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ABSTRACT

The spotted sardinella, Amblygaster sirm (Walbaum, 1792), is a commercial sardine
commonly caught in Malaysia. Lack of management of these marine species in
Malaysian waters could lead to overfishing and potentially declining fish stock popula-
tions. Therefore, sustainable management of this species is of paramount importance to
ensure its longevity. As such, molecular information is vital in determining the A. sirm
population structure and management strategy. In the present study, mitochondrial
DNA Cytochrome b was sequenced from 10 A. sirm populations: the Andaman Sea (AS)
(two), South China Sea (SCS) (six), Sulu Sea (SS) (one), and Celebes Sea (CS) (one).
Accordingly, the intra-population haplotype diversity (Hd) was high (0.91-1.00), and
nucleotide diversity (7)) was low (0.002—0.009), which suggests a population bottleneck
followed by rapid population growth. Based on the phylogenetic trees, minimum
spanning network (MSN), population pairwise comparison, and Fsr, and supported
by analysis of molecular variance (AMOVA) and spatial analysis of molecular variance
(SAMOVA) tests, distinct genetic structures were observed (7.2% to 7.6% genetic
divergence) between populations in the SCS and its neighboring waters, versus those
in the AS. Furthermore, the results defined A. sirm stock boundaries and evolutionary
between the west and east coast (which shares the same waters as western Borneo) of
Peninsular Malaysia. In addition, genetic homogeneity was revealed throughout the
SCS, SS, and CS based on the non-significant Fsy pairwise comparisons. Based on the
molecular evidence, separate management strategies may be required for A. sirm of the
AS and the SCS, including its neighboring waters.
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INTRODUCTION

The delineation of marine resources’ population or stock structure is critical for
fisheries management and conservation (Shaklee et al., 1999; Maunder ¢ Punt, 2013;
Phinchongsakuldit et al., 2013; Prasetyo, Dharmadi & Purwoko, 2019; Ha et al., 2020),
particularly for species that are susceptible to commercial exploitation (Garcia et al.,
2003; Ha et al., 2020; Ryman & Utter, 1987).

According to Ihssen et al. (1981), a stock is “an intraspecific group of randomly mating
individuals with temporal and spatial integrity”. Later, Coyle (1998) redefined it “as a group
of fish population inferred to be genetically isolated due to reproductive isolation”. Many
biologists consider fish stocks an interbreeding entity originating from a single gene pool.
The genetic diversity must be preserved, and population structure patterns considered
to optimise resource use (Carvalho & Hauser, 1994). The stock concept equips fishery
managers with essential information for sustainable fishery management.

Genetic data is now being incorporated, albeit slowly, in designing marine protected
area networks, stock restoration, and fisheries management policies (vorn der Heyden et
al., 2014). These strategies can be formulated once the fishery stock has been genetically
defined, to achieve sustainable fishery management. For instance, the common fishery
management strategy is suitable for a panmictic population, while non-panmictic fishery
stocks warrant different management or policies (Adamson & Hurwood, 2015; Laikre, Palm
& Ryman, 2005; Ward, 2000).

Tropical and subtropical sardine species (collectively known as Sardinella), such as
herrings, sprats, shads, wolf-herrings, and anchovies from the clupeoid fishes (suborder
Clupeoidei and order Clupeiformes) are abundant throughout the Atlantic, Indian, and
Pacific oceans (Whitehead, 1985). They are classified into two genera, Amblygaster and
Sardinella, with three species in the former and 22 in the latter. The Amblygaster sirm
(Walbaum, 1792) or spotted sardinella is one of the small pelagic fishes commonly
caught in Southeast Asia. This species is locally known as “Tamban Beluru” in Malaysia
(Department of Fisheries Malaysia, 2019) and “Siro” in Indonesia (Suseno et al., 2014). The
A. sirm is commonly caught using the purse seine gears, a common fish-catching device
among Malaysian fishermen (Department of Fisheries Malaysia, 2019). In addition, the
species is important in the manufacture of downstream products such as fish crackers and
dried salted fish, thus, making it one of the economically important fish in the local seafood
enterprise (SEAFDEC, 2017). Recent reports have highlighted the disproportionality in A.
sirm in harvest production or fish landing numbers in the Southeast Asia waters (SEAFDEC,
2017). This situation needs urgent attention to ensure equitable and continuous production
patterns. Nevertheless, there is limited data to develop effective regional strategies for A.
sirm stock management regulations, especially in this region. Few studies related to stock
assessment have been reported on this species with, only a handful conducted in this
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locality. For instance, stock assessments on reproductive and biological characteristics
have been reported in Indian waters (Devi et al., 2018; Pradeep, Shirke ¢ Kar, 2014), a
population genetics study in Sri Lanka waters (Aluwihare, Jayasinghe & Dalpathadu, 2019),
and a one biomass study in Indonesia (Atmaja ¢ Sadhotomo, 2006).

The series of landing data from 2008 to 2018, indicated an alarming decline of the A. sirm
population at 30%. In Malaysia, the A. sirm stock in the South China Sea decreased from
1,729.95 metric tons (mt) in 2017 to 1,326.58 mt in 2018 (SEAFDEC, 2020a; SEAFDEC,
2020b). The reason underlying this situation remains uncertain. Generally, such declines are
associated with overexploitation, the identified cause for the decreasing Sardinella fimbriata
(SEAFDEC, 2017; SEAFDEC, 2020a; SEAFDEC, 2020b) in Malaysia. Alternatively, a change
in management strategies, limited harvest or number of landings resulting from the
controlled fishing effort, duration of fishing activities, type of fishing gears, or engine
horsepower, gross register tonnage (GRT) (Hale et al., 2015; Wallace & Fletcher, 1996)
could also be contribute to this calamity.

Incorporating population genetic data into stock assessment is vital in formulating
and implementing a comprehensive management strategy of A. sirm. Hypothetically, all
the populations are genetically homogeneous or panmictic due to the pelagic nature of
the species (Fratini et al., 2016; Garoia et al., 2004; Hauser ¢ Ward, 1998). Malaysia and
its neighboring countries should develop a common sustainable fisheries management
strategy if the results support this hypothesis. On the other hand, separate management
for each evolutionary unit is required if the hypothesis is rejected. The importance of
population genetics data has been acknowledged for the fishery management of Spanish
mackerel, Scomberomorus commerson in the northern Indian Ocean (Radhakrishnan et al.,
2018); tiger shark, Galeocerdo cuvier across the Indo-Pacific Ocean (Holmes et al., 2017);
Chinese loaches, Misgurnus mohoity and M. bipartitus in Northeast China (Y7 ef al., 2016)
and Asian green mussel, Perna viridis along the Indian coast (Divya et al., 2020).

In the present study, the mitochondrial DNA (mtDNA) Cytochrome b (Cyt b) gene
was utilized to elucidate the population genetic structure of spotted sardinella, A.
sirm, in Malaysian waters and to establish a management plan for this species. This
protein-coding gene has been proven to be highly efficient in determining intra and
inter-specific and higher-level phylogenetic relationships (Roques et al., 20065 Schonhuth
& Mayden, 20105 Zhang et al., 2018). The mtDNA Cyt b gene is also one of the most
extensively sequenced genes to date, and the evolutionary dynamics have been intensively
characterised. Furthermore, this gene has been widely applied in systematic studies to
investigate divergence at taxonomic levels (Perng, He ¢~ Zhang, 2004; Habib et al., 2011;
Rahim et al., 2012; Schmidt, Bart & Nyingi, 2018).

The study outcomes are essential for fishery managers to develop sound fishery strategies
across regions and countries to prevent the irreversible decline of resources. Population
stock study is essential to support resource recovery through improved knowledge of stock
delineation. This knowledge will pave the way forward effective monitoring of populations,
as suggested by previous studies on other pelagic species such as longtail tuna, Thunnus
tonggol (Kasim et al., 2020). Additionally, this will guarantee food security and decrease
the poverty level in the community, which is of high priority to the nation, and to achieve
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Table 1 Sampling locations, coordinates, collection date, sample size, historical demographic analyses and population genetic statistics of 10 A.
sirm populations based on mtDNA Cyt b region sequences.

Sampling locations Sea Sampling date Latitude/Longitude N h PS Hd k4 Tau Hri Eajima’s Eu’s 00 01 Ry
Ranong (SRG) 15.12.2019 9°55/52/N 98°24'30" E 11 9 2 09 0006 7.5 0.10 —0.59° —1.98 0.06 29.33 0.121
Kuala Perlis (SKP) s 6.12.2018 6°24/1” N 100°7/51"E 10 8 36 0.97 0.009 1.5 0.04 —1.25 —1.77" 10.63 3589.03 0.133
Pulau Kambing (SPK) 15.1.2018 5°21'14"N 103°8/35"E 16 13 27 095 0005 4.4 0.05 —1.54 —4.56 341498 74.68 0.057
Kuantan (SKT) 22.1.2018 3°45/32"N 103°23'10"E 35 24 30 0.95 0.003 2.9 0.04 —-2.19 —23.20 0.00 1.14 0.034
Kuching (SKC) 12.3.2015 1°44’10"N 110°38'28"E 34 25 39 0.96 0.003 3.9 0.02 —2.15 —20.40 0.04 58.92 0.034
Labuan (SLB) sCs 23.10.2019 4°32/42"N 118°36'14"E 12 10 14 0.97 0.004 4.1 0.05 —0.95" —5.00 0.00 33.55 0.042
Kota Kinabalu (SKK) 6.1.2018 5°59'13”N 116°1'58"E 15 15 46 1.00 0.008 4.0 0.03 —1.73 —8.42 5.50 3415.00 0.085
Taiwan (STN) 8.2.2018 22°53/24"N 122°20'59"E 2 2 2 - - - - - - - - -
Kudat (SKD) SS 11.5.2015 6°53/13”N 116°49'30"E 35 21 24 0.91 0.002 2.0 0.05 —2.08 —18.85 0.45 59.06 0.039
Semporna (SSP) Cs 6.1.2018 5°22/8"N 115°11'2"E 9 9 21 1 0.005 4.0 0.04 —1.26' —4.40 1.9 3415.00 0.093
TOTAL 179 3.8 0.046" —0.152% —9.84" 2.255 2775.26 0.077
Notes.

SCS, South China Sea; AS, Andaman Sea; SS, Sulu Sea; CS, Celebes Sea; N, number of individuals; &, number of haplotypes; PS, polymorphic sites; Hd, Haplotype diver-
sity; 7, nucleotide diversity; Hri, Harpending’s raggedness index; 6/ 61, before/after expansion; R ,, Ramos- Onsins and Rozas.
*Significant value after False Discovery Rate Procedure (FDR) procedure at p <0.05.

Totals are indicated in bold.

sustainable development goals (SDG). The SDG was introduced by the United Nations
in 2015 and comprises 17 goals (starting from SDG 1 to SDG 17) designed for a more
sustainable future. The specific target for this study is SDG14 (life below water). In addition,
the output from this study would be valuable for the conservation and management of A.
sirm in Malaysian waters.

MATERIALS AND METHODS

Ethical statement

Since only dead specimens were sampled, no permit was required, and no ethical
consideration were required for this study. In addition, A. sirm is not listed under the
International Union for Conservation of Nature (IUCN) list of endangered or protected
species.

Sample collection

A total of 179 specimens of A. sirm were collected from ten landing sites from vessels that
used purse seine fishing gears in Peninsular Malaysia, Sabah, and Sarawak from 2015 to
2019. These sampling locations cover the southern region of the SCS, SS, CS, and AS. The
species were morphologically identified by of 10 to 20 series of black spots down the flank,
according to Whitehead (1985) (Table 1; Fig. 1).

In addition, a small clipping of A. sirm pectoral fin was collected during the sampling
activity. Each clipping was fixed in a separate vial containing 95% ethanol and stored at
—20 °C until further use.

The sampling locations were divided into four regions following Kasim et al. (2020). The
details of each landing port were obtained via interviews with fishermens/boatmen and
confirmed by consulting with the Department of Fisheries staff stationed at the landing
sites. Notably, no samples were obtained from the Strait of Malacca (a waterway that links
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Figure 1 Map of sampling sites, targeted species and haplotype networks. Map of sampling sites and
specimen of A. sirm (Walbaum, 1792). The shaded areas indicate the distribution according to Whitehead
(1985). The collection localities are indicated with red stars.

Full-size & DOI: 10.7717/peerj.13706/fig-1

the AS and the SCS), as A. sirm is absent from this location (Whitehead, 1985). Meanwhile,
sample collections in Ranong, Thailand, were facilitated by the Andaman Coastal Research
Station for Development, Kasetsart University of Thailand. Two samples from Taiwan were
contributed by collaborators from the National University of Taiwan and the National
Museum of Marine Biology, Taiwan (see Fig. 1). Due to the low number of samples
(N =2), the data was only used in the phylogenetic analysis.

Extraction and polymerase chain reaction (PCR) amplification
Genomic DNA extraction of 179 samples was performed using the DNeasy Blood & Tissue
Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. The quality of
extracted DNA was assessed using UV spectrophotometer Q3000 (Quawell, San Jose, CA)
and diluted to a final concentration of 50 ng/pL. The mtDNA Cyt b was targeted using
the following primers; F: WMAI15-F (5’ACC GTT GTA ATT CAA CTA TAG AAAC3)
and R: TruCytb-R (5" CCG ACT TCC GGA TTA CAA GAC CG 3') (Jérome et al., 2003).
The PCR amplification was conducted in a Thermal Cycler (Techgene, Irving, TX, USA)
at a final volume of 25 L, composed of 12.5 pL of 2x EasyTaq® SuperMix (TransGen
Biotech, Beijing, China), 0.2 pL of each primer, 2.0 pL of genomic DNA (50 ng/mL),
followed by nuclease-free water to achieve the final reaction volume. The thermal cycling
conditions were as follows: initial denaturation at 95 °C for 2 min, followed by 35 cycles
of denaturation at 94 °C for 10 s, annealing at 56.8 °C for 10 s, and extension at 72 °C
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for 15 s. The quality of PCR products was visualised on 1.5% agarose gels stained with

1 to 3 pL of GelRedTM Nucleic Acid Gel Stain (Biotium Inc., Fremont, CA, USA). The
unpurified PCR amplicons were sent to Repfon Technologies Sdn Bhd for purification
and sequencing in forward and reverse directions in an automated sequencer (ABI3730xl,
Applied Biosystems, Bedford, MA, USA).

Data analysis

The raw sequences for both forward and reverse sequences were edited and assembled
after removing the primer sites.The final assembled sequences were aligned with ClustalW
implemented in MEGA v7.0 with default setting (Kumar et al., 2018). The complete aligned
data set was inspected for nucleotide variable sites, parsimony informative sites, number
of haplotypes, haplotype distributions, transitions and transversions, and nucleotide
frequencies in DnaSP v6.0 (Rozas et al., 2017). A simple linear regression analysis (Pearson
correlation test) was conducted to assess whether sample size (N) would affect the
downstream analyses to ensure the statistical validity of further investigations. All the
statistical analysis were performed using the IBM SPSS Statistics for Windows software,
version 23.0 (IBM Corp. Armonk, NY, USA). Since the initial analysis demonstrated
that the sample sizes did not affect the haplotype diversity (Hd) and nucleotide diversity
(1) (p > 0.05) therefore, further analysis could be proceeded (Castillo-Pdez et al., 2014;
Delrieu-Trottin, Maynard ¢ Planes, 2014).

Phylogenetic and genetic diversity analyses

The RAXML (Stamatakis, Hoover ¢ Rougemont, 2008) and maximum likelihood (ML)
trees, with 1,000 bootstrap replicates, were constructed in raxmlGUI v1.5b1 (Silvestro ¢
Michalak, 2012) using a general time-reversible model of nucleotide substitution with

a heterogeneity rate following a discrete gamma distribution (GTR+G) as the default
selection. Bayesian inference (BI) was carried out in MrBayes v.3.2 (Ronquist ¢ Huelsenbeck,
2003) with 1,000,000 Markov Chain Monte Carlo (MCMC) run generations; posterior
distribution was sampled every 1,000 generations, and a 25% burn-in. GenBank sequences
of S. hualensis (Acc No: KC951523), S. lemuru (NC039553), and S. gibbosa (NC037131)
were employed as outgroups in the analysis for both trees. A phylogenetic network of all
haplotypes was constructed to view haplotype relationships based on the median-joining
calculation in a minimum spanning network (MSN) implemented in the population
analysis with reticulate trees (POPART) v1.7 (Bandelt, Forster ¢» Rohl, 1999; Leigh ¢
Bryant, 2015).

Genetic distances within and among populations based on the best nucleotide
substitution model of Kimura 2P (K2P), which depicts the lowest Bayesian information
criterion (BIC) score, were estimated using MEGA v7.0. These values also assessed the
possibility of sub-species or cryptic species occurrence if intra-species variation within
marine species exceeds the threshold (2%) (Chanthran et al., 2020; Hebert et al., 2003;
Jamaludin et al., 2020; Ward, 2009).
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Population structure

Population pairwise comparisons (Fsr) were calculated using ARLEQUIN v3.5 (Excoffier
¢ Lischer, 2010). Values were adjusted for Type 1 errors as a result of multiple comparisons
using the false discovery rate procedure (FDR) at p < 0.05 (Benjamini ¢» Hochberg, 1995).
The genetic distance and significance of each pairwise comparison were further analysed
with a nonparametric permutation procedure with 1,000 replicates (Hudsorn, Boos ¢
Kaplan, 1992) in DnaSP v6.0 (Rozas et al., 2017). Estimation of gene flow (Nm) based on
both haplotype and sequence statistics was derived according to Nei (1973) and Hudson,
Boos & Kaplan (1992) using the same programme.

Hierarchical analysis of molecular variance (AMOVA) was performed to estimate
molecular variance among populations at different hierarchical levels using ARLEQUIN
v3.5 (Excoffier & Lischer, 2010). The relative contribution of variances was estimated at three
different levels; Fsr, Fsc, and Fcr (Excoffier ¢ Lischer, 2010). The spatial structure was
further examined using spatial analysis of molecular variance (SAMOVA) v2.0 (Dupanloup,
Schneider ¢ Excoffier, 2002) to identify groups of populations that were geographically
homogeneous and maximally differentiated from each other. The isolation by distance
(IBD) or Mantel test (Mantel, 1967) was conducted to confirm the relationship between
genetic distance and geographical distance.

Demographic history

The historical demography of each population was tested using Tajima’s D (Tajima,
1989) and Fu’s F (Fu, 1997) statistics in ARLEQUIN v3.5 (Excoffier ¢ Lischer, 2010)
Ramos-Onsins and Rozas’ R; in DnaSP v6.0 (Rozas et al., 2017) to analyse deviation from
neutrality. The significant R, was calculated using coalescent simulations of 5,000 replicate
runs for each simulation. R; is a powerful tool for quantifying population growth with
a limited sample size (Ramos-Onsins ¢ Rozas, 2002). Harpending’s raggedness index, Hri
(Harpending, 1994), was calculated in ARLEQUIN v3.5 (Excoffier ¢ Lischer, 2010) and
mismatch distributions (Rogers ¢~ Harpending, 1992; Schneider ¢ Excoffier, 1999; Slatkin
& Hudson, 1991) were calculated in DnaSP v6.0 (Rozas et al., 2017). Both analyses could
differentiate whether populations are demographically stable, expanding, or decreasing
over time. A sudden population expansion model in Hri will be rejected if p < 0.05
(Schneider & Excoffier, 1999).

The precise time of expansion was manually calculated using the equation 7 =2 ut, (n=
mutation rate of the sequence analysed, t = time since expansion) with a given mutation
rate of 1-2% per million years for Cyt b (Rousset, 1997; Johns &~ Avise, 1998; Cdrdenas et
al., 2005). The Bayesian skyline plot (Drummond et al., 2012) was implemented in BEAST
v1.8.2 (Drummond et al., 2012) to estimate past population dynamics, employing a relaxed
uncorrelated lognormal molecular clock, GTR + G as the best evolutionary model selected
from PartitionFinder v1.1.0 (Lanfear et al., 2017). The analysis was run for 300 million
generations with parameters sampled every 10,000 generations. The results were visualised
using Tracer v1.7 (Rambaut et al., 2018) which summaries the posterior distribution of
population size over time.
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Figure 2 Maximum likelihood (ML) tree and Bayesian inference (BI). The ML tree and BI analysis from
the partial mtDNA Cyt b gene of A. sirm (the singletons and population-specific haplotypes are excluded
in the tree for better illustration).

Full-size & DOL: 10.7717/peerj.13706/fig-2

RESULTS

Data analysis

The 1,016 bp segment of mtDNA Cyt b was successfully amplified from all 179 samples.
A detailed evaluation revealed 42 non-synonymous mutations resulting in 37 amino acid
substitutions. The ratio of transversion to transition substitutions for the entire data set
was 1:1. Haplotype diversity (Hd) was high ranging from 0.91 to 1.00, while nucleotide
diversity (;r) was low, ranging from 0.002 to 0.009 (see Table 1). A total of 203 variable
sites were identified from the 1,016 bp segment, where 111 (10.9%) parsimony informative
sites defined 122 haplotypes. These haplotype sequences have been deposited in GenBank
under accession numbers M7040756 to MZ040877. Furthermore, 111/122 (90.98%) were
detected as singletons (haplotypes found in a single gene copy), where 11/122 (9.02%) were
shared haplotypes or found in more than a single population. The Pearson correlation test
(1> =0.66, p = 0.06) confirmed that sample sizes did not significantly affect the nucleotide
diversity and haplotype diversity (Hd) therefore, further analyses could be performed.

Phylogenetic relationships
The ML tree and BI analysis revealed a similar topology of two geographically separate
mtDNA lineages (see Fig. 2); (1) AS lineage (Lineage 1) composed of two populations
(Ranong and Kuala Perlis), and (2) SCS lineage (Lineage 2) encompasses populations from
the SCS, CS, and the SS. No geographical pattern was observed within Lineage 2.

The minimum spanning network (MSN) showed two distinct lineages similar to the
phylogenetic trees, separated by 63 genetic mutations (see Fig. 3). Lineage 2 (all populations
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Figure 3 Minimum spanning network (MSN). The MSN inferred from mtDNA Cyt b gene of A. sirm.
The node size corresponds to haplotype frequencies; the minimum node size is one individual. The dashed
line represents a genetic mutation.
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excluding AS populations) exhibited a star-like pattern with the dominant haplotype
(Hap05) centred in it (Ferreri, Qu ¢ Han, 2011; Woolley, Posada ¢ Crandall, 2008).

Genetic diversity
The genetic diversity or distance was converted to percentages and revealed intrapopulation
genetic diversity ranging from 0.2% to 0.9%, the lowest being in Kudat and the highest in
Kuala Perlis (Table 2). Meanwhile, the interpopulation genetic diversity ranged between
0.2% and 7.6%, with Kuala Perlis and Ranong from the AS being the most divergent of all
(7.2% to 7.6%), with a 1.0% difference from each other. In contrast, the genetic diversity
ranged from 0.2% to 0.7%, when Kuala Perlis and Ranong populations were excluded
from the analysis, providing strong evidence that AS populations are highly structured
than other seas.

Population structure

Most Fsr values in the AS (Kuala Perlis and Ranong) populations were significantly
different (p < 0.05) (Table 2), which aligned with earlier studies. However, non-significant
(p > 0.05) values were also detected in cases where high genetic distance in some between
Lineage 1 and Lineage 2 populations, such as AS vs Semporna Kuantan vs Kuching (both
in SCS), Labuan (SCS) vs Kudat (SS), and Semporna (CS) vs Kuantan (SCS).
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Table2 Population pairwise, Fsr (below diagonal) and genetic diversity (distance) (upper diagonal) of A. sirm inferred by mtDNA Cyt b.

Andaman Sea South China Sea Celebes Sea Sulu Sea
SKP SRG SKC SKT SPK SKK SLB SKD SSp
0.009 0.001 0.073 0.073 0.075 0.076 0.073 0.073 0.076 SKP
0.007 0.072 0.072 0.074 0.076 0.072 0.072 0.075 SRG
Andaman SKP 0.003 0.005 0.005 0.006 0.004 0.003 0.005 SKC
Sea SRG 0.0114 0.003 0.003 0.006 0.003 0.002 0.005 SKT
SKC 0.0293 0.0358 0.005 0.007 0.005 0.005 0.005 SPK
South SKT 0.0600 0.0662 —0.0038 0.008 0.006 0.006 0.007 SKK
China SPK 0.0386 0.0450 0.0456 0.0545 0.004 0.003 0.006 SLB
Sea SKK 0.0404 0.0471 0.0165 0.0273 0.0286 0.002 0.005 SKD
SLB 0.0107 0.0177 —0.0004 0.0088 0.0444 0.0148 0.006 SSP
Celebes Sea SKD 0.0263 0.0333 —0.0024 —0.0031 0.0751 0.0480 0.0080
Sulu Sea SSP 0.0112 0.0186 0.0193 0.0287 0.0301 —0.0075 0.0156 0.0504
Notes.
SKP, Kuala Perlis; SRG, Ranong; SKC, Kuching; SKT, Kuantan; SPK, Pulau Kambing; SLB, FT Labuan; SKD, Kudat; SSP, Semporna.
Bold number indicates significant value after False Discovery Rate Procedure (FDR) procedure at p < 0.05.
The genetic diversity (distance) values were presented in percentage (%) in the text.
Table 3 Hierarchical AMOVA analysis of A. sirm inferred by Cyt b based on nine populations.
Source of variation Variation (%) F statistics p value
Among populations 0.66 Fer = —0.0066 0.257
Among populations within groups 2.00 Fsc =0.0202 0.003
Among populations within total 97.34 Fgr =0.0265 0.0009

Note;-he populations were grouped into seas:
Group 1-AS, Kuala Perlis (SKP) and Ranong (SRG); Group 2-SCS, Kuching (SKC), Kuantan (SKT), Kota Kinabalu (SKK),

Pulau Kambing (SPK) and Labuan (SLB); Group 3-5S, Kudat (SKD); Group 4- CS, Semporna (SSP).

The AMOVA indicated no significant differences among populations (between seas)
even for the highest variance (Fcr = 0.0066, p = 0.257; Table 3). However, the dataset
demonstrated significant differences within each sea (Fsy = 0.0265, p = 0.0009), with
97.34% of the total genetic variation of A. sirm contributed by genetic differences among
the total populations. This result indicated a subdivision or structuring within the tested
populations. Notably, populations may be contribute the non-significant (p > 0.05)
observation within the SCS, represented by more than two populations compared to
other seas. Genetic differentiation among populations within groups/seas was significant
(Fsc =0.0202, p = 0.03).

The result from the SAMOVA paralleled other analyses, with k = 2 displaying the
highest Fer value (Fer = 0.9277, p = 0.02) signifying two genetically distinct A. sirm
stocks among sampled populations: Lineage 1 (Kuala Perlis and Ranong) and Lineage
2 (Kuching, Kota Kinabalu, Kuantan, Labuan, Pulau Kambing, Kudat and Semporna)
(Supplemental Information 1). The Mantel test showed no significant correlation between
genetic differentiation (Fsr value) and geographical distance (r = 0.127, p = 0.173) among
tested populations.
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Demographic history

The Tajima D’s and Fu’s F generated negative and significant (p < 0.05) values for all
populations (Table 1) suggesting a recent historical directional selection (selective sweep)
or recent population growth (Tajima, 1989). Furthermore, the Harpending raggedness
index, Hri = 0.042, SSD = 0.01, (p = 0.3) supported the recent population growth
hypothesis. Meanwhile, the mismatch distributions of combined populations detected
two highly divergent peaks, representing the two lineages (see Fig. 4A). Additional
independent analyses of the two lineages (Lineage 1 and Lineage 2) were conducted,
and a bimodal mismatch distribution was discovered in Lineage 1 (Fig. 4B). Nevertheless,
further comprehensive studies are required to confirm these preliminary finding due to the
small sample size in this study. On the other hand, Lineage 2 shows a unimodal distribution
providing strong evidence for sudden population expansion (Harpending, 1994; Slatkin ¢
Hudson, 1991) (see Fig. 4C).

The Bayesian skyline plot analyses revealed a recent expansion in the overall effective
population size (see Fig. 4D), which can be explained by growth in Lineage 2 occurred
approximately around 150 thousand years ago (KYA) (see Fig. 4F). Conversely, Lineage 1
showed a gradual population increase over the last 500 KYA (see Fig. 4F). Notwithstanding,
the finding was based on only two populations from the same sea and may not represent
other similar sites. The estimated time of population expansion for Lineage 1 and Lineage
2 using the formula v = 2 ut, generations and a mutation rate for Cyt b of 1-2% per
million years for perciform (Cdrdenas et al., 2005; Johns ¢ Avise, 1998) are estimated to
occur 442,913 to 221,456 years ago and 354,330 to 177,165 years ago respectively. These
findings are almost in parallel with the results from the Bayesian Skyline plot suggesting a
demographic expansion in the A. sirm population during the Pleistocene era.

DISCUSSION

In the absence of any form of barriers, genetic homogeneity or absence of spatial patterns
in allele or haplotype distributions is expected in the marine fish population (Baker et al.,
1993; Scoles & Graves, 1993; Akib et al., 2015). However, this theory become obsolete when
barriers impede the free movement of a particular species (Tudela, Garcia-Marin ¢ Pla,
1999; Zardoya et al., 2004; Gaggiotti et al., 2009; Sukumaran, Sebastian ¢& Gopalakrishnan,
2017; Swart et al., 2016, Domingues et al., 2018; Jamaludin et al., 2020). In this study, two
genetically different groups, Lineage 1 (AS populations) and Lineage 2 (SCS and the
neighboring waters populations) were identified based on various statistical analyses.
However, the exact position of this boundary was not identified since no sample was
obtained from the Strait of Malacca that connects the Indian Ocean and the SCS. Several
studies have reported the phenomena in broad spectrum of marine organisms (Ninwichian
& Klinbunga, 2020; Klangnurak, Phinchongsakuldit & True, 2012; Mandal et al., 2012) in
the AS or even in the SCS (Rohfritsch ¢» Borsa, 2005; Dudgeon, Broderick ¢ Ovenden,
2009; Dohna et al., 2015; Swart et al., 2016; Jamaludin et al., 2020). Examples of other
marine organisms include Tenualosa macrura (Longtail shad), Scarus ghonnan (Blue-
barred parrotfish), and Sepioteuths lessoniana (Bigfin reef squid) (Department of Fisheries
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Malaysia, 2019), although they are common in the surrounding seas. Further investigation
is warranted to determine the underlying factor(s) if this species is absent from the area.

In addition to the two disparate lineages, significant divergences (Fsr ) were also observed
for several pairwise comparisons within Lineage 2 involving Kuching, Kudat, Kuantan, Kota
Kinabalu, and Pulau Kambing. In contrast, non-significance was observed between Lineage
1 and Semporna (Lineage 2). Upon weighing other evidence, such as the phylogenetic tree
and MSN, it was predicted that the statistical sensitivity of Fsr was contributed by the small
sample sizes rather than genetic isolation or other biological factors.

Many studies have refuted the universality of free gene flow in marine species (Zhang et
al., 20165 Li et al., 2016; Niu et al., 2019; Akbar, Irfan & Aris, 2019; Kasim et al., 2020; Mat
Jaafar et al., 2020). Alternatively, several general factors have been proposed to explain the
population structure pattern of marine fish, including random genetic drift, demographic
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history, and life histories such as feeding and migratory behaviour (Gaggiotti et al., 2009;
Sun, Tang & Yin, 2018). In addition the limited dispersal and geomorphologic barriers
could be possible reasons for the restricted gene flow in A. sirm, as observed in other
species (Betancur et al., 2010). Dispersal ability and feeding behaviour are hypothesised to
be driven by oceanic currents that could lead to allopatric speciation, as documented in
the Mapalé sea catfish, Cathorops mapale in Southern Caribbean waters (Betancur et al.,
2010). Thus, extrinsic factors (circulation patterns) and intrinsic factors (limited dispersal
ability) are potent drivers of genetic differentiation.

In the absence of (historical and contemporary factors) movement barriers, the adult
and larval pelagic movement characteristics are sufficient for homogenising populations,
as observed in the panmictic A. sirm populations within the SCS and neighboring seas
(Lineage 2). The non-significant Fsy values among Lineage 2 populations indicated low
genetic divergence and high gene flow. This condition results from the active exchange
of genetic material between populations through unrestricted breeding, concordant
with this migratory species’ pelagic migratory behavior. High genetic affinity was also
observed between the AS populations in Kuala Perlis and Ranong. Similar findings have
been recorded in other pelagic fishes in the region, such as ornate threadfin bream,
Nemipterus hexodon (Supmee et al., 2021); crescent perch, Terapon jarbua (Chanthran
et al., 2020), Japanese scad, Decapterus maruadsi (Jamaludin et al., 2020), Russell’s
snapper, Lutjanus russelli (Klangnurak, Phinchongsakuldit & True, 2012); lesser spotted-
leatherjacket, Thamnaconus hypargyreus (Li et al., 2016) and crimson snapper, Lutjanus
erythropterus (Zhang, Cai ¢ Huang, 2006). Furthermore, the drifting planktonic larva
could further enhance the genetic connectivity of A. sirm in SCS, a factor attributed to the
panmixia observed in the ornate threadfin bream, Nemipterus hexodon along the Gulf of
Thailand coastline (Supmiee et al., 2021). Larval transport due to oceanic water movement
during monsoons is suggested to strongly influence the population’s geographical structure
(Palumbi, 1994). Nonetheless, this hypothesis warrants future investigations for the A. sirm
population.

Climatic history may be pivotal in shaping the demographic history of A. sirm. Hou ¢ Li
(2018) suggested that a break in the Tethyan ocean due to geological changes affected the
aquatic diversification, including in the Indo-West Pacific region. The demographic history
of high haplotype diversity, Hd coupled with low nucleotide diversity 7 for A. sirm propose
a recent population expansion from a low effective size, a probable consequence of rapid
population growth after a bottleneck event resulting in a high occurrence of new mutations
(Avise, Neigel ¢» Arnold, 1984). This finding aligned with previous studies on pelagic species
in this region; Indian mackerel, Rastrelliger kanagurta (Akib et al., 2015); Japanese scad,
Decapterus maruadsi (Jamaludin et al., 2020), yellowfin tuna, Thunnus albacares; skipjack,
Katsuwonus pelamis (Ely et al., 2005) and spotted mackerel, Scomber australasicus (Tzeng,
2007).

The ocean level fluctuations during the Pleistocene significantly impacted the dispersal
of marine and global species (Voris, 2000), including A. sirm. Morevoer, this occurence
could have reshaped the geographical landscape of the AS. When ocean levels increased,
populations within the SCS and the neighboring waters were homogenised. This genetic
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structuring pattern has been highlighted in the Japanese scad, Decapterus maruadsi
(Jamaludin et al., 2020), redlip mullet, Chelon haematocheilus (Liu et al., 2007) and crimson
snapper, Lutjanus erythropterus, (Zhang, Cai ¢ Huang, 2006) and various other marine
species (Carpenter et al., 2011). When the sea level contracted, mainland Southeast Asia
was exposed during the Quaternary period (Nelson et al., 2000), leading to the high genetic
divergence between the AS and the SCS. Chanthran et al. (2020) attributed the genetic
separation between the Kuala Selangor (Peninsular Malaysia) and Sandakan (Borneo)
populations of crescent perch, Terapon jarbua to this factor. The same factor underlies
the separation of the ornate threadfin bream, Nemipterus hexodon (Supmee et al., 2021),
and Russell’s snapper (Klangnurak, Phinchongsakuldit ¢ True, 2012) between the AS and
the Gulf of Thailand. Similarly, A. sirm may experience this phenomenon due to the high
genetic distance between the SCS and the AS.

The small sample size (in Semporna) and number of populations (only two populations
in the AS vs eight in the SCS and the neighboring waters) in the present may have
influenced the statistical strength of the observed population structuring. Nevertheless,
MSN, AMOVA and SAMOVA analysis validated this hypothesis. Furthermore, there
was no haplotype sharing between the two lineages. Future studies should consider
larger sample sizes and populations from the AS to verify the present findings since this
research had limited geographical coverage. Furthermore, sampling could be extended
to include other areas, such as the Bay of Bengal, where close genetic relatedness with
the AS had been identified in several species. This observation was exemplified in the
widely distributed Central Indo-Pacific surgeonfishes, Naso brevirostris and N. unicornis
(Horne et al., 2008), Indian mackerel, Rastrelliger kanagurta in Indian Peninsular waters
(Sukumaran, Sebastian ¢ Gopalakrishnan, 2017) and Spanish mackerel, Scomberomorus
commerson in the Northern Indian ocean (Radhakrishnan et al., 2018). The high genetic
affinity of these species populations was documented in the Indian Ocean—the AS and
Bay of Bengal are part of this vast ocean. The was also evident in other Sardinella spp.
in other regions. For instance, the low genetic differentiation of white sardine, S. albella,
between the Persian Gulf and Sea of Oman was attributed to the free dispersal of currents
in the Indian Ocean seas (Rahimi et al., 2016). On the other hand, Bowen ¢ Grant (1997)
observed that the Sardinops spp. experienced a long and stable evolutionary history and
has a wide phylogeographic distribution in temperate upwelling zones in the coastal region
of the Indian Ocean and Pacific Oceans, such as Japan, California, Chile, Australia, and
South Africa. Therefore, the inclusion of A. sirm populations from the Bay of Bengal
area (India and Sri Lanka) in future studies should be explored. However, the current
findings are based solely on a maternally inherited gene. Thus, co-dominant markers such
as microsatellites, single nucleotide polymorphisms (SNPs), or whole genome sequencing
should be integrated into future studies.

The present of cryptic species or sub-species due to high genetic differentiation is not
uncommon among Sardinella species, indicated by the high genetic differentiation between
the two lineages in this study. The genetic distance between Lineage 1 and Lineage 2 (~7%)
exceeded the threshold (2%) of intra-species variation within marine species (Chanthran et
al., 20205 Hebert et al., 2003; Jamaludin et al., 2020; Ward, 2009). Furthermore, high genetic
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differentiation in the waters of the Philippines was attributed to the cryptic diversity of
freshwater sardinella, S. tawillis (>3%) Taiwan sardinella, S. hualensis (>4%) (Chan et al.,
2019) and the Goldstripe sardinella, S. gibbosa (no specific genetic percentage was reported
but the genetic differences were supported by morphological examination) (Thomas et al.,
2014). Nonetheless, cryptic diversity can only be verified through a more comprehensive
and holistic approach utilising complementary tools (Jamaludin et al., 20205 Jayasankar et
al., 2004; Thomas et al., 2014) and morphological re-examining of fresh type specimens.

Implications to fishery management

This study has provided novel insights into the population structure and proposed several
processes that could define the stock boundaries and evolutionary units of A. sirm in
waters. It is recommended that separate management systems be implemented for the
waters fringing the western coasts, Lineage 1 (AS) and eastern coasts, Lineage 2 (the SCS
and the neighboring waters). Despite focusing on only one country, it is worth notingy
that all the major seas in Southeast Asia are represented in this study.

Genetic data should be an important component for fishery managers to make informed
decisions on a target species (von der Heyden et al., 2014). Furthermore, advanced genetic
techniques (eDNA for ecological monitoring) could provide crucial information to the
scientific advisory process for fisheries management. Despite that, the integration of
genetic data into fishery policy modeling is yet to gain traction in most parts of the world
where genetic facilities are still lacking (Reiss et al., 2009; Waples ¢ Naish, 2009), including
Malaysia.

Regional cooperation can benefit from utilising genetic evidence, particularly for
migratory species like A. sirm. A fine example of how regional bodies co-operate in
regional fishery management strategies is the ZoNéCo (Programme d’évaluation des
ressources marines de la zone économique de Nouvelle-Calédonie) in New Caledonia
that integrated genetic and complementary non-genetic data to manage the Spanish
mackerel, Scomberomorus commerson stocks in Bélep, North Province of New Caledonia
(von der Heyden et al., 2014). This project demonstrated that the area might host distinct
reproductive stocks based on solid evidence of genetic structuring. Resultantly, a sound
policy was introduced to ensure sustainable exploitation of the Spanish mackerel in New
Caledonia. In another study, high genetic structuring attributed to limited ecological
population connectivity of the shorefish, Eleutheronema tetradactylus, in four regions of
northern Australia (Horne et al., 2011) recommended separate management of these four
populations.

The presence of two discrete A. sirm stocks, the AS and the SCS, reinforces the need
for regional cooperation among the maritime nations. This effort could be realized by
referring to the management models applied in other regions through the facilitation of
the Southeast Asian Fisheries Development Center (SEAFDEC). The genetic variability
data could be used as an indicator to control the harvesting activities between participating
countries, besides regulating the number of fish landing at a particular time and the fishing
capacity of fishing vessels (Md Saleh et al., 2019).
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Determining the population stock structure within the region (Malaysia with the
neighboring waters) is also crucial for the sustainable fishery management of highly
economically important species. This information could guide the fishery managers
in determining potential fishing or spawning areas and planning a sustainable fishery
policy strategy. For example, the population stock structure determination of spawning
areas through DNA metabarcoding could be a way forward in sustaining broodstock
management. In addition, the information could facilitate site recommendations for
implementing closed areas during the critical life cycle, including spawning and nursery
seasons, as suggested by Radhakrishnan et al. (2018) in their study on the Spanish mackerel,
Scomberomorus commerson. The concept of genetic-based management is slowly gaining
recognition in this region. For instance, SEAFDEC identifies potential closed areas under
the “The South China Sea Fisheries Refugia Initiative” whereby genetic and non-genetic
information is used to develop refugia of selected species such as the tiger prawn refugia in
Sarawak, Malaysia (SEAFDEC, 2006). Despite that, there is an immense gap and challenges
in incorporating genetic data for the development of fishery management strategies due
to the lack of interest and knowledge among fishery managers (Benestan, 2019; von der
Heyden et al., 2014). Furthermore, non-specialist may face difficulties understanding the
genetic approaches in fishery management (Bowen et al., 2014), therefore, it is critical to
address these challenges by maintaining and strengthening joint efforts between scientists
and fishery managers. For instance, the integration of A. sirm genetic data along with
life-history traits, tagging returns, parasitic loads, and microchemical variation of the hard
skeletal structure in the fishery management policy (Ward, 2000; von der Heyden et al.,
2014) would permit a holistic approach in sustainably managing A. sirm in this region.
Such efforts will help achieve the Sustainable Development Goals (SDGs) specifically SDG14
to combat the global adverse effects of overfishing by 2030 (United Nations Sustainable
Development, 2021) and effective conservation and sustainable fishery management.

CONCLUSIONS

The mtDNA Cyt b marker revealed two highly differentiated A. sirm in the AS and the SCS
and the neighboring waters. Demographic history and contemporary factors are identified
as possible underlying reasons for the structuring observed. Meanwhile, cryptic diversity
could explain the genetic disparity in the A. sirm population. Since two discrete stocks have
been identified in this study, different management strategies would benefit the A. sirm

population in the Southeast Asia.

ACKNOWLEDGEMENTS

The authors would like to thank the staff from the Department of Fisheries Malaysia
(Fisheries Research Institute) and Andaman Coastal Research Station for Development,
Kasetsart University, Thailand, for sharing their expertise and knowledge and facilitating
the sample collections. The authors would also like to extend our appreciation to our
laboratory colleagues for their technical assistance.

Jamaludin et al. (2022), PeerJ, DOI 10.7717/peerj.13706 16/28


https://peerj.com
http://dx.doi.org/10.7717/peerj.13706

Peer

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This study was funded by Ministry of Higher Education for funding this project
under the Fundamental Research Grant Scheme (FRGS) with project code:
FRGS/1/2020/STG01/USM/02/1 “Unravelling phylogeographic pattern of spotted
sardinella, Amblygaster sirm in Southeast Asia: Building global sustainable fishery”.
The funders had no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Fundamental Research Grant Scheme: FRGS/1/2020/STG01/USM/02/1.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Noorul Azliana Jamaludin conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, and approved the final
draft.

e Jamsari Amirul Firdaus Jamaluddin conceived and designed the experiments, performed
the experiments, analyzed the data, prepared figures and/or tables, and approved the
final draft.

e Masazurah A. Rahim conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the article, and approved the final draft.

e Noor Adelyna Mohammed Akib conceived and designed the experiments, performed
the experiments, authored or reviewed drafts of the article, designing the concept of
article, and approved the final draft.

e Sahat Ratmuangkhwang conceived and designed the experiments, authored or reviewed
drafts of the article, sampling activity, and approved the final draft.

e Wahidah Mohd Arshaad conceived and designed the experiments, performed the
experiments, authored or reviewed drafts of the article, and approved the final draft.

e Siti Azizah Mohd Nor conceived and designed the experiments, authored or reviewed
drafts of the article, reviewing the article, and approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

As only dead specimens were sampled, no permit was required and no ethical
consideration was linked to this study.

Jamaludin et al. (2022), PeerdJ, DOI 10.7717/peerj.13706 17/28


https://peerj.com
http://dx.doi.org/10.7717/peerj.13706

Peer

Data Availability
The following information was supplied regarding data availability:
The sequences are available at GenBank: MZ040756 to MZ040877.

Supplemental Information
Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj.13706#supplemental-information.

REFERENCES

Adamson EAS, Hurwood DA. 2015. Molecular ecology and stock identification. In:
Craig JF, ed. Freshwater fisheries ecology. Hoboken: John Wiley and Sons, 811-829
DOI10.1002/9781118394380.ch58.

Akbar N, Irfan M, Aris M. 2019. Population genetics and phylogeography of Bigeye
Tuna in Moluccas Seas, Indonesia. ILMU KELAUTAN: Indonesian Journal of Marine
Sciences 23(4):145 DOI 10.14710/ik.ijms.23.4.145-155.

Akib NAM, Tam BM, Phumee P, Abidin MZ, Tamadoni S, Mather PB, Nor SAM. 2015.
High connectivity in Rastrelliger kanagurta: influence of historical signatures and
migratory behaviour inferred from mtDNA cytochrome b. PLOS ONE 10(3):1-18
DOI 10.1371/journal.pone.0119749.

Aluwihare YC, Jayasinghe RPPK, Dalpathadu KR. 2019. Stock structure of Amblygaster
sirm (Walbaum, 1792 ) distributed in the coastal waters in Sri Lanka, 2019. In:
National aquatic resources research and development agency (NARA), Scientific sessions
2019. Available at https://www.researchgate.net/publication/346969291.

Atmaja SB, Sadhotomo B. 2006. Prediction of biomass of spotted sardine (Amblygaster
sirm) in the Java Sea. Indian Fisheries Research Institutes Journal 12(1):91-99.

Avise JC, Neigel JE, Arnold J. 1984. Demographic influences on mitochondrial
DNA lineage survivorship in animal populations. Journal of Molecular Evolution
20(2):99-105 DOT 10.1007/BF02257369.

Baker CS, Perry A, Bannister JL, Weinrich MT, Abernethy RB, Calambokidis J,
Palumbi SR, Lien J, Lambertsen RH, Ramirez JU, Vasquez O. 1993. Abundant
mitochondrial DNA variation and world-wide population structure in humpback
whales. Proceedings of the National Academy of Sciences of the United States of America
90(17):8239-8243 DOI 10.1073/pnas.90.17.8239.

Bandelt H, Forster P, R6hl A. 1999. Median-joining networks for inferring intraspecific
phylogenies. Molecular Biology and Evolution 6(1):37-48
DOI 10.1111/j.1469-1795.2000.tb00107 .x.

Benestan L. 2019. Population genomics applied to fishery management and conserva-
tion. In: Rajora OP, ed. Population genomics: marine organism, population genomics.
Switzerland: Springer, 399—421 DOI 10.1007/13836_2019_66.

Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a practical
and powerful approach in multiple testing. Journal of Royal Statistical Society
57(1):289-300.

Jamaludin et al. (2022), PeerJ, DOI 10.7717/peerj.13706 18/28


https://peerj.com
https://www.ncbi.nlm.nih.gov/nucleotide?term=MZ040756
https://www.ncbi.nlm.nih.gov/nucleotide?term=MZ040877
http://dx.doi.org/10.7717/peerj.13706#supplemental-information
http://dx.doi.org/10.7717/peerj.13706#supplemental-information
http://dx.doi.org/10.1002/9781118394380.ch58
http://dx.doi.org/10.14710/ik.ijms.23.4.145-155
http://dx.doi.org/10.1371/journal.pone.0119749
https://www.researchgate.net/publication/346969291
http://dx.doi.org/10.1007/BF02257369
http://dx.doi.org/10.1073/pnas.90.17.8239
http://dx.doi.org/10.1111/j.1469-1795.2000.tb00107.x
http://dx.doi.org/10.1007/13836_2019_66
http://dx.doi.org/10.7717/peerj.13706

Peer

Betancur RR, Arturo Acero P, Duque-Caro H, Santos SR. 2010. Phylogenetic
and morphologic analyses of a coastal fish reveals a marine biogeographic
break of terrestrial origin in the Southern Caribbean. PLOS ONE 5(7):e11566
DOI 10.1371/journal.pone.0011566.

Bowen BW, Grant WS. 1997. Phylogeography of the sardines (Sardinops spp.): assessing
biogeographic models and population histories in temperate upwelling zones.
Evolution 51(5):1601-1610 DOI 10.1111/j.1558-5646.1997.tb01483.x.

Bowen BW, Shanker K, Yasuda N, Maria MC, Von Der Heyden S, Paulay G, Rocha
LA, Selkoe KA, Barber PH, Williams ST, Lessios HA, Crandall ED, Bernardi
G, Meyer CP, Carpenter KE, Toonen R]J . 2014. Phylogeography unplugged:
comparative surveys in the genomic era. Bulletin of Marine Science 90(1):13—46
DOI 10.5343/bms.2013.1007.

Cardenas L, Hernandez CE, Poulin E, Magoulas A, Kornfield I, Ojeda FP. 2005.
Origin, diversification, and historical biogeography of the genus Trachurus
(Perciformes: Carangidae). Molecular Phylogenetics and Evolution 35(2):496-507
DOI10.1016/j.ympev.2005.01.011.

Carpenter KE, Barber PH, Crandall ED, Ablan-Lagman MCA, Ambariyanto , Ma-
hardika GN, Toha AHA, et al. 2011. Comparative phylogeography of the coral
triangle and implications for marine management. Journal of Marine Biology 2011
DOI10.1155/2011/396982.

Carvalho GR, Hauser L. 1994. Molecular genetics and the stock concept in fisheries.
Reviews in Fish Biology and Fisheries 4(3):326—350 DOI 10.1007/BF00042908.

Castillo-Péez A, Sosa-Nishizaki O, Sandoval-Castillo J, Galvin-Maga na F, Blanco-
Parra MDP, Rocha-Olivares A. 2014. Strong population structure and shallow mito-
chondrial phylogeny in the banded guitarfish, Zapteryx exasperata (Jordan y Gilbert,
1880), from the northern Mexican Pacific. Journal of Heredity 105(1):91-100
DOI 10.1093/jhered/est067.

Chan AFO, Luczon AU, Fontanilla IKC, Ong PS, Santos MD, Willette DA, Quilang
JP. 2019. DNA barcoding cannot discriminate between Sardinella tawilis and S.
hualiensis (Clupeiformes: Clupeidae). Mitochondrial DNA Part B 4(2):2499-2503
DOI 10.1080/23802359.2019.16388309.

Chanthran SSD, Lim PE, Li Y, Liao TY, Poong SW, Du J, Loh KH, et al. 2020. Genetic
diversity and population structure of Terapon jarbua (Forskal, hualiensis (Clu-
peiformes: Clupeidae). ZooKeys 2020(911):139-160 DOI 10.3897/z00keys.911.39222.

Coyle T. 1998. Stock identification and fisheries management: the importance of using
several methods in a stock identification study. Available at hitp://citeseerx.ist.psit.
edu/viewdoc/download? doi=10.1.1.511.7585¢rep=reple-type=pdf .

Delrieu-Trottin E, Maynard J, Planes S. 2014. Endemic and widespread coral reef fishes
have similar mitochondrial genetic diversity. Proceedings of the Royal Society B:
Biological Sciences 281(1797):20141068 DOI 10.1098/rspb.2014.1068.

Department of Fisheries Malaysia. 2019. Department of Fisheries Malaysia. Available at
https://www.dof.gov.my/en/ (accessed on 31 July 2021).

Jamaludin et al. (2022), PeerJ, DOI 10.7717/peerj.13706 19/28


https://peerj.com
http://dx.doi.org/10.1371/journal.pone.0011566
http://dx.doi.org/10.1111/j.1558-5646.1997.tb01483.x
http://dx.doi.org/10.5343/bms.2013.1007
http://dx.doi.org/10.1016/j.ympev.2005.01.011
http://dx.doi.org/10.1155/2011/396982
http://dx.doi.org/10.1007/BF00042908
http://dx.doi.org/10.1093/jhered/est067
http://dx.doi.org/10.1080/23802359.2019.1638839
http://dx.doi.org/10.3897/zookeys.911.39222
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.511.7585&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.511.7585&rep=rep1&type=pdf
http://dx.doi.org/10.1098/rspb.2014.1068
https://www.dof.gov.my/en/
http://dx.doi.org/10.7717/peerj.13706

Peer

Devi SM, Jaiswar AK, Kumar R, Ali MI, Velakkandy S, Shirke S, Chakraborty SK, et
al. 2018. Biometric studies on spotted sardinella Amblygaster sirm (Walbaum, 1792)
(Pisces: Clupeidae) occurring along Andaman Coast, India. Indian Journal of Geo-
Marine Sciences 47(1):135-140.

Divya PR, Jency PME, Joy L, Kathirvelpandian A, Singh RK, Basheer VS. 2020.
Population connectivity and genetic structure of Asian green mussel, Perna viridis
along Indian waters assessed using mitochondrial markers. Molecular Biology Reports
47(7):5061-5072 DOI 10.1007/s11033-020-05575-4.

Dohna TA, Timm J, Hamid L, Kochzius M. 2015. Limited connectivity and a phylo-
geographic break characterize populations of the pink anemonefish, Amphiprion
perideraion, in the Indo-Malay Archipelago: inferences from a mitochondrial and
microsatellite loci. Ecology and Evolution 5(8):1717—-1733 DOI 10.1002/ece3.1455.

Domingues RR, Hilsdorf AWS, Shivji MM, Hazin FVH, Gadig OBF. 2018. Effects of
the Pleistocene on the mitochondrial population genetic structure and demographic
history of the silky shark (Carcharhinus falciformis) in the western Atlantic Ocean.
Reviews in Fish Biology and Fisheries 28(1):213-227 DOI 10.1007/s11160-017-9504-z.

Drummond AJ, Suchard MA, Xie D, Rambaut A. 2012. Bayesian phylogenetics with
BEAUti and the BEAST 1.7. Molecular Biology and Evolution 29(8):1969-1973
DOI 10.1093/molbev/mss075.

Dudgeon CL, Broderick D, Ovenden JR. 2009. ITUCN classification zones concord
with, but underestimate, the population genetic structure of the zebra shark
Stegostoma fasciatum in the Indo-West Pacific. Molecular Ecology 18(2):248-261
DOI10.1111/5.1365-294X.2008.04025.x.

Dupanloup I, Schneider S, Excoffier L. 2002. A simulated annealing approach to
define the genetic structure of populations. Molecular Ecology 11(12):2571-2581
DOI 10.1046/j.1365-294x.2002.01650.x.

Ely B, Vinas ], Alvarado Bremer JR, Black D, Lucas L, Covello K, Thelen E, et al. 2005.
Consequences of the historical demography on the global population structure of
two highly migratory cosmopolitan marine fishes: The yellowfin tuna (Thunnus
albacares) and the skipjack tuna (Katsuwonus pelamis). BMC Evolutionary Biology
5:1-9 DOI110.1186/1471-2148-5-19.

Excoffier L, Lischer HEL. 2010. Arlequin suite ver 3.5: a new series of programs to
perform population genetics analyses under Linux and Windows. Molecular Ecology
Resources 10(3):564-567 DOIT 10.1111/j.1755-0998.2010.02847 .x.

Ferreri M, Qu W, Han B. 2011. Phylogenetic networks: a tool to display character con-
flict and demographic history. African Journal of Biotechnology 10(60):12799-12803
DOI 10.5897/ajb11.010.

Fratini S, Ragionieri L, Deli T, Harrer A, Marino IAM, Cannicci S, Zane L, Schubart
CD. 2016. Unravelling population genetic structure with mitochondrial DNA in
a notional panmictic coastal crab species: sample size makes the difference. BMC
Evolutionary Biology 16(1):1-15 DOI 10.1186/512862-016-0720-2.

Jamaludin et al. (2022), PeerJ, DOI 10.7717/peerj.13706 20/28


https://peerj.com
http://dx.doi.org/10.1007/s11033-020-05575-4
http://dx.doi.org/10.1002/ece3.1455
http://dx.doi.org/10.1007/s11160-017-9504-z
http://dx.doi.org/10.1093/molbev/mss075
http://dx.doi.org/10.1111/j.1365-294X.2008.04025.x
http://dx.doi.org/10.1046/j.1365-294x.2002.01650.x
http://dx.doi.org/10.1186/1471-2148-5-19
http://dx.doi.org/10.1111/j.1755-0998.2010.02847.x
http://dx.doi.org/10.5897/ajb11.010
http://dx.doi.org/10.1186/s12862-016-0720-2
http://dx.doi.org/10.7717/peerj.13706

Peer

Fu Y. 1997. Statistical tests of neutrality of mutations against population growth,
hitchhiking and background selection. Genetics 147(2):915-925
DOI 10.1093/genetics/147.2.915.

Gaggiotti OE, Bekkevold D, Jergensen HBH, Foll M, Carvalho GR, Andre C, Ruzzante
DE. 2009. Disentangling the effects of evolutionary, demographic, and environmen-
tal factors influencing genetic structure of natural populations: Atlantic herring as a
case study. Evolution 63(11):2939-2951 DOI 10.1111/§.1558-5646.2009.00779.x.

Garcia SM, Zerbie A, Aliaume C, Chi Do T, Lasserre G. 2003. The ecosystem
approach to fisheries. Isuues terminology, principles, institutional founda-
tions, implementation and outlook. FAO Fisheries Technical Paper 443:71
DOI 10.1007/978-3-319-03041-8_82.

Garoia F, Guarniero I, Ramsak A, Ungaro N, Landi M, Piccinetti C, Mannini P,

Tinti F. 2004. Microsatellite DNA variation reveals high gene flow and panmictic
populations in the Adriatic shared stocks of the European squid and cuttlefish
(Cephalopoda). Heredity 93(2):166—174 DOI 10.1038/sj.hdy.6800489.

Ha TTT, Nga TT, Hang TNA, Alam MS. 2020. Genetic diversity in Pangasius spp.
collected in Bangladesh based on mitochondrial cytochrome b gene sequence
analysis. Aquaculture Reports 17(2019):100351 DOI 10.1016/j.aqrep.2020.100351.

Habib M, Lakra WS, Mohindra V, Khare P, Barman AS, Singh A, Lal KK, Punia P,
Khan AA. 2011. Evaluation of cytochrome b mtDNA sequences in genetic diversity
studies of Channa marulius (Channidae: Perciformes). Molecular Biology Reports
38(2):841-846 DOI 10.1007/s11033-010-0175-2.

Hale C, Graham L, Douglass EM, Sempier S, Swann L. 2015. Fisheries landings and
disasters in the gulf of Mexico. Oil Spill Science: Fisheries Landings and Disasters in
the Gulf of Mexico, (TAMU-SG-15-504), 8.

Harpending HC. 1994. Signature of ancient population growth in a low-resolution
mitochondrial DNA mismatch distribution. Human Biology 66(4):591-600.

Hauser L, Ward RD. 1998. Population identification in pelagic fish: the limits of
molecular markers. Advances in Molecular Ecology 306(2015):191-224.

Hebert PDN, Cywinska A, Ball SL, De Waard JR. 2003. Biological identifications
through DNA barcodes. Proceedings of the Royal Society B: Biological Sciences
270(1512):313-321 DOI 10.1098/rspb.2002.2218.

Holmes BJ, Williams SM, Otway NM, Nielsen EE, Maher SL, Bennett MB, Ovenden
JR. 2017. Population structure and connectivity of tiger sharks (Galeocerdo cuvier)
across the indo-pacific ocean basin. Royal Society Open Science 4(7):170309
DOI 10.1098/rs0s.170309.

Horne JB, van Herwerden L, Choat JH, Robertson DR. 2008. High population con-
nectivity across the Indo-Pacific: congruent lack of phylogeographic structure in
three reef fish congeners. Molecular Phylogenetics and Evolution 49(2):629-638
DOI10.1016/j.ympev.2008.08.023.

Horne JB, Momigliano P, Welch DJ, Newman SJ, Van Herwerden L. 2011. Limited
ecological population connectivity suggests low demands on self-recruitment in a

Jamaludin et al. (2022), PeerJ, DOI 10.7717/peerj.13706 21/28


https://peerj.com
http://dx.doi.org/10.1093/genetics/147.2.915
http://dx.doi.org/10.1111/j.1558-5646.2009.00779.x
http://dx.doi.org/10.1007/978-3-319-03041-8_82
http://dx.doi.org/10.1038/sj.hdy.6800489
http://dx.doi.org/10.1016/j.aqrep.2020.100351
http://dx.doi.org/10.1007/s11033-010-0175-2
http://dx.doi.org/10.1098/rspb.2002.2218
http://dx.doi.org/10.1098/rsos.170309
http://dx.doi.org/10.1016/j.ympev.2008.08.023
http://dx.doi.org/10.7717/peerj.13706

Peer

tropical inshore marine fish (Eleutheronema tetradactylum: Polynemidae). Molecular
Ecology 20(11):2291-2306 DOI 10.1111/j.1365-294X.2011.05097.x.

Hou Z, Li S. 2018. Tethyan changes shaped aquatic diversification. Biological Reviews
93(2):874-896 DOT 10.1111/brv.12376.

Hudson RR, Boos DD, Kaplan NL. 1992. A statistical test for detecting geographic
subdivision. Molecular Biology and Evolution 9(1):138-151
DOI 10.1093/oxfordjournals.molbev.a040703.

Thssen PE, Booke HE, Casselman JM, McGlade JM, Payne NR, Utter FM. 1981. Stock
identification: materials and methods. Canadian Journal of Fisheries and Aquatic
Sciences 38(12):1838-1855 DOI 10.1139/f81-230.

Jamaludin NA, Mohd-Arshaad W, Mohd Akib NA, Zainal Abidin DH, Nghia NV,

Nor SAM. 2020. Phylogeography of the Japanese scad, Decapterus maruadsi
(Teleostei; Carangidae) across the Central Indo-West Pacific: evidence of strong
regional structure and cryptic diversity. Mitochondrial DNA Part A: DNA Mapping,
Sequencing, and Analysis 31(7):298-310 DOI 10.1080/24701394.2020.1799996.

Jayasankar P, Thomas PC, Paulton MP, Mathew J. 2004. Morphometric and genetic
analyzes of Indian Mackerel (Rastrelliger kanagurta) from Peninsular India. Asian
Fisheries Science 17:201-215.

Jérome M, Lemaire C, Bautista JM, Fleurence J, Etienne M. 2003. Molecular phylogeny
and species identification of sardines. Journal of Agricultural and Food Chemistry
51(1):43-50 DOI 10.1021/jf020713w.

Johns GC, Avise JC. 1998. A comparative summary of genetic distances in the vertebrates
from the mitochondrial cytochrome b gene. Molecular Biology and Evolution
15(11):1481-1490 DOI 10.1142/9789814350709_0006.

Kasim NS, Jaafar TNAM, Piah RM, Mohd Arshaad W, Mohd Nor SA, Habib A, Tan
MP, et al. 2020. Recent population expansion of longtail tuna Thunnus tonggol
(Bleeker, 1851) inferred from the mitochondrial DNA markers. Peer] 8:1-23
DOI 10.7717/peerj.9679.

Klangnurak W, Phinchongsakuldit J, True J. 2012. Population structure and genetic
connectivity of Lutjanus russelli (Lutjanidae) in Thailand. In: 12th. international coral
reef symposium, 1-5.

Kumar S, Stecher G, Li M, Knyaz C, Tamura K. 2018. MEGA X: molecular evolutionary
genetics analysis across computing platforms. Molecular Biology and Evolution
35(6):1547-1549 DOI 10.1093/molbev/msy096.

Laikre L, Palm S, Ryman N. 2005. Genetic population structure of fishes: implications
for coastal zone management. Ambio 34(2):111-119
DOI 10.1579/0044-7447-34.2.111.

Lanfear R, Frandsen PB, Wright AM, Senfeld T, Calcott B. 2017. Partitionfinder 2:
new methods for selecting partitioned models of evolution for molecular and mor-
phological phylogenetic analyses. Molecular Biology and Evolution 34(3):772-773
DOI 10.1093/molbev/msw260.

Jamaludin et al. (2022), PeerJ, DOI 10.7717/peerj.13706 22/28


https://peerj.com
http://dx.doi.org/10.1111/j.1365-294X.2011.05097.x
http://dx.doi.org/10.1111/brv.12376
http://dx.doi.org/10.1093/oxfordjournals.molbev.a040703
http://dx.doi.org/10.1139/f81-230
http://dx.doi.org/10.1080/24701394.2020.1799996
http://dx.doi.org/10.1021/jf020713w
http://dx.doi.org/10.1142/9789814350709_0006
http://dx.doi.org/10.7717/peerj.9679
http://dx.doi.org/10.1093/molbev/msy096
http://dx.doi.org/10.1579/0044-7447-34.2.111
http://dx.doi.org/10.1093/molbev/msw260
http://dx.doi.org/10.7717/peerj.13706

Peer

Leigh JW, Bryant D. 2015. POPART: Full-feature software for haplotype network
construction. Methods in Ecology and Evolution 6(9):1110-1116
DOI10.1111/2041-210X.12410.

LiY, Chen G, Yu J, Wu §, Xiong D, Li X, Cui K, Li Y. 2016. Population genetics of
Thamnaconus hypargyreus (Tetraodontiformes: Monacanthidae) in the South China
Sea. Mitochondrial DNA 27(2):798-805 DOI 10.3109/19401736.2014.919451.

Liu JX, Gao TX, Wu SF, Zhang YP. 2007. Pleistocene isolation in the Northwest-
ern Pacific marginal seas and limited dispersal in a marine fish, Chelon haema-
tocheilus (Temminck & Schlegel, 1845). Molecular Ecology 16(2):275-288
DOI10.1111/j.1365-294X.2006.03140.x.

Mandal A, Rao D, Karuppaiah D, Gopalakrishnan A, Pozhoth J, Thampi Samraj YC,
Doyle RW. 2012. Population genetic structure of Penaeus monodon, in relation to
monsoon current patterns in Southwest, East and Andaman coastal waters of India.
Gene 491(2):149-157 DOI 10.1016/j.gene.2011.10.002.

Mantel N. 1967. The detection of disease clustering and a generalized regression
approach. Cancer Research 27(2):209-220 DOT 10.1021/j150334a020.

Mat Jaafar TNA, Taylor MI, Mohd Nor SA, De Bruyn M, Carvalho GR. 2020. Com-
parative genetic stock structure in three species of commercially exploited Indo-
Malay Carangidae (Teleosteii, Perciformes). Journal of Fish Biology 96(2):337-349
DOT 10.1111/jfb.14202.

Maunder MN, Punt AE. 2013. A review of integrated analysis in fisheries stock assess-
ment. Fisheries Research 142:61-74 DOI 10.1016/].fishres.2012.07.025.

Md Saleh MF, Mohd Arshaad W, Raja Hassan RB, Masaya K, Abdul Fatah NN, Jaafar
K. 2019. Project terminal report: Comparative Studies on Management of Purse
Seine Fisheries in the Southeast Asian Region. Kuala Terengganu.

Nei M. 1973. Analysis of gene diversity in subdivided populations. Proceedings of the
National Academy of Sciences of the United States of America 70(12):3321-3323
DOI 10.1016/j.jasrep.2018.01.028.

Nelson JS, Hoddell R], Chou LM, Chan WK, Phang VPE. 2000. Phylogeographic
structure of false clownfish, Amphiprion ocellaris, explained by sea level changes on
the Sunda shelf. Marine Biology 137(4):727-736 DOI 10.1007/5002270000379.

Ninwichian P, Klinbunga S. 2020. Population genetics of sandfish (Holothuria
scabra) in the Andaman Sea, Thailand inferred from 12S rDNA and mi-
crosatellite polymorphism. Regional Studies in Marine Science 35:101189
DOI10.1016/j.rsma.2020.101189.

Niu SF, Wu RX, Zhai Y, Zhang HR, Li ZL, Liang ZB, Chen YH. 2019. Demographic
history and population genetic analysis of Decapterus maruadsi from the northern
South China Sea based on mitochondrial control region sequence. Peer] 7:€7953
DOI10.7717/peer;j.7953.

Palumbi SR. 1994. Genetic divergence, reproductive isolation, and marine speciation.
Annual Review of Ecology and Systematics 25:547-572
DOI 10.1146/annurev.es.25.110194.002555.

Jamaludin et al. (2022), PeerJ, DOI 10.7717/peerj.13706 23/28


https://peerj.com
http://dx.doi.org/10.1111/2041-210X.12410
http://dx.doi.org/10.3109/19401736.2014.919451
http://dx.doi.org/10.1111/j.1365-294X.2006.03140.x
http://dx.doi.org/10.1016/j.gene.2011.10.002
http://dx.doi.org/10.1021/j150334a020
http://dx.doi.org/10.1111/jfb.14202
http://dx.doi.org/10.1016/j.fishres.2012.07.025
http://dx.doi.org/10.1016/j.jasrep.2018.01.028
http://dx.doi.org/10.1007/s002270000379
http://dx.doi.org/10.1016/j.rsma.2020.101189
http://dx.doi.org/10.7717/peerj.7953
http://dx.doi.org/10.1146/annurev.es.25.110194.002555
http://dx.doi.org/10.7717/peerj.13706

Peer

Peng Z, He S, Zhang Y. 2004. Phylogenetic relationships of glyptosternoid fishes
(Siluriformes: Sisoridae) inferred from mitochondrial cytochrome b gene sequences.
Molecular Phylogenetics and Evolution 31(3):979-987
DOI10.1016/j.ympev.2003.10.023.

Phinchongsakuldit J, Chaipakdee P, Collins JF, Jaroensutasinee M, Brookfield JFY.
2013. Population genetics of cobia (Rachycentron canadum) in the Gulf of Thailand
and Andaman Sea: fisheries management implications. Aquaculture International
21(1):197-217 DOI 10.1007/s10499-012-9545-1.

Pradeep HD, Shirke SS, Kar AB. 2014. Age, growth and mortality of Amblygaster sirm
(Walbaum, 1792) from Andaman Waters. Journal of the Andaman Science Association
19(2):201-208.

Prasetyo AP, Dharmadi D, Purwoko RM. 2019. Possible use of a stock-production
model incorporating covariates (ASPIC) for stock assessment of rays in the Indian
Ocean of Indonesia Possible Use of A Stock —Production Model Incorporating
Covariates (ASPIC) for Stock Assessment of Rays. (February), 572 573.

Radhakrishnan DP, Nedumpally V, Kathirvelpandian A, Valaparambil Said-
muhammed B, Gopalakrishnan A. 2018. Population structure of Spanish mack-
erel Scomberomorus commerson (Lacepede 1800) in the Northern Indian Ocean
determined using microsatellite markers. Aquatic Living Resources 31(22):10
DOI 10.1051/alr/2018011.

Rahim MHA, Ismail P, Alias R, Muhammad N, Mat Jais AM. 2012. PCR-RFLP analysis
of mitochondrial DNA cytochrome b gene among Haruan (Channa striatus) in
Malaysia. Gene 494(1):1-10 DOI 10.1016/j.gene.2011.12.015.

Rahimi P, Rezvani Gilkolaie S, Ghavam Mostafavi P, Jamili S, Rahnema M. 2016.
Population genetic structure of the white sardine, Sardinella albella, in the Persian
Gulf and Sea of Oman by analysis of mitochondrial control region. Iranian Journal of
Fisheries Sciences 15(3):995-1008.

Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. 2018. Posterior summariza-
tion in Bayesian phylogenetics using Tracer 1.7. Systematic Biology 67(5):901-904
DOI 10.1093/sysbio/syy032.

Ramos-Onsins SE, Rozas J. 2002. Statistical properties of new neutrality tests
against population growth. Molecular Biology and Evolution 19(12):2092-2100
DOI 10.1093/oxfordjournals.molbev.a004034.

Reiss H, Hoarau G, Dickey-Collas M, Wolff WJ. 2009. Genetic population structure of
marine fish: mismatch between biological and fisheries management units. Fish and
Fisheries 10(4):361-395 DOI 10.1111/j.1467-2979.2008.00324.x.

Rogers A, Harpending H. 1992. Population growth makes waves in the distribution of
pairwise genetic differences. Molecular Biology and Evolution 9(June):552-569.

Rohfritsch A, Borsa P. 2005. Genetic structure of Indian scad mackerel Decapterus
russelli: Pleistocene vicariance and secondary contact in the Central Indo-West
Pacific Seas. Heredity 95(4):315-326 DOI 10.1038/sj.hdy.6800727.

Ronquist F, Huelsenbeck JP. 2003. Mr Bayes 3: Bayesian phylogenetic inference under
mixed models. Bioinformatics 19(12):1572—1574 DOI 10.1093/bioinformatics/btg180.

Jamaludin et al. (2022), PeerJ, DOI 10.7717/peerj.13706 24/28


https://peerj.com
http://dx.doi.org/10.1016/j.ympev.2003.10.023
http://dx.doi.org/10.1007/s10499-012-9545-1
http://dx.doi.org/10.1051/alr/2018011
http://dx.doi.org/10.1016/j.gene.2011.12.015
http://dx.doi.org/10.1093/sysbio/syy032
http://dx.doi.org/10.1093/oxfordjournals.molbev.a004034
http://dx.doi.org/10.1111/j.1467-2979.2008.00324.x
http://dx.doi.org/10.1038/sj.hdy.6800727
http://dx.doi.org/10.1093/bioinformatics/btg180
http://dx.doi.org/10.7717/peerj.13706

Peer

Roques S, Fox CJ, Villasana MI, Rico C. 2006. The complete mitochondrial genome of
the whiting, Merlangius merlangus and the haddock, Melanogrammus aeglefinus: a
detailed genomic comparison among closely related species of the Gadidae family.
Gene 383:12-23 DOI 10.1016/j.gene.2006.06.018.

Rousset F. 1997. Genetic differentiation and estimation of gene flow from F-statistics un-
der isolation by distance. Genetics 145(4):1219-1228 DOI 10.1093/genetics/145.4.1219.

Rozas J, Ferrer-Mata A, Sanchez-DelBarrio JC, Guirao-Rico S, Librado P, Ramos-
Onsins SE, Sanchez-Gracia A. 2017. DnaSP 6: DNA sequence polymorphism
analysis of large data sets. Molecular Biology and Evolution 34(12):3299-3302
DOI 10.1093/molbev/msx248.

Ryman N, Utter F. 1987. Genetics and fishery management : past, present, and future.
In: Ryman N, Utter F, eds. Population genetics ¢ fishery managment. University of
Washington, 1-18.

Schmidt RC, Bart HL, Nyingi WD. 2018. Integrative taxonomy of the red-finned
barb, Enteromius apleurogramma (Cyprininae: Smiliogastrini) from Kenya,
supports recognition of E. amboseli as a valid species. Zootaxa 4482(3):566—578
DOI 10.11646/zootaxa.4482.3.8.

Schneider S, Excoffier L. 1999. Estimation of past demographic parameters from
the distribution of pairwise differences when the mutation rates vary among
sites: application to human mitochondrial DNA. Genetics 152(3):1079-1089
DOI 10.1093/genetics/152.3.1079.

Schonhuth S, Mayden RL. 2010. Phylogenetic relationships in the genus Cyprinella
(Actinopterygii: Cyprinidae) based on mitochondrial and nuclear gene sequences.
Molecular Phylogenetics and Evolution 55(1):77-98 DOI 10.1016/j.ympev.2009.10.030.

Scoles DR, Graves JE. 1993. Genetic analysis of the population structure of yellowfin
tuna, Thunnus albacares, from the Pacific Ocean. Fishery Bulletin 91(4):690—-698.

SEAFDEC. 2006. Regional Guidelines for Responsible Fisheries in Southeast Asia,
Supplementary Guidelines on Co-management using Group User Rights, Fishery
Statistics, Indicators and Fisheries Refugia. Available at hittp://www.unepscs.org/
Refugia_Training/Fisheries Refugia Concept/11-ASEAN-SEAFDEC-Regional-
Guidelines- on-the- Use- of- Fisheries- Refugia.pdf .

SEAFDEC. 2017. Southeast Asian State of Fisheries and Aquaculture 2017. Southeast
Asian Fisheries Development Center, 130. Available at http://www.seafdec.org/
download/southeast-asian-state- fisheries-aquaculture-2017/.

SEAFDEC. 2020a. Fisheries statistical bulletin of Southeast Asia 2017, Bangkok, Thailand.
Available at http://www.seafdec.org/download/fishery- statistical- bulletin- of-southeast-
asia-2017/.

SEAFDEC. 2020b. Fisheries Statistical Bulletin of Southeast Asia 2018, Bangkok,
Thailand. Available at http://www.seafdec.org/download/fishery-statistical-bulletin-
of-southeast-asia-2018/.

Shaklee JB, Beacham TD, Seeb L, White BA. 1999. Managing fisheries using genetic data
case studies. Fisheries Research 43:45-78 DOI 10.1016/50165-7836(99)00066-1.

Jamaludin et al. (2022), PeerJ, DOI 10.7717/peerj.13706 25/28


https://peerj.com
http://dx.doi.org/10.1016/j.gene.2006.06.018
http://dx.doi.org/10.1093/genetics/145.4.1219
http://dx.doi.org/10.1093/molbev/msx248
http://dx.doi.org/10.11646/zootaxa.4482.3.8
http://dx.doi.org/10.1093/genetics/152.3.1079
http://dx.doi.org/10.1016/j.ympev.2009.10.030
http://www.unepscs.org/Refugia_Training/Fisheries Refugia Concept/11-ASEAN-SEAFDEC-Regional-Guidelines-on-the-Use-of-Fisheries-Refugia.pdf
http://www.unepscs.org/Refugia_Training/Fisheries Refugia Concept/11-ASEAN-SEAFDEC-Regional-Guidelines-on-the-Use-of-Fisheries-Refugia.pdf
http://www.unepscs.org/Refugia_Training/Fisheries Refugia Concept/11-ASEAN-SEAFDEC-Regional-Guidelines-on-the-Use-of-Fisheries-Refugia.pdf
http://www.seafdec.org/download/southeast-asian-state-fisheries-aquaculture-2017/
http://www.seafdec.org/download/southeast-asian-state-fisheries-aquaculture-2017/
http://www.seafdec.org/download/fishery-statistical-bulletin-of-southeast-asia-2017/
http://www.seafdec.org/download/fishery-statistical-bulletin-of-southeast-asia-2017/
http://www.seafdec.org/download/fishery-statistical-bulletin-of-southeast-asia-2018/
http://www.seafdec.org/download/fishery-statistical-bulletin-of-southeast-asia-2018/
http://dx.doi.org/10.1016/S0165-7836(99)00066-1
http://dx.doi.org/10.7717/peerj.13706

Peer

Silvestro D, Michalak I. 2012. RaxmlGUTI: a graphical front-end for RAXML. Organisms
Diversity and Evolution 12(4):335-337 DOI 10.1007/s13127-011-0056-0.

Slatkin M, Hudson RR. 1991. Pairwise comparisons of mitochondrial DNA sequences
in stable and exponentially growing populations. Genetics 129(2):555-562
DOI 10.1093/genetics/129.2.555.

Stamatakis A, Hoover P, Rougemont J. 2008. A rapid bootstrap algorithm for the
RAxXML web servers. Systematic Biology 57(5):758—-771
DOI 10.1080/10635150802429642.

Sukumaran S, Sebastian W, Gopalakrishnan A. 2017. Genetic population structure
and historic demography of Indian mackerel, Rastrelliger kanagurta from Indian
peninsular waters. Fisheries Research 191:1-9 DOI 10.1016/j.fishres.2017.02.018.

Sun P, Tang B, Yin F. 2018. Population genetic structure and genetic diversity of
Chinese pomfret at the coast of the East China Sea and the South China Sea.
Mitochondrial DNA Part A: DNA Mapping, Sequencing, and Analysis 29(4):643—649
DOI 10.1080/24701394.2017.1334773.

Supmee V, Songrak A, Suppapan J, Sangthong P. 2021. Population genetic structure of
Ornate Threadfin Bream (Nemipterus hexodon ) in Thailand. Tropical Life Sciences
Reseach 32(1):63-82.

Suseno SH, Syari C, Zakiyah ER, Jacoeb AM, Izaki AF, Saraswati S, Hayati S. 2014.
Chemical composition and fatty acid profile of small pelagic fish (Amblygaster sirm
and Sardinella gibbosa) from Muara Angke, Indonesia. Oriental Journal of Chemistry
30(3):1153-1158 DOI 10.13005/0jc/300328.

Swart BL, Bester-vander Merwe AE, Kerwath SE, Roodt-Wilding R. 2016. Phylogeogra-
phy of the pelagic fish Seriola lalandi at different scales: confirmation of inter-ocean
population structure and evaluation of southern African genetic diversity. African
Journal of Marine Science 38(4):513-524 DOI 10.2989/1814232X.2016.1238410.

Tajima F. 1989. Statistical method for testnig the neutral mutation hypothesis by DNA
polymorphism. Journal Society of America 123:585-595.

Thomas RC, Willette DA, Carpenter KE, Santos MD. 2014. Hidden diversity
in sardines: genetic and morphological evidence for cryptic species in the
goldstripe sardinella, Sardinella gibbosa (Bleeker, 1849). PLOS ONE 9:1-10
DOI 10.1371/journal.pone.0084719.

Tudela S, Garcia-Marin JL, Pla C, Rico C. 1999. Genetic structure of the European
anchovy, Engraulis encrasicolus 1., in the north-west Mediterranean. Journal of
Experimental Marine Biology and Ecology 234(1):95-109
DOI10.1016/50022-0981(98)00142-7.

Tzeng T. 2007. Population structure and historical demography of the spotted Mackerel
(Scomber australasicus) off Taiwan inferred from mitochondrial control region
sequencing. Zoological Studies 46(6):656—663.

United Nations Sustainable Development. 2021. Available at https://www.un.org/
sustainabledevelopment/oceans/ (accessed on 25 February 2021).

Jamaludin et al. (2022), PeerJ, DOI 10.7717/peerj.13706 26/28


https://peerj.com
http://dx.doi.org/10.1007/s13127-011-0056-0
http://dx.doi.org/10.1093/genetics/129.2.555
http://dx.doi.org/10.1080/10635150802429642
http://dx.doi.org/10.1016/j.fishres.2017.02.018
http://dx.doi.org/10.1080/24701394.2017.1334773
http://dx.doi.org/10.13005/ojc/300328
http://dx.doi.org/10.2989/1814232X.2016.1238410
http://dx.doi.org/10.1371/journal.pone.0084719
http://dx.doi.org/10.1016/S0022-0981(98)00142-7
https://www.un.org/sustainabledevelopment/oceans/
https://www.un.org/sustainabledevelopment/oceans/
http://dx.doi.org/10.7717/peerj.13706

Peer

von der Heyden S, Beger M, Toonen RJ, van Herwerden L, Juinio-Menez MA, Fauvelot
C, Bernadi G. 2014. The application of genetics to marine management and conser-
vation: examples from the Indo-Pacific. Bulletin of Marine Science 90(1):123-158
DOI10.5343/bms.2012.1079.

Voris HK. 2000. Maps of Pleistocene sea levels in Southeast Asia: shorelines,
river systems and time durations. Journal of Biogeography 27(5):1153-1167
DOI 10.1046/j.1365-2699.2000.00489.x.

Wallace RK, Fletcher KM. 1996. Understanding Fisheries Management: A Manual for
Understanding the Federal Fisheries Management Process, Including Analysis of the
1996 Sustainable Fisheries Act. Fidheries Management: A Manual for Understanding
the Federal Fisheries Management Process, Including Analysis of the 1996 Sustainable
Fisheries Act. 2nd edition. Mississippi-Alabama: Mississippi Alabama Sea Grant
Consortium.

Waples RS, Naish KA. 2009. Genetic and evolutionary considerations in fishery manage-
ment: research needs for the future. The Future of Fisheries Science in North America
427-451 DOI 10.1007/978-1-4020-9210-7_23.

Ward . 2000. Genetics in fisheries management. Hydrobiologia 420(1):191-201
DOI10.1023/A:1003928327503.

Ward RD. 2009. DNA barcode divergence among species and genera of birds and fishes.
Molecular Ecology Resources 9(4):1077-1085 DOI 10.1111/j.1755-0998.2009.02541 .x.

Whitehead PJP. 1985. FAO Species Catalogue: 7 Clupeoid Fishes of the World. An
annotated and illustrated cata- logue of the herrings, sardines, pil- chards, sprats, an-
chovies and wolf- herrings. In: Part 1 - Chirocentridae, Clupeidae and Pristigasteridae.
Vol. 7. Rome: FAO.

Woolley SM, Posada D, Crandall KA. 2008. A comparison of phylogenetic network
methods using computer simulation. PLOS ONE 3(4):1-12
DOI 10.1371/journal.pone.0001913.

Yi S, ZhongJ, Wang S, Huang S, Wang W. 2016. Mitochondrial DNA reveals evolution-
ary status and population genetics of two closely related fish (Misgurnus bipartitus
and Misgurnus mohoity) in northeast China. Biochemical Systematics and Ecology
68:192—-199 DOI 10.1016/j.bse.2016.07.018.

Zardoya R, Castilho R, Grande C, Favre-Krey L, Caetano S, Marcato S, Krey G,
Patarnello T. 2004. Differential population structuring of two closely related
fish species, the mackerel (Scomber scombrus) and the chub mackerel (Scomber
japonicus), in the Mediterranean Sea. Molecular Ecology 13(7):1785-1798
DOI10.1111/5.1365-294X.2004.02198.x.

Zhang C, Li Q, Wu X, Liu Q, Cheng Y. 2018. Genetic diversity and genetic structure
of farmed and wild Chinese mitten crab (Eriocheir sinensis) populations from
three major basins by mitochondrial DNA COI and Cyt b gene sequences. Mito-
chondrial DNA Part A: DNA Mapping, Sequencing, and Analysis 29(7):1081-1089
DOI 10.1080/24701394.2017.1404048.

Zhang H, Yanagimoto T, Zhang X, Song N, Gao T. 2016. Lack of population genetic
differentiation of a marine ovoviviparous fish Sebastes schlegelii in Northwestern

Jamaludin et al. (2022), PeerJ, DOI 10.7717/peerj.13706 27/28


https://peerj.com
http://dx.doi.org/10.5343/bms.2012.1079
http://dx.doi.org/10.1046/j.1365-2699.2000.00489.x
http://dx.doi.org/10.1007/978-1-4020-9210-7_23
http://dx.doi.org/10.1023/A:1003928327503
http://dx.doi.org/10.1111/j.1755-0998.2009.02541.x
http://dx.doi.org/10.1371/journal.pone.0001913
http://dx.doi.org/10.1016/j.bse.2016.07.018
http://dx.doi.org/10.1111/j.1365-294X.2004.02198.x
http://dx.doi.org/10.1080/24701394.2017.1404048
http://dx.doi.org/10.7717/peerj.13706

Peer

Pacific. Mitochondrial DNA. Part A, DNA Mapping, Sequencing, and Analysis
27(3):1748-1754 DOI 10.3109/19401736.2014.963797.

Zhang J, Cai Z, Huang L. 2006. Population genetic structure of crimson snapper Lutjanus
erythropterus in East Asia, revealed by analysis of the mitochondrial control region.
ICES Journal of Marine Science 63(4):693—-704 DOI 10.1016/j.icesjms.2006.01.004.

Jamaludin et al. (2022), PeerJ, DOI 10.7717/peerj.13706 28/28


https://peerj.com
http://dx.doi.org/10.3109/19401736.2014.963797
http://dx.doi.org/10.1016/j.icesjms.2006.01.004
http://dx.doi.org/10.7717/peerj.13706

