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Abstract

Amphioctopus aegina is an economically important species that has been intensively
exploited in the marine areas along the Chinese coast. However, the genetic variation
and population genetic structure, which would provide valuable information for their
fisheries management, have rarely been investigated. In this study, the genetic variation
within and among four A. aegina populations throughout its full distribution range were
estimated based on mitochondrial cytochrome b DNA sequences. Our results indicat-
ed low (Qinzhou) to high (Dongshan) genetic diversities among the four populations.
Analysis of molecular variance (AMOVA), ®ST statistics, phylogenetic tree and haplo-
type networks revealed two significant (p < 0.01) divergent lineages with a ®ST value of
0.7116 between them, one from a population in Qinzhou and the other from the remain-
ing three populations of Dongshan, Huizhou and Zhanjiang. However, the low genetic
distance (0.0032) and only two fixed substitutions between them suggest their recent
divergence is possibly due to the last glacial period barriers to gene flow produced by
the Leizhou Peninsula. The observed lineage divergence suggests that populations of
A. aegina in China are genetically subdivided and may represent evolutionary lineages
that should be managed individually.

Key words: A. aegina, genetic structure, marble octopus, mtDNA sequences, population
divergence, sand-bird octopus

Introduction

Understanding the population genetic structure of a target fishery species is
an important component of successful and sustainable management of fish-
ery resources (Garoia et al. 2007). Determination of the population genetic
structure can provide essential information regarding the stock composition,
evolutionary history and population dynamics, which are all useful to underpin
scientific management and sound conservation practices for fishery resourc-
es, and thus has attracted considerable public attention worldwide in recent
years (Chen et al. 2020; Salcioglu et al. 2020). Numerous techniques have been
developed to examine population genetic structure; among them, molecular
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genetic techniques have been widely used for their ability to identify and de-
lineate cryptic stock structures where it may not be apparent from phenotypic
or behavioural characteristics (Anderwald et al. 2011; Gongalves da Silva et al.
2020). Such techniques have been widely applied in many marine species to
examine their population structure for fisheries management purposes (e.g.,
Fernandez et al. 2015; Pirog et al. 2019; Salcioglu et al. 2020).

Amphioctopus aegina (Gray, 1849), commonly known as the marble or
sand-bird octopus (Ignatius et al. 2011), is a medium-sized cephalopod spe-
cies widely distributed in the coastal waters of the Northwest Pacific and
Indian Ocean from India to China, as well as Malaysia and southern Indone-
sia (Dong 1988; Norman and Hochberg 2014). It contains high protein and
low-fat content, as well as many mineral elements, and therefore has been
the focal point of commercial fishing activities across its entire geographical
range (Lei et al. 1956). In China, A. aegina dwells widely in coastal waters
from south Fujian to Guangxi Province, and the annual fishery landings have
reached hundreds of tons in some regions e.g., Hong Kong (Dong 1988).
However, until now, there have been no population genetic studies investi-
gating this species. There is only limited information available about the ba-
sic biology and ecology of this species (Ignatius et al. 2011; Promboon et
al. 2011; Osman et al. 2014), which provides clues to its population genetic
structure. For instance, the general life history of A. aegina is relatively short
as its lifespan is less than one years in captivity (Ignatius et al. 2011). The
mature females reproduce by laying small eggs and planktonic hatchlings
throughout the year, primarily in January and October (Gibson et al. 2008;
Prasopsook et al. 2022). Planktonic hatchings typically remain in a pelagic
phase for one month before migrating to muddy substrates, their final habitat
(Promboon et al. 2011; Iglesias et al. 2014). The reproductive strategy of pro-
ducing small eggs and planktonic paralarvae may predict higher individual
dispersal abilities compared to their counterparts and hence weaker genet-
ic differentiation among populations (Gibson et al. 2008; Cahill et al. 2017).
However, such inference is far from proven because, in addition to intrinsic
factors such as like larval dispersal potential, population subdivision can also
be largely influenced by extrinsic physical or ecological factors such as wa-
ter depth, salinity and temperature that potentially act as a barrier to gene
flow. Such ecological roles for population differentiation have been wide-
ly observed in many octopus species such as Pareledone turqueti (Joubin,
1905), P. charcoti (Joubin, 1905), Adelieledone polymorpha (Robson, 1930)
(Strugnell et al. 2017), Octopus maya (Voss et Solis-Ramirez, 1966) (Judrez
et al. 2018) and O. minor (Sasaki, 1920) (Muhammad et al. 2019).

In the present study, we sequenced the partial sequences of mitochondrial
cytochrome b (cyt-b) DNA in A. aegina sampled from coastal waters of Dong-
shan (Fujian Province), Huizhou (Guangdong Province), Zhanjiang (Guang-
dong Province), and Qinzhou (Guangxi Province) throughout its distribution
range (Fig. 1) to examine its population genetic structure. The outcomes of
the present research would provide valuable information for scientific man-
agement and conservation of A. aegina resources in the coastal waters of
China in the future.

ZooKeys 1179: 299-311 (2023), DOI: 10.3897/z0okeys.1179.96015 300



Yantao Liu et al.: MtDNA revealed two recent diverged lineages in Amphioctopus aegina in China

Materials and methods
Sample collection and DNA extraction

We collected 74 specimens of adult A. aegina, from coastal waters of Dong-
shan, Huizhou, Zhanjiang and Qinzhou (Fig. 1, Table 1), from September 2017
to May 2019 through marine fishery surveys. Muscle tissue was taken from
each individual and kept in 95% ethanol until the extraction of total genomic
DNA using the standard phenol-chloroform method (Sambrook et al. 1989). All
tissue sampling and DNA extraction processes complied with all relevant ethi-
cal regulations provided by the Institutional Animals Care and Use Committee
of Zhejiang Ocean University.
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Figure 1. The sampling locations of A. aegina in waters of China collected from Dongshan, Huizhou, Zhanjiang and
Qinzhou coastal waters.

Table 1. Sample location, sample size, and summary statistics of the genetic variation in each A. aegina population re-
vealed by the mitochondrial cyt-b gene markers.

BT code| oae | orsCoonaes | S0 Mo Moo Multe s e
Dongshan | DS 2017.7 23°41'42"'N,117°25'43"E 21 8 0.8048 0.0016 1.3429
Huizhou HZ | 2017.7 | 22°34'51"N, 114°31'31"E 13 4 0.4231 0.0008 0.6154
Zhanjiang | ZJ | 2018.4  21°1110"N, 110°252"E 18 3 0.7059 0.0012 0.9412
Qinzhou QZ | 2019.5 | 21°44'23"N, 108°35'53"E 22 1 0 0 0
Total 74 11 0.775 0.002 1.62
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Mitochondrial DNA amplification and sequencing

A 820-bp fragment of the mitochondrial cyt-b were used to examine genetic
differentiation of all A. aegina populations. The amplifications were carried
out using the primer combination (F 5-CAAACTAACTACACCGCCTAA-3; R
5-GTTATTATTGTGAAGGTCCATT-3’) designed specifically for this locus of the
octopuses according to the previous studies (Dou et al. 2020). The PCR analy-
ses were conducted in a 25-pL volume containing 1 pyL template DNA, 1x reac-
tion buffer, 1.2 uL MgCl,, 2 yL dNTPs, 1 pL of each primer, and 0.1 uL Taq DNA
polymerase (Promega, USA) using a PTC-200 (BIO-RAD, USA). Each reaction
was performed under the following conditions: 5 min initial denaturation at
94 °C, 34 cycles of 30 s at 94 °C for denaturation, 45 s at 53 °C for annealing,
and 1 min at 72 °C for extension, and a final extension at 72 °C for 5 min. All sets
of PCRs included a negative control reaction in which all reagents were includ-
ed, except for the template DNA. The amplification products were examined
on a 1.5% agarose gel and stained with ethidium bromide. The Gel Extraction
Mini Kit (Watson Bio Technologies, China) was used to purify the PCR products.
Thereafter, the PCR products were visualized using 1.5% agarose gels and sent
for sequencing to Sangon Inc., Shanghai, China. The obtained sequences were
submitted to GenBank of the NCBI database and provided the accession num-
bers OM282997-0M283070.

Data analysis

The sequences were edited and aligned using MEGA 6.0 software (Tamura et
al. 2013). The molecular diversity parameters, such as the number of haplo-
types, polymorphic sites, transitions, transversions, haplotype diversity (Hd),
nucleotide diversity (pi) and mean number of pairwise differences (k) and their
corresponding variances, were analyzed using DnaSP 5.10.01(Librado and
Rozas 2009). The pairwise genetic distance was generated for phylogenetic
tree reconstruction with MEGA 6.0 using the model of Kimura-2 parameters
(Tamura et al. 2013). The phylogenetic analyses were performed using the
Bayesian inference (BI) method implemented in MrBayes software (Huelsen-
beck and Ronquist 2001). The best-fit substitution model was GTR+F+I, which
was selected for Bl analysis using ModelFinder based on Bayesian Information
Criterion (Kalyaanamoorthy et al. 2017). The pairwise sequence divergences
were also calculated between the lineages using DnaSP 5.10.01. In addition,
genealogical relationships were examined by constructing haplotype networks
using a reduced median network approach using PopART 1.7 software (Leigh
and Bryant 2015). The population structure was measured with a hierarchical
analysis of molecular variance (AMOVA) by incorporating the sequence di-
vergence between haplotypes, and the significance of the covariance compo-
nents was tested with 1000 permutations using ARLEQUIN v. 3.5 (Excoffier and
Lischer 2010). In addition, the degrees of differentiation between the popula-
tions were evaluated with ®ST statistics. The significance of ®ST was tested
by 10,000 permutations in ARLEQUIN v. 3.5. To evaluate the degree to which
genetic differentiation of populations could be explained by isolation by dis-
tance (IBD), pairwise values of ®ST/(1-®ST) were plotted against the geograph-
ical distance, which was measured as the shortest coastal distance between
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two sampling sites of A. aegina. Mantel tests were applied to determine the
strength and significance of their co-relationship using reduced major axis
(RMA) regression using IBDWS (Bohonak 2002). Uncertainties about appropri-
ate nucleotide substitution rates for Cephalopoda mitochondrial cyt-b further
confound the estimates of lineage divergence. Generally, a divergence rate of
2.0% per million years (My) has been calibrated for the mitogenome of inverte-
brate taxa (Shain et al. 2021), and 2.15-2.6% per My has been applied for the
mitochondrial cyt-b for molluscan species (Sandoval-Castellanos et al. 2010).
Using such nucleotide substitution rates for the mitochondrial cyt-b, the diver-
gence time between the lineages was retro-calculated based on the strict clock
(Ho and Duchéne 2014) method using BEAST v.2.6.7 (Bouckaert et al. 2014).

Results
Genetic variation in populations

We sequenced a 820 bp section of the cyt-b gene for 74 individuals from
the four sample locations of this species. Sequence comparisons of the
segment revealed 11 distinct haplotypes defined by 11 polymorphic sites,
including six singleton and five parsimony-informative ones. The haplotype
diversity (Hd) ranged from 0-0.8048, nucleotide diversity (pi) ranged from
0-0.0016, and the average number of nucleotide differences (k) ranged from
0-1.3429 for each population (see Table 1). The highest values of haplotype
diversity, nucleotide diversity, and the mean number of pairwise differences
were observed in the Dongshan population, while the lowest values were
detected in the Qinzhou population, in which only one haplotype and no nu-
cleotide variation were identified.

Population genetic structure and phylogeography

The Bl trees constructed from the mitochondrial cyt-b DNA sequences revealed
two reciprocal monophyletic lineages with comparatively high posterior prob-
abilities (= 0.84) (Fig. 2). In lineage A, sequences from the Qinzhou popula-
tion clustered together, and while in lineage B, the sequences from the other
three populations (Dongshan, Huizhou and Zhanjiang) clustered together. Fol-
lowing the pattern of the Bayesian tree, the median-joining network based on
the mitochondrial cyt-b loci also separated the two lineages corresponding to
Qinzhou and the other three populations (Fig. 3). The three populations shared
haplotypes while the Qinzhou population had its own haplotype, and there were
no shared haplotypes; two fixed nucleotide differentiations have occurred in
haplotypes between the two lineages (Fig. 3). Such differentiation between the
lineages A and B was also supported by AMOVA analyses because 69.75% of
the total genetic variation was detected between the two lineages while only
28.84% and 1.41% of the total genetic variation were detected within popula-
tion and among populations within lineages (see Table 2). Pairwise ®ST values
among populations between lineages were high (0.7090-0.8130) and signifi-
cant (p < 0.01) after sequential Bonferroni correction, also suggesting their ob-
vious differentiation and the limited gene flow (Nm, 0.1150-0.2052) between
the observed two lineages (see Table 3).
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Figure 2. The phylogenetic tree constructed from the mitochondrial cytochrome b DNA sequences A the Bl tree con-
structed from all individuals; Two lineages (lineage A and B) were revealed in the constructed tree B the NJ tree con-
structed from the four populations. Posterior probabilities of > 0.80 were shown in A. Amphioctopus fangsiao, Octopus
bimaculoides, and O. vulguris were used as the outgroups when the phylogenetic trees were constructed.
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Figure 3. The median-joining network constructed from the haplotypes of the mitochondrial cytochrome b DNA sequenc-
es. Different colors represent the different populations analyzed. The size of the circle in the network is proportional to
the haplotype frequency observed in populations. The lineages A and B are marked with red boxes.

IBD test and divergence time estimated

Pairwise values of ®ST/(1-®#ST) among the four populations were plotted
against the geographical distances (Fig. 4), and Mantel’s test indicated that
the correlation between pairwise differentiation and geographical distances
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Table 2. Molecular variance within and among A. aegina populations as revealed by the
mitochondrial cyt-b DNA sequences.

Source of variation df | Sum of squares | Variance component = Percentage (%)
Among lineages 1 32.279 0.9859 Va 69.75
Among population with in 2 1.495 0.0200 Vb 1.41
lineages
Within population 71 28.947 0.4077 Ve 28.84
Total 74 62.72 1.4135
Fixation Index 0.7116

Table 3. Pairwise ®st and Nm values among four populations of A. aegina as revealed by
the mitochondrial cyt-b DNA sequences. Note: ®st and Nm values are given below and
above the diagonal, respectively; ** represents a P value < 0.01.

Populations Dongshan Huizhou Zhanjiang Qinzhou
Dongshan - 37.9615 499.5 0.2052
Huizhou 0.013 - 4.5 0.115
Zhanjiang 0.001 0.1 - 0.1435
Qinzhou 0.7090%* 0.8130** 0.7770%* -
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Figure 4. The plot of the pairwise estimates of ®ST/(1-®ST) and the geographic dis-

tance between populations of A. aegina. The x and y axis represent the geographic dis-
tances and the values of ®ST/(1-®ST) among populations, respectively.

was low and not significant (r = 0.375, p = 0.253), which may suggest that
there are contemporary environmental factors shaping the genetic structure
of A. aegina. The largest genetic distances were observed between Qinzhou
and the other three populations, and the pairwise genetic distance between the
two lineages was 0.0032. Using the molecular clock of 2.15-2.60% per million
years usually applied for the mitochondrial cyt-b for molluscan species, the
lineage A would have diverged from the lineage B about 110 ka BP (95% HPD,
60-180 ka BP) (Fig. 5).
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Figure 5. Chronogram with divergence times for A. aegina lineages generated by BEAST. Blue bars on the nodes repre-
sent 95% highest posterior density for divergence times. The scale indicates time in millions of years (Mya).

Discussion

In the present study, we examined the genetic diversity and the population ge-
netic structure in four populations of A. aegina sampled throughout its full dis-
tribution range in China using the mitochondrial cyt-b DNA sequences. The re-
sults show that A. aegina populations in China generally possess low (Qinzhou)
to high (Dongshan) genetic diversity, which is usually observed in cephalopods
(Brierley et al. 1993; Shaw et al. 1999). The Dongshan population usually has
higher genetic diversity compared to the other three populations. A higher ge-
netic diversity in the Dongshan population may predict their greater adaptive
potential when faced with environmental changes and higher priorities for con-
servation as an evolutionarily significant unit (Harrisson et al. 2016).

However, contrasting to our earlier inference (Introduction) of low differenti-
ation among populations due to their reproductive strategy of producing small
eggs and planktonic paralarvae which usually leads to high larval dispersal, and
hence high gene flow (Gibson et al. 2008), a significant population structure has
been revealed in A. aegina using the mitochondrial cyt-b DNA sequences. The Bl
tree constructed from these sequences indicates two reciprocal monophyletic
lineages (Fig. 2), which correspond to the Qinzhou population and the other
three populations of the Dongshan, Huizhou, and Zhanjiang. Such divergence
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between the two lineages is further supported by the median-joining network of
haplotypes (Fig. 3), the pairwise ®ST values between populations (Table 3), and
the results of the AMOVA analyses (Table 2). The genetic structure between the
two lineages was deep and significant with a ®ST value of 0.7116 (p < 0.01),
which has caused low gene flow (Nm 0.2026). Such high ®ST values are un-
usual in marine populations since lineage divergence would be considered
moderate when the ®ST value reaches 0.05, while a ®ST value greater than
0.25 indicate very high genetic differentiation between populations. The high
®ST values may arise mainly from the two fixed nucleotides occurring in hap-
lotypes between the two lineages (Fig. 3), which indicate a recent divergence.
Such inference is also supported by the generally low genetic distance (0.0032)
between them, which falls into a scope of intraspecific-phylogroup divergence
because intraspecific-phylogroup are typically distinguished consistently by
0~0.2-0.6% sequence divergence for mtDNA(Avise and Walker 1999). More
specifically for cyt-b, (Bradley and Baker 2001) claimed that values < 2% would
equal intra-specific variation, while values between 2 and 11% would merit ad-
ditional study, and values > 11-13% would be indicative of specific recognition.
The recent lineage differentiation was further supported by the divergence time
calibrated between the two lineages, which falls into a time scope of 60-180
(mean 110) ka BP.

Many factors may potentially contribute to the genetic differentiation among
marine populations such as geographic isolation, the influence of ocean cur-
rents, life history features, and ancient geological events (Gao et al. 2016). To
evaluate the degree to which genetic differentiation of populations could be
explained by geographic isolation, Mantel tests were conducted to determine
the significance between genetic and geographical distances and the results
indicated no significant correlation with geographical distance (r = 0.375,
p = 0.253). These results may suggest that some other contemporary envi-
ronmental factors may play important roles in shaping the genetic structure
of A. aegina. From the sampling localities of the specimens, Dongshan and
Zhanjiang (807.25 km apart) and Huizhou and Zhanjiang (472.25 km apart)
are much farther apart than Qinzhou and Zhanjiang (424.44 km). However, the
corresponding genetic differences among these populations show an opposite
trend as revealed by pairwise ®ST values (Table 3). This suggests that Leizhou
Peninsula and the adjacent Hainan Island between Zhanjiang and Qinzhou may
act as a geographical barrier to gene flow in A. aegina populations. The Leizhou
Peninsula stands as the third largest peninsula in China, while paired with Hain-
an Island, the second largest island in the country. Together, they create a nat-
ural geographic barrier between the Gulf of Tonkin and the remaining South
China Sea, allowing only the passage of the slender and elongated Qinzhou
Strait (Zhao et al. 2009; Sun and Tang 2018). Such physical isolation also rep-
resents barriers to gene flow for many marine species and significant genetic
differentiation has been detected in populations dwelling on the two sides of
the peninsula (Zhao et al. 2009; Sun and Tang 2018; Zhao et al. 2018). For this
reason (Spalding et al. 2007) even recognized the regions on the two sides of
the Leizhou Peninsula as two different marine ecoregions: the Gulf of Tonkin
and Southern China ecoregions. From the diverged time calibrated for the two
lineages (Fig. 5), 110 ka BP roughly falls into a time scale of the last glacial pe-
riod (~ 10-120 ka BP) (Rasmussen et al. 2014), during which the Gulf of Tonkin
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became isolated by the Leizhou Peninsula due to the lower sea level (Lambeck
et al. 2002). Such a molecular-clock estimates may suggest a differentiation
by the last glacial period isolation of the Leizhou Peninsula in A. aegina popula-
tions, as had already been indicated in several other marine taxa in this region
(Zhao et al. 2009; Sun and Tang 2018; Zhao et al. 2018).

The observed genetic diversity in A. aegina, which ranges from low to mod-
erate levels, highlights the urgent need for conservation measures to be im-
plemented for this significant species in the fishing industry. The recent but
significant genetic break existing among populations prove the necessity for
regarding Qinzhou and the remaining three populations as the significant sepa-
rate evolutionarily units for future conservation and management.
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