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Global climate fluctuated considerably throughout the Plio-
cene and Pleistocene, influencing the evolutionary history of
a wide range of species. Using both mitochondrial se-
quences and microsatellites, we have investigated the
evolutionary consequences of such environmental fluctua-
tion for the patterns of genetic variation in the common
warthog, sampled from 24 localities in Africa. In the sample
of 181 individuals, 70 mitochondrial DNA haplotypes were
identified and an overall nucleotide diversity of 4.0% was
observed. The haplotypes cluster in three well-differentiated
clades (estimated net sequence divergence of 3.1–6.6%)
corresponding to the geographical origins of individuals (i.e.

eastern, western and southern African clades). At the
microsatellite loci, high polymorphism was observed both in
the number of alleles per locus (6–21), and in the gene
diversity (in each population 0.59–0.80). Analysis of popula-
tion differentiation indicates greater subdivision at the
mitochondrial loci (FST¼ 0.85) than at nuclear loci
(FST¼ 0.20), but both mitochondrial and nuclear loci support
the existence of the three warthog lineages. We interpret our
results in terms of the large-scale climatic fluctuations of the
Pleistocene.
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Introduction

Global climate has fluctuated greatly during the past 3
million years, leading to great changes in the ranges of
many species in all parts of the world. The fossil record
in Europe and North America indicates that, during this
period, some species went extinct over large parts of
their range, some dispersed to new locations and some
survived in refugia from which they later dispersed.
Cycles of retreat and dispersal might have occurred
repeatedly (Coope, 1994; Paulo et al, 2001). In Africa too,
cyclic climatic fluctuations had dramatic effects on the
geographical ranges of the main vegetation types and
their associated animals (Hamilton, 1982; deMenocal,
1995). Recent DNA studies of some large African
mammals show how climatic fluctuations affected their
distribution and genomic divergence. For some species
such as the impala (Aepyceros melampus), greater kudu
(Tragelaphus strepsiceros) and wildebeest (Connochaetes
taurinus), patterns of genetic diversity suggest a coloni-
zation process from southern Africa where isolated
populations might have survived during adverse times
(Arctander et al, 1999; Nersting and Arctander, 2001). In

others such as the topi (Damaliscus lunatus) and harte-
beest (Alcelaphus buselaphus), the patterns suggest that
they became extinct except in a few places in southern
and eastern Africa from where they expanded when
environmental conditions improved (Arctander et al,
1999; Flagstad et al, 2001).
Climatic fluctuations have probably influenced the

genetic structure of the common warthog (Phacochoerus
africanus) as well. The warthog is the most wide spread
extant wild pig species. It occurs practically everywhere
in Africa, except in arid regions and in tropical forests.
Owing to fragmentation of habitats and conflict with
agriculture for land use, warthogs, like other large
mammals, are now restricted to protected areas. Up to
10 different subspecies in the warthog were originally
named on the basis of cranial characters (reviewed in
Meester and Setzer, 1971). Kingdon (1989) however
dismissed the recognition of subspecies. Recently, only
four subspecies were provisionally recognized (Grubb,
1993): P. africanus massaicus (inhabiting eastern Africa),
P. africanus sundevallii (southern Africa) P. africanus
africanus (western Africa) and P. africanus aeliani (Eritrea
and Ethiopia).
There is an extensive fossil record of phacochoerine

pigs (open country species resembling the warthog) in
the middle Pleistocene (0.8myr). The earliest recorded
fossil resembling the modern common warthog is
P. antiquus, whose First Appearance Datum (FAD) isReceived 21 March 2003
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0.78myr (White and Harris, 1977; White, 1995). Fossil
remains of the modern warthog are rare in the middle
Pleistocene but expanded in the Upper Pleistocene
(0.4myr) when the other phacochoerine pigs were
becoming extinct (Kingdon, 1989). In this paper, we
use mitochondrial nucleotide sequence variation
together with allele length variation at microsatellite loci
to investigate the effects of past environmental fluctua-
tions on patterns of genetic variation in the common
warthog.

Materials and methods

Sample collection and preservation
In total, 181 samples were collected of which 33 were
obtained from western Africa (Ghana and Cameroon), 27
from southern Africa (Zambia, Zimbabwe and Namibia)
and 121 from eastern Africa (Uganda, Kenya and
Tanzania) (Figure 1). It was difficult to obtain samples
and as a result, sample sizes vary extensively among
localities. Analyses performed at population level were
restricted to localities with at least six individuals (see
Table 1 for abbreviations and sample sizes). A mitochon-
drial DNA sequence of the domestic pig, Sus scrofa (Kim
et al, 2002) was retrieved from GenBank (accession no.
AF276937) and used as an outgroup. Samples were
obtained either as small skin biopsies from free-ranging
individuals, tissues from hunters or mucosal lining on
fresh warthog dung (only 30 samples were obtained this
way). All samples were preserved in 25% dimethylsulf-

oxide saturated with sodium chloride (Amos and
Hoelzel, 1991) and stored at ambient temperature in
the field and at �801C in the laboratory.

DNA extraction
Total genomic DNA was extracted from the samples
using standard procedures either involving treatment
with sodium dodecyl sulfate and proteinase K, and
subsequent phenol/chloroform extraction (Sambrook
et al, 1989) or by use of the Dneasy tissue kit (QIAGEN)
following the manufacturers’ protocol.

Mitochondrial control region
Amplification and sequencing: An approximately 370 bp-
long fragment of the variable 50 part of the mtDNA
control region (d-loop) was polymerase chain reaction
(PCR) amplified using the primers MT4
(50CCTCCCTAAGACTCAAGGAAG30) (Arnason et al,
1993) and PeaR (50AGTTCATAATTGAAACCCCCA30).
PeaR is located upstream of the d-loop and was
specifically designed to amplify the 50 part of warthog
d-loop in conjunction with MT4. Symmetrical PCR
amplifications were carried out in 50-ml reaction volumes
containing 10ng of total genomic DNA, 50 pmol of each
of the primers, 5�PCR reaction buffer (Boehringer
Mannheim GmbH), 50 pmol dNTPs and 1U of Taq
polymerase (Boehringer Mannheim GmbH). We used
one cycle of denaturation at 941C for 5min followed by
30 cycles of denaturation at 941C for 1min, annealing at
521C for 1min, and extension at 721C for 1min 30 s. One

Figure 1 Map of Africa showing the distribution of the common warthog and the geographical locations of the sampling localities (some
localities with one individual each are not shown). The four provisional subspecies according to Grubb (1993) (P. africanus massaicus, P.
africanus sundevallii, P. africanus africanus and P. africanus aeliani) are indicated with different patterns.
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primer was 50-end biotinylated, and the double-stranded
PCR product was separated into single strands using
streptavidin-coated paramagnetic beads (DYNALs).
Single-stranded DNA was dissolved in distilled water
and used as the template for sequencing by the dideoxy
chain-termination method (Sanger et al, 1977) using the
sequenase kit version 2.0 (Amersham Pharmacia Biotech,
Inc.), [a-35]-dATP (Amersham Pharmacia Biotech, Inc.)
and a nonbiotinylated primer complementary to the
template. Both strands were sequenced. Products of the
sequencing reaction were electrophoresed in 6% poly-
acrylamide/7M-urea gel. The gel was fixed, dried
exposed on a Kodak film for 24–48 h and read manually.

Sequence analysis: Phylogenetic analysis Sequences
were aligned by eye using the program SeqApp
version 1.9 (Gilbert, 1993). Insertions/deletions were
introduced so as to minimize transversions. Phylogenetic
relationships between haplotypes were estimated in the
following two ways:

(i) Maximum likelihood distances were calculated
among haplotypes and used to construct a neigh-
bor-joining tree using PAUP* 4.0b8 (PPC) (Swof-
ford, 2000), incorporating a gamma-corrected HKY
(Hasegawa-Kashino-Yano) model with parameters
estimated from the dataset. Reliability of nodes

defined by the phylogenetic tree was assessed
using bootstrap re-sampling based on 500 repli-
cates. A homologous sequence of a domestic pig
(S. scrofa) was used as outgroup.

(ii) A minimum spanning network generated with the
program TCS version 1.13 (Clement et al, 2000) was
used to depict the phylogenetic, geographical and
potential ancestor–descendant relationships among
haplotypes. This cladogram construction proce-
dure is specifically designed to estimate intraspe-
cific gene trees where most of the haplotypes are
present in the population.

Genetic variation and population structure: The
nucleotide diversity index, p (Nei, 1987, equation 10.5),
was used to estimate within-population genetic diversity.
We analyzed population structure by analysis of
molecular variance (AMOVA) as implemented in the
program ARLEQUIN version 2.0 (Schneider et al, 2000).
AMOVA divides total variance into additive
components, that is, variation attributed to differences
within populations, among populations within groups
and among groups. Populations were grouped according
to clades (or groups) identified in phylogenetic analysis.
The statistical significance of the F statistics in AMOVA
was assessed using 1000 random permutations.
Net sequence divergence between populations was

used to estimate a population tree using the neighbor-
joining algorithm implemented in PHYLIP version 3.5c
(Felsenstein, 1993).

Analysis of microsatellite loci
Six highly polymorphic microsatellite loci originally
described in the domestic pig (e.g. Rohrer et al, 1994,
1996) were optimized and used in this study. These are
SW607, S0289, SW1682, SW1301, SW403 and SW2419. All
loci are dinucleotide repeats. SW607 and SW2419 lie on
chromosome 6, but all other loci lie on different
chromosomes on the porcine genome map. The PCR
was carried out in a 10 ml reaction volume containing
10ng of total genomic DNA, 2mM MgCl2, 2�PCR
GOLD buffer (Boehringer Mannheim GMBH), 0.2 pmol
of each of the dNTPs, 0.2 pmol of each primer and 0.4U
of AmpliTaq GOLD DNA polymerase (Boehringer
Mannheim GMBH). PCR temperature profiles started
with 941C for 10min of initial DNA denaturation and
enzyme activation. This was followed by 28–34 cycles (28
for S0289; 30 for SW1682 and SW607; 32 for SW1301 and
SW403; and 34 cycles for SW2419) of denaturation at
941C for 30 s, annealing at 50–581C (501C for SW403; 521C
for SW607; 571C for S0289 and 581C for SW1882, SW1301
and SW2419) for 60 s and an extension at 721C for 30 s. A
final extension of 10min followed all the reactions. All
PCR reactions were run using dye-labeled primers (one
primer in each primer set). The products were run on 4%
acrylamide gels on ABI 377 (Perkin-Elmer) using ROX
500 as an internal standard.

Statistical analysis
An exact test based on a Markov chain algorithm was
conducted to test deviations from Hardy–Weinberg
proportions (Guo and Thompson, 1992) across loci in
each population using the program GENEPOP version
3.1. (Raymond and Rousset, 1995). The Bonferroni

Table 1 Geographic origins, subspecific taxonomies (according to
Grubb, 1993) and number of individuals included in this study

Subspecies Country
(and code as
used in
phylogenetic
analyses)

Locality Locality code
(as used in
population
analyses)

Sample
size

massaicus Uganda
(QE, MF,
KV, LR
and MB)

Queen
Elizabeth NP

QE 26

Murchison
Falls NP

MF 19

Kidepo
Valley NP

KV 18

Luwero LR 14
L. Mburo NP MB 14

Kenya (KE) Nairobi NP — 2
Tsavo NP TSA 6

Tanzania (TZ) Luganzo-
Ugalla

LUG 6

Maswa MSA 6
Selous — 2
Burigi — 2
Luhwahi — 2
Burko — 2
Rukwa — 2
Mlere — 2
Wambere — 2
Munduli — 1
Niensi — 1
Munduli — 1

sundevallii Zambia (ZBA) Luangwa ZBA 6
Zimbabwe (ZB) Shangani ZB 12
Namibia (NB) Ovita NB 9

africanus Ghana (GA) — GA 32
Cameroon (Cn) — Cn 2
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correction for multiple comparisons was applied to the
test. Genetic diversity within populations was measured
as number of alleles per locus (A), observed hetero-
zygosity per locus (Ho) and expected heterozygosity per
locus (He) under Hardy–Weinberg expectations (Nei,
1987).

Microsatellite variation was analyzed in a hierarchical
manner as was done for control region sequence data
using the program ARLEQUIN version 2.0 (Schneider
et al, 2000). The extent of genetic differentiation among
populations and major groups was quantified using
the r statistic with the program RSTCALC (Goodman,
1997). r is Goodman’s (1997) analog of Slatkin’s
(1995) RST unbiased with regard to sample size. The
statistical significance of r was assessed with 1000

permutations. Only locations with at least six individuals
were included in the analysis of population structure
(Table 1).

Results

Mitochondrial control region
Sequence characteristics and patterns: The d-loop
showed moderate sequence variation, with 64 variable
sites comprising 51 transitions, eight transversions and
three deletions/insertions (Figure 2). Two sites showed
both substitution categories. A total of 70 different
haplotypes were observed, out of which 41 were scored
only once. The most frequent haplotype was scored in 21
east African individuals; one from Maswa (Tanzania)

                   10         20         30         40         50         60   DISTRIBUTION OF HAPLOTYPES BY REGION

                                   11111111 1111111112 2222222222 2222223333 33         AND POPULATION
              1111122 4555666789 9901113345 5677788990 0134566667 7778890125 67 
           5790346805 4124347632 4935790390 2201534790 1662102790 4563957445 00 REGION               POPULATION 

                                                                                      GA   NB   ZBA   ZB  LUG  MSA  TSA  QE  MF  LR  KV  MB
   1 GA28  AACTACCTCA ATTCTTA-AG ACTTCAAAAT TCCAGCCAAT ATTTAATTTA GGTTAGTATC AT W      4 
   2 GA17  .......C.. .......... .......... .......... .......... .......... .. E      2 
   3 GA08  .....T.... .......... .......... ...GT..... ....G..... A.....C..T G. S      3  
   4 GA9   .......... .......... .......... ...GT..... ....G..... A.....C..T G. T      3  
   5 GA2   .......C.. .......... .......... ....T..... .......... .......... .. E      1  
   6 GA11  .....T.C.. .......... .......... ...G...... ....G..... A.....C..T G. R      1  
   7 GA12  .......C.. .......... .......... ...GT..... ....G..... A.....C..T G. N      1  
   8 GA13  .......C.. .......... .......... ...G...... ....G..... A.....C..T G.        1  
   9 GA25  .......... .......... .......... ...G...... ....G..... A.....C..T G. A      2  
  10 GA3   .....T.... .......... .......... ....T..... .......... .......... .. F      2  
  11 GA1   .....T.... .......... .......... .......... .......... .......... .. R      1  
  12 GA15  .......... .......... .......... ....T..... .......... .......... .. I      4  
  13 GA7   .......C.. .......... .......... .......... .......... .......... G. C      1  
  14 Cn01  .......... .....C.... .......... ....T..... ....G..... A.....C..T G. A      -  
  15 GA29  .......C.. .......... .......... ..T.T.T... .......... .......... ..        1  
  16 GA20  .......C.. .......... .......... ..T.T.T... .C......CG .......G.. ..        2  
  17 GA21  .......... .......... .......... ..T.T.T... .C......CG .......G.. ..        1  
  18 GA26  .....T.... .......... .......... ..T.T.T... .C......CG .......G.. ..        1  
  19 GA30  .......... .......... .......... ..T.T.T... .......... .......... ..        1  
  20 GA32  G......... .......... .......... .......... .......... .......... ..        1  

  21 NB1   .-.A.....G ...TC.C... ..C.TG.... ....TT.... .C....C.CG AACC..C.C. ..  S         4  
  22 NB2   .-.A.....G ...TC.C... ..C.TG.... ...GT..... .C.C.GC..G AACC..C.C. ..  O         2  
  23 NB3   .-.A.....G ...TC.C... .TC.TG.... ....TT.... .C....C.CG AACC..C.C. ..  U         1  
  24 NB4   .-.A.....G ...TC.C... ..CCTG.... ....TT.... .C....C.CG AACC..C.C. ..  T         2  
  25 ZBA1  .-TA.T...G ...TC.G... ..C.TG.... C..GT..... .C....C... AACC...GCT ..  H             1  
  26 ZBA2  .-.A.....G ...TC.C... ..C.TG.G.. ..T.T.T... .C....C.CG AACC...G.T ..  E             1  
  27 ZBA3  .-.A.....G ...TC.C... ..C.TG.... .TT.TT.... .C....C.CG AACC..C.CT ..  R             1  
  28 ZBA4  .-.A.....G ...TC.C..A ..C.TG.... .TT.TT.... ......C.CG AAC...C..T ..  N             1  
  29 ZBA5  .-.A.....G ...TC.C..A ..C.TG.... .TT.TT.... ......C.CG AAC...CG.T ..                1  
  30 ZBA6  .-.A.....G ...TC.C..A ..C.TG.... .TT.TT.... .C....C.CG AAC...C..T ..  A             1  
  31 ZB1   .-.A.....G ...TC.C... ..C.TG.... ..T.T.T... ......C.CG AACC...G.T ..  F                   3  
  32 ZB2   .-.A.....G ...TC.C..A T.C.TG.... .TT.T.T... ......C.CG AAC...C... ..  R                   1  
  33 ZB3   .-.A.....G ...TC.C... ..C.TG.... ...GTT.... .C....C.CG AACC..C.C. ..  I                   3  
  34 ZB4   .-.A.....G ...TC.C..A ..C.TG.... .TT.T.T... ......C.CG AAC...C... ..  C                   1  
  35 ZB5   .-.A.....G ...TC.C..A ..C.TG.... .TT.T.T... ......C.CG AAC...C... .C  A                   1  
  36 ZB6   .-.A.....G ...TC.C... ..C.TG.... ...GTT.... .C.C..C.CG AACC..C.C. ..                      1  
  37 ZB7   .-TAG...TG ...TCCG... ..CCTG.... ..TGT.TG.. ......C.C. AACC.....T ..                      1  
  38 ZB8   .-.A.....G ...TC.C... ..C.TG.... ..T.TT.... .C....C.CG AACC..C.C. ..                      1  

  39 TZ1   .-TAGT..TG ...TCCG... ..CCTG...C ..T.T.T... ......CCC. AACC.A..CT ..   E                          
  40 TZ2   .-TAG...TG ...TCCG... ..CCTG...C ..T.T.T... ......C.C. AA.C.A...T ..   A                                                   1  
  41 TZ3   .-.A.....G ...TC.C... ..C.TG.... ..T.T.T... ......C..G AAC...C..T ..   S 
  42 TZ4   .-TAG...TG ...TCCG... ..CCTG...C ..T.T.T... ......C.C. AA.C.....T ..   T 
  43 TZ5   .-TAG...TG ...TCCG... ..CCTG...C ..T.T.T... ......CCC. AACC.A..CT ..   E 
  44 TZ6   .-TAG...TG ...TCCG... ..CCTG...C ..T.T.T... ......C.C. AA.C.A..CT ..   R                       1                    
  45 TZ7   .-TAG...TG ...TCCG... ..CCTG...C ..T.T.TG.. ......CCC. AACCGA...T ..   N                            1  
  46 TZ8   .-TAG..CTG .C.TCCG... ..CCTG...C ..T.T.T... ......C.CG AACC.A...T ..  
  47 TZ9   .-TAG...TG ...TCCG... ..CCTG...C ...GT.TG.. ......CCC. AACC.A...T ..   A                            2  
  48 TZ10  .-TAG...TG ...TCCG... ..CCTG...C ..T.T.T... ......CCC. AACC.A...T ..   F 
  49 TZ11  .-TAG.A.TG ...TCCG... ..CCTG...C ...GT.TG.. ......CCC. AACC.A...T ..   R                            2  
  50 TZ12  .-TAG.A.TG ...TCCG... ..CCTG...C ..T.T.T... ......C.C. AA.C.A...T ..   I                       1  
  51 TZ13  .-TAG.A.TG ...TCCG... ..CCTG...C ..T.T.T... .C....CCC. AACC.A...T ..   C 
  52 TZ14  .-TAG...TG ...TCCG... ..CCTG...C ....T.TG.. ......CCC. AACC.A...T ..   A                       1  
  53 TZ15  .-TAG...TG ...TCCG... ..CCTG...C ..T.T.TG.. ......CCC. AACC.A...T ..                                1        20  
  54 TZ16  .-TAG.A.TG ...TCCG... ..CCTG...C ..T.T.T... ......C.C. AA.C.A..CT ..                           1  
  55 TZ17  .-TAG...TG ...TCCG... ..CCTGG..C ..T.T.T... ......CCC. AACC.A...T ..                           1  
  56 TZ18  .-TAG...TG ...TCCG... ..CCTG...C ..T.T.T... ......C.C. AACC.....T ..                           1   
  57 TZ19  .-TAG...TG ...TCCG... ..CCTG...C ..T.T.T... .......CC. AACC.A...T ..                             
  58 KE01  .-TAG...TG ...TCCG... ..CCTG...C ..T.T.TG.. .C.C..CCC. AACC.A..C. ..                                              2    9    7  
  59 KE02  .-TAG...TG ...TCCG... ..CCTG...C ..T.T.TG.. .C....CCC. AACC.A..CT ..   
  60 KE03  .-TAG...TG ...TCCG... ..CCTG...C ..T.T.TG.. .C....CCC. AACC....CT ..                                      6  
  61 MF01  .-TAG...TG ...TCCG... ..CCTG..GC ..T.T.TGTA TC.C...CC. A.CC.A..C. ..                                              4 
  62 MF02  .-TAG...TG ...TCCG... ..CCTG..GC ..T.T.TG.. .C.C...CC. A.CC.A..C. ..                                              13
  63 LR01  .-TAG...TG ...TCCG... ..CCTG...C ..T.T.TG.. ..C...CCC. AACCGA.... ..                                                   1  
  64 LR02  .-TAG...TG ...TCCG... ..CCTG...C ..T.T.TG.. ..C...CCC. AACC.A.... ..                                                   2  
  65 LR04  .-TAG...TG ...TCCG... ..CCTG...C ..T.T.TG.. .C.C..CCC. AACCGA..C. ..                                                   1  
  66 KV02  .-TAG..CTG .C.TCCGC-. ..CCTG.... ..T.T.T... ......C.CG AACC.A...T ..                                                        9  
  67 KV03  .-TAG..CTG .C.TCCGC-. ..CCTG.... ..T.T.A... ......C.CG AACC.A...T ..                                                        1  
  68 MB01  .-TAG...TG G.CTCCG... ..CCTG...C ..T.T.TG.. ......CCC. AACCGA...T ..                                                           5 
  69 MB04  .-TAG...TG ..CTCCG... ..CCTG...C ..T.T.TG.. ......CCC. AACCGA...T ..                                                           8 
  70 MB07  .-TAG.T.TG ...TCCG... ..CCTG...C ..T.T.TG.. ......CCC. AACCGA...T ..                                                           1 

Total number of individuals in each population                                          32   9   6   12   6   6    6    20   19   13   18  14

Figure 2 Distribution of the 70 d-loop haplotypes observed in 181 warthogs from 24 localities. The vertical numbers indicate the position of
polymorphic sites relative to haplotype GA 28. A dash (-) represents a deletion introduced to optimize alignment.
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and 20 from QE (Uganda). Sequences of these haplotypes
have been submitted to GenBank (accession numbers
AY253760–AY253829). Although sharing of haplotypes
was observed between some populations within geo-
graphic regions, no such sharing was observed between
regions (Figure 2). Within west Africa, 20 unique
haplotypes were observed, 18 and 32 unique haplotypes
were observed in southern and eastern Africa, respec-
tively. Eight substitutions were exclusive to west Africa;
six transitions, one transversion and one insertion/
deletion.

Phylogenetic relationships: Figure 3 shows the phylo-
genetic relationships of haplotypes within the common
warthog. There are three major clades: western, southern
and eastern African. Only one individual sampled in
eastern Africa (TZ3 from Selous in Tanzania) clustered in
the southern African clade and one individual from
southern Africa (ZB7 from Zimbabwe) clustered in the
eastern African clade. Each clade occurs within the range
of a proposed subspecies.

The minimum spanning network (Figure 4) supports
the classification of the haplotypes into three main
warthog clades representing western, southern and
eastern African warthogs. Apart from two haplotypes,
ZB7 sampled in Zimbabwe which clusters in the eastern
African clade and TZ3 sampled in eastern Africa which
clusters in the southern African, all others follow the
geographical origin of individuals. The western African
clade is separated from the southern African clade by 17
mutational steps and is also distinguished from the rest
by eight fixed substitutions: six transitions, one transver-
sion and one insertion/deletion. The sequence diver-
gence between the western and eastern African clades is
6.6%, while that between the western and southern
African clades is 4.3%. The eastern African clade is
separated from the southern African clade by at least 10
mutational steps and a sequence divergence of 3.1%. All
haplotypes in the western African clade were inferred to
be derived from haplotype GA28 (sampled from Ghana
in west Africa), while those in the eastern and southern
African clades were derived from haplotype TZ15
(represented by individuals sampled from Tanzania
and Uganda in eastern Africa) and NB1 (represented
by individuals sampled from Namibia in southern
Africa), respectively.

Genetic diversity and population structure: Because of
small sample sizes, only 12 localities, each with at least
six samples and consisting of a total of 162 samples were
used in the population study (Table 1). Nucleo-
tide diversity in the total sample is 4.0%. Within popula-
tions, nucleotide diversity varies considerably, from as
low as zero in QE and Tsavo to 2.1% in Zambia
(Table 2). Nucleotide diversity in the three major lineages
(hereafter referred to as subspecies) as revealed in
phylogenetic analysis is 1.5% in both the western and
eastern Africa lineages and 1.9% in the southern Africa
lineage.

A hierarchical analysis of molecular variance of
population structure reveals a highly significant subdivi-
sion between populations in the total sample
(FST¼ 0.853, Po0.001), between populations within each
subspecies (FSC¼ 0.524, Po0.001) and among the three
subspecies (FCT¼ 0.691, Po0.001). When pairwise com-
parisons of populations were made, all but one pair
showed significant differentiation. The nondivergent

population pair is between Zambia and Zimbabwe
(southern Africa). The extent of differentiation among
most population pairs was very high with approximately
70% of all pairwise comparisons showing FST values of
more than 0.7 indicating limited exchange of breeding
females between populations. An unrooted population
tree (Figure 5a) based on net interpopulation distances
groups the populations into three clusters that are
concordant with their geographic origin and subspecific
designations.

Microsatellite variation
Genotypic distribution and diversity: Allele size varia-
tion at six dinucleotide microsatellite loci was scored in a
total of 143 warthog individuals from 11 localities in
Africa (Table 3). Apart from one pair of loci located on
the same chromosome, all other loci are located on
different chromosomes on the porcine genome map,
implying independent assortment for most loci used in
this study.
Genotypic proportions at five loci in GA (SW1682,

SW2419, S0289, SW607, S01301), two in QE (SW607 and
SW24129) and one in MB (SW607) were significantly not
in HW expectation after the Bonferroni correction. All
significant P-values were due to an excess of homo-
zygotes as indicated by the positive FIS values shown in
Table 3. The statistics describing genotypic distribution
and diversity for each population and locus are
summarized in Table 3.
All loci analyzed in this study were highly poly-

morphic with total number of alleles per locus ranging
from six at locus SW403 to 21 at locus S0289. A total of
100 different alleles were scored in all populations across
all loci. The total number of different alleles scored in
each population varies from 26 in MSA to 56 in GA
(Table 4). The number of alleles per locus within
populations range from two to 13 (Table 3). Overall
levels of genetic diversity measured in terms of average
expected heterozygosity were moderate to high for each
population ranging from 0.59 in NB to 0.80 in GA
(Table 3).
Population structure: As with the mtDNA data, the

statistical analysis of population differentiation was
performed for populations with at least six individuals.
As KV individuals failed to amplify at most loci, only 11
populations with a total of 143 individuals were
analyzed for microsatellite variation. A hierarchical
analysis of molecular variance revealed highly signifi-
cant subdivision between populations in the total sample
(FST¼ 0.199, Po0.001), among populations within each
subspecies (FSC¼ 0.134, Po0.001) and among the three
subspecies (FCT¼ 0.068, Po0.01). Unlike the mitochon-
drial loci where almost all population pairs were
differentiated, only 35 out of 55 pairwise comparisons
showed significant differentiation (Po0.05). However,
despite the limited differentiation, all comparisons with
the GA population resulted in highly significant RST

values ranging from 0.162 (between GA and LR) to 0.300
(between GA and ZB) (Po0.001).
No significant population differentiation was observed

among any population pairs from southern Africa (i.e.
NB ZBA and ZB with all RST being negative), but within
populations from eastern Africa, differentiation was
observed at 13 out of 21 pairwise comparisons.
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The allele frequency distribution at each locus in the
different populations is shown in Table 4. A total of 21
population-specific alleles were observed over the six
loci in the 11 populations. Of these alleles, 12 were scored

in GA alone. At loci S0289 and SW403, rare alleles in the
eastern and southern African population, respectively,
become the most common alleles in GA. The eastern and
southern Africa populations differ from each other by
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Figure 3 Rooted neighbor-joining haplotype tree of the common warthog. A homologous sequence from the domestic pig (S. scrofa) was used
for rooting. Numbers in parentheses are the numbers of individuals represented by that particular haplotype.
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allele frequencies rather than by population-specific
alleles.

A population tree based on RST is shown in Figure 5b.
It differs from that produced using sequence data
(Figure 5a) in that the most deviating population (GA)
is connected to the populations from east Africa and not
the populations from southern Africa. As in the sequence
data, the grouping into western, eastern and southern
Africa can be recognized.

Discussion

Intraspecific phylogeny of the common warthog
Our phylogenetic analyses (Figures 3 and 4) show that
the common warthog we sampled comprises three
divergent groups (southern, western and eastern Afri-
can) with a sequence divergence ranging from 3.1 to
6.6%. This interpretation (which is provisional because
data on the fourth subspecies was not included) is also
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Figure 4 Minimum spanning network showing the phylogenetic relationship between the observed 70 mitochondrial control region
haplotypes. Hatch marks along branches indicate number of nucleotide differences separating each haplotype in excess of one. Rectangles
represent the inferred ancestral haplotypes. Haplotypes from the three different regions are indicated by different patterns.

Table 2 Summary statistics for control region sequence variation in 12 warthog populations

Population

Total GA NB ZBA ZB LUG MSA TSA QE MF LR KV MB

N 32 9 6 12 6 6 6 20 19 13 18 14 162
A 19 4 6 8 6 4 1 1 3 4 3 3
H 0.96 0.78 1.00 0.91 1.00 0.87 0.00 0.00 0.50 0.53 0.63 0.58 0.96
PS 0.05 0.02 0.05 0.06 0.02 0.01 0.00 0.00 0.02 0.01 0.03 0.01 0.16
p 1.5 0.7 2.1 2.0 0.8 0.5 0.0 0.0 0.4 0.5 1.4 0.2 4.0

N=sample size; A=number of haplotypes in each population; H=haplotype diversity; PS=fraction of segregating sites; p=nucleotide diversity
(%).
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supported by analysis of microsatellite data (Figure 5b).
Except for the presence of tropical forests in the Congo
Basin, there is no recent physical barrier between
populations that can account for such sequence diver-
gence. In the absence of a physical barrier, the geological
events that might most plausibly explain this divergence
are the climatic and habitat shifts of the Pleistocene.
During adverse conditions, when dry climates and
habitats expanded, populations of the warthog might
have been isolated in three refugia in the west, east and
south of the continent.

Our interpretation of genetic patterns also implies that:

(i) The desert warthog, which is the closest relative of
the common warthog, is a product of earlier cycles.
There is no comparable data on the desert warthog,
but we predict that the two sister species form
monophyletically reciprocal clades.

(ii) Climates in the Pleistocene must have been
remarkably extreme to isolate warthogs consider-
ing that they are capable of surviving in harsh
conditions. Indeed paleoclimatic evidence suggests

Table 3 Summary statistics of genetic variation at six microsatellite loci in 11 warthog populations

Locus Populations Total

GA NB ZB ZBA QE MF MB LR LUG MSA TSA

SW1682
N 32 9 11 6 26 15 13 13 6 6 6 143
A 13 6 7 7 7 8 6 8 8 7 5 18
Ho 0.66 0.33 0.73 0.83 0.42 0.87 0.62 0.85 0.67 1.00 0.67
He 0.88 0.57 0.87 0.94 0.56 0.85 0.69 0.89 0.94 0.92 0.73
FIS 0.25 0.33 0.15 0.09 0.25 �0.02 0.09 0.03 0.30 �0.09 0.09
P(HW) o0.01 0.04 0.03 0.58 0.04 0.72 0.44 0.59 0.11 1.00 0.50

SW2419
N 32 9 11 6 26 15 13 13 6 6 6 143
A 11 6 4 3 6 8 3 5 5 6 6 20
Ho 0.69 0.89 0.55 0.16 0.31 0.67 0.38 0.85 0.50 0.67 0.50
He 0.82 0.86 0.71 0.75 0.67 0.86 0.63 0.73 0.80 0.88 0.95
FIS 0.16 �0.03 0.23 0.75 0.53 0.21 0.32 �0.25 0.39 0.23 0.46
P(HW) o0.01 0.82 0.30 0.03 o0.01 0.29 0.26 0.59 0.28 0.45 0.07

SO289
N 32 9 11 6 26 15 13 13 6 6 6 143
A 10 5 6 6 8 7 7 7 7 3 4 21
Ho 0.53 0.78 1.00 0.83 0.50 0.73 0.62 0.54 0.67 0.50 0.67
He 0.81 0.85 0.82 0.91 0.59 0.77 0.84 0.83 0.85 0.65 0.74
FIS 0.34 0.03 �0.23 0.06 0.12 0.05 0.27 0.32 0.22 0.21 0.11
P(HW) o0.01 0.64 0.31 0.78 0.22 0.27 0.08 0.04 0.29 0.39 0.63

SW607
N 32 9 11 6 26 15 13 13 6 6 6 143
A 7 6 5 5 8 7 5 7 4 6 5 17
Ho 0.78 0.67 0.45 0.67 0.62 0.60 0.69 0.92 0.50 0.67 0.33
He 0.82 0.89 0.64 0.82 0.81 0.81 0.77 0.87 0.73 0.92 0.89
FIS 0.05 0.25 0.23 0.17 0.23 0.25 0.10 �0.06 0.23 0.23 0.60
P(HW) o0.01 0.10 0.05 0.80 o0.01 0.07 o0.01 0.32 0.21 0.41 0.01

SW1301
N 32 9 11 6 26 15 13 13 6 6 6 143
A 10 5 6 6 9 7 4 7 7 3 4 16
Ho 0.53 0.78 1.00 0.83 0.77 0.47 0.46 0.62 0.67 0.50 0.67
He 0.81 0.85 0.82 0.91 0.82 0.76 0.65 0.83 0.85 0.65 0.74
FIS 0.34 0.03 �0.23 0.06 0.06 0.38 0.27 0.25 0.02 0.21 0.63
P(HW) o0.01 0.66 0.34 0.77 0.67 0.15 0.24 0.05 0.33 0.39 0.11

SW403
N 32 9 11 6 26 15 13 13 6 6 6 143
A 5 2 2 2 2 2 3 4 2 2 3 6
Ho 0.63 0.44 0.18 0.33 0.31 0.07 0.31 0.46 0.33 0.33 0.33
He 0.65 0.37 0.17 0.44 0.33 0.13 0.44 0.45 0.44 0.44 0.56
FIS 0.02 �0.23 �0.05 �0.11 0.08 — 0.21 �0.02 �0.11 �0.11 0.26
P(HW) 0.64 1.00 1.00 1.00 1.00 — 0.52 0.67 1.00 1.00 0.27

A(Total) 56 30 30 29 40 39 28 38 33 27 27 100
Ho(Ave) 0.64 0.65 0.65 0.61 0.49 0.59 0.51 0.71 0.56 0.61 0.53
He(Ave) 0.80 0.59 0.67 0.80 0.63 0.70 0.67 0.77 0.77 0.74 0.77
FIS(Ave) 0.19 0.06 0.02 0.15 0.21 0.15 0.21 0.05 0.18 0.11 0.36

N=number of individuals genotyped; A=number of alleles detected in each population; Ho=observed heterozygosity; He=expected
heterozygosity; FIS=Weir and Cockerham’s (1984) analog of Wright’s fixation index; P(HW)=single locus P-values for Hardy–Weinberg tests;
Ho(Ave)=average observed heterozygosity across loci; He(Ave)=average expected heterozygosity across loci; FIS(Ave)=average Wright’s
fixation index across loci.
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Table 4 Observed allele frequency distribution in the warthog by locus and population

Locus/allele QE MF MB LR MSA UGA TSV NB ZB ZBA GA

SW1301
153 0.172
155 0.063
159 0.016
163 0.083
165 0.125
167 0.016
171 0.346 0.045 0.250
173 0.467 0.308 0.038 0.533 0.083 0.278 0.091 0.250
175 0.019 0.155 0.136
177 0.346 0.133 0.417 0.333 0.167
179 0.038 0.115 0.083 0.016
181 0.173
183 0.115 0.033 0.038 0.167 0.167 0.167 0.111 0.318 0.250 0.016
185 0.154 0.033 0.538 0.192 0.250 0.056 0.313
187 0.096 0.133 0.038 0.083 0.417 0.278 0.227 0.167
189 0.038 0.167 0.077 0.278 0.016
191 0.019 0.083 0.083
193 0.083 0.182 0.083
197 0.033 0.192

S0289
153 0.172
155 0.063
157 0.167 0.154 0.423
159 0.016
161 0.058 0.167 0.038 0.077
163 0.083
165 0.033 0.115 0.125
167 0.038 0.016
169 0.038 0.400 0.231 0.154
171 0.654 0.200 0.038 0.045 0.250
173 0.583 0.083 0.278 0.091 0.250
175 0.136
177 0.417 0.333 0.167
179 0.019 0.269 0.083 0.016
181 0.115 0.038
183 0.058 0.077 0.250 0.167 0.167 0.111 0.318 0.250 0.016
185 0.056 0.313
187 0.038 0.167 0.083 0.417 0.278 0.227 0.167
189 0.019 0.033 0.192 0.154 0.278 0.016
191 0.083 0.083
193 0.083 0.182 0.083

SW607
157 0.033 0.154 0.167 0.063
163 0.219
165 0.250
167 0.019 0.233 0.115
169 0.033 0.056 0.109
171 0.154 0.333 0.154 0.154 0.333 0.167 0.167 0.136 0.417 0.063
173 0.096 0.233 0.385 0.154 0.583 0.417 0.636 0.083 0.063
175 0.250 0.033 0.231 0.231 0.250 0.222 0.045 0.167 0.297
177 0.019 0.077 0.167 0.250 0.222 0.136 0.250 0.188
179 0.019 0.038 0.083 0.083 0.111
181 0.346 0.067 0.115 0.083 0.045
183 0.096 0.192 0.083 0.083
185 0.083
187 0.083
189 0.056
191 0.083

SW1682
145 0.016
147 0.154
149 0.058 0.067 0.115
151 0.192 0.100 0.038 0.231 0.167 0.083 0.083 0.167
153 0.038 0.167 0.250 0.045 0.156
155 0.067 0.077 0.083 0.167 0.500 0.056 0.136 0.031
157 0.167 0.083 0.250 0.722 0.136 0.250 0.078
159 0.635 0.067 0.192 0.077 0.056 0.091 0.250
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that for much of this period, and earlier still, the
African continent has been very dry, and today’s
climates are probably closer to the moist, warm end
of the scale (Hamilton and Taylor, 1992).

Genetic diversity and population structure: The overall
level of nucleotide diversity observed in the warthog is
moderate (4.0%). This value is, however, misleading
because it is due to a combination of three divergent
subspecies. In each of these subspecies, nucleotide
diversity is low. Within populations, levels of genetic
diversity range from low to moderate at the mtDNA loci
and medium to high at microsatellite loci (Tables 2 and
3). The mtDNA diversity estimates presented here
cannot be directly compared to those of other pigs or
their closest relatives, the peccaries, because equivalent
data (on d-loop sequences) are unavailable for them.
However, when compared to other large African
mammals such as buffaloes (Simonsen et al, 1998),
Grant’s gazelle (Arctander et al, 1996), impala and
greater kudu (Nersting and Arctander, 2001), warthogs
show relatively low levels of mtDNA diversity. By

161 0.019 0.100 0.038 0.192 0.167 0.167 0.047
163 0.083 0.083 0.056 0.091
165 0.083 0.056 0.182 0.083 0.063
167 0.016
169 0.033 0.318 0.016
171 0.038 0.083 0.056 0.083 0.078
173 0.052 0.233 0.192 0.167 0.167 0.083 0.063
175 0.019 0.300 0.077 0.083 0.172
177 0.019 0.167
179 0.538 0.083 0.016

SW403
95 0.094
97 0.033 0.154 0.500
99 0.193 0.038 0.167 0.167 0.222 0.091 0.167 0.328
101 0.827 0.967 0.769 0.731 0.833 0.833 0.750 0.778 0.909 0.833 0.016
103 0.167 0.083 0.063
105 0.173 0.038 0.077

SW2419
95 0.016
99 0.141
101 0.167
105 0.133 0.423 0.083
107 0.031
109 0.019 0.133 0.083 0.222 0.500 0.250 0.031
111 0.519 0.333 0.308 0.333 0.250 0.182 0.583
113 0.269 0.038 0.083 0.222 0.182 0.016
115 0.115 0.500 0.167 0.167 0.167
117 0.058 0.133 0.115 0.167 0.417 0.250 0.056 0.328
119 0.019 0.033 0.462 0.038 0.250 0.167 0.234
121 0.033 0.250 0.167 0.182 0.167 0.031
123 0.109
125 0.031
127 0.133 0.083
129 0.115
133 0.083
135 0.067
139 0.083
141 0.083 0.031

Bold face in the allele frequency columns indicate most frequent allele(s) in each population.

Table 4 (continued)

Locus/allele QE MF MB LR MSA UGA TSV NB ZB ZBA GA
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Figure 5 Population trees generated using (a) net interpopulation
distance based on sequence data and (b) RST distances based on six
microsatellite loci.
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contrast, variation at microsatellite loci observed in the
common warthog is comparable to, or greater than that
observed in some other large African mammals such as
buffaloes (Simonsen et al, 1998), elephants (Nyakaana
and Arctander, 1999) and waterbuck (Simonsen, 1997).

Analysis of genetic structure among warthog popula-
tions based on mtDNA sequence variation showed
significant differentiation among all the localities. By
contrast, microsatellite data showed weaker differentia-
tion for many population pairs. The low genetic diversity
but high differentiation at mitochondrial loci and high
genetic diversity but low differentiation at nuclear loci
can be interpreted in several ways:

(i) It could be evidence of male-biased dispersal
among warthogs. This is, however, an unlikely
explanation because both male and female
warthogs are known to be strongly philopatric
and there are no field studies indicating the
contrary (e.g. Bradley, 1968; Cumming, 1975).

(ii) It could be a result of a more prevalent saturation
of substitutions at microsatellite than at mitochon-
drial loci. Homoplasy has been reported among
microsatellite alleles in a wide range of studies in
the same population (e.g. Viad et al, 1998), in
different populations (e.g. Blanquer-Maumont and
Crouau-Roy, 1995; Orti et al, 1997) and between
species (Blanquer-Maumont and Crouau-Roy,
1995). In the warthog, the failure to detect subdivi-
sion between geographically distant populations at
microsatellite loci when such subdivision is detect-
able at the mitochondrial d-loop could suggest
some saturation at the former loci.

(iii) An additional, and probably more likely, explana-
tion for the different levels of differentiation at
microsatellites and the mitochondrial d-loop lies in
the fact that the microsatellites are highly variable.
Hedrick (1999) pointed out that there is an upper
limit for Wright’s FST values. Instead of the
theoretical upper limit of 1, highly variable loci
have an upper bound of 1�H, where H is the
average expected heterozygosity within popula-
tions. For the warthog, H¼ 0.72 (Table 2), meaning
that the upper bound is 0.28. We observed
FST¼ 0.20, meaning that the microsatellites are
highly differentiated and approaching their upper
limit.

Conclusion

Our results clearly indicate that we sampled three
genetically distinct groups of the common warthog; one
southern, one western and the other in eastern Africa.
We also observed low genetic diversity but high
differentiation at mitochondrial loci and high genetic
diversity but low differentiation at nuclear loci in the
warthog. These results have been interpreted in terms of
the Pleistocene climatic cycles and high variability at
microsatellite loci.
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