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Hypotheses about chimpanzee social behavior, phylogeography, and evolution were
evaluated by noninvasive genotyping of free-ranging individuals from 20 African sites.
Degrees of relatedness among individuals in one community were inferred from allele-
sharing at eight nuclear simple sequence repeat (SSR) loci. Males are related on the order
of half-siblings, and homozygosity is significantly increased at several SSR loci compared
to Hardy-Weinberg expectations. These data support the kin-selection hypothesis for the
evolution of cooperation among males. Sequence variation patterns at two mitochondrial
loci indicate historically high long-distance gene flow and clarify the relationships among
three allopatric subspecies. The unexpectedly large genetic distance between the western
subspecies, Pan troglodytes verus, and the other two subspecies suggests a divergence
time of about 1.58 million years. This result, if confirmed at nuclear loci and supported by
eco-behavioral data, implies that P. t. verus should be elevated to full species rank.

Almost nothing is known about genetic
variation of the chimpanzee, Pan trog-
lodytes, in nature. Hypotheses concerning
chimpanzee sociobiology and evolution
have gone untested for many years be-
cause of difficulties surrounding tissue ac-
quisition for genetic analysis. We here
demonstrate a method of noninvasive
genotyping based on DNA amplified from
hair shed in night nests or plucked from
captive apes (1). Using eight hypervari-
able simple sequence repeat- (SSR) nucle-
ar loci and two mitochondrial (mtDNA)
sequences, we demonstrate how multilo-
cus data can be used to provide critical
information concerning kin selection,
mating structure, individual reproductive
success, inclusive fitness, population
structure, gene flow, phylogeography, and
phylogenetic relationships. This techni-
cal advance also permits a reexamination
of the relevance of chimpanzee behavior-
al ecology (2, 3) to the elucidation of the
evolution of human behavioral and genet-
ic patterns. Although this report focuses
on one species of primate, these methods
are immediately applicable to many oth-
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ers of concern to ecologists and evolu-
tionary and conservation biologists.

Chimpanzees are geographically wide-
spread and eco-behaviorally diverse. De-
spite up to 34 years of field study at a few
sites, little is known about the phylogeny of
the chimpanzee subspecies, their times of
divergence, historical population sizes, or
patterns of gene flow. Phylogenetic recon-
structions are hampered by a complete lack
of a fossil record, and data on long-distance
dispersal and genetic variation. This study
of genetic variation of chimpanzee popula-
tions across Africa describes phylogeo-
graphic patterns, begins to test hypotheses
for the evolution of chimpanzees’ social
structure, and sets the foundation for com-
parative studies among communities within
and between subspecies.

The Kasakela community in the Gombe
National Park, Tanzania (Fig. 1, site L), is the
longest studied wild chimpanzee population
(2). At Gombe, we sampled all (N = 43)

individuals in the Kasakela social community
(1, 4). Adult chimpanzees make nests (in
trees) of leaves and branches, and, with the
exception of mother-infant pairs, typically
sleep individually in a fresh nest each night.
Hairs from Gombe were collected by follow-
ing known individuals, watching them build
nests, and then returning at dawn to search
the abandoned nest. Genetic characterization
of this community is the first step in under-
standing the diversity and similarities among
chimpanzee communities, populations, and
subspecies. Our study is necessarily limited by
the logistical difficulties of intensive sample
collection across Africa, but ongoing and
planned studies at other sites will elucidate
the constants and variables in chimpanzee
population genetic structure.

DNA was amplified by the polymerase
chain reaction (PCR) from hair samples
collected from animals at 20 sites across
Africa (Fig. 1). In all, we genotyped 67
individuals at eight variable nuclear SSR
loci (8) and determined DNA sequence
variation for many individuals at two in-
formative mtDNA loci (5). The highly
polymorphic di- and tri- and tetra-nucle-
otide SSR loci differ in the number of
times the core sequence is repeated (typ-
ically 10 to 30 times) (5-7) and such
simple sequence length polymorphism
(SSLP) was scored on autoradiographs of
polyacrylamide gels (8). Individual mul-
tilocus genotypes were used to establish
pedigree relationships and characterize a
population’s relative genetic variability
and behaviorally important substructur-
ing. The mtDNA sequences were ampli-
fied and double-stranded products were
directly sequenced to detect phylogeneti-
cally informative genetic variation. A
178-bp (base pair) segment of the cyto-
chrome b (cyt b) region of 34 chimpan-
zees and one human was used to examine
the deeper branches of chimpanzee phy-
logeny, and a 345-bp segment of the more
variable control region of 66 chimpan-
zees, two bonobos (Pan paniscus), and one
human was used to characterize phylogeo-
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Fig. 1. Map of equatorial Afri-
ca, with sample collection
sites or countries indicated by
letters A to N, and approxi-
mate modern distributions of
chimpanzees indicated by
shading (2, 72). The approxi-
mate position of the poorly de-
fined subspecies boundaries
in central Africa is indicated by
the dashed line.
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graphic patterns, population genetic
structure, and historical gene flow pat-
terns both locally and regionally (9).

We present and discuss our results in a
hierarchical fashion beginning with indi-
viduals and proceeding to populations, sub-
species, and species. We have previously
demonstrated the utility of hypervariable
SSR: variation for unambiguous paternity
exclusion-and the establishment of formal
pedigree relationships among captive chim-
panzees (5). In the free-ranging Kasakela
community, with 19 matrilines in 1991, we
have established probable paternity in the
cases of Faustino and Sherehe (whose moth-
ers conceived during episodes of promiscu-
ous mating with nine or ten local males)
(8). This noninvasive multilocus SSR geno-
typing method provides results that are ge-
netically interpretable, replicable, and com-
parable across gels, samples, laboratories,
and closely related taxa. With the addition
of more loci and individuals sampled (such
as tissues of deceased individuals), it should
be possible to further reconstruct the
Gombe pedigree and test hypotheses about
chimpanzee behavior on the basis of more
than 30 years of field observations.

Social Structure and
Kin Selection

Hypotheses that kin selection has influ-
enced the evolution of chimpanzee social
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Fig. 2. Allele sharing distributions for all eight
scored loci in subgroups of the Gombe Kasakela
community. N, the number of pairwise allele-shar-
ing values. The ‘‘unrelated female” group ex-
cludes maternal siblings and parent-offspring
pairs. This analysis was used for the data on indi-
viduals of the Gombe community because infor-
mation on kinship and gender were available only
for this population.
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structure predict that degrees of relatedness
among males, who are philopatric, and fe-
males, who usually disperse at adolescence,
should be significantly different (10). To
test this, we compared the distributions of
allele sharing at all scored loci between
pairs of males and pairs of females from the
Gombe community. The mean number of
alleles per locus (*+ standard error) shared
between males (0.854 = 0.203) is signifi-
cantly higher (t test, P << 0.05) than that
between females (0.696 *+ 0.240), indicat-

ing that males are indeed more related to
one another than are females. To examine
the degree of relatedness indicated by al-
lele-sharing values (summed over all eight
loci; Fig. 2) within each sex, we first per-
formed a permutation test for resampling of
allele-sharing values among males, females,
known parent-offspring pairs, maternal sibs
(assumed to be half-sibs), and maternally
unrelated females. The results suggest that
males are related at the level of half-sibs
because the allele-sharing values fell below

Table 1. Allele frequencies (%) and standard errors for eight loci in the Gombe and non-Gombe sample
sets. Allele frequencies-were calculated for all individuals in the Gombe community ( Total), as well as for
all presumed unrelated individuals (Unrelated); (n), the number of chromosomes sampled. Two individuals
(Mitumba 1 and 2, from the adjacent community at Gombe) were not included in the calculations because
of their unknown genetic relationship to the Gombe Kasakela community. Since all loci are codominant,
the allele frequencies were computed by the gene count method (45), and their standard errors were
calculated as the square root of the variance of the corresponding binomial proportions (46).

Population Population
Allele Gombe Allele Gombe
Unrelated  Total Non-Gombe Unrelated  Total Non-Gombe
Mfd-3 FABP
1 38+ 27 1 37+ 26
3 19+ 19 3 225+ 66 139+ 41 148+ 48
4 135+ 4.7 4 500+79 500+59 333%64
5 60.0+ 7.7 542+ 59 288+ 6.3 5 75+ 42 56+27 167 5.1
6 100+ 47 69+30 231+58 6 75+ 42 69+30 204%55
7 77+ 37 7 125+ 52 237+50 111 43
8 14+ 14 38+ 27 (n) 40 72 54
9 250+ 68 347+ 56 7.7+ 37 Mfd-32
10 50+ 34 28+ 19 19+ 19 1 14+ 1.4 20+ 20
11 38+ 27 4 53+ 36 57+ 28 8.0z 38
12 19+ 1.9 5 211+66 286+ 54 20+ 20
16 19+ 1.9 6 184+ 63 114+ 38 40+ 28
(n) 40 72 52 8 6.0+ 3.4
Mfd-18 9 553+81 514+60 120+ 50
1 275+ 71 250+51 214+55 10 240+ 6.0
4 300+ 7.2 303+ 54 179t 51 11 120+ 50
5 25+ 25 14+ 14 12 14+14 180+ 54
6 125+ 653 125+ 39 196+ 53 13 6.0+ 3.4
7 25+ 25 14+14 16149 15 40+ 28
8 54+ 3.0 16 20+ 20
9 18+ 1.8 (n) 38 70 50
10 125+ 53 2221 49 89+ 38 Pla2a
11 125+ 53 69+ 30 54+ 3.0 1 38+ 27
12 36+ 25 3 154+ 50
(n) 40 72 56 4 231+ 5.8
Mfd-23 5 26+ 26 29% 20 58+ 3.2
1 167+ 62 176+ 46 185+ 53 6 132+ 55 129+ 40 135+ 47
3 37+26 7 605+ 79 643+57 115+ 4.4
4 167+ 62 176+ 46 19+ 1.8 8 26+26 14+14 173+ 52
5 56 + 3.1 9 211+66 186+ 4.6 7.7+ 37
7 56+ 3.1 11 19+ 19
9 204+ 55 (n) 38 70 - 52
10 74+ 36 LL
12 74+ 36 1 38+ 27
13 74+ 36 2 7.7+ 37
14 28+27 15+ 15 74+ 36 3 263+ 71 329+ 56 7.7+ 3.7
15 37+26 4 395+79 329+56 212+57
19 56+ 3.1 5 135+ 4.7
20 56+ 38 88+ 34 37+ 26 6 14+ 1.4 58+ 3.2
21 83+ 46 59+ 29 19+ 1.8 7 211+ 66 214+ 49 96+ 4.1
22 222+69 265* 54 8 26+ 26 14+14 19+ 19
24 222+ 69 176+ 46 9 115+ 4.4
26 56+ 38 44+ 25 10 96+ 4.1
(n) 36 68 54 11 29+ 20 38+ 27
Renad 12 53+ 36 29+ 20 19+ 1.9
1 19+ 18 13 53+ 36 43+ 24 1.9+ 1.9
2 412+ 84 391+ 6.1 93+ 39 (n) 38 70 52
3 588+84 609+61 870+ 486
4 19+ 18
(n) 34 64 54
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those of half-sibs only 50% of the time
(expected if the distributions are the same),
whereas female allele-sharing values were
lower 65% of the time. Furthermore, male
values were lower than female values only
26% of the time. Finally, a Kolmogorov-
Smimov one-tailed test for goodness of fit
among distributions of allele-sharing values
of non-sib, non—parent-offspring pairs of
males compared to all maternal sib values
was not significant, indicating that the dis-
tributions are not significantly different. In
contrast, the corresponding test for female
compared to maternal sib values was signif-

icant (P = 0.05).

Fig. 3. Phylogenetic trees for  p
chimpanzees and bonobos.
(A) Based on weighted genet-
ic distances corrected for in-
traspecific polymorphism for
the cytochrome b locus (23).
There were four synapomor-
phic transitions between P, t,
verus and the other two sub-
species at sites correspond-
ing to 14995, 15004, 15052,
and 15100 in the human ref-
erence sequence (44), and
three polymorphic sites in
each subspecies (one site
polymorphic in both P. t
schweinfurthii and P. t. troglo-
dytes). (B) Based on weight-
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These genetic data. provide formal ge-
netic evidence that the evolution of the
sexual differences in social behavior in
chimpanzees may be partially explained
by kin selection theory. The hypothesis
that the more closely related males form a
kin group that cooperates to defend a
territory, thereby increasing access to fe-
males and resources, can now be tested
more rigorously and at other sites. The
relation of allele-sharing to kinship coef-
ficients can be determined more thor-
oughly as more data on pedigree relation-
ships accrue, allowing quantitative appli-
cation of kin selection theory to evolu-

P.t. schweinfurthii
P.. troglodytes

P.t. verus
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H. sapiens
91.2 51.1 324890

Genetic distance (% change per site)

ed genetic distances corrected for intraspecific polymorphism for the control region locus (23) (Table 4).

Table 2. Comparison of observed heterozygote frequencies (Obs.) with HWE expectations (Exp.) based
on (i) total frequency of heterozygotes, in which all heterozygotes were used to calculate the expected
allele frequencies for each locus, which were compared to the observed allele frequencies by chi-square
analysis, and (i) the likelihood ratio test criterion (—2 In L), computed following (47), but the empirical
significance was evaluated by permuting the allelic labels across individuals for each locus-population
combination by the procedure described in (48). This permutation test is mathematically equivalent to the
Monte Carlo method of exact test of HWE (49). All significance tests were conducted by permuting alleles
across individuals and with 2000 replications. *P < 0.05, **P < 0.01, and ***P < 0.001.

‘ Population Population
. Gombe . Gombe
Statis- Non-Gombe  Statis- Non-Gombe
tics Unrelated Total tics Unrelated Total
Mfd3 FABP
N 20 36 26 N 20 36 27
Obs. 8 15* 19 Obs. Bre 12 22
Exp.+SE 116+ 22 212+ 30 219+ 19 Exp.+SE 138+ 21 244+ 28 216+ 2.1
2inL 21.0% 23.7% 48.5* 2InL 26.8** 31,20 15.9
Mfd18 PlaZa
N 20 36 28 N 19 35 26
Obs. 14 27 23 Obs. 10 16 21
Exp.+SE 161+ 1.8 283+ 25 240+ 1.8 Exp.+SE 11.1% 21 19.0% 29 225% 1.7
2InL  16.7 18.4 33.9 2L 7.0 1.0 37.8
Mfd23 Rena4
N 18 34 27 N 17 32 27
Obs. 11+ 25 19* Obs. 6 11 7
Exp.+SE 154+ 1.5 284+ 22 244+ 15 Exp.+SE 85+ 21 155+ 28 64t 2.2
2InL 253 23.0 70.1%* 2InL 1.3 25 1.0
Mfd32 LL
N 19 35 25 N 19 35 26
Obs. 12 25 23 Obs. g+ 18* 22
Exp.+SE 120+ 21 226+ 28 220+ 16 Exp.+SE 141+ 1.9 261+ 26 235+ 1.5
2inL 3.2 9.0 40.2 2InL "24.1% 347 54.1
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tionary studies of wild chimpanzees.

Allele frequencies and their standard er-
rors were calculated for each of the eight
loci in the Gombe Kasakela community
(separately for unrelated individuals and for
all individuals sampled) and the pan-Afri-
can (non-Gombe) sample (Table 1). Kol-
mogorov-Smirnov tests for the significance
of the difference between allele frequencies
in two samples were performed on the
Gombe and pan-African samples to deter-
mine whether allele frequencies were simi-
lar in the local population and continent-
wide sample; significant differences (P <
0.05) were detected at two loci, Mfd-23 and
Pla2a. This indicates that the pan-African
sample, at least at two loci, does not ade-
quately represent the population of which
the Gombe community is part. Subdivision
of the species into three genetically distinct
groups (subspecies) and population sub-
structuring into social communities (see be-
low) are most likely the reasons for the
observed allele distribution differences.
Comparisons between the data sets, howev-
er, reveal relative patterns that indicate the
probable causes of substructuring.

If female dispersal was high enough to
maintain a large and effectively panmictic
population, we would expect pooled sam-
ples from across the species range and from
individuals within a single social communi-
ty to be in Hardy-Weinberg equilibrium
(HWE). Deviations from the predictions of
panmixia can be caused by several factors
including nonrandom mating, distortions in
the contributions of gametes to offspring,
nonrandom sampling, Wahlund effect,
strong selection, and allele mis-scoring [of
which the last five are improbable in this
case (11)]. Because these eight loci have
not shown significant deviations from ex-
pectations of selective neutrality in humans
(7), they are unlikely to cause distortions in
the contributions of gametes to offspring or
to deviate from expectations of panmixia
because of strong selection in chimpanzees.
Likewise, sampling methods were random
with regard to these loci. Methods and ac-
curacy of allele scoring have been described
in (8). The assumptions of HWE_in the
Gombe sample are not satisfied according
to the likelihood-ratio test at three loci
(Mfd3, FABP, LL); the chi-square test cor-
roborated these results in all but one case,
that of the unrelated individuals at locus
Mfd3 (Table 2). Because the pan-African
SSR samples comprise a collection of indi-
viduals from 15 sites across Africa, we
would expect a larger number of significant
departures from HWE in the pan-African
sample if the departures were due only to
population substructure (Wahlund’s princi-
ple). The fact that there are two significant
departures from HWE in the pan-African
sample (loci Mfd3 and Mfd23; likelihood-
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ratio test) compared to three in the Gombe
sample suggests that they may be caused by
local inbreeding or to a greater degree of
relatedness in this social community, result-
ing from either single-sex dispersal among
small communities or recent changes in
dispersal behavior at Gombe, rather than
prolonged genetic isolation of the popula-
tion. In addition, all significant deviations
in the Gombe sample are toward deficien-
cies in the number of heterozygotes, as ex-
pected if inbreeding or high male-male re-
latedness were the cause.

Nonrandom association of alleles from
genetically unlinked loci (8) (deviations
from gametic phase equilibrium) may be
interpreted as evidence for either popula-
tion substructure or selection. To examine
this we used a test for independent segrega-
tion of alleles (Table 3). Because there were
significant differences between observed
and expected heterozygosities, the chosen
test included both values for all loci. The
analyses showed that observed variances of
the number of heterozygous loci per indi-
vidual were always within the 95% confi-
dence limits, provided that there was inde-
pendent segregation of alleles at different
loci. Thus, despite the greater relatedness
and homozygosity in the Kasakela commu-
nity, significant cosegregation of alleles at
these loci was not observed, and extensive
inbreeding is not indicated.

The results showing patterns of devia-
tion from the expectations of HWE, in-

Table 3. Test of association of alleles among loci from the distribution of
heterozygous loci. Only 57 individuals tested for all eight loci are included in
this test. The expected distributions of the number of heterozygous loci and
the theoretical mean, variance, and 95% confidence interval (Cl) of variance
are reported. In method (1) the observed proportions of heterozygotes for

creased homozygosity, and no deviations
from gametic phase equilibrium, together
with the significant differences in the levels
of relatedness among males compared to
that among females, strongly support the
hypothesis that premating single-sex dis-
persal is the primary source of genetic sub-
structuring in this community, rather than
recent changes in dispersal behavior of
Gombe females or genetic isolation of the
Gombe community leading to recent in-
creases in inbreeding levels. The tests do
not, however, exclude these recent changes
as contributing factors, so that continued
genetic monitoring of this community and
comparative studies are recommended. Ev-
idence of similar genetic patterns in other
communities would further support the hy-
pothesis that kin selection has been a strong
force in the evolution of chimpanzee social
structure.

Gene Flow and Phylogenetics

Systematists recognize two species in the
genus Pan, the bonobo or pygmy chimpan-
zee (P. paniscus) of Zaire and the chimpan-
zee (P. troglodytes). The latter has an un-
usually wide distribution across equatorial
Africa and in the past has been variously
assigned to as many as 17 species and 34
subspecies. The three well-known subspe-
cies are: western masked or pale-faced P. t.
verus, central black-faced P. t. troglodytes,
and eastern long-haired P. t. schweinfurthii

(12). Vernacular names and minor cranio-
metric variation notwithstanding, these geo-
graphically defined allopatric subspecies
cannot be distinguished morphologically in
captivity (13), so most previous genetic
studies were limited because they involved
captive animals of unknown geographic or-
igin and taxonomic identity (14, 15). We
therefore conducted a genetic survey of mi-
tochondrial variation throughout the range
of P. troglodytes, widely sampling within and
among the geographic ranges of the three
subspecies.

The 178-bp cyt b sequence was highly
conserved within subspecies and no fixed
differences were found between P. t. trogl-
odytes and P. t. schweinfurthii. In contrast, a
2.8% genetic distance was found to clearly
separate western P. t. verus from the other
two subspecies (Fig. 3A). This short seg-
ment was chosen simply because we could
look for differences among subspecies while
using a fairly well-characterized gene locus.
To look at patterns of intrasubspecific vari-
ation, however, and more clearly resolve
the relationships between subspecies, we
used sequences of a longer segment of the
control region. The 345-bp control region
sequence was far more variable both within
and among subspecies, having 124 (35.5%)
variable positions, including two single
base deletions. Within P. t. schweinfurthii,
there were 25 haplotypes (distinctive se-
quences; missing data were excluded)
among 37 individuals, and 6 haplotypes

each locus (Table 2) were used for computations; in method (2) the unbiased
estimates of heterozygosities (50) were used. Tests for nonrandom associa-
tion of alleles among loci from the distribution of heterozygous loci were
performed using the method described (57), following the theory of Brown et
al. (62). An alternative method (53) provides equivalent results.

Population
Gombe
Number of Non-Gombe
heterozygous Unrelated Total
loci
Exp. Exp. Exp.
Obs. Obs. Obs.
1 2 1 2 1 2
0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0
1 0 0.4 0.0 0 0.5 0.1 0 0.0 0.0
2 1 1.6 0.2 1 2.2 0.5 0 0.1 0.0
3 2 3.5 0.9 4 5.8 2.0 0 0.4 0.1
4 2 4.3 2.5 7 8.6 5.3 5 2.0 0.9
5 7 3.3 4.2 11 7.7 8.5 3 55 3.7
6 3 1.5 4.3 5 4.0 8.3 7 8.4 8.4
7 0 0.4 2.4 2 1.1 4.4 5 6.2 8.9
8 0 0.0 0.5 0 0.1 1.0 4 1.4 2.1
Total 15.0 15.0 15.0 30 30.0 30.1 24 24.0 241
Mean 4.600 3.946 5.390 4.700 4,265 5.302 6.000 5.904 6.295
Variance 1.400 1.835 1.654 1.459 1.775 1.684 1.913 1.254 0.989
95% Cl of variance
Lower 0.593 0.524 0.922 0.871 0.545 0.400
Upper 3.077 2.783 2.629 2.497 1.963 1.577
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were shared among 2 to 6 individuals.
Within P. t. troglodytes, there were 17
haplotypes among 18 individuals, and
within P. t. verus, all 11 sequences were
different from each other; no haplotypes
were shared between subspecies. Several
synapomorphies (shared derived charac-
ters) were fixed or nearly fixed in each
subspecies (Fig. 4). Despite the large vari-
ation within subspecies, cladistic analysis
shows that 10 fixed (and 2 slightly poly-
morphic) synapomorphies link the east-
ern and central subspecies to the exclu-
sion of the western subspecies, which in
turn exhibits 11 fixed and 1 polymorphic
(in one individual) synapomorphies that

bind all P. t. verus to the exclusion of the
others (Fig. 4). Using the neighbor join-
ing method, a phylogenetic tree was con-
structed from the pairwise distances (Fig.
5; summarized in Fig. 3B). Alternative
parsimony ‘and distance cluster analyses
also yielded trees with the same subspe-
cies clades and very similar subclusters
within subspecies (16, 17).

Of 24 adults in the Kasakela social com-
munity at Gombe in July 1991, 19 individ-
uals known or suspected to be maternally
unrelated were sampled for sequencing; we
found 15 different haplotypes in the control
'region. This surprisingly high within-com-
munity genetic variation is attributable to

RTICLES

gene flow based on female dispersal behav-
ior in this species (18). The sequence sim-
ilarities of some individuals from Gombe to
individuals from a geographic range cover-
ing over 600 km suggests that historical
gene flow has been significant. In the last
50 years, however, the 32-km? Gombe Na-
tional Park, now occupied by 150 to 160
chimpanzees, has become completely isolat-
ed from other habitats by deforestation
(19). In the absence of gene flow with other
populations, genetic erosion due to genetic
drift and inbreeding may begin to signifi-
cantly increase the probability of extirpa-
tion of this and other populations experi-
encing genetic isolation and habitat frag-
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Ptt 43 GABON < ?2?. .. .. 2 GTCTTT... . T?C.GCCTC. . . .T. . ... ... i v T. 6
Ntebe GABON < PP GTCTTT....T.C.GCCTC. . . . T. . . . . . . . . . .. T.
Ponia GABON . .. .. ... ... .. C. C.C.TGTCG .T..TAC.GG. T... .... ... C. .. GT.
Mopia GABON . . . e e CCCT.GTC. . ..... TAC.GG. . ... .......C............. G.. ..
Ptt 37 CONGO . . . e e e e C. CCCT.G.C .T.TACTGG. .C.. .... .C.C. .G...GG.. ..
Cc1 UNKNOWN S C e C.T....... CCCTAGTC. . . ... .. ACTGG. ...........C. o
Makokou GABON . . . . . . e e e CCCT.GTC. . ..... TACTGG. . ... .......C.... . ... ....... G.
Pt 62 E.Guinea . ... .................. 2?2 CCCT.GTC.. .?2...TACTGG. . ... ...2...C.... . ... ...... .. GT
Ptt 35 CONGO . .. .. .. i ?2?2....G.. ... CCCTTGTC.. .?....ACTGG. T.?T..T?. C?2.%2. . . 7
Mouilla  GABON . . . . e e e TCCCTTGTC. . .. ... TACTGG. . .. . it i i e e e -
Ptt59 GABON . . . ... . I ?....TCCCTTGTC. . ... .. T?2CTGG. . ... . ... ...C.... ... ........ G.
Ivindo GABON . . . T e e CCCTTGTC. . .. ... TACTGG. ... T.......C.... ... .. ..., G.
Gemini  GABON TCCCTTGTC. . .. ... TACTGG. . ... . ... ...C.... . e
Ptt 33 CONGO TCCCTTGTC. . ... .. TACTGG. . .T. .......C. ... . v i
Ptt 34 CONGO TCCCTTGTC. . ..... TACTGG. . . T. .......C. ... . ... i ..
Ptv5 IVORYC. CCTTTGC....GCCTACGTAAACC.......... ...C..T...CC........ C...TAG. .- ..
Edgar UNKNOWN CCTTTGC.???G.CTACGTAA???....7° ...C..T..?2CC........ C. ..TAG. ..
Ptv15 IVORYC. CCTTTGC....GCCTACGTAAACC.. .. .. ..C..T...CC...... .. C. ..TAG. GT 8
P1 MALI C?TTTGC. .. .GCCTACGTAAA?C. . ... ... ...C..T...CC...... .. C...TAG.?. ..
Cc3 -UNKNOWN .C.CTGC. .T.GCCTACG.AAACC. . ... ...C... ... ..C.. ... .C. .. . AG.
NC588 UNKNOWN ... .TG.AAT.GCCTACGTAAA?? .GT.GA .C.C....T...... A. .C. .. .A.
Ptv 4 IVORYC .. ..... AATGGCCTACGTAA?CC. . . T?? ...C..TG.. .C...... .. C....A.... ..
P2a MALI .C... .. AATGGCCTACGTAA??C . G.T?A. ..Co.T....CL. ... CcC....A. - 9
cz2 UNKNOWN . . . . .. CAATGGCCTACGTAAACC .T.A. ..Co. T .CLo C....A.
Tobar LIBERA . ... ... AATGGCCTACGTAAACC. . . T.A .?2.2..T....C? LCoL L AL
P3 MALI . ... ... AATGGCCTACGTAA??C. . .T?A ...C..T....C........ C....A......
Bosandjo P. paniscus LA.C... . G.CTA.GTA. .??C.A. ... ... LT . AL ..C.... T..?.A..?2.....C.GTTA. . CT
P.paniscus ....AGC....G.C.A. . TA...CC.A....... ACC. . -A.. . ..... A.C...C.... T....GTC. ... .. C.G..A. LT
H.sapiens .C.CA.C.A.GGC...... A C.GT..A. T..C.CTA.T.C. ... T.A.CTG.CA.....GCCG.CT..T..C. TA . .

Fig. 4. Individual chimpanzee by control region nucleotide site matrix for
nucleotide positions variable in two or more P. troglodytes individuals. Nucle-
otide sites have been rearranged to cluster markers for each clade (clades and
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subspecies separations match those in Fig. 5, described in text); sites 1 to 345
refer to the human reference sequence (44), with 1 corresponding to position
16047; ? = missing data; reference = chimpanzee consensus sequence.
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Fig. 5. Phylogenetic tree constructed using the
neighbor joining method based on genetic dis-
tances estimated from control region sequences.
Genetic distances were computed using the stan-
dard Kimura two-parameter model in MEGA soft-
ware (76). Sample origins are indicated by letters
Ato N after sample identities, and correspond to
letters on the map (Fig. 1). Clades referred to in the
text are numbered 1 10 9; clades 1 to 4 are P. t.
schweinfurthii; 5to 7 are P. t. troglodytes; 8 and 9
are P. t. verus. The Ntebe-Ptt43 sequences are
substantially different from other sequences of
that subspecies, and were found in two Ga-
bonese individuals separated by 400 km. Their
branch position on the tree is indicated by a
dashed line, and inclusion of these sequences in
bootstrap analyses yielded the values in parenthe-
ses for clades 6 and 7 (others were not significant-
ly affected). The reliability of each interior branch
was tested by 500 bootstrap replications and a
standard error test in the MEGA software pack-
age. Where single numbers occur on branches,
they represent the bootstrap confidence levels
(BCL); standard error confidence probabilities
(CP) are shown on some branches in the format
BCL/CP. Sites containing missing data and align-
ment gaps were not used in the bootstrap and
standard error tests. *Maggie was included in
clade 4 for simplicity because the branch was not
significantly supported. tSamples of unknown
geographic origin.

mentation (20). In that our data on local
variation in nuclear genes (and field obser-
vations) provide no evidence for inbreeding
depression in this community yet, we note
that habitat loss and exposure to human-
borne diseases are still more serious threats.
The extent to which population isolation
has or will affect other aspects of commu-
nity structure and behavior remains to be
investigated.

In the eastern subspecies, P. t. schwein-
furthii, the samples include 32 individuals of
precisely known geographic origin and 7 of
known country of origin. Both parsimony
and neighbor joining (Fig. 5) methods cre-
ated trees with four primary clades (clades 1
to 4) within this subspecies, each with iden-
tical individual composition. There is some
geographic differentiation; clade 3 contains
primarily samples from the northernmost
sites (Uganda, Rwanda, and Burundi) and
clade 2 includes all nine apes from the two
southernmost sites (Mahale and Tongwe).
Widespread historical gene flow is evi-
denced, however, by inclusion of the geo-
graphically intermediate Gombe genotypes
in all four clades. The absence of any of the
southernmost samples in “northern” clade
3, and of northernmost samples in “south-
ern” clade 2, indicates possible isolation by
distance beyond about 600 km.

Control region variation provides evi-
dence for similar high historical gene flow
patterns in the other two subspecies. With-
in the central subspecies, P. t. troglodytes,

H. sapiens we can show three clades (clades 5 to 7)



Table 4. Variation among individuals within and between subspecies for the
control region sequence. On and below diagonal: mean weighted genetic

distances corrected for intrasubspecific polymorphism (23) and mean num-

. ARTICLES

ber of transitions (ts) and transversions (tv), not corrected for missing data
(ts/tv); above diagonal: time since divergence (myr + 95% Cl).

Taxon All Pt (%) Pts (%) Ptt (%) Ptv (%) Pp (%) Human (%)
All P. troglodytes 20.19 NA NA NA 2.5(2.0-3.0)t 4.7 (4.2-5.2)*
P. t. schweinfurthii NA 4.0 (7/0.9) 0.44 (.21-1.64) 1.68 (.75-5.96) NA NA
P. t. troglodytes NA 8.9 (17.5/3.2) 9.0 (13.4/2) 1.58 (.75-5.96) NA NA
P. t. verus NA 32.4% (27/7) 32.4% (29/9.8) 6.3 (14.7/1.3 NA NA
P. paniscus 51.1(29.8/14.7) 57.4 (NA) 62.3 (NA) 54.3 (NA) 26.6 (29.7/15) NA
Human 91.2(34.8/20.9) 99.3 (NA) 100.7 (NA) 94.3 (NA) 85.2 (38.5/20) 2.9% (NA)

*Data from (26).

involving 18 individuals from known local-
ities in Gabon, Equatorial Guinea, Cam-
eroon, and Congo (Fig. 5). Clade 7 com-
prises individuals from Gabon, Equatorial
Guinea, and Congo which cluster together
without any detectable geographic substruc-
ture over 800 km. Clade 5 was observed in
the northern part of the subspecies range,
but sympatric with members of clade 7.
Clade 6 includes two individuals separated
by approximately 400 km within Gabon.
Additional variation in this subspecies is to
be expected because our present geographic
sampling in the north and east of its range
is inadequate.

The third subspecies, P. t. verus, from
western Africa is the most vulnerable today
(21) and has the smallest geographic range.
Samples from chimpanzees from Mali and
Ivory Coast, separated by up to 900 km,
shared nearly identical sequences from the
two widely divergent mtDNA haplotype
groups (clades 8 and 9) indicating, again, a
historical pattern of long-distance gene
flow. The trees based on these control re-
gion data (Figs 3B and 5) indicate that the
earliest divergence was between the western
African P. troglodytes clades and the lineage
leading to the other two subspecies. The
branch (and corrected genetic distances)
(Table 4) connecting P. t. verus to the
other two subspecies is relatively deep, sug-
gesting a long separation between these two
groups. In addition, the other two subspe-
cies show substantially less divergence and
less intrasubspecific polymorphism that has
arisen since subspecies divergence; the rel-
atively deep split within P. t. troglodytes
may represent ancestral polymorphism (as
shown in Fig. 5, clade 5), and accounts for
the higher variation within P. t. troglodytes
than within the western subspecies. The
presence of this ancestral polymorphism, as
well as relatively less variation within
clades of P. t. troglodytes than within P. t.
verus, supports a longer isolation of P. t.
verus as a subspecies.

These patterns of substantial genetic
variability indicate that populations have
been sufficiently large since divergence of
each subspecies to allow accumulation and
maintenance of genetic variation. The ob-
servation that the variation is dispersed

‘tMean weighted distance to P. t. schweinfurthii and P. t. troglodytes combined, corrected for intrasubspecific polymorphism.

throughout the range of each subspecies
further indicates that there has been sub-
stantial historical gene flow. These data are
not consistent with a recent expansion of
any subspecies populations, or with a rapid
expansion followed by population isolation.
Studies of larger samples from other popu-
lations within each subspecies range should
allow quantitative evaluation of historical
gene flow rates.

Comparisons of these cyt b and control
region sequences provide insight into the
evolutionary relations and ages of these
taxa (22). At the cyt b locus, the corrected
genetic distance (23-25) between Homo
and Pan is 10.1%. A 4.7 = 0.5 million year
[myr = 95% confidence interval (CI)] esti-
mated divergence time between humans
and chimpanzees (26, 27), yields a substi-
tution rate of 2.15% myr~! (95% CI range,
0 to 6.37% myr~!). This calibration gives a
divergence time based on cyt b between P.
t. verus and the two other subspecies (cor-
rected d = 2.8%) of about 1.3 myr (95% CI
range: 0.44 to >2.5 myr) (28). Calibration
by means of an earlier human-ape diver-
gence [for example, 8 myr (29)], would yield
a correspondingly earlier split within P. tro-
glodytes (2.2 myr, roughly contemporaneous
with the origin of the genus Homo).

To calibrate the control region data, we
used estimates of divergence time between
P. paniscus and P. troglodytes of 2.5 = 0.5
myr ago, based on previous calibrations of
this and other, more conserved, regions of
the mitochondrial genome (26, 30, 31).
According to Nei (28, 32), the substitution
rate is then 20.4% (5.43 to 42.96%) myr~!
and the derived divergence times between
the subspeties are given in Table 4. The
calculated control region based divergence
time between P. t. verus and the two other
subspecies is 1.58 myr. Pan paniscus is seen
to lie closer to the Pan-Homo split as pos-
tulated by Zihlman and others (33). Be-
cause gene trees may not reflect correct
species trees and because standard errors
associated with relatively short DNA se-
quences are large, further discussion of the
bearing of these results on the Pliocene-
Pleistocene speciation of these apes should
await phylogenetic analysis of more loci

(34).
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$Data from (24).

These data indicate that at the se-
quences examined P. t. verus is more dif-
ferentiated from the other two subspecies
than are some other full species of mammals
(35). The average genetic distance between
the western subspecies and the other two is
two-thirds the genetic distance between the
two chimpanzee species P. paniscus and P.
troglodytes. This degree of differentiation with-
in P. troglodytes is greater than that reported
for the cytochrome oxidase II sequence (36).
The probable isolation of P. t. verus for about
1.6 myr is greater than the estimated mean
duration of late Cenozoic mammal species
(37). In our opinion, if this result is confirmed
at three or more unlinked nuclear loci (34),
and supported by eco-behavioral data, P. t.
verus merits elevation to full species rank: P.
verus (Schwartz) 1934.

Implications

Our demonstration that free-ranging chim-
panzees can be genotyped noninvasively
has resulted in four significant findings.
First, our observation that, within a com-
munity, males are more closely related to
one another than are females, and that this
difference can account for genetic substruc-
turing of the population, constitutes a sub-
stantial preliminary test of a sociobiological
hypothesis concerning the evolution of co-
operative behavior in males. Second, our
discovery that dispersal, as evidenced by
maternally transmitted genotypes, is detect-
able over distances of 600 to 900 km within
each subspecies provides evidence that sup-
ports the hypothesis that high amounts of
gene flow may account for the low amounts
of morphological differentiation in chim-
panzees (38). Third, our discovery that the
West African P. t. verus is actually a well-
differentiated and independently evolving
taxon has important implications for both
evolutionary and conservation biology. Al-
though exact climatic or ecological (or
both) patterns of change in equatorial Af-
rica over the past 2 million years are un-
clear, repeated cycles of drying possibly as-
sociated with hypothermal periods occurred
and periodically reduced forests to western,
central, and eastern refugia. Extant chim-
panzee taxa may have differentiated from
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one another in such forest fragments (39).
Reconstructing the history of the genus Pan
and of our common ancestor will have to
allow for the previously underappreciated
variation within chimpanzees. This may
help to resolve the gorilla-chimpanzee-hu-
man “trichotomy” question (40) by improv-
ing the resolution of synapomorphies over
homoplasy (the phylogenetic “signal”).
Fourth, our discovery of considerable genet-
ic variation within chimpanzee populations
across broad geographic ranges provides us
with a way of quantifying genetic diversity
in these endangered species and monitoring
genetic erosion in both wild and captive
populations.

Conservation efforts in the wild and in
captivity need to account for the genétic
diversity in the genus Pan and its partition-
ing into several well-differentiated evolu-
tionarily significant units (41). Although
captive chimpanzees have traditionally
been sorted into and managed as two spe-

cies, the three subspecies of P. troglodytes:

have, for example, been afforded no special
significance under current NIH colony
management policies. Our results. suggest
that treating the >2000 chimpanzees in
biomedical facilities in the United States as
genetically equivalent requires reassess-
ment. Inappropriately matched individuals
are undesirable in both experimental and
breeding situations, and some previous re-
sults based on genetically dissimilar apes
may require reinterpretation (42). Howev-
er, chimpanzee social, emotional, and intel-
lectual similarities to humans render man-
agement from a purely genetic standpoint
unethical; the behavioral or social (or both)
needs of captive individuals must also be
considered. We do not advocate breaking
up mismatched but long-bonded pairs.

Finally, management of increasingly frag-
mented populations in Africa may require
occasional translocation of individuals for
their own protection and to preserve naturally
occurring variability in the wild. Such inter-
ventive management is fraught with hazards
including disease introduction and the behav-
ioral problems of translocated wild individuals
and reintroduced captive-born or raised indi-
viduals (43). Our results suggest that the pos-
sibility of outbreeding depression must also be
considered. Our appreciation of the natural
diversity within these species may have im-
portant implications for their future evolution
and for their use as models in biomedical,
paleoanthropological, and evolutionary stud-
ies of humans.
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