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INTRODUCTION
Historically, Cape mountain zebras (Equus zebra

zebra) were widely distributed along mountain
ranges in the Eastern and Western Cape provinces
of South Africa (Boshoff, Landman & Kerley,
2015). By the 1930s, excessive hunting and habi-
tat loss resulted in a reduction in Cape mountain
zebra numbers with populations being confined to
only five localities. Two of these subpopulations
subsequently became extinct. Three relic popula-
tions currently exist; the population in the Cradock
district, was formally protected in 1937 by the proc-
lamation of the Mountain Zebra National Park
(MZNP; Lloyd 1984). The two other populations in
the Kammanassie and Gamka Mountains, have
been protected since 1923 and 1971, respectively.
Cape mountain zebra numbers increased steadily
from their critical status of fewer than 80 individu-
als in the 1950s, to an estimated minimum of 4791
individuals by 2015 (Hrabar & Kerley, 2015).Plains
zebra (Equus quagga burchelli) were subse-

quently introduced, in sympatry with Cape moun-
tain zebra into four formally protected areas, in-
cluding the MZNP in 1999 and Karoo National
Park in 1998. Until recently no cases of hybridiza-
tion between plains zebra and Cape mountain ze-
bra were known. Hybridization was not of great
concern as a threat to Cape mountain zebra popula-
tions as fertile hybrids were thought to be unlikely,
due to the relatively large difference in the number
of chromosomal pairs between the two species
(44 versus 32 in plains zebra and Cape mountain
zebra, respectively; Ryder, Epel & Benirschke,
1978; Cordingley et al., 2009; Hrabar & Kerley,
2013). By 2013, the plains zebra population had
increased substantially in the MZNP (estimated at
769 Cape mountain zebra and 124 plains zebra by
aerial census (unpublished aerial census data,
2013) and were potentially competing with Cape
mountain zebra for resources. A decision was thus
taken to remove the plains zebra. This intervention
resulted in a disruption in the social structure, and
some of the small, fragmented groups or plains
zebra individuals joined Cape mountain zebra
herds. In addition, conservation officials observed
‘Cape mountain zebra’ with plains zebra charac-
teristics. These included slight shadow striping,
stripes extending all the way down to the ventral
midline of the chest and abdomen, and, although
they did have the reddish muzzle of mountain
zebra, they did not have the characteristic moun-
tain zebra gridiron pattern on their rumps (Fig. 1),
but rather had absent or distorted patterns on the
rump. They exhibited the distinct dewlap of the
Cape mountain zebra and ear shapes were similar
to plains zebra. This raised concerns of possible
hybridization between the two species. Here, we
report on a molecular evaluation using maternal,
paternal and biparental markers to identify sus-
pected hybrid Cape mountain and plains zebra in
MZNP and Karoo National Park, South Africa.

MATERIALS AND METHODS
Ethical approval for this project was obtained

through the Research and Ethics Scientific Com-
mittee of the National Zoological Gardens of South
Africa number: P13/10. Blood samples were
collected in ethylenediamine tetraacetic acid
(EDTA) tubes from 101 animals located in the
MZNP, of which four stallions were suspected of
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being hybrids, this based on their morphological
appearance (332/14 and 335/14) or association
within a family group (334/14 and 341/14). In addi-
tion, ten samples were collected from the Karoo
National Park. A combination of etorphine hydro-
chloride (M99, Novartis), azaperone (Stresnil,
Janssen-Cilag) and hyaluronidase (Hyalase, Kyron
Laboratories) was used to immobilize the animals.
Semen sample to examine sperm quality and
quantity, of the suspect hybrid stallions, could not

be collected. Reference samples of Cape mountain
zebra had previously been collected from Moun-
tain Zebra National Park (n = 7) and private game
farms (n = 88) and reference samples of plains
zebra were collected from private game farms
(n = 26) that have no history of co-occurance of the
two equids.

A total of 16 microsatellites markers developed
for Grevy’s zebra E. grevyi (Ito, Hayano, Langen-
horst, Sakamoto & Inoue-Murayama, 2013) were
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Fig. 1. Representative phenotypes of Cape mountain zebra (top), plains zebra (middle) and their interspecific hybrid
(bottom).



used to genotype all individuals using the reported
amplification conditions. PCR products were
pooled together in four multiplexes and were run
against Genescan™ 500 LIZ™ (Applied Bio-
systems, Inc.) internal size standard on an ABI
3130 Genetic Analyzer (Applied Biosystems, Inc.).
Samples were genotyped using GeneMapper v.
4.0. The genetic relationships between populations
and individual assignments of pure plains zebra,
Cape mountain zebra and putative hybrids was
explored in two different ways. First, we identified
private alleles by determing which alleles were
present in one species but not the other. Secondly,
purity was inferred via a Bayesian clustering
analysis using the statistical programme STRUC-
TURE version 2.3.3 (Pritchard, Stephens & Don-
nelly, 2000). Assessments were conducted with
the USEPOPINFO option active and without prior
population information (option USEPOPINFO=0).
STRUCTURE was run for 5 replicates from K =
1–4, with a run-length of 500 000 repetitions of
Markov chain Monte Carlo, following the burn-in
period of 20 000 iterations. The four values for the
estimated ln(Pr(X|K)) were averaged, from which
the posterior probabilities were calculated. The K
with the greatest increase in posterior probability
(Evanno, Regnaut & Goudet, 2005) was identified
as the optimum number of sub-populations using
STRUCTURE HARVESTER (Earl & von Holdt,
2012). From the selected K value, we assessed
the average proportion of membership (QI) to the
inferred cluster of the sampled populations.

A subset of samples was characterized to deter-
mine maternity and paternity through amplification
of a 1.2 kb mitochondrial D-Loop region using the
protocol reported in Moodley & Harley (2005) and
a 390 bp fragment of Y chromosome DNA
(Cordingley et al., 2009). Resulting sequence
chromatograms were edited in the Chromas
program embedded in MEGA6 (Tamura, Stecher,
Peterson, Filipski & Kumar, 2011) prior to perform-
ing a BLAST nucleotide search (www.ncbi.nm.ni-
h.gov/blast). A maximum likelihood phylogenetic
tree model test was performed in MEGA6 to deter-
mine the best possible nucleotide substitution
model fit for the sequence data. Maximum likeli-
hood parameters were evaluated and scored.A to-
tal of 24 different models was assessed and the
Hasegawa-Kishino-Yano model (Hasegawa,
Kishino & Yano, 1985) was selected as it had the
highest maximum likelihood parameter score
(90%), making it the best possible model fit to
accurately represent our sequence data. Nodal

support for the Likelihood (ML) tree was assessed
through 10 000 non-parametric bootstrap replica-
tions.

RESULTS
A total of 98 alleles were detected, with 42 specific
to plains zebra, 23 to Cape mountain zebra; 31
were shared (Table S1 in online supplement).
Posterior probabilities (Ln) using Bayesian admix-
ture analysis indicated two distinct clusters
(Fig. 2).The average proportion of membership for
both pure populations was qI > 0.992.The criterion
of qI > 0.90 suggested by Barilani et al. (2007) can
be used to identify individuals as either pure or
hybrid, and is used extensively in hybridization
studies in various species (Oliveira, Godinho,
Randi, Ferrand & Alves, 2008; Quintela, Thulin &
Höglund, 2010). Of the four suspected hybrids,
332/14 (qI = 0.428) and 335/14 (qI = 0.391) were
genetically identified as hybrids, whereas 334/14
was identified as pure Cape mountain zebra and
341/14 as a pure plains zebra.Phylogenetic analy-
sis identified distinct clades for plains and Cape
mountain zebra with 98% bootstrap support
between 37 mtDNA sequences generated here
(GenBank accession numbers KX906976–
KX907012) and seven previously published
sequences obtained from GenBank (Fig. S1 in on-
line supplement). The two hybrid animals (332/14
and 335/14) identified via genetic analysis clus-
tered with Cape mountain zebra based on mito-
chondrial DNA. Y chromosome amplification
conducted on a subset of samples (n = 10) was
successful for five plains zebra, four Cape moun-
tain zebra and the hybrid 332/14 (Table S2 in
online supplement). Based on the identification of
a single nucleotide polymorphism (SNP), the Y
chromosome sequences of 332/14 are character-
istic of plains zebra, and the paternal lineage of
hybrid 332/14 was identified as plains zebra. Thus
the genetic data (mitochondrial and Y chromo-
some sequences) provides unequivocal evidence
of hybridization, in this particular instance (332/14)
involving a cross between a Cape mountain zebra
mare and a plains zebra stallion.

DISCUSSION
Hybridization can occur due to poor habitat

and/or habitat modification, human-mediated intro-
ductions, small populations, skewed sex ratios and
low mate availability (Jansson, Thulin & Pehrson,
2007). Molecular genetic tools assist in identifying
hybridization with greater accuracy and have
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proven to be useful in identifying unique manage-
ment units. In this investigation, genetic analysis
confirmed hybridization of the two (332/14 and
335/14) stallions that had the appearance of
suspected hybrids. The young stallion (341/14),
although associated with a Cape mountain zebra
family group, but morphologically indistinct from
a plains zebra and suspected to be a potential
hybrid, was genetically indistinct from a plains
zebra. The subadult mare (334/14) associated
with suspected hybrid stallion 332/14 (and there-
fore flagged as a potential offspring of a suspect
stallion) was found to be morphologically and ge-
netically characteristic of Cape mountain zebra.
These findings provide insights as to the social
dynamics resulting in hybridization. Cordingley
et al. (2009) reported on hybridization between
Grevy’s and plains zebra and identified all hybrids
with maternal haplotypes of plains zebra. They
hypothesized that hybridization may have occured
due to a male-biased sex ratio resulting in Grevy’s

zebra males seeking mating opportunities with
plains zebra females. In the present study, the
identified hybrid individuals were adult zebra (4–5
years old), indicating that hybridization had taken
place at least 5–6 years prior to this investigation.

When plains zebra were introduced to MZNP in
May 1999, the initial 14 zebra included only one
adult stallion. In November that year a further three
stallions, from a different source, were introduced.
In 2000, the plains zebra population was further
supplemented with three stallions and three mares.
The small founder population with a relatively high
number of stallions may have led to a low mate
availability.Adult plains zebra stallions (313 kg) are
substantially larger than Cape mountain zebra
stallions (235 kg). It is hypothesized that plains
zebra stallions who did not have a cohesive family
group may have ousted Cape mountain zebra herd
stallions and taken over family groups, as was
seen with the young stallion (341/14) who associ-
ated with a Cape mountain zebra family group.
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Fig. 2. Output from Likelihood histograms from STRUCTURE analysis for K = 2 averaged results of five runs. Each
individual is represented by a single vertical line, with lengths proportional to the estimated membership in each
cluster. Admixed genotypes (indicated with a *), at threshold qI = 0.90 are evident.



Analysis of the maternally and paternally inherited
markers in this study indicate that at least one
hybrid displayed Cape mountain zebra mitochon-
drial lineage and plains zebra Y chromosome
lineage, indicating that mating occurred between
female Cape mountain zebra and male plains
zebra.

There is a substantial difference in karyotype
between Cape mountain zebra (2n = 32) and
plains zebra (2n = 44) (Heinrich, 1970). It has been
reported that hybrids between equid species with
different chromosome numbers are considered to
be infertile (Ryder et al. 1978; Cordingley et al.,
2009; Hrabar & Kerley, 2013). However, more
recent evidence shows that differences in chromo-
some number does not constitute an absolute
barrier; for example, Cordingley et al. (2009)
observed fertile hybrids between plains zebra and
Grevy’s zebra (2n = 46) and Jónsson et al. (2014)
reported evidence for gene flow involving three
contemporary equine species. In this study, only
F1 hybrids were detected, which may indicate that
hybrids are infertile. In addition, an analysis of 101
Cape mountain zebra in MZNP only identified
two hybrid individuals, further supporting the
hypothesis of infertility in this case. However, a
reproductive assessment of the Cape mountain
and plains zebra hybrids should be done in future.
Thus, the major detrimental effect of hybridization
(Allendorf, Leary, Spruell & Wenburg, 2001) in this
case is wasted reproductive effort rather than
genetic mixing. Monitoring for potential hybrids at
MZNP is being conducted; however, as the
removal of the plains zebra had already been
initiated, the long-term negative consequences
to the MZNP population may be limited. The
Kammanassie population is also potentially under
threat, as no fences exist between the reserve and
a neighbouring farm which has plains zebra
(Hrabar & Kerley, 2015). The Karoo National Park,
with the second largest population, is currently still
exposed to plains zebra but the removal of all plains
zebra has been initiated. At present the only relic
Cape mountain zebra population not threatened
with hybridization is the population at Gamka Na-
ture Reserve. It is recommended that plains zebra
be removed from all locations where both species
are managed sympatrically in order to prevent
hybridization.The removals should ideally be done
in one operation in order to avoid fragmentation of
breeding herds, which may increase the risk of
hybridization.

We would like to thank Piet Heymans for the photograph of
the plains zebra, and Khosi Mathebula of SANParks Veteri-
nary Wildlife Services for assistance with collection and
processing of samples.
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