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The langurs of the genus Presbytis inhabit tropical rainforests of Sundaland, and with more than 50 color
variants grouped in up to eleven species, Presbytis is one of the most diverse Old World monkey genera.
The number of taxa and their phylogenetic relationships however remain controversial. To address these
issues, we analyzed a 1.8 kb long fragment of the mitochondrial genome, including the cytochrome b
gene, the hypervariable region I of the D-loop and the intermediate tRNAs, from individuals representing
nine species. Based on our data, we obtained various well-supported terminal clades, which refer mainly

gg{(‘:‘l;?;zse: to described taxa. Relationships among these clades are not fully resolved, suggesting at least two radi-
Cytochrome b ations in the evolutionary history of the genus. According to divergence age estimates, radiations
D-loop occurred in the late Miocene and the early to middle Pleistocene. Our findings support the revision of
sundaland the current classification of the genus Presbytis and enable us to discuss implications for conservation.
Asia However, further studies including nuclear sequence data are necessary to completely understand the
Taxonomy evolutionary history of the genus, and to address possible hybridization events among taxa.
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1. Introduction

Langurs of the Asian colobine genus Presbytis are exclusively
arboreal animals, which inhabit tropical rainforest habitats of
Sundaland, i.e., the Malay Peninsula and the western Indo-Malay
archipelago (Oates et al., 1994) (Fig. 1). Most Presbytis species live
in unimale matrilineal or female bonded social systems, where
males leave their natal troops at puberty (Bennett and Davies,
1994; Newton and Dunbar, 1994), but female dispersal is also re-
ported (Sterck et al., 1997, 2005). Mainly driven by Sundaland’s
dramatic geological and climatic changes during the past million
years, the genus has undergone an extensive radiation (Meijaard,
2004). With more than 50 described color variants, currently
grouped into ten (Brandon-Jones et al., 2004) or eleven species
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(Groves, 2001), Presbytis is one of the most diverse primate genera
among Old World monkeys.

The classification of contemporary taxa and the evolutionary
history of the genus, however, are poorly understood. Since the
seminal work of Napier and Napier (1967), the genus Presbytis
has been subject to a long history of frequent taxonomic revisions.
Almost all proposed taxonomies and phylogenies for the genus are
based on behavioral and anatomical features, largely coat colora-
tion (Brandon-Jones, 1978, 1996a,b; Brandon-Jones et al., 2004;
Chasen, 1940; Groves, 1989, 2001; Hooijer, 1962; Napier and
Napier, 1967; Wilson and Wilson, 1977), while molecular genetic
approaches are limited to a single study (Md Zain, 2001). Unfortu-
nately, the conclusions arising from these studies are at best incon-
sistent and often contradictory. In particular, the taxonomic status
of the Sumatran langurs of the melalophos group (Brandon-Jones
et al,, 2004; Groves, 2001; Md Zain, 2001; Md Zain et al., 2002;
SAMD, 2006) and the Javanese comata group (Brandon-Jones,
1995, 1996¢; Groves, 2001; Nijman, 1997, 2001) remains to be
resolved. Similarly, the phylogenetic relationships among taxa
and the biogeographic history of the genus have yet to be clarified.
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Fig. 1. Present distribution range of Presbytis on the Asian Mainland, Sumatra and
the Mentawai Islands (A) and on Borneo, Java and The Natuna Islands (B). Numbers
indicate the origin of samples (see Table 1).

For example, current reconstructions of the evolutionary history of
the genus have yielded entirely conflicting scenarios, one propos-
ing that either the Mentawai langur, P. potenziani (Brandon-Jones,
1978, 1996a; Meijaard and Groves, 2004) off the west coast of
Sumatra, or the Hose’s langur, P. hosei (Md Zain, 2001), from Bor-
neo is the sister to all Presbytis congeners. Unfortunately, Md Zain
(2001) did not sample P. potenziani.

In the present study, we analyze a 1.8 kb long fragment of the
mitochondrial genome, including the cytochrome b (cytb) gene,
the hypervariable region I (HVI) of the D-loop and the intermediate
transfer RNAs (tRNA), from 31 individuals representing nine spe-
cies. Based on analysis of an extensive range of samples derived
predominantly from wild living animals of known location, our re-
sults enable us to (a) provide the most complete phylogeny of Pres-
bytis available to date, (b) estimate divergence times between
lineages, (c) provide a reliable basis for their taxonomic classifica-
tion, and (d) discuss implications for conservation.

2. Material and methods
2.1. Sample collection

Fecal samples from 15 wild Presbytis populations were collected
during two field surveys in September to October 2007 and June to
November 2008. The localities spanned the range of P. comata
(Java), P. melalophos (Sumatra), P. thomasi (Sumatra), P. potenziani
(Mentawai Islands) and P. hosei (Borneo) (Fig. 1). Animals were
tracked in the early morning and followed until they defecated.
Taxon identity of individuals was ascertained by pelage coloration,
morphology, vocalization and geographic origin. The geographical
position of the sampling sites was determined by GPS coordinates.
Only fresh fecal samples were collected and preserved following
the two-step ethanol-silica method described by Nsubuga et al.
(2004). We additionally included two fecal samples from captive
animals (P. m. mitrata, Schmutzer Primate Centre of the Ragunan
Zoo, Jakarta; Presbytis m. melalophos, Howletts Wild Animal Park,
Port Lympne) and four dry tissue samples from museum speci-
mens preserved at the Bavarian State Collection of Zoology (P. fron-
tata, coll. no. 1909/1394; P. rubicunda, coll. no. 1909/784; P.
chrysomelas, coll. no. 1909/832; P. m. sumatrana, coll. no. 1921/
226). The skins of the museum specimens were checked for their
taxonomic affiliation by examining morphological features partic-
ularly pelage coloration and their origin. Tissue samples were
stored in plastic bags without any additive. For details about sam-
pling sites see Table 1 and Fig. 1.

2.2. Laboratory work

Genomic DNA from feces was extracted using the QIAamp™
Stool Mini Kit from Qiagen following the procedures recommended
by the supplier, with the exception that the DNA was diluted in
HPLC quality water and stored at —20 °C before further processing.
DNA from tissue material was extracted with the QlAamp™
DNA Mini Kit from Qiagen. The complete 1.8 kb fragment of the
mitochondrial genome, which spans the complete cytb gene
(1140 bp), the tRNAs (ca. 140 bp) for Threonin (tRNA-Thr) and
Prolin (tRNA-Pro), and the HVI region of the D-loop (ca. 533 bp),
was amplified via four overlapping fragments using primers listed
in Table 2.

For all amplifications, standard wax-mediated hot-start PCRs
were performed. The reactions were carried out in a total volume
of 30 pl containing a final concentration of 0.33 uM of each primer,
3 mM MgCl,, 0166 mM dNTPs, 1x buffer and 1 U Taq DNA poly-
merase (Biotherm, Genecraft). PCR conditions for all amplifications
were identical and consisted of a pre-denaturation step at 94 °C for
2 min, followed by 40 cycles each with denaturation at 94 °C for
1 min, annealing at variable temperatures (Table 2) for 1 min,
and elongation at 72 °C for 1 min. At the end, a final elongation
step at 72 °C for 5 min was added. Aliquots of all PCR amplifica-
tions were checked on 1% agarose gels and subsequently cleaned
with the Qiagen PCR Purification Kit. Forward and reverse se-
quences of the PCR products were analyzed on an ABI 3730xl
DNA Analyzer (Applied Biosystems) using the BigDye™ Terminator
v1.1 Cycle Sequencing Kit (Applied Biosystems). To prevent cross-
species contamination, laboratory methods followed described
standards (Osterholz et al., 2008; Roos et al., 2008; Thinh et al.,
2010a,b). Generated sequences were assembled and edited using
Geneious Pro 4.7 (Drummond et al., 2009) and manually checked
by eye. The cytb sequences were further checked for their potential
to be correctly transcribed. All newly generated sequences were
deposited in GenBank and are available under the accession num-
bers JF295096-]JF295125 (see also Table 1).
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Details on the Presbytis samples used in this study?.

Taxon Location (number) Source Sample code Accession number
P. thomasi Bukit Lawang, Sumatra (1) Wild Blaw JF295124
P. thomasi Tangkahan, Sumatra (2) Wild Tang JF295125
P. chrysomelas Kuna, Borneo (3) Museum Kun JF295112
P. frontata Paian, Borneo (4) Museum Pai JF295113
P. hosei Bukit Nakan, Sarawak (5) Wild Msa JF295114
P. femoralis robinsoni Redang Panjang, Malaysia (6) GenBank Mno DQ355299
P. potenziani potenziani Sipora, Mentawai Islands (7) Wild Sip JF295122
P. potenziani potenziani North Pagai, Mentawai Islands (8) Wild NPag JF295123
P. potenziani siberu Pungut, Menatwai Islands (9) wild Pun1 JF295121
P. potenzinai siberu Pungut, Mentawai Islands (9) wild Pun2 JF295119
P. potenziani siberu Pungut, Mentawai Islands (9) Wild Pun3 JF295120
P. comata fredericae Mt. Slamet, Java (10) wild Sit1 JF295115
P. comata fredericae Mt. Slamet, Java (10) Wwild Sit2 JF295116
P. comata comata TN Gunung Halimun, Java (11) Wild Hal1l JF295118
P. comata comata TN Gunung Halimun, Java (11) wild Hal2 JF295117
P. melalophos mitrata TN Way Kambas, Sumatra (12) Zoo Rag JF295098
P. melalophos mitrata TN Way Kambas, Sumatra (12) Wild Wk1 JF295097
P. melalophos mitrata TN Way Kambas, Sumatra (12) Wild Wk2 JF295096
P. melalophos mitrata Riding, Sumatra (13) wild Rid JF295099
P. melalophos mitrata Way Canguk, Sumatra (14) Wild Wcl JF295100
P. melalophos mitrata Way Canguk, Sumatra (14) Wild Wc2 JF295101
P. melalophos mitrata Sungai Gelam, Sumatra (15) wild Gell JF295103
P. melalophos mitrata Sungai Gelam, Sumatra (15) Wild Gel2 JF295102
P. melalophos sumatrana Deli (Medan), Sumatra (16) Museum Med JF295110
P. melalophos melalophos West Sumatra, Sumatra (17) Zoo How JF295105
P. melalophos melalophos Bangko, Sumatra (18) wild Ban JF295104
P. melalophos bicolor Bukit Tigapuluh, Sumatra (19) Wild Btp1 JF295109
P. melalophos bicolor Bukit Tigapuluh, Sumatra (19) Wild Btp2 JF295106
P. melalophos bicolor Bukit Tigapuluh, Sumatra (19) wild Btp3 JF295108
P. melalophos bicolor Sengeti, Sumatra (20) Wild Seng JF295107
P. rubicunda Paun, Borneo (21) Museum Pau JF295111

2 For locations see also Fig. 1.

2.3. Statistical analysis

To expand our dataset, we further incorporated orthologous se-
quences available at GenBank from one P. melalophos (DQ355299)
which actually refers due to locality to P. femoralis robinsoni
(Redang Panjang, Malaysia, pers. comm. Nelson Ting) and one
Trachypithecus obscurus (AY863425), which was used as an out-
group. Sequences were aligned with the ClustalW program as
implemented in Geneious and manually checked by eye. A
computerized method was applied to eliminate poorly aligned
positions and divergent regions using Gblocks 0.91b (Castresana,
2000). Therefore, a relaxed selection of blocks was selected
(Talavera and Castresana, 2007). Phylogenetic trees were con-
structed with neighbor-joining (NJ), maximum-likelihood (ML)
and Bayesian approaches. Data were divided into three partitions

Table 2

Information about primers used in this study?.
Locus Primer (ID) Primer sequence 5-3' AT
tRNA-Glu  H-45 uni F (6405)  AAT GAT ATG AAA ARY CAT CGT TG 58
tRNA-Thr 15510 R (6232) TGT CCG TTT CCA GTT TAC AAG 60
cytb PresCytbR1 (6719) TTR TCT GGG TCG CTY AAA AG 58
cytb Pre945-F (6435) TCG CCC AYT TAG CCA ATT CC 58
cytb PresCytbF2 (6720)  CTR TTT CTA CAC GAA ACA GG 58
tRNA-Pro  PresCytbR2 (6721)  AAT ACA GAA AGT AGT TTA AAT AG 54
HVI 2068R (2068) ATT GAT TTC ACG GAG GAT GGT 56
tRNA-Pro 2067 F (2067) CTG GCA TTC TAT TTA AAC TAC TT 58
HVI 16220 R (6234) TGA TAG ACC CGT GAT CCA TC 58
tRNA-Thr  PresLoopF (6722) AAA TAC ACC AGT CTT GTA AAC 54
HVI PresLoopR (6723)  TTIT AAG GGG AAC GTG TGA G 52

2 The complete cytb was obtained by amplifying overlapping fragments (primer
pairs 6405/6232 and 6435/2068 or 6405/6719 and 6720/6721). The HVI locus was
amplified with primer pairs 2067/6234 and 6722/6723. AT: Annealing temperature.

(cytb, tRNAs, HVI). As the optimal nucleotide substitution model
for each partition, the GTR+I+G model was chosen by the Bayesian
Information Criterion (BIC) with jModelTest 0.1.1 (Posada, 2008).
ML analyses were conducted using Garli v0.951 (Zwickl, 2006). In
Garli, only the model specifications settings were adjusted, while
all other settings were left at their default values. ML bootstrap
percentages were estimated in Garli by performing 500 pseudorep-
licate runs. 10 replicates were run to verify consistency in log like-
lihood scores and tree topologies. A 50% majority rule consensus
tree was calculated with Paup* v4.0b10 (PPC) (Swofford, 2002).
Phylogenetic relationships based on the NJ algorithm were calcu-
lated in Paup. Relative support of internal nodes was performed
by bootstrap analyses with 10,000 replications. For the Bayesian
analysis in MrBayes v3.1.2 (Huelsenbeck et al., 2001; Ronquist
and Huelsenbeck, 2003), the dataset was partitioned into the three
portions. Four Markov Chain Monte Carlo (MCMC) runs with a de-
fault temperature of 0.2 and a chain length of 10,000,000 genera-
tions were carried out. Trees and parameters were sampled every
100 generations. Flat priors were assumed for the model parame-
ters including the proportion of invariable sites and the gamma
shape parameter of rate variation among sites. The first 25% of
samples were discarded as burnin, leaving 75,001 trees per run.
The adequacy of this burnin and convergence of all parameters
was assessed by examining the uncorrected potential scale reduc-
tion factor (PSRF) (Gelman and Rubin, 1992), which should
approach 1 as runs converge, and by visually inspecting the trace
of the parameters across generations using the software Tracer
v1.3 (Rambaut and Drummond, 2005). Posterior probabilities for
each split and a phylogram with mean branch lengths were calcu-
lated from the posterior density of trees. Phylogenetic trees were
visualized with FigTree v1.3.1 (Rambaut, 2006).

To estimate divergence times, we included sequences from
another 13 primate species, which derived from GenBank (Pongo
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pygmaeus, NC001646; Pan troglodytes, D38113; Homo sapiens,
AY339522; Chlorocebus aethiops, NC007009; Macaca sylvanus,
AJ309865; Papio hamadryas, EU885446; Theropithecus gelada,
EU885487; Colobus guereza, NC00690; Semnopithecus entellus,
EU004478; Rhinopithecus avunculus, EU004480; Nasalis larvatus,
EU004476). Due to the high mutation rate in the HVI region, the
calculation was performed solely on the cytb sequence data. For
the estimation, we applied a Bayesian MCMC method, which
employs a relaxed molecular clock approach (Drummond et al.,
2006), as implemented in the BEAST vl.5beta2 package
(Drummond, 2007). A relaxed lognormal model of lineage variation
and a Yule prior for branching rates was assumed. The alignment
was partitioned according to 1+2 and 3 codon positions. The
substitution model, rate heterogeneity and base frequencies were
unlinked across codon positions ((1 +2), 3). As calibration points,
we selected the divergence between Hominoidea and Cercopithe-
coidea (C1), which was dated between 24 and 29 million years
ago (Ma) (Zalmout et al., 2010), the divergence between Ponginae
and Homininae (C2) ~14 Ma (Kelley, 2002; Raaum et al., 2005), the
split between Homo and Pan (C3) 6-7 Ma (Brunet et al., 2002;
Steiper and Young, 2006; Vignaud et al., 2002), and the separation
of Theropithecus from Papio (C4) ~4 Ma (Delson et al., 2000; Leakey,
1993; Ting, 2008). Instead of hardbounded calibration points, we

D. Meyer et al./Molecular Phylogenetics and Evolution 59 (2011) 311-319

used the published dates as a normal distribution prior for the
respective node. For C1 this translates into a normal distribution
with a mean of 26.5 Ma and a standard deviation (SD) of 1.36 Ma
(95% credibility interval [CI]: 24.0-29.0 Ma), for C2 into a mean
of 14.0 Ma and a SD of 0.60 Ma (CI: 13.0-15.0 Ma), for C3 into a
mean of 6.5 Ma and a SD of 0.31 Ma (CI: 6.0-7.0 Ma), and for C4
into a mean of 4.0 Ma and a SD of 0.31 Ma (CI: 3.5-4.5 Ma). For
the analysis, two replicates were run for 25 million generations
with tree and parameter sampling occurring every 2500 genera-
tions. The adequacy of a 10% burnin and convergence of all param-
eters were assessed by visual inspection of the trace of the
parameters across generations using the software Tracer. Subse-
quently, the sampling distributions of multiple independent repli-
cates were combined with the software LogCombiner v1.4.6 and
then summarized and visualized with TreeAnnotator v1.4.6. Both
programs are part of the Beast package (Drummond, 2007).

3. Results
In this study, we successfully sequenced a ca. 1.8 kb fragment of

the mitochondrial genome from a total of 30 Presbytis individuals,
of which 29 were from known origins. By including an additional
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sequence from Presbytis femoralis from GenBank and following the
classification of Groves (2001), our data set comprises nine species
and 14 subspecies. Nuclear pseudogenes could not be detected, gi-
ven that overlapping fragments of different sequences from the
same individual were identical, and that the cytb gene was cor-
rectly transcribed. Moreover, the amplification of nuclear pseudo-
genes (numts) is reduced since we used fecal and museum
material in which nuclear DNA is highly degraded (Hofreiter
et al., 2003; Thalmann et al., 2004).

The original alignment had a length of 1816 bp. Poorly aligned
positions and divergent regions were solely detected within tRNAs
and the HVI. After discarding these positions, the alignment was
reduced to 1745 bp. Among them, 172 sites were parsimony-
uninformative and 402 parsimony-informative. All sequences
represented unique haplotypes.

Phylogenetic reconstructions based on NJ, ML and Bayesian
algorithms (Fig. 2) revealed several strongly supported clades,
which mainly referred to species and subspecies. However,
although the branching pattern among various lineages gained
only weak support, all algorithms showed similar tree topologies.

According to the phylogenetic reconstructions, the base of the
tree indicates a separation of P. thomasi as the sister species to
its congenerics. However, since this initial split is only weakly sup-
ported (Bayesian: 77; NJ: 77; ML: 59), we interpret the base of the
tree as a polytomy between P. thomasi (clade A), clade B, and the
remaining Presbytis taxa (clade C). Clade B includes the Bornean
species P. chrysomelas, P. frontata and P. hosei, but relationships
among them remain unresolved. In clade C, P. femoralis represents
the sister lineage to the remaining taxa (clade D), of which P. poten-
ziani (clade E) is separated from the taxa on Sumatra and Java, and
also from the Bornean P. rubicunda (clade F). Within P. potenziani
(clade E), both subspecies, P. p. potenziani and P. p. siberu, form

reciprocally monophyletic clades. Clade F is further divided into
subclades G and H. The former segregates into two strongly sup-
ported clades (I and ]). The Javanese P. comata falls into clade I,
which further diverges into two reciprocally monophyletic clades
represented by the two subspecies, P. c. comata and P. c. fredericae.
Clade ] consists solely of South Sumatran P. m. mitrata individuals.
Clade H contains an unresolved polytomy with four highly
supported clades or lineages: P. m. sumatrana, P. rubicunda,
P. m. bicolor, and a clade formed by P. m. melalophos and P. m. mit-
rata from Central Sumatra. Thus, P. m. mitrata is mitochondrially
paraphyletic.

Based on divergence time estimates (Fig. 3, Table 3), Cercopith-
ecidae separated from Hominidae (C1) 26.57 (24.26-29.09)
Ma. Within Hominidae, Pongo branched off first (C2) 13.70
(12.54-14.79) Ma, followed by Homo and Pan (C3), which sepa-
rated from each other 6.50 (5.92-7.09) Ma. The split between
Colobinae and Cercopithecinae (N1) occurred 19.41 (15.81-
23.65) Ma. Within the latter, Papionini separated from Cercopithe-
cini (C. aethiops) 12.04 (8.97-15.30) Ma (N2). Among Papionini,
Macaca diverged first (N3) 10.56 (7.71-13.46) Ma, followed by
the differentiation of Papio and Theropithecus (C4) 4.02 (3.44-
4.57) Ma. The African colobine genus Colobus separated from Asian
colobines 15.39 (12.29-18.98) Ma (N4). Among the latter, the split
between Semnopithecus/Nasalis/Rhinopithecus and Trachypithecus/
Presbytis took place 12.31 (9.72-14.86) Ma (N5). Semnopithecus
separated from Nasalis and Rhinopithecus 10.24 (7.56-12.93) Ma
(N6) and latter two 7.51 (5.00-13.10) Ma (N7). The split between
Presbytis and Trachypithecus (N8) occurred 11.46 (9.01-14.09)
Ma. Within a relative short time period of only 1.43 (3.91-8.53)
Ma (N9-N11), four major Presbytis lineages emerged. The first
leads to P. thomasi, the second to a clade containing P. chrysomelas,
P. frontata and P. hosei, the third to P. femoralis, and the fourth to a
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Fig. 3. Ultrametric tree showing phylogenetic relationships and estimated divergence ages among studied Presbytis individuals based on the complete mitochondrial cytb
sequences (for individual codes see Table 1). A time scale in million years and the geological periods are given. Nodes of interest are arbitrarily numbered (N1-N28). C1-C4

refer to nodes used for calibration. Light gray bars indicate the two radiations.
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Table 3
Bayesian divergence date estimates.

Node Mean (Ma) 95% CI (Ma)
C1 Hominoidea - Cercopithecoidea 26.57 24.26-29.09
C2 Pongo - Pan + Homo 13.70 12.54-14.79
C3 Homo - Pan 6.50 5.92-7.09
C4 Papio - Theropithecus 4.02 3.44-4.57
N1 Cercopithecinae - Colobinae 19.41 15.81-23.65
N2 Cercopithecini - Papionini 12.04 8.97-15.30
N3 Macaca - Papio + Theropithecus 10.56 7.71-13.46
N4 Colobus - Asian colobines 15.39 12.29-18.98
N5 Semnopithecus + Nasalis + Pygathrix — 12.31 9.72-14.86
Trachypithecus + Presbytis
N6 Semnopithecus — Nasalis + Rhinopithecus 10.24 7.56-12.93
N7 Nasalis - Pygathrix 7.51 5.00-13.10
N8 Trachypithecus - Presbytis 11.46 9.01-14.09
N9 P. thomasi - remaining Presbytis taxa 6.75 5.13-8.53
N10 P. hosei + P. chrysomelas + P. frontata — 6.06 4.67-7.61
remaining taxa
N11 P. femoralis - remaining taxa 5.32 3.91-6.74
N12 P. potenzian - remaining taxa 2.62 1.94-3.38
N13 P.comata + P. m. mitrata (South Sumatra) -  2.22 1.65-2.85
remaining taxa
N14 P. m. sumatrana - P. m. melalophos + P. m. 1.69 1.22-2.20
mitrata (Central Sumatra) + P. m.
melalophos + P. m. bicolor + P. rubicunda
N15 P. m. melalophos + P. m. mitrata (Central 1.49 1.06-1.93
Sumatra) - P. rubicunda + P. m. bicolor
(1.40%) (0.91-1.93%)
N16 P. comata - P. m. mitrata (South Sumatra) 1.80 1.28-2.37
N17 P. p. siberu - P. p. potenziani 1.30 0.74-1.93
N18 P. rubicunda - P. m. bicolor 1.31 0.91-1.72
N19 P. c¢. comata - P. c. fredericae 1.06 0.63-1.51
N20 P. hosei - P. chrysomelas + P. frontata 4.93 3.56-6.29
(4.49%) (2.82-6.29%)
N21 P. chrysomelas - P. frontata 4.05 2.82-5.38
N22 MCRA P. m. mitrata (South Sumatra) 0.50 0.28-0.74
N23 MRCA P. m. melalophos - P. m. mitrata 0.26 0.10-0.43
(Central Sumatra)
N24 MRCA P. m. bicolor 0.43 0.23-0.65
N25 MRCA P. c. comata 0.06 0.01-0.16
N26 MRCA P. c. fredericae 0.07 0.00-0.14
N27 MRCA P. p. siberu 0.09 0.02-0.17
N28 MRCA P. thomasi 0.20 0.07-0.36

Means and 95% credibility intervals (CI) are given for 31 nodes in Ma. Nodes used as
calibration points are labeled with a “C”, all others with an “N”. MRCA denotes the
most recent common ancestor.

4 Mean of divergence times of nodes that belong to unresolved polytomies (see
also Fig. 3).

clade including all remaining taxa. In the latter, a subsequent
radiation (N12-N19) leading to species and subspecies started
with the separation of P. potenziani 2.62 (1.94-3.38) Ma (N12).
Shortly afterwards, 2.22 (1.65-2.85) Ma (N13), South Sumatran
P. m. mitrata and P. comata separated from Central Sumatran
P. m. mitrata, P. m. melalophos, P. m. sumatrana, P. m. bicolor and
P. rubicunda. In the former, P. m. mitrata diverged 1.8 (1.28-2.37)
Ma (N16), before finally P. comata split into its two subspecies
1.06 (0.63-1.51) Ma (N19). In the latter clade, P. m. sumatrana
diverged first (1.69 [1.22-2.20] Ma) (N14), followed by the
P. m. melalophos/Central Sumatran P. m. mitrata clade 1.40 (0.91-
1.93) Ma (N15), before finally P. m. bicolor separated from P. rubi-
cunda 1.31 (0.91-1.72) Ma (N18).

4. Discussion

We report here on the analysis of mitochondrial sequences from
31 Presbytis individuals, representing nine of the eleven currently
recognized species. Accordingly and since we mainly used only
individuals from known locations, this study is the most complete
and reliable one up to date. Moreover, calculated divergence ages

between various lineages are in similar ranges as earlier estimates
(Chatterjee et al., 2009; Raaum et al., 2005; Sterner et al., 2006),
although in general slightly older. According to our divergence
age estimates, radiations within the genus occurred in two phases,
one in the late Miocene and the other in the early to middle
Pleistocene.

Interestingly, the tree topology depicted in the only other avail-
able molecular phylogeny (Md Zain, 2001) differs from our one,
although both investigations are based on large segments of the
mitochondrial genome, albeit with different samples and loci. In
the study by Md Zain (2001), data rely on samples from wild pop-
ulations from Malaysia, while samples from Indonesia came
mainly from captive animals with unknown origin. Unfortunately,
sequence data from the earlier study are not available for reanaly-
sis and therefore a discussion of disagreements would remain
speculative. However, due to our extensive sampling from clearly
identified wild populations, we regard our data as more reliable.

Although P. siamensis and P. natunae are not represented, the re-
sults allow the most comprehensive evaluation of the evolutionary
history of the genus to date including material from key taxa such
as P. potenziani that have not been analyzed before and thus pro-
vide a sound basis for a revised taxonomic classification of the Pres-
bytis genus.

4.1. Phylogenetic relationships

Based on the gray coat coloration, P. thomasi, P. hosei and
P. comata have previously been combined in P. comata with a
tripartite geographic distribution on West Java (P. comata), North
Sumatra (P. thomasi) and North Borneo (P. hosei) (Brandon-Jones,
1978, 1996a,b; Chasen, 1940; Hooijer, 1962). Our present data,
however, do not support a polytypic P. comata species, but instead
indicate an early separation of P. thomasi and P. hosei in respective
lineages and a late differentiation of P. comata.

Concerning P. potenziani our data reveal interesting results.
Since the discovery of potenziani there have been conflicting
statements on its taxonomic position relative to other Asian colo-
bines (Tilson, 1976, p. 777). Based on postcranial data (Washburn,
1944) or infant coloration (Medway, 1970), potenziani was grouped
together with Trachypithecus, while a morphological study by
Groves (1970) proposed an intermediate position between Trac-
hypithecus and Presbytis. Subsequent studies of infant coloration
(Tilson, 1976) and male vocalization (Wilson and Wilson, 1975)
grouped potenziani together with Presbytis. The similarity in the
adult vocalization between P. potenziani and P. thomasi led Wilson
and Wilson (1977) to conclude that both species are closely related
and that a subspecific affiliation might be indicated. Nevertheless,
P. potenziani is currently considered as a distinct species (Brandon-
Jones et al., 2004; Groves, 2001). Based on its morphological and
behavioral characters described above, P. potenziani is proposed
to be the most “primitive” member of the genus and thus the sister
species to all congenerics (Brandon-Jones, 1978, 1993; Meijaard
and Groves, 2004). Our molecular data support the monophyly of
P. potenziani, but neither an early separation, nor a sister grouping
with P. thomasi.

P. femoralis and P. chrysomelas were originally recognized as
subspecies of P. melalophos (Napier and Napier, 1967; Oates
et al.,, 1994), but later, P. femoralis was separated from P. melalophos
at the species level, with P. chrysomelas being included as a subspe-
cies (Brandon-Jones, 1984). More recently, Groves (2001) proposed
species status for P. chrysomelas as well, while Brandon-Jones et al.
(2004) kept P. chrysomelas as subspecies of P. femoralis. Our data do
not support a conspecific relationship between any of these three
taxa, since they descend from distinct lineages with ancient
divergences.
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Of the remaining species, P. comata and P. rubicunda are nested
within P. melalophos. Additionally, the possible paraphyletic origin
of P. m. mitrata, with the central Sumatran populations being clo-
sely related to P. m. melalophos and the South Sumatran popula-
tions forming a sister lineage to P. comata, reflects a puzzling
situation of this polyphyletic group. We can not rule out that
incomplete lineage sorting might have had an effect. But in the
case of incomplete lineage sorting, paraphyletic relationships, like
in P. m. mitrata, result from the failure of haplotypes to sort during
speciation events and should be random with respect to geography
(Avise, 2004). This is not the case in our phylogenetic reconstruc-
tion, where geographically close populations cluster together.
Another explanation might be hybridization between P. m. melalo-
phos and P. m. mitrata. Such a scenario is highly likely, since both
taxa are found south of the Batang Hari river (Aimi and Bakar,
1992, 1996; Groves, 2001) eastwards from Bangko, where we iden-
tified P. m. melalophos. In addition to our mitochondrial data, the
pale reddish coat coloration of the P. m mitrata population from
Central Sumatra seems to be intermediate between the red
P. m. melalophos and the grayish-white Southern P. m. mitrata
populations, which is in accordance with the observations of Aimi
and Bakar (1996). Alternatively, the pale reddish Central Sumatran
population might be a further color variant of P. m. melalophos. To
test these hypotheses, the analysis of nuclear markers is
mandatory.

Although the sample size (n=1) of P. rubicunda is low, and
incomplete lineage sorting might be possible, our data support pre-
vious hypotheses, proposing a close affiliation of P. rubicunda and
P. melalophos based on the red coat coloration (Brandon-Jones,
1996b) or in some aspects of behavior and vocalization (Wilson
and Wilson, 1975).

4.2. Taxonomic implications

The taxonomic confusion within the genus Presbytis - and also
in other primate genera - is associated with much controversial
discussion about the recognition on the degree or amount of cer-
tain characters, in particular pelage coloration, to recognize species
or phylogenetic relatedness. To apply a more objective and
falsifiable approach, Groves (2001, 2004 ) suggests the phylogenetic
species concept (PSC) to delimit species. The PSC defines a species
as the smallest cluster of individual organisms within there is a paren-
tal pattern of ancestry and descent and that is diagnosable distinct
from other such clusters by a unique combination of fixed character
states (Cracraft, 1983). At present, the PSC is widely applied in
recent studies on primate taxonomy, for example in Mico

Table 4

(Groves, 2001), Callicebus (van Roosmalen et al., 2002), Saguinus
(Matauschek et al., in press), Lepilemur (Craul et al, 2007),
Microcebus (Louis et al., 2008), Trachypithecus (Roos et al., 2008)
or Nomascus (Thinh et al., 2010b).

Among Presbytis, we detect several highly supported terminal
clades or lineages, mainly formed by taxa, which are all also clearly
distinguishable in their pelage coloration, thus in agreement with
the PSC. Moreover, most of the examined Presbytis taxa differenti-
ated on a similar time scale as did other Asian primates. For exam-
ple, Tosi et al. (2003) and Ziegler et al. (2007) estimated the
divergence between Sundaic and Continental pig-tailed macaques
at 1.4 (1.6-1.2) Ma, which afterwards differentiated into respective
species. In Trachypithecus, Roos et al. (2008) calculated the diver-
gence between T. germaini and T. margarita 0.95 (1.04-0.86) Ma.
Considering estimated divergence ages and differences in mtDNA
and pelage coloration, species status for all examined Presbytis taxa
might be appropriate. An overview to the proposed revision in
comparison with previous studies is given in Table 4.

4.3. Conservation implications

The rainforests of the Malay Peninsula and the western
Indo-Malay archipelago belong to the biodiversity hotspots of
our planet, but also to hotspots of environmental degradation.
For instance, Indonesia is among the ten countries with the highest
number of threatened species (World Bank, 2004; FWI/GFW,
2002). The langurs of the genus Presbytis also suffer from this ongo-
ing situation and population sizes of all taxa are still decreasing
(IUCN, 2010). Reasons for the decline of langurs are manifold, but
habitat loss due to forest clearance for agricultural use or timber
production, as well as illegal hunting for food, pet trade or tradi-
tional medicine, like bezoar stones (visceral secretions used in tra-
ditional medicine; Nijman, 2004), are major threats to wild
Presbytis populations. In particular forest destruction often leads
to isolated populations due to fragmentation and consequently to
limited or disturbed gene flow. Recent evaluations of the conserva-
tion status rank various Presbytis taxa as vulnerable, endangered or
even as critically endangered (Table 4).

For conservationists it is of great interest whether any
population within a taxon is sufficiently differentiated genetically
to warrant separate management and also to maintain genetic
diversity. In our study we detected several monophyletic clades,
which should all be regarded as independent management units
(Moritz, 1994). Thus, conservation actions are needed for all
Presbytis taxa, but especially for the critically endangered ones
P. chrysomelas and P. p. potenziani.

Proposed classification compared to earlier classifications along with information about type localities, authors and conservation status.

Author Type locality

Groves (2001) Brandon-Jones et al. (2004) Proposed Conservation status
classification (IUCN, 2010)
P. p. potenziani P. p. potenziani P. potenziani CR
P. p. siberu P. p. siberu P. siberu EN
P. c. comata P. comata P. comata EN
P. c. fredericae® P. fredericae P. fredericae EN
P. m. melalophos  P. m. melalophos P. melalophos ~ NT
P. m. mitrata P. m. mitrata P. mitrata EN
P. m. bicolor P. m. bicolor P. bicolor DD

P. sumatrana EN
P. chrysomelas CR

P. m. sumatrana
P. femoralis chrysomelas

P. m. sumatrana
P. chrysomelas

P. thomasi P. thomasi P. thomasi VU
P. hosei P. hosei P. hosei vu
P. rubicunda P. rubicunda P. rubicunda LC
P. frontata P. frontata P. frontata VU
P. femoralis P. femoralis P. femoralis NT

Bonaparte (1856) Sipora Island, Mentawai Islands

Chasen and Kloss (1927) Siberut Island, Mentawai Islands

Desmarest (1822) Java

Sody (1930) Mount Slamet, Central Java

Raffles (1821) Bengkulu, Sumatra

Eschscholtz (1821) Sumatran mainland opposite Zutphen Island
Aimi and Bakar (1992) Batang Kering, Sumatra

Miiller and Schlegel (1841) Mount Talamau, Sumatra

Miiller (1838) Pontianak, Borneo

Collett (1892) Langkat, Aceh, Sumatra

Thomas (1899) Niah, Sarawak, Borneo

Miiller (1838) Mount Sekumbang, South Kalimantan, Borneo
Miiller (1838) Southeastern Borneo

Martin (1838) Singapore

2 According to IUCN (2010) P. c. fredericae is a synonym of P. comata; DD = data deficient, LC = least concern, NT = near threatened, VU = vulnerable, EN = endangered,

CR = critically endangered.
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Threats to both taxa are exemplary for most members of the
genus. The main threat to P. chrysomelas has been conversion of
habitat into agricultural land, resulting in its disappearance from
most of its former range and leading to five isolated populations.
In recent years, the species has in particular been affected by
expanding plantations, especially oil palm (IUCN, 2010). The popu-
lation decline of P. p. potenziani was estimated at more than 80%
over the past 40 years due to hunting and loss of habitat (Whittak-
er, 2006). If P. c. fredericae is considered to be a separate species it
undoubtedly can be ranked among the rarest and most endangered
primate species in the world. It would be restricted to four isolated
forest areas, none of which are adequately protected and two of
them are situated on an active volcano (Nijman, 2001).

To protect langurs in the future, urgent actions are required to
prevent ongoing habitat destruction and hunting activities. Often
captive animals offer the opportunity to conserve and build up a
viable gene pool for later release purposes, but in Presbytis, it is
of particular interest to protect wild populations since they are dif-
ficult to be kept in captivity. However, it is also crucial to confirm
the taxon identity and if possible the geographical origin of confis-
cated animals in general.

5. Conclusions

We showed that accurate taxonomic identification of Presbytis
taxa based on behavioral or morphological data alone is sometimes
contradictory or misleading. In this respect, mtDNA analysis is a
promising tool, which additionally should be used to answer taxo-
nomic affiliations. This is also important for practical issues in con-
servation management in nature (in situ) and in captivity (ex situ).
As shown in our study, Presbytis taxa can be diagnosed through
mtDNA, and, hence, a secure identification of the taxon, even the
population, can easily be obtained. In our study for example, we
were able to confirm Way Kambas as the origin of the P. m. mitrata
sample from the Ragunan Zoo in Jakarta. Yet since mtDNA is only
maternally inherited, possible hybrids can not be detected in such
analysis. Thus, for the identification of captive hybrids and also to
trace possible natural hybridization events as it might be the case
between P. m. melalophos and the Northern population of P. m. mit-
rata, nuclear markers should be studied as well. Moreover, to fully
understand the evolutionary history of the genus, further studies
should also include P. natunae and P. siamensis, as well as a broader
sampling set of the Bornean taxa.
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