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Abstract

Life history characteristics, habitat landscape, and historical events are believed to have shaped the patterns of genetic variation
in many taxa. The bony lip barb, Osteohilus vittatus, represent a potamodromous fish that complete all life cycle in freshwater
and is widely distributed in Southeast Asia. It usually lives in small rivers and other freshwater habitats, and movement between
habitats for either food or reproduction has been typical. These life history characteristics may promote gene flow, leading to
less structured populations. However, many freshwater habitats are fragmented, which restricts gene flow. We investigate how
this interplay has shaped patterns of genetic variation and phylogeographic structure within this species in the Sundaland, a
biodiversity hotspot with a complex geological history, using mitochondrial cytochrome oxidase | (mtCOlI) as a genetic marker.
Forty-six mtCOI sequences of 506 bp long were collected from ten localities, eight geographically isolated and two connected.
The sequences were used for population genetic and phylogeographic analyses. Our results showed a low genetic diversity
within populations but high between populations. There was a deep phylogeographic structure among geographically isolated
populations but a lack of such structure in the connected habitats. Among geographically isolated populations, sequence diver-
gence was revealed, ranging from 1.8% between Java and Sumatra populations to 12.2% between Malaysia and Vietnam. An in-
dication of structuring was also observed among localities that are geographically closer but without connectivity. We conclude
that despite high dispersal capacity, the joint effects of historical events, long-term geographic isolation associated with sea level
oscillation during the Pleistocene, and restricted gene flow related to lack of habitat connectivity have shaped the phylogeo-
graphic structure within the O. vittatus over the Sundaland.
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Introduction

Investigation of the principles and mechanisms determining the
geographic distribution of genetic lineages at the intraspecific
level, specifically called phylogeography (Avise, 1998), is crucial
for the purposes related to the conservation and sustainable use
of biodiversity. Analysis of genetic variation within and across
populations allows one to reconstruct historical events that
have shaped the geographic distribution of the species. Com-
prehension of genetic structure and interconnectedness among
populations also allows one to place conservation priority by
recognizing regions that need protection and creating methods
to maintain biodiversity (Lépez & Bonasora, 2017). Present-day
patterns of the population’s genetic structure are believed to
result from a combination of historical events such as climate
change and contemporary processes associated with the species’
life history, ecology, and demography (Smith et al., 2011). Some
might argue that the phylogeographic patterns of a species
could be approached by comparing them to those of sister spe-
cies co-distributed within the same zone. Depending on the life
history traits and environmental conditions, the argument may
hold for specific circumstances but not others. While historical
and biogeographic events may exert similar effects on different
species inhabiting the same zone, species-specific demographic
and ecological traits may result in different outcomes, losing
their phylogeographic concordance. An intraspecific phylogeo-
graphic study on a particular species is essential, mainly when
specific interest is in the species understudy. The analysis be-
comes more critical when it occurs in a geographic zone of high
complexity, such as the Sundaland.

The Sundaland was an exposed landmass during the Pleis-
tocene Sea level low stands. It comprised southern Indochina,
the Thai-Malay Peninsula, Sumatra, Java, Borneo, the shallow
marine shelf (the ‘Sunda Shelf’) between these islands, and
West Sulawesi (Hall, 2014). Based on geological history, the
Sundaland is a complex zone formed and influenced by several
geological events. Geologically, the landmass grew through two
major phases: the late Palaeozoic (Permian-Triassic) and the
late Mesozoic (Cretaceous) (Hall, 2014).

Concerning biodiversity, Sundaland is regarded as one
of four biodiversity hotspots in Southeast Asia, along with In-
do-Burma, Wallacea, and the Philippines (de Bruyn et al., 2013).
A comparative phylogeographic study across these biodiversity
hotspots discovered that Indochina and Borneo have been the
source of most biodiversity in the area. Mechanisms by which
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fish biodiversity flourishes in this area were expected to result
from diversification, immigration, and emigration (de Bruyn et
al., 2014). The global climate change associated with glaciation
during the Pleistocene is thought to have affected its biodiversi-
ty and distribution, including freshwater fish. During the period
of glaciation, the climatic condition in Southeast Asia was drier
and cooler than at present, with longer dry seasons, shorter
wet seasons, and more pronounced seasonality (Harrison et al.,
2006). The regions river systems underwent modifications due
to Sundaland’s exposure during the Pleistocene. The ancient
river systems of the Sunda and Sahul shelves can be seen on
maps showing shorelines at various sea levels below the present
sea level (Voris, 2000). These river systems were hypothesized to
have connected major islands of the Sundaland and facilitated
the dispersal of ichthyofauna, as shown by a phylogeographic
study with Channa striata (Tan et al., 2012).

The bony-lipped barb, O. vittatus (Valenciennes, 1842),
is a freshwater fish found in many locations in Southeast Asia
(Kottelat, 2013). It inhabits the rivers and lakes of major Indone-
sian islands like Java, Sumatra (Syandri, 2014), and Kalimantan
(Parenti & Lim, 2005), the Mekong fisheries area of Thailand,
Laos, and Myanmar, and the main river systems of Sekong, Ses-
an, and Srepok in Cambodia, Laos, and Vietnam (Baran et al.,
2011). It is a potamodromous fish that completes all its life cy-
cles in freshwater. It lives in smaller rivers, moves to the flooded
areas during the onset of the rainy season, returns to its river
homes, and sometimes stays in the main river (Riede, 2001).

Considering the geological complexity in the formation
and development of Sundaland along with global climate
change as well as the biology and life history characteristics of
the O. vittatus, the species provides an excellent model to study
the comparative forces of historical events and contemporary in
shaping the genetic structure of this species across the Sunda-
land. The present study aimed to explore the phylogeographic
structure of the species by using mitochondrial cytochrome ox-
idase I (mtCOI), a widely used molecular marker for phylogeo-
graphic analysis. We hypothesized that the dispersal capacity of
this species would lead it to be genetically less structured. How-
ever, historical events leading to physical fragmentation, par-
ticularly the episodic glacial and interglacial during the Pleisto-
cene, may leave a profound signature in the genetic structure of
the populations.
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Materials and Methods

Data collection

The mtCOI DNA sequences used in this study came from
two major sources. The primary data originated from samples
collected from field surveys, and the secondary data was ex-
tracted from the public database (NCBI, 2023). The primary
data samples were collected to represent O. vittatus of the main
Indonesian islands comprising the Sundaland: Java, Sumatra,
and Kalimantan. A few secondary data available on the public
database that were qualified to represent the area generated by
previous authors were also used. Combining the two sources,
46 O. vittatus mtCOI DNA sequences originating from ten
localities were used in this study. A detailed description of the
sampling location, sample size, and geographic information are
provided in Table 1, and a map illustrating the relative position
among sampling localities within the Sundaland is presented in
Fig. 1. The geographic location of the samples extracted from
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the database was traced based on the information provided in
the database or related publications. If no specific information
was available, the geographic location was approached based on
the broader area.

Generation of mitochondrial cytochrome oxidase | (mtCOI)
DNA sequences of the field-collected samples

The samples collected from the field study covered five locali-
ties: two localities in Java (Bogor and Tasikmalaya), two local-
ities from Kalimantan (Jempang Lake and Melintang Lake),
and one location representing Sumatra (Batang Liki, Solok).
The laboratory works to generate the mtCOI DNA sequences,
including the steps of genomic DNA extraction, PCR ampli-
fication, and sequencing. A Brief description of the respective
stages is described below.

Genomic DNA extraction
Each sample’s caudal fin tissue (+ 2 cm) was taken using 70% al-

Table 1. A detailed description of sampling locality, sample size, genetic diversity, and differentiation of Osteochilus vittatus

populations across the Sundaland used in this study

Sampling locality/Group Latitude, longitude N H  Geneticdiversity Genetic differentiation
Pi Hd Pop Pairs N Dyy o
Java (JV) 15 3 0.00106(0.00010) 0.46429 JV-SU 0.92235 0.01864 (0.005620)
JV-KA 0.96724 0.03057(0.00952)
JV-MA 0.98783 0.07948(0.03232)
JV-TH 0.98311 0.09331(0.03663)
JV-Vi 0.98536 0.09677(0.05178)
1 Tasikmalaya (TS) 7°21'00.0"S 108°07'12.0"E 7 1 0.00000 (0.00000) 0.00000 TS-BG 1.00000 0.00198(0.00098)
2 Bogor(BG) 6°38'39"S 107°10'30"E 7 1 0.00000 (0.00000) 0.00000 BG-RP na. 0.00000(0.00000)
3 Rawa Pening (RP) 7°16'12.0"S110°25'12.0"E 1 1  0.00000 (0.00000) na. RP-TS 0.00198(0.00183)
Sumatera (SU) 13 2 0.00184(0.00151) 0.15385 SU-KA 0.96120 0.03557(0.01357)
SU-MA 0.98556 0.09178(0.04756)
SU-TH 0.98032 0.09832(0.04269)
SU-VI 0.98252 0.09178(0.07033)
4 Solok (So) 01°3526.0"S 101°09'47.0"E 12 1 0.00000 (0.00000) 0.00000 So-Lp na. 0.01195(0.01144)
5  Lampung (Lp) 4°49'48.0"S 105°51'36.0"E 1 1 0.00000 (0.00000)
Kalimantan (KA) 8 3  0.00099 046429 KA-MA 0.98910 0.08547(0.03928)
KA-VI 0.98429 0.09437(0.05409)
KA-TH 0.98336 0.09289(0.04003)
6  Jempang (Jp) 0°25'48.0"S116°11'24.0"E 4 2 0.00099(0.00052) 0.50000 Jp-MI 0.00033 0.00090(0.00086)
7 Melintang (M) 00°18'23.0"S 116°19'58.0"E 4 2 0.0099(0.00052) 0.50000
8  Malaysia (MA) 3°30'36.0"N 102°46'12.0"E 4 2 0.00099(0.00052) 0.50000 MA-TH 0.98538 0.11258(0.04882)
9  Thailand (TH) 13°45'39.3"N 100°36'53.8"E 4 2 0.00231(0.00072) 0.83333 TH-VI 0.95267 0.04522(0.02027)
10 Vietnam (VI) 10°03'00.0"N 105°47'24.0"E 2 2 0.00198(0.00099) 1.00000 VI-MA 0.98790 0.12238(0.06684)

Total 46 14

N, sample size; H; haplotype number; Pi, nucleotide diversity (SD); Hd, haplotype diversity; N, nucleotide-based genetic differentiation; Dyy o, nucleotide divergence with Jukes and Can-

tor correction (SD).
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. Sampling site
. Reference site
[] Present time of Sundaland area

Ancient time of Sundaland area

Fig. 1. Map of Sundaland showing the sampling locality of the samples used in this study. The red-colored pin indicates the
sampling locality of the primary data, while the blue-colored pin indicates the locality of secondary data derived from the public

database.

cohol-sterilized surgical scissors. The fin tissue was dried using
a wipe paper tissue and stored in a 1.5 mL microtube contain-
ing 1 mL absolute ethanol until the genomic DNA extraction
process. If the sample is to be directly extracted, the fins are
cleaned first with distilled water, then dried and cut into small
pieces before the genomic DNA extraction stage is carried out.
The genomic DNA of each sample was extracted using a Gene-
jet Genomic DNA Purification kit (Thermo Fisher Scientific,
Waltham, MA, USA) following the manufacturer’s protocol.

PCR amplification and sequencing

The mtCOI amplification was performed on a Veriti-96 Well
Fast Thermal Cycler (Applied Biosystems, Waltham, MA, USA)
PCR system. The PCR amplification was carried out using the
MyTaq HS Red Mix Master Mix Bioline Kit with DNA sequence
of forward and reverse primers FishF1 (5 TCAACCAACCA-
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CAAAGACATTGGCAC3’) and FishR2 (5TAGACTTCT-
GGGTGGCCAAAGAATCA?’), respectively. The reaction
composition consists of 25 pL. PCR master mix, two pL forward
primer and two pL reverse primer (20 pmol), four uL DNA
templates, and nuclease-free water up to a total volume of 50
L. The PCR program applied was initial denaturation at 95C
for 3 minutes, followed by 40 cycles of denaturation at 95°C for
30 seconds, annealing at 60°C for 1 minute, and elongation at
72C for 1 minute. The final extension following the cycle was
at 72°C for 5 minutes. To check for the success of amplification,
3 uL of a PCR amplicon of each sample was migrated on a
1.5% electrophoretic gel (30 mL TBE 1x, 0.45 agarose, 3 UL peq
green gel dye) together with DNA ladder 100 bp plus (NL1404,
Vivantis, Shah Alam, Malaysia) as a marker. The gel was run in
an electrophoresis system containing 1/2 TBE at 100 volts for 30
minutes. The electrophoresis results were visualized and docu-
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mented on the Gel Doc UV transilluminator. The successfully
amplified amplicon was then sent to a BRIN sequencing service
for Sanger Sequencing.

Retrieving the mitochondrial cytochrome oxidase I (mtCOI)
sequences from the NCBI database

The corresponding mtCOI sequences from the database were
extracted by applying a searching strategy combining query O.
vittatus and mtCOIL. The NCBI-derived sequences were carefully
handled to ensure that the gene regions of interest were compa-
rable with those primary sequences obtained through laborato-
ry work described previously. Based on the nucleotide sequence
of a complete mitogenome of Osteochillus hasselti, a sister spe-
cies of O. vittatus, measuring 16,537 (Accession: NC_029442),
the entire length of the Cytochrome oxidase I gene was around
1,500 bp, and its position spanned between 5,500 to 7,000 bp.
Aligning the primary sequence data against that genome indi-
cated they were between base positions 5,500-6,200. Each cor-
responding sequence extracted from the database was aligned
to the reference mtCOI genome to ensure they were from the
same gene region. The accession number of sequences fulfill-
ing the previously described criteria were KU692714 for Rawa
Pening, MN243482 for Lampung, HM156365-HM 156368 for
Malaysia, MK448104 and MK448073-MK448075 for Thailand,
and MW147439-MW 147440 for Vietnam (NCBI, 2023). DNA
sequence editing and alignment were done using the software
GeneStudio Professional Edition version 2.2.0.0 (GeneStudio,
Suwanee, GA, USA).

Data analysis

Genetic variation

Following the cleanup of the mtCOI sequences, an alignment of
506 base pairs was obtained from all populations and was used
for downstream analyses. Analysis of genetic variation and its
partition within and between populations was conducted using
analysis of molecular variance (AMOVA) implemented in Ge-
nalex 6.5 (Peakall & Smouse, 2012). Several genetic variation
parameters occurring in within-, between- and whole-popula-
tion were estimated. For each population, nucleotide diversity
(Pi), number of haplotypes (H), and haplotype diversity (Hd)
were estimated. Genetic differentiation (Nst) and nucleotide di-
vergence (Dxy) were analyzed for population-pair comparisons.
To address how the patterns of genetic variation are distributed
over the Sundaland, pairwise comparisons were conducted
between populations within and between major localities. The

https://doi.org/10.47853/FAS.2024.e15
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major locality was determined based on the likelihood of geo-
graphic isolation leading to a lack of gene flow among the pop-
ulations. Based on this, six major localities were determined:
Java, Sumatra, Kalimantan, Malaysia, Thailand, and Vietnam;
from now on, they will be referred to as major localities. Bayes-
ian analysis of population structure (BAPS) (Corrander et al.,
2006) has confirmed these six major localities as the most opti-
mal cluster number. The major sampling localities in Indonesia
consist of 2-3 localities. This paper uses the term sub-localities
for clarity and terminological consistency when referring to this
group of localities. Pair-wise comparisons between populations
within major localities were conducted for Java, Sumatra, and
Kalimantan, where at least two populations occurred with those
respective major localities. The first three groups are in Indone-
sia, while the rest are in different countries. The analyses used
DnaSP 6 (Rozas et al., 2017), dedicated software for analyzing
DNA sequence polymorphisms. An F-test was conducted to
explore partitioning total genetic variation within and between
populations. Furthermore, to examine possible factors that
contributed to genetic variation, a multiple Mantel test cor-
relating matrices of genetic distance, geographic distance, and
a categorical variable for within or between major localities was
performed using the software Genalex 6.5 (Peakall & Smouse,
2012).

Phylogeographic analysis

An individual mtCOI gene tree showing evolutionary rela-
tionships among individuals and different populations was
reconstructed using the Maximum likelihood method by in-
corporating a sister species, O. hasselti, as an outgroup. Before
performing the analysis, a test to choose the DNA substitution
model under bayesian information criterion (BIC) that best fits
the data was implemented in MEGA XI (Tamura et al., 2021)
using the maximum likelihood method and the following pa-
rameter setting: automatic (Neighbour joining) tree, complete
deletion for missing data, and no branch swap. Running the
procedure returned the Kimura’s (1980) two parameters with
invariable sites (K2+1) as the best model. Under this model, the
value was 0.13. The parameter values obtained were then used
for further related analyses; the phylogenetic trees of individuals
were reconstructed using a maximum likelihood. For the max-
imum likelihood method, the following setting was used. The
Kimura’s 2-parameter model with invariant sites (K2+I), com-
plete deletion for missing data, Neighbour-joining for an initial
tree, and nearest-neighbor-interchange (NNI) for ML heuristic
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method were applied. The consistency of phylogeny was tested
using a bootstrap method (Felsenstein, 1985) with 1,000 repli-
cations. Besides an intraspecific gene tree, a haplotype network
showing the evolutionary relationships among haplotypes was
created using Popart software (Leigh & Bryant, 2015). The
haplotype proportion and distribution over the major sampling
locality were overlaid on the map to improve the visualization.

Estimation of divergence times

The intraspecific divergence times between pairs of major geo-
graphic populations were estimated through a phylogenetic ap-
proach by comparing it with an outgroup sister species, O. has-
selti. The estimation was carried out using the Bayesian method
implemented in a software package BEAST version 1.10.4
(Drummond & Rambaut, 2007). The input file for running in
the BEAST was prepared in a BEAU, a software utility that
was part of the BEAST (Drummond et al,, 2012). The resulting
trees were then summarized for their distribution of various
continuous parameters using TRACER version 1.7.1 software
(Rambaut et al., 2018). The Tree Annotator version 1.10.4 soft-
ware (Drummond & Rambaut, 2007) was implemented to pro-
duce a maximum credibility clade (MCC) tree. The final step
displayed the MCC tree using FigTree software. The estimate of
divergence time between O. vittatus populations was carried out
by transforming the length of the branch in the MCC tree to an
outgroup calibration of divergence time between O. vittatus and
O. hasselti reported at 17.8 Mya (Kumar et al., 2022) was used
as a reference to estimate the intraspecific divergence times be-
tween O. vittatus populations.

Results

Genetic diversity of populations

Following the alignment of 46 sequences representing ten pop-
ulations of the Sundaland O. vittatus, each of which was 506 bp
in length, 420 (83.0%) sites were monomorphic. In contrast,
the remaining 86 (17.0%) sites were polymorphic, 85 of which
were parsimony informative sites. The mtCOI sequences of the
sample collected in this study were deposited in the Genbank
under the following accession numbers: OR494043, OR497767-
OR497772 for Bogor, OR51143-51149 for Tasikmalaya,
and OR511448-0511459 for Solok populations, OR487412-
OR487415 for Jempang, and OR481906, OR481909-OR481911
for Melintang populations. The AMOVA revealed that total
genetic variation was partitioned into the proportion between
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population (69%) and within population (31%). Several popu-
lation genetic parameters of interest in this study, including nu-
cleotide and haplotype diversities and genetic differentiations,
are described in Table 1.

A contrasting pattern of nucleotide diversity (Pi) character-
ized their distribution in the overall and individual populations.
A high Pi value (0.04561) was observed at the whole population
level. This number is about 40 times higher than those observed
within Java, Kalimantan, and Malaysia populations, ranging
from 0.000 to 0.001, 25 folds more elevated than Sumatra, and
about 20 folds higher than those found in the Thailand and
Vietnam populations.

A similar pattern was observed for haplotype diversity
(Hd), in which the total Hd = 0.87 was observed in the whole
population. The distribution of this diversity among popula-
tions was highly variable, ranging from zero to 100%. Several
populations, such as sub-localities in Java and Sumatra, were
genetically highly homogenous, and only one haplotype was
discovered within the respective populations, leading to zero di-
versity. On the other hand, the Vietnam population showed an
extremely high Hd. It should be noted, however, that two differ-
ent haplotypes were identified from only two samples. Increas-
ing the sample size would probably change this population’s Hd
profile. The contrasting profile of genetic diversity distribution
between the low in within-population and the extremely high
in the whole-population implied that a significant proportion of
genetic variation was contributed by between-populations com-
ponent, such as shown by the parameters of nucleotide diver-
gence (Dxy) and sequence-based genetic differentiation (Nst).

Overall, the pairwise Dxy between major localities over the
Sundaland ranged from 1.86% between Java and Sumatra to
12.24% between Vietnam and Malaysia. Within the Indonesian
region, the highest Dxy was observed between Sumatra and Ka-
limantan (Dxy = 3.6%). The divergence level of these Indone-
sian major localities was comparable to that between Thailand
and Vietnam (Dxy = 4%). However, they are only half or even
less compared with those outside of Indonesia (Malaysia, Thai-
land, and Vietnam), resulting in a divergence ranging from 8%
to 10%. The Dxy other population pairs were substantial, rang-
ing from 11%-12%. In line with the Dxy, a similar pattern was
also observed in genetic differentiation expressed in the Nst. At
the broader geographic scale, the pairwise Nst among six major
geographic localities ranged from 92% to 99%, showing the
pattern of nearly complete genetic differentiation. An extreme
contrast pattern occurred within the Kalimantan populations
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(Nst = 0.033%), showing a lack of genetic differentiation.

In the investigation of possible factors resulting in the ob-
served genetic structure, the multiple Mantel test identified that
76% of the genetic structure was caused by geographic isolation.
The actual physical distance explained 43%, while historical
events leading to the isolation contributed about 33% of the ob-
served genetic structure.

Intraspecific phylogeny and haplotype network

A phylogenetic tree showing the evolutionary relationships
among individuals is presented in Fig. 2. Referring to major
localities, the tree shows monophyletic clades with strong boot-
strap values, ranging from 80% to 100%. Starting from the low-
er-level clade, the Java and Sumatra populations were evolution-
ary closer and formed a monophyletic clade. The Java-Sumatra
clade formed a monophyletic clade to Kalimantan populations,
forming an Indonesian clade. The Indonesian clade formed
a monophyly to Malaysian populations, forming Sunda shelf
localities. The highest-level monophyletic clade was formed
between the Sunda shelf clade and the Indochina populations
of Vietnam and Northern Thailand. In addition, within ma-
jor localities, monophyletic clades were also observed in Java,
between Bogor and Tasikmalaya populations, and in Sumatra,
between Solok and Lampung populations. The evolutionary
relationships among haplotypes and their distribution across
sampling localities are presented in Figs. 3 and 4.

The haplotype network (Fig. 3) shows the haplotypes, with
highly variable mutational steps, connected one to another.
The number of mutational steps among haplotypes was mini-
mal within the major localities, ranging from 1 to 4 steps, but
highly significant between localities, ranging from 5 to 56 steps.
Fig. 4 displays the haplotypes extracted from segregating sites
and their frequency distribution in six major localities, namely
Java, Sumatra, and Kalimantan islands, Malaysia, Thailand, and
Vietnam. Based on these, the haplotypes are unique in that no
haplotypes are shared among these localities. For instance, hap-
lotypes 1 and 2 were exclusively distributed in Java Island. Nei-
ther such haplotypes occurred in other Indonesian islands of
Sumatra and Kalimantan, nor Malaysia, Thailand and Vietnam.
A similar distribution pattern was observed with other haplo-
types within the respective major localities. In contrast to the
major localities, the evidence of shared haplotype was observed
in sub-localities occurring in Kalimantan and Java Islands. The
Kalimantan samples comprising two sub-localities, the Jempang
Lake and Melintang Lake, shared one haplotype in common

https://doi.org/10.47853/FAS.2024.e15
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Fig. 2. A maximum likelihood tree generated using 506 bp
mitochondrial cytochrome oxidase | (mtCOI) shows the
evolutionary relationship among individual samples of the
Sundaland Osteochilus vittatus. Numbers next to nodes represent
bootstrap support values of branching patterns, with those less than
50% not displayed. Taxa name initials: JV-BG for Java-Bogor; JV-RP
for Java-Rawa Pening; JV-TS for Java-Tasikmalaya; SU-LP for Sumatra-
Lampung; SU-SO for Sumatra Solok; KA-JP for Kalimantan-Jempang;
KA-MLM for Kalimantan-Melintang; MA for Malaysia; TH for Thailand,
VI for Vietnam and OG-OH for out group-Osteochilus hasselti.
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Fig. 3. Mitochondrial cytochrome oxidase | (COI) network showing evolutionary relationships among haplotypes. The circle's
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(Hap-3). However, the same case was not applied to Sumatra
populations, which, despite quite a large number of samples col-
lected in Solok, no common haplotype between sub-localities
Solok and Lampung was observed.

The estimated intraspecific divergence times

The estimated divergence times between and within major
localities is presented in Fig. 5. Two major clades, Indochina
(Vietnam and Thailand) and Sunda shelf clades, consisting of
Malaysia and Indonesian populations, split one from another
at about 2.2 Mya. The split of Malaysia and Indonesia lineages
is estimated to have occurred some 1.6 Mya. The Thailand and
Vietnam lineages diverged at 0.78 Mya, similar to that between
the Kalimantan and Sumatra-Java lineages. The Sumatra and

Fisheries and Aquatic Sciences FA S

Java lineages diverged some 0.45 Mya, representing the young-
est divergence times among major localities (island- or coun-
try-based populations. Looking closer at within-Indonesian
islands, the most recently diverged populations were between
the Jempang and Melintang lakes in Kalimantan at 0.15 Mya,
followed by those between Tasikmalaya and Bogor Populations
in Java Island, estimated at 0.21 Mya. The most evolutionary
diverged populations within-island were between the Solok and
Lampung lineages, estimated at 0.29 Mya.

Discussion

Several notable features emerged from the present study. Firstly,
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Fig. 5. The maximum clade credibility Bayesian tree shows the topology and divergence times (Mya) between major clades
of Osteochilus vittatus populations with cartoonized presentation. Numbers above the branch show the ages, and the tip label
refers to the sample's geographic origin or taxon name. The initial T, V, J, S, K, and M stand for Thailand, Vietnam, Java, Sumatra,
Kalimantan, and Malaysia, respectively, while the OH refers to Osteochilus hasselti, the out-group.
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there was low genetic diversity within individual populations
but extremely high between major localities. Secondly, the in-
traspecific phylogenetic tree and haplotype network revealed a
distinct geographic pattern in haplotype distribution. Thirdly,
interpopulation-splitting events were estimated to occur within
the Pleistocene. Finally, the analyses showed that the present
genetic structure has been mainly formed by geographic isola-
tion resulting from physical geographic distance and historical
events, which presented barriers to gene flow.

The patterns of intraspecific genetic variation

The significance of genetic variation within a species has been
thoroughly acknowledged due to its potential for long-term
survival, adaptation to changing environments, and raw mate-
rial for selection. Currently, the threat to the genetic diversity of
aquatic species has been increasing due to anthropogenic activi-
ties and global climate, resulting in temperature rise and its cor-
responding impacts. High genetic diversity is often associated
with a better potential for a species to be more resilient and vice
versa (Allendorf et al., 2014; Bernatchez, 2016).

The present study showed low genetic diversity and high
differentiation among bony lip barb populations over major
localities in Sundaland. A similar pattern was also reported in a
study with Salmonid in Mongolia (Kaus et al., 2019) and Hexa-
plex trunculus, a marine gastropod, in the Iberian Peninsula.
This pattern, in general, is associated with factors such as the
founder effect, genetic drift, and a lack of gene flow due to long-
term geographic isolation (Gonzalez-Tizén et al., 2008). While
all aspects are likely, long-term geographic isolation resulting
in a lack of habitat connectivity and, thus, gene flow seemed to
be the most plausible explanation. Based on historical events,
the six major sampling localities, which included the islands
of Java, Sumatra, and Kalimantan in Indonesia, the Malaysian
peninsula, Thailand, and Vietnam, have been separated by
rising sea levels at least since the last glacial period, some 12
Kya. Acknowledging that the glacial-interglacial period had oc-
curred episodically since early Pleistocene 2.6 Mya (Elias, 2013),
it could be expected the separation between them has happened
since then. The sea level rise has disconnected land bridges that
previously connected areas in the Sundaland. During isolation,
populations experience independent and probably, to some
extent, adaptive evolution, resulting in an accumulated genetic
difference.

In this study, the long-term isolation and lack of gene flow
leading to the nearly complete genetic are supported by the
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parameter Nst ranging from 92%-99%. These Nst values indi-
cate an almost complete genetic differentiation resulting from
prolonged isolation. In brief, the distribution pattern of genetic
variation among major localities of Sundaland is relatively ho-
mogenous, characterized by the lack of gene flow and nearly
complete genetic differentiation. A similar finding to this study
was reported with species of Nematocharax, a characid fish na-
tive to Neotropical freshwater ecoregion (Barreto et al., 2022).
The patterns of low diversity within the population but high
between populations have been reported with European gray-
ling, Thymallus thymallus (Koskinen et al., 2002), and coastal
cutthroat trout, Oncorhynchus clarkii (Woftord et al., 2005).

High genetic differences between O. vittatus populations
from major localities may indicate that they represent different
species or evolutionary significant unit. The possibility that they
are different species requires supporting studies of relevant as-
pects such as biology, morphology, or other aspects according
to the species concept that will be used. The concept of biolog-
ical species, for example, requires verification of their ability to
interbreed, which is beyond the scope of this study. Therefore,
based on the existing data and information, these populations
may be considered as different evolutionary significant units ac-
cording to their geographic origin (Java, Sumatra, Kalimantan,
Malaysia, Thailand and Vietnam). Several other studies report-
ed the similar phenomenon, where there was a high intraspe-
cific genetic distance while maintaining their species integrity.
For example, Dahruddin et al. (2017) reported genetic distances
ranging 0%-12.81% in populations of Dusky sleeper fish, Ele-
otris fusca, in Java-Bali while Adamson et al. (2010) reported
an average genetic distance of 7% in snakehead, C. striata, in
Southeast Asia and India. Understanding and recognizing these
geographically isolated populations as distinct evolutionary sig-
nificant units is important and can have practical implications
for fisheries resource management. For example, it will provide
information to management authorities not to undertake con-
servation efforts to restore stocks by translocating and stocking
fish from other populations.

The pattern of genetic structure occurring in sub-localities
was more heterogeneous. On one end, a high genetic differ-
entiation, leading to nearly complete fixation, was observed
between the Bogor and Tasikmalaya populations. Conversely, a
less structured and high gene flow, leading to almost pan-mix-
ing populations, was observed between the Jempang and Melin-
tang populations in Kalimantan. Considering these sub-locali-
ties’ landscape and the species’ dispersal capacity, the observed
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patterns were expected. While Bogor and Tasikmalaya are
located on the same island of Java, no habitat connectivity and
gene flow exist. The population within the respective sub-local-
ities probably experienced the founder effect, genetic drift, or
adaptive selection, leading to low genetic diversity, evidenced by
monomorphic haplotype, a pattern that was also reported with
C. striata populations in the study area part of the Sundaland
(Tan et al,, 2012). In contrast, the Jempang and Melintang Lakes
from which the Kalimantan samples were collected are close to
the Mahakam River. While both lakes are about 19 km apart,
they receive the same water flowing from the Mahakam River.
Additionally, there is also a waterway connecting both lakes,
providing a kind of habitat connectivity. In brief, the landscape
of the two lakes and the migratory capacity of this species allow
them to disperse for either food or reproduction. The role of
habitat connectivity in facilitating gene flow has been reported
in many aquatic taxa, such as Salmon (Kaus et al., 2019), and
snakehead (Tan et al., 2012).

Phylogeographic patterns

A deep phylogeographical structure can be identified from
at least four genealogical concordances: within-locus genea-
logical concordance, multi-locus concordance, multi-species
concordance, and multiple lines of empirical concordances. A
within-locus concordance refers to a condition in which several
nucleotide alterations along a DNA sequence reliably separate
one array of haplotypes from another. Multi-locus concordance
refers to the situation in which multiple gene trees consistently
place a set of populations into the same groups (Avise, 2009).
While we acknowledge the presence of a sample size issue in
several localities, the present study revealed a clear and deep
genetic structure in O. vittatus populations across Sundaland.
The distribution patterns of DNA polymorphisms led to easily
identified lineages were observed. The intraspecific maximum
likelihood phylogeny (Fig. 2), Bayesian tree topology (Fig. 5),
and haplotype network (Fig. 3) clearly show geographic-based
sequence clustering, where populations clustered according to
the islands and the country of origin. Similarly, sequence clus-
tering based on locality also occurred within a finer geographic
scale. The data discovered in this study perfectly matched with
the type-1 concordance (Avise, 2009).

Several factors, such as geological features and species
dispersal capacity, may drive the formation of phylogeographic
break. Among these, species’ life history traits, such as disper-
sal capacity, and historical events, such as sea level changes
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affecting habitat connectivity, are highly relevant. O. vittatus is
a potamodromous freshwater fish with high dispersal potential
(Poulsen & Valbo-Jorgensen, 2000; Riede, 2001) that provided
their habitats connected; less structure would be expected. This
pattern was the case with the populations of sub-localities Jem-
pang and Melintang, where habitat connectivity has facilitated
dispersal and gene flow among them. However, a phylogeo-
graphic break would emerge when barriers to dispersal exist
and last for an extended period. The present study revealed the
latter case with the genetic structure of O. vittatus populations
among major localities: Java, Sumatra, Kalimantan, Malaysia,
Thailand, and Vietnam. The phylogeographic break due to the
barrier to dispersal has been reported for many aquatic taxa
separated by the Panama isthmus, separating the Caribbean and
Pacific oceans (Avise, 2009).

Phylogeographic patterns have often been associated with
historical events, namely Pleistocene sea level changes. Addi-
tionally, within the Sundaland, the phylogeographic patterns
for freshwater species have also been associated with ancient
river systems (de Bruyn et al., 2013; Song et al., 2013; Tan et
al,, 2012). It is interesting to compare the order of temporal
pattern of molecular divergence shown in the phylogeny with
the historical regression of Sundaland land bridge exposure
associated with sea level changes (Voris, 2000). In the present
study, the oldest molecular divergence time, between the Indo-
china populations and the rest, followed the land bridge pattern
loss in Thailand Gulf, separating the Indochina region against
Indonesia and Malaysia due to rising sea levels at 50 m BPL. At
this contour depth, the land bridge still connected all the Indo-
nesian main islands and Malaysia. At 40 m BPL, the land bridge
connecting the western part of a half Malaysian Peninsula to the
eastern part of northern Sumatra was lost, while all main Indo-
nesian islands were still attached. Finally, at 30 m BPL, when the
land bridge connecting Kalimantan and Sumatra disappeared,
Java and Sumatra still connected. This may explain why the split
in this clade becomes the youngest in the phylogeny. The land
bridge lost in Sundaland impacted the dispersal and distribu-
tion of freshwater fishes living in the ancient river systems.

Four ancient river systems are identified in Sundaland:
the Malacca Strait, Siam, Northern Sunda, and Eastern River
systems (Voris, 2000). The extant populations own some level
of genealogical correlation with those in the past, which inhabit
those river systems. Under the arrangement of Palaeo river
systems, the O. vittatus populations of Indochina may asso-
ciate with Siam, Malaysia with Malacca Strait, Sumatra with
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Northern Sunda, Java and Kalimantan with Eastern Sunda river
system. Interestingly, clustering based on ancient river systems
provides a better explanation of clustering in the phylogeny in
a particular situation. This is the case with Solok, Lampung,
and Malaysia populations. Based on geographic distance, the
distance of Solok-Lampung is similar to Solok-Malaysia, about
600 km. Interestingly, the sequence divergence in the first (1.2%)
is much lower than in the second (9.2%). In addition to being
located on different islands, different ancient river systems also
ran within those islands, so both populations might have distant
ancestors. The inclusion of old river systems to explain genetic
structure in Sundaland has been reported with halfbeak fish,
Dermogeny (de Bruyn et al,, 2013), and Channidae (Tan et al,
2012).

Populations’ divergence time estimates

The estimated divergence times between O. vittatus populations
on major localities in the Sundaland have occurred within the
quaternary period that lasted some 2.6 Mya (Elias, 2013). The
youngest was 0.45 Mya between the Java and Sumatra lineages,
and the oldest was 2.2 Mya between the Vietnam and Thai-
land clades against the rest of the remaining populations. We
acknowledged the possible reliability issue resulting from the
use a single calibration point due to lack of available resourc-
es. To cope with this, we used the widely referred estimates of
closely related species, O. hasselti (Kumar et al., 2022). During
the quaternary period, the climate on Earth experienced a re-
peated oscillation between glaciation and interglaciation inter-
vals, the duration of each on average 100,000 and 10,000 years,
respectively (Elias, 2013). During the glaciation period, the
earth experienced a cold and dry climate, forming glaciers on
continents. A considerable amount of water was locked in these
glaciers, resulting in a lowered global sea level and creating land
bridges connecting landmasses previously unconnected. The
global climate was warmer during interglaciation, and the sea
level rose, resulting in the separation. The cycle of glaciation
and interglaciation has been thought to affect the distribution
and evolution of life on Earth (Johnson et al., 2017).

In comparison with other studies working with different
taxa, it is of interest to note the effect of ancient climate, espe-
cially the ice age, on the spatial distribution and evolution of
ichthyofauna in the region, such as Channidae (Adamson et al,,
2010; Tan et al,, 2012), and the halfbeak, Dermogenys (de Bruyn
et al,, 2013). Within the snakehead, C. striata, the intraspecific
divergence times between the populations of the mainland,
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which included Thailand, Lao PRD, and Vietnam, and that of
Sumatra Island was estimated at 3.72 Mya. Inferred from the
same chronogram tree (Adamson et al., 2010), the time to the
most recent common ancestor among populations within the
Southeast Asia mainland was estimated at the early Pleistocene,
some 2.6 Mya. Within C. micropeltes, a younger divergence
time, about 1.2 Mya, was observed between populations of
Thailand and Vietnam (Adamson et al., 2010). A more detailed
comparative study on the divergence times of ichthyofauna over
the Southeast Asia, which also covered the Sundaland, was a
study with the halfbeak fish Dermogenys (de Bruyn et al., 2013),
covering three biodiversity hotspots in Southeast Asia. The
divergence time between Bogor and Bandung (located in West
Java) is estimated at 0.8 Mya. The divergence time between the
Dermogeny populations of Bandung and Bogor in West Java
versus Surabaya in East Java, estimated at 1.2 Mya. A study of
phylogeography with Dermogeny taxa across four biodiversity
hotspots in Southeast Asia revealed that the patterns of genetic
structure within this taxon were best explained by the tectonics
and paleo drainage system. The present study, showing some
concordance between the estimated population splitting time
and the patterns of land bridge loss associated with sea level rise,
provides evidence of the historical events in structuring the ge-
netics of populations in Sundaland. This is also consistent with
multiple Mantle test results inferring that the historical events
leading to barriers to gene flow explained 76% of the presently
observed genetic structure in Sundaland O. vittatus.

Conclusion

The bony lip barb in Sundaland shows low genetic diversity
within populations but high differentiation between them.
Genetic structure patterns were observed in major islands and
countries and finer sub-localities lacking habitat connectivity.
Historical events, species dispersal capacity, and habitat connec-
tivity have contributed to genetic structure within the species.
Although the species is currently not a conservation concern,
this study provides baseline information for managing genetic
resources conservation and sustainable use in the future.
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