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Abstract

Kawakawa (Euthynnus affinis) is a commercially valuable pelagic species with a broad distribution across
tropical and subtropical waters of the Indo-Pacific region. Despite its economic importance, limited
knowledge of stock structure, management, and conservation in Malaysian and adjacent waters has raised
concerns regarding overexploitation and population depletion. Comprehensive molecular assessments of
population structure are therefore critical for informing effective fisheries management strategies. This study
investigated the genetic diversity and population structure of E. gffinis in Malaysian waters using the
mitochondrial cytochrome b (Cyt b) gene. A 522 bp fragment of the Cyt b region was sequenced from 120
individuals collected from eight geographically distinct populations in Malaysian Borneo. Genetic divergence
among populations ranged from low to high, accompanied by high overall haplotype diversity (Hd = 0.9260)
and moderate nucleotide diversity (m = 0.0325). A total of 32 unique haplotypes were identified across all
sampled populations. Phylogenetic reconstruction based on Neighbor-Joining analysis, together with
haplotype relationships inferred from a minimum spanning network, revealed the presence of two distinct
genetic clades. Analysis of molecular variance (AMOVA) demonstrated strong and statistically significant
genetic structuring among populations (Fsr = 0.902, P < 0.05). Neutrality tests further indicated a historical
signal of population expansion. This study constitutes the first comprehensive Cyt b—based molecular
assessment of the genetic structure of E. affinis in Malaysian Borneo and provides essential baseline
information to support sustainable fisheries management and conservation planning.
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genetics.

highly derived teleosts, fishes exhibit a wide array of
adaptive strategies that enable them to occupy nearly all

1. Introduction:

Globally, ichthyofaunal diversity is exceptionally high,

with 37,109 currently recognised fish species distributed
across more than 11,000 genera and subgenera [1].
Fishes represent one of the most ancient vertebrate
lineages, originating over 500 million years ago, and
have since undergone extensive evolutionary
diversification.  Their  remarkable variation in
morphology, habitat preference, behaviour, and
physiological adaptations, both extant and extinct,
renders their evolutionary history and taxonomic
classification complex yet scientifically compelling.
From primitive agnathans such as hagfishes and
lampreys to elasmobranchs, lungfishes, flatfishes, and

aquatic ecosystems worldwide [2], [3]. Malaysia
harbours substantial marine fish diversity, particularly at
major fish landing sites where approximately 200-300
species are recorded. Daily fish markets typically offer
50-100 species, reflecting both high biodiversity and
strong fisheries activity. While certain species exhibit
seasonal availability, others occur year-round in
estuarine, coastal, bay, and reef habitats [4], [5].

In recent years, Malaysia’s marine fisheries sector has
attracted increasing attention due to its growing potential
as a key fisheries hub in Southeast Asia [6], [7]. This
prominence is largely attributed to the country’s strategic
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geographic  position within several ecologically
important marine regions, underpinning its rich maritime
heritage and marine biodiversity. Malaysia is
geographically situated at the convergence of several
major marine systems. The South China Sea lies to the
east of Peninsular Malaysia and to the west of East
Malaysia (Sabah and Sarawak), while the Strait of
Malacca borders the western coast of Peninsular
Malaysia, separating it from Sumatra (Indonesia). To the
northeast and east of Sabah are the Sulu Sea and the
Celebes Sea, respectively, whereas the Andaman Sea is
located to the northwest of Peninsular Malaysia [8].
Collectively, these waters support productive fisheries
that contribute substantially to national food security,
employment, and export revenue [5]

Accurate stock identification is fundamental for effective
fisheries management and conservation. To this end, a
range of methodological approaches has been employed
for marine and freshwater fishes, including traditional
morphometric  analyses  [9-12], geometric
morphometrics [13-16], meristic [17], and molecular
approaches based on DNA markers, particularly
mitochondrial  genes  [18-20]. Among these,
mitochondrial DNA (mtDNA) has been widely applied
in species identification and population genetic studies
due to its high copy number, lack of recombination, and
maternal inheritance. The mitochondrial cytochrome b
(Cyt b) gene is especially valuable for evaluating
intraspecific genetic diversity, as it evolves at a moderate
rate suitable for taxonomic, phylogenetic, and
population-level analyses across a wide range of fish taxa
[21], [22]. Consequently, Cyt b has been extensively
used to investigate population structure, genetic
variation, and evolutionary relationships in numerous
marine fish species [23-26].

The kawakawa tuna, Euthynnus affinis, was first
described by Cantor in 1849 as Thynnus affinis, with the
type locality in the Sea of Penang, Malaysia. This highly
migratory species inhabits neritic waters throughout the
Indian Ocean and western Pacific, where it forms large
schools, often in association with other scombrids.
Spawning periods vary geographically, occurring from
August to October in Indonesian waters, March to May
in the Philippines, and January to July off East Africa
[27]. Euthynnus affinis undertakes seasonal movements
between feeding and spawning grounds and constitutes a
key resource for both commercial and artisanal fisheries
across the Central and Western Pacific and the Indian
Ocean. Its distribution extends from Malaysia northward
to China, Taiwan, and southern Japan, and its
considerable economic importance has prompted

research  into  aquaculture  development  and
crossbreeding programmes [28]. Despite its economic
significance, E. affinis populations in Malaysia and
surrounding waters are increasingly threatened by
overfishing and illegal, unreported, and unregulated
(IUV) fishing activities [29]. Effective monitoring and
scientifically informed management strategies are
therefore essential to ensure the long-term sustainability
of this species. In this context, the present study employs
mitochondrial Cyt b markers to assess the genetic
diversity and population structure of eight E. affinis
populations from Malaysian Borneo (Sabah and
Sarawak). By elucidating genetic patterns within these
waters, this study provides critical baseline information
that will support fisheries managers and policymakers in
developing robust regional and international
conservation and management strategies to mitigate
further population declines.

2. Materials and Methods
2.1. Study area and Sampling

A total of 120 specimens of Euthynnus affinis were
collected from eight major fish landing sites across
Malaysian Borneo, encompassing the states of Sabah and
Sarawak. Sampling locations were selected based on fish
availability as documented in the annual report of the
Department of Fisheries Malaysia [30]. Specimens were
obtained from three principal marine regions: the South
China Sea, the Sulu Sea, and the Celebes Sea. Within the
South China Sea region, samples were collected from
four landing sites: Bintawa, Pulau Bruit, and Mukah in
Sarawak, as well as Kota Kinabalu in Sabah. Two
additional landing sites—Kudat and Sandakan—were
sampled from the Sulu Sea, while Lahad Datu and
Tawau, both located in Sabah, represented the Celebes
Sea region (Table 1; Figure 1). All specimens were
initially identified based on external morphological
characteristics following the taxonomic keys of [31]. The
verified samples were then transported to the Molecular
Ecology Laboratory, School of Biological Sciences,
Universiti Sains Malaysia. For molecular analyses, a
tissue fragment approximately 1-2 cm in length was
excised from the right pectoral fin of each specimen and
preserved in 95% ethanol before DNA extraction.
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Table 1: Sampling locations, coordinates, and sample size (N) of eight populations of E. affinis based on Cyt b genes.

1. Sandakan, Sabah (SAN) 5°50'24.72" N; 118° 07' 4.44" E SS 15
2. Lahad Datu, Sabah (LD) 5°01'36.48"N; 118°19'37.20" E CS 15
3. Tawau, Sabah (TA) 4°14'41.35" N; 117° 53' 28.14" E CS 15
4. Kudat, Sabah (KU) 6°53' 14.35" N; 116° 49' 25.10" E SS 15
5. Kota Kinabalu, Sabah (KK) 5°58'29.64" N; 116° 04' 20.64" E SCS 15
6. Bintawa, Sarawak (BIN) 1°33'50.96"N; 110°23'15.6"E SCS 15
7. Pulau Bruit, Sarawak (PB) 2°30'59.99" N; 111° 25' 59.99" E SCS 15
8. Mukah, Sarawak (MUK) 2°53'45.5784" N; 112° 6' 13.4820" E SCS 15

Total 120

Note: South China Sea (SCS), Sulu Sea (SS), and Celebes Sea (CS).
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Figl: Collecting sites of 120 E. affinis specimens from the South China Sea, Sulu Sea, and Celebes Sea regions.

2.2. DNA Extraction and PCR Amplification

Total genomic DNA was extracted from fin-clip tissues
using the cetyltrimethylammonium bromide (CTAB)
protocol described by [5], with minor modifications to
the concentration of proteinase K to enhance DNA yield
and quality. The resulting DNA pellets were washed,
resuspended in deionized water, and visualized by
electrophoresis on a 1.7% agarose gel stained with
ethidium bromide. DNA quantity and purity were
assessed using a Q3000 spectrophotometer (Quawell,
Korea), and all samples were stored at —20 °C until
further analysis. Polymerase chain reaction (PCR) was
performed to amplify a 522-bp fragment of the
mitochondrial cytochrome b (Cyt b) gene. Amplification
employed the primer pair F (5'-
GCTCACTACTTGGCCTTTGC-3') and R (5-
TGGAGGCTAGGAGGGCTAGT-3") [32]. PCR

reactions were carried out in a final volume of 25 pL
containing 16.25 pL. molecular-grade water, 2.5 uL 10x
PCR buffer, 2.0 nL MgCls, 1.0 pL dNTPs, 0.5 pL of each
primer (10 mM), 0.25 pL i-Tag DNA polymerase
(Intron, South Korea), and 2.0 ul genomic DNA
template. Gradient PCR was initially conducted using a
T100™ thermal cycler (Bio-Rad, USA) to determine the
optimal annealing temperature. Subsequent PCR
amplifications were performed using a Major Cycler
CyCLER-25 (Major Science, USA) under the following
thermal profile: initial denaturation at 94 °C for 5 min;
35 cycles of denaturation at 94 °C for 30 s, annealing at
47.9 - 48.5 °C for 50 s, and extension at 72 °C for 1 min;
followed by a final extension at 72 °C for 7 min. PCR
products were visualized on a 1.7% agarose gel (Vivantis
Sdn. Bhd.) stained with ethidium bromide to confirm
successful amplification. Amplified products were
purified using the Intron PCR Purification Kit (Intron,
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South Korea) to remove residual primers and
contaminants. Purified PCR products were subsequently
sent to NHK Bioscience (Korea) for bidirectional DNA
sequencing.

2.3. Sequence Processing and Data Analysis

Raw DNA sequences were edited, trimmed, and aligned
using MEGA version 11 [33], employing the ClustalW
algorithm [34]. Nucleotide composition was calculated
in MEGA v11. Species identification was confirmed
using the Basic Local Alignment Search Tool (BLAST)
against the National Center for Biotechnology
Information (NCBI) database, with a similarity threshold
exceeding 99% applied for assignment to E. affinis. Intra-
and interpopulation genetic distances were estimated
using the Kimura two-parameter (K2P) model [35]
implemented in MEGA v11. Genetic diversity indices,
including haplotype diversity (Hd) and nucleotide
diversity () [36], were calculated using DnaSP ver. 6.12
[37]. Phylogenetic relationships among haplotypes were
reconstructed using the Neighbor-Joining (NJ) method
[38] based on K2P distances in MEGA v1l. Node
support was assessed through 1,000 bootstrap replicates,
and only bootstrap values greater than 50% were
reported. The sequence of Lutjanus erythropterus
(GenBank accession no. AY294204.1) was included as
an outgroup to root the phylogenetic tree. A minimum-
spanning haplotype network was generated using the
median-joining algorithm in PopART version 1.7 [39] to
visualize genealogical relationships among haplotypes.
Population genetic structure across the eight E. affinis
populations was evaluated using analysis of molecular
variance (AMOVA) [40] implemented in Arlequin
version 3.5 [41]. Neutrality tests, including Tajima’s D
[42] and Fu’s Fs [43], were performed in DnaSP v6.12 to
assess deviations from neutral evolution and infer
historical demographic events. All newly generated
sequences were deposited in the GenBank database
under accession numbers OP595397-0P595523.

3. Results
3.1. Sampling Data

A total of 120 E. affinis specimens were successfully
sequenced for the mitochondrial Cyt b gene. These
samples were collected from eight sampling sites
spanning three major marine regions: the South China
Sea, the Sulu Sea, and the Celebes Sea (Table 1; Figure
1).

3.2. Genetic Distance and Genetic Diversity

Amplification of mitochondrial DNA successfully
generated fragments of 522 base pairs (bp)
corresponding to the Cyt b gene for all sampled
individuals, yielding a 100% amplification success rate.
Estimates of genetic distance within and among the eight
populations of E. affinis are presented in Table 2.
Intrapopulation genetic distances ranged from 0.001 to
0.024, with the KK population exhibiting the highest
intrapopulation  divergence (0.024) and the SAN
population showing the lowest (0.001). In contrast,
interpopulation genetic distances varied widely, from
0.020 to 0.147. The greatest interpopulation divergence
was observed between the BIN and SAN populations
(0.147), whereas the lowest value was detected between
the TA and LD populations (0.020). Overall, genetic
divergence among the eight E. affinis populations from
Malaysian Borneo waters spanned from low to high
levels.

Analysis of nucleotide composition revealed proportions
of 26.1% adenine (A), 24.9% thymine (T), 32.8%
cytosine (C), and 16.1% guanine (G). The Cyt b
sequences exhibited a relatively high A+T content
(51%), exceeding the G+C content, a pattern consistent
with that commonly reported for vertebrate
mitochondrial genomes [44]. Haplotype diversity ranged
from 0.1330 to 0.9050, with an overall value of 0.9260,
while nucleotide diversity varied between 0.0003 and
0.0183, vyielding an overall value of 0.0325 (Table 3).
These results indicate that all eight populations of E.
affinis possess appreciable levels of both haplotype and
nucleotide diversity.

Table 2: Intra and interpopulation pairwise genetic
distance for Cyt b gene of eight populations of E. affinis
from Malaysian Borneo waters based on Kimura 2
parameter model.

SAN | LD TA KU KK BIN PB MUK

SAN | 0.001

LD |0.028 | 0.015

TA 0.034 | 0.020 | 0.017

KU |0.040 | 0.029 | 0.032 | 0.018

KK | 0.051 | 0.042 | 0.047 | 0.035 | 0.024

BIN | 0.147 | 0.124 | 0.105 | 0.101 | 0.094 | 0.011

PB 0.122 | 0.103 | 0.083 | 0.077 | 0.067 | 0.019 | 0.016

MUK | 0.129 | 0.108 | 0.089 | 0.083 | 0.073 | 0.031 | 0.021 0.002

Note: Bold indicate intrapopulation values.
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Table 3: Haplotype diversity, nucleotide diversity, BIN12 =
. . . . . . BIN13
Tajima’s D, and Fu’s Fs statistics for eight E. affinis N Esivins
populations from Malaysian Borneo waters based on ¥ v
BINE
Cyt b gene. PULAUTE
PULAU1
No Population N h Hd Ta_]lIr)na S| Fu’s Fs EET‘:E;
PULAUS
1 Sandi‘gznﬁf’abah 15 | 2 0.1330]0.0003 | -1.1595 |-0.6490 s
r BIN2
BIN3
.| bebad Daw, Sabah (15| 6 10,5710 {0.0085-2.0191%| 12780 Aflems
) i Bt
3.| Tawau,Sabah(TA) | 15 | 9 0.9050 0.0115 | -1.5455 |-0.6440 |5
4.| Kudat,Sabah (KU) | 15 | 5 [0.7900]0.0148 |-0.5664* 4.6500* it
. KK9
s. | o KIS0 1s |7 |os760{ 00183 | 03325 |2.6880" ar
. PULAUS
6. | Bimawa Sarawak |5 |50 9040 0,0081-1.8426* | 0.1790 j fvvevied Clade 1
(BIN) PULAUS
N |- PULAUT
7, | Pulau Br(tl‘,lg)sarawak 15 7 10.8190(0.0139 | -0.3212 | 1.8240 [ uLAUTT
KK3
8. Muk?&g%awak 15 2 [05140/0.0010| 1.3759 | 1.2530 K
Mu3
Total 120 | 32 |0.92600.0325 |-0.8458* |-1.2550 PULAU13
7
Notes: N: Number of samples, h: number of haplotypes, MO

Hd: Haplotype diversity, n: Nucleotide diversity.
*Significant at P <0.05.

3.3. Phylogenetic Analysis and Minimum Spanning
Network (MSN)

Phylogenetic relationships inferred from the neighbor-
joining (NJ) tree, together with the minimum spanning
network (MSN) analysis based on Cyt b sequences,
revealed the presence of two well-defined clades among
E. affinis specimens from Malaysian Borneo waters
(Figures 2 and 3). The first clade comprised individuals
from BIN, PULAU, KU, KK, and MUK, encompassing
haplotypes Hap 1 to Hap 23. The second clade included
samples from KU, TA, LD, and SAN, corresponding to
haplotypes Hap 24 to Hap 32. The MSN further
demonstrated that Hap 1, Hap 24, and Hap 32 were the
most frequent haplotypes across the dataset, whereas the
remaining haplotypes showed restricted distributions,
occurring either in a limited number of populations or
being unique to a single population. The separation of the
two major clades (Clades 1 and 2) was strongly
supported by the MSN, which indicated nucleotide
divergences exceeding five mutational steps between
them (Figure 3).

Clade 2

AY294204.1 Lutjanus erythropterus

Fig 2: Neighbor-Joining (NJ) tree depicting the
relationship between Cyt b sequences of E. affinis
specimens from Malaysian Borneo. Only bootstrap
values exceeding 50% are shown.
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Fig 3: Minimum spanning network among 32 Cyt b haplotypes of E. affinis collected from eight populations in
Malaysian Borneo waters.

3.4. Population Genetic Structure and Neutrality Test

Population genetic structure among the eight E. affinis
populations was assessed using mitochondrial Cyt b data.
Analysis of molecular variance (AMOVA) revealed that
the majority of genetic variation was attributable to
differences among populations (90.23%), while a smaller
proportion of variation occurred within populations
(9.77%). These results indicate a pronounced and
significant genetic structuring among the sampled
populations. Consistently, fixation index analysis
showed a high and statistically significant level of
population differentiation, with an overall Fsr value of
0.902 (P < 0.05) (Table 4). Neutrality tests based on Cyt
b sequences produced a significantly negative Tajima’s
D value across all populations (D = —0.8458, P < 0.05),
suggesting deviations from neutrality. Fu’s Fs statistic
was also negative (—1.2550), although this result was not
statistically significant (P > 0.05) (Table 3).

Table 4: Analysis of molecular variance (AMOVA) of
eight populations of E. affinis collected from Malaysian
Borneo waters based on Cyt b gene.

Among

population 7 99229'69 82228 Va | 90.23 0'9302 0'%00
s

Within

population| 112 997;)'46 8906 Vb | 977

s

Total 119 109;'15 91.134 100

4. Discussion

Accurate species identification using traditional
morphological approaches relies heavily on the expertise
of skilled taxonomists; however, such methods are often
constrained by phenotypic plasticity, which can lead to
misidentification. In this context, DNA barcoding has
emerged as a trustworthy and effective method for
species identification, especially when specimens are
damaged, incomplete, or represent several life-history
phases [2]. Among mitochondrial markers, the
cytochrome b (Cyt b) gene has proven especially
effective, enabling accurate identification of
approximately 98% of documented marine fish species
and being widely applied across diverse geographic
regions [7]. In the present study, more than 99% of E.
affinis specimens were successfully identified using
BLAST searches against the NCBI database based on
Cyt b sequences. These results underscore the reliability
of the Cyt b gene for species discrimination and for
evaluating genetic diversity and population structure of
E. affinis across three major marine regions in Malaysia,
encompassing eight landing sites.

Genetic distance analyses revealed values ranging from
low to high (0.001-0.147), indicating measurable genetic
differentiation among the eight populations examined.
Genetic distance is commonly used in taxonomic and
evolutionary studies to assess relationships among
closely related taxa. As noted by [45], greater genetic
distances reflect reduced relatedness and increased
nucleotide divergence. Marine species are often
characterized by large effective population sizes,
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extensive larval dispersal, and broad geographic
distributions [46]. For instance, the relatively low genetic
differentiation reported in tuna populations across ocean
basins has been attributed to continuous pelagic habitats
and widespread spawning grounds [47]. Conversely,
genetic structuring in marine fishes may arise from
physical and oceanographic barriers, including currents,
reefs, and landmasses, which can restrict gene flow and
promote population differentiation [5]. While genetic
differentiation is a natural evolutionary process,
anthropogenic pressures such as overfishing, pollution,
and habitat degradation may further intensify population
fragmentation and genetic divergence in marine species
[48].

The genetic patterns observed in this study are consistent
with previous investigations of E. affinis conducted in the
North Indian Ocean [28], the Straits of Malacca [49], and
the coastal waters of Tanzania [50], all of which reported
the presence of distinct genetic clades. Similarly [51],
documented minimal levels of genetic differentiation
among 11 populations of Thunnus tonggol in Malaysian
waters. Comparable findings were reported by [52] for
Thunnus obesus populations from the North and South
Moluccas Seas, with genetic distances ranging from
0.023 to 0.027. In addition, analysis of GC content
provides insights into nucleotide composition, mutation
pressures, and evolutionary lineages, facilitating the
selection of appropriate substitution models [53]. Higher
GC content has been associated with increased
nucleotide diversity and elevated mutation potential
within populations [6].

Haplotype diversity (Hd) and nucleotide diversity () are
informative indicators of demographic history [54]. The
combination of high haplotype diversity and low
nucleotide diversity observed in this study suggests large
population sizes and recent population expansion, with
insufficient time for extensive nucleotide divergence
among haplotypes [54]. High genetic diversity in marine
fishes is often attributed to their large -effective
population sizes [28]. The substantial haplotype diversity
detected in E. affinis likely reflects its wide geographic
distribution and large population size. These findings are
in agreement with earlier studies conducted on various
species of tuna, including Kawakawa (E. affinis) (Hd =
0.69, = = 0.0011) [55], longtail tuna (Thunnus tonggol)
(Hd = 0.990, = = 0.0195) [54]. The high number of
haplotypes may also be partially explained by the
elevated mutation rate characteristic of mitochondrial
DNA [56], a conclusion supported by the minimum
spanning network (MSN) analysis, which indicated that
at least four mutational steps preceded the emergence of
novel haplotypes.

Phylogenetic reconstruction and MSN analysis grouped
the eight E. affinis populations from Malaysian Borneo
into two distinct clades. Such intraspecific genetic

structuring may result from secondary contact and
ongoing interbreeding among populations that were
historically geographically isolated [49]. The MSN
revealed that several populations shared common
haplotypes (Hap 1, Hap 24, and Hap 32), suggesting
recent gene flow among these locations [57]. Long-term
genetic exchange and individual movement between
distant populations have similarly been shown to
promote haplotype sharing in marine species [58].
Nevertheless, the present findings also suggest a
potential reduction in gene flow among certain locations,
likely influenced by oceanic current systems [59].

Results from the AMOVA further supported the
phylogenetic and MSN analyses, confirming significant
genetic structuring among E. affinis populations.
Fixation index (Fsr) values are widely used to infer gene
flow, with higher values indicating greater genetic
differentiation [60]. In this study, AMOVA revealed a
high and statistically significant Fsr value (0.902; P <
0.05), indicating strong genetic differentiation among
populations.

Demographic history analyses provide insights into
historical population size fluctuations by examining
deviations from mutation—drift equilibrium [42].
Neutrality tests conducted in this study indicated a
significant negative Tajima’s D value across populations,
suggesting historical population expansion. Although
Fu’s Fs was also negative, it was not statistically
significant. Fu’s Fs is considered more sensitive than
Tajima’s D in detecting population growth driven by an
excess of recent mutations [43], which may explain the
observed discrepancy between the two statistics.
Negative Tajima’s D values are generally associated with
population expansion, purifying selection, or recent
growth, whereas positive values indicate balancing
selection, population subdivision, or recent bottlenecks
[61]. Overall, the neutrality test results collectively
suggest that E. affinis populations from Malaysian
Borneo have undergone historical population expansion.

5. Conclusion

This study delivers the initial comprehensive, multi-
location assessment of the genetic diversity and
population structure of E. affinis in Malaysian Borneo
waters using the mitochondrial Cyt b gene. The Cyt b
marker proved effective in resolving population
structure, identifying eight populations of E. affinis
across the region. The analyses further revealed the
presence of two distinct genetic lineages distributed
among three major marine regions: the South China Sea,
Sulu Sea, and Celebes Sea. These findings establish a
robust scientific foundation for the effective
management and conservation of neritic tuna resources
in Malaysian Borneo. Future research on E. affinis would
benefit from the incorporation of additional genetic
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markers, along with expanded geographic coverage and
larger sample sizes, to further refine understanding of
population connectivity and evolutionary dynamics.
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