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Abstract.—The southern rock lizard Australolacerta australis is a rock-dwelling lizard
endemic to South Africa. The phylogenetic relationships of this species with other lacertid
lizards are still not clear and have never been assessed in any phylogeny of Lacertidae using
DNA sequence data. In this study we employed 3 044 base pairs from mitochondrial
cytochrome b, 12S and 16S rRNA genes to investigate the phylogenetic position and the
evolutionary history of A. australis. We performed phylogenetic analyses under the
assumptions of Maximum Likelihood and Bayesian inference and estimated the timing of
the cladogenic events related to 4. australis by using a relaxed molecular clock method. Our
phylogenetic reconstruction clearly placed A. australis within the southern African branch
of the tribe Eremiadini including genera Tropidosaura, Meroles, and Pedioplanis. The former
genus constitutes with A. australis a clade endemic to southernmost mountains of Africa.
The radiation of this southern African clade is estimated to have occurred during the Mid
Miocene (14.7-11.5Mya), and it was likely due to the climate changes that occurred in the
South African region at that time.

Key words.—Lacertidae, Australolacerta australis, Eremiadini, phylogeny, southern Africa,
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Lacertids are some of the most studied lizards and several estimates of their
phylogeny have been made by means of morphological (Arnold 1986, 1989),
immunological (Mayer & Benyr 1994), and genetic data (Fu 1998, 2000; Harris
et al. 1998a; Mayer & Pavlicev 2007). Molecular phylogenies of the whole family
(Harris et al. 1998a; Fu 2000; Mayer & Pavlicev 2007) clearly distinguish the
subfamilies Gallotiinae (including the genera Gallotia and Psammodromus) and
Lacertinae (including the remaining genera) in which two other groups may be
recognised: the African (the armatured) clade and the Eurasian clade which are
considered as tribes (Eremiadini and Lacertini respectively; Arnold et al. 2007) or
subfamilies (Eremiadinae and Lacertinae respectively; Harris et al. 1998a; Pavliev &
Mayer 2009). Although African lacertids show the highest diversity in the southern
African region (Arnold 1989), to date only the genera Meroles and Pedioplanis have
been investigated using molecular data (Harris et al 1998b; Lamb & Baur 2003,
Makokha et al. 2007) and their evolutionary history been clarified. Interestingly, the
evolutionary history of both Meroles (Lamb & Bauer 2003) and Pedioplanis
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(Makokha et al. 2007), as well as of other lizards (Lamb ez al. 2003; Bauer & Lamb
2005), has been associated with the habitat changes driven by climate aridification
that occurred in South Africa during the Mid-Miocene (Siesser 1978, 1980).

The southern rock lizard, Australolacerta australis (Hewitt 1926) is a rock-
dwelling lizard restricted to the Cederberg Mountains (Western Cape, South Africa)
and a few other neighbouring areas (Fig. 1). Among African lizards, this is one of the
most poorly known species. It was assigned by Hewitt (1926) to the Palaearctic genus
Lacerta (subgenus Podarcis), producing a zoogeographic and systematic dilemma
which remained unresolved since no further specimens were available for examina-
tion after the single female collected in 1926 by Lightfoot from Matroosberg, near
Ceres (Western Cape Province, South Africa). In addition, for some years even the

Figure 1. Sampling location and distribution (light shaded area) of Australolacerta australis.
The range of the species is based on records from the specimens preserved in the
herpetological collection of the Stellenbosch University and used in Bombi et al. (2006).
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type disappeared. A few years later, another unexpected lizard was found in
the Soutpansberg (Limpopo Province, South Africa) and described as Lacerta
( Podarcis) rupicola by FitzSimons (1933). The description of both southern and
Soutpansberg rock lizards remained the only studies about these species for nearly
half a century, until new specimens were found in the Cederberg (Haacke 1982; De
Villiers et al. 1983; Mouton et al. 1987) and Soutpansberg areas respectively.
Australolacerta australis has been included only in the studies of morphology
(Arnold 1989) and albumin immunology (Mayer & Benyr 1994) but has never been
assessed in any phylogeny of Lacertidae using DNA sequence data. In a
morphological study, Arnold (1973) suggested a close relationship between A.
rupicola and Tropidosaura but stated the position of 4. australis as unknown since no
specimens were available at that time. Later, Arnold (1989) formalised the genus
Lacerta as polyphyletic and placed A. rupicola and A. australis in the present genus,
suggesting a possibly basal, although unclear, position within the Ethiopian
assemblage. Using albumin immunology in the assessment of relationship of the
family Lacertidae, Mayer & Benyr (1994) tentatively placed A. australis as sister to
Meroles although the data they used actually failed to resolve the relationship of
A. australis.

We employed mitochondrial DNA markers to test (1) whether 4. australis has a
close phylogenetic relationship to other African genera as suggested by albumin
immunology (Mayer & Benyr 1994) and by morphology (Arnold 1983, 1989), and (2)
whether the paleogeographic and paleoclimatic events that occurred in the South
African region have played a role in the evolution of 4. australis as they likely did for
other South African lizards. Thus, the aims of this paper are to investigate
the phylogenetic relationship of A. australis relative to lacertid lizards, and to
place the main events of the evolutionary history of 4. australis in a relative time
frame in order to elucidate historical and ecological factors underlying the evolution
of this species.

Tail tips from two A. australis specimens from Hoogverton (Cederberg
Mountains, Western Cape, South Africa; see Fig. 1) were obtained in the field and
stored in pure ethanol. Total DNA was extracted from tail muscle following standard
phenol/chloroform methods (Hillis ez al. 1996). Total DNA was used as template for
the polymerase chain reaction (PCR). Primers used for PCR and sequencing are
those used in Fu (2000) with some modifications (L717, H1478, H1497 and H2568
for 12S gene; H1497, H2568, 12510-modified [5-TCAACTGTTTACCAAAAA
CAT-3"] and H3060 for 16S gene; L15153, H15488-modified [5-TTGCGGGTGA
GAAGTTTTCTGGGTC-3], and H15915 for cytochrome b gene). Both heavy and
light strands were sequenced by an automated sequencer (Hitachi 3100 Genetic
Analyzer), at the ENEA laboratories (La Casaccia, Rome).

A total of 3 044 base pairs of DNA sequences from mitochondrial cytochrome
b, tRNAT 128 rRNA, tRNAY¥ and 16S rRNA genes (715 bp, 31bp, 864 bp, 72 bp,
and 1362 bp respectively) were obtained from two specimens of A. australis (accession
numbers FR751395-FR751398). The sequences from 33 species from 24 genera
representing the main lineages of the family Lacertidae (mostly from Fu 2000) were
obtained from GenBank (accession numbers AF206173, AF206529-AF206542,
AF206544-AF206547, AF206587-AF206599, AF206601-AF206605, AF206607-
AF206616, FJ 460597, NC008328, NC011764, U69834, U88603). Following
Towsend et al. (2004) the species Neusticurus sp. (Teioidea) and Blanus cinereus



Downloaded By: [B-on Consortium - 2007] At: 17:12 15 March 2011

AFRICAN JOURNAL OF HERPETOLOGY 60(1) 2011 63

(Amphisbaenidae) were used as outgroups (accession numbers AF206528,
AF206584, EU443257).

Sequences were aligned using ClustalX (version 1.8, Thompson ez al. 1997) and
then adjusted by hand. Ambiguous alignment within ribosomal sequences were
selected by the software Geneblock (following a relaxed selection of blocks [Talavera
& Castresana 2007]) and removed from the analysis.

Two dataset were used in phylogenetic analysis, one including 12S and 16S gene
sequences from 35 taxa (12S-16S dataset) and another one including 12S, 16S and
cytochrome b gene sequences limited to 28 taxa (12S-16S-cyth dataset). Each dataset
was partitioned by gene fragment and congruence between these partitions were
tested using 1 000 replicates of the partition homogeneity test in PAUP* (v. 4.0b10,
Swofford 2002). Phylogenetic analyses were performed under the assumptions of
Maximum Likelihood (ML) and Bayesian inference (BA) employing partition-
specific nucleotide substitution models and parameters estimated separately for each
partition during the phylogenetic reconstruction.

ML reconstruction was performed in Treefinder version October 2008 (Jobb
2008). We selected the best-fitting model of nucleotide substitution for each gene
partition independently using the corrected Akaike Information Criterion in the
model proposal function of Treefinder and performed searches under the selected
models. The GTR 4+ G model was selected for the 12S and 16S partitions, and TIM
for the cytochrome b partition (each model with rate parameters optimisation and
empirical estimation of frequency parameters). We evaluated support for the nodes
with 1 000 replicates of the Expected-Likelihood Weights applied to Local
Rearrangements of tree topology (LR-ELW; Strimmer & Rambaut 2002). Bayesian
searches were done in MrBayes 3.1.2 (Ronquist & Huelsenbeck 2003). The optimal
models of nucleotide evolution for the Bayesian analysis were selected using
jModelTest 0.1.1 (Posada 2008) under the Akaike Information Criterion as the
GTR + 1+ G model for the 12S and 16S partitions and the Tvm + G model for the
cytochrome b partition. Bayesian analysis started with a randomly generated tree and
was run for 107 generations sampling one tree each 1 000 generations. Stationarity
was considered to be reached when the average standard deviation of split
frequencies shown in MrBayes was less than 0.01 (Ronquist & Huelsenbeck 2003)
and confirmed by plotting log-likelihood scores and tree lengths against generation
number using the software Tracer 1.4 (Rambaut & Drummond 2007). The first 2 500
trees (25%) were discarded as burn-in and the remaining trees were used to assess
posterior probabilities (BPP) for nodal support. To assess the timing of the
cladogenic event which originated A. australis we used a molecular clock for the
complete dataset (12s+16S+cyth) with the Local Rate Deformation Method
(LRDM) in Treefinder. Because we wanted to estimate the divergence time for
A. australis, as suggested by Jobb (2008) tree calibration was applied to a selected
part of the tree including the branches of interest and the taxa used for calibration
constraints. Primary calibration points for the tree are not available
either from biogeographical or fossil data. Instead, we used four secondary
calibration points derived from previous studies: the age of split of Podarcis species
at 5.1 million years ago (Mya), the split of Lacerta species at 9.1 Mya, the split
between Psammodromus and Gallotia at 12.8 Mya, and the timing of Lacertine
radiation from 13.5 to 16 Mya (Carranza et al. 2004; Arnold et al. 2007; Pavlicev &
Mayer 2009). In order to estimate confidence intervals of divergence time, we used
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the resampling of edge lengths by ML bootstrap analyses under a fixed topology
(1 000 replicates), and the resampling of calibration times from the calibration time
intervals (100 time replicates).

After alignment and removal of ambiguously-aligned sites, 2 206 characters
remained of the 12S-16S dataset (89%), of which 1362 were variable. The 12S-16S-
cyt-b dataset comprised 2 990 characters, of which 1815 were variable. Partition
homogeneity tests revealed congruence between the gene partitions (P>0.05) both in
the 12S-16S dataset and in the 12S-16S-cyt-b dataset. The comparison between the
phylogenies from ML and BI analyses based on the two datasets together with nodal
support are shown in Fig. 2. Overall, the ML and BA trees inferred from both the
12S-16S and the 12S-16S-cyth datasets were largely congruent. Australolacerta
australis fell inside the African clade (LR-ELW>94, BPP = 100) and in particular
within a strictly-southern-African clade including this species and Tropidosaura
gularis (LR-ELW>83, BPP =99). This clade, endemic to southernmost mountains
of Africa, grouped into a well supported southern African assemblage also including
the genera Meroles and Pedioplanis (LR-ELW>83, BPP>99). The Sub-Saharan
genera Nucras, Heliobolus and Latastia, mostly distributed in East Africa, grouped in
a well supported clade (LR-ELW>99, BPP> 100, although the 12S-16S-cytb dataset
does not include the genus Nucras) which was the sister group to the southern
African clade (LR-ELW >89, BPP =100). The remaining Palaearctic and equatorial
African genera of the Eremiadini (Acanthodactylus, Eremias, Adolfus, Ophisops,
Atlantolacerta) constituted an assemblage basal to the southern African clade
with poorly resolved relationships. As expected the subfamilies Gallotiinae and
Lacertinae, and the tribes Eremiadini and Lacertini received high support in all the
analyses (LR-ELW>90, BPP =100). With the exception of the genus Adolfus, the
monophyly of all genera with multiple representatives (Meroles, Eremias, Lacerta,
Timon and Podarcis) was verified by all the analyses (LR-ELW and BPP =100).

The chronogram (Fig. 3) shows time estimates for the cladogenic events related to
A. australis from the LRDM molecular clock analysis. This analysis placed the major
cladogenic events concerning the East African and southern African clades during
the Mid-Miocene (14.6-7.8 Mya). The split between the Sub-Saharan and the
southern African clades is estimated to have occurred 14.6 Mya (confidence interval,
CI: 16.7-12.5Mya), the divergences among genera of the southern African clade
13.1 Mya (CI: 14.7-11.5Mya), and the split between A. australis and T. gularis
9.3 Mya (CI: 10.8-7.8 Mya).

Our phylogenetic reconstruction clearly places 4. australis within the strictly-
African branch of the tribe Eremiadini. Australolacerta australis is the sister species
to Tropidosaura gularis with which it constitutes a clade endemic to the southernmost
mountains of Africa. All the phylogenetic trees strongly support the sister taxon
relationship of A. australis and T. gularis corroborating the hypotheses of a close
relationship between this two genera based on morphological traits (Arnold 1973).
Congruent with their geographical distribution, the other two southern African
genera Meroles and Pedioplanis constitute a well supported clade with A. australis
and T. gularis, although it is not possible to disentangle which genus, of Meroles and
Pedioplanis, is the sister genus to the A. australis+ T. gularis clade. The close
relationship among Pedioplanis, Meroles and Tropidosaura is congruent with
previous allozyme, mtDNA, and nuclear DNA phylogenies (Mayer & Berger-
Dell’'mour 1988; Harris et al. 1998b; Fu 2000; Mayer & Pavlicev 2007; see also
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Figure 2. Maximum likelihood phylogenetic trees based on the 12S-16S combined dataset
(A) and the 12S-16S-cyth dataset (B). Phylogenetic trees are rooted using the species
Neusticurus sp. (Teioidea) and Blanus cinereus (Amphisbaenidae) as outgroups (not shown).
Statistical support for major nodes are indicated above the branches of tree topology as
Expected-Likelihood Weights applied to Local Rearrangements (LR-ELW) for Maximum
Likelihood analysis (ML) and Bayesian posterior probability (BPP) for Bayesian analysis
(BA) (LR-ELW / BPP; * =LR-ELW<50 or BPP<90; — =node not recovered in the
analysis). All the clades formed by congeneric species were supported by LR-ELW and
BPP =100 (not shown).

Arnold et al. 2007). Conversely, Makokha et al. (2007) estimated that Pedioplanis is
the sister taxon to the East African genera Heliobolus and Nucras. Such differences in
phylogenetic estimates are likely due to the different taxon sampling between these
studies as well as to the outgroup choice. Indeed, Makokha et al. (2007), in assessing
the relationships among the genera Pedioplanis, Meroles, Heliobolus, and Nucras,
rooted the phylogenetic tree using Australolacerta which would actually belong to the
same group of Meroles and Pedioplanis. Nevertheless, these authors were mostly
focused on the relationship within the genus Pedioplanis.

The comparison between our sequence data of 4. australis and those generated
by Makokha et al. (2007) is possible only for a 16S gene fragment (500 bp) and
revealed a high genetic differentiation (3.0-3.4%, uncorrected pairwise distances)
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Figure 3. Chronogram with time estimates for the cladogenic events related to East African
and southern African clades from the LRDM molecular clock analysis based on the
12s+ 16S +cyth dataset. The timing of Lacertine radiation (from 13.5 to 16 Mya) and the ages
of split of Podarcis, Lacerta, and between Psammodromus and Gallotia (at 5.1 Mya, 9.1 Mya,
and 12.8 Mya, respectively) were used as calibration points and the respective nodes are
marked by black circles in the tree. Values in the left column indicates divergence times and
95% confidence limits (square brackets).

between specimens from the Cederberg area and those from the southernmost areas
of the species’ range, about 115-150 km away from Hoogverton (Zuurberg Private
Nature Reserve, Naudesberg-Langeberg, and Goedemoed-Langeberg). These values
are considerably high for conspecific specimens and similar to the corresponding
distance detected between well-recognised lizard species included, among others, in
the genera Pedioplanis, Mesalina, and Podarcis (see Makokha et al. 2007; Kapli et al.
2008; and Poulakakis et al. 2005, respectively). This would suggest that A. australis is
probably a polytypic species or even a species complex, and highlights the need for
further investigation on the pattern of genetic variation of this species.

The divergence time estimates suggested that the cladogenic event between the
East African and the southern African clades, as well among genera within them,
occurred during the Mid-Miocene (16.7-12.5 Mya). More specifically, the radiation
of the southern African clade is estimated to have occurred 14.7-11.5 Mya. Given
that primary calibration points for the dating procedure are not available, and the
intrinsic inaccuracy of divergence time estimates based on molecular data (e.g. Heads
2005), our estimates should be considered coarse approximations aimed at placing
the main events of A. australis’ evolutionary history in a relative time frame rather
than at providing exact dating. Based on these temporal hypotheses, the main
evolutionary events related to A. australis took place during a period of great
climatic instability in South Africa. Thus, as suggested also for other lacertids (Lamb
et al. 2003; Lamb & Bauer 2003; Bauer & Lamb 2005; Makokha et al. 2007), the
climate changes that occurred in South African region during the Mid-Miocene
could have played an important role in the evolution of A. australis and T. gularis,
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which remained confined in mountain areas. In South Africa climate changed during
the Miocene in relation to the glaciation history and the palaeogeographic evolution
of Antarctica (Woodruff et al. 1981; Zachos et al. 2001; De Conto & Pollard 2003).
During the early and middle Miocene, climate was more mesic than current
conditions (Udeze & Oboh-Ikuenobe 2005). The increase in Antarctic glaciation
from 14 Mya (Woodruff et al 1981; Zachos et al 2001), associated with a
strengthening of the South Atlantic high-pressure cell (Shi ez al. 2001), initiated a
trend towards the modern seasonally arid conditions in the Cape Floristic Region
(Linder 2005). The separation of Antarctica from South America made possible the
development of a cold circum-Antarctic (Benguela) current around 14-11 Mya
(Siesser 1978, 1980), which concurred to make the South African climate colder and
to start the aridification process in the Cape region. Such aridification played a
crucial role in the transformation (initiated 26 Mya) of sub-tropical forest to the
fynbos vegetation of today (Richardson ez al. 2001). In South Africa, the mentioned
Miocene palaeoclimatic changes had a stronger effect in determining the principal
radiation events in lizards (see Daniels ez al. 2004 and references therein), than the
following Plio-Pleistocenic glaciations. Indeed, in the Austral Hemisphere these
glaciations were much less severe than in the Boreal Hemisphere (Moritz et al. 2000;
Glor et al. 2001).

In conclusion, Australolacerta australis belongs to the southern African radiation
of the Eremiadini, which is likely associated with the climatic changes occurred in
this region during the Mid-Miocene. Tropidosaura rather than Meroles is the sister
genus to Australolacerta. Further morphological and molecular analyses will be
needed to assess the apparently huge differentiation within 4. australis as has been
evidenced by 16S rRNA data.
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