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INTRODUCTION
The Malay Archipelago region consists of many 
islands which have the richest biodiversity in the 
world (Myers et al., 2000).  It has many features 
that tremendously contribute to evolutionary 

biology studies, particularly the linear island 
geography which provides natural boundaries 
to population ranges and has environmental 
gradients (Maharadatunkamsi et al., 2000).  
Furthermore, the region is one with the gradual 
physical transitions, typified by a decline in 
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ABSTRACT
Myotis muricola is a widespread species covering the Malay Archipelago through the West and East of 
Wallace’s Line.  The genetic analysis, based on partial cytochrome b gene, shows the high genetic variation 
within M. muricola.  The phylogenetic analysis has indicated that M. muricola in the Malay Archipelago are 
monophyletic.  Members of M. muricola Eastern are grouped together independently of M. muricola Western 
and both groups are distantly related.  On the other hand, M. muricola Western and M. muricola Eastern are 
distinct species and sister taxa to M. mystacinus.  Based on the high genetic distance (26.8% to 38.5%) and 
the Genetic Species Concept (Baker & Bradley, 2006), it can be concluded that M. muricola Western and 
M. muricola Eastern should be considered as two distinct species.  Furthermore, two subgroups within M. 
muricola Western, namely Sumatra-Asian and Bornean subgroups, are recognised as distinct subspecies (with 
genetic distance of 5.1% to 10.8%).  The evidence from the molecular data indicated M. muricola Eastern 
as the ancestor of M. muricola species complex in the Malay Archipelago, which had earlier diverged into 
the western region during the Pliocene.  Meanwhile, the geographical conditions during the Pleistocene had 
given more chances for fauna to diversify.  It was predicted that M. muricola diverged in the western part of 
the Malay Archipelago during the Pleistocene when the sea level dropped and produced some landbridges 
among the islands in Sundaland.  The hypothetical dispersal routes of M. muricola are related to the ancient 
Sunda River systems that produced gallery forest corridors for migration and which served as Pleistocene 
refuges during the migration.
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rainfall from the west to east (Oldeman et 
al., 1980), and it has a lot of barriers such as 
sea.  In addition, this archipelago was divided 
by Wallace’s Line into two regions, namely 
the West and East of Wallace’s Line.  In the 
northern part, this line lies between Borneo 
and Sulawesi Islands.  Meanwhile, the Lombok 
Strait represents the Wallace’s Line that divides 
Bali Island as a part of the western region and 
Lombok Island as a part of the eastern region 
in the southern part.  The archipelago has an 
unstable and complicated geological history, 
experiencing marked changes in the recent past, 
and a cline in many environmental variables that 
exists from the west to east, along the archipelago 
which may influence the distribution, habitat 
and genetics of its faunal elements (Mayr, 
1976).  These conditions are associated with 
rapid speciation processes (Whitmore, 1987) 
and promote high genetic variations among the 
species in this region.  Some previous studies 
on bats in this region have revealed that there 
is a strong gradual cline in genetic variations, 
such as Cynopterus nusatenggara (Schmitt et 
al., 1995), Eonycteris spelaea (Hisheh et al., 
1998), Rhinolophus affinis (Maharadatunkamsi 
et al., 2000), two Vespertilionid bats (Hisheh 
et al., 2004), Macroglossinae species (Jayaraj, 
2008) and Malaysian Kerivoula (Faisal, 2008; 
Hasan, 2008).

Myotis muricola is a widespread species 
that is known from Southeast Asia, from 
East India to South China, and Indonesia, as 
well as from Sumatra through the Moluccas 
and the Philippines (Corbet & Hill, 1992; 
Suyanto, 2001; Simmons, 2005; Francis, 
2008).  Taxonomically, based on morphological 
similarities, M. muricola was first described as 
Vespertilio muricola by Hodgson in 1841 (nomen 
nudum), and then by Gray in 1846, with the 
same name.  Meanwhile, Chasen (1940) called 
most Sundanesian specimens as M. m. muricola 
but employed niasensis as a valid subspecies of 
M. muricola for those collected from the Nias 
Island.  Tate (1941), however, suggested that 
all should be referred to as M. mystacinus for 
the specimens from Sumatra, Java, Borneo, 
and allocated niasensis as a subspecies known 

as M. mystacinus niasensis.  Laurie and Hill 
(1954) followed the lead by Tate (1941) in 
employing M. mystacinus but used muricola as 
the sub-specific name for the specimens from the 
Lesser Sunda Islands and by implication from 
much of Sundanesia.  Corbet (1978) suggested 
that M. mystacinus and M. muricola should be 
considered specifically distinct.  According to 
van Strien (1986), there are three sub-species 
of M. muricola in Indonesia, and these are 
M. m. muricola (Sumatra, Sipora, Java, Bali, 
Borneo, Sumba, Sumbawa and Flores), M. m. 
browni (Central Sulawesi) and M. m. niasensis 
(Nias Island).  Recently, the classification by 
Simmons (2005) outlines that M. muricola as 
a distinct species from M. mystacinus.  It is 
important to note that M. mystacinus does not 
extent eastwards into Asia beyond Kazakhtan, 
Syria and Israel.  This taxon has been replaced 
by M. nipalensis which is distributed from Iran, 
Turkey, and Uzbekistan to Nepal, Mongolia, 
Tibet,  NW China and Siberia.  Furthermore, the 
specimen from Vietnam which had originally 
identified as M. mystacinus might represent as M. 
muricola (see Bates et al., 1999).  On the other 
hand, Bates et al. (2005) recorded M. mystacinus 
from Myanmar as the first authenticated one 
for Southeast Asia.  Therefore, comprehensive 
studies on Myotis are very much needed.

The widely distributed species in the Malay 
Archipelago shows a genetic structuring that is 
associated with geography (Hisheh et al., 2004).  
Previous systematic studies on M. muricola 
have been based on morphological characters, 
but the systematic status of this species is still 
unstable and represented as species complex 
(Francis, 2008).  Meanwhile, Faisal (2008) has 
suggested that there are more than one species 
under this name, based on a genetic study.  
Unfortunately, there is no detailed genetic study 
on M. muricola in the Malay Archipelago.  
Only one genetic study of M. muricola has 
been recorded for Kalimantan and the Lesser 
Sunda Islands and this was done by Hisheh et 
al. (2004) using allozymes that showed strong 
associations between genetic and geographical 
parameters and overall greater genetic variability 
as measured by mean island heterozygosities.



Phylogeny and Phylogeography of Myotis muricola

273Pertanika J. Trop. Agric. Sci. Vol. 35 (2) 2012

Over the last two decades, a broad-
based DNA sequence data set has become 
available to examine the biodiversity and 
speciation in mammals (Baker & Bradley, 2006).  
Systematicists began to use DNA sequences 
to study the phylogenetic relationships among 
taxa, whereas population biologists began to 
evaluate phylogeographic patterns in DNA 
sequence variation among individuals within 
a single species (Avise, 2000).  Mitochondrial 
DNA (mtDNA) offers a particularly valuable 
source of markers for the study of closely related 
taxa (Funk & Omland, 2003) because mtDNA 
evolves rapidly in population of higher animals 
and it is usually transmitted maternally without 
intermolecular recombination (Avise, 1998).  
The cytochrome b (cyt b) gene has been used in 
numerous studies of phylogenetic relationships 
within mammals and its sequence variability 

makes it the most useful for the comparison of 
species.  Although Galtier et al. (2009) have 
suggested that mtDNA is perhaps intrinsically 
the worst population genetic and phylogenetic 
molecular marker, the authors agree that this 
particular issue is still under constant debate.  
Therefore, this paper follows some previous 
studies by Ruedi and Mayer (2001), Piagio et al. 
(2002), Kawai et al. (3003), Baker and Bradley 
(2006), Stadelmann et al. (2007), Garcia-Mudara 
et al. (2009), in which cytochrome b is stated as a 
useful marker for molecular study of mammals, 
especially in bats.

Thus, the aim of this study was to 
examine the phylogenetic relationships within 
M. muricola, between M. muricola and M. 
mystacinus and resolve their taxonomic status 
using the partial mitochondrial DNA cytochrome 
b gene sequences.  Furthermore, this study was 

Fig. 1: The localities of the specimens of M. muricola that were examined.  The west of 
Wallace’s Line region is represented by (1) Jambi (2) Krakatau Island (3) Bali Island 

(4) East Kalimantan (5) Southern Sarawak (6) Central Sarawak (7) Northern Sarawak 
(8) Tawau, Sabah (9) Fraser Hill, Pahang.  The sites from the east of Wallace’s Line 

include: (10) Lombok Island (11) Sumbawa Island (12) Sumba Island (13) Flores Island 
(14) Lembata Island (15) Pantar Island (16) Timor Island
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also aimed to reconstruct the phylogeography 
of M. muricola species complex in the Malay 
Archipelago, based on their genetic analyses.

MATERIALS AND METHODS

Study Area
The study area covered the localities from 
many islands that represented the two different 
regions, namely, the West and East of Wallace’s 
Line.  This study area was divided politically 
into two countries, with a bigger part of these 
sampling sites being from Indonesia and the 
remaining sites were chosen from Malaysia.  
These sampling sites were chosen based on 
the distributions of M. muricola in the Malay 
Archipelago.  Representative samples from 
throughout the geographic range, including 
small islands, were needed to examine the 
genetic variations of the populations as well as 
the biogeography of M. muricola.  Generally, 
this study was based on the available museum 
collections.  However, some fieldworks were 
also conducted to cover the geographic range 
of this particular species.  The sampling sites of 
this study are shown in Fig. 1.

DNA Samples and Other Sequence Resources
Genetic materials (liver and tissue) of M. 
muricola were taken from the specimen 
collections in Museum Zoologicum Bogoriense 
(MZB), Museum Zoological Universiti Malaysia 
Sarawak (MZU) and additional fieldwork 
to acquire the fresh samples in Sarawak and 
Peninsular Malaysia (Table 1).  All of the 
specimens from the museum and fieldwork 
were re-identified.  The identification of the 
specimens were according to the identification 
key by Corbet and Hill (1992), Suyanto (2001), 
Yasuma et al. (2003) and Francis (2008).  In 
particular, M. muricola was classified into the 
sub-genus Selysius which differed from the 
other sub-genus by having small feet (including 
claw < ½ of the tibia length) with the wing 
membrane that usually is attached at the base 
of the toes (Corbet & Hill, 1992; Yasuma et al., 
2003).  Furthermore, M. muricola differs from 

the other species within the subgenus Selysius 
by having upper part brown to grey with dark 
bases, under parts with dark bases, and light 
brown tips.  Ears are moderately long, tragus 
slender, bent forwards and bluntly pointed.  The 
feet are small with wing membranes attached at 
the base of the toes (Francis, 2008).  The length 
of the forearm ranges from 30-37 mm with 
three pairs of premolar.  Braincase is flatter, 
and it is not rising abruptly from the rostrum.  
The condylobasal length is 12.7-13.1 mm and 
condylocanine length is 11.2-12.6 mm.  The 
second upper premolar is small, rarely very 
small, and is usually in row or slightly intruded.  
Meanwhile, the second lower premolar is 
usually in row, and it is sometimes slightly 
intruded (Corbet & Hill, 1992; Suyanto, 2001; 
Yasuma et al., 2003).  Unfortunately, a lot of 
specimens from the collections of MZB were 
unsuccessfully extracted for DNA because they 
were preserved in formalin as the preservative 
chemical when these samples were collected 
during the fieldwork, although they were then 
transferred into ethanol in the museum.  The 
DNA was already degraded by this chemical.  If 
the DNA was still in the tissue and it was more 
a matter of getting it out than it being chopped 
up (White & Densmore, 1992).  However, only 
eight samples of M. muricola which had been 
contaminated by formalin were successfully 
extracted.  Some sequences from the previous 
studies were included in this study, and these 
included several sequences of M. mystacinus 
to construct the relationships among the M. 
muricola populations.  All of these additional 
sequences were taken from GenBank (Table 2).

DNA Extraction
Total DNA was extracted using the CTAB (cetyl-
tri-methyl ammonium bromide) protocol (Ducroz 
et al., 1998; Lecompte et al., 2005).  700 µl 2X 
CTAB buffer and 8 mg of proteinase K were 
added into the 1 cubic millimetre minced tissue 
samples to denature the proteins to eliminate the 
proteins which could affect the DNA product 
(Di Mito & Betschart, 1998).  Then, 700 μl of 
chloroform-isoamyl alcohol was added to inhibit 
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Fig. 2: Saturation plots (the total number of substitution both in the transition and 
tranversion versus the total amount of uncorrected sequence divergence) calculated 

using the Kimura two-parameter model (Kimura, 1980)

TABLE 2 
Additional mtDNA cytochrome b sequences from the GenBank

Species Locality Abbr.
GenBank

 Authors Accession No.

M. muricola A Asia 
mainland

Mm A Tsytsulina et al. (2004) AY665143

M. muricola B Asia 
mainland

Mm B Tsytsulina et al. (2004) AY665144

M. muricola C Bam Keng 
Bit, Laos

Mm C Stadelmann et al. (2004) AJ841957

M. muricola browni Mindanau, 
Philippines

Mm browni Ruedi and Mayer (2001) AF376589

M. mystacinus A Europe Mmt A Ibanez et al. (2006) DQ120879

M. mystacinus B Europe Mmt B Ibanez et al. (2006) DQ120880

M. mystacinus C Europe Mmt C Ibanez et al. (2006) DQ120881

M. mystacinus D Morocco Mmt D Garcia-Mudarra et al. (2009) EU360642

M. mystacinus E Morocco Mmt E Garcia-Mudarra et al. (2009) EU360643
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the lysis process, which was done by proteinase 
K, while incubating in a water bath at 60°C for 
1-3 hours.  After centrifugation at 13000 rpm 
for 10 minutes, 500-550 µl of the upper aqueous 
layer containing DNA was transferred into a 
1.5 ml fresh microcentrifuge tube.  Absolute 
ethanol of the same amount was also added.  
The absolute ethanol was used to precipitate the 
DNA product and avoid interference by other 
products (Gari et al., 2006).  After the second 
centrifugation, the supernatant was removed into 
a new tube with 600 µl cold 70% ethanol and 25 
µl 3M NaCl.  Following the third centrifugation, 
the excess ethanol was discarded and the pellet 
was air-dried.  Finally, the DNA was resuspended 
in 30 µl of double distilled water (ddH2O).  The 
extracted DNA samples were kept at -80 ºC in a 
freezer for later use.

Amplification and Sequencing
25 µl of reaction volume was used for the PCR 
amplification.  This volume included 1 µl of 
DNA extract, 1.2 µl of each primer pair (10 
mM Glud-GL and 10 mM CB2H), 1.5 µl of 25 
mM MgCl2, 0.5 µl of 10 mM dNTPs, and 0.5 
µl of Taq DNA polymerase with appropriate 
buffer and ddH2O to volume.  Meanwhile, the 
thermal profiles of amplifications started with 
three minutes of denaturation at 93oC, followed 
by 30 cycles at 93oC (1 min), 47.2oC (1 min 15 
s) and 72oC (2 min), with a final extension at 
72oC (5 min).  To amplify the partial cytochrome 
b gene, the primers used were GludG-L, 
(5’-TGACCTGAARAACCAYCGTTG-3’) 
and CB2H (5’-CCCTCAGAATGATATTTG 
TCCTCA-3’) (Palumbi et al., 1991).  The 
purification of the PCR product was carried out 
using the Promega Purification Kit, following the 
protocol provided by the manufacturer (Wizard® 
Genomic DNA Purification Kit-Instruction for 
use of product).  The purified PCR products 
were sequenced by a private laboratory (1st Base, 
Selangor, Malaysia) using the ABI 3730 Genetic 
Analyzer.

Phylogenetic Analysis
CHROMAS version 1.45 (MacCarthy, 1996) 
was used to display the fluorescence nucleotide 
bases of the DNA sequence for the analysis.  
Multiple sequence alignments were done by 
using CLUSTAL X version 1.81 programme 
(Thompson et al., 1997) and subsequently 
aligned by eye.  Molecular Evolutionary 
Genetics Analysis (MEGA version 3) (Kumar 
et al., 2004) was used to perform the analysis of 
base frequencies and distance matrix.  Genetic 
divergence (Saitou & Nei, 1987) analysis was 
carried out using Kimura two-parameter model 
(Kimura, 1980).  Meanwhile, the sequence 
saturation analysis was done using DAMBE 
version 5.0.7 (Xia & Xie, 2001) by plotting the 
total number of substitutions against the total 
amount of uncorrected sequence divergence 
which was calculated using Kimura’s two-
parameter model (Kimura, 1980).

Phylogenetic relationship was constructed 
using four methods; namely, neighbour-joining 
(NJ), maximum parsimony (MP), maximum 
likelihood (ML) and Bayesian inference.  The NJ 
method was implemented using the Kimura two-
parameter as the model of evolution (Kimura, 
1980), whereas, the weighted MP analysis was 
done using full heuristic searches, tree-bisection-
recognition (TBR) branch-swapping and random 
stepwise addition.  ML inference applied the 
best-fit maximum likelihood model of sequence 
evolution using the Akaike information criterion 
(AIC) in Modeltest 3.7 (Posada & Crandall, 
1998).  NJ, MP and ML implemented in 
the Phylogenetic Analysis Using Parsimony 
(PAUP*) Version 4.0b4 (Swofford, 1998) and 
the pylogenetic confidence was estimated by 
bootstrapping (Felsenstien, 1985), with 1000 
replicate data sets for the NJ and MP methods, 
except for the ML method with 100 replicate 
data sets.  Furthermore, the Bayesian inference 
implemented in MRBAYES 3.0b4 (Ronquist 
& Huelsenbeck, 2003) was used to estimate 
a phylogeny by applying different models 
of molecular evolution for each partition of 
the molecular data, based on the substitution 
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Fig. 3: Neighbour-joining (NJ) tree showing the relationships between M. muricola 
vs. M. mystacinus and between the groups and sub-groups within the M. muricola 
populations based on the partial cytochrome b mtDNA and calculated using the 

Kimura two-parameter model of evolution (Kimura, 1980).  The values on the branches 
represent NJ bootstrap values, based on 1000 replicates.  Only the bootstrap values 

>50% are shown.  Meanwhile, species abbreviations are given in Tables 1 and 2

Fig. 4: The weighted and rooted Maximum parsimony (MP) tree showing the 
relationships between M. muricola vs. M. mystacinus and between the groups and sub-
groups within M. muricola populations based on the partial cytochrome b mtDNA.  The 
values on the branches represent MP bootstrap values, based on 1000 replicates.  Only 
bootstrap values >50% are shown. Species abbreviations are given in Tables 1 and 2
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model and phylogenetic parameters identified 
as optimal by AIC criterion in Modeltest 
3.7 (Posada & Crandall, 1998).  The time of 
divergence of bats in this study was estimated 
following (Irwin et al., 1991) the evolutionary 
rate of cytochrome b gene as 0.2% substitution 
per million years (Myr) and was calculated based 
on the Kimura two-parameter distance matrix 
implemented in MEGA version 3 (see above).

RESULTS

Sequences Analysis
A total of 32 partial sequences of 412 bp each 
of cytochrome b were obtained and used in 
the phylogenetic analysis of this study.  These 
sequences consisted of 26 sequences of M. 
muricola, five sequences of M. mystacinus and 
one sequence of M. horsfieldii as an out-group.  
The average of the nucleotide composition 
was T (31.0%), A (28.5%), C (24.4%) and G 
(16.1%).  According to Briolay et al. (1998) 
and Bastian et al. (2001), the composition of 
nucleotide showing the anti-G bias is one of the 
characteristics of mitochondrial DNA.  From 
412 bp sequences, 200 (48.5%) were variable 
sites and 152 (76%) were parsimoniously 
informative sites.  Among 31 sequences of M. 
muricola and M. mystacinus, 29 haplotypes 
were identified and 27 were regarded as unique, 
while two others shared haplotypes within each 
group; namely, haplotype 1 (Mm Jambi1SM and 

Mm Jambi3SM) and haplotype 18 (Mmt B and 
Mmt E).  Nonetheless, no haplotype was shared 
among the groups.

Saturation plots (Fig. 2) revealed a high 
degree of saturation in the third position 
codon.  This was indicated by the fitted curves 
for transversion having reached the same 
level as transition.  Therefore, the maximum 
parsimony trees were generated by characters-
weighting strategy (with all the characters 
equally weighted).  Furthermore, the maximum 
likelihood and Bayesian inferences applied the 
best-fit model of sequence evolution from within 
the range of models evaluated by script MrAIC 
(Nylander, 2004) using the Akaike information 
criterion (AIC).  The models that partitioned 
the rates of change by codon positions were 
best to account for the sequence characteristics 
that obscured phylogenetic signal, such as 
the saturation in substitutions and significant 
differences in base composition.  These models 
also ameliorated (but did not entirely avoid) 
the impact of taxon sampling on phylogeny 
reconstruction (Davalos & Perkins, 2008).  
Based on the AIC, by using Modeltest 3.7 
(Posada & Crandall, 1998), the best-fit model 
K81uf+G (Kimura, 1981) was applied for the 
maximum likelihood and Bayesian inferences 
in this study.

The average pairwise distance (Table 
3) was calculated using the Kimura two-
parameter model (Kimura, 1980).  The pairwise 

TABLE 3 
Average pairwise genetic distance matrix between the groups and sub-groups calculated 

using the Kimura two-parameter model (Kimura, 1980)

 M. muricola 
Western

M. muricola 
Eastern M. mystacinus Sumatra-Asian

Major group

   M. muricola Western -

   M. muricola Eastern 0.315 -

   M. mystacinus 0.171 0.26 -

Sub-group

   Sumatra-Asian - 0.311 0.168 -

   Bornean - 0.318 0.175 0.072
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comparisons among all the sequences (including 
the out-group) ranged from 0% to 39.9%.  In 
this study, no sequence from Java Island was 
available.  Generally, all the sequences of M. 
muricola formed two major groups, with the 
Western group named as M. muricola Western 
consisting of the sequences from Sumatra, 
Peninsular Malaysia, the Asian mainland 
(AY665143, AY665144 and AJ841957) and the 
Philippines with an average genetic distance 
of 8% (ranging from 0% to 21% in differences 

within this group).  The second group, referred 
to as M. muricola Eastern, was formed by the 
sequences from Krakatau, Bali, Lombok, Sumba, 
Sumbawa, Flores, Lembata and Pantar, with an 
average genetic distance of 9.5% (ranging from 
1% to 16.4%).  Within M. mystacinus, on the 
other hand, the average genetic distance was 
1.5% (ranging from 0% to 3.5%).

The average genetic distance between 
M. mystacinus and M. muricola was 17.1%, 
(ranging from 13.9% to 19.7%, with M. muricola 

Fig.5: The maximum likelihood (ML) tree showing the relationships between M. 
muricola vs. M. mystacinus and between the groups and the sub-groups within M. 
muricola populations based on the partial cytochrome b mtDNA.  The maximum 

likelihood inference applied the best-fit model of sequence evolution, K81uf+G from 
the Akaike information criterion (AIC) using Modeltest 3.7 (Posada & Crandall, 1998).  

The values on the branches represent ML bootstrap values, based on 100 replicates.  
Only the bootstrap values >50% are shown.  Species abbreviations are given in Tables 

1 and 2
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Western) and 26% (ranging from 23.2% to 
30.9%, with M. muricola Eastern).  Within 
M. muricola, among the Western and Eastern, 
showed a high average genetic distance of 31.5% 
ranging from 26.8% to 38.5%.  Furthermore, 
within M. muricola Western, the specimens from 
Sumatra, Peninsular Malaysia and mainland Asia 
formed one sub-group (namely Sumatra-Asian 
subgroup), whereas the specimens from Borneo 
became one group (namely Bornean subgroup).  
The average genetic distance between these two 
sub-groups is 7.2%, which ranged from 5.1% 
to 10.8%.

Phylogenetic Analysis
The phylogenetic trees were constructed using 
NJ, MP, ML and Bayesian inferences, as 
illustrated in Fig. 3, 4, 5 and 6, respectively.  
The maximum parsimony basal clade of the 
phylogeny was M. muricola Eastern, which 
consisted of M. muricola from Lesser Sunda 
(Bali, Lombok, Sumba, Sumbawa, Pantar, 
Lembata and Flores) and Krakatau.  This 
particular group diverged from the other two 
groups around 5.2 Mya.  The separation of this 
group was supported by low bootstrap value in 
MP, ML and Bayesian (61% for MP, 59% for ML 
and 57% for Bayesian), but a higher bootstrap 
value in NJ (91%).

M. muricola Western, which consisted of the 
sequences from Sumatra, Peninsular Malaysia, 
Asian mainland, Borneo and Philippines, is a 
sister species to the M. mystacinus group and 
it diverged around 3.4 Mya.  The relationship 
between these groups is supported with high 
bootstrap values (100% in all the analyses).

M. muricola Western consisting of the two 
big sub-groups was fully resolved by using 
the NJ, MP, ML and Bayesian methods.  The 
branching topology between the two sub-groups 
was supported by high bootstrap values (100% 
for NJ, MP, Bayesian and 99% for ML).  The 
Sumatra-Asian sub-group was formed by the 
sequences from Sumatra, Peninsular Malaysia 
and two sequences from the Asian mainland 
(AY661543 and AY661544).  On the other 
hand, the Bornean sub-group consisted of the 

sequences from the Borneo Island (Sarawak, 
Sabah and Kalimantan).  It is important to note 
that the separation of these sub-groups was 
estimated to be around 1.44 Mya.

DISCUSSION
Three major groups were resolved in all of 
the phylogenetic tree analyses, and based on 
NJ, MP, ML and Bayesian, the M. muricola 
species formed in the Malay Archipelago are 
reciprocally monophyletic.  At the basal of the 
phylogenies is M. muricola Eastern, which 
consists of M. muricola from Lesser Sunda, 
which is thus hypothesised as the ancestor of M. 
muricola in the Malay Archipelago.  Members of 
M. muricola Eastern are clustered independently 
of M. muricola Western and both the groups 
are distantly related.  On the other hand, all the 
phylogenies also showed the sister relationship 
of M. muricola Western and M. mystacinus.

Phylogenetic Relationship of M. muricola and 
the Taxonomic Implications
Based on the phylogenetic trees, the relationship 
between M. muricola and M. mystacinus 
was fully resolved and supported with high 
bootstrap value (100% for all the methods) 
and M. muricola Western is a sister species of 
M. mystacinus.  Furthermore, M. mystacinus 
also shows a high genetic distance from M. 
muricola.  The average genetic distance between 
M. mystacinus and M. muricola was found to be 
17% (with M. muricola Western) and 26% (with 
M. muricola Eastern).  According to Bradley 
and Baker (2006), and based on the variation in 
the mitochondrial DNA cytochrome b gene, the 
genetic values higher than 11% indicate species 
recognition.  Therefore, there is genetically no 
doubt to recognise the taxonomic status of M. 
muricola in the Malay Archipelago as a distinct 
species from M. mystacinus.

Phylogenetic analysis revealed that M. 
muricola, which is widely distributed in the 
Malay Archipelago, consists of two major 
groups (namely, M. muricola Western and 
M. muricola Eastern), with a high genetic 
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distance between them.  The average genetic 
distance between the two groups was 31.5%, 
and this ranged from 26.8% to 38.5% in the 
differences, suggesting species recognition.  
Within M. muricola Western, the population 
from Borneo was classified into a different 

sub-group and separated from M. muricola 
in Sumatra, Peninsular Malaysia and Asia 
mainland.  The average genetic distance between 
the Bornean and Sumatra-Asian sub-groups was 
7.2%, i.e. ranging from 5.1% to 10.8%.  Based 
on these data, the two subgroups are genetically 

Fig. 6: The Bayesian phylogram showing the relationships between M. muricola vs. M. 
mystacinus and between the groups and sub-groups within M. muricola populations 
based on the partial cytochrome b mtDNA as implemented in MR BAYES 3.0b4.  The 

values on the branches represent Bayesian bootstrap values.  Only the bootstrap values 
>50% are shown.  Species abbreviations are as in Tables 1 and 2
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recognised as different subspecies (Bradley 
& Baker, 2006).  These genetic data become 
the evidence that the taxonomic status of this 
species must be resolved.  Some new species 
and sub-species have also been recognised under 
M. muricola.

The Distribution Pattern of M. muricola in 
the Malay Archipelago and the Implication of 
Wallace’s Line as a Barrier
On the basis of genetic, the populations from 
the larger islands of Greater Sunda (Sumatra 
and Borneo) and from Peninsular Malaysia 
formed one group, i.e. M. muricola Western.  
It is generally distinct from the islands in 
Lesser Sunda (Bali, Lombok, Lembata, Pantar, 
Flores, Sumba and Sumbawa).  Meanwhile, the 

populations from Lesser Sunda, in combination 
with Krakatau, were clustered into one group, i.e. 
M. muricola Eastern.  The phylogenetic analysis 
revealed that the two haplotypes from Bali and 
Krakatau were not clustered into M. muricola 
Western but into M. muricola Eastern instead.  
Geographically, the two localities are located on 
the west of the Wallace’s Line region which is 
separated by the narrow Lombok Strait (about 
23 km wide) as a barrier from the other islands 
in the east of the Wallace’s Line region.

M. muricola Eastern had occurred during the 
Miocene (before early Pliocene) some 5.2 Mya.  
The drop in the sea level, however, had not only 
occurred over the last 2 Mya of the Earth history; 
the transitions from the early to middle Miocene 
and from the middle to the late Miocene were 
marked by the relatively low sea levels (Haq et 

Fig. 7: A chronogram showing the estimated time of the divergence of M. muricola 
and M. mystacinus obtained from the partial cytochrome b gene.  Ages were inferred 

from the average genetic distance (Irwin et al., 1991) calculated using the Kimura 
two-parameter model (Kimura, 1980), implemented in MEGA version 3 (Kumar et 
al., 2004).  The Bayesian phylogram is used to show the relationships among these 

populations
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al., 1993), and this condition gave more chances 
for bats with their flight ability to cross the sea 
barrier, including Lombok Strait.  The previous 
study on Cynopterus titthaecheilus showed 
little genetic differentiation between the bat 
populations in West Java (west of the Wallace’s 
Line) and Lombok (east of the Wallace’s Line) 
(Kitchener & Maharadatunkamsi, 1991).  In 
addition, Kitchener and Maharadatunkamsi 
(1991) also noted that the water gap, such as 
those found between Bali and Lombok islands, 
did not pose a significant barrier to gene flow in 
other closely related Cynopterus species.  Based 
on these data, this study has also indicated that 
the drop in the sea level during the Miocene 
(Haq et al., 1993), as well as in the Lombok 
Strait, gave the possibility of gene flow within 
M. muricola Eastern, including those from the 
populations in Krakatau and Bali islands to the 
other populations in Lesser Sunda.

Sumatra, Borneo and Peninsular Malaysia 
are an expansion of the Asian continent and 
these places were connected to each other 
several times during the Pleistocene period when 
glaciations lowered the sea level (Heaney, 1991).  
Based on this genetic study, the samples of M. 
muricola from these islands were grouped into 
M. muricola Western.  All the phylogenetic trees 
revealed that this particular group consisted of 
two sub-groups, namely, the Sumatra-Asian 
sub-group (Sumatra, Peninsular Malaysia and 
Asia mainland) and the Bornean sub-group (from 
Borneo only), which were supported with high 
bootstraps value (100% for NJ, MP, Bayesian 
and 99% for ML).  The separation of the two 
sub-groups occurred during the Pleistocene, 
some 1.44 Mya.  After the Pleistocene, these 
islands were separated by the Sea of Java and 
the populations inside these islands were isolated 
from one to the other island.  This isolated 
population eventually appeared as a sister-
group to all the other species in that particular 
group because any new mutation appearing 
outside the island did not reach the isolate and 
only the plesiomorphic characters were shared 
with the other areas (Ruedi & Fumagali, 1996).  
Meanwhile, the separation between the two sub-

groups within M. muricola Western indicated 
allopatric speciation.

On the other hand, M. muricola Eastern has 
the higher genetic variation compared to the M. 
muricola Western.  Based on the phylogenetic 
trees, members of this particular group did 
not form one cluster (clade) and thus had high 
genetic distances ranging from 1% to 16.4% in 
the difference.  M. muricola Eastern consists 
of many islands from Lesser Sunda that were 
isolated from one another by sea or straits.  
Furthermore, the minimum contemporary 
sea crossing between the islands within the 
Eastern group ranged from four kilometres 
(between Flores and Lembata) to 117 kilometres 
(between Bali and Timor) (Hisheh et al., 2004).  
This condition might have led to the genetic 
differentiation among the populations within 
this group.

The Origin and Dating of the Diversification 
of M. muricola
The molecular analyses provide evidence 
on how the biogeography of M. muricola 
populations in the Malay Archipelago relates 
to their differentiation and diversification, and 
the relative timing of these events.  Meanwhile, 
the genetic analyses support the monophyly 
of M. muricola and indicate that the common 
ancestor of this particular species in the Malay 
Archipelago is the population in the Lesser 
Sunda region, i.e. M. muricola Eastern.  The 
position of this group, M. muricola Eastern, at 
the basal clade had started during the Miocene 
and it began to disperse to the western part of 
the Malay Archipelago during the Pliocene, 
some 5.2 Mya (Fig. 7).  Although the sample 
from Krakatau Island was grouped into the 
Eastern group, it gave raise to the question in 
this study and became anomalous.  According 
to Tidemann et al. (1990), after the cataclysmic 
eruption of 1883, the first bat colonisation found 
on this island some 20-30 years later was by 
Pteropodids.  However, the Microchiropteran 
had more recent arrivals, probably during 
recolonising Rakata, i.e. between 50 and 70 
years after the eruption.  It is predicted that M. 
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muricola from this island are not the ancestor of 
M. muricola in the Malay Archipelago.

Ruedi and Mayer (2001) considered 
the extent to which paleontological and 
molecular data could be combined to infer 
the biogeographic patterns of evolution.  The 
most recent interpretation of the fossil record 
supports a late Oligocene origin of the genus 
Myotis in Eurasia (Horacek, 2001), and the 
early appearance of the genus was followed in 
the early Miocene by burst of diversification, as 
indicated by the various fossils of Myotis found 
in Europe (Czaplewski, 1991).  The evidence 
of Myotis fossils in Asia is fragmentary and 
more recent (late Pliocene/early Pleistocene), 
and based on the geographical reconstruction 
by Teeling et al. (2005), it was suggested that 
the bats originated from the Laurasian land 
masses which were possibly in North America 
during the early Paleocene.  Nonetheless, the 
results from this study showed that the common 
ancestor of M. muricola was from Lesser Sunda 
Island in the Southeast Asia region, and this took 
place before the Pliocene.  Thus, it is proposed 
that the findings of this study support the 
Gondwanan origin for the bats with the fossil of 
Australonycteris from Southeastern Queensland, 
as the evidence suggested that modern bats 
might have originated from an isolated group of 
archaic bats in the Southern Hemisphere (Hand, 
1994) during the early Eocene.  On the other 
hand, the geological history has also revealed 
that the animals could have reached the Malay 
Archipelago from Gondwanaland via Australia 
during the Miocene (Whitmore, 1981).

M. muricola Eastern diverged to the western 
part of the Malay Archipelago during the late 
Miocene to Pliocene, some 5.2 Mya.  Cooling 
and aridification of habitats that occurred during 
the late Miocene (Cerling et al., 1997) could 
have triggered the early diversification of bats.  
In the late Pliocene (some 3.4 Mya), M. muricola 
Eastern diverged into M. muricola Western.  
The genetic variations have proven that M. 
muricola Western is distinct from the common 

ancestor (i.e. M. muricola Eastern) and should 
be considered as a different species.  During 
the Pleistocene (some 1.4 Mya), M. muricola 
Western was differentiated into two sub-groups, 
namely, the Sumatra-Asian and the Bornean 
sub-groups.  During the glacial maximum, 
i.e. when the sea level was lowered to 120 m 
below that of the present, all the land areas of 
Sundaland were connected into one large land 
mass (Verstappen, 1975; Voris, 2000; Bird et al., 
2005).  At that time, many species could freely 
move through the moist ancient river systems 
that provided forest corridors in Sundaland, 
Sumatra, Peninsular Malaysia, Java and Borneo 
(Heaney, 1985; Voris, 2000).

Surprisingly, the present genetic study has 
suggested the sister relationship between M. 
muricola Western and M. mystacinus.  Some 
of the previous studies have recorded that M. 
mystacinus is distributed from Europe through 
Nepal and India (Corbet & Hill, 1982; Francis, 
2008), whereas Simmons (2005) noted that this 
particular species was distributed in Ireland and 
Scandinavia to Russia and the Ural Moutains, 
Kazakhstan, south of Syria, Israel, and Morocco, 
but not in Southeast Asia.  On the other hand, 
the recent record of this particular species in 
Myanmar by Bates et al. (2005) is the first 
authenticated record from Southeast Asia.  This 
study has indicated that M. mystacinus is also 
distributed in the Western part of the Malay 
Archipelago and this is sympatric with M. 
muricola Western.

These results provide the evidence for the 
evolution in M. muricola, including the origin 
and time of divergence.  Meanwhile, a careful 
combination of climatic, fossil and genetic 
evidence can provide a much clearer picture of 
the evolution (Hewitt, 2000).  However, the lack 
of samples is the limitation to further analysis.  
Moreover, complete molecular data sets and 
fossil data are needed for higher level analysis 
of the evolution of M. muricola to confirm the 
findings of this study.
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Hypothetical Route of the Diversification 
and Distribution of M. muricola in the Malay 
Archipelago
The hypothetical route of colonisation and the 
diversification of M. muricola started from the 
common early ancestor in Lesser Sunda (Fig. 8).  
Based on the phylogenetic analysis, M. muricola 
Eastern at the basal clade has been predicted 
as the common ancestor of M. muricola in the 
Malay Archipelago, which later diverged into 
the western part of this region during the late 
Miocene to the early Pliocene.  The origin of the 
ancestor was predicted to be either in Lombok or 
Lembata Island.  The drop in the sea level at that 
time gave a chance to disperse from this origin 
to the western part of the Malay Archipelago.

Lesser Sunda was formed by the plate 
collision between Southeast Asia and Australia 
about 15 Mya (Hutchison, 1989).  The habitat 
in the eastern part of Lesser Sunda was more 
arid than its western neighbour and it became 
unsuitable for some species to live in or survive 
(Mayr, 1944; Earl of Cranbrook, 2009).  At that 
time, M. muricola Eastern migrated westward 
and reached the Java Island.  Otherwise, the other 
evidence of the pigmy stegodonts (Stegodon 
sompeonis) from Java showed that this particular 
species had migrated from Laurasia to the 
Gondwanaland margin in Timor by walking on 
dry land along the volcanic island arch of Flores-
Wetar (Audley-Charles, 1981).  This evidence 
gave rise to the possibility of M. muricola 
Eastern, with flight ability for island hopping to 
reach Java Island through the opposite migration 
route of the pigmy stegodont.

Close to the Pleistocene (some 1.4 Mya), 
M. muricola colonised and diversified in 
Sumatra and continued into Peninsular Malaysia 
and Borneo.  The estimation showed that the 
Pliocene-Pleistocene epoch was the period when 
the M. muricola species complex in Sundaland 
might have diversified.  During the Pleistocene 
epoch, it was also observed that M. muricola 
divergence is similar to the diversification of 
the Kerivoula species in Sundaland (Faisal, 
2008).  The result of this study is also in a good 
agreement with the finding on other taxa by Inger 

and Voris (2001) who reported that the cladogenic 
speciation of frogs and snakes occurred in 
Sundaland over 1 Mya.  The lowering of the sea 
level during the Pleistocene produced a number 
of land bridges.  Sumatra, Java and Borneo were 
intermittently connected by the exposed Sunda 
Shelf.  Some ancient river systems at that time 
served as the routes for migration (Voris, 2000; 
Bird et al., 2005; Earl of Cranbrook, 2009), and 
possibly as the Pleistocene refuges of fauna as 
well.  M. muricola diverged from Java to the 
Asian mainland through the Sumatra Island.  
Java was connected to Sumatra when the sea 
level dropped 50 m below the present sea level 
(Bird et al., 2005).  From Sumatra, M. muricola 
species complex diverged to Peninsular Malaysia 
through the Malacca Strait River System that 
connected these two localities.  On the other 
hand, M. muricola in Borneo was suggested to 
have been migrated from Java through the two 
routes.  Firstly, from Java, this species diverged 
into Sumatra and then reached Borneo through 
the North Sunda River System (Voris, 2000) 
via Bangka, Belitung and Karimata islands.  
The second route was through the East Sunda 
River System (Voris, 2000) which connected 
the northern coast of Java Island to the south 
coast of Borneo.

Meanwhile, the zoogeographic evidence 
suggested that at the Pliocene and early 
Pleistocene, there was a land bridge connecting 
the Philippines to Borneo (Heaney, 1985).  This 
study speculated that this land bridge would be 
the probable route for M. muricola to colonise 
the Philippines, and thereafter, the population 
became isolated and adapted to the new habitat 
resulting it to diverge into M. muricola browni.

The geological history and the condition 
of the ecosystem are among the factors 
influencing the distribution patterns, as well as 
the morphological and genetic variations of the 
widespread species (Mayr, 1976).  There was an 
increase in the climatic oscillations during the 
Pleistocene in all parts of the world, and thus, it 
was necessary to colonise, adapt or go extinct; 
the present lineages had the ability and luck 
to survive such environmental shifts (Hewitt, 
2000).  During the Pleistocene, Java Island was 
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divided into two vegetation types.  East Java had 
more open vegetation type compared to West 
Java which was dominated by savanna (Bird et 
al., 2005).  Based on these data, it was speculated 
in this study that some populations of M. 
muricola in East Java had moved and colonised 
westwards, while the remaining populations 
adapted to these conditions.

The Bornean M. muricola  subgroup 
diverged into two populations, namely, Central 
and Northwestern Borneo and Northeastern 
Borneo during the Pleistocene (Fig. 5.1 and 
5.2).  From this evidence, it was speculated that 
the habitat conditions at that time influenced the 
genetic variations within the Bornean sub-group.  
Among other, Meijard (2003) suggested that the 
north-western part of Borneo remained forested 
even during the last glacial period which could 
be suitable sites as Pleistocene refugia for fauna.  
Earl of Cranbrook (2000) postulated several 
areas as the probable Pleistocene refuges for 
the fauna in Northern Borneo, whereas Eastern 
Borneo was covered with open vegetation types 
like tree savanna or open deciduous forest 
(Meijard, 2003).

During the post Pleistocene geographical 
conditions, the present sea level gave raise to 
a lot of physical barriers for the fauna to easily 
migrate to the other islands.  Moreover, there 
were no land bridges connecting the islands 
within the Sundaland region and within Lesser 
Sunda Islands.  Thus, it was suggested that the 
barrier had caused geographical and reproductive 
isolations as well as gene flow obstacles that 
further led to allopatric speciation.  Therefore, 
the recent study recorded the morphological and 
genetic variations of the recent populations of M. 
muricola that are related to the biogeography of 
this particular species in the Malay Archipelago.

CONCLUSION
Through the genetic analysis, M. muricola in 
the Malay Archipelago has been found to have 
high biogeographical variations and represent 
a species complex.  Some new species and 
sub-species have been identified as well.  

Therefore, M. muricola Western and M. muricola 
Eastern should be recognised as two distinct 
species.  Furthermore, the Sumatra-Asian and 
the Bornean sub-groups represent two different 
subspecies.  In particular, M. muricola in the 
Malay Archipelago is monophyletic with M. 
muricola Eastern at the basal clade that has 
been hypothesised as the ancestor.  Based on the 
molecular data, M. muricola Eastern had started 
to diverse into the western region during the 
Pliocene and diverged within the western region 
during the Pleistocene under the influence of the 
ancient river systems that had produced gallery 
forest corridors which could be considered as 
the Pleistocene refuges.  Therefore, the results 
of this study have indicated that the revision 
of the taxonomic status and the re-evaluation 
of the evolutionary and biogeography of M. 
muricola are urgently needed.  In addition, the 
lack of samples limited the analysis carried out 
in this study.  Therefore, complete molecular 
data, using variable markers and representative 
samples from throughout the geographic range 
(specifically from Java and Lesser Sunda) are 
recommended for further studies so as to get the 
results firmly established.
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