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Abalone, herbivorous marine mollusks of significant economic and ecological
importance, exhibit considerable morphological plasticity. This poses a challenge
for accurate species identification, which in turn could undermine the
assessment of impacts from harvesting. The present study employed an
integrative approach combining geometric morphometrics and DNA barcoding
to address potential taxonomic ambiguities in abalone populations from Sabah,
Malaysia. Especially in this megadiverse region, it could be expected that multiple
species may co-occur. Morphometric analysis of 135 specimens, using 14 shell
landmarks, confirmed that all individuals clustered within the Haliotis asinina
group when compared with data from Haliotis glabra. This was supported by
genetic analyses, which demonstrated 99% sequence similarity among novel
CO1 sequences and previously published DNA barcodes from H. asinina. Despite
overlapping morphological traits between H. asinina and similar congeners, the
integrative approach conclusively identified all specimens as H. asinina. Although
there are some limits to shell-based taxonomy, quantitative approaches to both
morphological and genetic data can resolve species boundaries. These results
underscore the importance of employing integrative methods in biodiversity
assessments and conservation strategies for tropical abalone species.
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1 Introduction

Abalone (Haliotidae: Haliotis) are marine gastropod mollusk of
economic importance in global fisheries and aquaculture (Hernandez-
Casas et al., 2023; Mamat et al., 2023), and also ecologically important
grazers that sustaining crustose coralline algae pavement in rocky,
shallow subtidal ecosystems across tropical and temperate regions
(Nguyen et al., 2023; Rogers-Bennett, 2023). Abalone are harvested
due to high demand for its unique texture and exquisite taste (Cook,
2014; Mamat et al,, 2025). The global abalone production has
increased substantially in recent decades, rising from negligible
quantities in the 1970s to 243,506 metric tons in 2020/2021.
Whereas production was once primarily reliant on wild fisheries,
aquaculture has now become the dominant source (Hernandez-Casas
etal, 2023; Cook, 2025). The “donkey’s ear” abalone, Haliotis asinina,
in particular has become a lucrative source of income for fish farmers
in several Asian countries, particularly Indonesia (Sososutiksno and
Gasperz, 2017), the Philippines (Capinpin, 2012), Vietnam (Chieu
et al,, 2016), and Malaysia (Wood et al., 2015).

Malaysia is recognized as one of the world’s megadiverse countries,
with a high level of biodiversity (Tong, 2020). The conservation status
of many marine species presumed to occur in the region has yet to be
assessed, and is potentially confounded by the presence of cryptic
species. Harvesting of abalone is currently unregulated, with no
abalone species from Malaysia protected by law, nor are there
Species Action Plans or monitoring programs in place. Among the
57 recognized global abalone species, six are distributed in the tropical
Indo-Malayan Archipelago region, including Haliotis asinina
Linnaeus, 1758, Haliotis diversicolor Reeve, 1846, Haliotis glabra
Gmelin, 1791, Haliotis ovina Gmelin, 1791, Haliotis planata G. B.
Sowerby II, 1882, and Haliotis varia Linnaeus, 1758 (Geiger and Owen,
2012). There may be more: H. diversicolor for example is divided into
subspecies that may represent separate species (e.g. Bachry et al.,, 2019).

Species discrimination in abalones is primarily based on
morphological characters based on shell features such as color
pattern, and size, number of open holes, shell sculpture, and also
animal body color (Soelistyowati et al., 2013). Identification based
on shell morphology has been practiced due to the long-lasting
nature of shells, which allows for the examination of both fossils and
extant species using similar techniques (Chiappa et al.,, 2022).
Accurate taxonomy and species identification are fundamental for
the conservation and management of taxa, as well as for biodiversity
studies (Zhou et al., 2016). However, relying solely on shell traits as
indicators of evolutionary divergence poses challenges in groups as
morphological characters exhibit high plasticity, leading to
significant variation in response to local environmental
conditions. This makes shell-based delineation often unreliable
(Castelin et al, 2017). It is also often difficult to distinguish
morphologically similar species, as some may actually represent
complexes of cryptic species (Monti et al., 2005). For example,
Haliotis tuberculata Linnaeus, 1758 has four different subspecies,
each with distinct characteristics (Geiger and Owen, 2012).

Due to the potential unreliability of qualitative morphological
characters, morphometric approaches have been implemented.
Morphometrics is a quantitative and complimentary approach for
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studying morphological variation within and between groups
(Ruaza et al., 2015; Jackson and Claybourn, 2018). The
morphometric truss method is one way to calculate the
measuring standard that can aid in proper identification of
abalones based on shell morphology (Bachry et al., 2019). The
truss method is highly effective and more accurate in capturing
information and explain character shape (patterns) by comparing
the size of morphological parts between species or populations
(Strauss and Bookstein, 1982; Rawat et al., 2017). Morphometric
methods have been successful in identifying gastropods through the
analysis of shell form (Kirchner et al., 2016). Geometric
morphometrics thus offers a way to quantify, analyze, and
compare the complex shapes of biological shell structures in an
evolutionary context (Mitteroecker and Gunz, 2009).

With more affordable costs for genetic analysis, species
identification via barcoding has become faster and more precise (Ali
et al,, 2014). Molecular markers have proven to be a powerful tool for
taxonomic identification of closely related species and for
complementing traditional morphology-based taxonomy (An et al,
2013; Barco et al,, 2016). Owing to its high evolutionary rates, maternal
inheritance, lack of recombination, and rapid base substitution rates,
mitochondrial genes have been widely used in phylogeography and
molecular identification (Tran et al., 2015; Gu et al.,, 2016; Kawamura
et al, 2017). Although molecular techniques are increasingly
employed, external characteristics, such as shell morphology, remain
the most straightforward and practical method for identification for
scientists in the field, and for use by those in related disciplines like
ecology and paleontology, as well as for amateur observers and citizen
scientists (Chiappa et al., 2022). Given the ecological and economic
importance of Haliotis species, it is essential to clarify species
boundaries and ensure accurate identification, as this can influence
conservation strategies and aquaculture practices.

In this study, specimens of abalones attributed to H. asinina
were collected from five island populations in Sabah, Malaysia.
Variation in shell coloration was observed between specimens
collected from the western and eastern coasts of Sabah. Western
specimens (from Mantanani and Balambangan Islands) exhibited
darker shell coloration with a mix of green and brown hues, while
eastern specimens (from Labuan Haji, Selakan and Menampilik
Islands) displayed lighter, predominantly green shells with hints of
brown. Additionally, shell patterning in all populations featured a
mixture of blotched shapes, further complicating morphological
classification. Given the high potential for cryptic diversity in this
region and morphological variation observed in these samples, this
study used both morphometric analysis and DNA barcoding to
assess the taxonomy and the variation of shell form and barcode
fragments among Haliotis specimens from these five populations.

2 Materials and methods
2.1 Sample collections

Specimens of abalone were collected by fishermen from the
coastal waters of Sabah, Malaysia (Figure 1): Balambangan Island,
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Kudat (n = 22), Mantanani Island, Kota Belud (n = 25) and Labuan
Haji (n = 29), Selakan (n = 29) and Menampilik (n = 30), Semporna
(Table 1; Figure 1). The samples were collected between May 2023
and September 2023 and transported to the International Institute
of Aquaculture and Aquatic Sciences (I-AQUAS), in an icebox, with
25 to 30 individuals per box. The samples were collected according
to the permits granted by Sabah Biodiversity Council (SaBC) with
license reference number of JKM/MBS.1000-2/2 JLD. 16 (146).
Photographs of abalone were taken on site and all individuals
were labelled to verify identification or for future reference.
Individual shells were also taken in order to examine the shell
morphology in the laboratory. The size range of 135 specimens in
this study varied from 4 cm to 9 cm. Abalone from Sabah waters
showing similar shell coloration patterns and shapes from different
locations (Figure 2). A small piece of tissue (~ 3 cm’) from each
sample were placed in 1.5 mL microcentrifuge tubes in 95% ethanol
for preservation and stored at -4°C in the laboratory for further
genetics analysis. For comparison, H. glabra specimens (n=10) were
used from the collections of the Senckenberg Research Institute and
Museum Frankfurt (SMF), which had a shell size range of 2 cm to 5
cm. Samples were analyzed using two approaches: geometric
morphometrics and molecular analysis.

2.2 Morphometric truss method

The truss network system was applied to construct a network on
abalone body involving 8 landmarks to generate a total of 16
distance variables following Bachry et al. (2019) (Figure 2).
Morphometric parameters in each individual of abalone are
divided by the standard length (SL) or FD and are expressed as
ratios to remove the influence of absolute size. The package
MorphoTools2 version 1.0.2.0 in R-software packages were used
to conduct the multivariate analysis. Correlations between
characters (parameters) were checked and characters resulting in
correlations of r > 0.95 were selectively excluded. Data from the 14
characters retained were used in a principal component analysis
(PCA) to examine the differentiation or potential overlap
among populations.

2.3 Mitochondrial CO1 gene

DNA was extracted from 25 mg of preserved muscle tissue from
each specimen using the Nucleospin Tissue Kit (Macharey Nagel),
based on the manufacturer’s instructions. Tissues were PCR-
amplified using CO1 gene (forward: AB-COIF: 5’-
TGATCCGGCTTAGTCGGAACTGC-3’) and (reverse: AB-
CO1R: 5-GATGT CTTGAAATTACGGTCGGT-3) (Metz et al,
1998). PCR amplification was done in 25 UL volumes. Each reaction
contains 0.50 uL DNA template, 0.10 uM of each primer; forward
and reverse primers, 0.50 uM 10X Easy Taq® Buffer, 0.1 pM of
2.5mM dNTP, 1U Easy Taq® DNA Polymerase (500 U/ul)
(Nanogene) and 18.8 uL distilled water (ddH20O). Amplification
was carried out in PCR System Thermal Cycler (Biometra Tone,
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Matrioux). Thermocycling profile is as follows: preheating at 94°C
for 30s, 35 cycles of denaturing at 94°C for 30 s, annealing at 50°C
for 30 s and extension at 72°C for 1 min, followed by a final
extension at 72°C for 1 min. Amplification products were run on a
1.5% agarose gel with TBE buffer at 90 V for 70 min using ladder
100bp (Vivantis). At the end of the run, gels were visualized under
UV light using UV transluminator (Maestrogen) with 3 pL GelRed
(Nanogene). Successfully amplified products were sent to Apical
Scientific Sdn. Bhd. for DNA purification and sequencing analysis.

Sequences were edited using BioEdit Software version 7.2.5
(Hall, 1999) and then contgs manually assembled. CLUSTAL W
(Thompson et al., 1994) implemented in MEGA 7.0 (Kumar et al.,
2016) was used to align all the edited sequences. The COl
alignments were manually checked to discard gaps and stop
codons by translating the sequences into amino acids. The final
aligned sequences obtained from MEGA 7.0 software (Kumar et al.,
2016) were used to construct haplotype data files using the DnaSP
program version 5.0.1.1 (Rozas et al., 2017). For species
identification and confirmation, sequences from this study were
compared using the Basic Local Alignment Search Tool (BLAST) of
the National Centre of Biotechnology Information (NCBI) (http://
www.ncbi.nlm.nih.gov) (Ratnasingham and Hebert, 2007).
Phylogenetic trees were constructed based on inclusion of
representative haplotypes of abalone sequences, including a
previously published H. asinina Genbank COI1 sequence from
China (KX233870.1). The relationships between haplotypes and
geographic distributions were determined through the Minimum
Spanning Network (MSN) using the median-joining method
implemented in NETWORK version 5.0.1.1 (Bandelt et al., 1999).

3 Results

From the morphometric analysis, four principal components
(PCs) were extracted, with the majority of the total variance
explained by the first two components. Principal Component 1
(PC1) exhibited the highest eigenvalue (6.449), accounting for
46.06% of the total variance, followed by PC2 with 18.94%
(eigenvalue = 2.652), PC3 with 6.80%, and PC4 with 6.50%.
(Table 2). The pattern of variation showed a gradual decrease in
explained variance with each subsequent component. The loadings
for individual parameters across PCs ranged from 0.022 to 0.568,
indicating their respective contributions to the observed variation.
The scatter plot based on PC1 and PC2 scores revealed two distinct
groups (Figure 3). The first group included all five populations of
Haliotis asinina from different islands, which clustered closely
together, while the second group consisted of Haliotis glabra,
clearly separated from the H. asinina populations (Figure 3).
Together, PC1 and PC2 accounted for 65% of the cumulative
variance in the dataset (Table 2), highlighting their significance in
distinguishing between the two groups.

Molecular barcoding CO1 sequences from the Sabah specimens
showed 99% similarity among all samples and previously published
sequence data for H. asinina. Sequences of all 37 haplotypes of H.
asinina have been deposited in NCBI GenBank with the accession
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FIGURE 1
Sampling sites in Sabah, Malaysia.

numbers PV545159-PV545195. There are no published CO1
sequence data for H. glabra and H. planata, so interspecific
comparisons with the most similar species were not possible.
Phylogenetic trees were generated using 37 haplotype sequences

TABLE 1 List of sample collections from different island in Sabah waters.

Province Location Coordinates Number of
(Islands) individuals (n)
Kudat Balambangan 7°16’35"N 22
116°5523”E
Kota Belud Mantanani 6°54°04”N 25
116°41°02"E
Semporna Labuan Haji 4°27°53"N 29
118°46’28”E
Selakan 4°34’34°N 29
118°41’517E
Menampilik 4°20°31”N 30
118°34°08”E
Total 135

Frontiers in Marine Science

derived from 135 samples analyzed in this study, combined with a
single Haliotis asinina sequence from China (KX233870.1) and a
non-gastropod outgroup, Anadara sativa (GenBank accession
KP253075.1). Both Neighbor-Joining (NJ) and Maximum
Likelihood (ML) methods were employed for phylogenetic
analysis. However, due to identical topologies, only the ML tree
was presented (Appendix 1). The phylogenetic tree demonstrated
that 99% of the haplotype sequences clustered with Haliotis asinina
from China, forming a well-supported monophyletic group distinct
from the outgroup. This high degree of similarity with the reference
sequence provides strong evidence supporting the identification of
the specimens as a single species, H. asinina. Most haplotypes
clustered closely, indicating low genetic divergence among the
sampled individuals, except Hapl4, formed distinct branch,
suggesting slightly higher divergence. The reference sequence
from China grouped within the main clade, further supporting
the close genetic relationship between populations. Notably,
haplotypes from the western Sabah populations tended to cluster
in the upper part of the tree, while those from eastern Sabah were
located in the lower part, suggesting slight geographic structuring
within the species (Appendix 1).
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FIGURE 2

10.3389/fmars.2025.1577263

Shell coloration patterns and shapes in Haliotis asinina: (A) Mantanani Island (MT13) from western Sabah, (B) Selakan Island (SE9) from eastern Sabah,
and Haliotis glabra (C) specimen SMF 367365 from the Philippines, (D) landmarks for morphometrics parameters from A to H following Bachry et al

(2019). Scale bars 2 cm.

This in parallel with the phylogenetic tree analysis, a Minimum
Spanning Network (MSN) was constructed using 37 haplotypes
identified in this study, along with a reference Haliotis asinina
sequence from China (Figure 4). The analysis revealed the
formation of two distinct haplogroup clusters, corresponding to
the eastern and western populations of Sabah. Haplotype 1, the
most prominent haplotype, included individuals from all five
populations, but predominantly from the two populations from
western Sabah: Balambangan and Mantanani Islands. In contrast,
Haplotype 7 was shared by only the three island populations from
eastern Sabah: Menampilik, Selakan, and Labuan Haji Islands. The
previously published sequence for a single individual of H. asinina
from China represents a unique haplotype positioned centrally
within the haplotype network (Haplotype 38, Figure 4).

4 Discussion

Effective species differentiation requires organisms to exhibit
consistent and distinguishable characteristics, allowing for their
classification into distinct groups, whether the taxonomic
diagnosis relies on morphological, anatomical, molecular, or other
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traits (Pfenninger et al., 2006). The current study integrates shell
morphology, geometric morphometrics and molecular DNA
barcoding to address potential taxonomic ambiguity of abalone in
Malaysia. Despite regional variation in shell color patterns, both
morphometric analyses and DNA barcoding consistently confirmed
that all collected specimens belong to Haliotis asinina. The
integration of morphometric and molecular approaches provides
an accurate framework for species identification in Haliotis and
other taxa (Chiappa et al.,, 2022; Bachry et al., 2019).

Haliotis asinina, like many marine organisms, has a planktonic
larval stage that allows for wide dispersal. A population genetics
comparison of H. asinina across Thailand found minimal genetic
differentiation, attributed to the wide dispersal of larvae, allowing
populations to remain genetically connected despite geographic
separation (Klinbunga et al., 2003). The absence of significant
genetic divergence in H. asinina samples across Sabah waters
suggests a lack of cryptic species in the region. The presence of
geographically distinct haplotypes, especially two distinct groups for
western and eastern Sabah populations, reflects population
structuring and limited gene flow between some regions. This
reflects the known oceanographic conditions in the Coral
Triangle region that leads to a source-sink dynamic, with larvae
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TABLE 2 Coefficient component principal of abalone with Haliotis
glabra using Principal Component (PC) analysis.

Parameter PC1 PC2 PC3 PC4
AC 0.321 0.052 0.146 0.022

CE 0.289 0.362 0.095 0.004

AH -0.261 -0.281 0.121 0.082

AF 0.311 0.314 0.101 -0.078

AD -0.087 -0.126 0.937 0.070

AE 0.174 -0.443 0.084 -0.345

CH -0.328 0.174 0.040 -0.054

CD -0.309 0.289 0.085 0.037

DB -0.244 0.405 0.147 -0.093

BF 0.277 -0.093 0.025 0.568

BA 0.325 0.051 0.099 0.359

GE 0.259 0.178 -0.023 -0.030

DG -0.213 0.323 -0.016 0.313

CB 0.229 0.226 0.136 -0.547
Eigenvalue 6.449 2.652 0.958 0.905
% Variation 46.06 18.94 6.80 6.50
% Cumulative Variation 46.06 65.00 71.80 78.30

flowing from the South China Sea to the Sulu Sea and Celebes Sea
(e.g. Kool et al, 2011). H. asinina likewise shows inflow from
western toward eastern Sabah, with both of the major haplotypes
occurring in the populations sampled in eastern Sabah. The analysis
here underscores the intricate relationship between genetic

10.3389/fmars.2025.1577263

connectivity and population differentiation across geographic
regions, reflecting the influence of both historical and ecological
factors on genetic structure.

The connectivity of H. asinina over a very broad distribution is not
in conflict with the distinct environmental characteristics of the
sampling locations. Dietary composition is well documented to
significantly influence abalone shell pigmentation (Gallardo et al,
2003; Liu et al, 2009), and the role of diet in determining shell
coloration has been demonstrated in multiple species of abalone,
including Haliotis asinina (Gallardo et al, 2003), Haliotis discus
hannai (Liu et al, 2009; Ju et al, 2016), and Haliotis laevigata
(Hoang et al.,, 2016; Purvis et al.,, 2025). Notably, seaweed coloration
differs between the western and eastern coasts of Sabah, with brown
seaweed predominating in the west and green seaweed in the east.
Seaweed plays a critical role in abalone productivity by providing
habitat and supplying essential nutrients and energy necessary for
growth and reproduction (Britton et al., 2023). Most abalone species
exhibit preferences for specific algal types, which depend on the local
availability of macroalgal species (Serviere-Zaragoza et al., 2003). Wild
abalone are primarily herbivorous, grazing on both microalgal and
macroalgal species (Bautista-Teruel et al, 2011; Stone et al,, 2023).
Semporna in eastern Sabah is widely recognized for its suitability as a
natural habitat and as a center for seaweed cultivation (Hussin and
Khoso, 2017). The majority of households in Semporna rely on fishing
as their primary source of income, with most full-time fishers,
including abalone harvesters and those who cultivate seaweed
belonging to the Bajau Laut ethnic group (Wood et al., 2015). The
presence of seaweed beds is strongly associated with a higher likelihood
of abalone occurrence. Previous studies have also confirmed that
abalone tend to favor areas with dense seaweed beds (Cook, 2023).

Cryptic species, which are morphologically similar but genetically
distinct, are increasingly recognized in marine environments. For
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Score plot PC1 against PC2 showed that the five populations of Haliotis asinina clustered together, with only the population of Haliotis glabra being
separated. Sabah, Malaysia: Balam, Balambangan; LabH, Labuan Haji; Mant, Mantanani; Menam, Menampilik; Selak, Selakan; Philip, the Philippines.
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instance, RAPD markers distinguished Haliotis rufescens Swainson,
1822 from Haliotis discus hannai, revealing that individuals with
ambiguous morphology were actually variants of H. rufescens (Marin
et al, 2007). Similarly, in nudibranchs, the species Dendronotus
europaeus was discovered within the D. frondosus, an algae
complex, exhibiting significant external variation but conserved
internal features (Korshunova et al., 2017). Another example
includes Atrina pectinata, which was found to comprise six
potential cryptic species based on mtCO1 analysis, with evidence of
hybridization between lineages (Liu et al, 2011). These studies
highlight the importance of integrating multiple lines of evidence
to uncover cryptic diversity in marine mollusks.

Relying solely on morphology for species identification in
abalone can lead to misidentification, as evidenced by case of H.
sorenseni Bartsch, 1940, which was initially misidentified as white
abalone but later revealed to be H. kamtschatkana Jonas, 1845
(Gruenthal and Burton, 2005). Molecular techniques have proven
to be important in differentiating closely related Haliotis species,
and molecular studies of tropical species with subtle morphological
differences often reveal or confirm cryptic lineages. For example,
analysis of COI1 barcode data for H. diversicolor squamata Reeve,
1846 found a molecular separation as well as the known
morphological differences, suggesting this lineage should be
recognized as a distinct species (Bachry et al., 2019). By contrast,
our study found that the difference in shell colors in eastern and
western Sabah were reflected neither shape (morphometric) nor
molecular separation but rather a single H. asinina species group
with some population structure following oceanographic patterns.

Abalone shell morphology exhibits significant intraspecific
variation, driven by a complex interplay of genetic and
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environmental factors, which can be a challenge for species
delimitation. Variations in shell color, size, and shape are
influenced by environmental factors such as reef topography,
water movement, diet, habitat, and temperature (Saunders et al.,
2009; Bachry et al., 2019). For example, shell color in Haliotis discus
hannai Ino, 1953 is genetically controlled, with dominant alleles for
green shells and recessive alleles resulting in orange and bluish
shells, following Mendelian inheritance patterns. However, diet can
modify shell color within genotypes, potentially providing
camouflage advantages (Liu et al., 2009; Kobayashi et al., 2004).

Similarly, epipodial coloration in Haliotis rufescens may
represent phenotypic variants within a species, rather than
hybridization, resulting from genetic polymorphism or
phenotypic plasticity (Marin et al., 2007). Morphological
variations in Haliotis rubra Leach, 1814, such as growth rate and
size at maturity, also exhibit significant differences between
‘stunted’ and ‘non-stunted’ populations over fine spatial scales.
These differences are hypothesized to be influenced by resource
availability, where low algal cover and simplified topography are
associated with stunted populations, while high algal abundance
and complex topography correspond to non-stunted populations
(Saunders et al., 2009). Together, these findings underscore the
intricate interactions between genetic and environmental factors in
shaping abalone morphology and complicating species
identification. Therefore, although visually distinct, these
variations do not always reflect genetic differentiation.

This study highlights the necessity of integrating
morphometrics and genetic data into conservation strategies to
ensure the accurate identification of abalone species. Different
management approaches may be required to preserve the genetic
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integrity of abalone populations, for example that over-harvesting
could have a greater impact on genetic diversity in western Sabah,
which acts as a source rather than a sink population. The absence of
regulatory frameworks for abalone harvesting in this region
exacerbates the risk of overexploitation. In contrast to countries
where abalone fisheries are tightly regulated (Smallwood et al.,
2023), Malaysia’s unregulated abalone fishery threatens the long-
term sustainability of these species. Establishing species action
plans, monitoring programs, and legal protections is essential for
safeguarding these valuable marine resources.
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Appendix 1

Phylogenetics relationship (Maximum Likelihood) between
haplotypes of Haliotis asinina with one sequence from China and
one outgroup (Anadara sativa). Haplotypes from western Sabah
populations are primarily clustered in the upper part of the tree,
while those from eastern Sabah are found in the lower part. The
bootstrap probability values are presented at the nodes. Scale
showed rate of nucleotide substitution.
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