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Assessing the genetic information of natural populations of fishery species is crucial for
enhancing management strategies. Here, we examined the genetic variability of the white
teatfish Holothuria fuscogilva from the Philippines and neighboring countries in the Pacific
using the mitochondrial DNA COI gene marker. The species has a declining population with a
“vulnerable” status based on the International Union for Conservation of Nature. Our analysis
revealed a high haplotype diversity within H. fuscogilva populations across the Pacific region
(Hd = 0.95658). Notably, we observed significant partitioning in haplotype frequencies (Fst
= 0.05800, p-value = 0.01139), indicating pronounced genetic differentiation among Pacific
populations (5.8%), albeit the majority remains within populations (94.2%). Restocking efforts
in response to the declining population should be carefully considered to safeguard the genetic
integrity of local populations. However, strict adherence to protocol is necessary to safeguard
the genetic integrity of each local population. Hence, country-specific diversity analysis of H.
fuscogilva population is necessary as a basis to ensure long-term sustainability and conservation
of the species.
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INTRODUCTION

Broadcast spawners like sea cucumbers generally have high
dispersal capacity and display weaker genetic structure and
higher gene flow among populations (Borrero-Pérez et al.
2011). Under certain conditions, however, the presumption
is not always the case because the gene flow which
influences species’ dispersal and distribution of marine
species is affected by other environmental factors such as
ocean currents, habitat conditions for larval settlement, and
complexity of topography and geological structure due to
continental breaks (Mercier et al. 2000; Juinio-Mefiez 2015;
Ravago-Gotanco and Kim 2019).

The importance of gene flow can be understood from
various perspectives. It is possible that limited gene
flow can facilitate local adaptation, which can lead to
small-scale evolutionary improvements in the fitness
of local populations. Conversely, gene flow becomes
essential when the population size is small to preserve
genetic diversity (Slatkin 1985, 1987). As a result,
reproductive strategies, dispersal, and distributions in
sea cucumbers have an impact on genetic differentiation
as these may either restrict or enhance gene flow among
populations (Arndt ef al. 1996; Chang et al. 2009; Park
et al. 2019). In the case of the sandfish Holothuria
scabra, a significant signal of isolation-by-distance was
observed as their dispersal and distribution are greatly
influenced by the surrounding ocean currents and
delayed larval settlement (up to 4 days), coupled with
a low survival rate without a suitable substrate (Mercier
et al. 2000; Ravago-Gotanco and Kim 2019). In fact, the
different water currents within an archipelagic setting
like the Philippines have demonstrated a discernible
influence on molding genetic variation, particularly in
slow-moving and sedentary species, which contribute
valuable insights to the field of phylogeography (Lourie
et al. 2005; de Boer et al. 2014; Raynal et al. 2014;
Ravago-Gotanco and Kim 2019).

Neglecting the significance of genetic aspects, particularly
phylogeography, and failing to prioritize the genetic integrity
of local populations in mariculture efforts may result in
detrimental consequences. Research has demonstrated that
inadequate broodstock management and the use of low-
quality hatchery- produced seeds stocks can result in loss of
genetic diversity and may facilitate the transfer of diseases
from the hatchery to the wild (Purcell 2012; Brown et al.
2024). Consequently, there is a growing effort to incorporate
genetic data into stock assessments and conservation
practices for commercially exploited sea cucumber species
(Uthicke et al. 2010; Wen et al. 2011; Alcudia-Catalma et al.
2020). However, the genetic diversity of the white teatfish
Holothuria fuscogilva in different regions, particularly in the
Philippines — remains undocumented, highlighting the need
for further research in this area.
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Holothuria fuscogilva has been reported in the Indo-
Pacific biogeographic region, including the Philippines
(de Guzman and Quifiones 2021), Australia and Fiji
(Uthicke et al. 2004); Wolfe and Byrne 2022; Purcell
et al. 2023), Japan (Tanita et al. 2021), Samoa (Uthicke
et al. 2010), New Caledonia (Conand 1981, 1988,
1989, 1993), Solomon Islands (Ramofafia et al. 2000)
and other areas in Western Central Pacific region
(Kinch et al. 2008), as well as in Red Sea (Ahmed
et al. 2016), Seychelles (Oury et al. 2019), and other
areas in Indian Ocean (Conand et al. 2022). Within
the Philippines, H. fuscogilva has been documented
in Laguindingan in Misamis Oriental, Lopez Jaena
in Misamis Occidental, Hinatuan in Surigao Del del
Sur, Tabina in Zamboanga Del del Sur, as well as
various islands in Palawan, including the Tubbataha
Reefs, Zamboanguita in Negros Oriental, and Apo
Reef Natural Park in Sablayan, Occidental Mindoro
(Jun 2001, 2002; Kerr et al. 2006; Dolorosa 2015;
Jontila et al. 2018; Quimpo et al. 2018; Ardines et al.
2020; de Guzman and Quifiones 2021; Leopardas et
al. 2021; Jontila 2023). The Mindanao State University
at Naawan has successfully conducted spawning
and restocking of hatchery-produced H. fuscogilva.
Recently, there have been reports on the reproductive
traits, captive breeding, hatchery techniques, and the
first successful mass production of the H. fuscogilva
in the Philippines (Leopardas ef al. 2021; Arriesgado
et al. 2022a).

Holothuria fuscogilva is classified as “vulnerable” by the
International Union for Conservation of Nature (IUCN)
due to its decreasing number of mature individuals in
the Indo-Pacific regions as a result of its high demand in
the trepang industry, making its conservation a matter of
concern (Conand 1981; Conand et al. 2013; Arriesgado
et al. 2022b). The fishing and trading of H. fuscogilva
are controlled under the Appendix II of the Convention
on International Trade in Endangered Species of Wild
Fauna and Flora (CITES) (di Simone et al. 2019, 2021)
and as such, appropriate management measures are being
sought to promote the recovery of heavily exploited stocks
(Shedrawi et al. 2019). In the Philippines, research on the
ecology of this species is notably scarce, with only a few
studies addressing this aspect (de Guzman and Quifiones
2021; Paderanga et al. 2023). Furthermore, the utilization
of molecular data for the conservation management of
the species remains understudied (von der Heyden et al.
2014).

At present, there is insufficient baseline information on
the population genetics of H. fuscogilva, hindering the
implementation of sustainable mariculture initiatives and
conservation units for effective management. To address
this gap, we analyzed the genetic variability of the white
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teatfish using the mtDNA COI gene marker. By doing so,
we seek to provide valuable insights for the management
of restocking efforts, ensuring the preservation of its
natural genetic diversity at both regional and local levels.

MATERIALS AND METHODS

Sample Collection

Prior to the collection of Holothuria fuscogilva samples
from selected areas in Mindanao, southern Philippines,
we secured a gratuitous permit (No. 0220-21) from
the Department of Agriculture-Bureau of Fisheries
and Aquatic Resources (DA-BFAR) in the Philippines.
However, the collection of H. fuscogilva individuals in
the country was restricted due to the prohibitions imposed
by the DA-BFAR on capturing and trading of this sea
cucumber species. The restriction is in place because H.
fuscogilva holds a "vulnerable" IUCN and is listed in
CITES Appendix II, in addition to being generally rare
in the wild.

For molecular analysis, we obtained tissue samples from
15 H. fuscogilva individuals using a sterilized scalpel
blade, collecting only 3—-20 g of tissues from the body
wall of each specimen. Subsequently, the individuals were
carefully released back into their natural habitat following
the tissue collection. The collected tissue samples were
then preserved in 95% ethanol in 2-mL microtubes and
stored at—20 °C until analysis.
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DNA Extraction, PCR Amplification, and
Sequencing

We extracted the total gDNA using the MG Tissue gDNA
Extraction SV Mini Kit (Doctor Protein Inc., Korea),
following the manufacturer’s protocol. The cytochrome
¢ oxidase subunit I mitochondrial genes (cox! or COI)
of the samples were amplified using the primers COIeF
(5'-ATA ATG ATA GGA GGR TTT GG-3') and COIeR
(5'-GCT CGT GTR TCT ACR TCC AT-3"), amplifying
674 nucleotides of the echinoderm COI gene (Arndt et al.
1996). PCR conditions followed the protocol of Uthicke
and Benzie (2003) using the DNA Engine Tetrad 2 Peltier
Thermal Cycler (BIO-RAD). The PCR products were
purified using the multiscreen filter plate (Millipore Corp.,
USA) and were sequenced by Macrogen, Inc. in Korea
using the BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems) in ABI PRISM 3730XL Analyzer

(96 capillary type).

Data Analysis

A total of 67 COI sequences were analyzed to assess the
genetic diversity of the Holothuria fuscogilva population
across the Pacific region. These sequences, which include
those obtained from GenBank, originated from different
geographical locations, including the Philippines (n =
16), Australia (n = 6), Japan (n=15), and Vietnam (n =40)
(Table 1). Countries with <5 H. fuscogilva COI sequences
were excluded from the analysis.

We edited and visually optimized the COI bidirectional
sequences of 15 H. fuscogilva Philippine samples using
BioEdit Sequence Alignment Editor software v7.2.5 and
subsequently generated consensus sequences for each
specimen (Hall 1999). Then, we subjected the consensus

Table 1. List of H. fuscogilva mtDNA COI sequences used in the analysis.

Ecoregion Location Specific site Group GenBank accession Reference

Pacific Philippines LMOR 1 OP921577-0P921581 This study

Pacific Philippines LMOR 1 MH834582 Alcudia-Catalma et al. (2020)

Pacific Philippines LIMOC 1 OP921582-0P921585 This study

Pacific Philippines HSDS 1 OP921586-0P921589 This study

Pacific Philippines BTWI 1 0OP921590-0P921591 This study

Pacific Australia RI 2 AY700765-AY700767 Uthicke et al. (2004)

Pacific Australia WR 2 AY700763-AY700764 Uthicke et al. (2004)

Pacific Australia CI 2 EU848254 Uthicke et al. (2010)

Pacific Japan YI 3 LC593260, LC593267—  Tanita et al. (2021)
LC593268

Pacific Japan (6] 3 LC593261, LC593266 Tanita ez al. (2021)

Pacific Vietnam KH 4 MZ677066-MZ677085 Nguyen ef al. (unpub.)

Pacific Vietnam KH 4 OM904542-0OM904561  Nguyen et al. (unpub.)

Abbreviation: [LMOR] Laguindingan, Misamis Oriental; [LIMOC] Lopez Jaena, Misamis Occidental; [HSDS] Hinatuan, Surigao del Sur; [BTWI] Bongao, Tawi-Tawi;
[RI] Rain Island; [CI] Cook Island; [ YI] Yaecyama Islands; [O] Okinawa; [KH] Khanh Hoa. Note: groupings were used for the analysis of H. fiscogilva Pacific populations.
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sequences to multiple sequence alignment using the
MUSCLE algorithm in MEGA (Molecular Evolutionary
Genetics Analysis (MEGA) v11 software (Tamura ef al.
2021).

To evaluate the molecular indices of the samples and
assess genetic diversity, we employed DnaSP v6 software
(Rozas et al. 2017). The molecular indices, included
sequence polymorphic sites (S), the number of haplotypes
(Hn), haplotype diversity (Hd), average nucleotide
differences (K), and nucleotide diversity (). Additionally,
we analyzed molecular variance (AMOVA) and fixation
index (Fg) in Arlequin v3.5 software to investigate the
genetic structure among species’ populations (Excoffier
and Lischer 2010). All parameters were assessed using
10,000 data permutations.

To ascertain the evolutionary relationships among
haplotypes of H. fuscogilva populations, we generated a
haplotype network and distribution using the minimum
spanning network method (Bandelt ez al. 1999) in PopART
v1.7 software (http://popart.otago.ac.nz).

RESULTS

Among the COI sequences of Holothuria fuscogilva (n =
67), 33 haplotypes were detected. The haplotype diversity
(Hd =0.95658) was high, whereas the nucleotide diversity
(m=0.00704) was moderate (Table 1). All H. fuscogilva
populations from different countries exhibited a quite high
haplotype diversity (Hd = 0.9-1), suggesting a rich array
of unique haplotypes within each population (Table 2).

AMOVA reveals that there was indeed a significant
genetic differentiation among populations (5.8%), albeit
the majority remains within populations (94.2%) (Table
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3). This finding was corroborated by the significant Fg
(p-value <0.05) (Table 3). While notable genetic diversity
and differentiation are observed among H. fuscogilva
populations, the sharing of haplotypes is also evident
across the majority of its Pacific populations (Figure 1).

DISCUSSION

This research explored the genetic variability of H. fuscogilva
populations in the Philippines from its neighboring geographic
regions, employing the mtDNA COI gene — a recognized
tool for estimating genetic variation and delineating spatial
genetic groups in sea cucumber populations, as well as in
other species [e.g. Williams et al. (2002), Tanita et al. (2021),
Panithanarak (2022), Sulardiono et al. (2022)]. Occupying a
central position within the Coral Triangle, the Philippines, as
an archipelago, is a hotspot for biodiversity (Sanciangco et
al. 2013). This is due in part to its unique geography, which
involves a number of islands forming a distinct entity with
associated substructures (Kool et al. 2011). Also, the vast
expanses of open ocean separating populations, coupled with
limited islands acting as dispersal corridors, may contribute
to greater genetic differentiation (Kimura and Weiss 1964;
Sanciangco ef al. 2013; Ravago-Gotanco and Kim 2019).
In addition, the existence of favorable habitats coupled with
the country's dominant currents facilitate species dispersion
(Kool et al. 2011; Sanciangco ef al. 2013).

The sharing of haplotypes across the majority of global
populations (e.g. between the Philippines and Vietnam;
Figure 1) suggests a potential historical gene flow among
the populations. Despite the shared haplotypes, the
network analysis highlights distinct characteristics within
each population. Notably, the Japanese and Australian
populations exhibit a more differentiated network

Table 2. Genetic (haplotype) diversity of H. fuscogilva from Mindanao, the Philippines, and in the other regions in the Pacific.

Pacific populations n S Hn Hd K n

Philippines 16 19 14 e 39 0.00853
Australia 6 9 6 1 3.8 0.00832
Japan 5 7 4 0.9 3.6 0.00788
Vietnam 40 18 14 0.92308 2.64103 0.00578
Total data estimates 67 38 33 0.95658 3.20443 0.00704

Table 3. Analysis of molecular variation (AMOVA). Statistical significance at p < 0.05.

Source of variation df Sum of squares Variance components Variation (%)
Among populations 3 8.296 0.09523 Va 5.8

Within populations 63 97.45 1.54683 Vb 94.2

Total 66 105.746 1.64206

Fixation index (Fg)

0.05800 (p-value = 0.01139 +-0.00108)
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Figure 1. The minimum spanning network (A) and haplotype distribution (B) of H. fuscogilva Pacific populations. The circle size of each
group is relative to the number of haplotype copies present in the dataset. A branch represents a single nucleotide change. The
number of mutations for each branch is represented by hatch marks.

topology compared to other populations, lacking shared
haplotypes that set them apart from other populations.
It is essential to highlight that the absence of shared
haplotypes may also be influenced by sample size, and
a more comprehensive dataset could potentially reveal a
more robust and nuanced understanding of the genetic
relationships among populations.

The substantial genetic diversity observed in H. fuscogilva
population, as highlighted by high haplotype diversity
(Hd = 0.95658) and moderate nucleotide diversity (n
= 0.00704), has critical implications for conservation
management (Soliman ef al. 2016; Hamamoto et al. 2021).
This genetic richness not only indicates the population's
ability to adapt to varying environmental conditions but
also suggests a potential reservoir of unique traits that may
be crucial for its long-term survival (Brown et al. 2024).
The significant genetic differentiation among populations,
as revealed by AMOVA and supported by the Fg value,
underscores the need for tailored conservation strategies.
Factors like genetic drift in small populations, barriers
to gene flow, and water currents may contribute to the
accumulation of genetic differences over time (Uthicke
and Benzei 2003; Lohr 2003; Lermusiaux et al. 2011;
Ravago-Gotanco and Kim 2019). Settlement preferences
and early migration behaviors of sea cucumbers,
particularly their affinity for specific substrates, may also
be factors that can contribute to their high levels of genetic
differentiation (Mercier et al. 2000).

Preserving the unique genetic makeup of populations
is essential for ensuring the resilience of species amid
environmental changes, habitat loss, and threats like
overexploitation for the trepang industry (Lohr 2003;
Lowell et al. 2023; Brown et al. 2024). Therefore,

integrating these genetic insights into conservation
management plans is vital to enhance the adaptive potential
and long-term viability of H. fuscogilva populations, not
only in the Philippines but also in other regions. For
example, adherence to restocking protocol should strictly
be followed to safeguard the genetic integrity of each local
population. This study recommends conducting a diversity
analysis of H. fuscogilva from different localities in the
Philippines, given its archipelagic setting with diverse
water currents known to influence the genetic structures
of several species (Lourie ef al. 2005; de Boer et al. 2014;
Raynal et al. 2014; Ravago-Gotanco and Kim 2019).

While mitochondrial DNA provides an important
preliminary glimpse into genetic structure, diversity, and
connectivity, larger sets of genome-wide markers (e.g.
microsatellites and SNPs) can offer a more comprehensive
picture, overcoming the limitations of mtDNA to some
extent and would provide a more accurate assessment of
genetic pattern (Eckert et al. 2008; Nielsen et al. 2009).
Hence, further investigations are needed to unravel the
underlying mechanisms driving this genetic cline of
H. fuscogilva and to gain insights into the connectivity
and isolation of different populations. Such knowledge
will provide a basis for the development of effective
management and conservation strategies.

CONCLUSION

This research on Holothuria fuscogilva's genetic variability
in the Philippines and neighboring countries, using the
mtDNA COI gene marker, reveals significant genetic
diversity. This substantial genetic differentiation among
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H. fuscogilva populations calls for tailored conservation
strategies to preserve the unique local traits of the species.
Protecting these distinct genetic structures is vital for local
adaptations, resilience against environmental changes, and
mitigating threats like habitat loss and overexploitation.
Integrating these findings into conservation plans is key
for adaptive potential and long-term viability, with future
research needed to understand underlying mechanisms
and enhance conservation strategies.

While the findings may provide an understanding of
genetic differences, further research with larger sample
sizes and covering more sites would ideally be preferred
to gain a more accurate and comprehensive understanding
of the genetic diversity within the H. fuscogilva species.
This may include a broader set of gene markers, such
as mitochondrial genome, genome-wide SNPs, and
numerous microsatellite loci. By expanding the genetic
toolkit, we can augment the study's resolution and
reliability, facilitating a comprehensive approach to
devising effective, sustainable management strategies
for the species.
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