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Recent years have seen the development of molecular-based methodologies to investigate hybridization and its impact
on the evolutionary process. However, morphological characterization of hybrid zones has only scantily been considered,
especially in zootaxa. Thus, the level of congruence between molecular and morphological characters when attempting
to detect hybrids remains a poorly tackled area. The genets (genus 

 

Genetta

 

) provide an ideal case study for further inves-
tigation of the respective contribution of morphology and DNA in hybrid zone characterization because (1) their mor-
phology has recently been exhaustively explored and (2) the existence of hybrid zones in southern Africa was proposed
in the literature. We assessed levels of hybridization among the southern African genets, and questioned the role of eco-
logical factors on the hybridization patterns detected. We used an integrative approach involving nine discrete mor-
phological characters and a diagnostic discriminant function, geometric morphometrics and sequences of cytochrome 

 

b

 

including collection specimens. The combination of independent materials allowed us to accurately reassess the level
of hybridization in southern African genets, and revealed cryptic, interspecific gene flows. Morphology unambiguously
detected a low number of 

 

G. maculata

 

 

 

¥

 

 

 

G. tigrina

 

 hybrids and rejected the hypothesis of a large intergradation zone
in KwaZulu-Natal, thus supporting the species status of the two genets. Cytochrome 

 

b

 

 analyses revealed: (1) cryptic,
massive hybridization between 

 

G. tigrina

 

 and the sympatric 

 

G. felina

 

, and (2) a trace of reticulation (one sequence)
between 

 

G. tigrina

 

 and the allopatric 

 

G. genetta

 

. The type specimen of 

 

G. mossambica

 

 Matschie, 1902 is considered to
be a morphological hybrid between 

 

G. maculata

 

 and 

 

G. angolensis

 

. Remarkably, the morphological approaches (discrete
characters and morphometrics) proved complementary to conclusions derived from cytochrome 

 

b

 

 sequences. Whilst mor-
phometrics was generally unable to accurately identify all putative hybrids, this approach revealed diagnostic cranial
shape differences between recognized species as well as the cryptic 

 

G. ‘letabae’

 

 (included in the super-species

 

G. maculata

 

). Morphometrics also confirmed the diagnostic value and age dependency of discrete characters. Our inte-
grative approach appeared necessary to the detection of cryptic hybridizations and to the comprehensive characterization
of hybrid zones. The recurrent detection of hybrids exhibiting 

 

tigrina

 

-like coat patterns may suggest (1) asymmetric
hybridization of 

 

G. tigrina

 

 males to females of other species and (2) positive selection for 

 

tigrina

 

-like phenotype in South
African habitats, but these hypotheses will have to be further tested using other sources of evidence. Despite the precise
mosaic of hybrid zones identified in southern African genets, the environmental factors that shape patterns of distri-
bution of hybrids remain unclear. Nevertheless, in the light of our range reassessment, it appears that seasonality of
precipitation and periods of annual frost may play stringent roles in the distribution of genets. The complementarity
of our results based on morphology and molecules is regarded as encouraging for the further development of integrative
approaches in order to better understand the complex phenomena that underlie hybridization processes. © 2005 The
Linnean Society of London
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INTRODUCTION

 

Hybridization and introgression have long been recog-
nized by botanists as crucial factors influencing the
evolutionary process (e.g. Abbott, 1992; Ellstrand &
Schierenbeck, 2000; Broyles, 2002). However, the field
of zoology still suffers from a low number of investi-
gations on this particular issue (Dowling & Secor,
1997). One possible explanation is that detecting ani-
mal hybrids from external morphology remains a
difficult task (Rees, Dioli & Kirkendall, 2002). Never-
theless, the rise of molecular methodologies over the
last two decades has revealed that interspecific gene
flow occurred in various zootaxa more commonly than
expected (e.g. Spolsky & Uzzell, 1984; Szymura, Spol-
sky & Uzzell, 1985; Lehman 

 

et al

 

., 1991; Grant &
Grant, 1992; Roy 

 

et al

 

., 1994; Rohwer & Wood, 1998;
Evans, Supriatna & Melnick, 2001; Lu, Basley & Ber-
natchez, 2001; Beltran 

 

et al

 

., 2002; Clarke 

 

et al

 

., 2002;
Rees 

 

et al

 

., 2002; Good 

 

et al

 

., 2003). The range of stud-
ies on hybridization covers the fields of ecology, con-
servation and evolution (e.g. DeMarais 

 

et al

 

., 1992;
Jiggins & Mallet, 2000; Allendorf 

 

et al

 

., 2001). A trend
that consists of considering hybrids as genotypic
classes with various levels of ‘fitability’ regarding
environmental conditions has recently emerged
(Arnold & Hodges, 1995; Rieseberg 

 

et al

 

., 1996; Voll-
mer & Palumbi, 2002), highlighting the complex
mechanisms that underlie the maintenance of hybrid
zones (Taylor & Hebert, 1993; Stone, 2000). Whereas
detection of hybrids was based only on morphological
characters until the mid-1960s (Allendorf 

 

et al

 

., 2001),
very few recent studies have considered in detail such
characters (but see, for instance, Nowak, 1992;
Rohwer & Wood, 1998; Rohwer, Bermingham & Wood,
2001). The main biases attributed to the use of mor-
phological characters are that morphological variation
does not always have a genetic basis and that hybrid
individuals are sometimes exactly similar to one of
their parental phenotypes (Davison 

 

et al

 

., 1999; Randi

 

et al

 

., 2001; Thulin & Tegelstrom, 2002), thus leading
to instances in which hybrids are cryptic. However,
characterizing morphological hybrids is crucial for
reconstructing evolutionary processes (DeMarais

 

et al

 

., 1992; Smith, 1992; Bowen 

 

et al

 

., 2001) and for
conservation practitioners (Daniels 

 

et al

 

., 1998). It is
surprising that morphological characterization of
hybrid zones has been considered infrequently in
recent years, especially because modern systematics is
devoted to an integrative approach, i.e. based on the

combination of multiple independent markers for
reconstructing evolutionary scenarios and delimiting
species (e.g. Wayne, 1992; Martin & Bermingham,
2000).

The congruence between molecular and morpholog-
ical characters when characterizing hybrid zones is
thus an insufficiently evaluated question, and the
degree to which each type of data may contribute to
the elucidation of patterns of hybridization remains
unclear. Genets (Carnivora, Viverridae, genus 

 

Gen-
etta

 

) provide an ideal case study to address such ques-
tions. First, their morphology has been exhaustively
explored through both morphometrics and discrete
characters (Crawford-Cabral, 1969, 1970, 1973,
1981a, b; Crawford-Cabral & Pachecho, 1992; Craw-
ford-Cabral & Fernandes, 2001; Gaubert, Veron &
Tranier, 2001, 2002; Gaubert, 2003a), and their phy-
logeny and taxonomy have been recently re-examined
(Gaubert, 2003b; Gaubert 

 

et al

 

., 2004a). Secondly,
putative hybrid zones in southern Africa have been
proposed on the basis of morphological characters by
Pringle (1977), thus providing the opportunity to test
an a priori hypothesis of hybridization (in contrast
with the majority of the reported studies, in which
hybrid zones were not looked for before being detected;
see Rees 

 

et al

 

., 2002). Genets are small carnivores nat-
urally present throughout Africa, where they occupy a
wide variety of habitats (Kingdon, 1997). Four species
are generally accepted as occurring in the southern
African subregion (Crawford-Cabral, 1981a; Schlawe,
1981; Crawford-Cabral & Pachecho, 1992): 

 

Genetta
angolensis

 

 Bocage, 1882; 

 

Genetta tigrina

 

 (Schreber,
1776); 

 

Genetta maculata

 

 (Gray, 1830) (

 

sensu

 

 Gaubert

 

et al

 

., 2003a, b); 

 

Genetta genetta

 

 (Linnaeus, 1756). The
latter two have a widespread distribution throughout
sub-Saharan Africa. 

 

G. angolensis

 

 has a discontinuous
range from Central Angola to the extreme north of
Mozambique (Crawford-Cabral, 1969, in press).

 

G. tigrina

 

 is endemic to South Africa and ranges from
south-western Cape Province to former Pondoland in
the KwaZulu-Natal province (Schlawe, 1981; Craw-
ford-Cabral & Pachecho, 1992). A recent phylogenetic
study (Gaubert 

 

et al

 

., 2004a) demonstrated that

 

G. genetta

 

 is paraphyletic (mitochondrial DNA), sug-
gesting that two distinct species of small-spotted gen-
ets exist in the southern African subregion: 

 

G. genetta

 

,
which ranges from Europe and the Arabian peninsula
to southern Namibia and north-eastern South Africa
(SA), and 

 

Genetta felina

 

 (Thunberg, 1811), present in
SA, Namibia, Angola  and Zambia. All these species
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(except 

 

G. genetta

 

 and 

 

G. felina;

 

 see below) are distin-
guishable through well-marked coat pattern and skull
characteristics (Crawford-Cabral, 1981a; Gaubert

 

et al

 

., 2001, 2005; Gaubert, 2003a). However, the
alleged morphological similarities between

 

G. maculata

 

, 

 

G. tigrina

 

 and another species from West
Africa (

 

Genetta pardina

 

 I. Geoffroy Saint-Hilaire,
1832), which make up the large-spotted genets or ‘

 

tig-
rina-pardina

 

 complex’ (Crawford-Cabral & Pachecho,
1992), have made the assessment of taxonomic bound-
aries a much debated topic (e.g. Schlawe, 1981;
Meester 

 

et al

 

., 1986; Kingdon, 1997). In addition,
delimitations within 

 

G. maculata

 

 are difficult to deter-
mine because of high variability in coat patterns, and
several species/subspecies have been proposed  for
southern African populations (Crawford-Cabral,
1981a; Crawford-Cabral & Fernandes, 2001).

 

G. tigrina

 

 is traditionally split into two subspecies:

 

G. t. tigrina

 

, from the south-west Cape Province to
southern KwaZulu-Natal, and 

 

G. t. methi

 

, from former
Pondoland in southern KwaZulu-Natal (Roberts,
1951), the two taxa possibly intergrading together
(Pringle, 1977; Meester 

 

et al

 

., 1986). The validity of
the species status of 

 

G. maculata

 

 and 

 

G. tigrina

 

 is con-
fused by reported captive crossbreeding (Gray, 1971).
Moreover, Pringle (1977), while examining a large
series of specimens from KwaZulu-Natal, found a pre-
dominant proportion of hybrids. Unfortunately, the
subsequent work of Crawford-Cabral & Pachecho
(1992) did not take into account the critical material
analysed by Pringle.

The aim of this study was to explore the question
of the respective contribution of morphological and
molecular data in characterizing hybrid zones. In
other words, is an integrative approach including mor-
phological characters for detecting hybrids a valuable
tool? Hybridization in southern African large-spotted
genets was reassessed through the combination of dis-
crete morphological characters, traditional and geo-
metric morphometrics and cytochrome 

 

b

 

 sequences.
Recent collection of 

 

G. tigrina–G. maculata

 

 in the crit-
ical region of KwaZulu-Natal by PJT, provided crucial
samples for both molecular and morphological/mor-
phometric analyses. As 

 

G. genetta

 

 is also reported to
hybridize in captivity with members of the 

 

tigrina-
pardina

 

 complex (Gray, 1971), we enlarged our inves-
tigation to include all five species present in the
subregion in order to test for putative 

 

in situ

 

hybridization. Consequently, taxonomic resolution of
all these units is expected to be improved.

 

MATERIAL AND METHODS

D

 

ISCRETE

 

 

 

MORPHOLOGICAL

 

 

 

CHARACTERS

 

More than 1500 specimens from seven museums (Dur-
ban Natural Science Museum, SA [DNSM], the Natal

Museum, Pietermaritzburg, SA [NM], the South Afri-
can Museum, Cape Town, SA [SAM], Natural History
Museum, London, United Kingdom [BMNH], Museum
für Naturkunde, Berlin, Germany [MFNB], Rijksmu-
seum van Natuurlijke Historie, Leiden, Holland
[RMNH] and Muséum National d’Histoire Naturelle,
Paris [MNHN]) were examined in order to have a
broad representation of the morphological variation
within genets from the southern African subregion
(Gaubert, 2003b). From this material, over 400 collec-
tion localities were surveyed (Fig. 1). A total of 26
specimens from the putative 

 

G. maculata/tigrina

 

hybrid zone in KwaZulu-Natal was examined
(Table 1). Other specimens both from adjacent and
remote parts of the subregion, and further afield for
reference purposes, were also considered. Following
recommendations in Gaubert 

 

et al

 

. (2001, 2002), we
defined nine discrete characters (seven for coat pat-
tern and two for skull) diagnostic for 

 

G. maculata

 

 and

 

G. tigrina

 

 (Appendix 1) in order to identify putative
hybrids from KwaZulu-Natal. As some character
states in juvenile specimens are common to both spe-
cies, only adult or old subadult specimens were used.
We considered a morphological hybrid as being dis-
tinct from both species phenotypes by possessing a
‘mosaic’ of character states (Allendorf 

 

et al

 

., 2001; for
empirical examples in carnivorans: Bee & Hall, 1951;
French, Corbett & Easterbeen, 1988).

 

M

 

ORPHOMETRICS

 

Two independent methods were used to assess the sta-
tus of large-spotted genets from KwaZulu-Natal, in
relation to reference samples of the four species that
potentially hybridize in South Africa (

 

G. genetta,
G. felina, G. maculata, G. tigrina;

 

 see Gray, 1971): (1)
diagnostic discriminant function analysis (DFA) based
on cranial distance measurements; and (2) geometric
morphometric analysis of dorsal and ventral cranial
images. Categories of relative ages and list of samples
(

 

N

 

 

 

=

 

 69) are given in Appendix 2.

 

Discriminant function analysis

 

Following Crawford-Cabral & Pachecho (1992), five
cranial measurements were recorded (Mitutoyo cali-
pers 

 

-

 

0.01 mm) on 19 adult skulls from KwaZulu-
Natal from the DNSM, MFNB and NM collections
(see Table 1): condylo-basal skull length (CBL); least
intertemporal [i.e. interorbital] constriction (LIC);
greatest length of bulla (LOB); interpterygoid width,
taken between pterygoids, just before they flare out-
wards posteriorly (IPW); width between M

 

1

 

–M

 

1

 

,
taken at the base of upper M

 

1

 

 (WM1). We calculated
scores of individuals based on the discriminant
function equation provided by Crawford-Cabral &
Pachecho, 1992), which allows a posteriori taxo-
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nomic identification of ‘unknowns’: Discriminant
score = (-0.1797 ¥ CBL) + (0.6705 ¥ LIC) - (0.8934 ¥
LOB) + (0.5530 ¥ IPW) + (0.4697 ¥ WM1) + 6.735. Po-
sitive discriminant scores indicate G. tigrina while
negative scores indicate G. maculata. Values close to
zero were taken to be possible hybrids. These values
were compared with pelage (when available) and
discrete cranial characters obtained from the same
specimens.

Geometric morphometrics
Dorsal (N = 69) and ventral (N = 68) images of genet
skulls were obtained in a standardized fashion using a
Sony Mavica FD7 digital camera. Using thin plate
spline (TPS) methodology (Rohlf & Bookstein, 1990;
Rohlf & Marcus, 1993), cranial shape and size varia-
tion were evaluated in G. maculata, G. tigrina, G. gen-
etta and G. felina. The latter two species were grouped
together under G. genetta (sensu lato) because the pur-
pose of the analysis was to clarify taxonomic bound-
aries between G. maculata and G. tigrina. Apart from

unambiguously identified ‘reference samples’ of the
four species, the sample included the problematic
large-spotted genets from KwaZulu-Natal (same spec-
imens analysed by discriminant analysis). The pro-
gram TPSDig (Rohlf, 1998) was used for digitizing 16
and 12 landmarks (see Corti & Fadda, 1996) from the
dorsal and ventral cranium, respectively (Fig. 2).
Paired landmarks were included in dorsal images to
give a better visualization of shape changes in the cra-
nium as a whole. As we were predominantly concerned
with variation in symmetric structures, landmarks
were taken only on the left hand side for ventral land-
marks. The approach of Fadda, Faggiani & Corti (1997)
was used to test for error in landmark or camera place-
ment. Analysis of replicated samples of dorsal images
(16 landmarks) from three individuals suggested that
measurement error was negligible in terms of overall
interindividual variation (data not shown).

As a first step in each analysis, a Generalized Pro-
crustes analysis (GPA; equivalent to the generalized
least squares method of Rohlf & Slice, 1990) was per-

Figure 1. Distributional data concerning southern African genets and detected hybrids. Grey arrows: Genetta angolensis;
white circles: G. maculata; white triangles: G. tigrina; black circles: G. genetta; black triangles: G. felina. Hybrids are
indicated as follows, with localities from north to south: black circle surrounding grey arrow (G. angolensis ¥ G. maculata;
Mossimboa [G. mossambica type specimen]), black asterisks (G. maculata ¥ G. tigrina; Royal Natal National Park, Umgeni
Valley Game Ranch, New Germany, Highflats, ‘Pondoland’ [not figured]), white ovals (G. tigrina ¥ G. felina; Clanville,
Cathcart, Western Cape, East London, Knysna) and white box (G. tigrina ¥ G. genetta; Western Cape). See text for
discussion on hybrids.
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Table 1. Details of adult large-spotted genet samples from KwaZulu-Natal province and neighbouring regions of South
Africa, indicating their previous taxonomic affiliation suggested by Pringle (1977; NM specimens, marked with an asterisk)
or based on museum labels, together with discriminant scores calculated from Crawford-Cabral & Pachecho (1992) and
coding of discrete morphological characters. The revised taxonomic affiliation from this study is provided. Acronyms of
museums are explained in the text. State ‘a’ refers to Genetta tigrina and state ‘b’ to G. maculata; values in parentheses
beneath the 8th morphological character column correspond to the interorbital constriction/frontal width ratio (see
Appendix 1). ?, data not available

Coll. number Sex Locality
Previous
identification

Discrim.
scores

Morphological
characters 

Identification
in this study1 2 3 4 5 6 7 8 9

NM 527 F Oribi Gorge
30∞42¢S, 30∞14¢E

G. t. tigrina* ? a a a a a a a a 
(1.029)

a G. tigrina

NM 545 M Oribi Gorge
30∞42¢S, 30∞14¢E

G. t. tigrina* 1.395 a a a a a a a a 
(1.029)

a G. tigrina

NM 1558 M Oribi Gorge 
30∞42¢S, 30∞14¢E

G. t. tigrina* 1.095 a a a a a a a a
(0.966)

a G. tigrina

NM 1603 M Underberg
39∞47¢S, 29∞30¢E

G. t. tigrina* 0.775 a a a a a a a a 
(1.044)

a G. tigrina

NM 1712 ? Donnybrook
29∞56¢S, 29∞52¢E

G. t. tigrina* ? a a a a a a a ? ? G. tigrina

MFNB 1101 ? Zondags River
33∞14¢S, 25∞08¢E

G. tigrina 1.747 a a a a a a a a 
(1.063)

a G. tigrina

MFNB 1102 ? Zondags River
33∞14¢S, 25∞08¢E

G. tigrina 2.337 a a a a a a a a 
(1.238)

a G. tigrina

NM 1720 ? Highflats
30∞16¢S, 30∞30¢E

G. t. tigrina* ? a b a b a a b ? ? Hybrid

NM 1721 ? Highflats
30∞16¢S, 30∞30¢E

G. t. tigrina* ? a b a a b a a ? ? Hybrid

NM 1990 F Umgeni Valley Game 
Ranch 29∞29¢S, 30∞20¢E

Hybrid* -0.355 b b b b b b b a 
(1.049)

b Hybrid

NM 2055 ? Royal Natal National
Park 28∞40¢S, 28∞56¢E

G. t. tigrina* –0.365 ? ? ? ? ? ? ? b 
(0.866)

a Hybrid 

DNSM 3335 F 15 Umdoni Road, New
Germany 29∞47¢S, 
30∞53¢E

G. tigrina –2.215 b b b b b b b b 
(0.808)

a Hybrid

MFNB 19696 ? Pondoland
31∞31¢S, 29∞32¢E

G. tigrina –0.709 a a a a a a a b 
(0.770)

a Hybrid

NM 863 Mkuzi Game Reserve
27∞38¢S, 32∞14¢E

Hybrid* -1.823 b b b b b b b b 
(0.912)

b G. maculata

NM 1614 M Bishopstowe
29∞35¢S, 30∞27¢E

Hybrid* -1.855 b b b b b b b a
(1.000)

b G. maculata

NM 1719 ? Highflats
30∞16¢S, 30∞10¢E

Hybrid* ? b b b b b b b ? ? G. maculata

DNSM 1089 F Iphiva Camp Site, 2 km
north of St. Lucia 
Village
28∞21¢S, 32∞25¢E

G. tigrina –2.605 b b b b b b b b 
(0.790)

b G. maculata

DNSM 1286 ? Bayzlee Beach, South
Coast 30∞27¢S, 30∞40¢E

G. tigrina –3.645 b b b b b b b b 
(0.929)

b G. maculata

DNSM 1618 ? Kloof
29∞47¢S, 30∞50¢E

G. tigrina ? b b b b b b b ? ? G. maculata

DNSM 1632 M Dbn 325 Stella Road, 
Hillary 29∞53¢S,
30∞56¢E

G. tigrina –1.985 b b b b b b b b 
(0.860)

b G. maculata
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DNSM 1636 F 105 Carlton Avenue, 
Westville 29∞50¢S,
30∞56¢E

G. tigrina –1.265 b b b b b b b b 
(0.928)

b G. maculata

DNSM 2232 F Umhloti
29∞39¢S, 31∞06¢E

G. tigrina –0.355 b b b b b b b b 
(0.891)

b G. maculata

DNSM 3219 F Cowies Hill
29∞49¢S, 30∞53¢E

G. tigrina –1.495 b b b b b b b b
(0.887)

b G. maculata

DNSM 4058 F Sunningdale
29∞53¢S, 31∞00¢E

G. tigrina –2.215 ? ? ? ? ? ? ? b 
(0.755)

b G. maculata

DNSM 4475 F Umgeni River bank,
near Bird Park 29∞48¢S, 
31∞02¢E

G. tigrina ? b b b b b b b ? ? G. maculata

DNSM 4833 ? Pietermaritzburg G. tigrina -3.495 ? ? ? ? ? ? ? b b G. maculata
29∞37¢S, 30∞23¢E (0.857)

Coll. number Sex Locality
Previous
identification

Discrim.
scores

Morphological
characters 

Identification
in this study1 2 3 4 5 6 7 8 9

Table 1. Continued

Figure 2. Dorsal and ventral views of genet skull showing the positions of landmarks used for geometric morphometrics.
Character 8 (int1; see Appendix 1) is defined by frontal width (from #2 to #12) and interorbital constriction (from #4 to
#10). Genetta genetta, Field Museum of Natural History, Chicago, USA (83645).
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formed to obtain a consensus configuration after scal-
ing, rotation and translation of the superimposed
landmark configurations. Residual variation was then
decomposed into a weights matrix (W) of partial warps
scores and a uniform component comprising two vec-
tors (U1 and U2; representing ‘affine’ shape changes).
Together W and U represent total shape changes.
Using the programme tpsRelw (version 1.16; Rohlf,
1997a), relative warps analysis (RWA) was performed,
and thin plate spline grids were used to visualize the
distortion of landmarks. RWA was used firstly to
assess intraspecific variation in dorsal cranial shape
within G. maculata, due to measurement error, sex,
age and geographical variation. This procedure
resulted in the exclusion of ‘juveniles’ in subsequent
species comparisons. In the final datasets, the shape
matrix (U + W) was analysed by means of a canonical
variates analysis (CVA) and a multivariate analysis of
variance (MANOVA: Wilk’s lambda test), to test for
the significance of shape differences between the three
species. Using tpsRegr (version 1.13; Rohlf, 1997b),
both canonical vectors were regressed against the
shape matrix (U + W) so as to visualize shape changes
by means of thin plate splines. Discrete morphological
pelage and cranial criteria were used to assign,
unequivocally, specimens from the disputed hybrid
zone to their correct species for the purpose of CVA
and to identify possible hybrids. Four suspected
hybrids (see Table 1) were excluded from the a priori
CVA analysis of species-groups, but the specimens
were plotted a posteriori to assign each to its closest
species. MANOVA and CVA were performed using the
programme NTSys (Rohlf, 1997c). Centroid sizes of all
specimens were extracted using tpsRegr, and differ-
ences between species were analysed using conven-
tional ANOVA procedures (XLSTAT 6.1; Addinsoft,
2003). The programme tpsRegr was also used to
regress the shape matrix (W + U) against centroid
size, in order to test whether shape differences
between and within species were allometric in nature.

CYTOCHROME B SEQUENCES

Nucleotide sequence variation was examined for 60
specimens (Appendix 3). The sample set includes 19
G. maculata from KwaZulu-Natal and neighbouring
regions and five from East Africa, 13 G. tigrina from
the coastal area of SA (eastern limit: East London),
five G. pardina from West Africa, two G. angolensis
from Zambia, 11 G. genetta from south-western
Europe to SA and three G. felina from South Africa.
Two other species of genets (G. johnstoni and
G. servalina) were used as outgroups for phylogenetic
analysis. Cytochrome b sequences (cytb) were
obtained in two different laboratories, namely the Ser-
vice de Systématique Moléculaire, MNHN (PG), and

the Biodiversity and Ecological Processes Group,
Cardiff School of Biosciences, Cardiff University
(CAF). Extraction protocols, the set of primers used for
PCR amplification and sequencing steps are described
in Gaubert et al. (2004a, b).

Sequences were manually aligned with BioEdit ver-
sion 5.0.6 (Hall, 1999) and Sequencher 3.0 (Gene Codes
Corporation Inc.) and analysed using the criteria of
maximum parsimony (MP) and maximum likelihood
(ML; neighbour-joining method) under PAUP* Beta
version 4.0b2 (Swofford, 2001). The best-fitting model
of sequence evolution and parameters used in the ML
analysis were estimated with ModelTest 3.06 (Posada
& Crandall, 1998). The model selected was TrN
(Tamura & Nei, 1993) using gamma shape (G) and an
assumed proportion of invariable sites (I). Robustness
of nodes was assessed via the bootstrap method
(Felsenstein, 1985) with 100 (MP) to 1000 (ML) repli-
cates. Because haplotype diversity estimates are sen-
sitive to sampling effects, we manually calculated
haplotype diversity (h) within each well-supported
clade by a direct count of haplotypes corrected for sam-
ple size. Nucleotide diversity (p; Nei, 1987) and number
of polymorphic sites (S) were calculated using Arlequin
2.0 (Schneider, Roessli & Excoffier, 2000) with an
allowed missing level per site of 0.05 (correction for
missing data). In order to evaluate haplotype structur-
ing within the tigrina-pardina complex, we used hier-
archical AMOVA analyses (AMOVA 1.55; implemented
in Arlequin) on a data matrix consisting of seven ‘sam-
ples’ determined according to well-supported clades,
and original morphological identification and distribu-
tion in the case of G. maculata and G. tigrina. G. par-
dina was included in order to complete the taxonomic
representation of the tigrina-pardina complex, and
G. maculata was split between northern (East Africa)
and southern (Lesotho and KwaZulu-Natal) popula-
tions in order to test for possible geographical structur-
ing following Crawford-Cabral & Fernandes (2001).
Species representations were as follows: G. genetta (11
specimens), G. felina (7), G. angolensis (2), G. pardina
(5), G. tigrina (8), G. maculata ‘North’ (5) and G. mac-
ulata ‘South’ (19). The significance of the FST values was
determined with 16 000 random permutations, using
the model of evolution (TrN) and gamma shape param-
eter fixed by ModelTest.

RESULTS

MORPHOLOGY: DISCRETE CHARACTERS AND 
DISCRIMINANT SCORES

The discriminant scores applied to the identification of
G. maculata and G. tigrina mostly agreed with the
determinations based on the assessment of qualitative
pelage and cranial characters (Table 1). However,
because hybrids are not always intermediate in mor-
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phology between parental types, discrete characters
were given preference in assigning hybrids when dis-
crepancies occurred. Five specimens originating from
a restricted zone in central KwaZulu-Natal were iden-
tified as hybrids between G. maculata and G. tigrina
(see Fig. 1 and Table 1). Two specimens (NM 1720 and
1721) from the area of Highflats in southern KwaZulu-
Natal bore a mosaic of coat pattern character states
between the two species. The specimen from the Royal
Natal National Park (NM 2055) had a tigrina-like cau-
dal entotympanic bone (c.e.b.), but an interorbital con-
striction/frontal width ratio (int1) characteristic of
G. maculata (0.866). The specimen from former
Pondoland (MFNB 19696) exhibited a pure tigrina-
like coat pattern, but int1 was 0.770, characteristic of
G. maculata. On the contrary, the specimen from
Umgeni Valley Game Ranch (NM 1990) had a macu-
lata-like coat pattern, but int1 > 1, which charac-
terizes G. tigrina. A sixth specimen (DNSM 3335)
originating from New Germany, Durban, was identi-
fied as a hybrid on the basis of mixed skull character
states, although the discriminant score (-2.215) indi-
cates a clustering within G. maculata. A specimen
from Bishopstowe (NM 1614) had a maculata-like
morphotype, but int1 (1.000) was characteristic of
G. tigrina. However, we did not consider this specimen
as a hybrid and identified it as G. maculata instead, as
it is an old subadult with the postorbital constriction
wide relative to the frontal width, which might have
biased the int1 ratio (see Appendix 1). The specimen
DNSM 2232 had a non-conclusive discriminant score
(-0.355), but was clearly identified as G. maculata on
the basis of discrete characters. On the other hand,
some of the identifications made by Pringle (1977) are
quite incongruent with our results and these com-
prised half of the Pringle’s specimens considered in
our study (see Table 1). Only one out of four of Prin-
gle’s ‘hybrids’ was identified as such by our analyses
(NM 1990). Moreover, three specimens identified as
G. tigrina by Pringle proved to be hybrids according
to our identification criteria. Morphological evidence
(discrete characters) for hybridization between
G. tigrina and G. felina was found on a single speci-
men (BMNH 35.9.1.162; Cathcart, Eastern Cape Prov-
ince; see Fig. 1). It had a pure tigrina-like coat
pattern, but its skull was strikingly characteristic of
G. felina. It is an old adult, with a large and quite
inflated c.e.b., a very well marked lingual cusp on P2

(only lightly marked in G. tigrina/G. maculata) and a
shape of the interpterygoidal width characteristic of
G. felina (see Gaubert et al., 2002). The type specimen
of G. mossambica Matschie 1902, which originates
from Mossimboa, Mozambique (MFNB 19659/1106),
potentially constitutes a hybrid between G. angolensis
and G. maculata (Fig. 1). Indeed, it exhibits a mosaic
of discrete character states of the two species: thin

dorsal spots partially fused in the posterior part of the
back, scapular region poorly spotted and posterior
parts of limbs dark (G. angolensis), absence of erectile
dorsal crest, bright inferior chops of the chin, marked
interorbital constriction and inflated c.e.b.
(G. maculata). In addition, it showed dark/bright con-
trasts less marked than in G. angolensis, and interme-
diary hair length on body and tail.

GEOMETRIC MORPHOMETRICS

Intraspecific variation
Relative warps analysis of dorsal image landmarks
based on samples of G. maculata revealed that Class 1
skulls (juveniles) are morphometric outliers on the
first relative warp axis (Fig. 3). Juveniles had a dis-
tinct cranial shape, being relatively much broader in
the postorbital region, with a posteriorly diverging,
pear-shaped braincase and narrower zygomatic
arches. These trends were evident to a lesser extent in
Class 2 individuals (subadults), which tended to clus-
ter much closer to the remaining adult age classes
(young and older). As such, the major shape changes
due to age could be described simply by the ratio of
interorbital constriction to frontal width (i.e. character
8 in Table 1). This emphasises the importance of
excluding juvenile and subadult skulls if this charac-
ter is to be used for species diagnosis. It was also
apparent that adult G. maculata skulls from Central
and East Africa plotted mostly in the top left quad-
rant, separate from the remaining sample from south-
ern Africa. The difference in shape, as judged from the
thin plate splines, seems mostly related to a wider
interorbital constriction relative to frontal width and a
relatively narrower zygomatic arch in South African
samples relative to those from Central and East
Africa.

Interspecific differences and identification of hybrids
Canonical variates analysis (CVA) of the dorsal and
ventral shape matrices (W + U) indicated a clear mor-
phometric distinction between G. maculata, G. tigrina
and G. genetta s.l. (Figs 4, 5). All individuals were cor-
rectly classified into their respective species-groups.
Wilk’s lambda values of 0.050 and 0.037 were obtained
for dorsal and ventral analyses, respectively
(P < 0.001). Based on pairwise Mahanalobis distances
calculated between pairs of species, G. maculata and
G. tigrina are as distinct from one another (4.7 and
4.48 for dorsal and ventral, respectively) as are tigrina
and genetta s.l. (4.55 and 4.10 for dorsal and ventral,
respectively), supporting the hypothesis that tigrina
and maculata are valid species. The analysis included,
in the tigrina group, four specimens from former Pon-
doland belonging to the subspecies G. t. methi. Differ-
entiation between species in dorsal shape (Fig. 4; axis
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1) appeared largely to be due to changes on the rela-
tive width of the interorbital constriction compared
with the frontal width, with G. maculata having an
interorbital constriction (distance from landmark #4
to #10) narrower than frontal width (#2 to #12), while
the opposite was true for the other two taxa (G. tigrina
and G. genetta s.l.). A similar picture occurred with
ventral shape (Fig. 5). Variation in the first CVA axis
appears to be largely due to the distance between
landmarks #4 (interorbital constriction viewed ven-
trally) and #11 (midpoint of posterior margin of pal-
ate), with G. maculata showing a narrower distance
(interorbital constriction) compared with the other
two genets. On the other hand, the second ventral

CVA axis revealed differences in the relative size of
the bulla, with tigrina having a relatively smaller
bulla, as well as a much wider zygomatic arch and a
wider skull overall, compared with maculata and gen-
etta s.l. Specimens identified as possible hybrids in
Table 1, either between tigrina and maculata (N = 4)
or between tigrina and genetta s.l. (N = 1), are plotted
on the dorsal and ventral CVA plots. In dorsal and
ventral plots, the tigrina ¥ genetta s.l. hybrid occupied
a position as an outlier of the G. genetta s.l. group,
tending in the direction of the G. tigrina group. The
four tigrina ¥ maculata hybrids for which skulls were
available were grouped with maculata or as an outlier
on the dorsal plot (Fig. 3), but were situated as outli-

Figure 3. Relative Warps Analysis of dorsal image landmarks based on samples of Genetta maculata, showing age and
sex classes and geographical groups (C, E; Central and East Africa, respectively; others from southern Africa): squares
(Class 1; juveniles), asterisks (Class 2; subadults), triangles (Class 3; young adults), diamonds (Class 4; old adults).

Y = –0.04 (range)

X = –0.04 (range) X = 0.07 (range)

Y = 0.04 (range)
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ers of either G. tigrina (one specimen) or G. maculata
(three specimens) in Figure 5 (ventral plot).

CYTOCHROME B SEQUENCES

The complete cytochrome b (1140 bp) was obtained
from fresh samples (N = 14). A number of 577–1011
nucleotidic sites were sequenced from museum speci-
mens, depending on the set of primers used and the
quality of DNA extracts (N = 12). A total of 26 new
sequences was deposited in GenBank (accession num-
bers from AY397697 to AY397722; see Appendix 3).
The NJ tree using ML criteria (TrN model of evolution
using gamma shape (G) = 0.8563 and assumed propor-
tion of invariable sites (I) = 0.565) confirmed the clade
groupings found by Gaubert et al. (2004a, b), each spe-
cies forming a well-supported clade (Fig. 6). The only
exception was found in G. maculata and G. tigrina, the
haplotypes of which are mixed together in a single
clade. The MP analysis yielded 206742 equally parsi-
monious trees (469 steps; CI = 0.563; RI = 0.835),
which resulted in a strict consensus tree of 485 steps

(CI = 0.544; RI = 0.822; tree not shown) with a very
similar topology to the NJ tree (253 variable and
166 parsimony-informative characters, respectively).
Hybridization was clearly identified between G. tig-
rina and: (1) G. felina, with G. tigrina specimens
KM30813, A274, TM32282 and TM35133 included in
the G. felina haplotype clade; and (2) G. genetta, with
the G. tigrina specimen KM31133 included in the
G. genetta haplotype clade. The unresolved branching
pattern observed within the G. maculata–G. tigrina
clade did not allow the identification of putative
mtDNA reticulation.

Haplotype diversity (h) was generally high (see
Table 2), and reached 1.000 in G. pardina and
G. maculata ‘North’ (N = 5 in both cases). The taxa
characterized by a moderate h-value were G. felina
(0.571; N = 7) and G. maculata ‘South’ (0.632;
N = 19). Nucleotide diversity (p) was correlated to h-
values, except in G. tigrina, and to a lesser degree,
G. felina and G. maculata ‘South’, where h-values
were high or moderate and p-values were very low.
The two specimens representing G. angolensis, col-

Figure 4. Canonical Variates Analysis of shape matrix from cranial dorsal images (Wilk’s lambda = 0.05). Species formed
a priori groups, hybrids were added a posteriori. Species indicated as follows: circles, Genetta maculata; squares,
G. genetta + G. felina; triangles, G. tigrina; asterisks, G. tigrina ¥ G. maculata hybrids; star, G. tigrina ¥ G. genetta hybrid.
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lected in the same locality, shared the same haplo-
type. The AMOVA results indicated that 69.51% of
the observed variation was explained by the differen-
tiation among the seven taxa as defined in the Mate-
rial and Methods (P < 0.0001). When the AMOVA
was restricted to the taxa belonging to the tigrina-
pardina complex, the percentage of variation among
the groups (52.69%) was still superior to that within
the groups (P < 0.0001). All FST values between the
seven taxa were significant, thus indicating a strong

differentiation (data not shown). Pairwise FST values
among the tigrina-pardina complex were relatively
low but remained highly significant. Thus, we found
a significant differentiation between G. pardina
and the northern and southern ‘populations’ of G.
maculata (0.669 and 0.408; P < 0.0001 and 0.01,
respectively), and between G. tigrina and the two lat-
ter (0.347 and 0.371; P < 0.0001 and < 0.001, respec-
tively), which was not suggested by the phylogenetic
analyses. We also found a low but significant FST

Figure 5. Canonical Variates Analysis of shape matrix from cranial ventral images (Wilk’s lambda = 0.037). Species
formed a priori groups, hybrids were added a posteriori. Species are indicated as follows: circles, Genetta maculata; squares,
G. genetta + G. felina; triangles, G. tigrina; asterisks, G. tigrina ¥ G. maculata hybrids; star, G. tigrina ¥ G. genetta hybrid.
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Table 2. Molecular diversity parameters for the seven ‘groups’ (see Material and Methods) of southern African genets
estimated from cytochrome b sequences. N, number of individuals; h, haplotype diversity; p, nucleotide diversity; S, number
of polymorphic sites

Groups N h p S

Genetta genetta 11 0.911 0.029400 ± 0.015794 64
G. angolensis 2 0.500 0.000000 0
G. felina 7 0.571 0.006547 ± 0.004167 13
G. pardina 5 1.000 0.025647 ± 0.015888 59
G. tigrina 8 0.875 0.003577 ± 0.002374 9
G. maculata ‘North’ 5 1.000 0.010709 ± 0.006837 28
G. maculata ‘South’ 19 0.632 0.005921 ± 0.003263 22
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Figure 6. Neighbour-joining tree (NJ) (using maximum likelihood criteria) based on cytochrome b sequences and repre-
senting phylogenetic relationships within southern African genets (–ln likelihood = 4138.70308). The model of sequence
evolution estimated by ModelTest was TrN (Tamura & Nei, 1993) using gamma shape (G) = 0.8563 and assumed proportion
of invariable sites (I) = 0.565. The estimated substitution rates were 15.5145 (A–G) and 17.7913 (T–C). Numbers above
and below branches are bootstrap values (bp) higher than 70% (see Hillis & Bull, 1993; Mason-Gamer & Kellogg, 1996)
for the NJ and maximum parsimony tree, respectively. The scale bar corresponds to 1% sequence divergence. Specimen
numbers refer to Appendix 3. See Discussion for details on the boxes indicating ‘North’ and ‘South’ G. maculata.
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value between the two ‘populations’ of G. maculata
(0.216; P < 0.01).

DISCUSSION

PATTERNS OF HYBRIDIZATION AND TAXONOMIC 
BOUNDARIES IN SOUTHERN AFRICAN GENETS

The use of an integrative approach on a large set of
specimens representing all southern African species of
genets permitted a detailed assessment of the level of
hybridization in the subregion, and revealed cryptic
interspecific gene flow (see Fig. 1). All methods
employed in the present study refuted the hypothesis
of a large intergradation zone between G. maculata
and G. tigrina in KwaZulu-Natal (Pringle, 1977), thus
confirming the species status of the two genets (Craw-
ford-Cabral, 1981a; Crawford-Cabral & Pachecho,
1992; Gaubert et al., 2001, 2002; Gaubert, 2003a). The
observation of discrete morphology and use of the DFA
equation (Crawford-Cabral & Pachecho, 1992) gener-
ally yielded concordant results in identifying a very
low number of hybrids. One of the characters used by
Pringle (1977) to distinguish between G. tigrina and
G. maculata was defined according to the predomi-
nance of black over red-tipped hairs in dorsal spots.
This might explain the lack of congruence between
Pringle’s and our identifications, because coat colora-
tion has been shown to vary according to habitat
across the range of G. maculata (Crawford-Cabral,
1970; 1981a, b; Gaubert et al., 2003b). The geometric
morphometric analysis generally failed to confirm
unambiguously the status of the hybrid specimens
but clearly distinguished between G. maculata and
G. tigrina. The specimens attributed to G. t. methi
(from southern KwaZulu-Natal: Oribi Gorge, Under-
berg and Donnybrook) grouped unequivocally with
south-western populations of G. tigrina, thus rejecting
the hypothesis that methi may constitute a hybrid
population between G. maculata and G. tigrina (see
Crawford-Cabral & Pachecho, 1992). An interesting
point is that RWA of dorsal image landmarks indi-
cated a marked differentiation between Central–East
African and southern African specimens of
G. maculata that was mainly explained by a narrower
interorbital constriction and a wider zygomatic arch in
southern African samples, these transformations
being of the same nature as the ones used to distin-
guish G. maculata from G. tigrina. This result con-
firms the karyological evidence raised by Gaubert
et al. (2004c), who proposed the existence of two dis-
tinct taxa within the G. maculata super-species:
G. maculata sensu Gaubert et al. (2003a, b; North-
Central to East Africa) and G. ‘letabae’ (including
zuluensis, following Crawford-Cabral & Fernandes,
2001; South-East and South Africa). Such a ‘East–

South’ separation has already been recovered in other
African mammals (Arctander, Johansen & Coutellec
Vreto, 1999), suggesting the possible existence of east-
ern and southern ‘dry’ refuges during the most drastic
phases of dense forest expansion at the end of the
Pleistocene. The AMOVA analysis of cytochrome b
haplotypes confirmed the structuring in distinct
entities of G. pardina, G. maculata (East Africa),
G. ‘letabae’ (South Africa) and G. tigrina. However,
putative biases related to taxonomic sampling and
ancestral polymorphism, as suggested by the very low
values of nucleotide diversity in G. tigrina and
G. ‘letabae’ and the mixed branching pattern of the
minimum spanning tree built from the FST matrix
(data not shown), should make us consider these
results as preliminary. The taxonomic status of
G. ‘letabae’ may be the species level, but this assertion
will require analysis of additional molecular markers
(e.g. microsatellites and SNPs) on a broader sample
set.

Important reticulation of cytochrome b was detected
between G. felina and G. tigrina, two sympatric spe-
cies which diverged at the end of Pliocene (Gaubert
et al., 2004a). The important fraction of hybrids, as
portrayed by the inclusion of up to 50% of the ‘mor-
phological’ G. tigrina specimens in the haplotype clade
of G. felina, was unexpected, especially because the
two genets are morphologically well differentiated and
are likely to live in different habitats (Skinner &
Smithers, 1990). The morphological observations con-
firmed in situ hybridization with one ‘mosaic’ speci-
men from Cathcart. Cryptic hybridization was also
detected between G. genetta and G. tigrina, two spe-
cies estimated to split near the middle Pliocene (Gau-
bert et al., 2004a) but not range-overlapping, with a
specimen from the Western Cape exhibiting a
G. tigrina morphotype but having a G. genetta
haplotype.

The morphological observation of c. 1000 G. macu-
lata and G. angolensis specimens allowed the identifi-
cation of only one hybrid, namely the type specimen of
G. mossambica. Considering the type specimen of G.
mossambica as a hybrid might clarify the taxonomic
debate over the ‘rusty-spotted genets’ from Mozam-
bique (Roberts, 1951; Crawford-Cabral, 1981a; Craw-
ford-Cabral & Fernandes, 2001; J. Crawford-Cabral,
pers. comm. 2002). The specimens of G. angolensis
from Mozambique, Malawi and Tanzania examined by
PG were exactly similar to western populations from
Angola and the Democratic Republic of the Congo, and
no other morphotypes related to the type-specimen of
G. mossambica were recovered. Thus, we propose that
the name mossambica Matschie, 1902 should be aban-
doned for designating specimens formerly attributed
to this taxon which was either related to G. maculata
or eastern populations of G. angolensis.
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PATTERNS OF HYBRIDIZATION AND 
ENVIRONMENTAL FACTORS

Recent advances in hybridization research have
argued that ecological factors may play a more impor-
tant role in speciation and maintenance of hybrid zones
than genomic incompatibility per se (Arnold & Hodges,
1995; Jiggins & Mallet, 2000; Schilthuizen, 2000).
Despite the comprehensively identified mosaic of
hybrids in southern African genets, environmental fac-
tors that may shape patterns of genet hybrid zones in
the subregion remain unclear. Although diversity
exists in the spectrum of niches of genets with large dis-
tributions, the specificity of their respective habitats is
likely to prevent syntopy and direct competition for
food resources (Kingdon, 1977; Rautenbach & Nei,
1978; Yalden, Largen & Kock, 1980; Happold, 1987;
Kingdon, 1997). Rainfall patterns for the southern
African subregion indicate increasing aridity from east
to west (from 1000 to <125 mm; see Mansell & Eras-
mus, 2002), which seems to partly influence the current
distributions of G. ‘letabae’, G. tigrina, G. angolensis,
present in humid zones, and G. genetta and G. felina,
occupying drier areas (Stuart, 1981; Skinner & Smith-
ers, 1990; Kingdon, 1997; Crawford-Cabral, in press).
Interestingly, it appears that most of the current
ranges of the southern African genets are delimited by
climatic factors such as seasonality of precipitation and
periods of annual frost (see the synthetic map of
O’Brien & Peters, 1999: 120, fig. 9-4), and not vegeta-
tion or precipitations per se. First, G. ‘letabae’,
G. angolensis, G. genetta and G. felina occupy a tropical
summer-rain climate zone (subhumid to desert)
whereas G. tigrina is present mostly in the zone of
winter-rain climate of the Cape and circum-
Mediterranean. Second, the distributions of G. genetta
and G. felina follow the ‘frost-susceptible region’ (i.e.
where frost occurs, but not annually; O’Brien & Peters,
1999), a zone in which G. ‘letabae’ and G. angolensis
seem to be absent. In some cases, ranges of southern
African genets do not perfectly fit with the seasonality-
of-precipitation climate regions (e.g. presence of
G. ‘letabae’ in the dry south-west and G. felina sympa-
tric with G. tigrina in coastal South Africa), and other
cumulative factors, such as microhabitat conditions,
are also likely to influence distribution.

Climatic conditions as described above might play a
role in the patterns of hybrid zones identified through
our study. Our results point out that despite diver-
gences of several million years between species and
climatic partitions of distributional ranges, hybridiza-
tion is possible without invoking currently disturbed
‘environments’ as a causal event (see other studies on
carnivores: Lehman et al., 1991; Wayne & Jenks, 1991;
Roy et al., 1994; Stahl & Artois, 1995; Davison et al.,
1999; Kyle, Davison & Strobeck, 2003). However, it is

not clear whether ecoclimatic factors may influence
the maintenance of the narrow hybrid zone occurring
between G. ‘letabae’ and G. tigrina in KwaZulu-Natal,
a region of complex habitat mosaic (Bourquin, Vincent
& Hitchins, 1971; Phillips, 1973) where the two spe-
cies seem to share similar niches. The proposed infer-
tility of G. ‘letabae’ ¥ G. tigrina hybrids based on
karyological data (Kumamoto, 1989; Gaubert et al.,
2004c) might in this case constitute a strong barrier to
gene flow (see Barton & Hewitt, 1989), and be respon-
sible of the narrow hybrid zone observed. It is likely
that the split between G. maculata–G. ‘letabae’ and
G. tigrina in South Africa was induced by a strong glo-
bal cooling 0.6 Mya associated to increasing intensity
of glacial events (Denton, 1999). The contact zone
between G. tigrina and G. ‘letabae’ may be secondary
and very recent, because the estimated large exten-
sion of forest biome in KwaZulu-Natal and northern
Transvaal during the Holocene altithermal (c. 7000
years ago; Eeley, Lawes & Piper, 1999) could have
acted as an ecological barrier. However, climatic oscil-
lations 0.9 Mya (Denton, 1999; Owen-Smith, 1999)
might make the past history of this contact zone more
complex to trace back.

Other species of genets that diverged during the
Pliocene (Gaubert et al., 2004a) are reported here to
hybridize in situ (G. tigrina ¥ G. felina and G. genetta).
Although the biology of G. felina is almost unknown,
the distributional data suggest that it occurs in South
Africa in the same habitat as G. tigrina but has a wider
tolerance to drier biotopes, as its range extends
towards the dry south-west (Fig. 1). The level of
hybridization for such phylogenetically distant taxa is
surprisingly high. Unfortunately, karyological data
are not available for G. felina, and the impact of
hybridization on the evolution of these taxa is
unknown. One hybrid was also detected between
G. tigrina and G. genetta, two species currently geo-
graphically separated by arid regions like the Namib
desert and Damara-Nama upland (see O’Brien &
Peters, 1999). However, contact zones may have
occurred in the past with the existence of a humid
period in the Kalahari in the Late Pleistocene
(Lancaster, 1979) yielding corridors with favourable
habitats for both species (Denys, 1999).

The ability to hybridize might actually constitute a
symplesiomorphy of the clade studied herein, the fit-
ness and fertility of hybrids being affected, at least
partially, by derived chromosomal rearrangements.

IDENTIFYING CRYPTIC HYBRIDIZATION THROUGH AN 
INTEGRATIVE APPROACH

Our integrative approach was necessary in order to
avoid the pitfalls related to the consideration of a sin-
gle type of marker when questioning species bound-
aries, speciation and hybridization (e.g. Wu, 2001).
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Remarkably, the morphological material (discrete
characters and morphometrics) proved complemen-
tary to inferences derived from cytochrome b
sequences. The exclusively molecular approaches used
in some of the recent literature for characterizing
hybrid zones may have biases similar to what has
been reproached to morphology, like the non-detection
of ‘ghost’ hybrids (Leary, Gould & Sage, 1996). For
instance, all three morphological methodologies used
in this study identified hybrids between G. ‘letabae’
and G. tigrina in KwaZulu-Natal, and classified as a
morphological mosaic between G. angolensis  and
G. maculata–G. ‘letabae’ the type specimen of
G. mossambica. The use of only cytochrome b data
would have failed to allow the clear detection of any of
these cases. Despite the fact that this remark is to be
downplayed in the case of G. angolensis (only two indi-
viduals sampled), the absence of clear phylogenetic
structure between the haplotypes of the large-spotted
genets constitutes a crucial obstacle to the detection of
reticulation from mtDNA data alone. Although this
statement is not applicable to all DNA-based investi-
gations, it is likely that biases related to lineage sort-
ing, rates of evolution and differential selections on a
specific type of genome (i.e. mtDNA vs. nDNA; see
Clarke et al., 2002) may lead to erroneous conclusions
if not compared with results from independent (mor-
phological) markers (see, for a phylogenetic perspec-
tive: Degnan, 1993; Page & Charleston, 1998; Corneli
& Ward, 2000; Giannasi, Malhotra & Thorpe, 2001).
On the other hand, morphological evidence was
weaker than cytochrome b data in detecting cryptic
reticulation between G. tigrina and (1) G. genetta and
(2) G. felina (one morphological hybrid, but a large
proportion of hybrids detected through haplotypes).
These results dramatically illustrate the inextricable
complementarity of molecules and morphology. Fur-
ther clarification of hybridization patterns in southern
African genets should be expected with the production
of currently unavailable data for additional indepen-
dent markers for the whole taxonomic set studied.

Our study also corroborated that morphological
variation, when precisely delimited, can constitute a
useful tool for a better characterization of the pro-
cesses of hybridization (Daniels et al., 1998; Rohwer &
Wood, 1998; Rohwer et al., 2001). The delimitation of
the nine discrete morphological characters used in
this study was clear-cut (quasi absence of polymor-
phism within the species ranges), and allowed us to
disregard intraspecific variability and focus on mosa-
ics of character states truly diagnostic of morphologi-
cal hybrids. The fact that each hybrid generally
exhibited a proper mosaic of character states (coat pat-
tern and skull) supports the hypothesis of epigenetic
control of the phenotypic expression of the characters
considered in the genets (see Rakyan et al., 2001). In

addition, the fact that all hybrids having G. genetta or
G. felina cytochrome b haplotypes were morphologi-
cally identified as G. tigrina may suggest (1) asymmet-
ric hybridization of G. tigrina males to females of
other species and (2) positive selection for a tigrina-
like coat pattern in South African habitats. However,
these hypotheses will have to be further tested using,
for instance, Y-linked markers, which have already
proved appropriate when combined with the mater-
nally inherited mtDNA for revealing directionalities
in hybridization processes (e.g. Kikkawa et al., 2003).

The complementarity of our morphological and
molecular results is considered to be an encourage-
ment for developing an integrative approach for ques-
tioning hybridization issues in zootaxa, as previously
successfully pursued in plants (e.g. Carney, Gardner &
Rieseberg, 2000). Thus, our study strongly argues for
the combination of various phenotypic and genetic
markers, together with the consideration of environ-
mental data, in order to improve our understanding of
the complex phenomena that underlie hybridization
processes. Hybridization is likely to play an important
role in evolutionary history, especially in speciation
(e.g. DeMarais et al., 1992; Moore & Price, 1993;
Stone, 2000; Vollmer & Palumbi, 2002). Given the
demonstrated instability of hybrid zones in time and
space (Moore, 1977; Schilthuizen, 2000; Rohwer et al.,
2001; Dasmahapatra et al., 2002), the process of retic-
ulation also raises the necessity of an integrative
approach when dealing with conservation issues (see
Graham, 1988; for an integration of a palaeoecological
perspective), an approach that we chart here for the
case concerning the preservation of potential pools of
‘evolutionarity’ within the southern African genets.
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APPENDIX 1

LIST OF DISCRETE MORPHOLOGICAL CHARACTERS USED 
FOR G. TIGRINA (a) AND G. MACULATA (b).

Coat pattern
1.a. mid-dorsal spots black to dark brown, with mid-
dorsal line always dark.
1.b. mid-dorsal spots rufous red, with mid-dorsal line
from dark brown to rufous red.
A contrast of coloration between the mid-dorsal line
and mid-dorsal spots may be present in the
G. maculata phenotype, i.e. when spots are rufous red
but the mid-dorsal line remains very dark (though
always mixed with rufous hairs). Some other speci-
mens may have their mid-dorsal line with the same
coloration as spots, i.e. rufous red. In G. tigrina, the
mid-dorsal line is always the same coloration as the
spots, and is restricted to a black to dark brown.

2.a. marked mid-dorsal crest.
2.b. no mid-dorsal crest.
The mid-dorsal crest is defined as ‘marked’ when hairs
on the mid-dorsal line form a stripe of much longer
hairs compared to the adjacent dorsal areas. Although
the mid-dorsal crest in G. tigrina is not as developed
as in G. genetta or G. angolensis, it is strikingly
marked in comparison to G. maculata.

3.a. mid-dorsal spots large and non-coalesced.
3.b. mid-dorsal spots short and often fused at the
rump.
The coalescence level of mid-dorsal spots is a useful
discriminative character within genet species (Gaub-
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ert et al., 2001, 2002). In this case, the difference is
weak but remarkable, because G. maculata has fewer
large mid-dorsal spots than G. tigrina (Roberts, 1951).
Besides, coat pattern is more densely spotted in
G. maculata. However, because of the tendency to fuse
together on the same row, especially at the rump,
fused spots of G. maculata can sometimes look similar
to one single large spot of G. tigrina. However, a more
accurate examination of the spots allows the distinc-
tion between fusion events (broken outlines) and a
single large spot. This character is not usable with
juvenile specimens, as coat pattern is often confused
by a generalized coalescence of the mid-dorsal spots.

4.a. hindfoot almost completely dark, with a thin
bright stripe starting from the upper part of the foot
to the limb.
4.b. hindfoot bright (same as ground coloration), with
a dark stripe restricted to the underpart of the foot.

5.a. forelimb with a longitudinal dark stripe on the
posterior part.
5.b. forelimb bright (same as ground coloration).
Characters 4 and 5 were, at the beginning of the study,
thought to constitute one single character related to
the darkening of the coat (see Roberts, 1951). How-
ever, several specimens exhibited the character states
4a and 5b at the same time (and vice versa).

6.a. tail with a thick aspect, and bright and dark rings
clearly delimited.
6.b. tail with a thinner aspect, and bright and dark
rings not clearly delimited.
Bright and dark rings have their outlines either con-
fused (G. maculata) or well delimited (G. tigrina). In
G. maculata, both rings of dark and bright hairs are
partly overlapping with the next ring, thus making
the annulation pattern quite confused. On the con-
trary, G. tigrina bears a clear annulation pattern (i.e.
no overlapping), even though dark hairs are present
and mixed with bright rings.

7.a. tail with six bright rings.
7.b. tail with seven to eight bright rings.
The first bright ring is defined here as the bright ring
located right after the first dark basal ring of the tail.
The last bright ring is not taken into account, because
the fact that it can be either almost completely
masked by dark hairs or clearly visible could make the
counting misleading. This probably explains the dif-
ference compared with the counting of Roberts (1951).

Skull
8.a. interorbital constriction/frontal width ratio =
1 ± 0.05.
8.b. interorbital constriction/frontal width ratio lower
than 0.93.

The interorbital constriction is the narrowest point of
the constriction. The frontal width is defined in
Figure 2. Boundary values were delimited on the basis
of measurements taken on nonambiguous specimens
(i.e. specimens not from the putative hybrid zone).
This character, that we name int1, is highly species-
discriminative within genets (Gaubert, 2003a). Juve-
niles and young subadult specimens of both species
have int1 close to or greater than 1 because of their
large interorbital constriction (Gaubert et al., 2001).

9.a. caudal entotympanic bone not inflated compared
to the ectotympanic bone (very short aspect).
9.b. caudal entotympanic bone more inflated compared
to the ectotympanic bone.
This is the most subjective character used to discrim-
inate the two species. The difference between the two
character states was noted by Crawford-Cabral
(1981a). G. tigrina has a very flat and short caudal
entotympanic bone (c.e.b.), the flattest and shortest
among all genet species. The difference between the
G. maculata and G. tigrina c.e.b. shape may some-
times be difficult to detect. However, we chose to con-
sider this character in the analysis because c.e.b.
inflation has proved to be a species-discriminant char-
acter within the subfamily Viverrinae and the genus
Genetta (Gaubert et al., 2002). It was noticed that
juvenile and subadult specimens of G. maculata
tended to have shorter c.e.b. than adults, thus exclud-
ing the use of such character states when considering
these age classes.

APPENDIX 2

RELATIVE AGE DETERMINATION AND LIST OF THE 
ADULT SKULLS USED IN THE FINAL GEOMETRIC 

MORPHOMETRIC ANALYSIS (N = 69).
Categories of relative age were defined by PJT using
a random sample of G. maculata skulls (N = 33)
arranged in an ‘age line’ from smallest to largest in
terms of condylobasal skull length:

Class 1: Juveniles: M2 not fully erupted, broad inter-
orbital constriction, posterior part of the braincase
widening conspicuously.
Class 2: Subadults: M2 fully erupted, braincase more
oval, frontal-parietal and nasal-frontal sutures open,
sagittal crest undeveloped.
Class 3: Young adults: as in Class 2, but only nasal-
frontal suture still visible, sagittal crest weakly
developed.
Class 4: Old adults: as in Class 3, but all sutures
closed, sagittal crest well developed.

Museum abbreviations are described in the main text.
Juvenile skulls (marked with asterisks) were excluded
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from final analysis. Specimens constituting the
G. ‘letabae’ plot after final geometric morphometric
analysis are indicated in bold.

Genetta maculata (including ‘letabae’): SOUTH
AFRICA (KWAZULU-NATAL PROVINCE): Albert Falls –
DNSM 2064; Bayzlee Beach – DNSM 1286; between
St Lucia and Monzi – DNSM 2066; Bishopstowe – NM
1614; Botha’s Hill – DNSM 3225; Hillary, Durban –
DNSM 1632; Mkuzi Game Reserve – NM 863; Cowie’s
Hill, Durban – DNSM 3219; Kloof, Durban – DNSM
3499*; Hluhluwe Game Reserve – NM 1381*; Lake St
Lucia, Iphiva Camp – DNSM 1089; Paradize Valley,
Durban – DNSM 2189; Pietermaritzburg – DNSM
2054; Sunningdale – DNSM 4058; Umdloti – DNSM
2232; Westville, Durban – DNSM 1636; (FORMER

TRANSVAAL PROVINCE): Wangemann – MFNB 19661;
NAMIBIA: Caprivi – MFNB 19677; Mohango, Caprivi
– BMNH 3591163; SWAZILAND: Tshaweni – BMNH
76323; MOZAMBIQUE: Tambarara – BMNH 81146,
81147; TCHAD: Lake Tchad – MNHN 1904–2008,
1904–2009, 1904–2010, 1904–2011; Kenya: Kiliman-
jaro – MNHN 1905–379; ETHIOPIA: Hirna (neotype
of G. maculata) – MNHN 1972–395; ‘Ethiopia’ –
MNHN 1974–203; ZIMBABWE: Sabi River – SAM
9056; TANZANIA: Luganga Fringe – MFNB 60968,
60969; LESOTHO: ‘Lesotho’- DNSM 5176*.

Genetta genetta (including G. felina): SOUTH
AFRICA (EASTERN CAPE PROVINCE): Deelfontein –

BMNH 31418; Grootfontein – BMNH 3591205;
(WESTERN CAPE PROVINCE): Langebaanweg – SAM
39508, 39585, 39236; Gansbaai – SAM 38541;
Matjesgat – SAM 39813; FRANCE: MNHN 1994–
597, 1997–450; MALI: Emal’here – MNHN 2000–347;
ETHIOPIA: River East of Lake Margherita – MNHN
1969–465, 1969–467; SENEGAL: Morel – MNHN
1961–653, 1960–3903.

Genetta tigrina: South Africa (KWAZULU-NATAL PROV-

INCE): Oribi Gorge: NM 1527, 1545, 1558; Underberg
– NM 1603; (WESTERN CAPE PROVINCE): Rondebosch
– BMNH 95935, 95936; Tamboerskloof – SAM 17664;
Llandudno – SAM 39379, 39380; Cape of Good Hope
Nature Reserve – SAM 36015, 37295; Stellenbosch –
SAM 35810; Noordhoek – SAM 35639; Du Toit’s Kloof
– SAM 36256; Gordon’s Bay – SAM 37710; (EASTERN

CAPE PROVINCE): Sunday’s River – MFNB 1101, 1102;
Knysna – BMNH 55739, 55741; King William’s Town
– BMNH 7710125.

Hybrids detected from discrete morphological charac-
ters (see Appendix 1):
G. tigrina ¥ G.maculata: SOUTH AFRICA (KWAZULU-

NATAL PROVINCE): Royal Natal National Park –
DNSM 2055; New Germany, Durban – DNSM 3335;
Umgeni Valley Ranch – NM 1990; ‘Pondoland’-
MFNB 19696.

G. tigrina ¥ G. genetta: SOUTH AFRICA (EASTERN

CAPE PROVINCE): Cathcart – BMNH 3591162.
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APPENDIX 3

List of species and specimens used in the molecular analyses, with collection and GenBank accession numbers and locality
names. Asterisks indicate that voucher specimens are available. DNA extracts from museum collection specimens (i.e. not
fresh material) are indicated by ‘M’. Specimens used in both molecular and morphometric analyses have their numbers
in bold. Collection numbers in italic indicate that the sequences were obtained from both PG and CAF. Underlined collection
numbers indicate sequences obtained by CAF, the rest of the sequences having been produced by PG. New sequences have
their GenBank accession numbers in bold.

Species Collection no.
GenBank 
accession no. Locality

Genetta johnstoni E-74 AY241892 Taï National Park, Ivory Coast
G. servalina C-20 AF511053 Kouala Moutou, Gabon
G. angolensis MVZ-118448 *M AY241882 Luanshya, Zambia
G. angolensis MVZ-118449 *M AY241883 Luanshya, Zambia
G. genetta C-9 AY241905 Puéchabon, France
G. genetta E-03 AY397700 Africa
G. genetta E-10 AY397697 Donana National Park, Spain
G. genetta E-16 AY241911 Emnal’here, Mali
G. genetta E-48 AY397701 Gironde, France
G. genetta E-64 AY397699 France
G. genetta E-65 AY397698 Dakar, Senegal
G. genetta E-88 AY241922 Jijel, Algeria
G. genetta E-17 AY397722 Beaufort West, SA
G. genetta E-19 AY241910 Chelmsford, KwaZulu-Natal, SA
G. genetta NMB-8544 *M AY241886 Northern Cape, SA
G. felina E-04 AY241908 Victoria West District, SA
G. felina E-05 AY241909 Victoria West District, SA
G. felina KM-27708 *M AY241879 Northern Cape, SA
G. pardina C-47 AY397706 West Africa
G. pardina C-62 AY241896 Tappita, Liberia
G. pardina E-07 AY241895 West Africa
G. pardina E-84 AY397707 near Laminia and Kédougou, Senegal
G. pardina E-106 AY397708 Cavally River, Liberia
G. maculata C-87 AY397711 Laneata, Kenya
G. maculata E-32 (DNSM-1089)* AY241920 St. Lucia Village, KwaZulu-Natal, SA
G. maculata E-30 (DNSM-1617)* AY397719 Albert Falls National Reserve, KwaZulu-Natal, SA
G. maculata E-33 (DNSM-1618)* AY241916 Kloof, KwaZulu-Natal, SA
G. maculata E-28 (DNSM-1632)* AF511055 Hillary, KwaZulu-Natal, SA
G. maculata E-34 (DNSM-1636)* AY397721 Westville, KwaZulu-Natal, SA
G. maculata E-25 (DNSM-2178)* AY397714 Waterfall, KwaZulu-Natal, SA
G. maculata E-35 (DNSM-2189)* AY241921 Paradize Valley, KwaZulu-Natal, SA
G. maculata E-31 (DNSM-2190)* AY397720 Gillits, KwaZulu-Natal, SA
G. maculata E-29 (DNSM-2232)* AY397718 Umhloti, KwaZulu-Natal, SA
G. maculata E-24 (DNSM-3219)* AY241917 Westville, KwaZulu-Natal, SA
G. maculata E-27 (DNSM-3225)* AY241913 Botha’s Hill, KwaZulu-Natal, SA
G. maculata E-21 (DNSM-3335)* AY397716 New Germany, KwaZulu-Natal, SA
G. maculata E-20 (DNSM-3499)* AY241919 Kloof, KwaZulu-Natal, SA
G. maculata E-37 (DNSM-4475)* AY397717 Umgeni River Mouth, KwaZulu-Natal, SA
G. maculata E-53 (DNSM-5176)* AY241912 Lesotho
G. maculata E-36 (DNSM-5611)* AY241914 Eshowe, Dlinza Forest, KwaZulu-Natal, SA
G. maculata E-06 AY397710 Thika, Kenya
G. maculata E-86 AY397712 Kibwezi, Kenya
G. maculata E-70¢ AY241901 Bukinayana, Kibira National Park, Burundi
G. maculata E-113 AY397713 House, Ethiopia
G. maculata E-22 (TM-39910)* AY241915 Blidschap Private Reserve, Northern Province, SA
G. maculata E-23 (TM-39551)* AY241918 Blidschap Private Reserve, Northern Province, SA
G. maculata E-26 (TM-39726)* AY397715 Pietermaritzburg, KwaZulu-Natal, SA
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G. tigrina A-270 AY241889 East London, SA
G. tigrina A-271 AY241876 East London, SA
G. tigrina A-274 AY397705 East London, SA
G. tigrina A-272 AY241878 East London, SA
G. tigrina A-273 AY241877 East London, SA
G. tigrina KM-30813 * AY397702 Western Cape, SA
G. tigrina KM-31133 * AY397709 Western Cape, SA
G. tigrina KM-31185 * AY241880 Eastern Cape, SA
G. tigrina KM-31276 * AY241881 Eastern Cape, SA
G. tigrina NMB-4470 * AY241884 Eastern Cape, SA
G. tigrina NMB-4786 * AY241885 Eastern Cape, SA
G. tigrina TM-32282 * AY397704 Knysna, SA
G. tigrina TM-35133 * AY397703 Clanville, SA

Species Collection no.
GenBank 
accession no. Locality
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