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a b s t r a c t

Octopus minor (Sasaki, 1920) is a commercially important cephalopod in Chinese waters. To
provide a theoretical basis for resource protection and sustainable management, we
investigated genetic structure of ten O. minor populations in Chinese waters using mi-
crosatellite DNA markers. Eight microsatellite loci revealed high allelic diversity with 11
e26 alleles per locus. Observed and expected heterozygosity varied from 0.412 to 0.900
and from 0.337 to 0.845, respectively. The overall FST value was 0.198, indicating great
genetic differentiation among populations. The FST value between Yilan and other pop-
ulations reached more than 0.3 that may be indicative of subspecies rank. Mantel test
showed significant correlations between genetic and geographic distance (R ¼ 0.383,
P ¼ 0.004) indicating that genetic differentiation of O. minor conformed to a pattern of
isolation-by-distance. Using the Neighbor-joining method, cluster analysis divided nine
populations into three groups and divided ten populations into two groups wherein Yilan
was distinguished from the other populations. Analysis based on FST, Dc values and clus-
tering highlighted the heterogeneity of Yilan and the relative homogeneity between Yilan
and Ganyu. The significant population genetic structure of O. minor is related to the
combined effects of geographical barriers, current features and life history characteristics.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Octopus minor (Sasaki, 1920) (Cephalopoda: Octopoda: Octopodidae) is distributed mainly in warm temperate coastal
waters of China, Korea and Japan. Specifically, its distribution in Chinese waters ranges over a wide area covering the Bohai
Sea, Yellow Sea, East China Sea and South China Sea (Dong, 1988). Due to its high nutritional value, it is very popular with
consumers (Qian et al., 2010). As a commercial species, Octopus minor has attracted widespread concern among many re-
searchers due to the over-exploitation of wild populations in recent years. It is therefore important to understandwhether the
genetic diversity of this species has been impacted through the overfishing.

Octopus minor produces large eggs and its life cycle lacks a pelagic larval period implying its dispersal potential is limited
(Villanueva and Norman, 2008; Zheng et al., 2014), therefore, population differentiation might be caused by geographic
isolation. Mechanisms for geographic differentiation and population structuring have not been clarified explicitly for this
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species. To date, several reports exploring the population genetic structure of O. minor have been published based on different
molecular markers such as allozymes (Gao et al., 2009), COI (Sun et al., 2010), 16S rRNA (Li et al., 2010), 12S rRNA and COⅢ (Xu
et al., 2011), ISSR (Guo et al., 2011), AFLP and COII (Lü et al., 2013), and SSR (Kang et al., 2012). All these studies showed
substantial differentiation among geographical populations at differentmolecular levels. These studies did not encompass the
entire distributional range of O. minor in Chinese waters, however. Additionally, sample numbers were limited and genetic
variability was relatively low. At present, there are still few systematic reports concerning population genetic diversity and
genetic structure of O. minor in Chinese waters.

Microsatellite markers are considered ideal molecular markers in analyzing of genetic diversity and population genetic
structure because of their high polymorphism, co-dominance, neutrality, abundance and unambiguous scoring of alleles
(Tautz, 1989; Weber and May 1989). Microsatellite markers have been successfully applied in population genetic studies of
some cephalopods and with meaningful results (Reichow and Smith, 2001; P�erez-Losada et al., 2002; Cabranes et al., 2008;
Zheng et al., 2009). By 2013, microsatellite markers have been isolated for more than 30 species of cephalopod according to
NCBI official statistics. Zuo et al. (2011) first developed 12 polymorphic SSR loci in O. minor.

In the present study, we collected O. minor from ten widely distributed geographic locations in the Bohai Sea, Yellow Sea,
East China Sea as well as Taiwan, and used eight of the polymorphic microsatellite loci developed by Zuo et al. (2011) to
analyze the population genetic structure of this species.

2. Materials and methods

2.1. Sample collection and DNA extraction

A total of 334 O. minor specimens were collected from ten locations in Chinese waters including the Bohai Sea, Yellow Sea,
East China Sea as well as Taiwan from 2012 to 2013 (Table 1, Fig. 1). The Bohai Sea population was sampled in Laizhou (LZ).
Four sample localities were distributed across the Yellow Sea: Dalian (DL), Yantai (YT), Rongcheng (RC), Ganyu (GY). Five other
sample localities were distributed across the East China Sea: Shengsi (SS), Nanji Island (NJD), Lianjiang (LJ), Quangang (QG)
and Yilan (YL) of Taiwan. The maximum and minimum geographic distances between populations are approximately
1623 km (DL-YL) and 98 km (YT-RC), respectively. Approximately 1 cm3 of mantle muscle was removed from fresh specimens
and frozen in �80�C prior to DNA preparation. Genomic DNA was extracted from mantle muscle by using a CTAB method
modified from Winnepenninckx et al. (1993).

2.2. Microsatellite analysis

Individuals were genotyped at eight polymorphic microsatellite loci (Table 2): OM01, OM02, OM03, OM05, OM07, OM08,
OM11 and OM12 (Zuo et al., 2011). The polymerase chain reactions (PCRs) were performed in 10-ml volumes containing 0.25 U
Taq DNA polymerase (Takara, Japan), 1 � PCR buffer, 0.2 mM dNTP mix, 1.5 mMMgCl2, 1 mm of each primer set, and 100 ng of
genomic DNA. PCR was performed on a thermal cycler (GeneAmp System 9700) as follows: 3 min at 94 �C, 35 cycles of 45 s at
94 �C, 45 s at the optimal annealing temperature (Ni et al., 2010), and 45 s at 72 �C, followed by a final extension of 5 min at
72 �C. Amplification products were resolved via 6% denaturing polyacrylamide gel, and visualized by silver staining. For allele
size determination, a 10-bp DNA ladder (Invitrogen USA) was used as a reference.

2.3. Data analysis

Null alleles and scoring errors due to large allele dropout and stuttering were checked with the softwareMICRO-CHECKER
2.2.3 (Van Oosterhout et al., 2004). Number of alleles (N), expected heterozygosity (HE), observed heterozygosity (HO) and
allelic size range (R) were calculated using MICROSATELLITE ANALYSER software (MSA; Dieringer and Schl€otterer, 2003).
Allelic richness (AR) as a standardized measure of the number of alleles per locus, independent of the sample size, was
calculated using FSTAT version 2.9.3 (Goudet, 2001). The KruskaleWallis test (Sokal and Rohlf, 1995), a nonparametric
Table 1
Sample details for Octopus minor in Chinese waters.

Population Abbreviation Geographic coordinates Date of collection No. of specimens Mean total length (mm) ± SD

Dalian DL 121�440E, 39�010N 2011.10 28 e

Laizhou LZ 119�760E, 37�140N 2013.10 36 630.55 ± 98.07
Yantai YT 121�390E, 37�520N 2012.04 24 e

Rongcheng RC 122�420E, 37�170N 2012.10 40 e

Ganyu GY 119�190E, 34�830N 2013.11 32 641.48 ± 117.05
Shengsi SS 122�450E, 30�720N 2012.04 28 667.44 ± 101.65
Nanji Island NJD 121�050E, 27�270N 2012.04 49 679.24 ± 107.36
Lianjiang LJ 119�530E, 26�200N 2012.07 24 836.32 ± 178.90
Quangang QG 118�580E, 24�930N 2012.05 38 682.27 ± 106.41
Yilan YL 121�720E, 24�690N 2013.08 18 424.29 ± 102.24*



Fig. 1. Map of the sample locations and ocean currents along Chinese waters. DL, Dalian; LZ, Laizhou; YT, Yantai; RC, Rongcheng; GY, Ganyu; SS, Shengsi; NJD,
Nanji Island; LJ, Lianjiang; QG, Quangang; YL, Yilan. KC, Kuroshio Current; TC, Tsushima Current; YSWC, Yellow Sea Warm Current; YSCC, Yellow Sea Coastal
Current; CCC, China Coastal Current. (Su and Yuan, 2005).
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analysis of variance, was performed to test for differences in allelic richness among populations. Exact tests for deviations
from HardyeWeinberg equilibrium (HWE) were performed using GENEPOP 3.4 (Raymond and Rousset, 1995). The same
software was used to test for genotypic linkage disequilibrium for each pair of loci in each population. Significance levels for
multiple comparisons were adjusted with a sequential Bonferroni correction (Rice, 1989).

Weir and Cockerham's (1984) FST (q) was calculated with GENEPOP 3.4 to estimate pairwise genetic differentiation be-
tween populations. The Cavalli-Sforza and Edwards (1967) chord distance DC was calculated and an unrooted neighbor-
joining tree (NJ tree) was constructed with the software POPULATIONS 1.2.30 (Langella, 1999). Nodal support was assessed
by bootstrapping with 1000 replicates. The tree was visualized in TREE EXPLORER 2.12 (Tamura, 1997). The Bayesian clus-
tering analysis was implemented in STRUCTURE v 2.3 (Pritchard et al., 2000). The value of K is the number of groups ranging
from 1 to 13 (population number plus 3). The optimal value of K was selected with the online software Structure Harvester v
0.6.92 (Earl and vonHoldt, 2012) by calculating the statistical value DK (Evanno et al., 2005). Multilocus analysis of molecular
variance (AMOVA) was conducted to check for hierarchical structure of variability, using ARLEQUIN 3.5 (Excoffier and Lischer,
2010). Molecular variance was assessed with exact tests based on 10,000 permutations. Isolation by distance (IBD), a model in
which genetic differentiation increases with geographic distance, has been suggested as robust for investigating gene flow of
marine species (Palumbi, 2003). A Mantel test implemented in GENEPOP 3.4 was performed to test the IBD model by
correlating geographic distance (ln of the shortest distance)) to genetic distance [FST/(1eFST); Rousset 1997]. Significance of
the IBD pattern was determined with 10,000 permutations.



Table 2
Characteristics of the eight-microsatellite markers for Octopus minor.

Locus Repeat motif Primer sequence (50-30) Ta (ºC) Number of alleles Size range (bp)

OM01 (TG)4N32(GT)8N36(TG)4 ACGTGGTGGTGGGCTGTG
ATACCCTCATTCTCCATCACTAA

54 2 249e259

0M02 (TG)5N52(TG)5T(TG)4N29(GT)4 TGTCAGTGAACTTTGTTTGCAT
TCATCCCCGTAACCTCCG

54 3 398e418

OM03 (GT)5N36(GT)11N23(GA)4 AAGTATAGGCTAGGAAAGGT
CTACTTCTCCCTACCCTCT

60 8 209e223

OM05 (CA)4N16(CA)4 N4(CA)6 TGAGGTTTGTTTCTTTTATATT
TAATCTTGTCTAAGCGATAAAT

50 4 322e394

OM07 (AC)6N7(CA)5 CTACCTTCCCTAACCTCTCACTA
CTAGGAGTCTGAACAACGTCAA

64 5 262e282

OM08 (AT)4(GT)5GC(GT)5 GATCATCCTCCTCACCTAGC
CGTAAACAAACCGACTCCT

64 11 241e265

OM11 (TA)10(TG)4 CGACCACTCCACATCAGAC
ACACACCTAACACCTATACCCA

60 5 284e292

OM12 (TG)4(GT)9N107(GT)6 GACGAGACAGATTATTGTGACAGT
TACACCACCGCTCTGATTTC

58 5 263e277
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3. Results

3.1. Genetic diversity within populations

All the microsatellite loci were successfully amplified except OM02 locus of YL, which had only one allele and differed
greatly fromother populations. All themicrosatellite loci were highly polymorphic, while the degree of diversity was different
at each locus. Genetic diversity indices for the ten Octopus minor populations are summarized in Table S1. Of the samples, loci
OM08, OM05, OM07 exhibited the highest variation with 25, 19, and 19 alleles, respectively and OM12 the lowest (11 alleles).
The number of alleles per locus in each population varied from 2 (OM01) to 16 (OM08), and allelic richness per locus ranged
from 2.0 (OM01) to 15.1 (OM08) for each sample. The average observed and expected heterozygosity per locus ranged from
0.412 (OM01) to 0.900 (OM03) and from 0.337 (OM01) to 0.845 (OM03), respectively.

Among all loci, the average number of alleles for each population varied from 4.5 to 8.1. Specifically, the lowest average
number of alleles (only 4.5) was detected in the YL population, whereas LJ (8.1), NJD (7.9) and GY (7.9) had the highest.
Similarly, the YL population had the lowest average allelic richness (4.5) and LJ had the highest (7.7). There was no significant
difference in the average allelic richness among these populations (KruskaleWallis test). The average observed and expected
heterozygosity per population ranged from 0.516 (LZ) to 0.862 (LJ) and from 0.580 (DL) to 0.760 (LJ), respectively. No linkage
disequilibriumwas detected in locus pairs, suggesting that the loci can be treated as independent variables. Twenty of the 80
locusepopulation combinations were out of HardyeWeinberg equilibrium (P < 0.05/9) after Bonferroni correction, of which
OM08 and OM11 had the most departures. Every locus was detected to deviate significantly from HWE and no locus was
detected to deviate significantly from HWE across all populations. Most deviated-populations of OM03, OM05, OM07, OM08,
OM12 loci showed loss of heterozygosity.

3.2. Genetic differentiation and genetic distance among populations

The global multilocus FST value was significant (0.198, P < 0.01), suggesting the genetic differentiation among the ten
populations was large. Pairwise FST values across all samples ranged from 0.0354 to 0.3594 (Table 3). All 40 pairwise FST tests
were significant after Bonferroni correction, indicating that all ten O. minor populations were significantly different from one
another. The lowest FST value was observed between the RC and YT populations, which are separated by the least geographic
distance while the highest FST value was observed between the DL and YL populations, which are separated by the greatest
geographic distance. Genetic differentiation among the YT, DL, RC populations was relatively low while the differentiation
between LZ and these three populations had higher FST values. The FST values between YL and the other populations were up
to more than 0.3, indicating the large genetic differentiation between this population and the others.

DC values based on Cavalli-Sforza and Edwards chord distance between populations are shown in Table 3. Similar to FST
values, the lowest DC value was detected between YT and RC (0.2427), while the highest was found between DL and YL
(0.7183). Consistent with the FST values, the Dc values between YL and other populations were large while GY was the
population which differed least from YL.

3.3. Clustering analysis and molecular variance analysis

DC is suggested as one of themost efficient distance measures fromwhich to obtain tree topology (Takezaki and Nei,1996).
In this study, two neighbor-joining trees were constructed with the DC genetic distance based on nine populations (not
including YL) and ten populations. According to the Neighbor-joining tree (Fig. 2), the nine populations were subdivided into



Table 3
Pairwise Fst values (below diagonal) and Cavalli-Sforza and Edwards chord distance (Dc, above diagonal) among ten Octopus minor populations.

Pop DL LZ YT RC GY SS NJD LJ QG YL

DL e 0.4610 0.3510 0.3271 0.5581 0.6014 0.5295 0.5515 0.5346 0.7183
LZ 0.1881a e 0.5092 0.4696 0.5254 0.6333 0.5722 0.5775 0.6190 0.7090
YT 0.0843a 0.1581a e 0.2427 0.4991 0.5773 0.5207 0.5792 0.5045 0.6940
RC 0.0781a 0.1671a 0.0354a e 0.5445 0.6026 0.5032 0.5856 0.5069 0.7145
GY 0.2133a 0.2048a 0.1561a 0.2123a e 0.6349 0.5416 0.5655 0.5336 0.6043
SS 0.2086a 0.2551a 0.1849a 0.2193a 0.2406a e 0.5278 0.4733 0.5002 0.7019
NJD 0.1740a 0.2106a 0.1624a 0.1622a 0.1797a 0.1659a e 0.5841 0.5020 0.6584
LJ 0.1599a 0.1981a 0.1603a 0.1745a 0.1996a 0.1168a 0.1672a e 0.5070 0.6535
QG 0.1903a 0.2682a 0.1674a 0.1987a 0.2129a 0.1792a 0.1609a 0.1765a e 0.6470
YL 0.3594a 0.3540a 0.3232a 0.3532a 0.2447a 0.2924a 0.2900a 0.2665a 0.3324a e

a Significant difference after Bonferroni correction.
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three groups: one group consisting of four populations (DL, YT, RC and LZ), one group containing another four populations (SS,
LJ, QG and NJD) and with the population of GY isolated. As shown in Fig. 3, after adding the YL population, the ten populations
were divided into two groups: YL, formed a separate group, distinguished from the other groups. Bootstrap support values for
the NJ tree were not high for most groups. The tree topology was not highly compatible with the geographic locations of
sample sites. Based on the STRUCTURE software, the greatest division between groups appears when K ¼ 2 (value of DK is
greatest). YL was classified with northern populations (shown in Fig. S1).

The AMOVA analysis based on groups determined by the Neighbor-joining tree (YL as a group and the other as another
group) showed that variation between individuals within populations accounted for most of the variation (70.0%) and
identified significant variation among groups, explaining 14.6% of the total variance (Table S2). The variance component
among populations within groups was also significant (15.4%), indicating that populations within groups should not be
pooled together due to their genetic heterogeneity.

3.4. Isolation by distance (IBD)

Although the correlation coefficient of genetic distances [FST/(1-FST)] and geographic distances (converted to log values) for
all the Octopus minor samples was low (R ¼ 0.383), it was significant (P ¼ 0.004, 10,000 permutations) (as shown in Fig. S2,
R2 ¼ 0.148, P ¼ 0.004), displaying an isolation-by-distance (IBD) pattern of gene flow. The IBD pattern remained significant
(P < 0.05) after excluding any single locus from the analysis, indicating that the correlation was not severely affected by any
particular locus.

4. Discussion

4.1. Genetic diversity and HardyeWeinberg equilibrium

The microsatellite markers in this study were richly polymorphic, exhibiting from 11 to 25 alleles. Loci OM08 (25 alleles
detected), OM05 (20 alleles detected), OM07 (19 alleles detected) have the most alleles, and are therefore desirable loci in the
population analysis. Most of the populations showed a high level of heterozygosity indicating there is a high level of genetic
variation in the wild.

Twenty significant deviations from HardyeWeinberg equilibrium were found in the eighty (8 � 10) combinations of
microsatellite loci and populations. In particular, deviations were marked for the loci OM08 and OM11. Loci OM03, OM05,
OM07, OM08, and OM12 exhibited a relative heterozygote deficiency, which may have resulted from inbreeding, theWahlund
effect, selection or existence of null alleles (Astanei et al., 2005). In this study selection can be excluded as an explanation as
satellite markers are neutral markers. The Wahlund effect is likely to be the reason for the heterozygote deficiency through
geographic barriers to gene flow and genetic drift in the subpopulations. In previous population studies of octopuses
(Cabranes et al., 2008; Doubleday et al., 2009; Ju�arez et al., 2010; Moreira et al., 2011), heterozygote deficits have been
detected and considered to be largely caused by null alleles. In this study, the existence of null alleles in some deviated loci
was detected using Micro-Checker, suggesting that this may also be a reason for departures from HWE. According to Kang
et al. (2012), inbreeding may be also an important factor due to the restricted habitat and geographic isolation of octopuses.

4.2. Population genetic structure

In this study, genetic divergencewas significant in the Octopus minor populations located in Chinesewaters. Wright (1978)
defined the relationship between the FST values and degree of differentiation: FST 0e0.05 indicating small differentiation
among populations; FST 0.05e0.15 meaning moderate differentiation; FST0.15e0.25 showing great differentiation and over
0.25 indicating extremely great differentiation. Although RC and YT populations were separated by the least geographic
distance (100 km), and the genetic differentiation between them was small (FST ¼ 0.0354), this difference was significant.



Fig. 2. Unrooted neighbor-joining tree among nine populations of O. minor based on Dc values. Numbers on branches indicates bootstrap support values. (*
indicates bootstrap support values < 50%).

Fig. 3. Unrooted neighbor-joining tree among ten populations of O. minor based on Dc values. Numbers on branches indicates bootstrap support values (*in-
dicates bootstrap support values < 50%).
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Genetic divergence among the DL, YT and RC populations reached moderate levels as did that between the SS and LJ pop-
ulation. Genetic variation among the remaining populations was great or extremely great. It is clear that the southern
populations (SS, LJ, QG and NJD) differed from the northern (DL, YT, RC and LZ) based on FST and DC values. Given the long
distance and the difference of marine ecological environment between these two regions, it was not surprising to see the
divergence. The FST values between YL and other populations reached more than 0.3 and this degree of differentiation may be
indicative of subspecies according to Wright (1978).

The correlation coefficient of geographic and genetic distance is not large, but it is significant, suggesting that geographic
isolation can explain most of the genetic heterogeneity, although there are likely other factors that simultaneously affect
genetic differentiation. Similarly, the IBD model of O. minor was also found by Lü et al. (2013).
4.3. Genetic differentiation affected by the dispersal ability and oceanic landscapes, especially the marine currents

According to FST and Dc values, the degree of differentiation between YL and GY populations was lower than between the
YL and LJ, QG, SS, NJD populations which could not be explained by geographic isolation. Oceanographic characteristics may
affect genetic differentiation in addition to geographic distance. Ocean currents are important factors affecting population
genetic exchange of marine organisms, playing a very crucial role in population genetic differentiation of cephalopods
(Doubleday et al., 2009). In other octopuses, marine currents and geographic isolation affecting dispersal are inferred to play a
critical role in population structure (Doubleday et al., 2009; Moreira et al., 2011; Kang et al., 2012). The Yilan and Fujian groups
were separated by Southern Okinawa Trough around Yilan where maximumwater depth is up to 2,000 m (Diekmann et al.,
2008). This certain barrier may hinder the genetic exchange between locations. The Kuroshio Current originates in northern
equatorial waters and flows into the East China Sea (Su and Yuan, 2005). A branch of the Kuroshio flows to the Yellow Sea, and
even to the Bohai Seawhere it is termed the YSWC near the Ryukyu Islands (Fig.1). YL is locatedwhere the Kuroshio flows and
YL populations may spread to GY (Yellow Sea) generating a certain degree of genetic exchange. But the explanation is
challenged by the very long distances given the restricted dispersal ability of O. minor. In addition, samples from the YL
population were limited (only 18 individuals), so the geographic population still needs further confirmation.
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The GYpopulation differed greatly from the other four northern populations despite GY not being very far away from them
geographically, and this can also be explained by the effects of ocean currents. GY is located at the junction of Shandong and
Jiangsu Province where ocean eddies exist (Fig. 1), which may reduce gene exchange with other populations outside the
vortex. This has been seen in studies of population differentiation ofMactra chinensis (Ni et al., 2011). In addition, GY is located
in Jiangsu Province where a large area of beach exists. The existence of beach may limit genetic communication given the
caving habit of O. minor. Geographic distance among the YT, RC, DL, and LZ populations is small, but there is greater genetic
distance between LZ and the other three populations. This could be affected by the complex hydrology and bathymetry in
Bohai Sea and Yellow Sea. LZ is located in the Bohai Sea, which is a semi-enclosed sea, so it is likely less genetic exchange takes
place between the LZ and Yellow Sea populations given the limited dispersal ability. Similar findings had also been seen in the
population genetic study of the other benthic marine organisms with a short pelagic larval duration (Zhan et al., 2009; Ni
et al., 2011).

In this study, we included a large region of Chinese waters spanning a latitude of 14�320, systematically showing genetic
divergence in a broader distribution. The study herein showed significant genetic differentiation among the ten populations,
shared some common views with the findings of Chang et al. (2010) and Lü et al. (2013), which found large genetic differ-
entiation among populations from Zhoushan (south of Shengsi), Wenzhou (north of Nanji Island) and Xiamen (south of
Quangang). Especially, we found the extraordinary differentiation between YL and the other populations giving some hints
for taxonomic status. Overall, genetic differentiation among the ten geographical populations resulted in combined effects of
geographic isolation, currents and life history characteristics. Given the complexity of the marine environment, it may not be
satisfactory to try to explain the genetic differentiation of octopus populations using only geographic isolation and ocean
current patterns. The complex oceanographic environment around the China Seas with many islands and gulfs makes pat-
terns of gene flow of populations complicated. More advanced molecular markers and more wide distribution samples are
expected to further the genetic progress. Nevertheless, this study provides theoretical guidance for resource protection and
sustainable management of Octopus minor populations in Chinese waters.
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