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tain gorilla (Gorilla g. beringei); (iii) eastern lowland gorilla
(Gorilla g. graueri); (iv) humans (Homo sapiens); (v) bonobo
(Pan paniscus); (vi) central chimpanzee (Pan t. troglodytes);
(vii) eastern chimpanzee (Pan t. schweinfurthi); (viii) western
chimpanzee (Pan t. verus); and (ix) the newly recognized
Nigerian chimpanzee (tentatively referred to as Pan t. vellerosus) (14). We also include three other groups in our analyses:
a Neandertal (Homo s. neanderthalensis) and Bornean and
Sumatran orangutans (Pongo p. pygmaeus and Pongo p. abelii,
respectively). Using common names except when ambiguous,
we show that these taxa have very different amounts and
patterns of genetic variation, with humans being the least
variable. Strong evidence is presented for a relatively recent
demographic bottleneck, selective sweep, or population expansion in two clades, humans and eastern chimpanzees. We
also show that topiary pruning (15) resolves ambiguities in the
phylogenetic tree that are caused by homoplasies in the data
set.

ABSTRACT
Phylogenetic trees for the four extant species
of African hominoids are presented, based on mtDNA control
region-1 sequences from 1,158 unique haplotypes. We include
83 new haplotypes of western chimpanzees and bonobos.
Phylogenetic analysis of this enlarged database, which takes
intraspecific geographic variability into account, reveals different patterns of evolution among species and great heterogeneity in species-level variation. Several chimpanzee and
bonobo clades (and even single social groups) have retained
substantially more mitochondrial variation than is seen in the
entire human species. Among the 811 human haplotypes, those
that branch off early are predominantly but not exclusively
African. Neighbor joining trees provide strong evidence that
eastern chimpanzee and human clades have experienced
reduced effective population sizes, the latter apparently since
the Homo sapiens–neanderthalensis split. Application of topiary
pruning resolves ambiguities in the phylogenetic tree that are
attributable to homoplasies in the data set. The diverse
patterns of mtDNA sequence variation seen in today’s hominoid taxa probably ref lect historical differences in ecological
plasticity, female-biased dispersal, range fragmentation over
differing periods of time, and competition among social
groups. These results are relevant to the origin of zoonotic
diseases, including HIV-1, and call into question some aspects
of the current taxonomic treatment and conservation management of gorillas and chimpanzees.

MATERIALS AND METHODS
Data. We examined part of hypervariable CR1, corresponding to the human mtDNA nucleotide positions 16,053–16,465
(16), from 1,158 unique haplotypes, almost all (,1000) of
known geographic provenance. These include 83 previously
unpublished haplotypes representing 70 chimpanzees and 13
bonobos and 1,070 published sequences from GenBank (811
humans from around the world, 26 gorillas, 11 bonobos, and
222 chimpanzees). In addition, we included one Neanderthal
(17) and one human nuclear sequence of mitochondrial origin
(numt) involving a CR1 sequence that became inserted into
chromosome 11 sometime in the past (18). Haplotypes compared ranged in length from 300–415 bp except for three
comprising 270–298 bp that were included to capture the full
extent of known variability. Three published orangutan sequences representing both subspecies were used as an outgroup for analytical purposes (19, 20). GenBank accession nos.
of all sequences used, with their 35 specific source references
and our alignments, are available from P.G.
The new chimpanzee samples from 12 geographically separate natural communities across West Africa characterize a
previously poorly documented region: Bafing, western Mali;
Tenkere, northwestern Sierra Leone; eastern Liberia; and
Côte d’Ivoire (nine sites). Chimpanzee DNA was extracted

In spite of the absence of relevant fossils, studies of genetic
variation have settled the question of whether humans are
more closely related to gorillas or chimpanzees in favor of the
latter (1). However, most such comparative studies have been
based on no more than six individuals of each taxon with the
exception of humans (2–9). Furthermore, the individual apes
used in these comparisons are typically of unknown geographic
origin, and there has been a tendency to treat all chimpanzees
as a homogeneous group. Advances in DNA sequencing
technology and noninvasive genotyping (10–13) now permit a
more thorough analysis of the geographic variation within and
among mitochondrial DNA (mtDNA) sequences in each of the
living African hominoids. The noncoding control region 1
(CR1) was selected for analysis because it is hypervariable and
was thought to be relatively free from direct natural selection
and therefore was thought to provide a less ambiguous record
of mutational change and phylogenetic relationships (9).
Here we present a comparison of genetic variation in all nine
recognized taxa of African or African-derived hominoid: (i)
western lowland gorilla (Gorilla g. gorilla); (ii) eastern moun-
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from single shed hairs collected in 137 abandoned night nests
constructed and occupied once by single individuals or mother–offspring pairs. We used the methods of Morin et al. (21)
for PCR amplification and direct double-stranded 35S sequencing and used an ABI377 (Applied Biosystems) automated
sequencer. The total length of the amplified fragment was 448
bp, and the primers used were L16041 (21), H16498 (9). Sixty
bonobo fecal samples were collected at Eyengo, Lomako,
Democratic Republic of Congo, and DNA was amplified by
using primers L15997 59-CACCATTAGCACCCAAAGCT
and H16498 (9), was cycle-sequenced, and was run on an
ABI377 sequencer.
Phylogenetic Reconstruction. Sequences were aligned manually; three to four indels were required for alignment, and all
gorillas showed an 80-bp gap described previously (22). The
adenosine insert of the Neandertal sequence at position 16,264
was included for the alignment. Phylogenetic trees were generated with the PAUP program (test version 4.0D61A) written by
David L. Swofford (Smithsonian Institution, Washington, DC)
(ties broken randomly, ignoring sites with missing data in
pairwise comparisons, among-site variation in mutation rate).
Pairwise distance matrices for neighbor-joining analysis (23)
were calculated by using several different distance measures
and resulted in very similar topologies. A tree based on
Kimura’s two-parameter model distances (24) is presented for
the unpruned data, and uncorrected P values were used for the
pruned data because we assumed that substitutions at hypermutable sites had been removed. Both data sets gave very
similar topologies by using other commonly used genetic
distances. Bootstrap values are based on 1,000 resamplings.
Using different transitionytransversion ratios also had very
little effect on the tree topology. The large size of the entire
data set precluded maximum likelihood analyses or parsimony,
which, with far more taxa than informative sites, tends to be
untrustworthy.
Topiary Pruning. This method (15) was used to resolve
ambiguities in the phylogenetic tree caused by homoplasies. It
is based on the assumption that homoplastic substitutions are
over-represented in sequences differing by only a few substitutions because such pairs of sequences are likely to differ at
highly mutable sites, which will give rise to homoplasies. In this
method, a series of numbered copies of the original data set are
made. The original sequences then are compared in all possible
pairwise combinations. Sequences that differ from each other
by PL substitutions are compared with a consensus sequence.
PL 5 number of substitutions by which sequences differ from
each other. Bases that differ from the consensus sequence are
deleted from copy number PL and all higher-numbered copies.
The method produces a series of progressively more ‘‘pruned’’
data sets, labeled PL 5 1, 2,. . . n, in which homoplasies
resulting from high rates of mutation at specific sites are
preferentially removed. During the pruning process, genetically similar haplotypes collapse into a single sequence containing characteristics of each. The consensus sequence used
here was that for the entire data set (including Pongo).
Homoplasies will evidently affect the nature of the consensus
sequence. To examine the impact of homoplasies on the
consensus sequence, we subdivided the taxa into subgroups by
using a consensus sequence for each of the five main taxa. No
significant differences in the results were seen when different
consensus sequences were employed, using the commonest
base at each site for five subsets of the data: humans, chimpanzees, bonobos, gorillas, and orangutans (data not shown).

RESULTS
Fig. 1A shows the neighbor-joining tree. Recognized taxa are
monophyletic. However, it is not possible to determine the
branching order of major groups within Pan because of low
bootstrap values of the internodes connecting them. Low
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bootstrap values also were obtained when only transversions
were used (data not shown).
Remarkably, within single social groups (communities) in
both western chimpanzees and bonobos, we find apes belonging to two or three deep subclades. The most striking example
is from the Taı̈ forest, where the 19 haplotypes show greater
diversity than the entire human clade, even though they occur
in a single breeding group. The phylogenetic position of the
human numt, the CR1 sequence that became inserted in the
nuclear genome after the Homo–Pan split, is the same as
previously reported (18). The Neanderthal roots within the
extant humans, but this result is an artifact for reasons
discussed below.
Fig. 1B shows the same data after removal of homoplasies
by topiary pruning to level PL 5 8. Many of the original 1,158
haplotyes collapse as a result of pruning, and the dataset is
reduced to 148 taxa. Internodes linking humans, bonobos, and
chimpanzees are now all supported by bootstrap values of $94.
These high values confirm and add probabilistic weight to the
order of branching reported previously (1) by using much
smaller sample sizes and individuals of unknown geographic
origin. Branch length indicates orangutans separated from all
other taxa first, followed by gorillas, then by the Homo–Pan
clade, and finally chimpanzees from bonobos. Although their
branching order is ambiguous, there is a clear separation
among P. t. verus, Nigerian chimpanzees, and P. t. troglodytes
(with P. t. schweinfurthi), supported by bootstrap values $86.
Fig. 2 shows the distribution of percent pairwise sequence
divergences of each taxon normalized to the maximum sequence length. Humans and eastern chimpanzees show the
smallest divergence, and even that is exaggerated because
many of the differences in these taxa occurred at hypervariable
sites (8, 15, 25). The narrow unimodal mismatch distributions
of humans and eastern chimpanzees are typical of rapidly
expanding populations. It has been suggested that the western
chimpanzees may be the oldest of the chimpanzee subspecies
(21, 26), and these data support this hypothesis.
Average transversional differences within clades were determined and normalized to the maximum sequence length.
Unlike the 811 human sequences, which average only 0.41
transversional differences, the African great ape sequences
show larger differences: eastern chimpanzees (1.14), central
chimpanzees (2.36), western chimpanzees (3.40), bonobos
(3.43), Nigerian chimpanzees (6.47), and gorillas (12.37) (data
in refs. 14, 21, 22, and 27–29). Assuming comparable mutation
rates, this indicates that all great ape clades are older than that
of humans.
Fig. 3A illustrates the progressive effects of topiary pruning
on the hominid clade. The deeply rooted all-African branches
of the clade persist throughout the pruning process, though the
vast majority of the non-African branches collapse into a single
shallower branch. By level PL 5 4, the Neanderthal sequence
roots basal to all modern humans as expected, but, at earlier
pruning levels, it sometimes alternates in position with the
numt. By level PL 5 8, the order numt followed by Neanderthal
is weakly supported by a bootstrap value of 62. This suggests
that the branching order and relative ages of these two ‘‘taxa’’
cannot be determined without additional data. Fig. 3A also
shows, that although the majority of deep human branches are
entirely African, several deep branches involving non-Africans
persist throughout the pruning process. Some of these sequence groups move away from the base of the clade during
pruning, and some move toward the base. These latter consist
of an Indian Brahmin (30) and collapsed haplotypes made up
of sequences from Africans, Sardinians, Melanesians, and East
Asians.

DISCUSSION
Distinguishing mtDNA CR1 Sequences from Those That
Have Moved to the Nucleus. The inadvertent inclusion of numt
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FIG. 1. Unrooted phylogram of the neighbor-joining tree of 1,158 different CRI sequences before (A) and after (B) after topiary pruning to
level PL 5 8 to remove homoplasies. Bootstrap values $50% for the primary internodes are shown. Position of the midpoint root is indicated by
arrow. Different colors indicate species (humans, bonobos, and gorillas) and subspecies (chimpanzees). Symbols indicate individuals belonging to
the same social group: h, Taı̈ Forest, Côte d’Ivoire; ■, Solo, Mali; E, Eyengo, Lomako, Democratic Republic of Congo; F, E-group, Wamba,
Democratic Republic of Congo; p, Kasakela, Gombe, Tanzania.

sequences in the data set would result in artifactual deep
branches in the trees presented here. This is of concern
because numts have been found in hominoids. Zischler et al.
(18) found an invariant insert (Fig. 1 A) in some humans but,
despite repeated attempts, did not find it in chimpanzees or
gorillas; most known numt sequences represent molecular
‘‘fossils’’ and have remained relatively unchanged since insertion (34, 35). Recently, another insert was found in all four
hominoid genera (36), but it is very different from all known

hominoid mtDNA sequences. We have three reasons for
believing that our new sequences and most or all of the others
analyzed are mitochondrial rather than nuclear: (i) mtDNA
amplifies preferentially from sources (hair, feces) in which it is
1,0003 more abundant than nuclear DNA (37); (ii) mother–
offspring pairs were examined in western chimpanzees (12
cases) and bonobos (10 cases) and, in each case, identical
sequences were found; and (iii) some of the western chimpanzee mother–offspring pairs have haplotypes found on different
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FIG. 2. Pairwise sequence divergence in humans and other African
hominoids.

deep branches (Fig. 1 A); if one of these deep subclades
represented a numt, then one would expect the same pattern
to appear in the other clades as well, and this was not observed.
Effects of Topiary Pruning. During the early stages of
topiary pruning, the amount of phylogenetic information in
the data set increases. Fig. 3B shows that pruning the entire
data set from PL 5 1 to 10 progressively increases the negative
skew of the length distribution of 10,000 random trees produced with PAUP; by level PL 5 6, the skew has become highly
significant, and further pruning after PL 5 10 has little effect.
In contrast, pruning the data set by random removal of the
same number of variant bases as were deleted during topiary
pruning results in no increase in the skew or information
content (31).
Although topiary pruning as a method has yet to be widely
examined, its application here resolves a number of inconsistencies that arise when the entire data set is used. These
include the distinction between chimpanzees and bonobos
(which is supported by a bootstrap value of 95 at level PL 5 8)
and the inconsistent positioning of the Neanderthal sequence.
Alternative approaches to phylogenetic signal enhancement,
including removal of indels andyor truncation of the sequences
to remove length inconsistencies, had little influence on the
topology of the tree (data not shown).
Topiary pruning produces different results in the different
clades. In the human and eastern chimpanzee clades, most
haplotypes have collapsed by level PL 5 10 (data not shown).
Even after pruning to this level, however, the clades of
bonobos, western gorillas, and western chimpanzees retain
very deep subclades. As noted above, although the vast majority of the non-African branches of the human clade collapse
into a single shallower branch (Fig. 3A), some deep non-

FIG. 3. Effects of topiary pruning. (A) Progressive effect of
pruning of the whole data set on the hominid clade from PL 5 0–8.
Exclusively African (red), non-African (black), one Indian (orange),
neanderthal (blue), and numt (gray) haplotypes are shown. (B)
Pruning results in an increase in phylogenetic information, measured
as change in negative skew of the length distribution of 10,000 random
trees at each pruning level (F), relative to the random removal of the
same number of bases (h).

African branches persist. It is not possible to rule out a
geographically diverse origin for our species (32, 33).
Evidence for Demographic Bottlenecks and Range Expansions. When compared with African great apes, the lineage
leading to humans must have experienced a lower genetic
effective population size (Ne) (38). Whether this was attrib-
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utable to a single chance demographic bottleneck (39), repeated bottlenecks, a selective sweep(s), a population expansion, or some combination of all of these remains unresolved.
Evidence for departure from selective neutrality in a mitochondrial gene in humans (but not in chimpanzees) has been
presented recently (40). Although mtDNA diversity in our own
species is limited at the present time, the long Neandertal and
numt branches indicate that our ancestral hominids harbored
much greater diversity before this demographic event. In
contrast to humans, the other great apes still exhibit deep
branches.
Although it has been argued that our species has not gone
through a reduction in Ne (39, 42), counterarguments have
been proposed (43, 44). The fact that some strongly selected
polymorphic nuclear loci, e.g., HLA, show no evidence of a
bottleneck indicates that the history of these loci may have
been very different from that of CR1. Wise et al. (45), who also
noted lower mtDNA diversity in humans compared with
chimpanzees, found the reverse situation at .33 nuclear
markers. This paradox suggested to them that selection may
have acted differentially in these two clades or that nuclear and
mitochondrial genomes have evolved differently because of
interspecific differences in mating patterns and natural history.
The possible effect of ascertainment bias on their result should
be examined because the loci used to compare chimpanzees
with humans were selected for their known variability in
humans only (46, 47). Furthermore, because their measure for
nuclear variability, heterozygosity (H), does not differentiate
between ancient and new alleles, it does not permit us to
distinguish a population expansion with many new alleles from
the persistence of many old alleles in a population of constant
size.
Eastern chimpanzees also appear to have experienced a low
Ne, as most of the branches of this clade collapsed during
pruning, though less rapidly than those of the human clade.
Relatively little divergence is seen in the pairwise sequence
comparison (Fig. 2). This supports the conclusion that the
eastern chimpanzees have expanded their range recently (between 20,000 and 61,000 years ago) from central Africa (28).
Judging from the trees in Fig. 1, the question arises regarding
whether eastern chimpanzees should not be regarded as a
subset of a much more variable centralyeastern subclade.
Hominoid Relationships. The diverse patterns of mtDNA
sequence variation seen in today’s hominoid populations probably reflect historical differences in ecological plasticity, sexbiased dispersal, range fragmentation over differing periods of
time, and competition among social groups. The shapes of the
Pan and Gorilla clades are consistent with very different
evolutionary histories from those of humans. Both Gorilla and
P. troglodytes show deep subclades, but those of the chimpanzees are ‘‘bushier,’’ and several different haplotypes are found
in the same social groups. This difference is unlikely to be an
artifact of smaller sample size in the gorilla because the 26
gorilla haplotypes were drawn from 64 individuals, many with
identical sequences (22). Gorillas are confined to rain forests
and live in far smaller groups (10 vs. as many as 100 in P.
troglodytes) (48, 49). It seems likely that gorillas or their
ancestors were subdivided into small populations that followed
divergent evolutionary paths as a result of habitat fragmentation associated with contraction of the rain forest into refugia
during drier Pliocene-Pleistocene hypothermal periods (50,
51). In contrast, P. troglodytes is known for its ability to survive
in a variety of different habitat types (ranging from dry,
sparsely wooded savanna to dense, moist forest) across tropical
Africa (52). During drier periods, barriers that isolated different subpopulations can be expected to have arisen more
readily for gorillas than for chimpanzees.
The three highly variable, deeply branched subclades in the
western chimpanzees are not simply the result of high mutation
rates at some nucleotide positions that give the appearance of
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deep clades because these would have been removed by topiary
pruning. It is likely that these three haplotype groups originated in allopatry and subsequently became widely sympatric.
Alternatively, the pattern could be caused by the persistence
of ancestral haplotypes in continuously large populations. The
high degree of diversity seen in relatively small and scattered
social groups of chimpanzees and bonobos may be, in part, a
function of high female dispersal rates in Pan (53); haplotypes
are shared over up to 583 km in eastern chimpanzees (28) and
up to 1,000 km in western chimpanzee (54).
The extensive genetic differentiation in chimpanzees has not
been accompanied by concordant morphological and behavioral differentiation in the different clades. The three geographically defined subspecies of chimpanzees are morphologically indistinguishable except at the level of minor dentaly
craniometric features (55–57). Although regional behavioral
differences have been found, these do not follow current
subspecies divisions but, rather, reflect probable adaptations
to ecological conditions or cultural differences (58, 59). All
three subspecies will interbreed in captivity, but estimates of
hybrid inviability (if any) are not available. Most captive
chimpanzees are of unknown geographic provenance, and
subspecies identity and the effects of hybrid genetic inviability
cannot be separated from the high background neonate mortality observed in captivity (60).
Our results confirm the existence of a previously unrecognized subclade of chimpanzees in Nigeria and northern Cameroon, recently described (14) on the basis of 11 sequences
from Nigeria. In addition, 4 of 54 apes of Wise et al. (45)
captured randomly in the wild and 3 captive apes we examined
(in Cameroon and Italy) are referable to this subclade of
chimpanzees. However, assigning a taxonomic status to subclades should be delayed until appropriate geographical sampling is completed.
The divergence patterns in our results are in general agreement with current hominoid divergence time estimates (in
millions of years ago) that are based on numerous sequences,
methods, and assumptions, with the caveat that the ages of the
major chimpanzee clades have been underappreciated: orangutans, 12.5 million years ago (range: 8–15); gorillas, 7.7
(6.6–10.0); hominids, 4.7 (4.2–5.2); bonobos, 2.5 (2.0–3.0);
eastern and western gorillas (.2.5); the two subspecies of
orangutan, 1.7 (0.6–3.4); and the two major clades of chimpanzees (western, and central and eastern), 1.6 (refs. 1, 6, 7, 21,
and 61).
There are currently 15 recognized species of extinct hominids, and at least half of these have been suggested to lie
between H. sapiens and the Homo–Pan ancestor 5 million years
ago (62). Several of these taxa persisted for $1 million years
(longer than H. sapiens), and, if Ne were on the order of 104 (1),
each of these species had sufficient time to evolve mtDNA
diversity as great as that seen in the other hominoids. Because
this was not observed, something unusual happened in the
early history of our species; these maternally inherited sequences show that the descent of (wo)man was very different
from the pattern seen in other living hominoids.
The hominoid results have four implications: (i) Although
some of the evolutionarily significant units defined on the basis
of these mtDNA sequences are not concordant with current
taxonomic practice, formal taxonomic revision should await
clarification of their degree of genetic isolation with nuclear
markers and a thorough review of the morphological and
ecobehavioral evidence; (ii) biomedical research results that
were based on samples of chimpanzees of unknown provenance should be reexamined because comparisons involving
mixed species groups and hybrids may be compromised; (iii)
when elucidating the history of zoonotic diseases like HIV-1,
intraspecific variability must be taken into account (63); and
(iv) future conservation efforts should be directed toward
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saving as much of the genetic diversity in each of these newly
recognized evolutionarily significant units as possible.
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