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Mitochondrial 16S rRNA Sequence Diversity
of Hominoids
R. Noda, C. G. Kim, O. Takenaka, R. E. Ferrell, T. Tanoue, I. Hayasaka,
S. Ueda, T. Ishida, and N. Saitou

We determined nucleotide sequences of the 16S rRNA gene of mitochondrial DNA
(mtDNA) (about 1.6 kb) for 35 chimpanzee, 13 bonobo, 10 gorilla, 16 orangutan, and
23 gibbon individuals. We compared those data with published sequences and es-
timated nucleotide diversity for each species. All the ape species showed higher
diversity than human. We also constructed phylogenetic trees and networks. The
two orangutan subspecies were clearly separated from each other, and Sumatran
orangutans showed much higher nucleotide diversity than Bornean orangutans.
Some gibbon species did not form monophyletic clusters, and variation within spe-
cies was not much different from that among species in the subgenus Hylobates.

Superfamily Hominoidea of Primates is di-
vided into two families, Hominidae that
consists of human, chimpanzee, gorilla,
and orangutan, and Hylobatidae contain-
ing gibbons and siamang (Gloves 1997).
The phylogenetic relationship of Homini-
dae species is now established (e.g., Chen
and Li 2001; Horai et al. 1995, Ruvolo 1997;
Saitou 1991; Sibley and Ahlquist 1987). In
this respect, nucleotide sequences of var-
ious regions of mitochondrial DNA
(mtDNA) have been frequently used for
elucidating the phylogenetic relationship
of hominoids (e.g., Arnason et al. 1996;
Brown et al. 1982; Hixson and Brown 1986;
Horai et al. 1992, 1995; Hayashi et al. 1995;
Roos and Geissmann 2001; Ruvolo et al.
1994; Xu and Arnason 1996).

It is important to estimate genetic diver-
sity of apes not only from the natural his-
tory viewpoint, but also for comparison
with human. In recent years mtDNA se-
quence data have been used to examine
the genetic diversity of apes following the
great wave of human mtDNA diversity
studies (e.g., Gagneux et al. 1999; Garner
and Ryder 1996; Goldberg and Ruvolo
1997; Morin et al. 1994; Muir et al. 2000;
Ruvolo et al. 1994; Saltonstall et al. 1998;
Warren et al. 2001; Wise et al. 1997; Zhi et
al. 1996). However, even those already
published mtDNA sequence data seem to
be insufficient for estimating the genetic
diversity of apes, in particular, orangutans
and gibbons. As for gibbons, the phyloge-
netic relationship of species in the family
Hylobatidae is not yet clarified.

We collected ape genomic DNA to study

the intraspecific variation of ape species
as a part of the ape genome project Silver
(http://sayer.lab.nig.ac.jp/�silver/). As the
initial step, we examined mtDNA 16S rRNA
diversity of chimpanzee, bonobo, gorilla,
orangutan, and eight gibbon species. We
particularly focused on the diversity of
the two orangutan subspecies and on the
phylogenetic relationship of the gibbon
species.

Materials and Methods

Genomic DNA samples for 35 chimpanzee
(Pan troglodytes), 14 bonobo (Pan panis-
cus), 10 gorilla (Gorilla gorilla), 16 orang-
utan (Pongo pygmaeus), and 23 gibbon (ge-
nus Hylobates) individuals were used (see
Table 1). Polymerase chain reaction (PCR)
was carried out using specific primers
based on primate mitochondrial sequenc-
es: SN-MtSd, 5�-CACACCGCCCGTCACYCY-
CYTCAA-3�, and SN-MtSr, 5�-ACCGGGCTC
TGCCATCTTAACSN-3� for PCR. This region
includes part of the 12S rRNA, valine
transfer RNA, and most of the 16S rRNA
gene. Each PCR mixture contained 160 mM
each of dATP, dTTP, dCTP, and dGTP, 150
mM MgCl2, reaction buffer containing no
Mg2� ion, 1 mM of each primer, and 2 units
Taq polymerase (TOYOBO and NIPPON
GENE). About 200 ng of genomic DNA was
used as template. The PCR program con-
sisted of 20–45 cycles of 1-min denatur-
ation at 94�C followed by 1-min primer an-
nealing at 65�C or 68�C, and a 2-min
extension at 72�C (PE GeneAmp PCR sys-
tem 2400 and 9700). Immediately preced-
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Table 1. Ape DNA samples used in this study

Species individual ID Accession numbers

Chimpanzee
chimp�#1–#35 AB062513–AB062547

Bonobo
bonobo�#1–#5 AB050147–AB050151
bonobo�#6–#13 AB065137–AB065144

Gorilla
gorilla�#1–#4 AB050152–AB050155
gorilla�#5–#10 AB064490–AB064495

Orangutan
orang�#1–#16 AB050156–AB050172

H. agilis (subgenus Hylobates)
H. agilis�#1–#3 AB050172–AB050174

H. lar (subgenus Hylobates)
H. lar�#1–#3 AB050175–AB050177

H. muelleri (subgenus Hylobates)
H. muelleri�#1–#2 AB050178–AB050179

H. klossii (subgenus Hylobates)
H. klossii�#1–#3 AB050180–AB050182

H. pileatus (subgenus Hylobates)
H. pileatus�#1–#3 AB050183–AB050185

H. moloch (subgenus Hylobates)
H. moloch�#1–#2 AB050186–AB050187

H. syndactylus (subgenus Symphalangus)
H. syndactylus�#1–#5 AB050188–AB050192

H. concolor (subgenus Nomascus)
H. concolor�#1 AB050193

Figure 1. Phylogenetic networks of the mtDNA 16S
rRNA gene region for (A) chimpanzee, (B) bonobo, and
(C) gorilla. Numbers designate individuals of Table 2.
D and X designate sequences determined by Horai et
al. (1995) and Xu and Arnason (1996), respectively.
Edge lengths are proportional to the number of nucle-
otide differences. Arrows indicate the edges in which
roots are probably located.

Figure 2. Phylogenetic tree of the mtDNA 16S rRNA gene region for chimpanzee, bonobo, and gorilla. The tree
was rooted by using the midpoint rooting method.

ing and following these 20–45 cycles, a 9-
min hot-start step at 94�C and a 60-min
extension step at 72�C were included.

PCR products were confirmed by 1.5%

agarose gel electrophoresis and were pu-
rified using Micro Spin Columns (Phar-
macia Biotech). The purified PCR prod-
ucts were sequenced by the dideoxy
chain-termination method using fluores-
cent ddNTPs, sequenase enzyme, and
buffer from the ThermoSequenase kit (PE
Biosystems). Samples were electropho-

resed in the automated sequencer ABI
PRISM 377 (PE Biosystems). Both the PCR
primers were used for sequencing. In ad-
dition, two other primers were used: SN-
MtSi1, 5�-CAATTAAGAAAGCGTTCAAGCTC-
3�, and SN-MtSi2, 5�-TGCTAGAGGTGATGT
TTTTGG-3�.

CLUSTAL W version 1.6 (Thompson et
al. 1994) was used for multiple alignment
and phylogenetic tree construction. Phy-
logenetic trees were constructed using the
neighbor-joining method (Saitou and Nei
1987). Phylogenetic networks (Bandelt
1994; Saitou and Yamamoto 1997) were
also constructed. MEGA2 (Kumar et al.
2000) was used for computation of nucle-
otide diversity and UPGMA tree construc-
tion. Nucleotide sites containing missing
data and gaps were excluded from con-
structing trees and networks.

Results

Because there were considerable nucleo-
tide differences among hominoid mtDNA
16S rRNA sequences, we divided homi-
noids into three groups: African apes,
orangutan, and gibbons.

African Apes
We determined mtDNA sequences for 35
chimpanzee, 13 bonobo, and 10 gorilla.
The following sequence data retrieved
from the DDBJ/EMBL/GenBank Interna-
tional Sequence Database were also used
for comparison: two chimpanzee sequenc-
es (D38113 and X93335), one bonobo se-
quence (D38116), and two gorilla se-
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Table 2A. Variant sites of chimpanzee

a Chimps 13, 16, 18, 19, 20, 22, 25, and 29 were identical
with this sequence.

b Chimps 6, 7, 10, 12, and 21 were identical with this
sequence.

c Chimp 5 was identical with this sequence.
d Chimp 17 was identical with this sequence.
e Chimps 23, 27, and 30 were identical with this se-

quence.
f Chimps 24 and 28 were identical with this sequence.
g Chimps 33 and 34 were identical with this sequence.

Table 2B. Variant sites of bonobo Table 2C. Variant sites of gorilla

Table 3. Nucleotide diversity (�) in 14 hominoid species

Species No. of sequencesa � � S.E.b No. of sites (bp)c

Homo sapien 53 (53) 0.0016 � 0.0004 1669
Pan troglodytes 37 (2) 0.0027 � 0.0007 1546
Pan paniscus 14 (1) 0.0033 � 0.0008 1676
Gorilla gorilla 12 (2) 0.0024 � 0.0007 1704
Pongo pygmaeus pygmaeus 9 (1) 0.0034 � 0.0008 1574
Pongo pygmaeus abelii 9 (1) 0.0066 � 0.0013 1667
Hylobates lar 4 (1) 0.0028 � 0.0011 1530
Hylobates agilis 3 (0) 0.0319 � 0.0037 1661
Hylobates muelleri 2 (0) 0.0065 � 0.0020 1541
Hylobates klossii 3 (0) 0.0347 � 0.0041 1537
Hylobates pileatus 3 (0) 0.0405 � 0.0042 1423
Hylobates moloch 2 (0) 0.0203 � 0.0035 1601
Hylobates syndactylus 6 (0) 0.0058 � 0.0014 1715

a The numbers in parentheses show the sequences retrieved from the DDBJ/EMBL/GenBank database.

b Standard error (S.E.) was calculated by the bootstrap method of MEGA2.

c Number of nucleotide sites compared.

quences (D38114 and X93347). Nucleotide
sequences with accession numbers start-
ing with D were determined by Horai et al.
(1995), while those with accession num-
bers starting with X were determined by
Xu and Arnason (1996). Those sequence
data were multiply aligned for each spe-
cies, and variant nucleotide sites are pre-
sented in Table 2A, B, and C for chimpan-
zee, bonobo, and gorilla, respectively.

Phylogenetic networks for each species
were constructed based on the multiply
aligned sequence data (Figure 1). Four
chimpanzee individuals (nos. 2, 4, 5, and
9) were clearly separated from the remain-
ing individuals. Arrows indicate the posi-
tion of the roots based on the phylogenet-
ic tree of four hominid species shown in
Figure 2. Networks for chimpanzee (Figure
1A) and for gorilla (Figure 1C) happened
to be unrooted trees, for all the nucleotide
sites were compatible with each other.
One rectangle in the bonobo network (Fig-
ure 1B) denotes the existence of incom-
patible nucleotide configurations; the con-
figuration at site 1788 is incompatible with
those at sites 225, 687, and 1368. Subspe-

cies identification is not clear for all the
chimpanzees used in this study, but most
of them seem to be Pan troglodytes verus
according to their mtDNA control region
sequences (Shinoda K, personal commu-
nication). Therefore it is possible that the
small cluster with four chimpanzees may
correspond to another subspecies, prob-
ably Pan troglodytes troglodytes.

We also constructed a phylogenetic tree
for human, chimpanzee, bonobo, and go-
rilla (Figure 2). Two human sequences
that showed the greatest divergence out
of the 53 complete mitochondrial ge-
nomes ( Ingman et al. 2001) were included
in this tree. The tree was rooted by using
the midpoint rooting method. The phylo-
genetic relationship of the four species is
compatible with that based on the com-
plete mtDNA sequences (Horai et al.

1995). Phylogenetic relationships of the
haplotypes belonging to the same species
were more or less compatible with the
phylogenetic networks shown in Figure 1.

The nucleotide diversity within species
was calculated using the Jukes–Cantor cor-
rection, and the result is shown in Table 3.
The nucleotide diversities of chimpanzee,
bonobo, and gorilla (0.0027 � 0.0007,
0.0033 � 0.0008, and 0.0024 � 0.0007, re-
spectively) were greater than that for hu-
man (0.0016 � 0.0004), in which sequence
data of the 53 complete mitochondrial ge-
nomes (Ingman et al. 2001) were used. It
should be noted that individuals sampled
from the global scale were used for human.

Orangutan
We determined mtDNA sequences for 16
orangutans. Orangutan sequence data re-
trieved from the DDBJ/EMBL/GenBank In-
ternational Sequence Database were also
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Table 4A. Variant sites of the Bornean orangutan

Figure 3. Phylogenetic networks of the mtDNA 16S
rRNA gene region for (A) Sumatran orangutan and (B)
Bornean orangutan. Numbers designate individuals of
Table 4. D and X designate sequences determined by
Horai et al. (1995) and Xu and Arnason (1996), respec-
tively. Edge lengths are proportional to the number of
nucleotide differences. Arrows indicate the edges in
which roots are probably located.

Table 4B. Variant sites of the Sumatran orangutan

used for comparison: D38115 determined
by Horai et al. (1995) for a Bornean orang-
utan (P. p. pygmaeus) and X97707 deter-
mined by Xu and Arnason (1996) for a
Sumatran orangutan (Pongo p. abelii). Se-
quences for ora#001, ora#002, ora#003,
ora#004, ora#006, ora#007, ora#014, and
ora#015 determined in the present study
were closely related with the Bornean
orangutan sequence, while those for

ora#005, ora#008, ora#009, ora#010,
ora#011, ora#012, ora#013, and ora#016
were similar to the Sumatran orangutan.
These sequence features were compatible
with the source of the individuals.

The nucleotide difference between
these two groups is substantial. There are
54 nucleotide differences in the 1.7 kb re-
gion that contains the complete 16S rRNA
gene. We therefore concluded that those

two sequence groups belong to two sub-
species of orangutan. These two groups of
sequences were multiply aligned, as
shown in Table 4. Phylogenetic networks
for each subspecies were constructed
based on the multiply aligned sequence
data (Figure 3). Both networks turned out
to be unrooted trees because of no retic-
ulation. We also constructed a phyloge-
netic tree for the two orangutan subspe-
cies (Figure 4). As expected, individuals
belonging to the two subspecies formed
clear monophyletic groups, separated by
a branch with 100% bootstrap probability.

Nucleotide diversities within subspecies
are 0.0034 � 0.0008 and 0.0066 � 0.0013
for Bornean and Sumatran orangutans, re-
spectively (see Table 3). Therefore Suma-
tran orangutan was shown to have about
two times higher mtDNA diversity than
Bornean orangutan. It is interesting to
note that nucleotide diversities for those
two subspecies are greater than those for
African great apes and for human, even if
we treated the two subspecies separately.

Gibbons
We determined the mtDNA 16S rRNA se-
quences for 22 individuals of gibbons. Be-
cause the number of individuals examined
was small for most of the species (see Ta-
ble 1), we present variant sites only for
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Figure 4. Phylogenetic tree of the mtDNA 16S rRNA gene region for Sumatran and Bornean orangutan. The tree
was rooted by using the midpoint rooting.

Table 5. Variant sites of siamang (Hylobates
syndactylus)

Sequence Site position

11111
11122346688911257

1289905075612369082
1234783951978447868069703

Consensus GTTATAATTCCCTAAATACTAATTA
H. syndactylus�#1 ****..GC....CG.G..TCG....
H. syndactylus�#2 GTTA......TT....C........
H. syndactylus�#3 ***...GC.........GT....C.
H. syndactylus�#4 TA...C..CT.T..G......GC.G
H. syndactylus�#5 *.ATC.....TT....C....G...

Figure 5. Phylogenetic networks of the mtDNA 16S
rRNA gene region for H. syndactylus (siamang). Edge
lengths are proportional to the number of nucleotide
differences. Arrows indicate the edges in which roots
are probably located.

siamangs (Table 5). Figure 5 shows the
phylogenetic network for those five sia-
mang sequences. We observed one pair of
incompatible configurations: one for site
1199 and the other for sites 191 and 668.
This is why there is one rectangle.

Figure 6 shows the phylogenetic tree of
the 22 gibbon sequences and a Hylobates
lar sequence determined by Xu and Arna-
son (1996; DDBJ/EMBL/GenBank acces-
sion number X99256). The root was de-
termined by the outgroup sequences
(human, chimpanzee, bonobo, gorilla, and
orangutan). We covered three subgenera
of gibbons in this study (see Table 1), and
the subgenus Symphalangus made a clear
monophyletic cluster. Subgenus Hylobates
also formed a monophyletic group, except
for one individual (no. 3) of H. pileatus.
This H. pileatus individual was very close
to a H. concolor individual (see Figure 6).
Because H. concolor belongs to the sub-
genus Nomascus (Gloves 1997), this clus-
tering was unexpected. This kind of spe-
cies intermingling was also observed
within the subgenus Hylobates. H. agilis in-
dividual no. 1 clustered with H. klossi no.
2, while H. agilis no. 3 clustered with two
H. muelleri individuals. H. klossi also
showed nonmonophyly.

We therefore estimated net nucleotide
substitutions or evolutionary distance be-
tween species by subtracting within-spe-
cies variation (Nei 1987). UPGMA was
used for reconstructing the species phy-
logeny. This is because the branch lengths
of a species tree should be proportional
to evolutionary time. Figure 7A shows a
UPGMA tree for eight gibbon species. Be-
cause one individual of H. pileatus clus-
tered with a H. concolor individual in the
phylogenetic tree of mtDNA genes (see

Figure 6), we also constructed a UPGMA
tree after eliminating this H. pileatus indi-
vidual (tree in Figure 7B). Only the posi-
tion of H. pileatus differs between the two
trees.

Discussion

Higher Nucleotide Diversity of Apes
Than Human
All the ape species used in the present
study, except for H. concolor in which only
one individual sample was available,
showed higher nucleotide diversity than
for human. Although a limited number of
individuals were used in the present
study, this finding is consistent with that
of previous studies for mtDNA (e.g., Gag-
neux et al. 1999; Goldberg and Ruvolo
1997; Wise et al. 1997). This tendency to-
ward higher nucleotide diversity in apes
than human was also observed for nuclear
DNA (Kaessmann et al. 1999; Kitano et al.
2000; Sumiyama et al. 2000). This is indi-
rect support for the recent expansion
model on modern humans. We compared
the same set of 53 human individuals for
the whole D-loop region of mtDNA of
about 1.1 kb using Ingman et al.’s (2001)
data. Nucleotide diversity for the control
region was estimated to be 0.0158 �
0.0017, which is 10 times higher than that
(0.0016 � 0.0004) for the 16S rRNA region.
Because the same set of individuals was
used for these two computations, the
source of the difference comes from that
of the evolutionary rate. If we assume that
the same relationship holds for ape
mtDNA sequence evolution, mtDNA D-loop
diversity values for our sample are ex-
pected to be about 10 times those shown
in Table 3.

Relationship of Bornean and Sumatran
Orangutan
The two orangutan subspecies (Pongo pyg-
maeus pygmaeus and P. p. abelii) differ cy-
togenetically by a pericentric inversion in
chromosome 2, a specific inversion in
chromosome Y, and Sumatran Y carries a
distally located nuclear organizing region
that is absent in Bornean orangutan, but
they interbreed in captivity and produce
fertile offspring (Xu and Arnason 1996).
Genetic differences between and within
Bornean and Sumatran orangutans have
been studied by various authors. Zhi et al.
(1996) examined mtDNA restriction frag-
ment length polymorphisms (RFLPs), par-
tial sequences of the 16S rRNA gene, and
nuclear minisatellite polymorphism. Bor-
nean orangutan (and P. p. pygmaeus) clear-
ly separated from Sumatran orangutan (P.
p. abelii) in the mtDNA gene genealogy.
This dichotomous pattern was also ob-
served by Warren et al. (2000), who used
mtDNA control region sequences. We also
observed two distinct lineages in orangu-
tan (Figure 4). However, Muir et al. (2000)
presented a somewhat different picture
using NADH dehydrogenase subunit 3 and
cytochrome b gene sequences. Bornean
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Figure 6. Phylogenetic tree of the mtDNA 16S rRNA gene region for gibbons.

Figure 7. Phylogenetic tree of the eight gibbon species. UPGMA was used. (A) When all three H. pileatus indi-
viduals were included. (B) When H. pileatus no. 3 which was closely related to H. concolor was eliminated from
the comparison.

haplotypes formed a compact cluster,
while Sumatran haplotypes showed much
larger heterogeneity, and the root of the
orangutan gene tree is within the Suma-
tran group (Figure 4 of Muir et al. 2000).
Because sampled individuals differ from
study to study, in the future it may be nec-
essary to study more individuals as well
as nuclear sequence data to clarify the re-
lationship between Bornean and Sumatran
orangutans.

The same problem applies to within-
subspecies sequence variation. Warren et
al. (2001) studied many Bornean orangu-
tan individuals and found a considerable
amount of mtDNA variation in Bornean
orangutan. On the other hand, Muir et al.
(2000) found much greater genetic varia-
tion among Sumatran orangutan than Bor-
nean orangutan. Our present results are
intermediate between the results of War-
ren et al. (2000) and those of Muir et al.

(2000); nucleotide diversity (0.0066 �
0.0013) for Sumatran orangutan was about
twice as high as that (0.0034 � 0.0008) for
Bornean orangutan. Zhi et al. (1996) esti-
mated nucleotide diversity based on their
mtDNA RFLP data, and Sumatran orangu-
tan showed more than five times higher
diversity (0.0175) than Bornean orangutan
(0.0033). However, their mtDNA 16S rRNA
sequence data seem to show higher vari-
ation for Bornean orangutan than Suma-
tran orangutan. A slightly higher hetero-
zygosity was observed for Bornean
orangutan from DNA fingerprint data (Zhi
et al. 1996).

Phylogenetic Relationship of Gibbon
Species
Hayashi et al. (1995) used a single individ-
ual for six gibbon species and estimated
the phylogenetic tree of those gibbon spe-
cies. The five species of subgenus Hylo-
bates (H. lar, H. klossii, H. agilis, H. moloch,
and H. pileatus) formed a clear monophy-
letic cluster in their tree. We also ob-
served a clear clustering of the Hylobates
species subgenus, except for one individ-
ual of H. pileatus (Figure 6). However, the
relationship within this subgenus is un-
clear. H. lar and H. klossii formed a mono-
phyletic group with 100 bootstrap proba-
bility in Hayashi et al. (1995). Two
individuals of H. klossii clustered with H.
lar in our results, but one H. klossii indi-
vidual clustered with two H. agilis individ-
uals (Figure 6). There are several compet-
ing hypotheses on the phylogenetic
relationship of species within subgenus
Hylobates (Geissmann 1995). Because
these gibbon species are closely related,
hybridization is possible, and this may be
the source of incongruent phylogenetic re-
lationships, depending on the individuals
used from the same species. Another
problem is species identification. It is not
so easy to identify gibbon species (Geiss-
mann 1995).

It is known that a mating of siamang and
common gibbon produced a viable off-
spring (Myers and Shafer 1979). Therefore
there is a possibility of introgression, even
between subgenera. However, a close sim-
ilarity between one individual of H. pilea-
tus and H. concolor is problematic, for the
geographic distributions of H. concolor
and H. pileatus does not overlap (Geiss-
mann 1995). Further study will be neces-
sary on this matter.

The phylogenetic relationship of the
subgenera of Hylobatidae is also not yet
established. H. concolor of Nomascus was
located as basal in Hayashi et al. (1995),
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and H. gabriellae and H. leucogenys, both
belonging to subgenus Nomascus, were
also basal in Roos and Geissmann (2001).
However, our gene tree for gibbons (Fig-
ure 6) showed that H. syndactylus, belong-
ing to subgenus Symphalangus, was basal.
Because of the shorter branch lengths for
the H. syndactylus lineage, H. concolor be-
came basal in the species tree estimated
by using UPGMA (Figure 7). More se-
quence data from nuclear DNA as well as
mtDNA are necessary to clarify this higher
order phylogenetic relationship of gib-
bons.

References

Anderson S, Bankier AT, Barrell BG, de Bruijn MH, Coul-
son AR, Drouin J, Eperon IC, Nierlich DP, Roe BA, San-
ger F, Schreier PH, Smith AJ, Staden R, and Young IG,
1981. Sequence and organization of the human mito-
chondrial genome. Nature 290:457–465.

Arnason U, Xu X, and Gullberg A, 1996. Comparison
between the complete mitochondrial DNA sequences
of Homo and the common chimpanzee based on non-
chimeric sequences. J Mol Evol 42:145–152.

Bandelt HJ, 1994. Phylogenetic networks. Verh Natu-
rewiss Ver Hamburg (NF) 34:51–71.

Brown WM, Prager EM, Wang A, and Wilson AC, 1982.
Mitochondrial DNA sequences of primates: tempo and
mode of evolution. J Mol Evol 18:225–239.

Chen F-C and Li W-H, 2001. Genomic divergences be-
tween humans and other hominoids and the effective
population size of the common ancestor of humans
and chimpanzees. Am J Hum Genet 68:444–456.

Gagneux P, Wills C, Gerloff U, Tautz D, Morin PA,
Boesch C, Barbara F, Hohmann G, Ryder OA, and Wood-
ruff DS, 1999. Mitochondrial sequences show diverse
evolutionary histories of African hominoids. Proc Natl
Acad Sci USA 96:5077–5082.

Garner KJ and Ryder OA, 1996. Mitochondrial DNA di-
versity in gorillas. Mol Phyl Evol 6:39–48.

Geissman T, 1995. Gibbon systematics and species
identification. Int Zoo News 42:467–501.

Goldberg TL and Ruvolo M, 1997. The geographic ap-

portionment of mitochondrial genetic diversity in east
African chimpanzees, Pan troglodytes schweinfurthii.
Mol Biol Evol 14:976–984.

Gloves CP, 1997. Taxonomy and phylogeny of primates.
In: Molecular biology and evolution of blood group and
MHC antigens in primates (Blancher A., Klein J, and
Socha WW, eds). Berlin: Springer-Verlag.

Hayashi S, Hayasaka K, Takenaka O, and Horai S. 1995.
Molecular phylogeny of gibbons inferred from mito-
chondrial DNA sequences: preliminary report. J Mol
Evol 41:359–365.

Hixson JE and Brown WM, 1986. A comparison of the
small ribosomal RNA genes from the mitochondrial
DNA of the great apes and humans: sequence, struc-
ture, evolution, and phylogenetic implications. Mol Biol
Evol 3:1–18.

Horai S, Hayasaka K, Kondo R, Tsugane K, and Taka-
hata N, 1995. Recent African origin of modern humans
revealed by complete sequences of hominoid mito-
chondrial DNAs. Proc Natl Acad Sci USA 92:532–536.

Horai S, Satta Y, Hayasaka K, Kondo R, Inoue T, Ishida
T, Hayashi S, and Takahata N, 1992. Man’s place in
Hominoidea revealed by mitochondrial DNA genealogy.
J Mol Evol 35:32–43.

Ingman M, Kaessmann H, Paabo S, and Gyllensten U,
2000. Mitochondrial genome variation and the origin of
modern humans. Nature 408:708–713.

Kaessmann H, Wiebe V, and Paabo S, 1999. Extensive
nuclear DNA sequence diversity among chimpanzees.
Science 286:1159–1162.

Kitano T, Noda R, Sumiyama K, Ferrell RE, and Saitou
N, 2000. Gene diversity of chimpanzee ABO blood
group genes elucidated from intron 6 sequences. J Her-
ed 9:211–214.

Kumar S, Tamura K, and Nei M, 2000. MEGA version
2.0. ‹http://www.megasoftware.net/›

Morin PA, Moore JJ, Chakraborty R, Jin L, Goodall J,
and Woodruff DS, 1994. Kin selection, social structure,
gene flow and the evolution of chimpanzees. Science
265:1193–1201.

Muir CC, Galdikas BMF, and Beckenbach AT, 2000.
mtDNA sequence diversity of orangutans from the is-
lands of Borneo and Sumatra. J Mol Evol 51:471–480.

Myers RH and Shafer DA, 1979. Hybrid ape offspring of
a mating of gibbon and siamang. Science 205:308–310.

Nei M, 1987. Molecular evolutionary genetics. New
York: Columbia University Press.

Roos C and Geissmann T, 2001. Molecular phylogeny of

the major hylobatid divisions. Mol Phylogenet Evol 19:
486–494.

Ruvolo M, 1997. Molecular phylogeny of the hominoids:
inferences from multiple independent DNA sequence
data sets. Mol Biol Evol 14:248–265.

Ruvolo M, Pan D, Zehr S, Goldberg T, Disotell TR, and
von Dornum M, 1994. Gene trees and hominoid phylog-
eny. Proc Natl Acad Sci USA 91:8900–8904.

Saitou N, 1991. Reconstruction of molecular phylogeny
of extant hominoids from DNA sequence data. Am J
Phys Anthropol 84:75–85.

Saitou N and Nei M, 1987. The neighbor-joining meth-
od: a new method for reconstructing phylogenetic
trees. Mol Biol Evol 4:406–425.

Saitou N and Yamamoto F, 1997. Evolution of primate
ABO blood group genes and their homologous genes.
Mol Biol Evol 14:399–411.

Saltonstall K, Amato G, and Powell J, 1998. Mitochon-
drial DNA variability in Grauer’s gorillas of Kahuzi-Bie-
ga National Park. J Hered 89:129–135.

Sibley CG and Ahlquist JE, 1987. DNA hybridization ev-
idence of hominoid phylogeny: results from an expand-
ed data set. J Mol Evol 26:99–121.

Sumiyama K, Kitano T, Noda R, Ferrell RE, and Saitou
N, 2000. Gene diversity of chimpanzee ABO blood
group genes elucidated from exon 7 sequences. Gene
259:75–79.

Thompson JD, Gibson TJ, and Higgins DG, 1994. CLUS-
TAL W: improving the sensitivity of progressive multi-
ple sequence alignment through sequence weighting,
positions-specific gap penalties and weight matrix
choice. Nucleic Acids Res 22:4673–4680.

Warren KS, Verschoor EJ, Langenhuijzen S, Heriyanto,
Swan RA, Vigilant L, and Heeney JL, 2001. Speciation
and intrasubspecific variation of Bornean orangutans,
Pongo pygmaeus pygmaeus. Mol Biol Evol 18:472–480.

Wise CA, Sraml M, Rubinsztein DC, and Easteal S, 1997.
Comparative nuclear and mitochondrial genome diver-
sity in humans and chimpanzees. Mol Biol Evol 14:707–
716.

Xu X and Arnason U, 1996. The mitochondrial DNA mol-
ecule of Sumatran orangutan and a molecular proposal
for two (Bornean and Sumatran) species of orangutan.
J Mol Evol 45:431–437.

Zhi L, Karesh WB, Janczewski DN, Frazier-Taylor H, Sa-
juthi D, Gombek F, Andau M, Martenson JS, and O’Brien
SJ, 1996. Genomic differentiation among natural popu-
lations of orangutan (Pongo pygmaeus). Curr Biol 6:
1326–1336.

Corresponding Editor: Oliver A. Ryder


