveridge and Williams 1957;
Wermuth and Mertens 1977; Ernst and Barbour 1989). Since
the putatively diagnostic characters of shell shape and colour-
ation had little value (Greig and Burdett 1976), the usage of
subspecies was later abandoned (Boycott and Bourquin 2000;

While mitochondrial phylogeographies of wide-ranging Palae-
arctic and Nearctic reptiles have yielded significant insights
into their Pleistocene and Holocene range dynamics (reviews in
Avise et al. 1998; Soltis et al. 2006; Joger et al. 2007), such
data are unavailable for any widely distributed Afrotropical
species. In sub-Saharan Africa, and especially in its south, land
tortoises (family Testudinidae) constitute an important part of
the local fauna (Branch 1998; Boycott and Bourquin 2000).
With 18 currently recognized species in seven genera (Branch
2007; Fritz and Havas 2007), sub-Saharan Africa harbours the
world’s greatest diversity of tortoises. The leopard tortoise,

Stigmochelys pardalis (Bell, 1828), is the most widely distrib-
uted species, with a range extending from the Horn of Africa
all over eastern Africa to the Republic of South Africa,
Namibia and southernmost Angola (Fig. 1; Iverson 1992;
Ernst et al. 2000; Fritz and Havas 2007). Stigmochelys pardalis
is well known for considerable geographical variation in body
size, shell shape and colouration (Fig. 2; Table S1); these
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Ernst et al. 2000). But a recent molecular phylogeny of most
land tortoise species found a significant difference between
mitochondrial cytochrome b sequences of two individuals of
S. pardalis, allegedly representing each subspecies, leading to
their resurrection (Le et al. 2006). Yet, the leopard tortoises
studied by Le et al. (2006) were of unknown geographical
provenance (M. Le, personal communication), so that their
taxonomic assignment should be treated with caution, and a
reassessment using individuals of known geographical origin
has to be undertaken.

Here, we present a nearly range-wide phylogeography of
the leopard tortoise based on two mitochondrial DNA
fragments (ND4, cyt b; total: 1938 bp) that have been shown
to be highly informative for phylogeographic purposes in
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Fig. 1. Distribution = range of
Stigmochelys pardalis and sampling
sites. Light shading corresponds to
putative range of S. p. pardalis,
dark shading, S. p. babcocki. Sym-
bols of sampling sites indicate dis-
tinct haplotype clusters and clades
(Figs 4 and 5). Large symbols,
imprecise localities; star, collection
site of individual yielding GenBank
sequence ~ DQO080041 (Awdal
Region, Somalia). Site numbers
correspond to Table 1

chelonians (Lenk et al. 1999; Fritz et al. 2005, 2006a,b, 2007,
2008, 2009a,b; Daniels et al. 2007, 2010; Rosenbaum et al.
2007; Amato et al. 2008). By doing so, we specifically address
the following questions: (1) Does phylogeographic structuring
exist in S. pardalis, the most widely distributed sub-Saharan
tortoise species? (2) If so, is vicariance or isolation-by-
distance responsible for the observed differentiation? (3) Do
phylogeographic breaks match the putative subspecies bor-
ders and, consequently, (4) do the subspecies constitute

evolutionarily significant units? (5) How do previously
published GenBank sequences fit into our phylogeographic
scenario?

Materials and Methods
Sampling, DNA extraction, PCR and sequencing

Blood, muscle tissue or saliva samples of wild or captive known-
locality leopard tortoises were taken, preserved in absolute ethanol
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Fig. 2. Size differences in adult
Stigmochelys pardalis  from (a)
Ethiopia, vicinity of Lake Mete-
hara and (b) Kenya, South Horr.
(Photographs taken by J. Gonzalez
and P. Necas, respectively)
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(EtOH) and stored at —20°C until processing. Four samples were from
tortoises of unknown provenance. In total, 43 samples representing 20
different collection sites were studied (Table 1).

Total DNA was extracted using standard protocols. To amplify the
mitochondrial cytochrome b (cyt b) gene as well as the partial NADH
dehydrogenase subunit 4 (ND4) gene plus adjacent tRNA genes, an
array of newly developed and previously published primers was
employed (Table S2). While PCR and sequencing of the ND4 fragment
could be performed routinely, problems arose during processing the cyt »
gene. Initially, only chelonian standard primers were applied, but these
yielded contradictory results (see Results and Discussion). Therefore,
the new primer pair CytB-F-pard/CytB-R-pard was designed to
specifically target the conserved regions of the cyt b flanking tRNAS™
and tRNA™ genes of the complete mitochondrial genomes of all
testudinid species available from GenBank (Malacochersus tornieri,
accession number DQO080042; Manouria emys, DQ080040; Manouria
impressa, EF661586; Indotestudo elongata, DQ080043; Indotestudo
Sforstenii, DQ080044; Stigmochelys pardalis, DQ080041; Testudo graeca,
DQO080049; Testudo horsfieldii, DQO080045; Testudo kleinmanni,
DQO080048; Testudo marginata, DQ080047), with an optimal fit to the
S. pardalis sequence DQ080041 (Parham et al. 2006). Ironically, just this
S. pardalis sequence subsequently turned out to be of chimerical origin
(see Results).

PCR was performed using 1 unit 7aq polymerase (Bioron, Ludwigs-
hafen, Germany) with the following conditions: 35-40 cycles with
denaturation at 94°C (5 min in the first cycle, then 45s each),
annealing for 45 s at fragment-specific temperature (Table S2) and
extension at 72°C for 90 s and in the final cycle for 10 min. PCR
products were purified using the ExoSAP-IT enzymatic cleanup (USB
Europe GmbH, Staufen, Germany; 1 : 20 dilution; modified protocol:
30 min at 37°C, 15 min at 80°C).

PCR products were sequenced on an ABI 3130 genetic analyser
(Applied Biosystems, Foster City, USA) using the BigDye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems) and the primers
indicated in Table S2. Cycle sequencing reaction products were
purified by precipitation under the following conditions: 1 volume
PCR product (10 pl), 0.1 volume 3 M NaAc (1 pl, pH 4.6) and 2.5
volumes EtOH (100%; 27.5 ul). For accession numbers of sequences
produced in the present study, see Table 1.

Sequence analyses

All available cyt b and ND4 sequences of Stigmochelys pardalis were
downloaded from GenBank (Table 2) and aligned with sequences
produced in the present study using BIOEDIT 7.0.5.2 (Hall 1999).
Alignments were further inspected in MEGA 4.0.2 (Tamura et al. 2007).
In addition, cyt b sequences of about two-thirds of all extant testudinid
species were downloaded from GenBank (for accession numbers, see
Le et al. 2006; Fritz and Bininda-Emonds 2007) and compared with
our data. Such a data set is not available for the mtDNA fragment
comprising the partial ND4 gene.

Phylogenetic analyses were run for several alignments. One data set
included all distinct cyt b haplotypes of S. pardalis identified in this
study and from GenBank plus the cyt b sequences of all tortoise species
constituting together with S. pardalis an African-Malagasy-Indian
Ocean clade. Sequences of Testudo horsfieldii and Manouria impressa
were added as distantly related taxa; M. impressa was used for rooting
the tree (for accession numbers, see Fig. 3). The other data sets
included only authentic mitochondrial haplotypes of S. pardalis
produced in this study (see Results); sequences of Psammobates
tentorius (ND4: AY673506, cyt b: DQ497318) and T. horsfieldii
(DQO080045) served as outgroups. The genus Psammobates represents
the sister group to Stigmochelys, while T. horsfieldii is a distantly
related tortoise species (Fritz and Bininda-Emonds 2007). Heteroge-
neity of the two partitions (ND4, cyt b fragments) was assessed with
the incongruence length difference test (Farris et al. 1995) as
implemented in pPAUP*4.0b10 (Swofford 2002; settings add =
cl nreps = 100000). The test suggested significantly different phyloge-
netic signals (p = 0.001), which is why we computed trees for the
distinct haplotypes of each partition alone as well as for a data set of
concatenated haplotypes, acknowledging that the mitochondrial
genome represents one and the same locus.

For each data set, Maximum Parsimony (MP) and Maximum
Likelihood (ML) trees were calculated using the heuristic search option
in PAUP* (commands pset gaps = new and hs add = cl for MP);
parsimony statistics are summarized in Table S3. The best evolution-
ary model was established using MODELTEST 3.06 (Posada and Crandall
1998; Table S4). Bootstrap support was obtained using the additional
setting nreps = 1000 (MP) with paup* as well as for ML with
nreps = 1000 in the program GARLI 0.95 (Zwickl 2006). Each data set
was also analyzed using Bayesian analysis (BA) as implemented in
MRrBAYEs 3.1.2 (Ronquist and Huelsenbeck 2003; settings:
ngen = 1000000 nchains = 4 nrun = 2 sample = 500 temp = 0.1;
default priors; for the concatenated partitions using mixed-model
approach). After discarding the first non-plateau trees applying an
adequate burn-in, a majority rule consensus tree with posterior
probabilities was computed.

Since infraspecific gene genealogies are often incompletely reflected
by bifurcating trees because of the persistence of ancestral haplotypes
and reticulate relationships (Posada and Crandall 2001), we also
calculated haplotype networks using Tcs 1.21 (Clement et al. 2000) for
the combined data set. This software is based on statistical parsimony
and connects haplotypes via a minimal number of mutational steps
and allows for alternative pathways. A further advantage of such
network analyses is that information about the age of haplotypes may
be obtained. Interiorly located haplotypes, having more than one
mutational connection, are thought to be ancestral to, and older than,
tip haplotypes (Posada and Crandall 2001). Tcs determines also the
outgroup probability of each haplotype, which is, according to
coalescent theory, also correlated with haplotype age (Donnelly and
Tavaré 1986; Castelloe and Templeton 1994).

Furthermore, for the protein-coding parts of the mtDNA fragments
of S. pardalis, the following molecular indices were computed using the
software DNASP 5.00.07 (Rozas et al. 2003): haplotype diversity (Hg),
number of segregating sites (S), Jukes and Cantor corrected nucleotide
diversity at all sites (m), Jukes and Cantor corrected nucleotide
diversity at synonymous sites (ng) and Jukes and Cantor corrected
nucleotide diversity at non-synonymous sites (7).

To determine whether the observed sequence variation can be
attributed to vicariance or a differentiation process caused by
isolation-by-distance, the following partitions were examined: (1.1)
all known-locality samples and (1.2) the samples of perhaps allochth-
onous tortoises (Oranjemund, Benfontein, Calitzdorp; see Discussion)
excluded from this data set; (2.1) a subset of only the samples from
South Africa and Namibia and (2.2) the samples of perhaps allochth-
onous tortoises (Oranjemund, Benfontein, Calitzdorp) excluded from
this subset of southern samples; (3) another subset comprising only the
samples from Ethiopia, Kenya, Tanzania, Uganda and Zambia.
Pairwise genetic distances between individual samples were estimated
in PAUP* 4.0b10 using combined sequences of the cyt b and ND4
fragments based on the HKY + I + G model as determined by
MODELTEST (ML settings base frequency = 0.3347 0.2793 0.1200;
Nst = 2; TRatio = 7.5566; Rates = gamma; Shape = 0.7047; Pin-
var = 0.8242). Geographical distances were calculated based on
co-ordinates (Table 1) as shortest line between two localities using
a internet platform for latitude/longitude distance calculation
(http://jan.ucc.nau.edu/~cvm/latlongdist.html) and  subsequently
log-transformed as suggested by Rousset (1997). Correlations between
genetic and geographical distances were determined using Mantel tests
as implemented in the R package APE (Paradis et al. 2004); p values
were obtained using 10* simulations.

Results

Identification of authentic sequences, pseudogenes and
chimerical sequences

Amplification and sequencing of the mtDNA fragment con-
taining the partial ND4 gene produced unambiguous results.
Accordingly, GenBank sequences of the ND4 gene are
identical with or closely resemble our data (Table 2).

By contrast, problems occurred during the processing of the
cyt b gene. Initially, the chelonian standard primers
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Table 2. Previously published GenBank sequences of Stigmochelys pardalis and their allocation. ‘Length’ indicates number of sites aligned with
our sequences. For haplotypes identified in the present study, the geographical origin is given in brackets (cf. Table 1); many of these haplotypes
do not differ in their ND4 section. All GenBank sequences were produced with universal chelonian PCR primers

Accession Length Identity according

numbers Fragment (bp) to GenBank Identity according to this study References

AY673458 ND4 680  Stigmochelys pardalis Haplotype Ila (Kenya) Cunningham (2002)

AY 673459 ND4 680 Stigmochelys pardalis Haplotype Ila (Kenya) Cunningham (2002)

AY 673460 ND4 680  Stigmochelys pardalis Resembles haplotype Ila Cunningham (2002)
(Kenya; distinct by 1 step)

AY673461 ND4 680  Stigmochelys pardalis Haplotype Ila (Kenya) Cunningham (2002)

AY 673462 ND4 680 Stigmochelys pardalis Resembles haplotype I1lc=111d=1lIg= Cunningham (2002)
IITh =IIIi =IIIj (Namibia, South Africa;
distinct by 2 steps)

AY673533 ND4 680 Stigmochelys pardalis pardalis  Haplotype VIla= VIIb= Vllc= VIId Cunningham (2002)
(Namibia)

AY673534 ND4 680 Stigmochelys pardalis babcocki  Haplotype Va=Vc=Vd (South Africa) Cunningham (2002)

DQO080041* ND4* 802  Stigmochelys pardalis Haplotype IIb=1Ic (Ethiopia, Kenya) Parham et al. (2006)

AF020898 cyt b 382 Stigmochelys pardalis Pseudogene (GenBank haplotype 1) Caccone et al. (1999)

AF371238 cyt b 401 Stigmochelys pardalis Pseudogene (GenBank haplotype 1) Austin and Arnold (2001)

AY678363 cyt b 425  Stigmochelys pardalis Pseudogene (GenBank haplotype 2) Cunningham (2002)

AY 678364 cyt b 425 Stigmochelys pardalis Pseudogene (GenBank haplotype 1) Cunningham (2002)

AY678365 cyt b 425 Stigmochelys pardalis Pseudogene (GenBank haplotype 1) Cunningham (2002)

AY 678366 cyt b 425 Stigmochelys pardalis Pseudogene (GenBank haplotype 3) Cunningham (2002)

AY678367 cyt b 425 Stigmochelys pardalis Pseudogene (GenBank haplotype 2) Cunningham (2002)

DQO080041* cyt b* 1136 Stigmochelys pardalis Chimerical sequence of mitochondrial Parham et al. (2006)
gene and pseudogene

DQ497301 cyt b 1136 Stigmochelys pardalis pardalis  Resembles haplotype Ve (South Africa; Le et al. (2006)
distinct by 1 step)

DQ497302 cyt b 1136  Stigmochelys pardalis babcocki ~ Chimerical sequence of mitochondrial gene Le et al. (2006)
and pseudogene

U81353 cyt b 892 Stigmochelys pardalis Astrochelys radiata Shaffer et al. (1997)

*Complete mitochondrial genome; originates from the only tortoise with known geographical origin (Awdal Region, Somalia).

CytbG/mt-E-Rev2 and mt-c2/mt-f-na (Table S2) were used to
amplify the cyt b gene in two fragments overlapping by
approximately 300 bp. However, when the resulting PCR
products were sequenced, two mismatching DNA fragments
were obtained in most cases. One fragment was very similar to
GenBank sequence DQ497301 labelled as S. p. pardalis by
Le et al. (2006), while the other rather resembled GenBank
sequence DQ497302, labelled S. p. babcocki by the same
authors. To explore this unexpected situation, the primer
combination CytbG/mt-f-na was used to amplify the whole
cyt b gene; amplification was successful in 20 samples. The
PCR product was again sequenced in two fragments. The
resulting contigs were now consistent and corresponded to ten
distinct haplotypes, eight of which were 1133 bp long (16
samples; Table 1). Their first half again resembled DQ497302
and the majority of shorter cyt b GenBank sequences
(Table 2); yet, their second half was highly distinct (Table S5).
The other two haplotypes, corresponding to four samples,
were 1136 bp long and resembled GenBank sequence
DQ497301. When our new PCR primers CytB-F-pard/CytB-
R-pard, specifically targeting the conserved tRNA genes
flanking the cyt b gene of S. pardalis and other testudinids,
were applied to the same 20 samples, only sequences of
1136 bp length were obtained, also from the 16 samples that
yielded the highly distinctive 1133 bp sequences with the other
PCR primers (Table 1).

These 16 sequences of 1133 bp length, resulting from the
amplicon of the standard primers CytbG/mt-f-na, share with
GenBank sequence DQ497302 (S. p. babcocki) a characteristic
deletion of 3 bp at position 446-448 of our 1136-bp-long
alignment. Such a deletion does not occur in the cyt b gene of
any of the 33 other testudinid species and subspecies studied by

Le et al. (2006) and Fritz and Bininda-Emonds (2007). Most of
the other GenBank sequences of S. pardalis are shorter and do
not include the region where the deletion is located, so it
cannot be determined whether they contain it or not. Never-
theless, these short sequences (GenBank haplotypes 1-3) have
many distinctive mutations in common with DQ497302 and
our sequences (Tables 2 and S9).

Our new PCR primers CytB-F-pard/CytB-R-pard were
then used also to amplify the whole cyt b gene of the remaining
23 samples. The 1136-bp-long sequences of all 43 samples
corresponded to 25 distinct haplotypes that are similar to
GenBank sequence DQ497301 (S. p. pardalis); as in this and in
another GenBank sequence (DQO080041), the deletion at
position 446-448 does not occur.

The presence of two distinct, cyt b-like sequences in the same
sample is consistent with two alternative explanations: hetero-
plasmy or the existence of nuclear mitochondrial insertions
(numts). Heteroplasmy implies the coexistence of two func-
tional cytoplasmatic mitochondrial genomes. By contrast,
numts behave as pseudogenes and evolve in a different manner
compared to the cytoplasmatic mitochondrial genome, and
therefore are expected also to produce a different phylogenetic
signal. Furthermore, numts often show frame-shift mutations
because of relaxed evolutionary constraints of the pseudogene
(Zhang and Hewitt 1996; Bensasson et al. 2001). Acknowl-
edging this, we tested the hypothesis that one of the two cyt
b variants might represent a numt using the following
approaches: (1) by analyzing the coding sequence for the
presence of frame-shift mutations, (2) by comparing nucleotide
diversity of the two cyt b variants and the protein-coding part
of the mtDNA fragment containing the partial ND4 gene and
(3) by phylogenetic analyses and comparisons.
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Fig. 3. Maximum Likelihood tree (-In L = 6554.9015) for cyt b haplotypes of Stigmochelys pardalis (GenBank, this study) and tortoise species
of the African-Malagasy-Indian Ocean clade based on a 1136-bp-long alignment. Nomenclature follows Fritz and Bininda-Emonds (2007).
GenBank haplotypes of S. pardalis in bold; chimerical sequences in boxes. Codes following species names are GenBank accession numbers; for
accession numbers of GenBank haplotypes (GB1-GB3), see Table 2. Numbers above nodes are ML bootstrap values; below nodes, Bayesian
posterior probabilities/MP bootstrap values. Topology of the BA tree is identical with respect to the position of S. pardalis sequences. The 50%
majority rule consensus tree of 5860 equally parsimonious trees (1145 steps; CI = 0.5013, RI = 0.7727) places, with bootstrap support below
50%, the short GenBank haplotypes GB1-GB3 together with the chimerical sequence DQ497302 in a distinct clade. This clade constitutes

together with another clade of our authentic S. pardalis sequences the sister group to our pseudogene sequences plus DQ080041

When GenBank sequence DQ497302 and our 1133-bp-long
sequences are translated into amino acids, their 3-bp-long
deletion results in the absence of a leucine at amino acid
position 150/151. In all 33 other testudinid taxa from the data
sets of Le et al. (2006) and Fritz and Bininda-Emonds (2007),
two leucines are present at positions 150/151, suggesting that
this difference represents not intraspecific variation of func-
tional mitochondrial lineages in S. pardalis, but rather the
result of relaxed evolutionary constraints as expected for
numts.

Further evidence for this hypothesis is provided by molec-
ular diversity indices (Table 3). The ratio n,/ws of nucleotide
diversity estimates derived from non-synonymous (7,) and
synonymous (7g) sites is some 0.81 for our 1133-bp-long
sequences, as expected for neutrally evolving genes. This is
approximately the tenfold of the value (0.06) for the 1136-
bp-long cyt b sequences obtained from the same 16 samples. In
addition, the value for all 43 sequences of 1136 bp length and
the values for the partial ND4 fragment are similar (all
approximately 0.06), as expected for mitochondrial genes
under purifying selection.

Nuclear copies accumulate fewer mutations because of the
presence of repair mechanisms in the nucleus, which results in
a slower evolution rate and less variation compared to
functional mitochondrial genes (Brown et al. 1982; Zhang
and Hewitt 1996). In fact, while haplotype diversity is similar
in the two cyt b variants and ND4, nucleotide diversity is

doi: 10.1111/j.1439-0469.2010.00565.x
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approximately 7.5 times smaller in the putative numt
(Table 3). This is mirrored by different numbers of segregating
sites, which is particularly obvious when the two cyt b variants
of the same subsample are compared. A similar pattern of low
evolution rate of numts compared to their mitochondrial
paralogues has also been described, for instance, in primates
(Brown et al. 1982; Zischler et al. 1995) and ants (Martins
et al. 2007). The latter authors also found for pseudogenes
significantly decreased nucleotide diversity and a significantly
increased m,/7, ratio, similar to our data.

Based on this evidence, we conclude that the universal PCR
primers CytbG/mt-f-na amplified in most cases a numt of the
mitochondrial cyt b gene of S. pardalis, while our newly
designed primers CytB-F-pard/CytB-R-pard consistently
yielded authentic mitochondrial sequences. This hypothesis is
confirmed by phylogenetic analyses of all distinct haplotypes
of such putative numts and authentic cyt b sequences produced
in this study (Fig. 3). The numt haplotypes constitute a deeply
divergent clade that is sister to all other cyt » sequences of
S. pardalis, as expected for such a ‘molecular fossil’ (Zischler
et al. 1995; Bensasson et al. 2001). Only one homologous
GenBank haplotype (DQ497301) is nested within our authen-
tic haplotypes, while all other GenBank sequences are highly
distinct. GenBank haplotypes 1-3 (Table 2) are easily identified
by their position as numts. However, GenBank sequence
DQO080041, a sequence without the characteristic 3-bp dele-
tion, is also associated with this numt clade, while another
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Table 3. Molecular diversity indices of protein-coding mtDNA fragments produced with different PCR primers (see text for explanations). The
subsample corresponds to sequences from the same 16 specimens (cf. Table 1)

Sample (n) PCR primer Resulting Fragment bp S h Hy ¥ m,* ng* T,/ T *

All (43) CytB-F-pard/ mtDNA: cyt b 1136 66 25 0.931 0.01470 0.00322 0.05050 0.064
CytB-R-pard

Subsample (16) CytB-F-pard/ mtDNA: cyt b 1136 41 10 0.900 0.01403 0.00289 0.04944 0.059
CytB-R-pard

Subsample (16) CytbG/mt-f-na nDNA: cyt b-like numt 1133 10 8 0.858 0.00187 0.00177 0.00220 0.805

All (43) L-ND4/H-Leu mtDNA: ND4 679 25 11 0.879 0.00928 0.00191 0.03070 0.062

Subsample (16) L-ND4/H-Leu mtDNA: ND4 679 18 6 0.858 0.00989 0.00204 0.03271 0.062

Translation table: mammalian mitochondrion; * Jukes Cantor corrected; n: number of nucleotide sequences analyzed; S: number of segregating
sites; #: number of haplotypes; n: nucleotide diversity; Hgy: haplotype diversity; m,: nucleotide diversity at non-synonymous sites; 7s: nucleotide

diversity at synonymous sites.

sequence in which this deletion occurs (DQ497302, S. p. bab-
cocki) clusters under BA and ML basally to the authentic cyt »
sequences of S. pardalis. When the alignment of these
sequences is compared with authentic cyt » and pseudo-
gene sequences produced in this study, it is obvious that
DQO080041 and DQ497302 are of chimerical origin from
concatenating mitochondrial and pseudogene fragments
(Table S95), explaining their unexpected allocation in the trees.
The chimerical origin of DQ080041, representing the complete
mitochondrial genome of a leopard tortoise from Somalia, is
further corroborated by the complete identity of its ND4
fragment with the homologous sequences of our two samples
collected in close proximity in Ethiopia (Table 2). By contrast,
the cyt b sequences of our two samples resemble only the 5’-
part of DQO080041 (Table S5).

Finally, it may be noted that another distinct GenBank
haplotype (U81353) has been erroneously assigned to S. par-
dalis (Shaffer et al. 1997). According to our phylogenetic
analyses (Fig. 3), U81353 clearly represents the Malagasy
tortoise species Astrochelys radiata. The identity of U81353
with A. radiata was confirmed by a BLAST search in
GenBank. Ninety-nine per cent of U81353 are identical with
another cyt b sequence of A. radiata (DQ497304, score 1754),
and only 89% match the cyt b sequences of three other tortoise
species (Chersina angulata, DQ497292, score 1294; Pyxis
arachnoides,  DQ497319,  score 1318;  S. p. pardalis,
DQ497301, score 1308; S. p. babcocki, DQ497302, score
1326). When this misidentified sequence is excluded from
further considerations, it is evident that most GenBank data
represent not the mitochondrial cyt b gene of S. pardalis, but a
paralogous pseudogene. Only one GenBank sequence
(DQ497301) is of mitochondrial origin indeed and two
GenBank sequences (DQ080041, DQ497302) are chimerical.
In the following, only mitochondrial sequences produced in
the present study are used for further phylogeographic
analyses.

Phylogeography of the leopard tortoise

Our 43 samples of leopard tortoises yielded for the ND4
sequences 11 distinct haplotypes and for authentic mitochon-
drial cyt b sequences 25 distinct haplotypes. When the ND4
and cyt b sequences were concatenated for each individual,
there resulted 27 distinct haplotypes. Such combined haplo-
types differed for many individuals only in the cyt b section,
while significantly less variation occurred in their ND4
sequences. Yet, two haplotypes (I11b, I1If) differed from others
only in their ND4 section.

All phylogenetic analyses of the concatenated data set (cyt
b + ND4) resulted in the same seven major clades (bearing
consecutive Roman numerals in Fig. 4a). Clade I consists of
only one haplotype (Ia) that has a wide geographical distri-
bution (Uganda, Tanzania, Zambia). Clade II, comprising
three individual haplotypes, was found in samples from
Ethiopia and Kenya; the other five clades, III-VII with 1-10
haplotypes each, originate from the Republic of South Africa
and Namibia. The branching pattern for these seven clades
differs between the tree-building methods, however, and is not
well-resolved. All methods agree in the sister group relation-
ship of clades (IV + V) and (VI + VII). Furthermore, ML
analysis suggests that a more inclusive clade ((IV + V) +
(VI + VII)) is sister to (I + IIT) and that clade I represents
the most basal branch. By contrast, BA results in a basal
multifurcation of I, II, III and (IV + V) + (VI + VII)). A
similar basal polytomy is also suggested by the 50% majority
rule consensus of 371 equally parsimonious trees (516 steps).
Yet, under parsimony, clade I is basal to all others, as it is
under the likelihood criterion, and the clades (IV + V) and
(VI + VII) are not sister groups.

Both single-gene analyses yielded a much worse resolution.
Since the ND4 fragment of many haplotypes is not or barely
differentiated, only clades I, IT and V were retrieved as distinct
(Fig. 4b), in agreement with the analyses of the combined data
set. The remaining haplotypes cluster in three clades that do
not correspond to any entity identified by the analyses of the
combined data set. Clade I is suggested as basal to a polytomy
comprising all other haplotypes. Using the cyt » data set
(Fig. 4c¢), clades I, II and III were returned as distinct, while
clade V is now paraphyletic with respect to the only haplotype
of clade IV (IVa), and haplotypes of clade VII are paraphyletic
with respect to the embedded and well-supported clade VI.
Clade I occurs now in a polytomy together with clades II,
IV + V) and (VI + VID).

Using the default 95% connection limit of Tcs, three
unconnected networks and one isolated haplotype were
obtained for the concatenated cyt » + ND4 sequences. One
network corresponds to the three haplotypes of Ethiopian and
Kenyan tortoises (clade II), and another one to the 10
haplotypes of clade III from the Republic of South Africa
and Namibia. The third network is the most diverse one,
comprising the remaining haplotype clades IV, V, VI and VII
from South Africa and Namibia. Haplotype Ia, found in
leopard tortoises from Uganda, Tanzania, Zambia and three
pet-trade tortoises, remained unconnected. Under the 90%
threshold, haplotypes of these entities were connected by
pathways of a minimum of 22-28 mutational steps (Fig. 5).
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Fig. 4. (a) Maximum Likelihood tree (-In L = 4972.9323) for haplotypes of Stigmochelys pardalis (combined data set of cyt 5 + ND4; 1938 bp,
only sequences from this study). Roman numerals on the right indicate clades; letters, individual haplotypes. Clade symbols correspond to Fig. 1.
Inset: alternative gross topologies as obtained under Bayesian analysis or Maximum Parsimony (50% consensus of 371 trees of 516 steps;
CI = 0.8624; RI = 0.8436). (b) Maximum Likelihood tree (-In L = 1858.9472) for the ND4 data partition (802 bp, only sequences from this
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RI = 0.7656) are identical. (¢) Maximum Likelihood tree (-In L = 2992.6225) for the cyt b data partition (1136 bp, only sequences from this
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RI = 0.88) are identical. Outgroups (Psammobates tentorius, Testudo horsfieldii) removed for clarity. For further explanation, see Fig. 3 and text

The greatest outgroup probability (0.2090) has the most
frequent haplotype I11d, representing also the ancestral hap-
lotype of the subnet comprising all haplotypes of clade III.
Haplotypes of the South African and Namibian clades IV, V,
VI and VII appear as clearly distinct clusters in the network
analyses, whereas they were not or weakly differentiated in the
single-gene phylogenetic analyses.

The Mantel tests revealed for all examined data sets a highly
significant correlation between genetic and geographical dis-
tances (p < 0.001), suggesting that the observed sequence
variation is more likely to be caused by isolation-by-distance
processes than by historical vicariant events (cf. Irwin 2002).
The inclusion or exclusion of perhaps allochthonous tortoises
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from the South African and Namibian localities Benfontein,
Calitzdorp and Oranjemund (Fig. 1) had no impact on the
significance level.

Discussion
Misleading GenBank sequences and numts

Our results provide evidence that most cyt b sequences of
Stigmochelys pardalis from GenBank are numts or chimerical
sequences, resulting from the usage of standard PCR primers.
One GenBank sequence of S. pardalis (U81353) turned out to
represent a completely different tortoise species, the Malagasy
Astrochelys radiata. This argues for caution with respect to the
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Fig. 5. Parsimony network for

haplotypes (cyt b + ND4) of
Stigmochelys pardalis (only
sequences from  this  study).

Haplotype symbols correspond to
other figures; symbol size, approx-
imate haplotype frequency; missing
node haplotypes, small black cir-
cles. Connections using the 95% or
90% probability threshold indi-
cated. Each line joining haplotypes
represents one mutational step un-
less otherwise specified. The hap-
lotype with the greatest outgroup
probability (I11d) is asterisked I

application of standard PCR primers and the uncritical usage
of GenBank data. Several authors have previously highlighted
the risks involved in using sequence data from GenBank or
other public data bases (e.g., Forster 2003; Harris 2003;
Vilgalys 2003; Seberg 2004; Meier et al. 2006), but this practice
continues. For instance, recently an exhaustive study has been
published that relied entirely on GenBank data for the
reconstruction of a species-level phylogeny of chelonians
(Thomson and Shaffer 2010).

Some authors describing the discovery of numts reported the
occurrence of ‘ghost bands’ in their PCR products or ambi-
guities in sequencer chromatograms (e.g., Sorenson and Quinn
1998; Thalmann et al. 2004; Buhay 2009; for chelonians:
Spinks and Shaffer 2007; Shi et al. 2008; see also the review by
Bensasson et al. 2001), necessitating sophisticated laboratory
procedures (long-range PCR and cloning; Bensasson et al.
2001; Thalmann et al. 2004; Buhay 2009) for obtaining clean
sequences of the pseudogene and authentic mtDNA. By
contrast, we encountered only one amplicon using standard
primers. Such PCR products yielded single, clear sequences
that, however, differed in part significantly from sequences
amplified from the same samples using other PCR primers. A
similar finding has been described by Sorenson and Quinn
(1998) for the wandering whistling-duck (Dendrocygna arcu-
ata), underlining that the numt and its mitochondrial coun-
terpart are not necessarily amplified together. In fact, we are
convinced that such clean PCR products and numt sequences
contributed to the confusion of the numt with an authentic
mitochondrial sequence in previous studies using S. pardalis
(Caccone et al. 1999; Austin and Arnold 2001; Cunningham
2002; Le et al. 2006; Parham et al. 2006). As Sorenson and
Quinn (1998) pointed out, primer design is a crucial issue here:
“Because numts may evolve more slowly than mtDNA
following transposition [...], they diverge less from the
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ancestral sequences of related taxa. As a result, primers based
on sequences from species other than the study taxa and
so-called ‘universal’ primers may be particularly prone to
amplification of numts.” We could imagine that numts like
the one identified in the present study have also been
confounded with authentic mitochondrial sequences in other
cases.

Sorenson and Quinn (1998), Spinks and Shaffer (2007) and
Shi et al. (2008) concluded that numts are more frequently
amplified from blood samples than from tissues in reptiles and
birds because their erythrocytes are nucleated and depauperate
in mtDNA. While at first glance this seems convincing, we
wish to point out that we obtained clear PCR products and
sequences of the numt not only from blood samples, but also
from tissue samples (Table 1). Also Le et al. (2006) and
Parham et al. (2006) used tissues for their investigations and
obtained partial sequences of the pseudogene of S. pardalis.
This suggests that primer match plays a key role and highlights
our concerns about standard primers.

Subspecies and phylogeography of Stigmochelys pardalis

The recent revalidation of the subspecies S. p. babcocki was
based on a chimerical cyt b sequence (DQ497302) that was
erroneously identified as this subspecies (Le et al. 2006). This
renders all recent considerations about the validity of the
subspecies S. p. babcocki obsolete. Nevertheless, our results
indicate a pronounced phylogeographic structure within
S. pardalis, the most widely distributed sub-Saharan tortoise
species. Although our locality sampling was somewhat patchy,
our data clearly suggest that the greatest diversity occurs in the
southernmost part of the species’ range (Fig. 1). Southern
Africa is a hotspot of tortoise diversity and harbours 14 of the
18 currently recognized sub-Saharan African species (Branch
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2007; Fritz and Havas 2007), a situation echoed by the
occurrence of five out of the seven mitochondrial clades of
S. pardalis there. Haplotypes of the five southern clades are
largely parapatrically distributed. Yet, a few records of distinct
haplotypes at the same locality or in close proximity (localities
Oranjemund, Benfontein and Calitzdorp in Fig. 1) could be
the result of translocation of tortoises by man. Leopard
tortoises are favourite pets in South Africa and Namibia, but
people often release them when they get big and start causing
damage to their gardens. Furthermore, people sometimes pick
up tortoises that cross the road when they travel along
highways and release them elsewhere (M. D. Hofmeyr,
personal observation). But the inclusion or exclusion of the
perhaps allochthonous tortoises does not alter the results of
our Mantel tests, clearly suggesting that the observed geo-
graphical variation is the result of isolation-by-distance and
not of historical vicariant events. This is in sharp contrast to
wide-ranging western Palaearctic reptiles, in particular to
chelonians and other thermophilic species, whose phylogeo-
graphic structure was significantly shaped by Pleistocene range
interruptions, but also by earlier dispersal and vicariant events
(Lenk et al. 1999; Fritz et al. 2006a,b, 2007, 2008, 2009a,b;
Ursenbacher et al. 2006a,b, 2008; Bohme et al. 2007; Joger
et al. 2007; Sommer et al. 2007, 2009; Guicking et al. 2008,
2009). Nonetheless, the differences in the mitochondrial
diversity of leopard tortoises from the south and north of
their ranges, with a distinctly higher number of clades and
haplotypes in the south, might indicate that the species
originated in southern Africa and that the northerly regions
were colonized later. This is corroborated by the southern
African distribution of Psammobates, the sister group of
S. pardalis (Le et al. 2006; Fritz and Bininda-Emonds 2007),
suggesting that their last common ancestor occurred here.

Mitochondrial differentiation in S. pardalis is not paralleled
by obvious morphological variation, although it is well known
that considerable size differences exist in different regions.
Leopard tortoises from the far south and the far north are
much larger than tortoises from the centre of the range
(Lambert 1995; Lambert et al. 1998; Hailey and Lambert 2002;
see also Fig. 2). Yet, the distribution of large or small tortoises
does not match our clades. For instance, the gigantean
Ethiopian leopard tortoises and populations of small-bodied
tortoises from Kenya (Fig. 2; Table S1) occur in the same
clade (Fig. 4: clade II). Such a marked disparity between
morphology and mitochondrial divergence has been described
for other tortoise species as well (Testudo spp.: Fritz et al.
2005, 2007, 2009a,b; Attum et al. 2007; giroky and Fritz 2007,
Indotestudo  forstenii: Ives et al. 2008; Homopus signatus:
Daniels et al. 2010), which suggests considerable phenotypic
plasticity in testudinids. In western Palaearctic Testudo graeca
and T. marginata, populations of large-bodied or small-bodied
tortoises do not differ genetically; and in these species, adult
size is positively correlated with factors such as food avail-
ability and environmental humidity (Fritz et al. 2005, 2007).
Similar body size and environmental correlations, coupled
with a high survival rate in northern populations, have also
been suggested for leopard tortoises (Lambert 1995; Lambert
et al. 1998; Hailey and Lambert 2002).

Although phylogeographic differentiation exists in S. par-
dalis, the distributions of the mitochondrial clades and the
traditional subspecies ranges do not match (Fig. 1). Further-
more, the revalidation of the two subspecies of S. pardalis
(Le et al. 2006) was based on a chimerical cyt b sequence

doi: 10.1111/j.1439-0469.2010.00565.x
© 2010 Blackwell Verlag GmbH

misidentified as representing S. p. babcocki, while all other
mitochondrial and nuclear genomic markers studied by
Le et al. (2006) were not or only barely distinct. Prior to the
study of Le et al. (2006), the subspecies had been synonymized
(Boycott and Bourquin 2000; Ernst et al. 2000) because the
purported morphological differences had little diagnostic value
(Greig and Burdett 1976). Hence, we conclude it is best to
return to the situation before S. p. babcocki was revalidated:
The usage of subspecies within S. pardalis should be aban-
doned.
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Zusammenfassung

Mitochondriale Phylogeographie und Unterarten der weitverbreiteten
subsaharischen Pantherschildkrote Stigmochelys pardalis (Testudines:
Testudinidae) — ein Beispiel fiir die Fallstricke von Pseudogenen und
GenBank-Sequenzen

Die Pantherschildkrote (Stigmochelys pardalis) ist mit einem Areal, das
sich vom Horn von Afrika tiber Ostafrika bis nach Siidafrika, Namibia
und ins siidliche Angola erstreckt, die am weitesten verbreitete
subsaharische Landschildkrotenart. Anhand mitochondrialer DNA-
Sequenzen (1938 bp; Cytochrom b-Gen, partielles ND4-Gen plus
angrenzende tRNA-Gene) von Exemplaren aus fast dem gesamten
Verbreitungsgebiet wurde die phylogeographische Struktur der Art
untersucht. Die in dieser Arbeit gewonnenen Daten wurden zudem mit
vorher veroffentlichten GenBank-Sequenzen verglichen. Sieben groB-
ere Kladen wurden identifiziert, die fast komplett parapatrisch
verbreitet sind; die wenigen Nachweise von unterschiedlichen
Haplotypen am selben Fundort oder von unmittelbar benachbarten
Fundorten konnten auf Schildkréten zuriickzufithren sein, die vom
Menschen verschleppt wurden. Im Stiden des Verbreitungsgebietes,
wo finf der sieben Kladen vorkommen, ist die Diversitit am groften.
Isolation-by-Distance-Tests deuten darauf hin, dass die phylogeo-
graphische Struktur der Pantherschildkrote auf eingeschriankten geo-
graphischen Genfluss und nicht auf historische Vikarianzereignisse
zurtickzufiihren ist. Dies stellt einen klaren Unterschied zu weitver-
breiteten wirmeliebenden Reptilienarten aus der Westpaldarktis dar,
deren phylogeographische Struktur ganz entscheidend durch pleisto-
zdne Arealzerschneidungen, aber auch durch éltere Ausbreitungs- und
Vikarianzereignisse beeinflusst wurde. Die meisten S. pardalis zuge-
schriebenen Cytochrom h-Sequenzen aus der GenBank stellten sich als
Pseudogene oder chimérische Sequenzen aus authentischen mitochon-
drialen und Pseudogen-Fragmenten heraus. Dies unterstreicht, dass
GenBank-Sequenzen nicht unkritisch verwendet werden diirfen. Auch
die kiirzlich erfolgte Revalidierung der beiden Unterarten von S. par-
dalis ist auf eine chimirische Sequenz zurlickzufiihren, die irrtiimlich
der Unterart S. p. babcocki zugeschrieben worden war. Wie die Daten
der vorliegenden Arbeit zeigen, deckt sich die Verbreitung der
mitochondrialen Kladen weder mit den traditionell anerkannten
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Unterarten von S. pardalis, noch mit den betrichtlichen geograph-
ischen GroBenunterschieden bei der Pantherschildkrote, weswegen
es keinen Grund gibt, bei dieser Spezies Unterarten anzuerkennen.
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