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The tropical catadromous eel, Anguilla bicolor paciﬁca, an important ﬁshery resource in
Southeast Asia, is under threat due to overexploitation (especially of its glass eel phase)
and the limited information on their current genetic status which is necessary for resource
management. Mitochondrial DNA (mtDNA) control region sequences, a useful marker for
population genetic studies in many aquatic organisms, were used to investigate the genetic
diversity, population structure and demographic history of A. bicolor paciﬁca in the region.
A total of 151 specimens were collected from three sites in Southeast Asia, namely: Phu
Yen, Vietnam (n ¼ 48); General Santos, Philippines (n ¼ 52); and, Palu, Indonesia (n ¼ 51).
A total of 138 haplotypes were identiﬁed using the mtDNA control region sequences. In
spite of the lack of shared haplotypes, low and non-signiﬁcant FST values, high haplotype
diversity in concurrence with relatively low nucleotide diversity, a haplotype network with
no phylogeographic structuring indicate no signiﬁcant genetic population structuring
among the eel samples from Vietnam, Philippines and Indonesia. Population expansion of
A. bicolor paciﬁca was also suggested based on the results of the neutrality tests, mismatch
distribution analysis and Bayesian skyline plot. Taken together, a joint management
strategy for A. bicolor paciﬁca must involve countries in Southeast Asia particularly Vietnam, Philippines and Indonesia for its sustainable use.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
The tropical anguillid eel, such as the shortﬁn eel, Anguilla bicolor, is one of the most economically important species
emerging in Southeast Asia (Edge, 1939; Arai et al., 1999; Suryati et al., 2019). Anguilla bicolor is the preferred second choice to
A. japonica due to its similar texture and taste, hence it is considered economically important in terms of market demand (Arai
2014 as cited in Shiraishi and Crook, 2015). It has a relatively wide geographic distribution compared to most of the 19 species
and subspecies of the genus Anguilla (Watanabe et al., 2005a; Fahmi et al., 2015a, b). Anguilla bicolor was reported to inhabit
sub-tropical to tropical regions, mostly in the waters around Indonesian archipelagos (Aoyama et al., 2001; Watanabe et al.,
2005a; Minegishi et al., 2012; Sugeha and Suharti, 2008).
Anguilla bicolor has two valid subspecies; A. bicolor bicolor and A. bicolor paciﬁca (Edge, 1939; Aoyama et al., 2001;
Watanabe et al., 2005a; Sugeha and Suharti, 2008; Tanaka et al., 2014), which have very similar characteristic morphologies
but vary in geographical distribution. Anguilla bicolor bicolor is restricted to the Indian Ocean while A. bicolor paciﬁca occurs in
natural waters of the Indo-Paciﬁc area (Tseng, 2012), the Western Paciﬁc Ocean, all the seas around the northern part of
Indonesia (Edge, 1939; Sugeha and Suharti, 2008; Fahmi et al., 2015a, b), and the coast of China, Vietnam, Philippines, Borneo
Island, Sulawesi Island and New Guinea Island (Watanabe et al., 2005a, b).
Hence of the two subspecies, Anguilla bicolor paciﬁca is considered an important ﬁshery resource around Southeast Asia,
particularly in the Philippines, Vietnam, and Indonesia (Crook, 2014; Gollock et al., 2018). In order to meet the requirements of
eel farmers in these countries, large numbers of glass eels are caught from the wild since production of hatchery-bred
seedstock has not yet been successful (Tanaka et al., 2014). According to the Food and Agriculture Organization (FAO) data,
wild-caught juvenile eels (glass eels or eel fry) constitute 90% of the total anguillid production worldwide (Shiraishi and
Crook, 2015). At present, only a few studies on the population differentiation within the subspecies of A. bicolor are available (Sugeha and Suharti, 2008; Fahmi et al., 2015a, b). Anguilla bicolor paciﬁca is more widely distributed (Aoyama et al.,
2018), but there is still little evidence about the location of their spawning areas (Kuroki et al., 2019).
Since the supply of glass eels for aquaculture depends exclusively on wild populations, eel ﬁshery will inevitably decrease
drastically. Freshwater eels have shown drastic decreases worldwide for the last three decades (Aoyama, 2009). Nonetheless,
future strategies for the production of eel seedstock in hatcheries require data on the genetic diversity and population
structure of wild stocks for successful broodstock and genetic resources management. In the future, efforts to sustainably use
and improve eel stocks may rely on managing ﬁsheries at various life history stages, to include in particular, restocking
(Cucherousset et al., 2007). Should restocking be considered, it may be referenced as obtaining glass eels in Asian countries
and stocking them into ponds, lakes or rivers of different countries, which is understood as a rather debatable approach. Any
plan of introducing eel stocks into a water body must always be preceded by an investigation of potential genetic impacts and
should be conducted with the objectives of minimizing or if possible, being devoid of any harmful genetic consequences
(Grant et al., 2017).
Many studies on the population structure of anguillids are mainly for temperate eel species, i.e. A. japonica (Ishikawa et al.,
^ te
 et al., 2013), and A. anguilla (Daemen et al., 2001; Wirth and Bernatchez, 2001). Only
2001; Tseng et al., 2006), A. rostrata (Co
a few studies have been done on the population structure of the tropical eel species, such as A. marmorata (Robinet et al.,
2003; Ishikawa et al., 2004; Maes et al., 2006; Minegishi et al., 2008; Gagnaire et al., 2011); A. bicolor (Minegishi et al.,
2012; Fahmi et al., 2015a); A. bicolor bicolor (Watanabe et al., 2005b); and A. megastoma (Gubili et al., 2019). Currently,
there is no detailed region-wide study on the population structure of A. bicolor paciﬁca.
This study aims to reveal the genetic differences between A. bicolor paciﬁca collected from three countries in Southeast
Asia (Vietnam, Philippines and Indonesia) and to determine the population structure of A. bicolor paciﬁca using mitochondrial
DNA (mtDNA) control region sequences, which has been a useful marker for population genetic studies in many aquatic
organisms in the region (Pedrosa-Gerasmio et al., 2015; Willette et al., 2015; Santos et al., 2010). The mtDNA control region is a
non-coding region that includes signals necessary for replication of a molecule and is the most rapidly evolving region of
mtDNA (Heyer et al., 2001). MtDNA evolves four times faster than the average nuclear gene. Hence, mtDNA can be used to
follow divergence in very closely related taxa and even within species (De Salle et al. 2017). The results of this study will be
helpful for resource protection and sustainable utilization of A. bicolor paciﬁca.
2. Materials and methods
2.1. Sampling, DNA extraction and sequencing
A total of 151 individuals of A. bicolor paciﬁca were collected from three sites in Southeast Asia (Fig. 1): Phu Yen, Vietnam
(n ¼ 48); General Santos, Philippines (n ¼ 52); and Palu, Indonesia (n ¼ 51). The samples were gathered from 2018 to 2019 by
using a fyke net. Samples collected from Indonesia and Vietnam comprised of elvers, while the Philippine samples were glass
eels. Approximately 1.0 g of muscle tissue was obtained from the dorsal portion of each ﬁsh and placed in individual 1.5 ml
Eppendorf tubes (containing 95% ethanol) prior to extraction using a Quick-DNA™ Miniprep Plus Kit (Zymo Research),
following the manufacturer’s protocol.
The hypervariable site of the mtDNA control region for A. bicolor paciﬁca was ampliﬁed using the forward and reverse
primers L15774 (50 -ACA TGA ATT GGA GGA ATA CCA GT-30 ; Shields and Kocher 1991) and H16498aj (50 -CCT GAA ATA GGA ACC
AAA TG-30 (Tanaka et al., 2014), respectively. This universal primer pair was previously used to amplify a partial DNA
2
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Fig. 1. Sampling sites (red pointer): Vietnam (Phu Yen), Philippines (General Santos) and Indonesia (Palu). This map was generated using QGIS v3.10 software
(QGIS Development Team, 2016). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

nucleotide sequence of the mtDNA control region in many organisms (Gunduz et al., 2007; Saarma and Kojola, 2007),
including eel (Tanaka et al., 2014, with modiﬁed reverse primer). The mtDNA control region was ampliﬁed in 50 ml polymerase
chain reactions containing 20 ml H2O, 25 ml Quick Taq® HS DyeMix of Toyobo, 1 ml forward primer, 1 ml reverse primer and 3 ml
of DNA template.
The PCR condition consisted of an initial denaturation at 94ᵒC for 2 min, followed by 35 cycles of 94  C denaturation for
30 s, 50  C annealing for 30 s, 68  C extension for 1 min, and ﬁnal extension of 72  C for 30 s. After ampliﬁcation, the PCR
products were evaluated for quality and quantity using 1% agarose gels stained with SYBR Safe. PCR amplicons and the same
primers (L15774 and H16498aj) were used for DNA sequencing at the Sequencing Centre of the 1st base (http://www.baseasia.com/dna-sequencing-services). All sequences were stored in the public domain database in GenBank; the registered
sequences were attributed to the accession numbers MW079028 e MW079178.

2.2. Data analyses
2.2.1. Genetic diversity and population structure
Consensus sequences were created using BioEdit v7.2.5 (Hall, 2013) and aligned and edited using MEGA v6 (Tamura et al.,
2013). The number of haplotypes and polymorphic sites were determined using DnaSP v5 (Librado and Roxas, 2009). Using
the program Arlequin v3.5 (Excofﬁer and Lischer 2010), the following were estimated: a) haplotype or gene diversity (hd) and
nucleotide diversity (p), and their corresponding variances; b) analysis of molecular variance (AMOVA) to obtain the genetic
differentiation indices (FST) and genetic variation partitioning within and among populations (Vietnam, Philippines and
Indonesia); and, c) pairwise population comparisons following the Tamura and Nei distance methods (Tamura and Nei, 1993).
This method was developed for the control region of the mtDNA and takes into account excess transitions, inequality of
nucleotide frequencies and differences in substitution rate among nucleotides (Tamura and Nei, 1993). Using the program
NETWORK v4.6.1.0 (copyright 2004e2012, Fluxus Technologies Ltd.; http://www.ﬂuxus-engineering.com), median joining
haplotype networks were drawn to visually illustrate haplotype variability.
2.2.2. Demographic history
To test for demographic expansion, Tajima’s D (Tajima, 1989) and Fu’s Fs (Fu, 1997) tests were implemented in Arlequin
v3.5 (Excofﬁer and Lischer 2010), and p-values were generated using 1000 simulations. Tajima’s D (Tajima, 1989) makes use of
the frequency of the number of variable positions (segregating or polymorphic nucleotide sites), while Fu’s Fs (Fu, 1997) uses
the distribution of haplotypes. These neutrality tests can be used to investigate demographic history and detect selection in
cases where DNA polymorphism deviates from those predicted by the Wright-Fisher neutral model of evolution (Tajima,
1989; Fu, 1997).
Mismatch distribution analysis was also employed to further test for demographic history and expansion. All the ﬁgures
illustrating the frequency of pairwise comparison (y-axis) between individuals with corresponding number of pairwise
differences (x-axis) were generated using DnaSP v5 (Librado and Roxas, 2009). Expected demographic parameters (t, q0, 01,
Harpending’s raggedness index (Hri) and sum of squared deviation (SSD)) were estimated in Arlequin v3.5 (Excofﬁer and
Lischer 2010), based on the sudden expansion model (Rogers and Harpending, 1992). Additionally, changes in female
effective population size (Nef) across time were inferred using Bayesian skyline plot analysis implemented in BEAST 2.6.2 with
XML ﬁles prepared using BEAUti v2 (Bouckaert et al., 2014). MEGA was used to determine the best-ﬁt nucleotide substitution
3
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model (i.e. HKY þ G) based on Bayesian Information Criterion (BIC). A standard Markov chain Monte Carlo (MCMC) analysis
was run for 10 million generations (with a burn-in of 1 million), sampled every 1000 iterations under the HKY þ G model. The
mutation rate was set at 3.6% per million years, based on the average mutation rate previously identiﬁed using mtDNA control
region sequences in teleosts (Donaldson and Wilson, 1999). Convergence of the parameters’ values was visualized in Tracer
v1.7.1 (Rambaut et al., 2018).

3. Results
3.1. Genetic diversity
Based on the 470-bp fragment of the mtDNA control region of 151 samples, 138 haplotypes of A. bicolor paciﬁca (47, 52, and
39 haplotypes from Vietnam, Philippines and Indonesia, respectively) were identiﬁed. For Vietnam, only one haplotype is
composed of two samples, while the rest appear as singletons (Supplementary Figure 1; Supplementary Figure 2). For
Philippines, all haplotypes were unique (Supplementary Figure 3), appearing as singletons in the haplotype network
(Supplementary Figure 1). In the case of Indonesia, 12 haplotypes are composed of two samples each and the remaining are
singletons (Supplementary Figure 1; Supplementary Figure 4). No haplotypes were shared among the three sampling sites.
The haplotype diversities (hd) in all sampling locations were high, with the lowest hd found in samples from Indonesia
(hd ¼ 0.9906 þ 0.0054 SD), and the highest hd from samples collected in the Philippines (hd ¼ 1.0000 þ 0.0038 SD; Table 1).
For the nucleotide diversity values (p), samples collected in Vietnam showed the lowest p (p ¼ 0.0429 þ 0.0214) while the
highest p was from samples collected in the Philippines (p ¼ 0.0469 þ 0.0233; Table 1).
3.2. 2.4. population genetic structure
AMOVA showed that the percentage of variation within population constituted 99.65%, while the variation among populations was only 0.35% (Table 2). The FST value is low (FST ¼ 0.00347) and not signiﬁcant (Table 2), which indicates no
geographic population structuring of A. bicolor paciﬁca from the three sampling sites. Furthermore, population pairwise FST
results were low and all comparisons were not signiﬁcant (Table 3).
The median-joining haplotype network (Supplementary Figure 1) generated for A. bicolor paciﬁca from the three sampling
sites showed many haplotypes, with very low frequency (the highest haplotype frequency is 2). The data sets did not separate
into geographic locations. The high haplotype diversity values previously mentioned were clearly reﬂected in this haplotype
network (Supplementary Figure 1).

3.3. Demographic history
Fu’s Fs and Tajima’s D values (Table 4) were negative in all sampling sites and most of the p-values were statistically
signiﬁcant (except for Indonesia, Tajima’s D), which is suggestive of population growth or expansion. Signiﬁcant negative
values indicated an excess of rare haplotypes and rejection of the null hypothesis of neutral evolution (Fu, 1997; Tajima, 1989).
The mismatch distributions of A. bicolor paciﬁca from Vietnam, Philippines and Indonesia exhibited a unimodal distribution (Fig. 2aec), which were not signiﬁcantly different (measured by the SSD having p > 0.05) from that predicted by the
growth expansion model (Rogers and Harpending, 1992). Hri values were low for all sampling sites, ranging from 0.00191 to
0.00427, which indicates a good ﬁt between the observed and expected values and thus supporting population expansion.
Estimated tau (t) values of A. bicolor paciﬁca were nearly similar for all sampling sites, indicating that population expansion in
all sites may date back to about the same historical periods (Harpending, 1994).
Using the mismatch parameters q0 and q1 (Harpending, 1994), the mean female effective population size after expansion
(q1) was estimated to be approximately 300 times higher than before expansion (q0; Table 5). The resulting output of the
MCMC analysis of A. bicolor paciﬁca using the Bayesian skyline plot model, showed that A. bicolor paciﬁca has experienced two
events of rapid increase of effective population size: from 880,000 years ago to 690,000 years before present (Fig. 3) and from
600,000 years ago until about 520,000 years before the present (Table 5) assuming a lineage mutation rate of 3.6% per million
years based on the average mutation rate previously identiﬁed in teleosts using mtDNA control region sequences (Donaldson
and Wilson, 1999). From around 520,000 years ago until present, A. bicolor paciﬁca has a relatively stable effective population
size.

Table 1
Sample size (n), number of haplotype (k), number of polymorphic sites (PS), clusters, haplotype diversity (hd) ± SD and nucleotide diversity (p) ± SD.
Sampling site

n

k

PS

hd±SD

p±SD

Vietnam (Phu Yen)
Philippines (General Santos)
Indonesia (Palu)

48
52
51

47
52
39

151
172
141

0.9991 ± 0.0045
1.0000 ± 0.0038
0.9906 ± 0.0054

0.0429 ± 0.0214
0.0469 ± 0.0233
0.0439 ± 0.2187
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Table 2
Analysis of Molecular Variance (AMOVA) results for A. bicolor paciﬁca.
Source of variation

d.f.

Among populations
Within populations
Fixation index (FST)

2
24.635
148
1551.113
0.00346 (p-value ¼ 0.18866)

Sum of squares

Variance component

Percentage of variation

0.03652 Va
10.48050 Vb

0.35
99.65

4. Discussion
This is the ﬁrst population genetic structure study based on the mtDNA control region of A. bicolor paciﬁca inhabiting
waters of Southeast Asia. These data are necessary for regional and/or local management and conservation initiatives for this
valuable resource in terms of both biodiversity and economic development (Fahmi et al., 2015a, 2015b). Key objectives in
population genetics provide an adequate description of the genetic structure of populations, reconstruct a genetic architecture and could deduce evolutionary factors (Avise, 1986).
4.1. Genetic diversity
Here, the analysis of the mtDNA control region indicated high haplotype (gene) diversity for all the sampling sites (Table
1), which could be attributed to the large effective population size of A. bicolor paciﬁca (Fig. 3). Populations having larger
effective population size will have more haplotypes compared to those with smaller effective population size (Ewens, 1972).
High haplotype diversity values in this study (i.e., overall hd ¼ 0.9966, n ¼ 151) concur with previous studies on several
Anguilla species using mtDNA control region, including European eel, A. anguilla (hd ¼ 0.9965, n ¼ 125; Butkauskas at al.,
2009), Japanese eel, A. japonica (hd ¼ 0.9160, n ¼ 273; Tseng et al., 2012) and the tropical giant mottled eel A. marmorata
(hd ¼ 0.9820 to 1.000; Ding et al., 2012). Being catadromous, A. bicolor paciﬁca migrate ﬂexibly among fresh, brackish and
marine water environments, but was reported to prefer high salinity waters and thus, they were either marine or brackish
water residents (Arai and Chino, 2019). The levels of genetic variability of most marine ﬁsh species tend to be higher than
those of freshwater ﬁsh species (Hauser and Carvalho, 2008).
On the other hand, the nucleotide diversities for all the sampling sites in this study (ranging from 0.0429 to 0.0469,
n ¼ 151) were higher than that reported for A. australis from the western South Paciﬁc (WSP) islands (p ¼ 0.0380, n ¼ 2; Gubili
et al., 2019) and A. bicolor from the Indian Ocean (p ¼ 0.0340, n ¼ 70; Minegishi et al., 2012) and lower compared to A.
marmorata (p ¼ 0.0650, n ¼ 259), A. megastoma (p ¼ 0.0560, n ¼ 42), A. reinhardtii (p ¼ 0.0650, n ¼ 68) and A. obscura
(p ¼ 0.0690, n ¼ 33) from WSP islands using mtDNA control region sequences (Gubili et al., 2019).
4.2. Population genetic structure
Based on the results of AMOVA (low and nonsigniﬁcant FST value) and neighbor-joining haplotype network (no
geographical structuring), there is no signiﬁcant population genetic structuring for A. bicolor paciﬁca in the three sampling
areas. It is generally accepted that an FST value > 0.15 indicate signiﬁcant genetic differentiation among sampling groups
(Frankham et al., 2002). In this study, the FST value was almost zero (FST ¼ 0.00347), which supports the hypothesis of no
genetic structuring and panmixia. Similarly, based on partial nucleotide sequences of the mtDNA control region, haplotypes
did not also assort by sample location in ﬁve species of sympatric Paciﬁc eels, i. e A. marmorata, A. megastoma, A. obscura, A.
reinhardtii and A. australis (Gubili et al., 2019). Eel species populations showed no distinct isolation by geographic area which
suggests high levels of connectivity among their sampling locations in the western South Paciﬁc (Gubili et al., 2019). Additionally, no signiﬁcant genetic variation was observed within the Paciﬁc Ocean populations (Philippines and Hitu) of A. bicolor
(Minegishi et al., 2012).
The median-joining haplotype networks of the samples A. bicolor paciﬁca showed a bush-like shape mostly by singletons
(Supplementary Figure 1), a pattern characteristic of DNA hyperdiversity and its FST and median-joining haplotype networks
showed no genetic partitioning based on geographic location. Such results were comparable to the A. megastoma and A.
marmorata populations (Gubili et al., 2019) indicating panmixia in A. bicolor paciﬁca as well. The high gene ﬂow of A. bicolor
paciﬁca populations may be explained by its life cycle, migratory history and habitat use. Catadromous eels of the genus
Anguilla have long spawning migrations (Tesch, 2003) and spawn in the offshore ocean (Chino and Arai, 2010). They have
pelagic eggs and larvae that are spread or drift passively by ocean currents (Miller and Tsukamoto, 2017; Gong et al., 2019) and
randomly choose their environments, which could possibly lead to local differences in genetic diversity. A. bicolor paciﬁca
leptocephali (larvae) are believed to take around ﬁve to six months to migrate from their spawning site to their recruitment
sites. The exact spawning area of A. bicolor paciﬁca is unknown (Miller and Tsukamoto, 2017; Aoyama et al., 2018), however it
is suggested that spawning of A. bicolor paciﬁca occurs in an area of interconnecting currents and eddy systems (Miller and
Tsukamoto, 2017) that could favor the wide distribution of their larvae. The recruitment and spawning seasons of tropical
eels, including A. bicolor paciﬁca, were reported to extend throughout the year, which would lead to interconnectedness (Arai
et al., 2001). Previous studies have reported that both A. bicolor paciﬁca and A. marmorata leptocephali collected around
Indonesian waters were large, i.e., >30 mm long (Kuroki et al., 2006; Wouthuyzen et al., 2009) which indicates that these
5
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Table 3
Population pairwise FST results with corresponding p-values in parenthesis.

Vietnam
Philippines
Indonesia

Vietnam

Philippines

Indonesia

e
0.00132 (0.513)
0.00696 (0.144)

e
0.00482 (0.126)

e

Table 4
Tajima’s D and Fu’s FS with corresponding p-values in parenthesis.
Sampling site

Tajima’s D

Fu’s FS

Vietnam (Phu Yen)
Philippines (General Santos)
Indonesia (Palu)

1.59039 (0.03400*)
1.63435 (0.02300*)
1.35243 (0.05700)

24.18200 (0.00000**)
24.14552 (0.00000**)
19.57791 (0.00400**)

Statistical signiﬁcance *p < 0.05; **p < 0.01.

came from the North Paciﬁc or the South Paciﬁc and not from local spawning grounds (Aoyama et al., 2018). A. bicolor paciﬁca
and A. marmorata glass eel recruits in Indonesian waters appear to come from two to three different spawning seasons or
sources (Sugeha and Arai, 2010). Unlike A. marmorata and A. bicolor paciﬁca, other tropical eels species like A. celebesensis, A.
borneensis and A. interioris appear to spawn locally after short migrations (Aoyama et al., 2018). High levels of gene ﬂow, long
stage larval durations, egg and larval dispersal and panmictic populations were also observed in other anguillid eels, both
temperate and tropical (Arai and Kadir, 2017; Barth et al., 2020; Gubili et al., 2019).
While there is no genetic structuring of A. bicolor paciﬁca attributed to geographic locations based on the mtDNA control
region sequences used in this study, it is interesting to note that the haplotypes seem to form two haplogroup clusters with
representatives distributed almost equally from the three sampling locations (Supplementary Figure 1). It is not yet clear
whether this was caused by the limitation of only one marker used in the study and thus, further investigations are needed,
including the use of nuclear markers.
4.3. Demographic history
The result for neutrality tests suggests that the populations of A. bicolor paciﬁca in the three areas is expanding because of
the strongly signiﬁcant negative values from both Fu’s Fs indices and Tajima’s D. Fu’s Fs is more sensitive in the detection of
population expansion (Fu, 1997); hence, the results generally suggest population expansion for all the three sampling sites of
A. bicolor paciﬁca. Moreover, standard deviations from the mean (t) were low for all three studied sites which suggest a nearly
identical distribution per sampling area with the implication that the expansion happened at approximately the same
timeline for all sites. This could also be used as supporting evidence for panmixia since it appears that the distributions
generated describes one identical population for all the three sampling areas of A. bicolor paciﬁca.
The Bayesian skyline plot (Fig. 3) also suggests population expansion of A. bicolor paciﬁca populations, initiating around the
Pleistocene era, which was about 1.8 million years ago to 10,000 years before present (Hofreiter and Stewart, 2009). During
this era, there were repeated glaciations and deglaciations causing sea-level and temperature ﬂuctuations (Graham et al.,
2003) and changes in current patterns and upwelling intensities (Lambeck et al., 2002). Since A. bicolor paciﬁca populations have expanded despite several environmental ﬂuctuations, it is suggested that this ﬁsh is very resilient over
evolutionary timescales. Patterns of population expansion in the Pleistocene era have also been reported in other eel species
such as A. marmorata, A. megastoma, A. obscura and A. reinhardtii and A. japonica (Gubili et al., 2019; Tseng et al., 2012).
However, despite a generally stable and large effective population size of A. bicolor paciﬁca, it should also be noted that a slight
recent decrease in effective population size can be seen in the Bayesian skyline plot (Fig. 3). The population decline may
possibly be attributed to habitat losses and anthropogenic barriers as shown in A. rostrata (Verreault et al., 2004) and A.
megastoma (Gubili et al., 2019) populations. The use of more markers in future studies could verify this result.
5. Conclusion
No signiﬁcant genetic structure of A. bicolor paciﬁca was observed among the three sampling areas in the Southeast Asian
region using mtDNA control region sequences, suggesting that the populations are panmictic. These results, however, is only
limited to the use of a single marker and given the pronounced genetic divergence, the genetic mosaic may indicate cryptic
species, thus, the use of other strategies like nuclear markers, such as microsatellites, or next generation sequencing, which
may be more sensitive in detecting genetic population structure, is suggested.
Proper management is deemed necessary since the supply of glass eels for aquaculture is still dependent on wild populations, which is subject to overexploitation. With the absence of genetic structuring among the sampling areas investigated
in this study, future strategies for the sustainable management of A. bicolor paciﬁca must be the same in Southeast Asian
region sharing this resource, particularly Vietnam, Philippines and Indonesia.
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Fig. 2. Mismatch distribution of A. bicolor paciﬁca for three sampling sites: a) Vietnam; b) Philippines; and, c) Indonesia.
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Table 5
Demographic parameters of Anguilla bicolor paciﬁca based on mtDNA control region sequence data: tau (t), theta at time 0 (q0), theta at time 1 (q1),
Harpending’s raggedness index (Hri), and sum of squared differences (SDD).
Sampling site

t

q0

q1

Hri

SSD

Vietnam (Phu Yen)
Philippines (General Santos)
Indonesia (Palu)
Mean
s.d.

17.19531
21.39648
19.17773
19.25651
1.71603

2.47676
0.05801
1.19707
1.24395
0.98801

567.96875
301.18164
335.31250
401.48763
118.54170

0.00346
0.00191
0.00427
0.00321
0.00098

0.00101
0.00112
0.00159
0.00124
0.00025

Statistical signiﬁcance *p < 0.05.

Fig. 3. Bayesian skyline plot of A. bicolor paciﬁca mtDNA control region sequences showing effective population size (Nef) through time assuming a lineage
mutation rate of 3.6% per million years. The solid line indicates the median estimate while the purple area reﬂects the standard deviation values of the estimated
Nef. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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