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Abstract

A new species of primate, the Arunachal macaque Macaca munzala, belonging to the sinica species-group of the genus, was described
from northeastern India in 2005, and, based on its appearance and distribution, hypothesised to be closely related to M. assamensis and
M. thibetana. We subsequently obtained an entire adult male specimen and tissue remains from two other M. munzala individuals.
Molecular analyses establish the distinct identity of the species and indicate a time of origin of ¢. 0.48 mya for it. The species also shows
close phylogenetic affinities with the allopatric M. radiata and with the geographically closer M. assamensis and M. thibetana, possibly
mediated by male introgression from an ancestral M. assamensis—M. thibetana stock into an ancestral M. munzala stock. Morphometric
analyses, on the other hand, reiterate its close similarity only with M. assamensis and M. thibetana, presumably resulting from convergent

evolution under similar ecological conditions and along a latitudinal gradient, as predicted by Bergmann’s and Allen’s rules.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

A previously undescribed species of primate belonging
to the genus Macaca was recently discovered in the eastern
Himalayan state of Arunachal Pradesh in north-east India,
and described as a new species, the Arunachal macaque
Macaca munzala (Sinha et al., 2005). The holotype and

* Corresponding author. Address: National Institute of Advanced
Studies, Indian Institute of Science Campus, Bangalore 560012, India.
Fax: +91 80 22185024.

E-mail  addresses:
yahoo.com (A. Sinha).

asinha@nias.iisc.ernet.in, anindyaranasinha@

1055-7903/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ympev.2007.04.007

paratypes of the species were depicted by photographs,
and the distinctive identity of M. munzala was diagnosed
based on a combination of appearance and colouration,
relative tail length, and geographical distribution (Sinha
et al., 2005). The species, a member of the sinica species-
group of the genus Macaca (classified according to penis
morphology), was thought to be closely related to the
Tibetan macaque M. thibetana and the Assamese macaque
M. assamensis based on their morphological similarities
(Sinha et al., 2005).

On March 7, 2005, we obtained an entire specimen of an
adult male M. munzala in the Zemithang region of western
Arunachal Pradesh, which had entered a house and had
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been killed by the villagers in self-defense. The specimen
was treated at the Itanagar Zoo, tissues collected for molec-
ular analyses, and the skull, baculum, and caudal vertebrae
measured and described. The skin, skull, and all retrieved
bones and vertebrae were deposited with the Arunachal
Pradesh Forest Department, for preservation at the State
Forestry Research Institute in Itanagar (Accession Nos.:
2005.01.01-2005.01.10). During our field surveys, two
other tissue samples of M. munzala were also obtained
from Gyamdong and Lhou, villages close to Zemithang,
from where the species was originally reported.

In addition to M. munzala, M. assamensis, and M. thibe-
tana, the sinica species-group also includes the bonnet
macaque M. radiata and the toque macaque M. sinica,
which are endemic to peninsular India and Sri Lanka,
respectively. Although the evolutionary history of Macaca
has been broadly studied using molecular phylogenetic
approaches (Hayasaka et al., 1988; Morales and Melnick,
1998; Tosi et al., 2000, 2003), specific phylogenetic relation-
ships and the evolutionary history of the sinica species-
group of the macaques remain unknown. To test whether
M. munzala is indeed closely related to M. thibetana and
M. assamensis, and to determine its phylogenetic position
within the sinica group, we conducted molecular analyses
of mitochondrial (cytochrome » and D-loop) and nuclear
(TSPY gene on the Y-chromosome) sequences of M. munz-
ala (three individuals) and M. radiata (four individuals),
and compared them with available published sequences
of M. thibetana, M. assamensis and M. sinica. In order to
assess the role of ecology in the evolution of this group
of primates, we also compared morphological (body mass,
relative tail length) and anatomical (skull, caudal vertebrae,
and baculum morphometrics) characteristics of these five
species. Evolutionary trends within these morphological
and anatomical traits were examined across a latitudinal
gradient in accordance with the predictions made by Berg-
mann’s and Allen’s rules (Allen, 1877, see Meiri and
Dayan, 2003 for a review of Bergmann’s rule).

2. Methods
2.1. DNA extraction and amplification

DNA was extracted from three M. munzala skin samples
and four M. radiata blood samples using a DNeasy tissue
kit (Qiagen, Hilden, Germany) following procedures rec-
ommended by the supplier, with the exception that DNA
was incubated for 15 min in 100 ul elution buffer before
elution. To study the evolutionary origin of M. munzala
and its relationship with other members of the sinica spe-
cies-group, we used both maternally (mitochondrial) and
paternally (Y-chromosomal) inherited markers. All the
polymerase chain reactions (PCRs) were carried out in a
reaction volume of 10 pl. The final concentration of the
reaction mixture was: 1x Taq Buffer B without MgCl,,
2mM MgCl,, 1.5U Tag DNA Polymerase (Bangalore
Genei, Bangalore, India), 0.25 mM dNTP mix (Eppendorf,

Hamburg, Germany), 0.1 pM of each primer (Sigma—
Aldrich Chemicals, Bangalore, India), and about 1-1.5 pl
of DNA extract. All the reactions were carried out in two
Eppendorf mastercylers (Eppendorf, Hamburg, Germany),
one gradient and the other non-gradient.

We chose two different segments of the mitochondrial
DNA rather than a single large one in order to better rep-
resent its genetic variability. We amplified a 424-bp long
tRNA".cytochrome b segment of the coding region of
the mitochondrial DNA using the L14724 (5-CGAAGC
TTGATATGAAAAACCATCGTTG-3') and HI15149
(5-AAACTGCAGCCCCTCAGAATGATATTTGTCCT
CA-3') primer set from Li and Zhang (2005). In order to
also sample a non-coding region of the mitochondrial gen-
ome, we amplified a 534-bp long D-loop region using the
LqqF (5-TCCTAGGGCAATCAGAAAGAAAG-3) and
TDKD (5-CCTGAAGTAGGAACCAGATG-3') primer
set from Li and Zhang (2004). We conducted a standard
35-cycle PCR to amplify the target regions with a denatur-
ation of 20s at 94 °C, annealing of 30s at 51 °C (cyto-
chrome b) or at 59 °C (D-loop), and an extension of 20 s
(cytochrome b) or 35s (D-loop) at 72 °C. Finally, we
amplified two segments of the TSPY (Testis-Specific Pro-
tein, Y-chromosome) gene, with a total length of
~1.4 kb, using the TSPY-A (5-AGCCAGGAAGGCCT
TTTCTCG-3') and 740R (5-GATCATGTAGCTCAGC
ATGTCT-3), and the E700F (5-GTCCGTCTTATCCA
TGYCGA-3') and TSPY5R (5-CTGTGCATAAGACCA
TGCTGAG-3') primer sets, respectively (Tosi et al.,
2000). Each of the segments was separately amplified at
an annealing temperature of 58 °C for 30 s and an exten-
sion temperature of 72 °C for 1 min keeping the other
conditions as above.

2.2. DNA sequencing

All the PCR products were checked visually by running
1 ul of the product in 1% Agarose gels (Bangalore Geneli,
Bangalore, India) and were purified using Qiagen PCR
purification kit (Qiagen, Hilden, Germany). The concentra-
tions were measured by loading 2 pl of the PCR products
in a NanoDrop ND-1000 Spectrophotometer (Nanodrop
Technologies, Delaware, USA). Sequencing was accom-
plished using an ABI 310 Genetic Analyzer, and the raw
sequences analysed with the ABI 310 Genetic Analyzer
Version 3.1 software (Applied Biosystems, Foster City,
USA). Both forward and reverse sequencing reactions were
analyzed.

2.3. Phylogenetic analyses

The M. munzala and M. radiata sequences were edited
manually and assembled using the Mega 3.1 sequence edi-
tor (Kumar et al., 2004). They were multiple aligned
together with M. assamensis, M. thibetana, and M. sinica
sequences, downloaded from GenBank, using ClustalW
in Mega 3.1 Alignment Explorer with default parameters.
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Appropriate sequences of Papio hamadryas, M. sylvanus
and M. arctoides were also downloaded and used in the
phylogenetic analysis to root the reconstructed trees. The
origins, sources and abbreviations of all the individuals
subjected to molecular phylogenetic analyses are listed in
Tables la and 1b.

Average genetic distances between and within the five
species of the sinica group were calculated using the Kim-
ura-2-parameter model in Mega 3.1 (Kumar et al., 2004).
The nucleotide diversity of the mitochondrial and nuclear
DNA sequences were calculated using DnaSP Version
4.10 (Rozas et al., 2003). Phylogenetic analyses were con-
ducted using the maximum likelihood (ML) and Bayesian
inference (BI) methods in PAUP* (Swofford, 2002) and
MrBayes Version 3.1 (Ronquist et al., 2005), respectively.
In all cases, trees were built independently for the cyto-
chrome b and D-loop sequences, the combined mitochon-
drial DNA data, and for the combined segments of the
TSPY marker. Prior to phylogenetic analyses, ModelTest
Version 3.8 (Posada, 2006) was used to determine the
best-fit model (based on Akike Information Criterion) for
the separate and combined datasets. These analyses
revealed GTR+G+I to be the most appropriate evolution-
ary model for both cytochrome b and D-loop, TVM+I+G
for the combined mitochondrial DNA data, and GTR for
the TSPY marker. The ML trees were reconstructed using

the above evolutionary models and tested with 500 boot-
strap replicates each. The BI trees were reconstructed
assuming only a GTR evolutionary model and by allowing
the program to generate all the other parameters indepen-
dently. The phylogenetic analyses were run for 10° genera-
tions for the mitochondrial data and 2 x 10° generations
for the nuclear data to ensure convergence. Samples were
collected every 1000 generations and 4 chains (1 cold and
3 heated) were used for the Markov Chain Monte Carlo
(MCMC) procedure in all cases. The first 25% of the col-
lected posterior data were discarded to allow ‘burnin’
(Ronquist et al., 2005).

2.4. Estimation of divergence times

The relative evolutionary rates of the different lineages
within all the phylogenetic trees were calculated using the
software RRTree (Robinson-Rechavi and Huchon, 2000).
The null hypothesis, that the rate of evolution is homoge-
neous among all branches within each phylogeny, was
rejected for many of the lineages and a strict molecular
clock was thus considered inappropriate. Divergence times
were calculated using the software r8s Version 1.71 (San-
derson, 2003). The divergence times for the mitochondrial
and Y-chromosomal trees were estimated separately. As
many of the lineages exhibited heterogeneity in their

Table la
Origin, source and abbreviation of the individuals subjected to mitochondrial DNA analysis
Species Origin GenBank Accession No. Abbreviation Reference
Cytochrome b D-loop
Macaca assamensis Myanmar AY685859 AY682619 Myanmarl Cytochrome b: Li and Zhang (2005)
Myanmar AY685861 AY682621 Myanmar2 D-loop: Li and Zhang (2004)
Myanmar AY685860 AY682620 Myanmar3
Myanmar AY685862 AY 682622 Myanmar4
Vietnam AY 685852 AY682611 Vietnam1
Vietnam AY685853 AY682613 Vietnam?2
Vietnam AY685857 AY682617 Vietnam3
Yunnan, China AY685854 AY682614 Yunnanl
Yunnan, China AY685855 AY682615 Yunnan2
Yunnan, China AY685856 AY682616 Yunnan3
Yunnan, China AY685863 AY682612 Yunnan4
South China AY685858 AY682618 South China
Macaca thibetana Sichuan, China AY 685864 AY682610 Sichuanl Cytochrome b: Li and Zhang (2005)
Sichuan, China AY 685865 AY 682607 Sichuan2 D-loop: Li and Zhang (2004)
Sichuan, China AY 685866 AY 682608 Sichuan3
Sichuan, China AY685867 AY682609 Sichuan4
Sichuan, China AY 685868 AY 682606 Sichuan$
Macaca munzala Tawang, India DQ859977 DQ859982 Tawangl Cytochrome b: This study
Tawang, India DQ859975 DQ859980 Tawang2 D-loop: This study
Tawang, India DQ859976 DQ859981 Tawang3
Macaca radiata Karnataka, India DQ859973 DQ859978 Karnatakal Cytochrome b: This study
Karnataka, India DQ859974 DQ859979 Karnataka?2 D-loop: This study
Macaca sylvanus Unknown AJ309865 AJ309865 M. sylvanusl Cytochrome b: Arnason et al. (2000)
Unknown NC_002764 NC_002764 M. sylvanus2 D-loop: Arnason et al. (2000)
Papio hamadryas Unknown NC_001992 NC_001992 P. hamadryasl Cytochrome b: Arnason et al. (1998)
Unknown Y18001 Y18001 P. hamadryas2 D-loop: Arnason et al. (1998)
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Origin, source and abbreviation of the individuals subjected to TSPY sequence analysis

841

Species

Origin

GenBank Accession No.

Abbreviation

Reference

Macaca assamensis

Macaca thibetana

Macaca munzala

Macaca radiata

Macaca sinica

Macaca arctoides

Macaca sylvanus

Papio hamadryas

Southern China
Southern China

Southeastern China
Southeastern China

Tawang, India
Tawang, India
Tawang, India

India
India
Karnataka, India
Karnataka, India

Polonnaruwa, Sri Lanka
Polonnaruwa, Sri Lanka

Malaysia
Unknown
Thailand
Vietnam

Northwestern Africa
Northwestern Africa
Northwestern Africa

Eastern Africa

AY?224236 South Chinal Tosi et al. (2003)
AF284244 South China2 Tosi et al. (2000)
AY?224237 Southeast Chinal Tosi et al. (2003)
AF284276 Southeast China2 Tosi et al. (2003)
EF222279 Tawangl This study

EF222280 Tawang2 This study

EF222281 Tawang3 This study

AF284271 Indial Tosi et al. (2000)
AF284270 India2 Tosi et al. (2000)
EF222277 Karnatakal This study

EF222278 Karnataka3 This study

AF284234 Sri Lankal Tosi et al. (2000)
AF284273 Sri Lanka2 Tosi et al. (2000)
AF284233 Sri Lanka3 Tosi et al. (2000)
AF284240 Malaysial Tosi et al. (2003)
AF284241 Unknown Tosi et al. (2003)
AF284242 Thailandl Tosi et al. (2003)
AF284243 Vietnam1 Tosi et al. (2003)
AF284274 M. sylvanus3 Tosi et al. (2000)
AF284275 M. sylvanus4 Tosi et al. (2000)
AF425281 M. sylvanus5 Tosi et al. (2002)
AF284277 P. hamadryas3 Tosi et al. (2000)

evolutionary rates, we used the NPRS method (Sanderson,
1997) and the POWELL algorithm to reconstruct their
divergence times. For the mitochondrial DNA trees, we
have constrained the root (the Papio—Macaca split) to lie
between 8.6 and 10.9 million years ago (mya), as deter-
mined by an analysis of the entire mitochondrial genome
(Raaum et al., 2005). It should be noted that the palacon-
tologically determined date of 10 mya for this split (Delson,
1980) falls within this range. Along with this constraint, we
fixed the next split between M. sylvanus and the other taxa
within the genus at 5.5 mya (Delson, 1996). We have, how-
ever, used only the palaeontologically determined dates of
10 and 5.5 mya, respectively, to calibrate the TSPY gene
tree.

2.5. Morphological and anatomical comparisons

We evaluated the morphological and anatomical affini-
ties of M. munzala by comparing 25 craniodental and four
baculum measurements, and the centrum lengths of the
caudal vertebrae of this species (Sinha et al., 2006) with
those of M. assamensis, M. thibetana, M. radiata and
M. sinica (craniodental measurements from Pan and
Oxnard, 2004; baculum and caudal vertebrae measure-
ments from Fooden, 1988). All craniodental measure-
ments, the mean values for which are listed in Pan and
Oxnard (2004), except OCCH and GLENOL, were used
in this analysis. In the case of baculum, data were available
for four M. assamensis, two M. thibetana, five M. radiata,
and seven M. sinica adult males. One set of M. assamensis

baculum data reported in Fooden (1988) was presumably
from a subadult with significantly smaller dimensions,
and was excluded from the final analysis. To assess the sim-
ilarity in morphometric measurements across species,
matrices of Euclidean distances were calculated, and cluster
analyses performed separately for craniodental (mean val-
ues) and baculum (individual values) measurements. Join-
ing-trees and single-linkage clustering algorithms were
used, and the tree plots were standardised to a percent scale
by expressing the linkage distance between any two cases as
a percent of the maximum linkage distance.

Available data on body mass and relative tail length of
M. munzala (body mass from Sinha et al., 2006; relative tail
length from Sinha et al., 2005) and each of the other four
species (Fooden, 1988) were plotted against the latitudinal
midpoints of their known distributions and examined visu-
ally for monotonic relationships, as predicted by Berg-
mann’s and Allen’s rules, respectively. We also used the
greatest skull length of adult males as a surrogate for body
mass (data on M. munzala from Sinha et al., 2006; on the
other four species from Fooden, 1988), and tested for sig-
nificant monotonic relationships with latitude, again as
predicted by the Bergmann’s rule (James, 1970; Blackburn
et al., 1999), using Pearson’s product-moment correlations.
Similar tests were performed to examine whether relative
tail lengths showed a significant negative monotonic rela-
tionship with latitude, as predicted by Allen’s rule (Allen,
1877, reported in Ray, 1960). Differences in the relation-
ship between the linear sequence and size (centrum lengths)
of the caudal vertebrae of the five species were examined
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graphically. While investigating patterns in body size and
relative tail length along latitudinal gradients, we used both
community-level (individuals of all species pooled together)
and species-level (each species analysed separately)
approaches (Brehm and Fiedler, 2004). All statistical anal-
yses were performed using Statistica 6 (StatSoft Inc., Tulsa,
USA).

3. Results
3.1. Phylogenetic analyses

Interspecific genetic distances for the cytochrome »-D-
loop combined sequences and the TSPY sequence for all
the species of the sinica group of the genus Macaca are
greater than the respective intraspecific distances (Table
2), indicating relatively long-term genetic separation of
the species within this group. The only exception is the
interspecific distance for the TSPY sequence between
M. munzala and M. assamensis. It must be noted, however,
that the genetic variability within the TSPY sequence is
very low (nucleotide diversity per site, Pi = 0.00656), as
compared to that for the mitochondrial cytochrome
b-D-loop sequences (Pi=0.10339). For the combined
mitochondrial sequences, the interspecific distances of
M. munzala from each of the other three species are greater
than that between M. assamensis and M. thibetana (the spe-
cies-pair with lowest average interspecific genetic distance).
The intraspecific distance for M. munzala, in contrast, is
rather small, comparable to those of M. radiata and
M. thibetana, and almost an order of magnitude less than
that of M. assamensis.

All the phylogenetic trees that were constructed with the
cytochrome bh-D-loop combined sequences reveal
M. munzala to be a distinct clade genetically closer to
M. radiata than to M. assamensis or M. thibetana
(Fig. 1a and b). Qualitatively similar tree topologies were
also obtained for cytochrome b sequence data indepen-
dently (data not shown). The distinction of the M. munzala
clade from the M. assamensis—M. thibetana clade is main-
tained for the D-loop sequence data as well, although, in
this case, it appears to be paraphyletic with both the
M. radiata and the M. assamensis—M. thibetana clades
(data not shown). M. munzala and M. radiata display a

Table 2

deep genetic divergence from each other, which possibly
occurred 3.20 million years ago (mya). Both these taxa nev-
ertheless appear to be of fairly recent origin (at 0.48 and
0.17 mya, respectively). In contrast to this, the older
M. assamensis—M. thibetana paraphyletic clade appears to
have originated 3.39 mya, with the nested M. thibetana
clade separating out at 2.20 mya.

The phylogenetic trees constructed with the TSPY
sequence, on the other hand, show M. munzala to be mono-
phyletic with the M. assamensis—M. thibetana clade (Fig. 1c
and d). The principal evolutionary divide in the sinica spe-
cies-group, according to the nuclear DNA analysis,
occurred between the M. munzala—M. assamensis—M. thibe-
tana and the M. radiata—M. sinica clades at 2.66 mya. As
also observed with the mitochondrial DNA analysis, the
M. assamensis—M. thibetana clade is older in its origin
(1.57 mya) than the M. radiata—M. sinica clade (0.98 mya).

3.2. Morphological and anatomical comparisons

Cluster analysis of the baculum measures reveals a clear
pattern separating out a group comprising the three north-
ern species (M. munzala, M. assamensis, and M. thibetana)
from the southern group, including M. radiata of peninsu-
lar India and M. sinica of Sri Lanka. Within the former
group, there is considerable interspersion between
M. thibetana and M. assamensis, while the M. munzala
stands out as the most distant species within this cluster
(Fig. 2a). The pattern seen in the cluster analysis of the
craniodental measures is qualitatively similar to that
obtained with the baculum (Fig. 2b).

Amongst the five species examined, the body mass of the
relatively northern species appears to be greater than those
occurring at lower latitudes, providing support for Berg-
man’s rule (Fig. 3). Furthermore, the community-level
analyses of all species including M. munzala show a signif-
icant increase in greatest skull length (used as a surrogate
for body mass) with latitude (Table 3). In the species-level
analyses (excluding M. munzala), three of the four species
(except M. sinica) again exhibit significant positive rela-
tionships between greatest skull length and latitude as
predicted by the Bergmann’s rule (Table 3). There is also
a significant negative correlation between relative tail
length and latitude in the community-level analysis, thus

Average genetic distances for cytochrome h-D-loop combined sequences (upper section of the matrix) and the TSPY sequence (lower section of the
matrix) between and within the five species of the sinica species-group calculated using the Kimura-2-parameter model

Macaca Macaca Macaca Macaca Macaca Intraspecific distances cytochrome
munzala assamensis thibetana radiata sinica b-D-loop

Macaca munzala 0.109 0.114 0.100 — 0.007

Macaca assamensis 0.000 0.064 0.135 — 0.046

Macaca thibetana 0.002 0.002 0.124 — 0.004

Macaca radiata 0.002 0.003 0.004 — 0.008

Macaca sinica 0.003 0.003 0.005 0.001 —

Intraspecific distances 0.000 0.001 0.000 0.000 0.000

TSPY
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Fig. 1. Phylogenetic relationships among the five species of the sinica species-group revealed by (a) maximum likelihood and (b) Bayesian inference
analyses of the combined cytochrome b-D-loop sequence data, and (c) maximum likelihood and (d) Bayesian inference analyses of the TSPY sequence
data. In all cases, 50% majority rule consensus trees are shown. Numbers next to each node represent bootstrap values (a and c) and posterior probabilities

(b and d). For details of the individuals analysed, see Tables la and 1b, respectively.
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Fig. 2. (a) Cluster analysis (single-linkage Euclidean distances) of baculum measurements (four variables; Sinha et al., 2006) of the M. munzala adult male
specimen, and seven adult M. sinica, five M. radiata, three M. assamensis and two M. thibetana males (obtained from Fooden, 1988). One M. assamensis
individual (A2) was removed from the original analysis because it could have been a subadult given its significantly smaller dimensions (see Section 2). (b)
Cluster analysis (single-linkage Euclidean distances) of skull morphometric measurements of the M. munzala adult male specimen (25 variables; Sinha
et al., 2006) and mean values of measurements for adult males of M. sinica, M. radiata, M. assamensis and M. thibetana (obtained from Pan and Oxnard,

2004).

providing support for Allen’s rule (Table 3 and Fig. 3).
However, in the species-level analysis, the relationship is
significantly negative for M. assamensis and M. sinica but
not for M. thibetana or M. radiata (Table 3). Analysis of
the structure and linear arrangement of the caudal verte-
brae nevertheless showed that both their numbers as well
as their lengths seem to reduce with increasing latitude
(Fig. 4). M. munzala, however, is an exception, which,
although fitting the pattern well in terms of the total num-

ber of vertebrae (intermediate between the immediately
northern M. thibetana and southern M. assamensis), has
relatively longer vertebrae (Fig. 4).

4. Discussion

Macaca munzala has recently been identified as a dis-
tinct species within the sinica species-group of the genus
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Fig. 3. Mean (+SD) body mass (solid line) and relative tail length (dashed
line) of adult male macaques of the sinica species-group plotted against the
latitudinal centre points of the known species distributions. The open
circles and squares represent, from left to right, M. sinica, M. radiata, M.
assamensis and M. thibetana (data derived from Fooden, 1988) while the
closed circle and square represent the body mass and relative tail length
for the single specimen of M. munzala available.

Table 3

Relationship between morphological attributes and latitudinal distribu-
tion among macaque species of the sinica species-group, showing
Pearson’s correlation coefficients between (i) greatest skull length and
latitude, and (ii) relative tail length (ratio of tail length to head and body
length) and latitude for adult males

Species Greatest skull length

0.941 (80)™*

Relative tail length
—0.931 (59)***

All species

Macaca assamensis 0.485 (28)™ —0.646 (16)**
Macaca thibetana 0.534 (18)" —0.177 (08)
Macaca radiata 0.632 (12)*™ 0.520 (12)
Macaca sinica 0.111 (21) —0.684 (21)™*

Significant monotonic and positive relationships in (i) would indicate
agreement with Bergmann’s rule, while significant monotonic and negative
relationships in (ii) would indicate agreement with Allen’s rule. The overall
correlation in the top row represents a community-level analysis for all
species combined including M. munzala, for which sample sizes were
limited. The subsequent rows represent species-level analyses (see Section
2). Data for all species other than M. munzala have been derived from
Fooden (1988). Sample sizes are indicated in parentheses.

* P <0.05.

= P<0.01.
*** P <0.001.

Macaca based on its unique morphology and geographical
distribution (Sinha et al., 2005).

Our molecular genetic analyses of the mitochondrial
DNA sequences confirm this finding by placing it as a dis-
tinct, coherent clade, separate from the M. radiata and M.
assamensis—M. thibetana clades, within the sinica species-
group. The M. munzala clade is also characterised by a
low intraspecific genetic divergence of 0.7%, comparable
to M. radiata and M. thibetana. This, together with the
large interspecific genetic distances between M. munzala
and each of the other species within the group (varying
from 10.0% to 11.4%), thus confirms its identity as a
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Fig. 4. Centrum lengths of the caudal vertebrae of the adult male M.
munzala specimen (closed diamonds) compared with the mean centrum
lengths of the four other species of the sinica species-group (obtained from
Fooden, 1988), plotted against vertebra number. The species from top to
bottom in the legend are ordered according to increasing latitudinal
midpoints of their distribution (see Fig. 3).

distinct species by the genetic species concept as well (Brad-
ley and Baker, 2001). Additionally, these interspecific dis-
tances of M. munzala are also much greater than that of
6.4% between M. assamensis and M. thibetana, which have
long been recognised as distinct species within the sinica
group on the basis of their morphological and anatomical
features (reviewed in Fooden, 1988).

The nuclear TSPY gene tree, on the other hand, places
M. munzala within the M. assamensis—M. thibetana clade.
It, however, fails to resolve the ‘soft’ polytomy between
these three species adequately. This is due to the low nucle-
otide diversity of this sequence, possibly due to low evolu-
tionary rates. This has also been noted in earlier studies of
other macaques (Tosi et al., 2003; Ziegler et al., 2007). Fur-
thermore, TSPY, being a protein-coding gene, is likely to
be under strong selection and thus inappropriate for the
reconstruction of recent phylogenetic relationships. These
results, nevertheless, provide critical insights into the evolu-
tionary origin of M. munzala, which is discussed below.

Based on similarities in morphological characteristics
and ecological distribution (in the Eastern Himalaya and
adjoining areas of south China and southeast Asia)
between M. munzala, M. assamensis, and M. thibetana,
Sinha et al. (2005) had suggested the possibility of close
phylogenetic relationships between these species. Although
this is supported by our analysis of the TSPY gene tree, our
mitochondrial DNA analyses, surprisingly, establish a
much closer relationship of M. munzala with the geograph-
ically and ecologically more distant M. radiata of tropical
peninsular India.

Our morphometric analyses of the M. munzala adult
male specimen and its comparison with the other four spe-
cies also suggest affinities between this species and the
M. assamensis—M. thibetana clade. Although structurally
distinct, both the baculum and the skull of M. munzala



D. Chakraborty et al. | Molecular Phylogenetics and Evolution 44 (2007) 838-849 847

bear greater similarity with those of M. assamensis and M.
thibetana and cluster with them rather than with M. radiata
and M. sinica. The relative tail length of M. munzala is also
comparable to that of M. assamensis. The absolute tail
length of M. assamensis (mean &= SD of 212 4 18 mm,
n=22; Fooden, 1988) is, however, significantly smaller
than that of M. munzala (252 + 17 mm, n=2; Mann-
Whitney U-test, two-tailed, p <0.025). Moreover, the
detailed structural analysis of the caudal vertebrae of these
taxa reveals that the M. munzala vertebrae stand out in
their relatively large size. The caudal vertebral structures
of the five species, in fact, shows that M. munzala, M. rad-
iata and M. sinica are similar to each other in that their
centrum lengths begin to increase from the second vertebra
itself (although they subsequently decrease), while the first
four vertebrae of M. assamensis and M. thibetana are com-
parable to each other in their centrum lengths. This similar-
ity in caudal vertebral structure of M. munzala with that of
M. radiata (and M. sinica), despite differences in their
absolute tail lengths (where M. munzala is closer to
M. assamensis), supports the results from our molecular
phylogenetic analyses of the mitochondrial DNA
sequences that establish the significant genetic divergence
between the M. assamensis—M. thibetana and the M. munzala—
M. radiata—M. sinica clades.

Although this morphological convergence of M. munzala
with the M. assamensis—M. thibetana clade could be
attributable to their common ancestry, as revealed by

the TSPY gene tree, the differences in their caudal struc-
ture suggest that the morphological convergence is more
likely due to similar selective forces in their comparable
ecological environments. These three species have been
reported from subtropical and temperate regions (with
M. assamensis also occurring in some tropical forests),
while M. radiata and M. sinica are largely confined to
the warm tropical areas of peninsular India and Sri
Lanka, respectively.

Morphological patterns within and between closely
related species have been described by Bergmann’s and
Allen’s rules along temperature/latitudinal gradients (see
Meiri and Dayan, 2003 for a review of Bergmann’s rule).
Our analysis reveals a significant latitudinal increase in
body mass and greatest skull length within the sinica spe-
cies-group of macaques, both at the community- and the
species-level, as predicted by the Bergmann’s rule (see Foo-
den, 1988 for a similar species-level regression analysis).
Furthermore, although a decline in relative tail lengths of
these species along a latitudinal gradient, as predicted by
Allen’s rule, was less pronounced (but see Fooden, 1988),
analysis of their caudal vertebral structure and organisa-
tion again suggests a simultaneous decrease in both the
number and size of these vertebrae with increasing latitude.
The only exception in this regard was M. sinica, with cau-
dal vertebrae consistently shorter in length than those of
M. radiata; the origin of this southernmost species thus
possibly involved a further reduction in vertebral length
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Fig. 5. Hypothetical reconstruction of principal stages in evolution and dispersal of the sinica species-group of macaques on the bases of both
palaeontological evidence (Delson, 1980) and molecular phylogeny (this study). The dashed lines represent the tentative male introgression from the proto-
assamensis—thibetana stock into the proto-munzala stock culminating in the modern-day M. munzala. The numbers in parentheses represent the time in
mya. Please note that the different evolutionary stages, being hypothetical entities, cannot be precisely located geographically in the absence of firm

palaeontological evidence.
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from that of the ancestral M. radiata—M. sinica stock.
These patterns thus point to the important role that ecol-
ogy may have played in bringing about the adaptive mor-
phological and anatomical convergence of M. munzala
with the two northern species of this group.

Our genetic analyses permit us to explore the possible
evolutionary origins of M. munzala. The mitochondrial
DNA trees clearly indicate the common ancestry of
M. munzala and M. radiata, while the Y-chromosomal
analysis suggests a much closer evolutionary relationship
between the M. munzala and the M. assamensis—M. thibe-
tana lineages. Lineage sorting is expected to occur more
rapidly for Y-chromosomes than for mitochondrial genes
(Tosti et al., 2003). In our analyses, however, there appears
to have been complete mitochondrial lineage sorting in this
species-group, while the Y-chromosome lineages remain
unresolved. This suggests that male introgression and
hybridization may have played an important role in the
ancestry of M. munzala.

The phylogenetic patterns obtained in our study also
allow us to address models of speciation within the sinica
species-group (Fig. 5). Our results broadly support the evo-
lutionary scenario proposed by Delson (1980) for this
group of macaques based on fossil evidence. In his model,
a long-tailed proto-sinica species arose in or west of pres-
ent-day Myanmar, and moved west and south into penin-
sular India approximately at 1.5-2 million years ago
(mya). Our molecular analysis suggests a date of origin
of ¢. 3.2 (TSPY) to 4.5 (mitochondrial DNA) mya for such
an ancestor. During the westward movement, a branch
possibly emigrated north towards China, differentiating
into a relatively large-bodied, short-tailed form represented
by some of the earlier fossils of Macaca cf. anderssoni
(¢. 3 mya; Delson, 1980) and its present-day descendants,
M. assamensis and M. thibetana.

The ancestral sinica species that moved west might have
colonised northeastern India approximately at 3-4 mya
with a group (the proto-radiata—sinica stock) subsequently
migrating southward into peninsular India. Our mitochon-
drial DNA analysis suggests that the immediate ancestor of
M. munzala diverged from the proto-radiata stock at c.
3.2 mya. The modern-day M. munzala stock seems to have
subsequently originated at c¢. 1.5mya (TSPY analysis)
following male introgression from a proto-assamensis—
thibetana stock, followed by the appearance of the species,
as we know it today, at ¢. 0.48 mya. The present-day
M. munzala also appears to have evolved heavier bodies
and shorter tails in parallel, given its distribution in the
northern latitudes, thus displaying a further morpho-
anatomical convergence with the M. assamensis—M. thibetana
stock that had diverged earlier.

Additionally, the geological history of the river Brah-
maputra indicates it to be a young river with its present con-
figuration taking shape only during the late Pliocene to Early
Pleistocene, at ¢. 1.8 mya (Barman, 1981). It is possible that
the isolated forest refugia associated with Pleistocene gla-
cials may have provided rich opportunity for the introgres-

sion and hybridization, which led to the origin of
M. munzala, to have occurred in this region ( Eudey, 1980;
Jablonski, 1993). Today, the river is considered a geograph-
ical divide between the Indo-Burmese and Indian biogeo-
graphic regions serving as a physical barrier to secondary
contact between the modern-day macaque species.

Finally, the southern branch of the proto-sinica group
may have given rise to M. radiata of southern India and
M. sinica of Sri Lanka, possibly during the Middle Pleisto-
cene (at 2.0-0.1 mya), a time of alternating climatic amelio-
ration and decay when the modern-day populations of
M. thibetana and M. munzala may have also evolved and
occupied their present ranges. Such a scenario is strongly
supported by (i) fossil evidence of ancestral Macaca popu-
lations (Delson, 1980), (ii) the apparently less-derived
penile morphology and cranial hair-flow patterns of
M. assamensis and M. thibetana relative to M. radiata or
M. sinica (Hill and Bernstein, 1969), and (iii) our molecular
clock estimates of the divergence times of these species.
Further phylogenetic analyses with fast-evolving, neutral
autosomal markers would provide a better understanding
of the spatio-temporal aspects of speciation within the sini-
ca species-group of the genus.
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