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Abstract

The Herpestidae are small terrestrial carnivores comprising 18 African and Asian genera, currently split into two subfamilies, the

Herpestinae and the Galidiinae. The aim of this work was to resolve intra-familial relationships and to test the origin of sociality in

the group. For this purpose we analysed sequences of the complete cytochrome b gene for 18 species of Herpestidae. The results

showed that the mongooses were split into three clades: (1) the Malagasy taxa (Galidiinae and Cryptoprocta), (2) the true social

mongooses and (3) the solitary mongooses, each group being also supported by morphological and chromosomal data. Our results

suggested unexpected phylogenetic relationships: (1) the genus Cynictis is included in the solitary mongoose clade, (2) the genera

Liberiictis and Mungos are sister-group, and (3) the genus Herpestes is polyphyletic. We examined the evolution of the sociality in

mongooses by combining behavioural traits with the cytochrome b data. Some of the behavioural traits provided good synapo-

morphies for characterizing the social species clade, showing the potential benefit of using such characters in phylogeny. The

mapping of ecological and behavioural features resulted in hypothesizing solitary behavior and life in forest as the conditions at the

base of the mongoose clade.

� 2003 Elsevier Inc. All rights reserved.
1. Introduction

The extant mongooses (Herpestidae) comprise 18

genera and 37 species of small terrestrial carnivores,

found mainly in Africa, with 8 species of the genus

Herpestes occurring in Asia. The recognition of the
mongooses as a separate family by Gregory and Hell-

man (1939) has been confirmed by several studies

(Bugge, 1978; Fredga, 1972; Hunt, 1987; Neff, 1983;

Radinsky, 1975; Veron, 1995; Wozencraft, 1989; Wur-

ster, 1969), although it was not followed by some au-

thors who continued to include the mongooses in the

Viverridae (Coetzee, 1977; Dargel, 1990; Ewer, 1973;

Kingdon, 1977; Rosevear, 1974; Taylor, 1988; Simpson,
1945; Skinner and Smithers, 1990).
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The phylogenetic relationships among the mongooses

have been studied on the basis of morphological features

(Baker, 1987; Gregory and Hellman, 1939; Hendey,

1974; Petter, 1969, 1974; Pocock, 1919; Stains, 1983;

Veron, 1995; Wozencraft, 1989), karyological data

(Couturier and Dutrillaux, 1985; Fredga, 1972) and al-
lozymes (Taylor et al., 1991). Until the present study,

the relationships within the Herpestidae have never been

investigated using DNA sequencing data. Wozencraft

(1989) considered three subfamilies, namely: (1) the

Galidiinae, consisting of the Malagasy species, including

the genera Galidia, Galidictis,Mungotictis, and Salanoia,

(2) the Herpestinae, including the genera Atilax, Bdeo-

gale, Herpestes, Ichneumia and Rhynchogale, and (3) the
Mungotinae, with the genera Crossarchus, Cynictis,

Dologale, Helogale, Liberiictis, Mungos, Paracynictis

and Suricata. Wozencraft (1989) noted that the rela-

tionships within the Mungotinae were poorly under-

stood and suggested two monophyletic groups within
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the Herpestinae: the Herpestes–Atilax clade and the
Ichneumia–Bdeogale–Rhynchogale clade. Many authors

(see Allen, 1924; Rosevear, 1974; Wozencraft, 1993)

placed four small African species of Herpestes (flaves-

cens, pulverulentus, sanguineus, and swalius) in a separate

genus, Galerella, but this group was not recovered by the

morphometric study of Taylor and Matheson (1999).

The Liberian mongoose (Liberiictis kuhni), seen alive for

the first time in 1989 (Taylor, 1992) has been live-trap-
ped and studied for the first time in Ivory Coast by A.

Dunham, providing new data on its behaviour. The

phylogenetic relationships of this species are unknown

but it has been suspected to be close to Crossarchus

(Hayman, 1958; Honacki et al., 1982).

The family is currently split into two subfamilies, the

Herpestinae (which includes the Mungotinae) and the

Galidiinae (Wozencraft, 1993). Some recent studies
(Veron, 1995; Veron and Catzeflis, 1993; Yoder et al.,

2003) showed that the Malagasy carnivores currently

placed in the Viverridae (Cryptoprocta, Eupleres, and

Fossa) (Wozencraft, 1993) form a monophyletic group

with the Malagasy mongooses (Galidiinae) which are

the sistergroup of the other mongooses (Herpestinae).

In some species of mongooses, groups larger than a

single family unit are found, and in some cases, indi-
viduals live in cohesive packs which forage and den to-

gether (Rood, 1983). Ecological and behavioural studies

of the dwarf mongoose (Helogale parvula) (Creel and

Waser, 1997; Rasa, 1973, 1977, 1987; Rood, 1978, 1980,

1983, 1987, 1990), the meerkat (Suricata suricatta)

(Clutton-Brock et al., 1999; Ewer, 1963), the common

cusimanse (Crossarchus obscurus) (Booth, 1960; Ewer,

1973; Goldman, 1987; Goldman and Dunham, in press;
Rosevear, 1974) and the banded mongoose (Mungos

mungo) (Cant, 2000; De Luca and Ginsberg, 2001;

Hinton and Dunn, 1967; Neal, 1970; Rood, 1975) re-

vealed that they live in cohesive social groups (packs)

larger than a single family unit (Rood, 1975), breed

cooperatively (lactation of multiple females, adult group

members helping to guard and feed the young, coordi-

nation system of vigilance, see Clutton-Brock et al.,
1999) and forage in packs. The yellow mongoose

(Cynictis penicillata) lives in pairs or family groups in

habitat similar to that of the meerkat (Cavallini, 1993b;

Earle, 1981; Wenhold, 1990). The behavioural and

ecological studies of the solitary mongooses have in-

cluded the marsh mongoose (Atilax paludinosus) (Ba-

ker, 1988, 1989; Ray, 1997), the small Indian mongoose

(Herpestes javanicus) (Cavallini and Serafini, 1995;
Gorman, 1979), the Egyptian mongoose (Herpestes

ichneumon) (Ben Yaacov and Yom-Tov, 1983; Delibes

et al., 1984; Palomares and Delibes, 1992, 1993), the

long-nosed mongoose (Herpestes naso) (Ray, 1997), the

slender mongoose (Galerella sanguinea) (Baker, 1980;

Jacobsen, 1982; Rood, 1989; Rood and Waser, 1978;

Waser et al., 1994) and the Cape grey mongoose
(Galerella pulverulenta) (Cavallini, 1992; Cavallini and
Nel, 1990).

Some solitary mongooses have revealed more com-

plex social systems and inter-individual contacts than

expected (Palomares and Delibes, 1993, 2000) as well as

a tendency to become gregarious in some conditions (see

Cavallini and Nel, 1990 for Galerella pulverulenta;

Rood, 1989; Rood and Waser, 1978; Waser et al., 1994

for Galerella sanguinea; Ben Yaacov and Yom-Tov,
1983; Palomares and Delibes, 1993 for Herpestes ich-

neumon; Waser and Waser, 1985 for Ichneumia albic-

auda).

Almost nothing is known about the social behaviour

of the black-footed mongoose (Bdeogale nigripes) or of

the bushy-tailed mongoose (Bdeogale crassicauda)

(Kingdon, 1977), but the latter is believed to be noc-

turnal and solitary (Sale and Taylor, 1970; Skinner and
Smithers, 1990; Taylor, 1987). The behaviour of Asian

species (Herpestes brachyurus, H. edwardsii, H. javani-

cus, H. palustris, H. semitorquatus, H. smithii, H. urva,

H. vitticollis) is also poorly known but these species are

believed to be solitary (Gorman, 1979; Roberts, 1977)

and diurnal (Santiapillai et al., 2000).

The social mongooses are generalized to have diurnal

activity, live in open habitat and feed largely on inverte-
brates, whereas the solitary species are generalized to be

nocturnal, live in forested habitats, feed on small verte-

brates as well as invertebrates, and larger in size than the

social mongooses (Gorman, 1979; Rood, 1986). Carni-

vores are believed to be primitively solitary, nocturnal

forest-dwellers (Rood, 1983) and this is also thought to

be the primitive condition for mongooses (Gorman,

1979; Gregory and Hellman, 1939; Savage, 1978).
The social mongooses were suspected to be close to-

gether (subfamily Mungotinae; Wozencraft, 1989) but

the origin of sociality and of other life traits in the

mongooses has never been tested in a phylogenetic

framework. The aim of this study was to resolve intra-

familial relationships among Herpestidae and to test if

the social mongooses really form a monophyletic group,

or if sociality has been acquired independently several
times in this group (see Rood, 1986). This will also

demonstrate if behavioural traits could be appropriate

characters for phylogenetic investigations. Mitochon-

drial cytochrome b has been shown to be useful for

elucidating intra-familial relationships within the Car-

nivora (Dragoo et al., 1993; Dragoo and Honeycutt,

1997; Gaubert et al., in press; Geffen et al., 1992; Koepfli

and Wayne, 1998; Kurose et al., 2000; Ledje and Ar-
nason, 1996; Masuda and Yoshida, 1994; Masuda et al.,

1996; Veron and Heard, 2000). The present study pro-

vides a new data set of complete cytochrome b sequences

for 18 species, belonging to 12 different genera of Her-

pestidae. Seven ecological and behavioural traits have

been studied in order to test their evolution in a phy-

logenetic framework.
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2. Materials and methods

Sequencing work was undertaken at the Service

Commun de Syst�ematique Mol�eculaire at the Mus�eum
National d�Histoire Naturelle, Paris.

The samples used in this study are presented in

Table 1. Samples came from diverse sources (see Ac-

knowledgements). When available, two different speci-

mens of the same species were sequenced. Our sampling
Table 1

List of samples

Genus Species DNA # GenBank # Refe

Atilax paludinosus C-110 AF522324 This

Atilax paludinosus C-158 AF522325 This

Crossarchus alexandri C-109 AF522326 This

Crossarchus obscurus C-187 AF522327 This

Cynictis penicillata C-111 AF511060 Gaub

Cynictis penicillata C-66 AF522328 This

Galerella pulverulenta C-164 AF522329 This

Galerella pulverulenta C-165 AF522330 This

Galerella sanguinea C-167 AF522331 This

Galerella sanguinea C-168 AF522332 This

Helogale parvula C-140 AF522333 This

Helogale parvula C-245 AF522334 This

Helogale hirtula C-134 AF522335 This

Herpestes edwardsii C-232 AF522336 This

Herpestes ichneumon C-21 AF511059 Gaub

Herpestes ichneumon C-246 AF522337 This

Herpestes javanicus X94926 Ledj

Herpestes javanicus C-228 AF522338 This

Herpestes naso C-16 AF522339 This

Herpestes naso C-242 AF522340 This

Ichneumia albicauda C-79 AF511058 Gaub

Ichneumia albicauda C-160 AF522341 This

Liberiictis kuhni C-188 AF522342 This

Liberiictis kuhni C-230 AF522343 This

Rhynchogale melleri C-243 AF522344 This

Suricata suricatta C-67 AF522345 This

Suricata suricatta C-117 AF522346 This

Mungos mungo C-78 AF522347 This

Mungos mungo C-190 AF522348 This

Mungotictis decemlineata C-46 AF511061 Gaub

Cryptoprocta ferox C-13 AF511070 Vero

(AF125139) Gaub

Hemigalus derbyanus C-40 AF511067 Vero

(AF125143) Gaub

Arctogalidia trivirgata C-35 AF511068 Vero

(AF125140) Gaub

Prionodon pardicolor C-163 AF522349 This

Viverra zibetha C-34 AF125146 Vero

This

Nandinia binotata C-126 AF522350 This

Crocuta crocuta C-70 AF511064 Gaub

Hyaena hyaena AM-60 AF511063 Gaub

Felis catus AB004237 Yosh

Panthera leo AF053052 Crac

Panthera tigris X82301 Arna

Abbreviations for Museum specimen number: B, National Museum Bl

Museum National d�Histoire Naturelle, France; NMS, National Museums o

Ontario Museum, Canada; TM, Transvaal Museum, South Africa. Abbreviat

South Africa; PZM, Zoological Park of Montpellier, France; SDP, Sharjah D

ZDK, Zoo Dvur Kralov�e, Czech Republic; ZGH, Zoologischer Garten, Ha
represents 17 species of Herpestinae belonging to 11
genera, and 1 species of Galidiinae, totalizing 18 species

belonging to 12 genera of Herpestidae. Among the

subfamily Herpestinae, the three genera Bdeogale, Do-

logale, and Paracynictis were not represented. The 10-

lined mongoose (Mungotictis decemlineata) (Galidiinae)

and the Malagasy fossa (Cryptoprocta ferox) (Viverri-

dae) were included in the ingroup because the Herpes-

tidae and the Malagasy carnivores are believed to form a
rences Locality Museum #, Zoo

study Kenya

study Centr. African Rep. R-12061

study Unknown, captivity

study Ivory Coast

ert et al. (in press) South Africa

study South Africa

study South Africa B-8121

study South Africa B-8122

study South Africa DM-5644

study South Africa B-8120

study Unknown, captivity NMS

study South Africa TM-39553

study Unknown, captivity M-98.1937

study Bahrain SDP

ert et al. (in press) Spain

study South Africa TM-39272

e and Arnason (1996) Arnason (1996)

study Guyana ROM-107489

study Gabon

study Gabon

ert et al. (in press) Saudi Arabia

study Centr. African Rep. R-NC0137

study Ivory Coast

study Liberia ROM-102286

study South Africa DM-7176

study South Africa NZP

study South Africa NZP

study Unknown, captivity ZGH

study Unknown, captivity ZDK

ert et al. (in press) Madagascar

n and Heard (2000); Madagascar PZM

ert et al. (in press)

n and Heard (2000); Unknown, captivity SZG

ert et al. (in press)

n and Heard (2000); Unknown, captivity M-1998.1970

ert et al. (in press)

study Cambodia

n and Heard (2000); Vietnam

study

study Ivory Coast ROM

ert et al. (in press) Unknown

ert et al. (in press) Unknown

ida et al., unpubl.

raft et al. (1998)

son et al. (1995)

oemfontein, South Africa; DM, Durban Museum, South Africa; M,

f Scotland, Scotland; R, University of Rennes, France; ROM, Royal

ions for Zoological parks: NZP, National Zoological Garden, Pretoria,

esert Park, United Arab Emirates; SZG, Singapore Zoological Garden;

lle, Germany.
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monophyletic group (Flynn and Nedbal, 1998; Veron
and Catzeflis, 1993; Yoder et al., 2003). Ten species

belonging to other families of Feliformia (three Felidae,

two Hyaenidae, one Nandiniidae, and four Viverridae)

were sequenced or obtained from GenBank and used as

outgroups (see Table 1).

Total genomic DNA extraction from hair and tissue

samples followed the method of Kocher et al. (1989),

with an extended digestion time (until 24 h). The am-
plification of cytochrome b was performed in a reaction

volume of 25 ll using TAQ polymerase (Appligene) with

the same conditions as described in Veron and Heard

(2000).

A total of 6 primers were used for amplification and

sequencing:

L 14724 (short): 50-GATATGAAAAACCATCGTT

G-30 (modified from Irwin et al., 1991);

L 14841: 50-CATCCAACATCTCAGCATGATGAA

A-30 (modified from Kocher et al., 1989);

L 15146: 50-CATGAGGACAAATATCATTCTGA

G-30 (reverse of H 15149, from Kocher et al., 1989);

H 15149: 50-AAACTGCAGCCCCTCAGAATGA

TATTTGTCCTCA-30 (Kocher et al., 1989);
H 15553: 50-TAGGCAAATAGGAAATATCATTC

TGGT-30 (Ducroz et al., 1998);

H 15915 (short): 50-TTCATCTCTCCGGTTTACA

AGAC-30 (modified from Irwin et al., 1991);

where the letters L and H refer to the light and heavy
strands, respectively, and the number refers to the po-

sition of the 30 end of the oligonucleotide according to

the numbering system for the human sequence (Ander-

son et al., 1981). The PCR products were purified di-

rectly from PCR mixture or from an agarose gel

(MinElute PCR Kit) and sequenced directly in both

forward and reverse direction by cycle sequencing with

dye-labelled terminators and an automated sequencer
(CEQ 2000 DNA Analysis System, Beckman). Se-

quences were aligned by eye using MUST (Philippe,

1993) and BioEdit version 5.0.6 (Hall, 1999).

Phylogenetic analyses were performed using Neigh-

bour Joining (NJ), Maximum Parsimony (MP), and

MaximumLikelihood (ML)methodswith PAUP*4.0b10

(Swofford, 2001). Uncorrected distances were used to

generate NJ tree and distance matrix. MP analysis used
heuristic search with random stepwise addition, TBR

branch-swapping, and ACCTRAN optimization. The

amount of homoplasy was measured through the Con-

sistency Index (CI) (Kluge and Farris, 1969) and the Re-

tention Index (RI) (Farris, 1989). Likelihood models and

parameters were estimated using ModelTest version 3.06

(Posada and Crandall, 1998), and the selected model was

GTR (Rodriguez et al., 1990) with proportion of invari-
able site (I) and Gamma distribution (G).

Both equal and unequal weighting schemes were used

(transversions weighted 2–4 times over transitions, ac-
cording to transition: transversion ratio, using the step
matrix command of PAUP). We did not perform an

analysis with transversions only, because such an ap-

proach ignores informative transition substitutions

(Bj€orklund, 1999; Gaubert et al., in press). Bootstrap re-

sampling was performed using 100 (ML) and 1000 (MP,

NJ) replications. The Decay Index (DI; Bremer, 1988)

was calculated using TreeRot.v2 (Sorenson, 1999) in

order to estimate node support in MP trees.
Social behaviour and other life history traits were

taken from the literature (Albignac, 1976; Baker, 1988,

1989; Ben Yaacov and Yom-Tov, 1983; Cavallini, 1992;

Cavallini, 1993a,b; Cavallini and Nel, 1990; Estes, 1991,

1993; Ewer, 1973; Goldman and Taylor, 1990; Halte-

north and Diller, 1977; Kingdon, 1977; Nellis, 1989;

Ray, 1997; Rood, 1983; Rood and Waser, 1978; Santi-

apillai et al., 2000; Skinner and Smithers, 1990; Taylor,
1972, 1975, 1987; Taylor and Meester, 1993; Van Staa-

den, 1994; Wenhold, 1990) and personal communica-

tions from Z. Balmforth, C. Baker, and A. Olson, and

from new observations in the wild by A. Dunham for

the Liberian mongoose and the common cusimanse.

We selected seven ecological and behavioural characters

(see Rood, 1975, 1983, 1986 for description of these

traits):
• Activity: diurnal/nocturnal,

• Habitat: forest or dense vegetation/open or semi open

habitat,

• Pack foraging: considered as �obligate� pack foraging;

coded present when always observed in a species;

mongooses known to forage alone more frequently

than in pack, were not considered as pack foragers,

• Social: mongooses have been considered as social
when they live in stable cohesive group containing

more than one adult male and one adult female,

and denning together,

• Social antipredator behaviour:

s Alarm call: when a predator is detected, alarm

calls cause the group members to run to cover,

s Bunching: pack members form a tight bunch, and

frequently stand up while approaching the preda-
tor, generally causing its retreat,

• Alloparental behaviour: babysitting: group mem-

bers other than the parents also take care of the

young.

These seven eco-ethological data were then coded

into a matrix (see Table 2) and the six ethological

characters (activity, pack foraging, sociality, alarm call,

bunching, and babysitting) were included in a combined
analysis with the cytochrome b data set in order to test

the phylogenetic contribution of ethological traits, as

they have proved to constitute appropriate characters

for phylogenetic reconstruction (De Queiroz and Wim-

berger, 1993; Stuart et al., 2002). The partitioned Bre-

mer support (PBS; Baker and DeSalle, 1997) was

estimated for the three codon positions and ethological



Table 2

Ecological and behavioural characters (references in text; taxonomy follows Wozencraft, 1993)

Activity Habitat Pack foraging Social >1 pair Social antipredator behavior Alloparental

behavior

Babysitting
Alarm call Bunching

0: nocturnal 0: forest or

dense veget

0: no 0: no 0: absent 0: absent 0: absent

1: diurnal 1: open or semi

open habitat

1: yes 1: yes 1: present 1: present 1: present

Herpestidae

Galidiinae

M. decemlineata 1 0 1 1 1 1 ?

Herpestinae

H. edwardsii 1 1 0 0 ? 0 0

H. ichneumon 1 0;1 0 0;1 0;1 0 0;1

H. javanicus 1 1 0 0 0;1 0 0

H. naso 1 0 0 0 0 0 0

I. albicauda 0 1 0 0 0 0 0

C. penicillata 1 0;1 0 1 1 ? 1

R. melleri 0 1 0 0 0 0 0

G. sanguinea 1 0;1 0 0 ? 0 0

G. pulverulenta 1 0;1 0 0 0 0 0

A. paludinosus 0 0 0 0 0 0 0

S. suricatta 1 1 1 1 1 1 1

Hel. hirtula 1 1 1 1 1 ? 1

Hel. parvula 1 1 1 1 1 0 1

C. alexandri 1 0 1 1 1 1 1

C. obscurus 1 0 1 1 1 1 1

M. mungo 1 0;1 1 1 1 1 1

L. kuhni 1 0 1 1 1 1 ?

Viverridae

P. pardicolor 0 0 0 0 0 0 0

V. zibetha 0 0 0 0 0 0 0

A. trivirgata 0 0 0 0 0 0 0

H. derbyanus 0 0 0 0 0 0 0

C. ferox 0 0 0 0 0 0 0

Nandiniidae

N. binotata 0 0 0 0 0 0 0

Felidae

F. catus 0 0 0 0 0 0 0

P. leo 1 1 1 1 ? ? 1

P. tigris 0 0 0 0 0 0 0

Hyaenidae

C. crocuta 0 1 1 1 ? ? 0

H. hyaena 0 1 0 0 0 0 0
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traits using TreeRot.v2. The seven ecological and

behavioural characters were also mapped on MP

molecular trees in order to determine the relative prob-

ability of ancestral conditions of eco-ethological traits

following two methods of parsimony: the method of

Bremer (1992), based on the Camin & Sokal parsimony

(only the reversions are allowed), and a method

implemented in the software MacClade version 4.0
(Maddison and Maddison, 2000), based on Wagner

parsimony, which allows for optimization through both

reversions and convergences (Swofford and Maddison,

1987). We consider that congruence between the results

from these two methods gives a high confidence to our

results.
3. Results

Complete (1140 bp) cytochrome b sequences were

obtained for the Herpestidae and outgroup species

(GenBank accession numbers are given in Table 1), with

the final data matrix consisting of 41 sequences repre-

senting 29 taxa.

Several studies have reported the presence of nuclear
copies of mitochondrial genes (Arctander, 1995; Collura

and Stewart, 1995; Fukuda et al., 1985; Kornegay et al.,

1993; Smith et al., 1992; Sorenson and Fleischer, 1996).

Characteristics of such sequences are frameshifts and

nonsense/stop codons within the open reading frame,

but there was no evidence of these among our sequences.
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The average relative nucleotide frequencies within the
Herpestidae sequences are A: 30.0%, G: 13.5%, C: 30.6%,

and T: 25.9%. These results are very similar to those

found in other carnivore sequences reported in GenBank

or found in previous studies (Koepfli and Wayne, 1998;

Veron and Heard, 2000; Gaubert et al., in press). The

transition:transversion ratio ranges from 0 to 17.86, with

a mean of 3.44, in the overall taxa included in the anal-

yses. Raw pairwise distances between species ranged
from 5.8% to 23.8% among the Feliformia species in-

cluded in the study, while distances among the ingroup

(Herpestidae and the Malagasy taxa Cryptoprocta and

Mungotictis) ranged from 5.8 to 20.2%. Distances within

species of Herpestidae ranged from 0.0% to 6.7%. Dis-

tance values are summarized in Table 3. These results are

very similar to those observed in other studies at similar

systematic levels in the Carnivora (Dragoo et al., 1993;
Koepfli and Wayne, 1998; Masuda et al., 1996; Veron

and Heard, 2000). Plots of the number of transitions

against the percentage of sequence divergence (not

shown) revealed that transitions appeared to be satu-

rated among distantly related taxa, so weighting schemes

that increase the level of phylogenetic signal provided by

transversions were used (see Section 2).

For the analyses, a data set with a total of 1140 bp
was used, which included 568 variable sites and 472 in-

formative characters.

The MP analysis yielded one tree of 2621 steps

(CI¼ 0.33; RI¼ 0.51) represented in Fig. 1. The ML

analysis yielded one tree (� ln L ¼ 12247:02616) repre-

sented in Fig. 2 with parameters. The NJ tree is shown in

Fig. 3. The trees obtained with the different weighting

schemes (not shown) yielded a similar pattern for the
well-supported clades.

All trees supported the monophyly of the Herpesti-

nae. The sister relationship of the Malagasy taxa

(Cryptoprocta, Mungotictis) with the mongooses is not

well supported (MP and ML trees), but the Malagasy

narrow-striped mongoose (Mungotictis) and the fossa

(Cryptoprocta) are sister-taxa. Within the mongooses

(Herpestinae), two clades were found:
(1) the small social mongooses (Helogale, Crossarchus,

Mungos, and Liberiictis), with a strong support

(boostrap value of 99% in the ML tree, 95% in the

NJ tree and 78% in the MP tree), with the meerkat

(Suricata) as sister-group in the ML and MP trees,

whereas in the NJ tree, the meerkat is located at

the base of the mongoose clade. The Liberian mon-

goose (Liberiictis) is the sister-group of the banded
mongooses (Mungos), and the dwarf mongooses

(Helogale) are closely related to the common cusi-

manse (Crossarchus);

(2) other mongooses, including Herpestes, Galerella,

Rhynchogale, Cynictis, Ichneumia, and Atilax (boo-

strap value of 91% in NJ tree and 54% in MP tree).

The relationships within this clade are not well sup-
ported but the genus Herpestes does not appear
monophyletic. The two Asian mongooses (Herpestes

edwardsii and Herpestes javanicus) are sister-group

(bootstrap value of 100% in all trees). The long-

nosed mongoose Herpestes naso groups with the

marsh mongoose Atilax paludinosus. The systematic

position of the Egyptian mongoose Herpestes ich-

neumon is not resolved, as well as that of the two

species of the genus Galerella. Furthermore, the
monophyly of this genus is found only in ML and

NJ trees with a low support.

The analysis done with the combination of molec-

ular and ethological data provided a topology similar

to the trees obtained with molecular data only, and

agrees with the results of the MP and ML analyses in

placing Suricata at the base of the clade of small so-

cial mongooses (Fig. 4). PBS estimations revealed that
ethological characters do not carry a conflicting phy-

logenetic signal compared to cytochrome b. Instead,

conflicting signals mostly appeared among the three

codon positions of the mitochondrial gene (data not

shown) as found in a similar analysis on the Viverri-

nae subfamily (Gaubert et al., in press). The etho-

logical characters support the position of Suricata at

the base of the small social mongooses (PBS: 0 (cy-
tochrome b)/5 (eco-ethological characters)). The esti-

mation of homoplasy for ethological characters gave

values of CI generally higher than for cytochrome b

sites (Table 4).

The estimated ancestral conditions of eco-ethological

characters are given in Table 5. The Bremer�s method

(Bm) and MacClade (MC) estimations yielded roughly

congruent results, except in the case of pack foraging
(see Table 5). The two methods suggest that the ances-

tral conditions for the clade Herpestidae +Malagasy

taxa were most probably life in forest and absence of

social behaviour (no group >1 pair, absence of alarm

call, bunching and baby-sitting (equivocal with Bm for

the latter)). However, the estimations of ancestral states

for ‘‘social,’’ ‘‘alarm call,’’ and ‘‘bunching’’ become

ambiguous when the genus Suricata is placed as the
sister-species to the other mongooses (following the NJ

topology based on cytochrome b sequences only). The

estimation for the ancestral state concerning activity is

diurnal via Bm, but ambiguous in any cases with MC.

However, MC estimated the ancestral condition to be

diurnal at the node grouping the Herpestinae (Malagasy

taxa excluded).
4. Discussion

4.1. Monophyly of the mongooses

The relationships between the different families of

Feliformia are not well supported, as already reported in
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Pairwise comparison of the sequence data
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Fig. 1. MP phylogram (2621 steps; CI¼ 0.33; RI¼ 0.51). Number above branches represent bootstrap values superior to 50% (1000 replicates)

(Herpestidae in bold type).

G. Veron et al. / Molecular Phylogenetics and Evolution 30 (2004) 582–598 589
previous cytochrome b analyses (Gaubert et al., in press;

Veron and Heard, 2000) and a nuclear gene would be an

appropriate marker for improving the basal resolution

within this group (Flynn and Nedbal, 1998; Gaubert

et al., in prep.; Yoder et al., 2003). The sister relation-

ship of the Malagasy taxa to the mongooses is not well

supported, but the fossa (Cryptoprocta) and the Mala-
gasy narrow-striped mongoose (Mungotictis) are close

together with a relatively strong support. The close re-

lationship of the fossa with the mongooses has been

previously found (Veron and Catzeflis, 1993) and the

sister relationship of the other Malagasy carnivores with

the mongooses has been also confirmed elsewhere (Yo-

der et al., 2003). The monophyly of the mongooses has

been found previously with morphological data (Veron,
1995) as well as its separation from the Viverridae

(Bugge, 1978; Gregory and Hellman, 1939; Hunt, 1987;

Neff, 1983; Radinsky, 1975; Veron, 1995; Wozencraft,

1989) and is again confirmed here.

4.2. The systematic position of the yellow mongoose

The separation of the mongooses into three clades is
in agreement with the recognition of three subfamilies

proposed by several authors (Galidiinae, Mungotinae,

and Herpestinae; see Wozencraft, 1989). This taxonomic
scheme, however, places the yellow mongoose (Cynictis

penicillata) together with the small social mongooses

(Crossarchus, Dologale, Helogale, Liberiictis, Mungos,

Paracynictis, and Suricata) in the Mungotinae (Wozen-

craft, 1989), but our results suggest that this species

should be excluded from this group (contrary to Baker,

1987; Bininda-Emonds et al., 1999; Taylor et al., 1991;
Veron, 1995; Wozencraft, 1989) and included in the

solitary mongooses group. According to the phylogeny

obtained, the presence of social traits in Cynictis (groups

>1 pair, presence of alarm call and baby sitting), as well

as in the true social mongooses (Suricata, Mungos,

Liberiictis, Crossarchus, and Helogale), is the result of

convergence in behaviours. In fact, while several authors

(Dorst and Dandelot, 1972; Fitzsimons, 1919; Roberts,
1951; Walker, 1964) mentioned that a single colony of

Cynictis penicillata could consist of as many as 40–50

individuals, this assertion resulted certainly from con-

fusion with Suricata. Mean colony sizes of only 3.9, 4.1,

and 8 individuals of C. penicillata were observed by

Zumpt (1976), Lynch (1980), and Earle (1981), respec-

tively. According to Earle (1981), Taylor and Meester

(1993), and Wenhold and Rasa (1994), the yellow
mongoose hunts alone and its social behaviour is only

slightly more developed than that of the Egyptian

mongoose (Herpestes ichneumon) when it becomes social



Fig. 2. ML tree (� ln L ¼ 12247:02616). The tree was generated using GTR model (Rodriguez et al., 1990) with proportion of invariable site

(I¼ 0.4519) and Gamma distribution shape parameter (G¼ 0.9131) with estimated substitution of A–C¼ 0.4316, A–G¼ 10.6103, A–T¼ 0.7720, C–

G¼ 0.4406, C–T¼ 11.4885 and G–T¼ 1.0000, and base frequencies of A¼ 0.3551, C¼ 0.3701, G¼ 0.0797, T¼ 0.1952 and I¼ 0.4519, and

G¼ 0.9131. Number above branches represent boostrap values superior to 50% (100 replicates). Thickness of the branches represents the result of the

branch length test (Felsenstein, 1981); thick branches: different from 0 (P < 0:001), thin branches: different from 0 (0:001 < P < 1), branches which

are not significantly different from 0 are collapsed (Herpestidae in bold type).
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(Ben Yaacov and Yom-Tov, 1983). On the other hand,

Z. Balmforth (pers. com.) regularly observed six indi-
viduals from one group foraging within sight of each

other, showing that they can forage in small groups, as

was previously mentioned by Earle (1981). However, the

yellow mongoose is not obligate pack foragers as the

other true social mongooses. The morphological fea-

tures that prompted several authors to consider the

yellow mongoose close to the small social mongooses

(Petter, 1969; Veron, 1995; Wozencraft, 1989) appar-
ently are the result of convergence in ecological and

behavioural characteristics (open habitat, insectivorous

diet, social family life, diurnal activity, and communal

burrows). Similarly, Gregory and Hellman (1939) be-

lieved in an independent parallel evolution of Cynictis

and Suricata, and Pocock (1919) already suggested on

the basis of morphological features that the yellow

mongoose could be close to Ichneumia, which is the re-
sult obtained in both ML and MP trees (but with

bootstrap values inferior to 50%). These two genera also

share a similar number of chromosomes (2N ¼ 36) and
are the only members of this clade for which males have

a distinct Y chromosome (Fredga, 1972; Pathak and
Stick, 1976; Wurster and Benirschke, 1968).

4.3. The systematic position of the Liberian mongoose

The new data on the social behaviour of the Liberian

mongoose (Liberiictis kuhni) collected by A. Dunham in

Tai N. P. (Ivory Coast) show that the species is com-

monly observed in foraging packs of 4–6 individuals,
though larger groups are occasionally observed. Our

phylogenetic results show that the Liberian mongoose is

closely related to the other small social mongooses and

that it is closer to the banded mongoose (Mungos) rather

than to the cusimanse genus (Crossarchus) as previously

supposed (Hayman, 1958; Honacki et al., 1982). How-

ever, it does not share the dental formula of the small

social species (40 teeth in Liberiictis and 36 in Mungos,
Helogale, Crossarchus, and Mungos) (Haltenorth and

Diller, 1977; Kingdon, 1977), has smaller cheek-teeth in

relation to the greater size of the skull (Hayman, 1958;



Fig. 3. NJ tree (Herpestidae in bold type). Number above branches represent bootstrap values superior to 50% (1000 replicates).
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Schlitter, 1974) and is slightly larger than the other so-

cial mongooses (up to 2.4 kg compared to less than 1 kg
in Helogale and Suricata, and less than 2 kg in Cros-

sarchus and Mungos; Rood, 1986; Taylor and Dunham,

in press; up to 2.25 kg is mentioned in Rosevear, 1974

for a female of Mungos mungo), but it shares their social

behaviour characters (see Table 2). The differences ob-

served are most likely adaptations to a diet specialized

on earthworms (Taylor and Dunham, in press).

4.4. The social mongooses: a monophyletic group

Results show that the true social mongooses, defined

as living in stable social groups larger than a single

family unit, breeding cooperatively and foraging in

packs, become a monophyletic group after the exclusion

of Cynictis. The meerkat (Suricata) is the sister-taxon of

the clade containing the other social mongooses (in 2 of
the 3 analyses, as well as in the combined analysis),

which is congruent with the recognition of this species as

a very distinct taxon, which had already been placed in a

separate subfamily (Suricatinae) by Pocock (1919). In

fact, its morphology is specialized in relation to its

ecological habits as a burrow-dwelling, insectivorous,

diurnal, savannah species. Its close relationship with the

other social mongooses is not very well supported here
but is congruent with many other data (morphological
data: Gregory and Hellman, 1939; karyological data:

Fredga, 1972; paleontological and morphological data:
Hendey, 1974; allozyme: Taylor et al., 1991). The clade

of the true social mongooses is also supported by

chromosomal data (2N ¼ 36; unknown in Liberiictis)

(Fredga, 1972; Todd, 1966) as well as some morpho-

logical characters: absence of first upper and lower

premolar (except in Liberiictis), shape of the cheek teeth,

shape of the tympanic bullae (Veron, 1994) and small

size (less than 2–2.4 kg) (Rood, 1986).

4.5. The solitary mongooses

Besides the clade containing the true social small

mongooses, we found a clade containing the solitary

mongooses, including the species of Atilax, Cynictis,

Galerella, Herpestes, Ichneumia, and Rhynchogale. They

share some morphological characters: first upper pre-
molar present (but variable in Atilax), shape of the

cheek teeth, shape of the tympanic bullae (Veron, 1994)

and large size (up to around 5 kg) (Novak, 1999). In this

clade, some mongooses share a particular chromosomal

feature, the Y chromosome being translocated onto an

autosome, resulting in a different number of chromo-

somes in male and female (Fredga, 1972; Pathak and

Stick, 1976; Wurster and Benirschke, 1968). This occurs
in Atilax paludinosus (Female: 2N ¼ 36; male: 2N ¼ 35),



Fig. 4. MP tree (2650 steps, CI¼ 0.334) resulting from combined analysis with DNA and eco-ethological characters (see Table 2) (Herpestidae in bold

type). Number on branches represent Decay Indices for the whole data matrix, in brackets are shown the DI values representing the contribution of

the eco-ethological characters for each node of the ingroup (estimated via the procedure of Partitioned Bremer Support).

Table 4

Estimation of homoplasy for eco-ethological characters

Character CI

1141 (Activity) 0.333

1142 (Pack foraging) 0.500

1143 (Social) 0.400

1144 (S.a.b.—alarm call) 0.667

1145 (S.a.b.—bunching) 0.667

1146 (baby-sitting) 0.667

CI values in this case were calculated manually by visualising

character changes on MacClade. S.a.b. is used for ‘‘Social anti-pred-

ator behaviour.’’
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Galerella pulverulenta (40, 39), Galerella sanguinea (42,

41), Herpestes javanicus (36, 35), Herpestes edwardsii

(36, 35), Herpestes ichneumon (44, 43), but not in Ich-

neumia and Cynictis (2N ¼ 36) (Fredga, 1972; Pathak

and Stick, 1976; Wurster and Benirschke, 1968).

4.6. Herpestes is not monophyletic

Most of the relationships within the clade of the

solitary mongooses are poorly supported. One major
point is that the genus Herpestes does not appear

monophyletic, which has never been suggested before
(see reviews in Bininda-Emonds et al., 1999; Taylor and

Matheson, 1999; Taylor et al., 1991). In all trees, the two

Asian Herpestes species (H. javanicus and H. edwardsii)

are sister-species. The monophyly of the Asian Herpes-

tes species is also supported by their chromosome for-

mula: 2N ¼ 36 in female and ¼ 35 in male, in H.

javanicus, H. edwardsii, H. fuscus, and H. urva (Fredga,

1972). The long-snouted mongoose (Herpestes naso) and
the marsh mongoose (Atilax paludinosus) are sister-

species but with a low support. Although these two

species display a strong external resemblance (see Colyn

and Van Rompaey, 1994; Rosevear, 1974), they have

not been considered to be closely related (Bininda-

Emonds et al., 1999). The monophyly of the genus

Galerella is not well supported, but was found in both

the ML and NJ trees. The species of Galerella are placed
in the genus Herpestes by some authors (see Taylor and

Goldman, 1993; Wozencraft, 1989) but their inclusion

in a separate genus was supported by allozyme (Taylor

et al., 1991) and some morphological data (see Rosev-

ear, 1974), whereas the craniometric study of Taylor and



Table 5

Estimation of ancestral condition for eco-ethological traits

Eco-ethological traits Bremer�s method MacClade

G L G/L AC AC

Activity: nocturnal 4 (4) 7 (8) 0.57 (0.5) 0.29 (0.25) ambiguous

Activity: diurnal 7 (8) 4 (4) 1:75 ð2Þ 0:88 ð1Þ (ambiguous) *

Habitat: forest 9 (9) 8 (8) 1:125 1 X ðXÞ
Habitat: open or semi-open 8 (8) 9 (9) 0.89 0.79

Pack foraging: no 2 (2) 2 (3) 1 (0.67) 0.67 (0.45) X ðambiguousÞ
Pack foraging: yes 2 (3) 2 (2) 1 ð1:5Þ 0:67 ð1Þ

Social (>1 pair): no 6 (6) 3 (5) 2 ð1:2Þ 1 ð0:6Þ X ðambiguousÞ
Social (>1 pair): yes 3 (5) 6 (6) 0.5 (0.83) 0.25 (0.42)

S.a.b.—alarm call: absent 8 (8) 6 (7) 1:33 ð1:14Þ 1 ð0:86Þ X ðambiguousÞ
S.a.b.—alarm call: present 6 (7) 8 (8) 0.75 (0.875) 0.56 (0.66)

S.a.b.—bunching: absent 9 (9) 6 (6) 1:5 1 X ðambiguousÞ
S.a.b.—bunching: present 6 (6) 9 (9) 0.67 0.45

Baby-sitting: absent 7 (7) 7 (7) 1 1 X ðXÞ
Baby-sitting: present 7 (7) 7 (7) 1 1

G, number of necessary gains under forward Camin–Sokal parsimony; L, number of losses under reverse Camin–Sokal parsimony; AC, Ancestral

Condition. For the Bremer�s method, it corresponds to G=L quotients rescaled to a maximum value of 1 by dividing with the largest G=L value within

each character. In order to assess the impact of phylogenetic hypotheses on the estimation of AC, we reconstructed the ancestral state with 1/

‘‘Suricata sister-species to the clade of the other small social mongooses’’ (MP and ML tree) and 2/ ‘‘Suricata sister-species to all the other mongooses

(Malagasian taxa excluded)’’ (NJ tree; values between parentheses). X indicates the Ancestral Condition estimated using MacClade. The most

probable estimations for the ancestral conditions are underlined. * AC is assumed to be ‘‘diurnal’’ at the node grouping the Herpestidae.
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Matheson (1999) did not support the monophyly of this

genus. Here, we found that the two species of Galerella

were genetically quite distant from each other (10.6 and

10.7%), but their placement in a separate genus or in

Herpestes cannot be confidently established with the

present data and need further studies.

4.7. Evolution of social behaviour and ecological traits

The two methods of parsimony used for estimating

ancestral conditions from characters mapped on the

phylogenetic trees yielded interesting hypotheses about

the condition at the node grouping the Herpestidae and

the Malagasy carnivores. The results are quite sur-

prising concerning the period of activity, which is be-

lieved to be primitively nocturnal for the Carnivora as
a whole (Gorman, 1979; Gregory and Hellman, 1939;

Savage, 1978) yet we found it to be ‘‘diurnal’’ (but see

Section 3). These results do depend on taxon sampling,

trait coding, and tree pattern, and should be considered

with caution since, as shown above, most of the rela-

tionships among the solitary mongooses are not well

supported. Moreover, dealing with polymorphic char-

acters in such estimations may prove problematic.
However, the general congruency between the two

methods of estimation strengthens the confidence we

can have in the ancestral state reconstructions. The

results also suggested that the ‘‘proto-mongooses’’ were

primitively solitary and had no social anti-predator
behaviour. Our estimations also determined social

behavioural traits as having appeared at the base of the

clade of social mongooses, which is in accordance with

the hypothesis of Gorman (1979).

When included as characters in the data matrix,

ethological traits proved to be less homoplastic than

cytochrome b sites. The traditional point of view that

considers ethological characters as subjected to high
convergence (for a review, see Stuart et al., 2002) is here

rejected, as was already concluded by De Queiroz and

Wimberger (1993) and McLennan and Mattern (2001)

on the basis of a comparison between morphological

and behavioural characters. Ethological characters

provided a strong contribution for the support of the

clade of the social mongooses (see values of PBS) and

some of them (social, pack foraging, alarm call, and
babysitting) provided synapomorphies for characteriz-

ing this monophyletic group.

Some male associations (cohesive association of

males sharing the same home range, see Rood, 1989)

have been observed in non-social mongooses (see Rood

and Waser, 1978, 1989 for the slender mongoose Gale-

rella sanguineus; see Cavallini and Nel, 1990 for the

Cape grey mongoose Galerella pulverulenta), and Ca-
vallini and Nel (1990) suggested that the sociality in the

Cape grey mongoose may have been underestimated due

to the methods of study, which are often based on

sightings and in which travelling animals are more likely

to be encountered. Waser et al. (1994) showed that some
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male associations in the slender mongoose (G. sanguin-
eus) can last a very long time (at least 7 years). In the

same way, some studies on Herpestes ichneumon lead to

the reconsideration of the sociality of this species (Ben

Yaacov and Yom-Tov, 1983; Palomares and Delibes,

1993). The behavioural study of the least known non-

social species would help us to understand the factors

that could favour the evolution of the sociality in

mongooses.
Rood (1986) compared the social structures of mon-

gooses to other ecological traits and concluded that all

the social mongooses were small (adult weight of <2 kg),

diurnal, and primarily insectivorous, but the Liberian

mongoose was not classified because of the lack of data

on its social structure. This species is now known to be

social, diurnal and to feed on invertebrates (A. Dunham,

pers. obs.), but its weight can be up to 2.4 kg (Halte-
north and Diller, 1977; Taylor and Dunham, in press).

No solitary species combines the first three traits listed

above but pair or family-living species do, like the yel-

low mongoose (Cynictis penicillata) (Rood, 1986). All

the group-living and family-living species live in open

habitats, except Crossarchus and Liberiictis. In Herpes-

tes and Galerella, there is a great variability of ecological

traits, but the remaining solitary mongooses (Atilax,
Bdeogale, Ichneumia, Paracynictis, and Rhynchogale) are

all nocturnal and feed on invertebrates (Rood, 1986).

So, the assumption that social mongooses are diurnal,

small and invertebrate eaters appears true, but the as-

sumption that the solitary species are nocturnal, large

and feed on small vertebrates is not true for all species.

Moreover, it has been shown that diet can be very var-

iable in the same species, the major dietary item being
sometimes different according to the location and the

season (see review in Cavallini and Nel, 1990 for Gale-

rella pulverulenta; in Simberloff et al., 2000 for Herpestes

javanicus; in Taylor and Meester, 1993 for Cynictis

penicillata). Similarly, in the social species, behavioural

features are variable and complex, making it difficult to

define and code characters, and thus underlining the

need for further studies.

4.8. The origin of sociality in mongooses

The availability and renewability of invertebrate food

may decrease the costs of group living, and predation

risk (higher in open habitat) may have been the main

selective pressure promoting the sociality in mongooses

(Palomares and Delibes, 1993; Rood, 1986; Waser,
1981). The abundance of shelters providing suitable

cover constructed by other animals, may allow com-

munal denning in African mongooses (Rood, 1986). The

appearance of extensive areas of grassland during the

late Miocene and Pliocene periods promoted a radiation

of artiodactyls and may have favoured the evolution of

insectivorous small carnivores. We can observe today
that the abundance of ungulates that leave large quan-
tities of dung, thereby promoting the abundance of dung

beetles, may favour the banded mongooses that feed on

these insects. Such abundant food resource may have

facilitated group formation in mongooses (Rood, 1986).

In the same way, the Resource Dispersion Hypothesis

(see Carr and Macdonald, 1986; Macdonald, 1983)

states that the quality and dispersion of resources in-

fluence the social structure of population in a given
habitat. However, Nel and Kok (1999) underlined that it

does not explain why similar-sized sympatric species

with the same activity pattern and greatly overlapping

diets exhibit marked difference in foraging group size,

and why a species retains the same foraging group sizes

in different parts of its geographic range, even when

contribution of prey categories changes. In order to

search for the reason why Cynictis are solitary foragers
(but see Z. Balmforth observations above) whereas Su-

ricata are obligate pack foragers, Nel and Kok (1999)

compared their diet in different habitats. These authors,

as well as Gorman (1979), Cavallini (1993b), Rasa et al.

(1992) proposed hypotheses based on predation risk,

interspecific and intra-specific competition, difference in

microhabitat use, spectrum of prey, and the propensity

for capturing small vigilant vertebrate prey (less dis-
turbed by small foraging groups). In fact, none of these

can explain the differences in foraging behaviour be-

tween these two sympatric species, and our phylogenetic

results suggest that they are the result of their individual

history.

Even if some feliforms dated at 19.6 MA may be

early herpestids (Legetetia, Kichechia), the first fossil

that can unequivocally be considered as a true her-
pestid is Leptoplesictis, and is found in the early

Miocene (17.8 MA) in Africa (Hunt, 1996). The same

genus is found in Europe in middle Miocene deposits,

and Schmidt-Kittler (1987) believed that African and

Asian early mongooses derived from immigrants from

southern Asia. However, herpestids are unknown in

Asia before the late Miocene (Barry, 1985; Barry et al.,

1980). The Miocene herpestids are carnivore, slightly
different from extant Herpestes, whereas fossils closer

to the true social mongooses are not found before the

Plio-Pleistocene in Africa. This suggests that the first

mongooses were vertebrate eaters and that the chang-

ing environment favoured insectivorous species during

the Pliocene and led to the current diversity. Our es-

timations of the ancestral conditions for the mongooses

were solitary and diurnal forest animals that became
social at the base of the clade grouping the African

social Herpestidae, which is congruent with such hy-

pothesis. As said above, environment and abundance

of arthropods in open habitats of Africa may have

favoured the occurrence of sociality as had been ob-

served in other African carnivores (Waser, 1981; Rood,

1986).
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5. Conclusions

The main difficulty in doing molecular systematics of

small carnivores is to find material, particularly for the

rare and elusive species as we already discussed elsewhere

(Veron and Gaubert, 1999; Veron and Heard, 2000). The

opportunity offered by the acquisition of samples of

species of mongooses never studied with molecular

methods allowed us to assess the phylogenetic relation-
ships of the small social mongooses and to test the

monophyly of this group. We showed that behavioural

traits could provide good synapomorphies, confirming

the potential usefulness of such characters in systematics.
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forêts d�ecidues de l�ouest de Madagascar. Terre et Vie 30, 347–376.
Allen, J.A., 1924. Carnivora collected by the American museum congo

expedition. Bull. Am. Mus. Nat. Hist. 47, 73–281.

Anderson, S., Bankier, A.T., Barrell, B.G., de Bruijn, M.H.L.,

Coulson, A.R., Drouin, J., Eperon, I.C., Nierlich, D.P., Roe,

B.P., Sanger, F., Schreier, P.H., Smith, A.J.H., Staden, R., Young,

I.G., 1981. Sequence and organization of the human mitochondrial

genome. Nature 290, 457–465.

Arctander, P., 1995. Comparison of a mitochondrial gene and

a corresponding nuclear pseudogene. Proc. R. Soc. Lond. B 262,

13–19.

Arnason, U., Bodin, K., Bullberg, A., Ledje, C., Mouchaty, S., 1995. A

molecular view of pinniped relationships with particular emphasis

on the true seals. J. Mol. Evol. 40, 78–85.

Baker, C.M., 1980. Biology and behaviour of the slender mongoose,

Herpestes sanguineus (Ruppel, 1934), M.Sc. Thesis. University of

Natal, Pietermaritzburg.

Baker, C.M., 1987. Biology of the water mongoose (Atilax paludino-

sus), Ph.D. Thesis. University of Natal.

Baker, C.M., 1988. Scent marking behaviour in captive Water

mongooses (Atilax paludinosus). Z. S€augetierk. 53, 358–364.
Baker, C.M., 1989. Feeding habits of the water mongoose (Atilax

paludinosus). Z. S€augetierk. 54, 31–39.

Baker, R.H., DeSalle, R., 1997. Multiple sources of character

information and the phylogeny of Hawaiian drosophilids. Syst.

Biol. 46, 654–673.

Barry, J.C., 1985. Les variations des faunes du Mioc�ene moyen et

sup�erieur des formations des Siwaliks au Pakistan. L�Anthropol-

ogie (Paris) 89, 268.

Barry, J.C., Behrensmeyer, A.K., Monaghan, M., 1980. A geologic

and biostratigraphic framework for Miocene sediments near Khaur

village, northern Pakistan. Yale Peabody Mus. Postilla 183, 1–19.

Ben Yaacov, R., Yom-Tov, Y., 1983. On the biology of the Egyptian

Mongoose, Herpestes ichneumon, in Israel. Z. S€augetierk. 48, 34–

45.

Bininda-Emonds, O.R.P., Gittleman, J.L., Purvis, A., 1999. Building

large trees by combining phylogenetic information: a complete

phylogeny of the extant Carnivora (Mammalia). Biol. Rev. 74,

143–175.

Bj€orklund, M., 1999. Are third position really bad?. A test using

vertebrate cytochrome b. Cladistics 15, 191–197.

Booth, A.H., 1960. Small Mammals of West Africa. Longmans, Green

& Co., London.

Bremer, K., 1988. The limits of amino-acid sequence data in

angiosperm phylogenetic reconstruction. Evolution 42, 795–803.

Bremer, K., 1992. Ancestral areas: a cladistic reinterpretation of the

center of origin concept. Syst. Biol. 41, 436–445.

Bugge, J., 1978. The cephalic artery system in carnivores, with special

reference to the systematic classification. Acta Anat. 101, 45–61.

Cant, MA., 2000. Social control of reproduction in banded mon-

gooses. Anim. Behav. 59, 147–158.

Carr, G.M., Macdonald, D.W., 1986. The sociality of solitary foragers:

a model based on resource dispersion. Anim. Behav. 34, 1540–

1549.

Cavallini, P., 1992. Herpestes pulverulentus. Mammal. Sp. 409, 1–4.

Cavallini, P., 1993a. Activity of the Yellow mongoose Cynictis

penicillata in a coastal area. Z. S€augetierk. 58, 281–285.

Cavallini, P., 1993b. Spatial organization of the yellow mongoose

Cynictis penicillata in a costal area. Ethol. Ecol. Evol. 5, 501–509.

Cavallini, P., Nel, J.A.J., 1990. The feeding ecology of the Cape grey

mongoose, Galerella pulverulenta (Wagner 1839) in a coastal area.

Afr. J. Ecol. 28, 123–130.

Cavallini, P., Serafini, P., 1995. Winter diet of the small Indian

mongoose, Herpestes auropunctatus, on an Adriatic island.

J. Mammal. 76, 569–574.

Collura, R.V., Stewart, C.B., 1995. Insertions and duplications of

mtDNA in the nuclear genomes of Old World monkeys and

hominids. Nature 378, 485–489.



596 G. Veron et al. / Molecular Phylogenetics and Evolution 30 (2004) 582–598
Clutton-Brock, T.H., Maccoll, A., Chadwick, P., Gaynor, D., Kansky,

R., Skinner, J.D., 1999. Reproduction and survival of suricates

(Suricata suricatta) in the southern Kalahari. Afr. J. Ecol. 37,

69–80.

Coetzee, C.G., 1977. Part 8. Order Carnivora. In: Meester, J., Setzer,

H.W. (Eds.), The Mammals of Africa. An Identification Manual.

Smithsonian Institution Press, Washington, pp. 1–42.

Colyn, M., Van Rompaey, H., 1994. Morphometric evidence of

the monotypic status of the African long-nosed mongoose

Xenogale naso (Carnivora, Herpestidae). Belg. J. Zool. 124, 175–

192.

Couturier, J., Dutrillaux, B., 1985. Evolution chromosomique chez les

carnivores. Mammalia 50A, 124–162.

Cracraft, J., Feinstein, J., Vaughn, J., Helm-Bychowski, K., 1998.

Sorting out tigers (Panthera tigris): mitochondrial sequences,

nuclear inserts, systematics, and conservation genetics. Anim.

Cons. 1, 139–150.

Creel, S.R., Waser, P.M., 1997. Variation in reproductive suppression

among dwarf mongooses: interplay between mechanisms and

evolution. In: Solomon, N.G., French, J.A. (Eds.), Cooperative

Breeding in Mammals. Cambridge University Press, Cambridge,

pp. 150–170.

Dargel, B., 1990. A bibliography on Viverrids. Mitt. Hamburg. Zool.

Mus. Inst. 87, 1–184.

Delibes, M., Aymerich, M., Cuesta, L., 1984. Feeding habits of the

Egyptian mongoose or Ichneumon in Spain. Acta Ther. 29, 205–

218.

De Luca, D.W., Ginsberg, J.R., 2001. Dominance, reproduction and

survival in banded mongooses: towards an Egalitarian social

system. Anim. Behav. 61, 17–30.

De Queiroz, A., Wimberger, P.H., 1993. The usefulness of behavior for

phylogeny estimation: levels of homoplasy in behavioral and

morphological characters. Evolution 47 (1), 46–60.

Dorst, J., Dandelot, P., 1972. Guide des grands mammif�eres d�Afrique.

Delachaux & Niestl�e, Paris.
Dragoo, J.W., Bradley, R.D., Honeycutt, R.L., Templeton, J.W.,

1993. Phylogenetic relationships among the skunks: a molecular

perspective. J. Mammal. Evol. 1, 255–267.

Dragoo, J.H., Honeycutt, R.L., 1997. Systematics of Mustelid-like

carnivores. J. Mammal. 78, 426–443.

Ducroz, J.F., Volobouev, V., Granjon, L., 1998. A molecular

perspective on the systematics and evolution of the genus Arvican-

this (Rodentia, Muridae): inferences from complete cytochrome b

gene sequences. Mol. Phylogenet. Evol. 10, 104–117.

Earle, R.A., 1981. Aspects of the social and feeding behaviour of the

yellow mongoose Cynictis penicillata (G. Cuvier). Mammalia 45,

143–152.

Estes, R.D., 1991. The Behavior Guide to African Mammals.

Including Hoofed Mammals, Carnivores, Primates. University of

California Press, Berkeley and Los Angeles.

Estes, R.D., 1993. The Safari Companion. A Guide to Watching

African Mammals. Including Hoofed Mammals, Carnivores and

Primates. Chelsea Green Publishing Company, Post Mills.

Ewer, R.F., 1963. The behavior of the meerkat, Suricata suricatta

(Schreber). Z. Tierpsychol. 20, 570–607.

Ewer, R.F., 1973. The Carnivores, The World Naturalist. Weidenfeld

and Nicolson, London.

Farris, J.S., 1989. The retention index and the rescaled consistency

index. Cladistics 5, 417–419.

Felsenstein, J., 1981. Evolutionary trees from gene frequencies and

quantitative characters: finding maximum likelihood estimates.

Evolution 35, 1229–1242.

Fitzsimons, F.W., 1919. The Natural History of South Africa.

Longmans, London.

Flynn, J.J., Nedbal, M.A., 1998. Phylogeny of the Carnivora (Mam-

malia): congruence vs incompatibility among multiple data sets.

Mol. Phylogenet. Evol. 9, 414–426.
Fredga, K., 1972. Comparative chromosome studies in mongooses

(Carnivora, Viverridae). I. Idiograms of 12 species and karyotype

evolution in Herpestinae. Hereditas 71, 1–74.

Fukuda, M., Wakasugi, S., Tsuzuki, T., Nomiyama, H., Shimada, K.,

Miyata, T., 1985. Mitochondrial DNA-like sequences in the

Human nuclear genome. Characterization and implications in the

evolution of mitochondrial DNA. J. Mol. Biol. 186, 257–266.

Gaubert, P., Tranier, M., Delmas, A.S., Colyn, M., Veron, G., in

press. First molecular evidence for reassessing phylogenetic affin-

ities between Genets (Genetta) and the enigmatic Genet-like taxa

Osbornictis, Poiana and Prionodon (Carnivora, Viverridae). Zool.

Scr, 32.

Geffen, E., Mercure, A., Girman, D.J., Macdonald, D.W., Wayne,

R.K., 1992. Phylogenetic relationships of the fox-like canids:

mitochondrial DNA restriction fragment, site and cytochrome b

sequence analyses. J. Zool. 228, 27–39.

Goldman, C.A., 1987. Crossarchus obscurus. Mammal. Sp. 290, 1–5.

Goldman, C.A., Dunham, A.E., in press. Common cusimanse,

Crossarchus obscurus. In: Kingdon, J., Butynski, T. (Eds.), The

Mammals of Africa, vol. 4. Carnivora, Pinnipedia, Pholidota

Tubulidentata, Hyracoidea, Proboscidea, Sirenia, Perissodactyla.

Academic Press, London.

Goldman, C.A., Taylor, M.E., 1990. Liberiictis kuhni. Mammal. Sp.

348, 1–3.

Gorman, M.L., 1979. Dispersion and foraging of the Small Indian

mongoose, Herpestes auropunctatus (Carnivora: Viverridae) rela-

tive to the evolution of social viverrids. J. Zool. 187, 65–73.

Gregory, W.K., Hellman, H., 1939. On the evolution and major

classification of the civets (Viverridae) and allied fossil and recent

Carnivora: a phylogenetic study of the skull and dentition. Proc.

Am. Phil. Soc. 81, 309–392.

Hall, T.A., 1999. BioEdit.: a user-friendly biological sequence align-

ment editor and analysis program for Windows 95/98/NT. Nucl.

Acids. Symp. Ser. 41, 95–98.

Haltenorth, T., Diller, H., 1977. Mammif�eres d�Afrique et de Mad-

agascar. Delachaux et Niestl�e, Neuchâtel and Paris.

Hayman, R.W., 1958. A new genus and species of West African

mongoose. Ann. Mag. Nat. Hist. 13, 448–452.

Hendey, Q.B., 1974. Faunal dating of the late Cenozoic of Southern

Africa, with special reference to the Carnivora. Q. Res. (N.Y.) 4,

149–161.

Hinton, H.E., Dunn, A.M.S., 1967. Mongooses, Their Natural History

and Behaviour. Oliver and Boyd, London.

Honacki, H.H., Kinman, K.E., Koeppl, J.W., 1982. Mammal Species

of the World. Allen Press, Association of Systematic Collections,

Lawrence.

Hunt, R.M., 1987. Evolution of the Aeluroid Carnivora: significance

of auditory structure in the Nimravid cat Dinictis. Am. Mus. Novit.

2886, 1–74.

Hunt, R.M., 1996. Biogeography of the order Carnivora. In: Gittle-

man, J.L. (Ed.), Carnivore Behavior, Ecology, and Evolution,

Volume 2. Cornell University Press, Ithaca and London, pp. 485–

541.

Irwin, D.M., Kocher, T.D., Wilson, A.C., 1991. Evolution of the

cytochrome b gene of mammals. J. Mol. Evol. 32, 128–144.

Jacobsen, N.H.G., 1982. Observations on the behaviour of slender

mongooses,Herpestes sanguineus, in captivity. Saugetierk. Mitt. 30,

168–183.

Kingdon, J., 1977. East African Mammals. An Atlas of Evolution in

Africa. Vol. III. Part A (Carnivores). The University Chicago

Press, Chicago.

Kluge, A.G., Farris, J.S., 1969. Quantitative phylogenetics and the

evolution of anurans. Syst. Zool. 18, 1–32.

Kocher, T.D., Thomas, W.K., Meyer, A., Edwards, S.V., Paabo, S.,

Villablanca, F.X., Wilson, A.C., 1989. Dynamics of mitochondrial

DNA evolution in animals: amplification and sequencing with

conserved primers. Proc. Natl. Acad. Sci. USA 86, 6196–6200.



G. Veron et al. / Molecular Phylogenetics and Evolution 30 (2004) 582–598 597
Koepfli, K.P., Wayne, R.K., 1998. Phylogenetic relationships of otters

(Carnivora: Mustelidae) based on mitochondrial cytochrome b

sequences. J. Zool. 246, 401–416.

Kornegay, J.R., Kocher, T.D., Williams, L.A., Wilson, A.C., 1993.

Pathways of lysozyme evolution inferred from the sequences of

cytochrome b in birds. J. Mol. Evol. 37, 367–379.

Kurose, N., Abramov, A.V., Masuda, R., 2000. Intrageneric diversity

of the cytochrome b gene and phylogeny of Eurasian species of the

genus Mustela (Mustelidae, Carnivora). Zool. Sci. 17, 673–679.

Ledje, C., Arnason, U., 1996. Phylogenetic analyses of complete

cytochrome b genes of the order Carnivora with particular

emphasis on the Caniformia. J. Mol. Evol. 42, 135–144.

Lynch, C.D., 1980. Ecology of the suricate, Suricata suricatta and

yellow mongoose, Cynictis penicillata with special reference to their

reproduction. Mem. Nas. Mus. Bloemfontein 14, 1–145.

Macdonald, D.W., 1983. The ecology of carnivore social behaviour.

Nature 301, 379–384.

Maddison, W.P., Maddison, D.R., 2000. MacClade: Analysis of

Phylogeny and Character Evolution, Version 3. Sinauer Associates,

Sunderland, USA.

Masuda, R., Yoshida, M.C., 1994. A molecular phylogeny of the

family Mustelidae (Mammalia, Carnivora), based on comparison

of mitochondrial cytochrome b nucleotide sequences. Zool. Sci. 11,

605–612.

Masuda, R., Lopez, J.V., Pecon Slattery, J., Yuhki, N., O�Brien, S.J.,
1996. Molecular phylogeny of mitochondrial cytochrome b and 12S

rRNA sequences in the Felidae: Ocelot and Domestic Cat

Lineages. Mol. Phylogenet. Evol. 6, 351–365.

McLennan, D.A., Mattern, M.Y., 2001. The phylogeny of the

Gasterosteidae: combining behavioural and morphological data

sets. Cladistics 17, 11–27.

Neal, E., 1970. The banded mongoose, Mungos mungo Gmelin. E. Afr.

Wildl. J. 8, 63–71.

Neff, N.A., 1983. The basicranial anatomy of the Nimravidae

(Mammalia: Carnivora): character analyses and phylogenetic

inferences, PhD Dissertation. City University of new York.

Nel, J.A.J., Kok, O.B., 1999. Diet and foraging group size in the

yellow mongoose: a comparison with the suricate and the bat-eared

fox. Ethol. Ecol. Evol. 11, 25–34.

Nellis, D.W., 1989. Herpestes auropunctatus. Mammal. Sp. 342, 1–6.

Novak, R.M., 1999. Walker�s Mammals of the World, sixth ed. The

Johns Hopkins University Press, Baltimore and London.

Palomares, F., Delibes, M., 1992. Circadian activity patterns of free-

ranging large gray mongooses, Herpestes ichneumon, in southwest-

ern Spain. J. Mammal. 73, 173–177.

Palomares, F., Delibes, M., 1993. Social organization in the Egyptian

mongoose: group size, spatial behaviour and inter-individual

contacts in adults. Anim. Behav. 45, 917–925.

Palomares, F., Delibes, M., 2000. Mongooses, civets and genets—

Carnivores in Southern latitudes. Ecol. Stud. 141, 119–130.

Pathak, S., Stick, A.D., 1976. Giemsa-banding and the identification of

the Y/autosome translocation in the African marsh mongoose,

Atilax paludinosus (Carnivora, Viverridae). Cytogenet. Cell Genet.

10, 487–494.

Petter, G., 1969. Interpretation �evolutive des caract�eres de la denture

des Viverrid�es africains. Mammalia 33, 607–625.

Petter, G., 1974. Rapports phyl�etiques des Viverrid�es. Les formes de

Madagascar. Mammalia 38, 605–636.

Philippe, H., 1993. MUST, a computer package for management

utilitarian for sequences and trees. Nucl. Acids Res. 21, 5264–

5272.

Pocock, R.I., 1919. The classification of the mongooses (Mungotidae).

Ann. Mag. Nat. Hist. 3, 515–524.

Posada, D., Crandall, K.A., 1998. MODELTEST: testing the model of

DNA substitution. Bioinf. Appl. Note 14, 817–818.

Radinsky, L., 1975. Viverrid neuroanatomy: phylogenetic and

behavioural implications. J. Mammal. 56, 130–150.
Rasa, O.A.E., 1973. Intra-familial sexual repression in the dwarf

mongoose Helogale parvula. Naturwissenschaften 6, 303–304.

Rasa, O.A.E., 1977. The ethology and sociology of the dwarf

mongoose (Helogale undulata rufula). Z. Tierpschol. 43, 337–

406.

Rasa, O.E.A., 1987. The dwarf mongoose: a study of the behavior and

social structure in relation to ecology of a small social carnivore.

Adv. Study Behav. 17, 121–163.

Rasa, O.E.A., Wenhold, B.A., Howard, P., Marais, A., Palett, J., 1992.

Reproduction in the yellow mongoose revisited. S. Afr. J. Zool. 27,

192–195.

Ray, J.C., 1997. Comparative ecology of two African forest mon-

gooses, Herpestes naso and Atilax paludinosus. Afr. J. Ecol. 35,

237–253.

Roberts, A., 1951. The Mammals of South Africa. Central New

Agency, Cape Town.

Roberts, T.J., 1977. The Mammals of Paksitan. Ernest Benn, London.

Rodriguez, F., Oliver, J.F., Marin, A., Medina, J.R., 1990. The general

stochastic model of nucleotide substitution. J. Theor. Biol. 142,

485–501.

Rood, J.P., 1975. Population dynamics and food habits of the banded

mongoose. E. Afr. Wildl. J. 13, 89–111.

Rood, J.P., 1978. Dwarf mongoose helpers at the den. Z. Tierpsychol.

48, 277–287.

Rood, J.P., 1980. Mating relationships and breeding suppression in the

dwarf mongoose. Anim. Behav. 28, 143–150.

Rood, J.P., 1983. The social system of the Dwarf mongoose. In:

Eisenberg, J.F., Kleiman, D.G. (Eds.), Advances in the Study of

Mammalian Behavior. Spec. Publ. 7, Amer. Soc. Mammalogist,

pp. 454–488.

Rood, J.P., 1986. Ecology and social evolution in the mongooses. In:

Rubenstein, D.I., Wrangham, R.W. (Eds.), Ecological Aspects of

Social Evolution. Birds and Mammals. Princeton University Press,

Princeton, pp. 131–152.

Rood, J.P., 1987. Dispersal and intergroup transfer in the

dwarf mongoose. In: Chepko-Sade, B.D., Halpin, Z. (Eds.),

Mammalian Dispersal Patterns: The Effects of Social Structure

on Populations Genetics. Chicago University Press, Chicago, pp.

85–102.

Rood, J.P., 1989. Male associations in a solitary mongoose. Anim.

Behav. 38, 725–728.

Rood, J.P., 1990. Group size, survival, reproduction, and routes to

breeding in dwarf mongooses. Anim. Behav. 39, 566–572.

Rood, J.P., Waser, P.M., 1978. The slender mongoose, Herpestes

sanguineus, in the Serengueti. Carnivore 1, 54–58.

Rosevear, D.R., 1974. The Carnivores of West Africa. British Museum

(Natural History), London.

Sale, J.B., Taylor, M.E., 1970. A new four-toed mongoose from Kenya

Bdeogale crassicauda nigrescens ssp. nov. J. E. Afr. Nat. Hist. Soc.

Nat. Mus. 28, 11–16.

Santiapillai, C., De Silva, M., Dissinayake, S.R.B., 2000. The status of

mongooses (Family: Herpestidae) in Ruhuna National Park, Sri

Lanka. J. Bombay Nat. Hist. Soc. 97, 208–214.

Savage, R.J.G., 1978. Carnivora. In: Maglio, V.J., Cooke, H.B.S.

(Eds.), Evolution of African Mammals. Harvard University Press,

Cambridge, pp. 249–267.

Schlitter, D.A., 1974. Notes on the Liberian mongoose, Liberiictis

kuhni Hayman, 1958. J. Mammal. 55, 438–442.

Schmidt-Kittler, N., 1987. The Carnivora (Fissipedia) from the lower

Miocene of East Africa. Palaeontography 197, 85–126.

Simberloff, D., Dayan, T., Jones, C., Ogura, G., 2000. Character

displacement and release in the small indian mongoose, Herpestes

javanicus. Ecology 81, 2086–2099.

Simpson, G.G., 1945. The principles of classification and a classifica-

tion of mammals. Bull. Am. Mus. Nat. Hist. 85, 1–350.

Skinner, J.D., Smithers, R.H.N., 1990. The Mammals of the Southern

African Subregion. University of Pretoria, Pretoria.



598 G. Veron et al. / Molecular Phylogenetics and Evolution 30 (2004) 582–598
Smith, M.F., Thomas, W.K., Patton, J.L., 1992. Mitochondrial DNA-

like sequence in the nuclear genome of an akodontine rodent. Mol.

Biol. Evol. 9, 204–215.

Sorenson, M.D., 1999. TreeRot. Version 2. Boston University, Boston.

Sorenson, M.D., Fleischer, R.C., 1996. Multiple independent trans-

positions of mitochondrial DNA control region sequences to the

nucleus. Proc. Natl. Acad. Sci. USA 93, 15239–15243.

Stains, H.J., 1983. Calcanea of members of the Viverridae. Bull. S.

Calif. Acad. Sci. 82, 17–38.

Stuart, A.E., Hunter, F.F., Currie, D.C., 2002. Using behavioural

characters in phylogeny reconstruction. Ethol. Ecol. Evol. 14, 129–

139.

Swofford, D.L., 2001. PAUP*: Phylogenetic Analysis Using Parsi-

mony (and Other Methods), version 4.0b10. Sinauer Associates,

Sunderland.

Swofford, D.L., Maddison, W.P., 1987. Reconstructing ancestral

character states under Wagner parsimony. Math. Biosci. 87, 199–

229.

Taylor, M.E., 1972. Ichneumia albicauda. Mammal. Sp. 12, 1–4.

Taylor, M.E., 1975. Herpestes sanguineus. Mammal. Sp. 65, 1–5.

Taylor, M.E., 1987. Bdeogale crassicauda. Mammal. Sp. 294, 1–4.

Taylor, M.E., 1988. Foot structure and phylogeny in the Viverridae

(Carnivora). J. Zool. 216, 131–139.

Taylor, M.E., 1992. The Liberian mongoose. Oryx, 26,103–106.

Taylor, M., Dunham, A.E., in press. Liberian mongoose, Liberiictis

kuhni. In: Kingdon, J., Butynski, T. (Eds.), TheMammals of Africa,

vol. 4, Carnivora, Pinnipedia, Pholidota, Tubulidentata, Hyracoi-

dea, Proboscidea, Sirenia, Perissodactyla. Academic Press, London.

Taylor, M.E., Goldman, C.A., 1993. The taxonomic status of the

African mongooses, Herpestes sanguineus, H. nigratus, H. pulver-

ulentus, and H. ochraceus (Carnivora: Viverridae). Mammalia 57,

375–391.

Taylor, M.E., Matheson, J., 1999. A craniometric comparison of the

African and Asian mongooses in the genus Herpestes (Carnivora:

Herpestidae). Mammalia 63, 449–464.

Taylor, P.J., Campbell, G.K., Meester, J.A.J., van Dyck, D., 1991. A

study of allozyme evolution in African mongooses (Viverridae:

Herpestinae). Z. S€augetierk. 56, 135–145.
Taylor, P.J., Meester, J., 1993. Cynictis penicillata. Mammal. Sp. 432,

1–7.

Todd, N.B., 1966. The karyotype of the lesser Indian Mongoose

(Herpestes javanicus Geoffroy), the meerkat (Suricata suricatta

Desmarest) and comments on the taxonomy and karyology of the

Viverridae. Mammal. Chromos. Newsl. 21, 154.

Van Staaden, M.J., 1994. Suricata suricatta. Mammal. Sp. 483, 1–8.

Veron, G., 1994. M�ethodes de recherche en biotaxonomie des

mammif�eres carnivores. Confrontation des m�ethodes de phylog�enie

traditionnelle et mol�eculaire dans la recherche de la position
syst�ematique de Cryptoprocta ferox (Aeluroidea), PhD Thesis.

M.N.H.N., Paris.

Veron, G., 1995. La position syst�ematique de Cryptoprocta ferox

(Carnivora). Analyse cladistique des caract�eres morphologiques de

carnivores Aeluroidea actuels et fossiles. Mammalia 59, 551–

582.

Veron, G., Catzeflis, F., 1993. Phylogenetic relationships of the

endemic Malagasy Carnivore Cryptoprocta ferox (Aeluroidea):

DNA/DNA hybridization experiments. J. Mammal. Evol. 1, 169–

185.

Veron, G., Gaubert, P., 1999. Request for hair and tissue samples.

Small Carnivore Conserv. 21, 25.

Veron, G., Heard, S., 2000. Molecular systematics of the Asiatic

Viverridae (Carnivora) inferred from mitochondrial cytochrome b

sequence analysis. J. Zool. Syst. Evol. Res. 38, 209–217.

Walker, E.P., 1964. Mammals of the World. John Hopkins Press,

Baltimore.

Waser, P.M., 1981. Sociality or territorial defence? The influence of

resource renewal. Behav. Ecol. Sociobiol. 8, 231–237.

Waser, P.M., Keane, B., Creel, S.R., Elliott, L.F., Minchella, D.J.,

1994. Possible male coalitions in a solitary mongoose. Anim.

Behav. 47, 289–294.

Waser, P.M., Waser, M., 1985. Ichneumia albicauda and the evolution

of viverrid gregariousness. Z. Tierpsychol. 68, 137–151.

Wenhold, B., 1990. The ethology and sociology of the yellow

mongoose, Cynictis penicillata, M.Sc. Thesis. University of Preto-

ria.

Wenhold, B.A., Rasa, O.A.E., 1994. Territorial marking in the yellow

mongoose Cynictis penicillata: sexual advertisements for subordi-

nates? Z. S€augertierk. 59, 129–138.

Wozencraft, W.C., 1989. Classification of the recent Carnivora. In:

Gittleman, J. (Ed.), Carnivore Behavior, Ecology, and Evolution.

Cornell University Press, Ithaca, NY, pp. 569–593.

Wozencraft, W.C., 1993. Order Carnivora. In: Wilson, D.E., Reeder,

D.M. (Eds.), Mammal Species of the World. Smithsonian Institu-

tion Press, Washington & London, pp. 279–348.

Wurster, D.H., 1969. Cytogenetic and phylogenetic studies in Carniv-

ora. In: Benirschke, K. (Ed.), Comparative Mammalian Cytoge-

netics. Springer-Verlag, Berlin, pp. 310–329.

Wurster, D.H., Benirschke, K., 1968. Comparative cytogenetic studies

in the order Carnivora. Chromosoma 24, 336–382.

Yoder, A.D., Burns, M.M., Zehr, S., Delefosse, T., Veron,

G., Goodman, S.M., Flynn, J.J., 2003. Single origin of

Malagasy Carnivora from an African ancestor. Nature 421, 734–

737.

Zumpt, I.F., 1976. The yellow mongoose (Cynictis penicillata) as a

latent focus of rabies in South Africa. J. S. Afr. Vet. Assoc. 47,

211–213.


	Molecular systematics and origin of sociality in mongooses (Herpestidae, Carnivora)
	Introduction
	Materials and methods
	Results
	Discussion
	Monophyly of the mongooses
	The systematic position of the yellow mongoose
	The systematic position of the Liberian mongoose
	The social mongooses: a monophyletic group
	The solitary mongooses
	Herpestes is not monophyletic
	Evolution of social behaviour and ecological traits
	The origin of sociality in mongooses

	Conclusions
	Acknowledgements
	References


