Downloaded from rstb.royalsocietypublishing.org on October 5, 2010

More reliable estimates of divergence times in Pan using
complete mtDNA sequences and accounting for population
structure
Anne C. Stone, Fabia U. Battistuzzi, Laura S. Kubatko, George H. Perry, Jr, Evan Trudeau, Hsiuman
Lin and Sudhir Kumar
Phil. Trans. R. Soc. B 2010 365, 3277-3288
doi: 10.1098/rstb.2010.0096
Supplementary data

"Data Supplement"
http://rstb.royalsocietypublishing.org/content/suppl/2010/09/09/365.1556.3277.DC1.ht
ml
"Audio supplement"
http://rstb.royalsocietypublishing.org/content/suppl/2010/09/30/365.1556.3277.DC2.ht
ml

References

This article cites 71 articles, 31 of which can be accessed free

Rapid response

Respond to this article
http://rstb.royalsocietypublishing.org/letters/submit/royptb;365/1556/3277

Subject collections

Articles on similar topics can be found in the following collections

http://rstb.royalsocietypublishing.org/content/365/1556/3277.full.html#ref-list-1

taxonomy and systematics (275 articles)
bioinformatics (104 articles)
evolution (2062 articles)

Email alerting service

Receive free email alerts when new articles cite this article - sign up in the box at the top
right-hand corner of the article or click here

To subscribe to Phil. Trans. R. Soc. B go to: http://rstb.royalsocietypublishing.org/subscriptions

This journal is © 2010 The Royal Society

Downloaded from rstb.royalsocietypublishing.org on October 5, 2010

Phil. Trans. R. Soc. B (2010) 365, 3277–3288
doi:10.1098/rstb.2010.0096

More reliable estimates of divergence times
in Pan using complete mtDNA sequences
and accounting for population structure
Anne C. Stone1,*, Fabia U. Battistuzzi2, Laura S. Kubatko4,
George H. Perry Jr1, Evan Trudeau6, Hsiuman Lin5
and Sudhir Kumar2,3
1

School of Human Evolution and Social Change, 2Center for Evolutionary Medicine and Informatics,
Biodesign Insitute, and 3School of Life Sciences, Arizona State University, Tempe, AZ, USA
4
Department of Mathematics and Statistics, and 5Department of Anthropology, University of New Mexico,
Albuquerque, NM, USA
6
Department of Molecular, Cellular and Developmental Biology, University of Colorado, Boulder, CO, USA
Here, we report the sequencing and analysis of eight complete mitochondrial genomes of chimpanzees (Pan troglodytes) from each of the three established subspecies (P. t. troglodytes, P. t. schweinfurthii
and P. t. verus) and the proposed fourth subspecies (P. t. ellioti ). Our population genetic analyses are
consistent with neutral patterns of evolution that have been shaped by demography. The high levels
of mtDNA diversity in western chimpanzees are unlike those seen at nuclear loci, which may reflect
a demographic history of greater female to male effective population sizes possibly owing to the
characteristics of the founding population. By using relaxed-clock methods, we have inferred a timetree of chimpanzee species and subspecies. The absolute divergence times vary based on the
methods and calibration used, but relative divergence times show extensive uniformity. Overall,
mtDNA produces consistently older times than those known from nuclear markers, a discrepancy
that is reduced significantly by explicitly accounting for chimpanzee population structures in time
estimation. Assuming the human – chimpanzee split to be between 7 and 5 Ma, chimpanzee time
estimates are 2.1 – 1.5, 1.1 – 0.76 and 0.25– 0.18 Ma for the chimpanzee/bonobo, western/
(eastern þ central) and eastern/central chimpanzee divergences, respectively.
Keywords: mitochondrial genome; Pan troglodytes; Pan paniscus; divergence time

1. INTRODUCTION
Mitochondrial DNA has long been used to investigate
questions about primate taxonomy and demography
(e.g. Morin et al. 1994; Horai et al. 1995; Gagneux
et al. 1999; Schrago & Russo 2003; Eriksson et al.
2004; Raaum et al. 2005). The ability to sequence
the complete mtDNA genome relatively quickly and
inexpensively has resulted in a number of studies in
humans that investigate population history (Ingman
et al. 2000; Maca-Meyer et al. 2001; Herrnstadt et al.
2002; Ingman & Gyllensten 2003; Macaulay et al.
2005; Thangaraj et al. 2005; Sun et al. 2006) and
selection (Nachman et al. 1996; Mishmar et al. 2003;
Elson et al. 2004). However, the application of complete mtDNA sequence data to questions about
population history and selection within other species
has not been common.
Chimpanzees (Pan troglodytes) and bonobos (Pan
paniscus) are our sister species, and studies of
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genetic variation in these species shed light on their
evolutionary histories as well as serve as a comparison
to our own history. Both paleoanthropological
and genetic studies indicate that that the human
and chimpanzee þ bonobo lineages diverged 6.5–
4.2 Ma (Sarich & Wilson 1973; White et al. 1994;
Chen & Li 2001; Glazko & Nei 2003; Kumar et al.
2005), while chimpanzees and bonobos diverged
more recently with estimates ranging from 2.5 to
0.8 Ma (Horai et al. 1992; Kaessmann et al. 1999;
Stone et al. 2002; Yu et al. 2003; Fisher et al. 2004;
Won & Hey 2005; Caswell et al. 2008). Genetic data,
as well as some morphological data, suggest strong
population structuring within chimpanzees that correlates with subspecies boundaries, and this structure
appears to be demarcated by river and habitat boundaries and reinforced by dispersal patterns (Gagneux
et al. 2001; Guy et al. 2003; Lockwood et al. 2004;
Gonder et al. 2006; Becquet et al. 2007).
Currently, three subspecies, distributed across the
central part of Africa, are recognized within chimpanzees. Pan t. schweinfurthii is the easternmost
subspecies, located in Tanzania, Burundi, Rwanda,
Uganda and the Democratic Republic of Congo. The
central subspecies, P. t. troglodytes, is found in Congo,
Gabon, the Central African Republic, Equatorial
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Guinea and Cameroon, and P. t. verus, the westernmost subspecies, is found in Senegal, Guinea-Bissau,
Guinea, Sierra Leone, Liberia, Mali and Ivory Coast.
MtDNA research has also suggested a potential
fourth subspecies, P. t. ellioti (Oates et al. 2009), formerly known as P. t. vellerosus, in Nigeria (Gonder
et al. 1997, 2006; Gagneux et al. 1999), although the
limited Y-chromosome evidence has failed to support
this claim (Stone et al. 2002).
Demographic inferences about chimpanzee subspecies are limited but mostly indicate a larger effective
population size in the central subspecies, and an initial
split between the western and central/eastern subspecies
(Deinard & Kidd 1999; Kaessmann et al. 1999; Stone
et al. 2002; Fisher et al. 2004; Won & Hey 2005; Becquet et al. 2007). There has also been a distinction
between haploid markers (both mtDNA and Y-chromosome studies) that have shown high levels of structure
(corresponding to subspecies designations) and autosomal nuclear data that have suggested significant gene
flow, differences in male and female effective population
sizes and/or incomplete sorting of lineages. On the one
hand, this has led to some researchers nominating new
subspecies based on results from haploid markers
(Gonder et al. 1997; Gonder Disotell & Oates 2006),
while others have proposed elimination of subspecies
designations altogether based on the nuclear data
(Fisher et al. 2006). In addition, some experts suggest
that the western and Nigerian chimpanzees should
form one subspecies (P. t. vellerosus), while the central
and eastern chimpanzees should belong to a second
subspecies (P. t. troglodytes; Gonder Disotell & Oates
2006). More recently, a large autosomal microsatellite
dataset has supported substructure within chimpanzees
that corresponds to the subspecies designations (Becquet et al. 2007).
Comparisons of levels of intraspecific variability
have important implications for understanding the
evolution of hominoid genomes and clarifying the
demographic history of contemporary populations of
humans and great apes (Stone & Verrelli 2006).
Because of the different signals regarding population
history as well as the conflicting estimates of divergence times based on different loci, a better sampling
of markers and populations is needed. In this study,
we report complete mtDNA sequences in eight chimpanzees including individuals from all of the three
currently recognized subspecies as well as an individual with a P. t. ellioti mtDNA haplotype to assess the
neutrality of evolutionary patterns of the mtDNA
genome and to examine intraspecific diversity. A
major emphasis of our mtDNA analysis is to investigate why the timing of divergence between
chimpanzees and bonobos and among the subspecies
of chimpanzees that have been reported from previous
mtDNA studies are much older than those obtained
using the nuclear DNA (e.g. Horai et al. 1995; Stone
et al. 2002; Fisher et al. 2004; Won & Hey 2005).
2. MATERIAL AND METHODS
(a) Materials
The complete mitochondrial genomes from seven
wild-born chimpanzees (four P. troglodytes verus, two
Phil. Trans. R. Soc. B (2010)

P. t. schweinfurthii and one P. t. ellioti ) and one captive
born chimpanzee (haplotype corresponds to
P. t. troglodytes) were sequenced for this study. When
unknown, subspecies status was determined based on
a comparison of the mtDNA HVI region sequence to
those from chimpanzees of known subspecies (Morin
et al. 1994; Gonder et al. 1997; Stone et al. 2002).
Two P. t. verus samples, Pt115 and Pt120 (ISIS no.
2738 and 2216), and the P. t. ellioti sample, Pt114
(ISIS no. 2412), were from the New Iberia Primate
Center. The remaining two P. t. verus samples, Pt82
and Pt105 (North American regional studbook for
the chimpanzee no. 341 and ISIS no. 2435), were
from the Riverside Zoo in Scottsbluff, NE, and the
Southwest Foundation for Biomedical Research,
respectively. The two P. t. schweinfurthii samples,
Pt96 and Pt161 (ISIS no. 3020 and 925), and the
P. t. troglodytes sample, Pt13 (ISIS no. 4441), were
from the Primate Foundation of Arizona. Whole
blood samples (5 –10 ml) were taken during routine
veterinary examinations, and DNA was isolated
using a standard phenol/chloroform-based extraction
(Sambrook & Russell 2001).

(b) Polymerase chain reaction and nucleotide
sequencing
The complete mtDNA genome was amplified in 28
overlapping segments using the polymerase chain
reaction (PCR) in a PTC-200 thermal cycler
(MJ Research). PCR primers for each segment are
listed in the electronic supplementary material. For
most segments, PCR conditions were: 948C for
5 min (948C, 30 s; annealing temperature specified
in table S1 in the electronic supplementary material,
30 s; 728C, 30 s) for 35 cycles, followed by a single
final extension of 728C for 5 min. A touchdown PCR
protocol was used for segments amplified with primers
L846 and H1620, L4589 and H5276 and L14110 and
H14900. For these segments, PCR conditions were:
948C for 5 min (948C, 30 s; 108C above annealing
temperature specified in table S1 in the electronic supplementary material minus 0.58C per cycle, 30 s;
728C, 30 s) for 20 cycles, (948C, 30 sec; annealing
temperature specified in table S1 in the electronic supplementary material, 30 s; 728C, 30 s) for another 20
cycles, then 728C for 5 min. PCR products were purified with the QIAquick Purification Kit (Qiagen) and
sequenced in two directions, using the BigDye terminator cycle sequencing kit v. 3.1 (Applied Biosystems)
and an Applied Biosystems 3730 capillary sequencer.
Sequence trace files were assembled using the
SEQMAN program (DNAStar), and then manually
checked and aligned.
MtDNA insertions into the nuclear genome
(numts) can complicate analyses and invalidate conclusions if they are mistakenly amplified in the place
of authentic mtDNA sequence (Bensasson et al.
2001; Thalmann et al. 2004). Although there was no
direct evidence that numts had been amplified here
(i.e. there were no ‘heterozygous’ positions and no
nucleotide mismatches between overlapping fragments), we checked the authenticity of our sequences
with the long-range PCR method described by
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Thalmann et al. (2004) using Platinum Taq HiFi
(Invitrogen). Briefly, for each chimpanzee individual,
we amplified two large fragments, A (approx. 9 kb)
and B (approx. 10 kb), which overlap each other at
both ends to cover the entire mtDNA genome using
primers listed in table S1 in the electronic supplementary material. Five microlitres of the PCR product was
electrophoresed through a 2 per cent NuSieve GTG
low-melting agarose (Cambrex) gel. Bands were
excised and melted in 100 ml Molecular Biology
Reagent Water (Sigma) at 558C for 1 h, and then
vortexed thoroughly. Four microlitres of this mixture
was then used to amplify and sequence three of our
original segments, using the methods specified above.
One of these segments (primers L15255 and H107,
1214 bp) was amplified from both fragments A and
B. Additionally, we amplified a 687 bp segment
(L4589 and H5276) from fragment A and an 862 bp
segment (L8333 and H9195) from fragment B. The
resulting sequences were compared with each other
and with the original sequence for each individual.
There were no observed discrepancies, supporting
the authenticity of the complete mtDNA genome
sequences generated for these eight individuals.
These data were submitted to GenBank and
are listed under accession numbers GU112738 –
GU112745.

(c) Data analysis
We compared our sequences with those from previous
studies, including two P. t. verus (Jenny, GenBank
accession number X93335 and the chimpanzee
mtDNA reference sequence no. NC 001643), one
P. paniscus (no. NC 001644), one gorilla (Gorilla
gorilla, no. NC 001645), one orangutan from each of
the two subspecies (Pongo pygmaeus, no. NC 001646
and Pongo pygmaeus abelii, no. NC002083), one
gibbon (Hylobates lar, no. NC 002082), the Cambridge
human reference sequence (Homo sapiens, no.
AC000021) and 53 additional humans (Anderson
et al. 1981; Horai et al. 1992, 1995; Arnason et al.
1996; Xu & Arnason 1996; Andrews et al. 1999;
Ingman et al. 2000). The hypervariable region or
D-loop is non-coding and was excluded from most
analyses because it is known to have a very different
mutational pattern.
Two estimates of diversity were calculated for each
locus: p is based on the average number of nucleotide
differences per site between two sequences randomly
drawn from a sample and us is based on the
sample size-corrected proportion of segregating sites
(Watterson 1975; Nei 1987). The Jukes & Cantor
(1969) correction was applied to all sequence
comparisons involving interspecific variation and
divergence (Lynch & Crease 1990). Under equilibrium conditions with respect to mutation and drift,
both p and us estimate the neutral parameters: 2Nem
for mtDNA, where Ne is the effective population size
and m is the neutral mutation rate. Tajima’s D-statistic
was calculated to test for deviations from neutral frequency distribution (Tajima 1989). The measures of
diversity and tests of neutrality were performed with
the program DNASP 4.0 (Rozas et al. 2003).
Phil. Trans. R. Soc. B (2010)
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The mutation rate for the complete genome,
excluding the D-loop region, was calculated from
the data as follows: mutation rate per site per year ¼
(k/2Tsplit) " l, where k is the mean genetic distance,
l the length of the sequence and Tsplit the time in
years since the human and chimpanzee divergence.
Tsplit is assumed to be 6 Ma. The mean genetic distance was estimated between the 10 chimpanzees
examined in this study and the 53 humans from
Ingman et al. (2000) using the Tamura– Nei distance
(Tamura & Nei 1993) with the evolutionary rates
among sites modelled using the gamma distribution
in MEGA 4 (Tamura et al. 2007). The shape parameter for the gamma distribution was calculated
using MODELTEST as noted below.
MODELTEST (Posada & Crandall 1998) was used to
select the most appropriate evolutionary model
for each dataset. For the 13 protein-coding genes,
the general time-reversible (GTR) model with a
proportion of the sites invariable (I) and gammadistributed rates among sites (G ) was selected by the
AIC criterion. For the complete genome without
the D-loop, the GTR þ G model was selected by the
AIC. Phylogenetic analyses were then performed
using PAUP* (Swofford 2003) using the model and
parameters estimated by MODELTEST. Ten random
addition sequences with TBR branch swapping were
used to obtain the maximum-likelihood estimates of
the phylogenies. Bootstrap analyses were subsequently
performed using 100 bootstrap replicates and TBR
searches for each replicate for each dataset.
We calculated divergence times between species and
subspecies using two relaxed-clock methods: MULTIDIVTIME (MDT) and BEAST (Thorne & Kishino
2002; Drummond & Rambaut 2007). In these
methods, a Markov Chain Monte Carlo (MCMC)
procedure is used within a Bayesian analysis framework to estimate the posterior distributions of
evolutionary rates and divergence times, given priors
on phylogenetic relationships and calibration nodes.
These analyses were performed using DNA sequence
alignment of the complete mitochondrial genome,
except the D-loop region, and for 13 protein-coding
genes separately. The protein-coding genes were analysed at amino acid and DNA sequence level as a
super-alignment. We also analysed the fourfold (4F)
degenerate sites by themselves, as their evolutionary
patterns are expected to be the closest to the strict
neutrality (Kumar et al. 2005).
In MDT, branch lengths of the amino acid dataset
(16 taxa, 3772 sites) were estimated with the mitochondrial
mammal
(mtmam.dat)
model
of
substitution, while for nucleotides (genome and 4F
sites) the F84 þ gamma model was used within the
PAML program package (Yang 2007). Initial number
of sites analysed for whole genome and 4F degenerate
sites were 15 514 and 1843, respectively. All sites containing gaps and ambiguous nucleotides were excluded
from the analyses. Other parameters used in MDT
were: 10 000 sampling of the Markov chain, with
sampling frequency every 100, burn-in of 100 000,
and bigtime was set to 50 Ma. The root to tip distance
(rttm) was set at 25 Ma with identical standard
deviation (rttmsd).
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Table 1. Diversity statistics for mtDNA. Length is excluding gaps. *Significance: p , 0.05.
taxa

n

length

s

p (%)

u (%)

Tajima’s D

complete genome
P. troglodytes
P. t. schweinfurthii
P. t. s. and P. t. t.
P. t. verus (w/Nigeria)
P. t. verus
H. sapiens a

10
2
3
7
6
53

16 543
16 556
16 556
16 548
16 548
16 553

695
38
134
413
320
657

1.48
0.23
0.54
0.95
0.84
0.37

1. 49
0.23
0.54
1.02
0.85
0.87

20.16

without D-loop
P. troglodytes
P. t. schweinfurthii
P. t. s. and P. t. t.
P. t. verus (w/Nigeria)
P. t. verus
H. sapiens a

10
2
3
7
6
53

15 441
15 443
15 443
15 441
15 441
15 430

544
26
95
298
224
516

1.23
0.17
0.41
0.72
0.62
0.29

1.25
0.17
0.41
0.79
0.64
0.74

20.16

a

20.49
20.1
22.12*

20.59
20.17
22.23*

Ingman et al. (2000).

The same data sets were analyzed also in BEAST
with an uncorrelated lognormal relaxed clock.
Substitution model used were the mtREV þ
gamma þ invariant sites model for amino acids and
the GTR þ gamma þ invariant sites for nucleotides.
We also separated models for population and species
divergences by using two populations based on the
geographical distribution of the western and eastern þ
central chimpanzee subspecies (two populations plus
one species model). The remaining divergences were
estimated under a Yule speciation process. The
length of the chain for each analysis was adjusted to
the dataset in order to obtain effective sample sizes
above 200 for all parameters.
The same prior information on times (lower and
upper bounds) was used for the two molecular clock
methods. These included the times of the following
species divergences: gorilla versus chimpanzee þ
human divergence (10 – 6.5 Ma) and the chimpanzee
and human divergence (6.5 – 4.2 Ma) times defined
as uniform distributions. These calibrations were
used together or separately depending on the dataset
and the hypothesis to test. MDT and BEAST yielded
divergence times and their 95% credibility intervals
(CrIs).
In addition to species and subspecies divergences,
BEAST also produces the age of the most recent
common ancestor (TMRCA) based on the population
sample included. We compared these estimates with
those obtained using the GENETREE program, which
simulates a coalescent process including time information conditional on a specific haplotype tree with
a given value of u (Griffiths & Tavaré 1994; Bahlo &
Griffiths 2000). We estimated u for each dataset by
GENETREE using the maximum-likelihood method.
Indels and the D-loop were not included in the analyses, and constant population sizes and panmixia
were assumed. Simulation results are based on 10
million replicate runs. To calculate the TMRCA in
years, a chimpanzee generation time of 15 years was
used and the divergence between chimpanzees and
humans was set at 6 Ma.
Phil. Trans. R. Soc. B (2010)

3. RESULTS
The complete mtDNA genomes (16 541 bp) of 10
chimpanzees contain 695 segregating sites (table 1).
We also observe insertion/deletion (indel) polymorphisms in both the 12S rRNA gene and the D-loop. In
the 12S rRNA gene, an insertion of a guanine (G)
after nucleotide position 138 was present in all
sequences except the chimpanzee reference sequence.
This G is also present in humans (Anderson et al.
1981; Ingman et al. 2000) where it is found in stem
7 of the secondary structure model of Neefs et al.
(1993). In addition, a length polymorphism was
found in the 12S rRNA gene in the loop between
stems 23 and 24. Here, at nucleotide positions 378 –
384, an unstable run of cytocines resulted in significant variation with at least 6 –15 cytocines present.
This region was difficult to PCR and produced a heteroplasmic sequence. In the D-loop, a total of 12
indels was found. Because it is difficult to properly
incorporate indels into models of sequence evolution
for estimating divergence times, these were removed
from further analyses.
Non-synonymous polymorphisms were found in all
13 protein-coding genes. On average, chimpanzee
sequences contained 28.8 non-synonymous differences when compared with 8.91 observed in
humans. The estimates of synonymous and nonsynonymous substitution diversities for each
mitochondrial gene as well as comparative data from
humans are shown in table 2. When examining silent
and replacement sites separately (table 2), Tajima’s
test rejected strict neutrality at a 5 per cent significance
level in chimpanzees only for non-synonymous sites at
CO3 and ND4L. Humans show many significantly
negative Tajima’s D-statistic for both synonymous
and non-synonymous sites. When data from only
P. t. verus (without Pt114) was examined, three genes
(ND1, CO2 and ND6) showed significantly negative
Tajima’s D-values at replacement sites. When Pt114
was included in P. t. verus, only replacement sites at
CO3 produced a significantly negative value (data
not shown).
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Table 2. Population diversity estimates and tests of neutrality at mtDNA protein-coding genes in humans (n ¼ 53, Ingman
et al. 2000) and chimpanzees (n ¼ 10). *p , 0.05.
replacement
taxa and genes

lengtha

Pan troglodytes
ND1
ND2
CO1
CO2
ATP8
ATP6
CO3
ND3
ND4L
ND4
ND5
ND6
CYTB
all genes

954
1041
1539
681
204
678
783
345
294
1377
1809
522
1140
11 316

Homo sapiens
ND1
ND2
CO1
CO2
ATP8
ATP6
CO3
ND3
ND4L
ND4
ND5
ND6
CYTB
all genes

954
1041
1539
681
204
678
783
345
294
1377
1809
522
1140
11 316

silent

pb

TDc

S

p

TD

3
16
4
2
4
7
6
5
2
12
17
3
8
88

0.0016
0.0066
0.0016
0.0013
0.0097
0.0054
0.0021
0.0055
0.0019
0.0032
0.0046
0.0022
0.0035
0.0034

0.13
20.46
1.32
20.03
0.23
0.39
21.8*
20.83
21.4*
21
0.23
0.54
0.11
20.34

41
33
42
14
4
25
28
10
9
46
63
16
54
385

0.0539
0.046
0.042
0.026
0.025
0.051
0.058
0.045
0.048
0.045
0.05
0.045
0.069
0.049

20.27
0.18
0.51
20.46
20.45
0.11
0.68
0.41
0.81
20.05
0.07
0.33
0.18
0.14

8
13
8
3
2
8
4
3
1
12
23
5
16
106

0.0007
0.0012
0.0008
0.0007
0.0014
0.002
0.0003
0.0028
0.0002
0.0007
0.0015
0.0013
0.0011
0.0011

21.93*
22.04*
21.32
21.11
20.96
21.17
21.73*
0.12
21.32*
22.15*
21.95
21.31
22.2*
22.19*

19
29
40
19
6
22
25
10
9
43
51
20
26
318

0.0087
0.0071
0.0083
0.0067
0.0158
0.0096
0.0105
0.0108
0.015
0.0116
0.0095
0.0118
0.0099
0.0096

21.49*
22.31*
22.15*
22.32*
21.18
22.08*
22.01*
21.67*
21.09
21.89*
22.12*
22.01*
21.66*
22.17*

S

a

Length does not include the stop codon, for ‘all genes’, ATP8 and ND4L were truncated so that overlapping regions with other genes
were not counted twice.
b
Nucleotide diversity.
c
Tajima’s D-test.

Our analysis shows that chimpanzees harbour
approximately four times more nucleotide diversity
( p) than humans (table 1), while us is 1.7 times
greater. Within chimpanzees, P. t. verus exhibited the
most variation; however, multiple samples of the central subspecies were not included in this study and
only two P. t. schweinfurthii were sampled. Despite
the population structure within chimpanzees, Tajima’s
test of the complete genome and also of only the
protein-coding genes did not show a significant departure from neutrality, while it is significantly negative
in humans (tables 1 and 2). These results support
the assumption of constant population size in
chimpanzees used in the GENETREE analysis.
For a reduced dataset including only the chimpanzees, the best evolutionary model selected by
MODELTEST using both likelihood ratio tests and the
AIC was the GTR þ G model with the shape parameter in the gamma distribution, a, estimated to be
0.066. PAUP* was then used to estimate the ML
tree and bootstrap support. Using the entire dataset,
the phylogenetic analyses of both the complete
genome without the D-loop and using only the
protein-coding genes produced similar results
Phil. Trans. R. Soc. B (2010)

(figure 1). Bootstrap support was high (greater than
97%) for all nodes. The western chimpanzee
sequences, Pt82, Pt105, Pt115 and Pt120, the chimpanzee mtDNA reference sequence and the sequence
for the chimpanzee Jenny cluster together with the
Nigerian sequence, Pt114, as their most closely related
taxon. The eastern chimpanzees, Pt96 and Pt161,
cluster with the central chimpanzee sequence, Pt13.
We first inferred a time tree of chimpanzee and
bonobo evolution by using the MDT software. In
this case, we used two primary time constrains:
10.0 –6.5 Ma for gorilla/(human þ chimpanzee) divergence and 6.5 – 4.2 for human/chimpanzee divergence.
Using this calibration for full mitochondrial genome
(excluding the D-loop), only amino acid alignments
of 13 protein-coding genes and only 4F degenerate
sites produced similar estimates (table 3).
The chimpanzee/bonobo split was estimated to be
3.2 – 2.3 Ma. The time estimates for western/
(eastern þ central) and eastern/central splits were
dated to 1.68– 1.13 and 0.46 – 0.34 Ma, respectively
(table 3). Interestingly, MDT analysis yielded a
human/chimpanzee divergence date of approximately
5.7 Ma, which would be considered young by some
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Pt161

100

eastern
+
central

Pt96

100

Pt13
Pt114

100

Pt115
100
100
97
100

Pt82

100
100
100

100

western

Pt105
Pt120
Jenny
Pt reference
P. paniscus
H. sapiens
G. gorilla

0.01
Figure 1. Maximum-likelihood phylogeny of chimpanzees, human and gorilla. Full mitochondrial genome (excluding the
D-loop) and 13 mitochondrial protein-coding genes gave similar results. The geographical location of the chimpanzee
populations is shown. Bootstrap values are shown near each node.

Table 3. Time estimates and 95% CrIs (in million years) for major divergences in the phylogeny obtained using MDT and
BEAST for three datasets (mitochondrial genome, amino acids, and 4F degenerate sites). MDT and BEAST coalescent
model do not model population structure within chimpanzees, which, instead, is accounted for in BEAST 2 þ 1 model.
MDT divergence times in parenthesis for the 4F degenerate sites are obtained with the human/chimpanzee calibration
fixed at 6.5 Ma. All other times are estimated using gorilla/human þ chimpanzee (10.0–6.5 Ma) and human/chimpanzee
(6.5 –4.2 Ma).
Mt genomea

amino acidsb

4Fc

time

95% CrI

time

95% CrI

time

95% CrI

MDT
human/chimpanzee
chimpanzee/bonobo
western/eastern þ central
Nigerian/western
eastern/central

5.69
2.33
1.13
0.55
0.34

4.76– 6.46
1.75– 3.14
0.80– 1.70
0.37– 0.86
0.22– 0.58

5.73
3.17
1.5
0.78
0.43

4.72 –6.46
2.23 –4.24
0.86 –2.47
0.4–1.48
0.16 –0.93

5.65 (6.5)
2.81 (3.35)
1.68 (2.04)
0.811 (1)
0.458 (0.57)

4.49 –6.46
1.68 –4.19
0.84 –3
0.35 –1.66
0.7–1.11

BEAST (coalescent model)
human/chimpanzee
chimpanzee/bonobo
western/eastern þ central
Nigerian/western
eastern/central

5.48
2.02
0.96
0.48
0.27

4.63– 6.5
1.53– 2.57
0.70– 1.22
0.35– 0.61
0.18– 0.37

5.43
2.79
1.13
0.72
0.35

4.46 –6.5
1.88 –3.72
0.84 –1.85
0.45 –1.03
0.15 –0.58

5.28
1.79
0.92
0.42
0.21

4.24 –6.35
1.23 –2.42
0.62 –1.27
0.27 –0.60
0.11 –0.33

BEAST (2 þ 1 model)d
human/chimpanzee
chimpanzee/bonobo
western/eastern þ central
Nigerian/western
eastern/central

4.94
1.76
0.83
0.41
0.23

4.2–5.68
1.35– 2.19
0.64– 1.04
0.32– 0.52
0.16– 0.31

4.87
2.28
1.05
0.57
0.27

4.2–5.73
1.5–3.16
0.67 –1.45
0.36 –0.80
0.1–0.44

4.7
1.49
0.76
0.35
0.18

4.2–5.43
1.05 –1.99
0.51 –1.01
0.23 –0.47
0.095–0.27

a

Mitochondrial genome excluding the D-loop.
Thirteen mitochondrial protein-coding genes.
c
4F degenerate sites of the 13 protein-coding genes.
d
Two populations (western and eastern þ central) and one speciation model (Yule).
b

experts. Therefore, we re-estimated divergence times
in MDT by assuming the human/chimpanzee divergence to be 6.5 and found that all the resulting time
estimates increased proportionally (table 3).
Because MDT assumes that evolutionary rates
among lineages are autocorrelated, we also estimated
Phil. Trans. R. Soc. B (2010)

divergence times using the BEAST software, which
allows rates among lineages to vary independently.
For genomic DNA and amino acid sequence analysis,
BEAST analyses produced estimates very similar to
those from MDT for the same sequences (table 3).
However, the BEAST analysis of 4F degenerate sites
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respectively. These results were similar to those
found by BEAST in the 4F dataset.

3.0
2.5
2.0
1.5
1.0
0.5
0
chimpanzee/
bonobo

western/
eastern + central

eastern
/central

Figure 2. Compilation of estimated divergence times
between chimpanzees and bonobos and within chimpanzees
from literature (autosomal loci only, filled circle) and this
study (MDT, cross; BEAST (2 þ 1), square).

yielded much younger estimates (table 3). The above
analyses, however, did not take into account the population structure of chimpanzees. In order to
incorporate this biological reality, we conducted
BEAST analysis by assuming that each P. t. subspecies
constitutes a population (western subspecies and
eastern þ central subspecies). This leads to a two
populations plus one speciation model (2 þ 1
model), which yields younger divergence times than
those obtained from MDT or from other BEAST
analyses (table 3).
Although the use of 2 þ 1 model in BEAST makes
results younger compared with the estimates obtained
without considering population structure within chimpanzees, the time estimates based on amino acid
sequences are 50 per cent older than those from the
analysis of DNA sequences (genome as well as 4F
degenerate sites). Kumar et al. (2005) have previously
shown that amino acid time estimates are often older
and not preferred for relatively recent divergences.
Overall, the 2 þ 1 model produces time estimates
that are more similar to those reported from nuclear
autosomal loci (figure 2). Based on the 2 þ 1
BEAST analysis, the average divergence times within
the chimpanzees across three datasets are 2.28 – 1.49,
1.05– 0.76 and 0.27– 0.18 Ma for the chimpanzee/
bonobo, western/(eastern þ central) and the eastern/
central divergences, respectively (table 3). These
results highlight the need for modelling populations
correctly while estimating times of closely related
species and subspecies divergences when using
relaxed-clock methods.
The time to the MRCA (TMRCA) for each chimpanzee population in the BEAST analysis was 0.35
and 0.18 (table 3). We compared these estimates of
TMRCA with those obtained from GENETREE, which
employs a coalescence process and estimates of diversity to generate time estimates. The estimate of
sequence diversity for the complete genome, excluding
the D-loop, was 1.38 " 1028 substitutions per site per
year assuming a chimpanzee – human divergence
time of 6 Ma. Using this estimate and applying
GENETREE separately to each subspecies (western
and eastern þ central), we obtained TMRCA of
202 000 (+14 000) and 180 000 (+19 000) years,
Phil. Trans. R. Soc. B (2010)

4. DISCUSSION
Studies of diversity and divergence times in chimpanzees, and primates in general, have frequently used
mtDNA. Similar to some previous studies (Morin
et al. 1994; Gagneux et al. 1999), our new data
indicate that diversity within chimpanzees is greatest
in the western subspecies ( p ¼ 0.94% for all or
0.84% without the Nigerian individual), although
the sample size for the eastern/central subspecies
( p ¼ 0.54%) is rather small (n ¼ 3). This pattern of
diversity is contrary to those found at nuclear loci
where diversity estimates are higher in the central subspecies. For example, analyses of NRY data showed
that central chimpanzees had higher levels of diversity,
because five different haplotypes were observed when
compared with only one observed in a much larger
sample of western chimpanzees (Stone et al. 2002).
In a survey of approximately 10 kb at Xq13.3 from
30 chimpanzees (17 P. t. verus, 12 P. t. troglodytes and
1 P. t. schweinfurthii), Kaessmann et al. (1999) found
that P. t. troglodytes were the most diverse. The mean
pairwise sequence diversity at this locus among
chimpanzees was 0.13 per cent, which is about four
times greater than that in humans (0.037%). We also
found a similar difference.
Kaessmann et al. (1999) also noted that the subspecies were not monophyletic for X-chromosome
haplotypes (one western and one central chimpanzee
shared the same haplotype). However, Verrelli et al.
(2006) found that haplotypes were not shared between
subspecies for the X-chromosome locus G6PD. At this
locus, diversity was also greatest among central
chimpanzees in a survey of 56 chimpanzees
(6 P. t. troglodytes and 48 P. t. verus). Because the
X-chromosome has three times the effective population size (Ne) of mtDNA, it should take three times
as long as mtDNA to achieve monophyly. So it is not
surprising that some of the X-chromosome lineages
are not completely sorted among the subspecies
given their likely divergence times.
Autosomal sequences also indicate higher diversity
in central chimpanzees followed by eastern and western chimpanzees (Deinard & Kidd 1999; Yu et al.
2003; Fisher et al. 2004, 2006). Fisher et al. (2004)
found that central chimpanzees are 2.0 – 2.5 times
more diverse than western chimps and worldwide
samples of humans. Central chimpanzees also show a
relatively high proportion of rare alleles that could be
the result of an old bottleneck or fine-scale population
structure. Won & Hey (2005) found evidence for oneway gene flow from P. t. verus to P. t. troglodytes and
suggest that this may be the result of interactions
between the Nigerian chimpanzees and the central
subspecies.
The distinct pattern of higher mtDNA diversity and
lower diversity at other loci found in western chimpanzees suggests that the founding population of this
subspecies may have been skewed with a larger
number of females and a smaller group of closely
related males. This pattern is perhaps not surprising
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Table 4. Divergence times (in million years) and ratios among major divergences for 4F degenerate sites from BEAST 2 þ 1
model. The human/chimpanzee (H/C) time is used as the reference in calculating the time ratios. The gorilla/human þ
chimpanzee divergence was used as calibration (10.0–6.5 Ma) in all the estimations. The human/chimpanzee calibration was
used either as a range (6.5–4.2 Ma) or fixed (6.5 Ma). Absolute times with H/C at 5 or at 7 Ma were scaled according to the
ratios calculated.
BEAST (2 þ 1)a
absolute times (4F)

human/chimpanzee
chimpanzee/bonobo
western/(eastern þ central)
eastern/central
a

time ratios (4F)

absolute times

H/C ¼ (4.2 –6.5)

H/C ¼ 6.5

H/C ¼ (4.2–6.5)

H/C ¼ 6.5

H/C ¼ 5

H/C ¼ 7

4.70
1.49
0.76
0.18

6.50
1.94
0.98
0.23

—
32%
16%
4%

—
30%
15%
4%

5.00
1.49
0.76
0.18

7.00
2.09
1.06
0.25

Two populations (western and eastern þ central) and one speciation model (Yule).

given the philopatric mating patterns of chimpanzees
where females disperse at adolescence, and males
remain within their natal group (Nishida 1979;
Pusey 1979; Wrangham 1979; Goodall 1986;
Pusey & Packer 1986; Langergraber et al. 2007;
Inoue et al. 2008). However, the pattern of higher
mtDNA diversity/lower nuclear diversity in western
chimpanzees compared with central þ eastern chimpanzees indicate that the finding and/or subsequent
demography of the western subspecies was somehow
different from that found in the other subspecies. Genetic studies confirm that the males within many
chimpanzee groups are typically more closely related
than females; however, this is not true in all groups,
particularly those where habitat fragmentation, disease
or poaching affect group demography (Morin et al.
1994; Vigilant et al. 2001; Lukas et al. 2005; Inoue
et al. 2008). The mtDNA data generated in this
study indicate that chimpanzee female effective population size has been large (Ne ¼ approx. 36 000 for all
chimpanzees and approx. 20 000 for P. t. verus) with
no evidence of population bottleneck or expansion.
MtDNA data may also be affected by selection, and
several studies suggest that many mtDNA protein
polymorphisms are slightly deleterious in humans
(e.g. Nachman et al. 1996; Rand & Kann 1996;
Kivisild et al. 2006). In this study, we also found
evidence for a significantly negative value of Tajima’s
D for most mitochondrial protein-coding genes in
humans (and for the genome as a whole) which can
be indicative of population expansion and/or selection.
However, in these chimpanzee data, a significant
departure from neutrality was only found for CO3
and ND4L at replacement sites and there was no evidence for a departure from neutrality for the genome
as a whole (table 2).
In molecular phylogenetics analysis of the complete
mtDNA of chimpanzees, bonobos, humans and other
great apes, human lineages are the most recent closest
relative of Pan, in agreement with the scores of previous studies. A more controversial issue in
chimpanzee evolutionary genomics has been the
timing of divergence between chimpanzees and bonobos and among the subspecies of chimpanzees owing
to the discrepancy between nuclear and mitochondrial
results. The results from our mtDNA analysis provide
Phil. Trans. R. Soc. B (2010)

partial resolution for this discrepancy. We find that the
lack of consideration of population substructure of the
chimpanzee subspecies when using mtDNA is a major
cause of this difference. Therefore, we consider the
time estimates from the use of two populations þ one
speciation model for analysing 4F degenerate sites
data in BEAST to be the least biased and most appropriate for estimating chimpanzee divergence times.
However, the absolute divergence times are strongly
influenced by the calibration points used. For
example, when using two calibration ranges (10.0–6.5
and 6.5 – 4.2 for gorilla/(human þ chimpanzee) and
human/chimpanzee splits, respectively), we obtain
chimpanzee/bonobo divergence of 1.49 Ma. However,
the human/chimpanzee divergence predicted by
BEAST in this case is only 4.70 Ma, which is
significantly lower than the current expectation.
By constraining the human/chimpanzee divergence
to be 6.5, the chimpanzee/bonobo time increases to
1.94 Ma. Interestingly, the ratio of the estimates of
human/chimpanzee and chimpanzee/bonobo divergences is very similar (0.30–0.32) in different BEAST
analyses under 2 þ 1 model (table 4). Therefore, the
estimate of chimpanzee/bonobo divergence times
scales proportionally with the human/chimpanzee
calibration. In this case, mtDNA analyses suggest a
range of 2.09–1.49 Ma for chimpanzee/bonobo
divergence, because the best estimates of human/
chimpanzee divergence are in the range of 7–5 Ma
(Kumar et al. 2005; Hedges et al. 2006; figure 3).
These mtDNA estimates for chimpanzee/bonobo
are consistent with the range of 1.8 – 0.93 Ma based
on the earlier analysis of Y-chromosomes, noncoding and non-repetitive genomic segments and
X-chromosomes (Xq13.3; Kaessmann et al. 1999;
Stone et al. 2002; Yu et al. 2003). However, more
recent nuclear genome analyses have typically yielded
a much younger date for this divergence (0.93 –
0.79 Ma). For example, Fisher et al. (2004) estimated
a divergence time of 0.80 Ma for this divergence using
a moment estimator method that examines the numbers of segregating sites at particular frequencies
(Wakeley & Hey 1997). Won & Hey (2005) obtained
an estimate of 0.89– 0.86 Ma from multiple datasets
(Deinard & Kidd 1999; Kaessmann et al. 1999;
Stone et al. 2002; Yu et al. 2003) using an isolation
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Figure 3. Timetrees obtained from BEAST (2 þ 1 model) from 4F degenerate sites. The time scale is in million years (Ma).
Both trees used the gorilla/human þ chimpanzee calibration (10.0–6.5 Ma). Additionally, the upper tree used the human/
chimpanzee (H/C) calibration range of 6.5 –4.2 Ma while the lower tree fixed it at 6.5 Ma.

with migration (IM) model, as did Becquet &
Przeworski (2007) who estimated a split of 0.92–
0.79 Ma from two datasets using an MCMC method
to
estimate
the
parameters
of
an
IM
model. Recently, Hey (2010) estimated a split of
0.68– 1.54 Ma using a multi-population IM model,
while Wegmann & Excoffier (2010) used an approximate Bayesian computation approach to estimate a
divergence time of 1.6 Ma. These previous studies
and our analysis show how the time estimates are sensitive not only to the choice of dataset, but also to the
models used to describe the chimpanzee’s population
structure.
Within chimpanzees, the western and central þ
eastern clades diverged between 1.06 –0.76 Ma
according to our mtDNA analyses. This is younger
than previous estimates from mtDNA (1.6 – 1.3 Ma;
Morin et al. 1994), but older than other estimates
based on nuclear loci. Fisher et al. (2004) examined
5.4 kb of autosomal sequence in 14 central and 16
western chimpanzees, and they propose a time of
0.65– 0.43 Ma for the divergence of western and
central þ eastern groups. Won & Hey (2005) also calculated a divergence time estimate of 0.43 Ma for
the central and western subspecies, while Becquet &
Przeworski (2007) obtained much younger time
Phil. Trans. R. Soc. B (2010)

estimates (0.28 Ma for western/eastern split and
0.44 Ma western/central divergence). More recent
estimates range from 0.34 – 0.91 Ma (Caswell et al.
2008; Wegmann & Excoffier 2010). Therefore,
nuclear DNA time estimates are again much younger
than those indicated by mtDNA.
The eastern and central subspecies of chimpanzee
are estimated to have diverged recently. Although
these two subspecies do not appear to share either
mtDNA or NRY haplotypes, these haplotypes are
not monophyletic (Gagneux et al. 2001; Stone et al.
2002). From the limited number of sequences in this
study, we estimate the divergence of eastern and central subspecies to be approximately 0.25– 0.18 Ma.
The Nigerian lineage appears to have diverged significantly earlier (approx. 0.4 Ma). Even though the single
Nigerian lineage potentially diverged much earlier
than its closest relatives, there is yet no evidence
from Y-chromosome and autosomal STR markers
to elevate the Nigerian chimpanzees to a separate
subspecies (Stone et al. 2002; Becquet et al. 2007).
The consistent discrepancy among the different
divergence estimates, both within chimpanzees and
between chimpanzees and bonobos, are probably due
to the different population histories reflected by different parts of the genome. The older divergence times
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based on mtDNA data may reflect a demographic history of greater female effective population size in Pan
compared with the male effective population size
(Stone et al. 2002; Eriksson et al. 2006).
Despite the wealth of information gleaned from
complete mtDNA genome sequences to provide
insight into the maternal history and patterning of
humans (e.g. Ingman et al. 2000; Macaulay et al.
2005), such population genetic data have not been
available for other primates. In chimpanzees, complete
mitochondrial DNA sequences have previously been
published for only one of the three subspecies (Horai
et al. 1995; Arnason et al. 1996). Analysis of these
sequences along with eight additional sequences representing all of the recognized subspecies, including one
individual from the proposed subspecies P. t. ellioti,
add to the picture of diversity and population history
in this species; however, these data also illustrate the
need for additional sampling of chimpanzees throughout their range. In addition, mtDNA data may be
affected by certain demographic scenarios (sexbiased dispersal and bottlenecks), as suggested in
this study, as well as selection, and thus may not provide an accurate time scale of evolutionary or
population events unless population structure is considered (Nachman et al. 1996; Ballard & Rand
2005). Much of the primate diversity and taxonomic
data published to date relies solely on mtDNA data.
These studies should be eyed with caution until
additional data are available.
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