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Abstract

The sand cat, Felis margarita Loche, 1858, is a small desert cat with a fragmented distribution across the Sahara, Arabian Peninsula,
and Central Asia. It is currently listed as Least Concern by the [IUCN; however, its status in many countries is unknown. Sand cats
are generally classified into four subspecies: F. m. margarita (North Africa and Sahara), F. m. harrisoni (Arabia), F. m. thinobia
(Central Asia), and F. m. scheffeli (Pakistan). The aim of this study was to determine the validity of these subspecies using genetic
analysis. Sequences from the mitochondrial control region, mitochondrial NADH subunit 5, and cytochrome b genes (643 bp) were
generated in a sample set of 47 animals of known geographical origin, from across the sand cat’s range over the past 100 years. The
results of the analysis suggest some degree of genetic differentiation between the African populations (F m. margarita) and those of
Arabian or Central Asian origin, which merits further investigation with nuclear loci and further sampling of intermediate geo-
graphical locations. There is little genetic justification for differentiation of the other proposed subspecies (F. m. harrisoni, F. m.
thinobia, and F. m. scheffeli), which differ only by 1-3 bp mutations in their haplotypes. The genetic diversity of a set of 86 captive
sand cat samples is also generated and compared to facilitate future conservation management of the species in captivity.
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Introduction

There are at least 26 different ways of defining species
(Frankham et al. 2012) and countless other ways of defining
groups below the level of the taxon (see for example Cronin
et al. 2015). Although to some evolutionary biologists the
definition of taxa can seem arbitrary given the evolutionary
continuum between all living organisms, taxonomic classifi-
cation can have a huge practical impact on conservation.
Species and subspecies units are the currency of international
agreements and legislation (e.g., [IUCN red-list, CITES, and
the US Endangered Species Act (ESA), Haig et al. 2006) and
as such, nomenclature can impact the monitoring of illegal
trade, captive breeding, translocation, and range re-establish-
ment. Accepted taxonomic classifications, however, are often
a historical relict based on the examination of small numbers
of specimens, and as such, have the potential to misdirect
conservation and management efforts. Such is the case for
the sand cat.

The sand cat, Felis margarita Loche, 1858, is a small felid
with a wide distribution in deserts from the Sahara to the
Arabian Peninsula to southwest Asia. It is the only felid found
in true desert (Sunquist and Sunquist 2002). Perhaps due to its
elusive nature and presence in a harsh environment, sand cats
are understudied and relatively little information is available
regarding their distribution, ecology, or evolutionary history.

Genetic studies place sand cats within the domestic cat
lineage of the Felidae family (Johnson et al. 2006). A recently
derived group, the domestic cat lineage arose in Eurasia an
estimated 6.2—6.7 million years ago (Mya) and also includes
domestic cats (F. catus Linnaeus, 1758), their wild progenitors
(F. silvestris Schreber, 1777) as well as other small felid spe-
cies: the black footed cat (Felis nigripes Burchell, 1824), jun-
gle cat (Felis chaus Schreber, 1777), and Chinese desert cat
(Felis bieti Milne-Edwards, 1892, though it is unresolved if
this is a subspecies of F. silvestris or a separate Felis species
(Nowell and Jackson 1996)). Sand cats are closely related to
F silvestris, F. bieti, and F. catus (Driscoll et al. 2007), diverg-
ing away from this group an estimated 2.5 Mya (Johnson et al.
2006). Johnson et al. (2006) proposed subsequent migration
of the sand cat, wildcat, and black footed cat from Asia into
Africa during the Pleistocene era. There is some range overlap
between sand cats and wildcats (subsp. F. silvestris lybica and
F. silvestris ornata), which are present in a range of habitats
including scrub and true desert (though in small numbers)
(Nowell and Jackson 1996).

The sand cat’s range is thought to be discontinuous (Fig. 1),
but it is unclear if this is for ecological reasons or due to lack of
recording effort. Currently, the sand cat has been reported
(from confirmed sightings or specimens) in Morocco, western
Sahara, Algeria, Mauritania, Mali, Niger, Egypt (east of the
river Nile), and the Sinai Peninsula into Jordan and Syria
(Abbadi 1989; Sliwa et al. 2016). On the Arabian Peninsula
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there are confirmed records of the sand cat in Kuwait, Oman,
Qatar, Saudi Arabia, and the United Arab Emirates (Banfield
etal. 2014; Sliwa et al. 2016). There is one 50-year old record
of a specimen collected in Yemen (Harrison and Bates 1991,
Banfield et al. 2014). In southwest Asia it is reported in Iran,
Turkmenistan, Uzbekistan, and Kazakhstan, and it was also
reported in the Baluchistan province of Pakistan (Sliwa 2013;
Sliwa et al. 2016). The recorded distribution of the sand cat
may expand as further studies are carried out. For example,
sand cats have recently been recorded for the first time in Iraq
(Mohammad et al. 2013) and Chad (Rabeil et al. 2016), and
for the first time in 10 years in the United Arab Emirates
(Ahmed et al. 2016).

The species is currently listed as Least Concern on the
IUCN Red List, though this is based on a current lack of
reliable population estimates and may change as new infor-
mation arises (Sliwa et al. 2016). The population in Pakistan
was heavily exploited for the zoo trade to Europe and the US
during the 1960s and 1970s, and faced habitat destruction
during the 1990s (Sausman 1997; Sliwa et al. 2016). There
is concern that the sand cat may already be extinct, or close to
extinction, in the region (Sliwa et al. 2016). A lack of recent
recorded sightings or specimens from Yemen or Israel also
raises concerns about local extinctions of these populations.

Taxonomic History

Owing to apparently fragmented distribution and infrequent
sampling, taxonomic classification of the sand cat has been
fairly haphazard, with a number of taxa described during the
twentieth century.

Sand cats were first described from North Africa by Victor
Loche in 1858 (Loche 1858). In 1926, a Russian mammalo-
gist, S. I. Ognev, described a similar desert cat, but from the
opposite end of the sand cat range, from the Repetek Desert
Reserve in Turkmenistan (Ognev 1926). Ognev placed his
specimen in a separate genus, naming it Eremaelurus
thinobius. Pocock (1938a, b) recognized two Saharan subspe-
cies of F. margarita (based on single specimens): F. m.
airensis (from In-Abbangarit west of Air, Central Niger) and
E. m. meinertzhageni (El Golea, latitude 30° N in the Algerian
Sahara), but these were later collapsed into a single African
subspecies, F. m. margarita, by Hemmer et al. (1976). By the
mid-twentieth century specimens had also been collected from
the Empty Quarter of the Arabian Peninsula by W. P. Thesiger
(Hemmer 1974a) and from Nushki, in Pakistan, by J.
Anderson (Hemmer 1974b). These were described as two
further subspecies: F. m. harrisoni from Arabia (Hemmer
1974a) and F. m. scheffeli from Pakistan (Hemmer 1974b).
Heptner and Sludskii (1972) recognized only two subspecies
of F. margarita: thinobia (Central Asia) and margarita (North
Africa and Arabia).
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Fig. 1 Current accepted
distribution for the sand cat
(IUCN). Gaps in distribution may
also represent data gaps. On the
map are the locations of the four
main proposed subspecies of sand
cat: K. m. margarita, F. m.
harrisoni, F. m. scheffeli, and

F. m. thinobia (Adapted from:
www.maps.iucnredlist.org)
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Major revisions were made to the taxonomy during the
1970s, with Hemmer et al. (1976), consolidating all desert cats
into a single species, F. margarita, with four subspecies: F. m.
margarita, . m. harrisoni, F. m. thinobia and F. m. scheffeli
(Fig. 1), finally linking Loche’s and Ognev’s cats. This re-
mains the accepted sand cat taxonomy. Classification was
based on morphological differences, specifically pelage color-
ation and markings (Supplementary Fig. 1), skull size and
proportions, and apparent geographical separation. Hemmer
(1974a) stated that western cats (i.e., North African) are gen-
erally brighter in color and have distinct stripes, whereas east-
ern specimens are paler with less distinct markings, with
Arabian cats intermediate between the two. However, it
should be noted that an animal’s age is also likely to be an
important factor in the strength of markings. Hemmer (1974b)
also noted that Pakistani and Arabian cats have more rings on
their tails, and that Arabian cats have the smallest skulls.
Schauenberg (1974), in comparison, actually noted a decrease
in skull size from east to west, with western cats having the
smallest skulls.

No phylogenetic analysis of in situ sand cats has been car-
ried out to date and such an analysis is listed as a priority for
the species (Sliwa et al. 2016; Kitchener et al. 2017).
Unresolved taxonomy may be a barrier to future conservation
management and hence its resolution is vital prior to decisions
about population reinforcement or reintroduction as well
as ex situ population management for conservation pur-
poses. Although a number of considerations aside from
genetic data should contribute to decisions regarding
taxonomic re-classification (e.g., Kitchener et al. 2017),
molecular data are nevertheless an extremely valuable
component of this assessment. Here, we use data from
three mitochondrial genes (control region, NADH sub-
unit 5, and cytochrome b) to understand whether the
current taxonomy of the sand cat is supported from a
molecular genetic perspective.
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Materials and Methods
Sample Collection

Samples for this study came from a mixture of 199 captive,
wild, and historical specimens of known geographical origin,
with individuals from across the sand cat’s range. Seventy-
eight historical samples were collected from institutions across
Europe (Zoological Institute of the Russian Academy of
Sciences, St. Petersburg; Muséum National d’Histoire
Naturelle, Paris; Harrison Institute, Sevenoaks; and the
Senckenberg Museum, Frankfurt) and consisted of small
pieces of skin, footpad, cartilage, skull tissue and/or turbinate
bones. Thirty-five samples were collected from wild individ-
uals, including eight wild-born, captive animals. A further 86
samples came from individuals born in captivity, reported to
be of the Arabian subspecies, but ascribed an unknown origin.
These samples were used to assess the genetic structure and
diversity of the captive population. Samples not of historic
origin consisted of hair, blood, and tissue (see
Supplementary Material for a full list of samples).

DNA Extraction

The historical samples were extracted using QIAmp DNA
Investigator Kit (Qiagen), according to the manufacturer’s in-
structions, with some samples requiring a prolonged digest
(up to 21 h). All samples were extracted in sterile conditions
and isolated from downstream PCR processes. Extractions
were carried out in small batches (6-8) and separately from
contemporary samples to minimize the risk of cross-
contamination.

The modern samples were extracted using DNeasy Blood
& Tissue Kit (Qiagen) as per the manufacturer’s instructions.
Extraction and PCR was conducted once processing and anal-
ysis of the historical samples had concluded.
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DNA Amplification and Sequencing

Fragments of the mitochondrial control region (d-loop; locat-
ed in the hypervariable region 1), cytochrome b (cytB; located
at the 3" end of the gene and 50 bp into tRNA-thr), and NADH
dehydrogenase 5 (NDS5; located towards the 5’ end) were am-
plified using the primer combinations shown in Table 1. Three
overlapping cytochrome b primers were used to generate a
400 bp cytochrome b fragment if the long primer pairs would
not amplify.

PCR was carried out using 2 ul (1-10 ng/ul) template
DNA, 14 pul Maxima Hot Start PCR Master Mix (Thermo
Fisher), 2 ul of forward primer and 2 pl of reverse (10 uM).
The following PCR program was used: 5 min initial denatur-
ation at 95 °C followed by 40 cycles of 1 min denaturation
(95 °C), 1 min primer annealing at 55 °C, and 1 min elonga-
tion (72 °C) ending with a further 5 min extension at 72 °C. A
negative control (Master Mix and primers only) was used in
every PCR, although a positive control was excluded to pre-
vent cross-contamination.

Following PCR, the fragments were visualized on a 1.5%
agarose gel; successfully amplified samples were cleaned up
using 0.5 pl of each EXO1 and FastAP and incubated at 37 °C
for 45 min and 15 min at 80 °C. 2 ul of cleaned up PCR
product was sequenced in both directions using BigDye
Terminator Kit (Applied Biosystems) as per the manufac-
turer’s instructions.

Sequence Analysis

Sequences were trimmed and aligned using GENEIOUS 8.0
(www.geneious.com, Kearse et al. 2012). Sequences were
trimmed to 90 bp (d-loop), 384 bp (cytB), and 169 bp
(NDS5). A concatenated sequence of all three genes was
generated for each individual (643 bp), using the

mitochondrial genome of a domestic cat as a reference
(NCBI KP202278). All mitochondrial DNA sequences were
deposited in GenBank (accession MK606117-606132).

Haplotype frequency, population pairwise Fst, haplotype
and nucleotide diversity, neutrality tests (Tajima’s D and
Fu’s Fg), and an AMOVA (10,000 permutations) were calcu-
lated in ARLEQUIN 3.5 (Excoffier and Lischer 2010) and
median-joining haplotype networks were calculated and
drawn in PopArt v1.7 (www.popart.otago.ac.nz).

Neighbor-joining, maximum-likelihood, and Bayesian in-
ference trees were inferred in GENEIOUS, with F silvestris
lybica and Panthera leo as outgroups (NCBI KP202275 and
KF907306). Neighbor-joining trees were inferred using the
Tamura-Nei distance model with 100 bootstrap iterations
and 75% support threshold. Maximum-likelihood trees were
calculated using PhyML, using the best fitting model,
Hasegawa-Kishino-Yano (HKY, Hasegawa et al. 1985) with
a proportion of invariable sites of 0.9, as estimated by
MODELTEST (Posada and Crandall 1998). These trees were
also calculated with 100 bootstrap iterations. Bayesian trees
were inferred using the MrBayes plugin to GENEIOUS 8.0,
using HK'Y85 model of evolution, MCMC chain length of
1,100,000, and burn-in of 100,000. For each tree-building
method, four sets of trees were produced; one for the whole
643 bp concatenated fragment and one each for d-loop, cytB,
and ND5 gene fragments.

Divergence times were estimated using RevBayes (Hohna
etal. 2014, 2016). Felis silvestris (KP202275) was included as
an outgroup and the divergence time between £ silvestris and
F. margarita (as estimated by Johnson et al. 2006) was used to
calibrate the tree. A Rev. file was created with the following
parameters: HKY + G model of substitution, constant birth-
death rate as a tree prior, and a global molecular clock. The
estimated divergence time between wildcats and sand cats was
placed on the root of the tree with a normal distribution

Table 1 Primer sequences used in this study

Name Region Sequence (5'-3") Approx. fragment size (bp)
Long primer pairs

CHE CytB F Cytochrome B CTCCCCATATTAAACCCGAATG 400
CHE CytB R GTCTTAGGGAGGGTGTGAGTTCT

Short primer pairs

CHE CytB F Cytochrome B fragment 1 CTCCCCATATTAAACCCGAATG 165
SCA_CYTB_R1 GTGGTCGAAACATTATTCCTC

SCA_CYTB_F3 Cytochrome B fragment 2 TCCAATCCTCCACACCTCCAA 165
SCA CYTB R3 GAAATATAGGATGGAGGCTAG

SCA_CYTB_F2 Cytochrome B fragment 3 CATCCATTCATCACCATCGG 180
CHE CytB R GTCTTAGGGAGGGTGTGAGTTCT

SCA_ND5_F2 ND5 GGACAAGAAGCAGTTATTTC 175
SCA_ND5_R2 CGGTTGATGTATGGGTCTGA

CHE dloop2 F D loop GCTAGTCCCCATGAATATTA 180
CHD dloop2 R GAAGAGGTACACGTTCAGGCAA
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(mean = 2.49 Mya, min = 1.72, max =3.67). We ran MCMC
chains of length 50,000, sampling every ten steps, with a 10%
burn-in, and MCMC chain convergence and effective sample
sizes were assessed using TRACER v1.6. The annotated max-
imum a posteriori tree was built in RevBayes and viewed in
FigTree v1.4.3; node ages and 95% HPDs are estimated from
this tree.

Data Availability Statement All sequence data are made avail-
able online via NCBI GenBank (for accession numbers see
above).

Results
Sample Success

Of the 199 samples examined, 71 failed to amplify and a
further eight were excluded due to incomplete data (though
returned NCBI BLAST hits to sand cat). Four additional sam-
ples (SCA118, 179, 180, and 181) amplified but returned as
wildcat (F. silvestris). SCA118 is a skull sample and therefore
the mismatch could be the result of mislabelling or misidenti-
fication at the time of its collection. SCA179-181 were three
modern samples from Mauritania, all of which were collected
from road-kill specimens where species identification was not
straightforward (as can be seen in Supplementary Fig. 2).

The dataset used for phylogenetic analyses consisted of
sequences from 116 historic and modern samples that ampli-
fied at all three gene regions, 46 of which were wild individ-
uals, including wild-born individuals now in captivity
(Supplementary Table 1).

Genetic Diversity

Eleven d-loop, seven cytB, and six NDS5 haplotypes were
identified across the entire dataset of 116 individuals. The
concatenated sequences gave 16 unique haplotypes (Fig. 2)
and were named AB to AR. A single haplotype (AD) matched
the pre-existing NCBI sequence KP202276 (geographical or-
igin unknown). In the wild dataset, the highest number of
haplotypes (n = 5) was found in the Arabian samples and three
haplotypes were found in Pakistan, Turkmenistan, and Africa,
respectively (Table 2). Haplotype diversity was highest in the
samples from Pakistan, followed by Arabia. Nucleotide diver-
sity was highest in the samples from Turkmenistan, followed
by Pakistan. The lowest haplotype and nucleotide diversities
were found in the African samples, where three closely related
haplotypes were identified. Haplotype (AB) was present in the
vast majority of African samples (Table 2).

Analysis of between- and within-population genetic varia-
tion, AMOVA, revealed that the majority of genetic variation
(84.74%) was captured among populations, with 12.26%

within populations (Fst=0.877, p <0.001, d.f. =45). No hap-
lotypes were shared between the four geographic sampling
locations. Pairwise Fst was greatest between Africa and
Pakistan and Africa and Turkmenistan and least between
Turkmenistan and Pakistan and Turkmenistan and Arabia
(Table 4).

Six haplotypes were recovered within the 66 captive-born
individuals, of which two (AE and AL) were not found within
the wild samples. Haplotype diversity in captivity was 0.7520
and nucleotide diversity was 0.003227, compared to 0.7372
and 0.006688 in the wild samples (Table 4).

Demography

The results of the Tajima’s D (Tajima 1989) and Fu’s Fg (Fu
1997) neutrality tests are included in Table 3. Significant
values are indicated; Fu’s Fg values are significant at the 5%
level if the p value is below 0.02. Significant D or Fg values
are signatures of a departure from the neutral model of evolu-
tion due to selection or demographic expansion/contraction,
and this is observed in the Arabian sand cat population. In this
population, both Tajima’s D and Fu’s Fg are significantly neg-
ative, evidence of a selective sweep or recent demographic
expansion.

Tree-Building

At d-loop, tree building revealed no statistically supported
phylogenetic sub-structure within the sand cat dataset, using
both neighbor-joining (NJ) and maximum-likelihood (ML)
methods. Using Bayesian inference, a cluster of haplotypes
AB, AQ, and AR was supported (moderately) with a posterior
probability of 88.5%. At ND5 no tree building method sup-
ported any sub-structure in the data. At cytB, all three methods
of tree building supported the separation of the cytB se-
quences associated with haplotypes AB, AQ, and AR with
99/100% bootstrap and 89% posterior probability.

The concatenated three-gene fragment (643 bp) revealed
NJ, ML, and Bayesian trees with concordant structures; all
methods supported the separation of haplotypes AB, AQ,
and AR (100% posterior probability and 99% and 100% boot-
strap support for ML and NJ, respectively, see Fig. 3). No
other phylogenetic sub-structure was statistically supported.
The haplotypes AB, AQ, and AR were all found in samples
of animals from Africa.

Divergence Time Estimate

The root node was estimated at 2.63 Mya (95% HPD: 1.72—
3.50) and the divergence time between the African sand cat
clade, F. margarita margarita, and the rest of the population
was estimated to be 1.72 Mya 95% HPD:0.82-2.74)
(Supplementary Fig. 1).
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only, b: all wild and captive cats sampled. Haplotype AD is also identical
to a sequence of an unknown origin captive cat submitted to NCBI
Genbank (KP202276, Li et al. 2016). Two haplotypes (AE and AL) have
only been found within captivity. ¢: Single nucleotide polymorphisms in
the fragment mapped against KP202275

Table 2  Haplotype frequencies across the putative subspecies groups and captive population

AB AC AD AE AF AG AH Al AJ] AK AL AM AN AO AQ AR

Africa: Algeria, Mauritania, Morocco/Sahara W (F. m. margarita) 23
Arabia: Syria, UAE, Oman (£ m. harrisoni)

Pakistan (F. m. scheffeli) 2

Turkmenistan (F. m. thinobia)
Captive (F. m. harrisoni)

2 1

20 17 20 6 2 1
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Genetic diversity indices and neutrality tests (Fu’s Fg and Tajima’s D) inferred from 643 bp of mtDNA of Felis margarita putative subspecies

Table 3

No. individuals No. haplotypes No. variable sites Haplotype diversity (SE) Nucleotide diversity, 7t, (SE) Tajima’s D (p value) Fu’s Fg (p value) *significant values

—1.499 (0.031)
—2.800* (0.001)

~1.224 (0.072)
—1.535% (0.050)
~0.518 (0.368)
1.459 (0.961)

0.000349(0.000474)
0.001555 (0.001325)
0.003999 (0.002785)
0.001866 (0.001652)
0.006688 (0.003744)
0.003227 (0.002028)
0.00621 (0.003463)

0.0221 (0.013921)

0.4031 (0.1134)

26

Africa (F. m. margarita)

0.7857 (0.1508)
0.5238 (0.2086)
0.8000 (0.1640)
0.7372 (0.0664)
0.7520 (0.0215)
0.850 (0.0142)

0.825(0.0153)

Arabia (F. m. harrisoni)

1.853 (0.819)
~0.186 (0.261)

7
5

Turkmenistan (F m. thinobia)
Pakistan (F. m. scheffeli)

All wild/wild-born
Captive born

20

14

46

66

22

All individuals All sites (643 bp) 112

10

11

112

112

d-loop (90 bp)
cyt b (384 bp)
ND5(169 bp)

0.0040 (0.002686)

0.686 (0.0268)

0.0041 (0.003470)

0.5965 (0.0343)

112

Haplotype Networks

The median-joining network of sand cat haplotypes
from the wild (Fig. 2a) recovered a pattern of genetic
relatedness roughly corresponding with geography.
There was a lack of haplotype sharing between sampled
geographical locations, but also a relatively low degree
of genetic divergence, with 1-7 bp mutations between
adjacent haplotypes. Average numbers of pairwise (bp
mutation) differences were greatest between African
and Pakistan (7.91) and least between Turkmenistan
and Arabia (3.78). Average numbers of pairwise (bp
mutation) differences within populations were highest
in Turkmenistan (2.57) and lowest in Africa (0.22)
(Table 4). The maximum divergence at cytochrome b
haplotypes was 4 bp corresponding to 1.04%
divergence.

Addition of the captive samples to the network (Fig. 2b)
revealed that one of the two haplotypes found only in captivity
(AE) was positioned at an inferred node within the wild-only
network (compare Fig. 2a-b).

Discussion

This study investigated the relatedness of the four commonly
recognized sand cat subspecies as proposed by Hemmer et al.
(1976). Our results give provisional evidence to support the
F. m. margarita subspecies grouping; individuals of African
origin appear to be genetically distinct from those in the rest of
the range (Fig. 2, Table 4). A minimum 6 bp difference be-
tween F. m. margarita and the other putative subspecies re-
sulted in a monophyletic clade of African individuals, statis-
tically supported across three phylogenetic tree-building
methods (Fig. 3). Division was underpinned by a 3—4 bp dif-
ference at cytochrome b between F. m. margarita and the most
geographically proximate subspecies, Arabian F. m. harrisoni.
This equates to 0.78-1.04% divergence at this gene, a value
considered at the lower end of the scale for subspecies diver-
gence (Baker and Bradley 2006). It is possible that the results
presented here represent a split between African sand cats and
those of Arabia and Central Asia. A pattern of subspecies
divergence either side of the Sinai Peninsula has been reported
in two other carnivoran species: the cheetah, Acinonyx
Jjubatus, and the African golden wolf/golden jackal, Canis
sp. (Charruau et al. 2011; Koepfli et al. 2015). The Sinai
Peninsula as a barrier to gene flow between sand cat popula-
tions may act as a possible explanation for the population
differentiation observed here.

Divergence of the African sand cat clade was calculated to
be around 1.72 Mya. However, the 95% highest posterior
density interval was large (0.82-2.74 Mya) and overlapping
with the estimated divergence date of the sand cat species

@ Springer



532

J Mammal Evol (2020) 27:525-534

Fig. 3 Tree at concatenated
634 bp region of d-loop, cytB,
and ND35. Statistical support for
Bayesian/Maximum-likelihood
and Neighbor-Joining methods
is shown

within the domestic cat lineage, so is not helpful to examine
the evolutionary history of this putative subspecies. Further
studies including whole genome mtDNA and nuclear se-
quencing would be useful here (e.g., Li et al. 2016).

Despite genetic evidence to support the subspecies group
F. m. margarita, we would suggest that as divergence is lim-
ited, and a number of intermediate sand cat populations have
not been sampled (notably central Iran, southern Egypt, and
the Sinai Peninsula), this should only be viewed as tentative.
When defining taxa for conservation purposes, it is important
to take multiple lines of evidence into account. In general,
divergent monophyletic clades at mtDNA genes (particular
cytochrome b) should be viewed as a necessary, but not a
sufficient, character for the delineation of mammalian taxa
(Frankham et al. 2011, 2012; Kitchener et al. 2017). It is
entirely possible that the disjunction between Africa and other
populations may simply reflect a disjunction in sampling.

Another notable feature of the sampled F m. margarita
population was low genetic variation (Table 3). The 26 sam-
ples examined were collected in Sudan, Algeria, Mauritania,
and Morocco (western Saharan region), with collection span-
ning 1930-2014. Although this sampling is far from

Table4 Population pairwise genetic differentiation. above the diagonal
of bold numbers (in italic): average number of pairwise (bp mutation)
differences between populations. Below the diagonal: population
pairwise Fgr. In the diagonal of bold numbers: average number of
pairwise differences within population

Arabia Africa Pakistan Turkmenistan
Arabia 1.00 6.61 4.3 3.78
Africa 0.938 0.22 7.91 7.40
Pakistan 0.750 0.953 1.20 4.22
Turkmenistan 0.539 0.900 0.532 2.57
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comprehensive, the data nevertheless seem indicative of low
overall genetic diversity in the African population.

Range expansion generally involves a series of population
bottlenecks and founder effects, resulting in decreasing genetic
diversity at increasing distances from the source population
(Austerlitz et al. 1997; Excoffier et al. 2009). This has been
reported in other small mammals using cytochrome » and mi-
tochondrial control region genes, for example, late Pleistocene
migration of the Egyptian mongoose from North Africa to the
Iberian Peninsula (Barros et al. 2016). It seems likely that re-
duced genetic diversity in F. m. margarita is a signature of
recent colonization of Africa from Asia, and corresponds to
the late Pleistocene migration of F. margarita proposed by
Johnson et al. (2006). However, recent population contraction
was not supported by the results of the neutrality tests (Table 3).
Neither Tajima’s D or Fu’s Fg were significant in the African
sand cat population, indicative of a stable population.
Assessment of genetic variation within F. silvestris lybica or
E nigripes, which are thought to have migrated from Asia to
Africa around the same time (Johnson et al. 2006), would po-
tentially offer an informative comparison to the sand cat.

In the other sand cat populations, F. m. harrisoni, F. m.
thinobia, and F. m. scheffeli, there is some correspondence
between haplotype divergence and geography, but we would
suggest this is not significant enough to merit their recognition
as separate subspecies. This is particularly true of £ m.
thinobia and F. m. scheffeli, where some haplotypes are sepa-
rated by only 1 bp difference (Fig. 2). On average, pairwise
differentiation between the groups is 4.22 bp (Table 4) and the
arrangement of the groups is not monophyletic. The minimum
division between the Arabian population and those from
Pakistan and Turkmenistan is 3 bp, although the relationship
may be closer if it is assumed that haplotypes AE originated in
Arabia, which is most likely given historical records. Genetic
diversity is higher in these populations (Table 3) and
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comparable to that found in previous study of the ex situ sand
cat population (Witzenberger and Hochkirch 2013). For the
Arabian population both Tajima’s D and Fu’s F were signifi-
cantly negative (Table 3); this indicates deviation from neu-
trality and may be evidence of recent population expansion.

We also examined the genetic structure and diversity in the
ex situ sand cat population. The current captive population
consists only of the putative subspecies F. m. harrisoni.
However, F. m. scheffeli, from Pakistan, were kept from the
1970s until fairly recently within the American Zoo
Association population, so an origin from either geographic
location cannot be ruled out. As of 2016, 156 sand cats were
represented in 41 North American, Eurasian, and Middle
Eastern zoos and institutions (n =12, 22, and 7, respectively)
(Breton et al. 2016). Global coordination of breeding began in
1988 and studbooks are maintained for this species by the
Arabian and European Zoo and Aquarium Associations and
the American Zoo Association (Breton 2017). Previous genetic
assessment of the captive population (the samples of which
were also included in the study) revealed that the captive pop-
ulation has arisen from at least three genetic lineages. These
lineages did not correspond to geographical origin, in the cases
where it was known, indicating they most likely represent foun-
ders or families of founders (Witzenberger and Hochkirch
2013). Our results found six mitochondrial haplotypes in the
captive population (Table 2), confirming that at least six female
founders are likely to have established the population. A rela-
tively high level of genetic diversity in the captive population
was found by Witzenberger and Hochkirch (2013) and this
finding is also recovered by this study. Levels of genetic diver-
sity are roughly equivalent to those found within each of the
wild populations (Table 3), suggesting that the diversity within
captivity is at an acceptable level. However, a larger sample size
of each population in the wild and the addition of nuclear
markers would be needed to benchmark this fully.

In conclusion, we find tentative evidence to support the
subspecies grouping of the African sand cat, F. m. margarita,
but limited divergence between the three remaining subspe-
cies groups, F. m. harrisoni, F. m. thinobia, and F. m. scheffeli.
This finding may be useful evidence when considering the
validity of these subspecies to accurately inform species man-
agement and conservation.
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