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Mitochondrial DNA differentiation among
geographical populations of Pronolagus

rupestris, Smith's red rock rabbit (Mammalia:
Lagomorpha)

CONRAD A. MATTHEE & TERENCE J. ROBtNSON*
Department of Zoology and Entomology, University of Pretoria, Pretoria 000Z South Africa

Geographical genetic population structure was determined for an endemic African leporid,
Smith's red rock rabbit, Pronolagus rupestris. Restriction fragment length polymorphism analy-
sis of mitochondrial DNA from 55 specimens revealed 32 distinct maternal lineages for the 21
populations sampled. The data show two major genetic assemblages separated by a mean
sequence divergence of 7.94 per cent (±1.40 per cent) and provide little support for the
continued recognition of most of the described subspecies. The south-eastern assemblage is
confined to the mountain ranges comprising the Great Escarpment of South Africa, while the
north-western assemblage is not so tightly constrained. With the possible exception of eleva-
tion, no readily apparent ecological or topographical barrier could be identified which delimits
the two mitochondrial clades. The sequence divergence separating the south-eastern and
north-western P rupestris clades is high, and approximates the interspecific sequence diver-
gences detected between P rupestris and other Pronolagus species. The two P rupestris clades
are parapatric for part of their distribution, and the absence of shared mtDNA lineages is
consistent with the hypothesis that the two populations are reproductively isolated from each
other. We provisionally interpret this to reflect the presence of two hitherto undetected
biological species in what has conventionally been recognized as a single taxon, P rupestris.

Keywords: mitochondrial DNA, phylogeography, population structure, Pronolagus rupestris,
rabbit.

Introduction

The geographical patterns of genetic variation
detected within species are the product of both
historical and contemporary gene flow (Slatkin,
1987) and are mediated by factors that tend to
produce population subdivision including limited
dispersal capabilities, strong territoriality, patchiness
of the environment and social structuring. Many of
these life history traits characterize the African rock
or 'koppie' dwelling mammalian fauna such as the
rock hyrax (Procavia capensis), elephant shrews
(Family Macroscilididae), the klipspringer (a special-
ist antelope, Oreotragus oreotragus) and red rock
rabbits of the genus Pronolagus. In this study we
focus specifically on one of the saxicolous species,

*Correspondence

Smith's red rock rabbit, P rupestris, an African
endemic which occurs south of the Sahara (Fig. 1).
The species's distribution is characterized by a
southern population confined largely within the
borders of South Africa, and an east African isolate
which extends from northern Malawi, through
eastern Zambia and central Tanzania to south-
western Kenya (Smithers, 1983). Their microgeo-
graphical occurrence is highly dependent on the
availability of substantial rocky shelter (krantzes,
rocky hillsides, boulder-strewn koppies and rocky
ravines) which often occurs in the form of disjunct
'terrestrial islands'. The intervening unsuitable
habitat may produce isolated populations and result
in a relatively high degree of genetic differentiation
between local demes.

Our study of the patterns of geographical varia-
tion in mtDNA of Smith's red rock rabbit was
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Fig. 1 Pan African distribution of
Pronolagus rupestris (inset) and the
South African collection localities of
specimens used in this investigation.
A: Kuruman; B: Bloemfontein; C:
Campbell; D: Springbok; E: Donker-
poort; F: Ladismith; G: Grahams-
town; H: Golden Gate National Park;
I: Howick; J: Matatiele; K: Deales-
yule; L: Prieska; M: Nieuwoudtville;
N: Verkeerdevlei; 0: Victoria-West;
P: Sandgat; Q: Rolfontein; R: Voiks-
rust; S: Waterval Boven; X: Lyden-
burg; Y: Blydepoort Nature Reserve.
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prompted by two concerns. First, given the apparent
morphological differentiation (Roberts, 1951; Eller-
man et al., 1953; Petter, 1972) among the seven
currently recognized southern African subspecies
(Meester et al., 1986), and the sometimes marked
geographical discontinuities distinguishing many
populations, molecular measures of divergence
might be expected to reveal regional genetic differ-
ences between populations. Secondly, as deep divi-
sions in an infraspecific phylogeny represent a major
source of gene pool diversity within a species (Avise,
1992), our investigation has clear conservation impli-
cations. Whereas 1? rupestris, as currently under-
stood, is well represented in the existing network of
protected areas in southern Africa, the detection of
deep genetic partitioning could indicate the
presence of 'Evolutionary significant units' (ESU5;
Ryder, 1986) which fall outside of these areas.
Although the purpose of conserving ESUs is to
protect the evolutionary potential of major clades
within a species, an initial step in this process is the
analysis of historical population structure.

The work presented here is part of a broader
study relating to geographical mtDNA variability
within a number of saxicolous species (Prinsloo &
Robinson, 1992). Our ultimate aim is to attempt to
understand the microevolutionary processes involved
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in shaping the phylogeographical structure of the
African mammalian 'koppie' fauna. Avise et a!.
(1987) proposed that concordant mtDNA profiles
detected among the intraspecific phylogenies of
ecologically similar, but phylogenetically unrelated,
species may reveal historical features that figure
prominently in regional biogeography. Additionally,
should a common trend emerge from our investiga-
tions of selected African 'koppie' dwelling species it
would be of profound conservation significance. This
is especially so if the molecular data show particular
geographical regions which are characterized by high
intraspecifc biogenetic diversity, and therefore
represent foci worthy of consideration for regional
conservation actions (Avise, 1992).

Our aims in this investigation were threefold: (i)
to determine whether the mtDNA variation in R
rupestris is geographically structured; (ii) whether
evolutionary lineages revealed by mtDNA analysis
are concordant with conventional subspecies bound-
aries; and (iii) whether there is any agreement in
phylogeographical pattern between P rupestris and
published data on the rock hyrax, Procavia capensis
(Order Hyracoidea), a species with similar habitat
requirements and whose distribution in South Africa
overlaps significantly with P rupestris (Prinsloo &
Robinson, 1992).
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Materials and methods

Pronolagus rupestris specimens (N = 55), which
included representatives of six of the seven southern
African subspecies, were collected from 21 localities
within South Africa (Fig. 1). Heart, liver and kidney
samples were frozen in liquid nitrogen and trans-
ferred to an ultra cold freezer (— 70°C) until
processed. Intact mtDNAs were isolated using
conventional procedures (Lansman et al., 1981).
Mitochondrial DNA (10—50 ng) was digested using
14 Type II restriction enzymes following the manu-
facturer's recommendation (Promega and
Boehringer Mannheim). The resulting fragments
were end-labelled using 0.25 RCi c-32P-dCTP/dATP
in combination with the other three unlabelled
nucleotides and separated by horizontal gel electro-
phoresis using 1—2 per cent agarose slab gels. The
end-labelled fragments were dried onto Whatman 3
MM chromatography paper and visualized by
standard autoradiography. In instances where we
were unable to resolve some of the smaller frag-
ments (<500 bp) because of lane background,
Southern blotting (Southern, 1975) of mitochondrial
DNA was used (see Prinsloo & Robinson, 1992). In
these instances hybridization membranes were
screened using purified oligolabelled Pronolagus
mtDNA as probe (Feinberg & Vogelstein, 1983).
This approach was particularly useful with digestions
involving StyI where a large number of fragments
(10—12) were generated which ranged between 5.75
and 0.55 kb.

Estimates of nucleotide sequence diversity (d;
within populations) and divergence (between haplo-
types) were based on the fraction of shared restric-
tion fragments, and calculated using RESTSITE v.1.1.
(Nei & Miller, 1990). Two hundred bootstrap repli-
cates were performed to estimate standard errors
with a correction applied to d-values to avoid under-
estimation caused by large nucleotide substitution
values (Jukes & Cantor, 1969). The resulting
distance matrix was analysed by Neighbour-Joining
(Satou & Nei, 1987) and a mtDNA phylogeny of the
haplotypes obtained.

Genotypic diversity (h) within clades was
calculated using n(1—J)/(n—1) (Nei & Tajima,
1981) where f is the frequency of the ith mtDNA
genotype in a sample of size n (Avise et a!., 1989).
An estimate of population subdivision (N) was
made by calculating the fraction of nucleotide varia-
tion within and between populations (Lynch &
Crease, 1990); all populations where fewer than
three specimens were sampled were excluded. The
D statistic was used as an estimate of significance

with D>3.84 rejecting the hypothesis of no popula-
tion subdivision at the 5 per cent significance level
(Lynch & Crease, 1990).

Phylogeographical parsimony networks were
constructed between haplotypes by calculating the
number of site changes between different restriction
fragment patterns for each enzyme (Avise et a!.,
1979a). The different mtDNA haplotypes were
subsequently compared in a pairwise fashion and the
amount of changes summed over all enzymes used.
Finally, the different lineages were connected in a
phylogenetic network comprising the minimum
number of mutational steps between linked popula-
tions and the network subsequently overlaid on a
map of the region.

Results

Our analysis of the 55 1? rupestris specimens revealed
60 different restriction fragment profiles (Fig. 2).
Estimates of mtDNA variation were based on a total
of 2873 fragments resulting in a mean of 52.24 frag-
ments per specimen. The size of the mitochondrial
genome of this species was estimated at 18.00 kb
(± 164 bp), in the upper size range reported for
mammals (Brown, 1983) but in good agreement with
other leporids (Biju-Duval et aL, 1991); approxi-
mately 1.74 per cent of the mtDNA genome was
analysed. In some instances heteroplasmy was
observed. A similar situation exists in the domestic
rabbit, Oiyctolagus cuniculus, Lepus and Sylvilagus
(Biju-Duval et al., 1991) and, with the addition of
Pronolagus, is a phenomenon probably shared by all
leporids. Where heteroplasmy was detected with
specific enzymes this was readily distinguishable
from site differences, and was consequently ignored
in the calculation of the Pronolagus rnitochondrial
genome size.

Thirty-two haplotypes (Table 1) were identified
from the 21 geographically discrete P rupestris popu-
lations surveyed in this study. Pairwise estimates of
nucleotide divergence between haplotypes are given
in Table 2 and the maximum number of haplotypes
detected in any single population was four (Golden
Gate National Park, locality H; Lydenburg, locality
X).

The relationship among the 32 haplotypes is
summarized in the Neighbour-Joining tree presented
in Fig. 3a. Two major lineages of Smith's red rock
rabbit are evident in South Africa: a larger and
geographically more extensive lineage which occurs
in the south-eastern regions of the country (haplo-
types 10—32), whereas a second lineage comprising
haplotypes 1—9 is found in the north-west. Although
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there is no evidence in the south-eastern cluster to
support any of the current subspecies designations, it
is noteworthy that within the north-western dade
two pronounced subclades occur: one comprising
specimens from geographically quite distant popula-
tions which contains specimens predominantly from
the subspecies 1? r melanurus and R r rupestris, and
the second subclade consisting of specimens refer-
able on traditional characters to 1? r cunyi.
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The unordered parsimony network, based on the
least number of mutational steps between haplo-
types, was superimposed on the geographical sources
of collections (Fig. 3b) and, as with the Neighbour-
Joining tree, clearly shows the same two major
mtDNA clades. The north-western dade is situated
predominantly in the northern parts of the Cape
Province, but includes parts of the Orange Free
State, whereas the more extensive south-eastern
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Fig. 2 Graphical representation of the mtDNA restriction fragments generated by a suiteof 14 type II endonucleases for
Pronolagus rupestris. Fragment sizes have been scaled so that their sum equals overall meanmitochondrial genome size.
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Table 1 Mitochondrial haplotypes observed in 55 specimens of Pronolagus rupestris

Haplotype
designation

No. of
specimens

Composite restriction profile

Asp! BamHI ClaI JcnI PstI XbaI Sad Stul ApaI Scal Dral AvaI Hindill Sty!

1 1 a a a a a a a a a a a a a d
2 2 a a b a a a a a a a a a a d
3 1 a a b a a a a a a a a a a e
4 1 a a b a a b a a b b a a a e
5 1 a a c a a b a a b b a a a e
6 1 a a b a a b a a b a a a a e
7 1 a a b a a a a a b a a a a e
8 1 b a b b a c b a c a b a b a
9 1 b a b b a c b a c a b b b a

10 1 b b b b b a c b d c g c c b
11 2 b b b b c d c c d c c c c c
12 1 b b b b b a c b d c d c c b
13 1 b b b b b a c b d c e c c b
14 4 b b b b c a c b d c d d c c
15 1 b b b b c c c b d d d c d f
16 1 b b b b b a c c d d f c e b
17 1 b b b b c a C b d c d c f f
18
19

1
1

b
b

b
b

b
b

b
b

b
b

c
a

d
c

c
c

d
d

c
c

f
f

c
c

g
c

g
b

20 1 b b b b b a c c d c f c c c
21 1 b b b b b c c b d d f c h b
22 2 b b b b b a c b d d f c e b
23 1 b b b b b a c b d c f c e b
24 1 b b b b b c c c d c d c c b
25 3 b b b b c a c c c d d c f c
26 2 b b b b c a e c c d d c f c
27 2 b b b b c e c c c d f e f b
28 2 b b b b c a c c d C d c f c
29 3 b b b b c c c c c d f e I b
30 9 b b b b c c c c c d d e f b
31 3 b b b b c a c c c d d e f b
32 1 b b b b c a c c c d f e f b

dade loosely follows the mountain ranges compris-
ing the Great Escarpment of South Africa (Bristow
& Ward, 1988). This analysis reveals that at least 45
mutational steps separate the maternal lineages
present in the north-western dade (haplotypes 1—9)
from those in south-eastern dade (haplotypes
10—32). There are no shared lineages between the
two metapopulations. Although most of the haplo-
types in the latter are separated by relatively high
numbers of restriction site changes, this is in sharp
contrast to the patterns detected in north-western
reaches of the country. In this dade single site
changes invariably separate matrilines (even
geographically distant ones), the only exception
being haplotypes 8 and 9 of the Kuruman popula-
tion (locality A, Fig. 1) which are distinguished by 11

site changes from their nearest relatives. Addition-
ally, the fragment profiles of nine of 14 restriction
enzymes were dade-specific (AvaI; BamHI; DraI;
Hindill; PstI; Sad; ScaT; StuI; StyI; Fig. 2) whereas
the endonucleases ClaI and XbaI, which were poly-
morphic, failed to separate the two clades. Speci-
mens from Kuruman in the north-western clades
shared restriction fragment profiles (AspI, Kpnl,
ApaI) with individuals from the larger south-eastern
dade.

The two major geographical lineages were sepa-
rated by a mean sequence divergence of 7.94 per
cent (±1.40 per cent) with the two most divergent
haplotypes (numbers 5 vs. 27), and least divergent
(numbers 8 vs. 25) yielding estimates of 12.45 per
cent (± 1.62 per cent) and 5.95 per cent (±1.09 per

The Genetical Society of Great Britain, Heredity, 76, 5 14—523.
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(a)

cent), respectively. Sequence diversities of 1.09 per
cent (±0.22 per cent) within the north-western
dade and 1.69 per cent (±0.34 per cent) within the
south-eastern dade were found. Genotypic diversity
was estimated at 0.958 for the north-western dade
and 0.866 for the south-eastern dade. The north-

Fig. 3 (a) Neighbour-Joining tree
based on mtDNA sequence diver-
gence between 32 Pronolagus rupestris
haplotypes. Haplotypes 1—9 are
representative of the north-western
dade and 10—32 the south-eastern
dade. (b) Phylogeographical network
based on the minimum number of
mutational steps between P rupestris
maternal lineages. Bars along
connecting branches indicate the least
number of mutational steps between
haplotypes.

western dade was excluded from the N5 calculations
because of a lack of sufficient numbers of individuals
in the seven different populations. The eight popula-
tions included from the south-eastern dade showed
a statistically significant differentiation with an N5
value of 0.246 (D statistic = 6.3507; SE = 0.098).

The Genetical Society of Great Britain, Heredity, 76, 514—523.
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Discussion

The most striking result to emerge from this study is
the presence of two major genetic and geographi-
cally distinct maternal lineages within I? rupestris:
one located in the south-eastern portion of South
Africa, and the other in the north-west. The popula-
tion structure is, with few exceptions, not concordant
with the current subspecific taxonomy of P rupestris.
Although geographically not well delineated
(Meester et al., 1986) the rupestris, curryi and mela-
nurus subspecies all fall within the north-western
dade with barretti, australis and saundersiae cluster-
ing within the south-eastern dade. Although
stochastic mtDNA lineage survivorship (Avise, 1989)
could probably be invoked to account for the lack of
concordance with previously described subspecies
boundaries, it seems that with the exception of the
genetically distinct Kuruman population in the
north-western dade (specimens of which, using
existing keys, are referable to P r cunyi), the
remaining subspecies as currently delineated prob-
ably do not represent valid taxonomic entities.

Equally striking is the fact that the marked
mtDNA discontinuity detected in Smith's red rock
rabbit does not coincide with that of the rock hyrax
(Procavia capensis; Prinsloo & Robinson, 1992), a
species with similar habitat requirements and codis-
tribution, therefore excluding the effects of a
common vicariant event on their phylogeography.
The rock hyrax discontinuity is thought to reflect
dispersal along two separate routes which show
fidelity to mountain ranges comprising the Great
Escarpment and those of the Soutpansberg-Maga-
liesberg axis (see Fig. 3 in Prinsloo & Robinson,
1992). Although the south-eastern P rupestris dade
seems similarly bound to the mountain ranges and
abutting regions of the Great Escarpment of South
Africa, the north-western assemblage is not so
tightly constrained and it seems likely that the
current distribution, and observed patterns of
genetic variation within these populations, probably
resulted from a combination of vicariance and
dispersal events.

The large number of unique mtDNA lineages
found in the south-eastern dade, most of which are
characterized by relatively high sequence divergen-
ces (Table 2), suggest that the constituent popula-
tions have been isolated from each other for long
periods thus allowing for the accumulation of unique
site changs. This is underscored by the values
which provide evidence of significant population
structure in this dade. Taken together, these results
are consistent with the view that the majority of
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populations sampled within the south-eastern assem-
blage are old, and that historic gene flow between
populations has been limited.

In contrast, the genetic structure of populations
comprising the north-western P rupestris assemblage
is more enigmatic. Two discrete subclusters are
evident from the Neighbour-Joining tree topology
(Fig. 3a) as well as from the parsimony network
where a minimum of 11 steps separate the Kuruman
collection locality (locality A; haplotypes 8 and 9)
from the other north-western lineages (Fig. 3b).
Particularly noteworthy is the low number of site
changes linking the remaining populations, many of
which are geographically distant, which is clearly at
variance with the general pattern evidenced by
populations comprising the south-eastern dade.
These data (single site changes and low sequence
divergences connecting populations over such a
broad distribution area) are consistent with recent
dispersal events within the north-western mtDNA
dade.

With the possible exception of elevation, no
readily apparent ecological or topographical barrier
appears to separate the populations comprising the
two mtDNA assemblages detected in this study. In
fact, the physiognomy of the habitat bridging the
two mitochondrial clades appears indistinguishable
from that characterizing most of the northern dade.
In broad terms, the sample populations of the south-
eastern assemblage appear to constitute 'high alpine'
communities (mean elevation 1933 m 292 m; range
1641—2225 m) whereas those of the north-western
dade are, with the exception of Kuruman (locality
A; see below), generally found at lower elevations
(1469m±86 m; range 1358± 1709 m). In this respect
it is revealing that the Kuruman mountains (1855
m), with an elevation more in keeping with the
south-eastern dade's populations, show the nearest
neighbour connection to the 'high alpine' south-
eastern assemblage in the parsimony network (45
steps; Fig. 3). We hypothesize that this region repre-
sents a relict population of what was historically a
more widely distributed south-eastern assemblage
and that changing environmental factors, possibly in
association with glacial and interglacial periods in
the Pleistocene (Deacon & Thackeray, 1983), may
have caused widespread extinction of populations in
marginal habitat. (Marginal habitat is typified by
'terrestrial islands' surrounded by the extensive
plains of the interior, as opposed to core habitat
where discrete populations are distributed within, or
in close proximity to, the continuous mountain
ranges of the Great Escarpment.) Under this
scenario the higher Kuruman elevations (±1855 m,
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cf. the 1050 m of the surrounding plains) and
possibly more mesic conditions of the Kalahari-
thornveld (±457 mm annual rainfall, cf the
mm annual rainfall of the Karoo and Karoid plains)
provided refugia from which the subsequent
recolonization within the marginal habitat of the
plains subsequently took place.

Given the essentially parapatric distribution
pattern of the two clades (at least in parts of their
ranges; Fig. 3b), the absence of shared haplotypes
between them and relatively short geographical
distances separating some of the dade-specific popu-
lations (for example locality B from N and L from
0), one cannot help but question whether species
status for the two assemblages could perhaps be
justified. Our estimate of a mean sequence diver-
gence of 7.94 per cent between the two clades is
higher than what has been previously reported in
many other intraspecific studies including those on
rodents (Avise et a!., 1979b, 1983), horses (George
& Ryder, 1986), fruitbats (Pumo et al., 1988), deer
(Carr et a!., 1986; Cronin, 1992), peccaries (Theimer
& Keim, 1994) and in the companion study on the
rock hyrax (Prinsloo & Robinson, 1992) and falls
more closely within the range previously reported
for various interspecific divergences (for example
Cronin, 1991; Gill & Slikas, 1992). But, even more
revealing, this value approximates the 8.75 per cent
(± 1.43 per cent) interspecific sequence divergence
separating P rupestris from its congener P randensis
(Matthee, 1993). Clearly, a definitive statement on
this issue is currently not possible as our data merely
reflect the results of a single, albeit particularly
informative locus. If, however, other discrete charac-
ter states can be identified that are uniquely shared
by the rabbits constituting the mtDNA clades
detected in this study, a strong case for species
status can certainly be made.
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