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Abstract. The complete mitochondrial DNA (mtDNA)
molecule of Sumatran orangutan, plus the complete mi-
tochondrial control region of another Sumatran specimen
and the control regions and five protein-coding genes of
two specimens of Bornean orangutan were sequenced
and compared with a previously reported complete
mtDNA of Bornean orangutan. The two orangutans are
presently separated at the subspecies level. Comparison
with five different species pairs—namely, harbor seal/
grey seal, horse/donkey, fin whale/blue whale, common
chimpanzee/pygmy chimpanzee, andHomo/common
chimpanzee—showed that the molecular difference be-
tween Sumatran and Bornean orangutan is much greater
than that between the seals, and greater than that between
the two chimpanzees, but similar to that between the
horse and the donkey and the fin and blue whales. Con-
sidering their limited morphological distinction the com-
parison revealed unexpectedly great molecular differ-
ence between the two orangutans. The nucleotide
difference between the orangutans is about 75% of that
betweenHomo and the common chimpanzee, whereas
the amino acid difference exceeds that betweenHomo
and the common chimpanzee. On the basis of their mo-
lecular distinction we propose that the two orangutans
should be recognized as different species,Pongo pyg-
maeus,Bornean orangutan, andP. abelii, Sumatran
orangutan.
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Introduction

The application of molecular methods has added new
dimensions to studies in systematics and phylogenetics
by making it possible to compare homologous genes of
taxa among which other biological comparisons are in-
adequate or inapplicable. In the same way molecular data
can be applied to address evolutionary divergences in
cases where the fossil record is fragmentary or absent
and to assess systematic designations at different levels.

Bornean and Sumatran orangutans are classified as
different subspecies,Pongo pygmaeus pygmaeus,andP.
p. abelii, by recent morphologically based systematics
(Koenigswald 1982; Courtenay et al. 1988; Groves 1986;
Groves et al. 1992). The orangutans differ cytogeneti-
cally by a pericentric inversion in chromosome 2, but
they interbreed in captivity and produce fertile offspring
(de Boer and Seuanez 1982). The Y chromosomes of
Sumatran and Bornean orangutans differ by a pericentric
inversion, and the long arm of the Sumatran Y carries a
distally located nucleolar organizing region that is absent
in Bornean orangutan (Schempp et al. 1993, 1995). The
molecular relationship between the two orangutans has
been studied previously in analyses based on allelic
variation (Bruce and Ayala 1979), restriction mapping of
mtDNA (Ferris et al. 1981), nuclear DNA hybridization
(Caccone and Powell 1989), two-dimensional protein
electrophoresis (Janczewski et al. 1990), and sequence
comparisons of the mitochondrial COII gene (Ruvolo et
al. 1994). These studies have shown similar, or some-
what greater (Caccone and Powell 1989), difference be-
tween the two orangutans than that between the common
and the pygmy chimpanzee.Correspondence to:U. Arnason
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In the present study we address the systematic status
of the Sumatran and the Bornean orangutans by quanti-
fying their molecular difference on the basis of compari-
son of complete mitochondrial DNA (mtDNA) mol-
ecules and by comparing this difference with that of all
closely related mammalian species pairs currently repre-
sented by complete mtDNAs. The use of complete
mtDNAs is essential for the comparison because it has
been shown (Arnason and Johnsson 1992; Cao et al.
1994) that individual mtDNA genes may provide differ-
ent answers to phylogenetic questions. The species pairs
included in the comparison are harbor seal (Arnason and
Johnsson 1992)/grey seal (Arnason et al. 1993); horse
(Xu and Arnason 1994)/donkey (Xu et al. 1996); fin
whale (Arnason et al. 1991a)/blue whale (Arnason and
Gullberg 1993); common chimpanzee (Arnason et al.
1996a)/pygmy chimpanzee (Horai et al. 1995);Homo
(Arnason et al. 1996a)/common chimpanzee; Bornean
orangutan (Horai et al. 1995)/Sumatran orangutan. In
addition to the analyses of complete molecules we have
also sequenced and compared the complete mtDNA con-
trol region of an additional specimen of Sumatran orang-
utan plus the control regions and the complete NADH1,
COII, ATPase6, ATPase8, and Cytb genes of two speci-
mens (‘‘Anna,’’ ‘‘Dennis’’) of Bornean orangutan. This
parallel sequencing of additional specimens was under-
taken in order to assess on a wider basis the mtDNA
distinction between and among Sumatran and Bornean
orangutans.

Materials and Methods

DNA, enriched with respect to mitochondrial DNA, was isolated from
frozen kidney tissue of two specimens of Sumatran orangutan (YN93-
312 male, YN91-227 female) following a previously described proce-
dure (Arnason et al. 1991a). The samples were generously provided by
Dr. Harold M. McClure, Yerkes Regional Primate Research Center,
Atlanta, USA.

The mtDNA of the male specimen was sequenced in its entirety.
The sequencing was based on 28 unique clones (BclI, BlnI, SpeI, XbaI,
HindIII) most of which were represented several times in the collection.
All regions of the molecule were represented by a minimum of two
clones. Sequencing was performed manually applying the dideoxy ter-
mination technique (Sanger 1981) with35SdATP using both universal
and numerous specific sequencing primers.

The complete control region of the female specimen was sequenced
after PCR amplification and subsequent cloning in M13mp18/19. The
six PCR clones sequenced were identical and the same as the male
sequence. The same PCR, cloning, and sequencing procedures were
applied for the sequencing of the control regions plus five protein-
coding genes of two specimens (‘‘Anna,’’ ‘‘Dennis’’) of Bornean
orangutan. This analysis was performed on blood samples collected at
Aalborg Zoo for cytogenetic investigation.

The orangutan sequences have been deposited at EMBL with ac-
cession numbers X97707–97718 and X98472. Users of the sequences
are kindly requested to refer to the present paper and not only to the
accessions numbers.

Results

The length of the reported mtDNA molecule of Sumatran
orangutan is 16,499 nt (nucleotides) and the nt compo-
sition (L-strand) outside the control region is (in per-
cent): A4 30.6; C4 32.5; G4 13.2; T4 23.7. The
corresponding values for Bornean orangutan (Horai et al.
1995) are virtually identical: A4 30.7; C4 32.4; G4
13.1; T4 23.8. Outside the control region the two se-
quences differ overall by 6.3%. The control regions of
the two complete sequences, however, differ by a large
(80 nucleotide) deletion in the published Bornean se-
quence relative to the Sumatran. Our sequencing of the
control region of the two other specimens of Bornean
orangutan has not confirmed this indel difference and,
therefore, the alignment of the orangutan control regions
in Fig. 1 includes, in addition to the Sumatran sequence,
both our sequences (‘‘Anna’’ and ‘‘Dennis’’) of Bornean
orangutan as well as that previously described (Horai et
al. 1995). The control region of an additional specimen
(female) of Sumatran orangutan was identical to that of
the complete (male) sequence. The Sumatran and
Bornean (‘‘Dennis’’) control regions differ by 11.8%, 82
transitions, 29 transversions, and nine indels (insertions/
deletions), counting each indel as one difference irre-
spective of its length. The control region of ‘‘Anna’’
differed by 1.4%, 13 transitions, and one indel, from
‘‘Dennis.’’ Apart from indel differences the three
Bornean control regions are about equidistantly related
to the two identical Sumatran sequences. There are 102
positions, consisting of 70 transitions, 25 transversions,
and seven indels (counting each indel as one position
irrespective of its length), where the three Bornean se-
quences of Fig. 1 are identical and different from the
Sumatran sequence(s). This number includes all identical
positions of ‘‘Anna’’ and ‘‘Dennis’’ in the region corre-
sponding to the large deletion in the complete Bornean
sequence.

The differences between the 13 peptide-coding genes
of the two complete mtDNAs were detailed according to
gene, codon position, type of substitution (transition or
transversion), and aa (amino acid) difference (Table 1).
The length of the concatenated alignment of the 13 pep-
tide-coding genes is 11,394 nt. The two sequences differ
at 811 positions, 7.1%. Of the 811 differences, 163 are in
first, 71 in second, and 577 in third codon position, re-
spectively. The ratio for total nucleotide substitution ac-
cording to first, second, and third codon position is 2.3:
1:8.1. The number of conservative nt substitutions (Irwin
et al. 1991), i.e., all nonsynonymous substitutions in first
codon position, all substitutions in second codon posi-
tion, and transversions in third codon position, is 235.
The codon position ratio for conservative nucleotide sub-
stitutions is 1.6:1:0.7. The inferred aa sequences of the
13 genes differ at 178 positions, 4.7%.

The 12S rRNA genes of the two sequences differ at 29
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positions (3.0%), 27 transitions, one transversion, and
one indel. The 16S rRNA genes differ at 73 positions
(4.7%), 59 transitions, ten transversions, and four indels.
The 22 tRNA genes (total combined length 1,508 nt)
differ at 54 positions (3.6%), 51 transitions, one trans-
version, and two indels. The greatest difference was reg-
istered in tRNA-Asp (seven transitions), tRNA-Lys (six
transitions), and tRNA-Ala (five transitions), whereas
tRNA-Ile, tRNA-Arg, and tRNA-Leu(CUN) are identi-
cal in the two sequences.

In order to address the molecular difference among
Bornean orangutans the NADH1, COII, ATPase8,
ATPase6, and Cytb genes of ‘‘Anna’’ and ‘‘Dennis’’
were sequenced and compared with the same genes of
the complete Bornean mtDNA. The result is shown in
Table 2, which also includes the data of a corresponding
comparison between the same genes of the complete Su-
matran and Bornean mtDNAs. The comparison shows
that there is somewhat less difference between ‘‘Anna’’
and ‘‘Dennis’’ than between either of these and the com-
plete Bornean sequence. Depending on gene and the
mode of comparison the difference among the three

specimens is≈1/10–1/20 of the difference between the
Sumatran and Bornean specimens.

The differences between the 12S rRNA genes, the
16S rRNA genes, the t-RNA genes, the 13 peptide-
coding genes, and the complete molecules outside the
control regions of the complete Sumatran and Bornean
mtDNAs were compared with those of five other closely
related pairs of species (Table 3). As evident from this
comparison, the total nt difference between the two
orangutans is much greater than that between the two
seals and between the common and the pygmy chimpan-
zees. The difference is similar to that between horse and
donkey and between fin and blue whales. The nt differ-
ence between the two orangutans is about 75% of that
betweenHomoand the common chimpanzee, but the aa
difference between the two orangutans is actually greater
than betweenHomoand the common chimpanzee. The
common and pygmy chimpanzees and harbor and grey
seals are all distinct species, and the molecular difference
between the Sumatran and Bornean orangutan is thus
decidedly greater than between these two mammalian
species pairs, one hominoid and one carnivoran.

Fig. 1. Alignment between mitochondrial control regions of Sumatran orangutan (top), Bornean orangutan ‘‘Dennis,’’ Bornean orangutan
‘‘Anna,’’ and previously reported Bornean orangutan (Horai et al. 1995) (bottom). Nucleotide differences relative to Sumatran sequence are shown
with capital letters.Indels (insertions/deletions) are marked bydashes(-). Each row includes 100 positions.Numbersrefer to actual numbering of
the control region of each sequence.

433



Discussion

The nt difference between the peptide-coding genes of
the Sumatran and the Bornean orangutan is 7.1%. The
corresponding difference betweenHomo and the com-
mon chimpanzee is 9.8%. The aa difference between the
orangutans is 4.7%, whereas the corresponding differ-

ence betweenHomo and the common chimpanzee is
4.4%. Thus, there is a notable discrepancy between the
two modes of comparison. The codon position substitu-
tion ratio for conservative nt changes between the two
orangutans (1.6:1:0.7) is almost the same as that for the
comparison betweenHomoand the common chimpanzee
(1.6:1:0.8). The corresponding ratio for all nt substitu-

Table 1. Nucleotide (detailed according to codon positions 1, 2, and 3) and amino acid differences between the mitochondrial protein-coding
genes of Sumatran and Bornean orangutana

Gene
Length
(nt)

nt
difference

1 2 3
aa

differenceTi Ti Tv Ti Tv

No. (%) a b Tv a b a b No. (%)

NADH1 957 60 (6.3) 4 11 2 5 1 8 26 — 3 18 (5.6)
NADH2 1,044 87 (8.3) 5 17 3 8 1 9 41 — 3 27 (7.8)
COI 1,542 92 (6.0) 7 5 — 1 — 12 60 — 7 7 (1.4)
COII 684 29 (4.2) 1 1 — 1 — 1 22 2 1 2 (0.9)
ATPase8 207 20 (9.7) 3 2 1 6 1 1 6 — — 10 (14.5)
ATPase6 681 69 (10.1) 6 10 1 7 1 6 31 3 4 20 (8.8)
COIII 783 61 (7.8) 1 4 3 3 1 10 35 — 4 10 (3.8)
NADH3 345 26 (7.5) 1 2 2 1 — 7 10 1 2 5 (4.3)
NADH4L 297 17 (5.7) 2 — — — — 3 12 — — — —
NADH4 1,377 94 (6.8) 6 10 5 8 1 13 47 1 3 23 (5.0)
NADH5 1,812 139 (7.7) 4 21 2 13 3 17 69 2 8 36 (6.0)
NADH6 525 31 (5.9) 2 2 — 3 — 1 23 — — 5 (2.9)
Cytb 1,140 86 (7.5) 7 9 1 6 — 11 46 5 1 15 (3.9)

Total 11,394 811 (7.1) 49 94 20 62 9 99 428 14 36 178 (4.7)

Cons. diff. 114 71 50

Total diff. 163 71 577

Ratio total diff. 2.3 1.0 8.1
Rato cons. diff. 1.6 1.0 0.7

a Ti: transitions; Tv: transversions; aa: amino acid; a: substitutions
involving leucine in both sequences; b: differences other than those
involving leucine in both species. The orangutan has ATT (isoleucine)
as start codon of the NADH2 and NADH3 genes. The NADH5 gene
possibly has a ACA (threonine) start codon, whereasHomo,chimpan-
zees, and gorilla have a methionine start codon in this position. In the
orangutan the first methionine codon is in aa position 3 and the protein

might thus be two aa shorter at the N-terminus than that of the other
species. It is notable that ACA is also the probable start codon of the
NADH1 gene of the chimpanzee (Arnason et al. 1996a). Other protein-
coding genes of the orangutan mtDNA have a methionine start codon.
The COI, COIII, NADH3, NADH4 and Cytb genes are not terminated
by complete stop codons.

Table 2. Percentage total nucleotide, conservative nucleotide, and amino acid differences of five mtDNA protein-coding genes in pairwise
comparisons of Bornean and Sumatran orangutansa

Gene
Length
(nt)

Nucleotide Conservative Amino acid

A/D A/B D/B S/B A/D A/B D/B S/B A/D A/B D/B S/B

NADH1 957 0.3 0.8 0.7 6.3 0.1 0.5 0.4 2.3 0.3 1.3 0.9 5.6
COII 684 0.3 0.4 0.4 4.2 0.2 0.2 0 0.7 0.4 0.4 0 0.9
ATPase8 207 0.5 1.5 1.0 9.7 0 1.0 1.0 4.8 0 2.9 2.9 14.5
ATPase6 681 0.4 1.2 0.7 10.1 0.3 0.6 0.3 3.8 0.9 0.9 0 8.8
Cytb 1,140 0.4 0.2 0.6 7.5 0.1 0 0.1 1.9 0.3 0 0.3 3.9

Mean 0.4 0.7 0.7 7.2 0.1 0.3 0.2 2.3 0.4 0.7 0.5 5.3

aA: Bornean orangutan “Anna”; D: Bornean orangutan ‘‘Dennis’’; B: Bornean orangutan previously reported (Horai et al. 1995); S: Sumatran
orangutan presently described. Mean values are based on the combined length of the five sequences

434



tions between the orangutans (2.3:1:8.1), however, dif-
fers markedly from that betweenHomoand the common
chimpanzee (2.8:1:12.3). The findings suggest that there
has been a general increase in the rate of nt substitution
in Pongorelative toHomoandPanand that the substi-
tution has been largely codon position independent. A
general increase of this kind would automatically elevate
the aa difference because all substitutions in first codon
position, except leucine transitions, as well as all substi-
tutions in second codon position, are nonsynonymous.

The analyses of the complete control regions and the
NADH1, COII, ATPase8, ATPase6, and Cytb genes of
‘‘Anna’’ and ‘‘Dennis’’ confirmed the pronounced dif-
ference between the complete Sumatran and Bornean
sequences (Fig. 1 and Table 1). As evident in Table 1, the
difference between Sumatran and Bornean orangutans is
particularly pronounced in the ATPase6 and ATPase8
genes. In the ATPase6 gene the two orangutans show 20
aa differences (8.8%), whereasHomoand the common
chimpanzee differ at only 11 aa positions in the same
gene (4.9%). The ATPase6 gene ofHomois about equi-
distant to Sumatran (18.6% aa difference) and any
Bornean (16.8% aa difference) orangutan. It is thus ap-
parent that in thePongo lineage, and also after their
divergence, nonsynonymous nt substitution has been
pronounced in both orangutans. Sumatran and Bornean
(‘‘Anna,’’ ‘‘Dennis’’) orangutans differ at eight aa posi-
tions, 11.8%, in the ATPase8 gene. Also in this gene the
difference is much greater than that betweenHomoand
the common chimpanzee, 5.9%. In contrast to these find-
ings the aa difference (3.9%) between the Cytb gene of
the two complete orangutan mtDNAs is much less than
that between the same gene ofHomoand the common
chimpanzee, 7.1% (Arnason et al. 1996a). These values
exemplify in a clear manner how the molecular evolution
of the same gene may differ within the same family.

Irrespective of the mode of comparison (nt or aa) the
present comparisons have shown that the molecular dif-
ferences between the two orangutans are considerably
greater than those between acknowledged species of
hominoids (common/pygmy chimpanzee) and some
other mammals (harbor/grey seals). We propose, there-
fore, that the two orangutans should be given the rank of
separate species,Pongo abelii,Sumatran orangutan, and

Pongo pygmaeus,Bornean orangutan. The two orangu-
tans would not qualify, however, as separate species ac-
cording to the biological-species concept (Mayr 1940),
according to which allopatric forms are included in the
same species if they can potentially interbreed. We make
the present species status proposal, however, despite the
fact that the two orangutans produce fertile offspring in
captivity. The reason for this is that we do not consider
hybridization incompatibility as an absolute parameter in
this context because it has been shown previously that
distinct species, such as the fin and the blue whales,
which show pronounced molecular differences (Table 3),
may still produce fertile offspring in their natural envi-
ronment (Spilliaert et al. 1991; Arnason et al. 1991b).
Among plants the difficulty of using hybridization in-
compatibility as a parameter for species distinction has
been given detailed treatment (Stebbins 1950). The clas-
sical examples here arePlatanus occidentalisandP. ori-
entalisandCatalpa ovataandC. bignonioides.The hy-
brids of both these crosses are fully fertile despite the
clear distinction within each species pair.

The problems associated with species definition were
recently addressed by Mallet (1995). In spite of the fact
that the proposed genotypic cluster definition primarily
applies to forms with some degree of sympatry, the ar-
gument of using the option of a single species as a null
hypothesis is relevant for the present discussion of the
taxonomic distinction between the Sumatran and
Bornean orangutans. As mentioned earlier, the common
and the pygmy chimpanzees are recognized as separate
species. The molecular difference between the two oran-
gutans is greater, however, than that between the two
chimpanzees. Therefore, if a single orangutan species is
the postulated null hypothesis it necessarily follows that
the two presently recognized chimpanzee species (com-
mon and pygmy) should be redefined as subspecies. It
should be recognized, however, that despite the apparent
applicability of the genotypic cluster definition to mo-
lecular findings, the use of it for classifying individual
specimens has limitations.

The total mitochondrial nt difference between Suma-
tran and Bornean orangutans is about 75% of that be-
tweenHomoandPan.For this reason the dating of the
divergence between Sumatran and Bornean might appear

Table 3. Percent nucleotide (nt) and amino acid (aa) difference in the mtDNAs of six pairs of closely related mammals

Species pair

nt difference aa difference

Outside
control region 12S rRNA 16S rRNA t-RNA genes

Peptide-coding
genes

Harbor/grey seal 3.5 2.2 2.6 1.5 4.0 1.6
Horse/donkey 6.9 4.9 3.7 3.4 8.0 1.9
Fin/blue whale 7.5 4.8 5.3 3.3 8.6 3.0
Common/pygmy chimpanzee 3.7 2.1 2.3 2.1 4.2 2.3
Sumatran/Bornean orangutan 6.3 3.0 4.7 3.6 7.1 4.7
Homo/common chimpanzee 8.5 4.5 5.3 4.2 9.8 4.4
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relatively uncomplicated. This is not so, because the dat-
ing of the Homo/Pan divergence has, in turn, usually
been based on a divergence betweenPongoand the lin-
eage leading toGorilla/Pan/Homo.There is, however,
no fossil record that can be related directly to this split,
but a sister-group relationship betweenPongoandSivap-
ithecushas been postulated (Andrews and Cronin 1982;
Kappelman et al. 1991). The age of the oldestSivapithe-
cusfossils, 12.5 million years, has generally been applied
for dating various hominoid divergences after adding
some 0.5–2.5 million years to this paleontological dating.
It is quite evident that by such an approach the molecular
dating of other divergences, e.g., that ofHomoandPan,
will simply be a direct function of the dating chosen for
the divergence betweenSivapithecus(Pongo) and the
lineage leading toGorilla/Pan/Homo,irrespective of the
sophistication of the calculations in other respects.

The application of a nonprimate reference, the evolu-
tionary divergence between artiodactyls and cetaceans
dated at 60 MYBP (million years before present) (Arna-
son and Gullberg 1996), has yielded datings of hominoid
divergences that differ radically from those based on the
Sivapithecus/Pongoreference (Arnason et al. 1996b).
According to the artiodactyl/cetacean 60 MYBP refer-
ence the divergence between Sumatran and Bornean
orangutans took place≈10 MYBP. Irrespective of this
dating the molecular difference between the two orangu-
tans (ù75% of that betweenHomoandPan) is highly
unexpected considering the fact that the evolutionary
separation of Sumatran and Bornean orangutans has not
resulted in any osteomorphological differentiation that
has permitted their recognition as different species.
Therefore no paleontological findings ofPongohave the
potential to resolve the evolutionary separation of Suma-
tran and Bornean orangutans. The distinction between
Sivapithecusand theGorilla/Pan/Homolineage is based
on paleontologically definable characters. It is, therefore,
quite possible that the morphological distinction between
SivapithecusandPongo,which are separated at the ge-
neric level, is the result of a much longer evolutionary
separation than generally recognized, and that the diver-
gence between theSivapithecus/PongoandGorilla/Pan/
Homo lineages took place much earlier than inferred
from the paleontological record. If this is so the use of
the evolutionary separation betweenPongoand the lin-
eage leading toGorilla/Pan/Homoas a reference set at
13–15 MYBP for dating other hominoid divergences be-
comes highly questionable because it will automatically
produce too-recent datings of other divergences. A faster
evolution in the reference (Pongo) will also, unless cali-
brated for, automatically produce too-recent datings of
other divergences. The present findings are consistent
with the understanding that datings based on the frag-
mentary paleontological record of the primates will in-
variably yield too-recent datings of evolutionary diver-
gences (Martin 1993).

The difference between the Bornean control regions,
‘‘Anna’’ and ‘‘Dennis,’’ is 1.4%. These data in combi-
nation with those of five mtDNA peptide-coding genes
(Table 2) suggest that the Bornean samples represent
mtDNA lineages that have been separated (1/10–1/20 of
the total time of separation between the Sumatran and the
Bornean orangutan. The findings show that considerable
evolutionary divergence has taken place within Borneo
itself. The pronounced distinction between the Bornean
and Sumatran mtDNA haplotypes suggests that no
mtDNA exchange has taken place between the two is-
lands via the geographical connections that existed at
different times during Pleistocene and Holocene. It
should be recognized, however, that, like other molecu-
lar studies of the orangutan, the geographical origin of
the presently studied samples of Sumatran and Bornean
orangutans is not known. A molecular population study
of the Bornean orangutan will therefore necessarily re-
quire analyses of samples with known geographical ori-
gin. The present analysis underlines that any crossbreed-
ing between Sumatran and Bornean orangutans should
be avoided in order to preserve the characteristics of each
species and that care should also be taken not to inter-
mingle Bornean orangutans originating from different
geographical localities.
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