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Abstract  Octopus minor (Sasaki 1920) is an important commercial cephalopod species in China. This species has declined sharp- 
ly in recent years. Hence, genetic studies of O. minor are imperative to exploit and manage the wild resource. In this study, 46192 
microsatellite loci were discovered in 70174 unigenes from the transcriptomic data. Among all of the simple sequence repeat (SSR) 
unit categories, di-nucleotide and tri-nucleotide SSRs accounted for 45.26% and 14.49%, respectively. A total of 108 SSRs were test- 
ed, of which 21 were neutral and polymorphic. Seven SSRs were selected for genetics analyses of the O. minor populations in the 
Bohai Sea, the Yellow Sea, and the southwest coast of the Taiwan Strait region. Significant pairwise Fst values were detected among 
the samples. The UPGMA tree based on genetic distances suggested that the sampling locations could be arranged in three clusters. 
These markers are evidence that the populations in this region may be structured, with samples from Penghu differing remarkably 
from those in northern China. The present study characterized genetic markers for population assessment, management, and conser- 
vation of O. minor. 

Key words  Octopus minor; transcriptome; simple sequence repeats; genetic divergence 

 

1 Introduction 
Octopus minor (Sasaki 1920) is widely distributed along 

the coastal waters of China, the Korean Peninsula, and the 
Japanese archipelago (Yamamoto, 1942; Kim et al., 2008). 
It is an important commercial fishery in China, Korea, and 
Japan. Many studies of O. minor in physicology (Seol et al., 
2007; Chen et al., 2019), aquaculture (Song et al., 2019), 
and genetics (Wang et al., 2017) have been reported. How- 
ever, overfishing has led to a sharp decline in the abun- 
dance of this species in recent years. Thus, it is crucial to 
study the genetic diversity and population structure for ra- 
tional utilization of O. minor. 

Simple sequence repeats (SSRs), or microsatellites are 
simple tandem repeat DNA sequences consisting of 1 – 6 
bases that are widely distributed in the genome. Because of 
high polymorphism, neutrality, and codominance, SSRs 
have become an effective tool to investigate population 
genetics. Microsatellite markers in O. minor have been de- 
veloped using the magnetic bead enrichment method (Zuo 
et al., 2011), and population genetics analyses have been  
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carried out using the markers developed with this method 
(Kang et al., 2012; Gao et al., 2016). However, no study 
has characterized microsatellites based on O. minor trans- 
criptome data. A large number of SSRs have been iden- 
tified by next-generation sequencing, providing numerous 
molecular markers to assess population diversity and ge- 
netic structure, which will contribute to the conservation of 
this species. 

In the last two decades, the development of molecular 
tools has contributed greatly to genetic studies (Moreira 
et al., 2011; Xu et al., 2018) and the identification of cryp- 
tic species (Allcock et al., 2015; Barco et al., 2016; Tang 
et al., 2020). Many studies have reported the genetic diver- 
sity and structure of O. minor using morphological diag- 
nostic (Gao et al., 2019) and molecular methods, such as 
mitochondrial DNA (Sun et al., 2010; Xu et al., 2018) and 
microsatellite markers (Kang et al., 2012; Gao et al., 2016). 
These studies have provided valuable information about 
the population genetic diversity and structure of O. minor 
in Chinese waters; however, little is known about the ge- 
netic divergence between the Chinese populations (parti- 
cularly the South China Sea population) and other East 
Asian populations. The Korean Peninsula is bordered by 
China, so comparing the population genetics between Ko- 
rean and Chinese O. minor populations would advance our 
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understanding of the genetic diversity and structure of O. 
minor in East Asia. In this study, we investigated the po- 
pulation genetics of six geographic populations, including 
the Bohai Sea, the Yellow Sea, the South China Sea, and 
the Korean Peninsula, using seven polymorphic SSR mar- 
kers. We also evaluated whether geographical distance af- 
fected the genetic structure of O. minor at different loca- 
tions. This study provides a theoretical basis for the sustain- 
able exploitation and utilization of this valuable fishery re- 
source. 

2 Materials and Methods  
2.1 Sample Collection and Preparation  

Samples were collected from six locations, including the 
Bohai Sea: Tianjin (TJ), Qinhuangdao (QHD); the Yellow 
Sea: Dandong (DD); the southwest coast of the Korean 
Peninsula: Mokpo (MP), Kunsan (KS); and the southwest 
coast of the Taiwan Strait: Penghu (PH). The detailed sam- 
ple information is shown in Fig.1 and Table 1. Genomic 
DNA was isolated from O. minor mantle muscle using an 
improved cetyl trimethyl ammonium bromide method 
(Winnepenninckx et al., 1993). 

2.2 SSR-Enriched Sequences 

The transcriptome library was constructed, and trans-  

 

Fig.1 Map of the sampling locations and ocean currents. 
LBCC, Lubei Coastal Current; SBCC, Subei Coastal Cur- 
rent; CCC, China Coastal Current; YSWC, Yellow Sea Warm 
Current (Kaneko et al., 2011). 

Table 1 Details of the six O. minor sampling locations 

Location Abbreviation Location Collecting date Sample 

Tianjing TJ 39˚05´N, 117˚97´E 2018.12.15 31 
Qinghuangdao QHD 39˚56´N, 119˚63´E 2018.10.31 28 
Dandong DD 39˚85´N, 124˚31´E 2018.11.15 32 
Mokpo (Korea) MP 34˚48´N, 126˚15´E 2018.02.02 28 
Kunsan (Korea) KS 35˚99´N, 126˚61´E 2019.04.28 20 
Penghu PH 23˚58´N, 119˚56´E 2019.08.09 14 

 
criptome sequencing was performed by Gene Denovo Bio- 
technology Co. (Guangzhou, China) using the Illumina Hi- 
SeqTM 4000 (Xu and Zheng, 2020). MISA v2.1 (http://pgrc. 
ipk-gatersleben.de/misa/) was used to search all single gene 
clusters and identify the localization and type of microsa- 
tellites in the transcriptome following default parameters. 
Primers were designed using Primer3 (version 1.1.4). 

2.3 Specific Primers for SSR Loci Screening and 
 SSR Genotyping 

A total of 108 primers were selected to test polymer- 
phism. The polymerase chain reaction (PCR) was perform- 
ed in a 10 μL volume, including 1 μL of 1× PCR Buffer 
(Mg2+ plus), 1 μL of 0.2 mmol L−1 dNTP mix, 0.22 μL of 1 

mmol L−1 fluorescent label (NED, VIC, or FAM), 0.1 μL 
of the 1 mmol L−1 M13 upstream primer (F), 0.22 μL of the 
1 mmol L−1 downstream primer (R), 0.05 μL of 0.25 U Taq 
DNA polymerase, 1 μL of the 50 ng DNA template, and 
6.41 μL of dH2O. The DNA was amplified at 94℃ for 3 

min, followed by 35 cycles of 94℃ for 30 s, optimal an- 
nealing temperature for 1 min, 72℃ for 75 s, and then eight 
cycles of 94℃ for 30 s, 53℃ for 1 min, 72℃ for 75 s, and 

72℃ for 10 min. Microsatellite polymorphisms were screen- 
ed using the ABI 3730xl DNA Analyzer. 

The genotypes of the samples were analyzed at seven 
polymorphic microsatellite loci: OMS41, OMS44, OMS51, 
OMS78, OMS80, OMS96, and OMS99 (Table 1). 

2.4 Statistical Analysis 

Micro-Checker 2.2.3 (Oosterhout et al., 2004) was used 
to inspect the null alleles. GenALEx v.6.5 (Peakall et al., 
2012) was used to calculate the Hardy – Weinberg equili- 
brium (P-HWE), the number of alleles per locus (Na), ob- 
served heterozygosity (Ho), expected heterozygosity (He), 
the Fst values, and Nei’s genetic distance. Cervus v.3.0.3 
(Marshall et al., 1998) was used to estimate the polymor- 
phism information content (PIC). The neutrality of the po- 
lymorphic loci was analyzed using the Ewens – Watterson 
test in POPGENE v.1.32. Multilocus analysis of molecu- 
lar variance (AMOVA) and pairwise Fst, P values were 
explored with ARLEQUIN v.3.5 (Excoffier and Lischer, 
2010). A Mantel test implemented in Genepop (https:// 
genepop.curtin.edu.au/) was performed to test the isola- 
tion of distance (IBD) model by correlating geographic dis- 
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tance to genetic distance (Fst /(1−Fst); Rousset, 1997). An 
unweighted pair group method with arithmetic mean (UP- 
GMA) tree was constructed based on the genetic distances 
among the samples from 6 locations using MEGA v.6.0. 

3 Results 
3.1 Characterization of the Genic Microsatellites 

A total of 46192 SSR loci were discovered in 70174 uni- 
genes from the transcriptome, and the frequency of SSR 
occurrence in the unigenes was 65.82%. The best repre- 
sented microsatellite categories were di-nucleotide (45.26%) 
and mono-nucleotide (39.40%), followed by tri-nucleotide 
SSRs (14.94%), while tetra-nucleotide and penta-nucleotide 
SSRs comprised < 1%. Among the dinucleotide repeats, 
the most abundant repeat motif was AT/AT (22.41%), fol- 
lowed by AC/GT (16.49%) (Table 2). Repeating units be- 
tween 4 and 14 were detected in the SSRs of the O. minor  

transcriptome, accounting for 99.97% of the total number, 
and the highest proportion of repeated times (including mo- 
no-nucleotide and penta-nucleotide) was six (31.89%). 

3.2 Specific Primers for SSR Loci Screening 

In this study, 21 of the 108 analyzed markers (19.44%) 
were polymorphic (showed in Table 3). The amplicon se- 
quences were deposited in the GenBank database (acces- 
sion numbers: KX061842 – KX061864). The number of al- 
leles per loci ranged from 3 to 12, with an average of 5.6. 
Three loci (OMS78, OMS64, and OMS34) deviated sig- 
nificantly from the P-HWE after a Bonferroni correction 
(P < 0.05). Ho ranged from 0.267 to 0.941 (mean = 0.614). 
He ranged from 0.242 to 0.868 (mean = 0.619). The PIC 
ranged from 0.231 to 0.854 (mean = 0.572). The Ewens- 
Watterson neutral test showed that 21 microsatellite loci were 
located within the 95% confidence interval (Obs. F > L95), 
indicating the neutrality of these polymorphic markers.

Table 2 Frequency of di-, tri-, and tetra-nucleotide repeat motifs in the transcriptome (–, not available) 

Repeat number 
Repeat type Repeat motif 

5 6 7 8 9 10 11 >11
Total Percent (%)

 AT/AT – 3076 2369 2316 2009 536 48 – 10354 22.41 
AC/GT – 2809 1869 1354 1040 467 81 1 7621 16.49 

Di-nucleotide 
AG/CT – 1120 712 410 353 249 65 4 2913 6.30 

 CG/CG – 17 – 2 – – – – 19 0.04 

AAT/ATT 1462 857 276 5 – – – – 2600 5.62 
ATC/ATG 695 332 102 4 – – – – 1133 2.45 
AAC/GTT 560 204 50 3 – – – – 817 1.76 
ACC/GGT 404 170 42 3 – – – – 620 1.34 
ACT/AGT 264 190 86 5 – – – – 545 1.18 
AGC/CTG 253 53 27 2 – – – – 335 0.72 
AAG/CTT 133 52 46 2 – – – – 233 0.50 
AGG/CCT 147 56 24 5 – – – – 232 0.50 

Tri-nucleotide 

Others 125 38 14 1 1 1 – – 180 0.39 

 ACAT/ATGT – 127 4 – – – – 1 132 0.28 
AGAT/ATCT – 53 4 – – – – – 57 0.12 

Tetra-nucleotide 
Others – 170 22 1 1 – – – 194 0.42 

 Total 4043 9324 5647 4113 3405 1253 194 6   
 

Table 3 Basic genetic information of the 21 microsatellite primers 

Ewens-Watterson test 
Locus 

GenBank  
accession no. 

Repeat motif Primer sequences (5’ – 3’) 
Ta

( )℃
Size (bp) N Ho He 

P- 

HWE 
PIC 

Obs. F L95* U95*

F:CACTGACCATCTCCCTTCGT 
OMS78 MN565062 (AG)10n(GAA)6 

R:AACGCGAAGTTCCTCACACT
55 208–217 4 0.267 0.673 0.000* 0.611 0.3272 0.3083 0.8728

F:CCCACCTCTACATTGGATCG 
OMS80 MN565063 (TTG)6 

R:CACTGCACCGCCTTCTTAAC 
55 194–206 5 0.581 0.614 0.451 0.553 0.3855 0.2586 0.7903

F:CATGCTTGGTGCAGAACAAC
OMS44 MN565064 (AC)9 

R:TGAAGATGAGGCTGTGGAAG
52 240–252 4 0.267 0.242 0.994 0.231 0.7583 0.3061 0.8433

F:TGGATGCTGCTGTTCTTCAG 
OMS41 MN565065 (GA)9 

R:CCTCAGTGCATTCCAGCTTC 
52 176–208 8 0.839 0.754 0.989 0.718 0.2461 0.1738 0.5447

F:GGTGGATATCGTCTGCACAGT
OMS61 MN565066 (AT)9n(ACA)6n(TTA)7 

R:GAACATGTGATTGCCAAACC
52 233–244 6 0.552 0.543 0.992 0.501 0.4572 0.2176 0.6968

F:AGACAATGGGTGGTGGAGAG
OMS64 MN565067 (TAG)6 

R:CACCAGCTGATTGGCAAAG 
52 184–208 8 0.724 0.756 0.000* 0.724 0.2438 0.1724 0.5410

F:CAGCAGCTGCAACAACAGAT
OMS34 MN565068 (CA)9n(TAG)6 

R:TCCTGCCATCACCTATACCA 
52 266–275 5 0.607 0.601 0.000* 0.552 0.3986 0.2526 0.7717

F:GCGTGCCACTGGGGTAAC 

OMS50 MN565069 (CTG)7 R:TGATTGGTGATCAGTAAAATT
  CCA 

52 195–201 3 0.483 0.496 0.379 0.432 0.5036 0.3585 0.9328

              

(to be continued) 
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(continued) 

Ewens-Watterson test
Locus 

GenBank 
accession 

no. 
Repeat motif Primer sequences (5’ – 3’) 

Ta

( )℃
Size (bp) N Ho He

P- 

HWE 
PIC 

Obs. F L95* U95*

F:TGGACATGATGGTGCTTTTG 
OMS15 MN565070 (TC)9 

R:CCATCATCATCGTCATCAGC 
58 184–190 5 0.621 0.554 0.658 0.506 0.4459 0.2604 0.7776

F:GCATCAGCTGGAACAGAACC 
OMS28 MN565071 (TA)9n(GAT)6n(ATT)6 

R:CTGTCATTGAGCCAATGGTG 
58 196–199 2 0.581 0.494 0.431 0.387 0.5062 0.3678 0.9370

F:ACCAACCGTCAGTCGAAGAG 
OMS99 MN565072 (ACG)6 

R:GGAAGAATGATGCCGTTCAC 
55 197–209 5 0.724 0.693 0.903 0.636 0.3068 0.2551 0.7771

F:CATGGATGAGCAGATCCTGA 
OMS32 MN565073 (TAC)6 

R:CCTTGCAGAGATCCATAACCA 
52 216–228 5 0.941 0.693 0.490 0.611 0.3351 0.2483 0.7700

F:CACTCCATTCTTAGCACACAGC
OMS45 MN565074 (TGG)6n(ATTT)5 

R:TGTTGCAACGGTAGCTTGTAG
52 211–221 6 0.429 0.679 0.047 0.641 0.3209 0.2132 0.6644

F:CAGCTTTGCCATTGCTACC 
OMS106 MN565075 (TAC)6 

R:AGTGGTGGTGGAGGCAGTAG 
52 187–208 6 0.567 0.599 0.747 0.557 0.4006 0.2206 0.7033

F:TCATGATCATTGCCATAACAG 
OMS51 MN565076 (TAG)6 

R:CTCCATTCACGAGACACACC 
52 199–211 5 0.517 0.498 0.555 0.472 0.5024 0.2479 0.7788

F:CCTAGGTTAGGGGCCTTGAT 
OMS11 MN565077 (TTG)6 

R:ATTGTTCCCAGGCTTCCTTC 
58 184–205 9 0.724 0.728 0.131 0.687 0.2717 0.1552 0.4893

F:CAACGCTCTCGTTGAAGATG 
OMS84 MN565078 (GACG)6 

R:CCGTTGTTCGTTCTGTTTGA 
55 179–207 12 0.935 0.868 0.863 0.854 0.1322 0.1212 0.3476

F:GGTCGTCATTACCGAACTGG 
OMS37 MN565079 (TTC)6 

R:GCAGGTAGAGGAGGTTGTGG 
52 194–212 6 0.931 0.721 0.157 0.675 0.2788 0.2182 0.6968

F:TGTTGTGATTGGCACCACTT 
OMS107 MN565080 (TGT)6 

R:CATCAGCAACAGCATCGTCT 
55 208–223 6 0.742 0.686 0.445 0.652 0.3137 0.2300 0.7102

F:GCACACACTTCAGGAACACG 
OMS77 MN565081 (TAA)7n(AAT)6n(TTA)6 

R:TATGCAACACAGGGTGGTGT 
55 195–204 4 0.286 0.470 0.019 0.426 0.5300 0.3029 0.8642

F:TCCGTCGGACAGAATTATCC 
OMS96 MN565082 (ATG)6n(TGG)6 

R:ACCACCACCACCAATACCAT 
55 247–256 4 0.577 0.638 0.068 0.593 0.3617 0.2870 0.8543

              
Notes: Ta, annealing temperature; Ho, observed heterozygosity; He, expected heterozygosity; PIC, polymorphism information content. * Sig- 
nificant deviations from P-HWE after Bonferroni correction (P < 0.05; n = 21). 

Table 4 O. minor genetic diversity indices 

Locus 
Location  

41 44 51 78 80 96 99 Mean 

 Na 8 4 5 4 5 4 5 5.0 
P-HWE 0.718 0.231 0.472 0.000* 0.451 0.593 0.636 – 

TJ 
He 0.754 0.242 0.498 0.673 0.581 0.638 0.724 0.587 

 Ho 0.839 0.267 0.517 0.267 0.470 0.577 0.760 0.528 

 Na 6 3 5 5 6 6 4 5.0 
P-HWE 0.061 0.752 0.742 0.000* 0.306 0.008 0.046 – 

QHD 
He 0.795 0.310 0.474 0.747 0.478 0.591 0.693 0.584 

 Ho 0.714 0.360 0.517 0.321 0.448 0.483 0.724 0.509 

 Na 7 4 6 4 4 4 3 4.5 
P-HWE 0.964 0.000* 0.003* 0.004* 0.156 0.005* 0.393 – 

DD 
He 0.634 0.400 0.427 0.663 0.643 0.617 0.760 0.592 

 Ho 0.700 0.283 0.310 0.316 0.650 0.280 0.640 0.425 

 Na 6 3 5 5 3 3 4 4.1 
P-HWE 0.256 0.145 0.926 0.021 0.572 0.001* 0.831 – 

KS 
He 0.709 0.469 0.583 0.684 0.406 0.558 0.611 0.574 

 Ho 0.850 0.294 0.765 0.417 0.500 0.333 0.750 0.558 

 Na 9 4 4 4 4 3 4 4.6 
P-HWE 0.278 0.046 0.706 0.000* 0.888 0.023 0.706 – 

MP 
He 0.806 0.477 0.446 0.668 0.516 0.589 0.614 0.588 

 Ho 0.680 0.308 0.560 0.393 0.536 0.821 0.773 0.581 

 Na 6 7 5 5 2 5 5 5.0 
P-HWE 0.099 0.000* 0.103 0.212 0.501 0.694 0.002* – 

PH 
He 0.393 0.442 0.684 0.447 0.492 0.683 0.260 0.483 

 Ho 0.364 0.426 0.500 0.462 0.375 0.615 0.214 0.392 

Notes: Ta, annealing temperature; Ho, observed heterozygosity; He, expected heterozygosity; R, allelic size range; * Significant deviations 
from the P-HWE after Bonferroni correction (P < 0.05; n = 7); –, not available. 
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3.3 Genetic Diversity and Structure Among  
the Samples 

Table 4 summarizes the genetic diversity indices of 7 
microsatellite loci from the six sampling locations. The 
number of alleles per locus varied from 5 (at OMS99) to 
11 (at OMS11). Observed heterozygosity values ranged 
from 0.241 to 0.850, and expected heterozygosity values 
ranged from 0.242 to 0.860. Among all loci, the average 
number of alleles for each location varied from 4.1 to 5.0. 
The lowest average number of alleles was detected in the 
DD (4.1), whereas TJ, QHD, and PH showed an average 
of five alleles per location. The average observed and ex- 
pected heterozygosity value per location ranged from 0.392 
(PH) to 0.581 (MP), and from 0.483 (PH) to 0.592 (DD), 
respectively. No linkage disequilibrium was detected in the 
locus pairs, suggesting that the loci can be treated as in- 
dependent variables. After the Bonferroni correction, ten of 
42 locus-location combinations significantly deviated from 
P-HWE (P < 0.05), among which OMS78 showed a devia- 
tion at all four locations.  

Table 5 lists the Nei’s genetic distance (Dc, above the 

diagonal) and pairwise Fst values (below the diagonal) in 
pairwise comparisons at different locations. Pairwise Fst 
values ranged from 0.014 to 0.174, with relatively high va- 
lues being detected between PH and the other locations (Ta- 
ble 5). Similarly, the genetic distances between PH and the 
other locations were much larger than the pairwise com- 
parisons between the other locations. These results were 
further confirmed by a UPGMA dendrogram, which show- 
ed three distinct clades: a single clade for PH, one for the 
Korean samples (MP and KS), and one for the northern 
Chinese samples (TJ, QHD, and DD) (Fig.2). 

 

Fig.2 UPGMA tree based on matrices of the pairwise Nei’s 
genetic distances of the microsatellites. 

Table 5 Nei’s genetic distance (Dc, above the diagonal) and pairwise Fst values (below the diagonal) among 
the six O. minor locations 

 TJ QHD DD KS MP PH 

TJ − 0.044 0.079 0.253 0.294 0.629 
QHD 0.014 − 0.085 0.232 0.300 0.614 
DD 0.026 0.027 − 0.270 0.286 0.693 
KS 0.071* 0.064* 0.074* − 0.073 0.582 
MP 0.078* 0.079* 0.078* 0.023 − 0.568 
PH 0.157* 0.159* 0.174* 0.158* 0.152* − 

Note: *Significant difference after the Bonferroni correction. 

3.4 Analysis of Molecular Variance and IBD 

AMOVA indicated that 12% of the total genetic varia- 
tion occurred among the populations in the six sampling lo- 
cations; 26% was attributed to variation among individu- 

als and 63% occurred within individuals (Table 6). Accord- 
ing to the IBD analysis, the genetic and geographic dis- 
tances were highly positively correlated, and the genetic dis- 
tances explained 80% of the total variance (R2

 = 0.7906, P 

= 0.001), as shown in Fig.3.  

Table 6 Analysis of molecular variance (AMOVA) of genetic differentiation in O. minor (–, not available) 

Source of variation df S.S M.S Est. Var. % of variance 

Among pops 5 89.577 17.915 0.296 12 
Among individual 148 428.306 2.894 0.650 26 
Within individual 154 245.500 1.594 1.594 63 
Total 307 763.383 − 2.540 100 

 

 
Fig.3 Scatter plot of the genetic and geographical distances 
for the pairwise location comparisons. 

4 Discussion 
A total of 46192 SSR loci in O. minor was discovered 

in 70174 unigenes, and the frequency of SSR occurrence 
in the unigenes was 65.82%, which was much higher than 
that reported in Sepiella japonica (48.70%) (Guan et al., 
2018). Mono-nucleotide and di-nucleotide SSRs accoun- 
ted for 39.40% and 45.26%, respectively. Similarly, di-nu- 
cleotides are highly over-represented in the Chlorostoma 
rustica genome (Wang et al., 2018). Repeating units be- 
tween 4 and 14 occurred in the O. minor SSRs, account- 
ing for 99.97% of the total, and the highest number of re- 
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peats was six (31.89%). The number of markers decreased 
as the number of repeated units and the number of repeti- 
tions increased, which was also observed by Sun et al. 
(2017) and Shang et al. (2019). The markers developed in 
this study were highly polymorphic, as 76% of the PIC was 
> 0.5. These highly polymorphic markers can be applied 
to subsequent population genetics studies. 

We investigated the genetic structure of O. minor from 
six geographic locations using seven microsatellite DNA 
markers. The average number of alleles in the different 
geographic populations ranged from 4.1 to 5.0, which was 
slightly lower than the number reported by other studies 
(Kang et al., 2012; Gao et al., 2016). This difference can 
be explained in two ways: 1) variations among the dif-
ferent SSR markers used in the studies; and 2) differences 
in the diversity and abundance of the different sampling 
locations. Ten of the 42 locus-location combinations sig-
nificantly deviated from P-HWE after a Bonferroni cor-
rection (P < 0.05). Kang et al. (2012) and Gao et al. (2016) 
reported that 23 of 56 and 20 of 80 locus-location combi-
nations deviated from HWE, respectively. In addition, si- 
milar results have been reported in other cephalopods (Ca- 
branes et al., 2008; Doubleday et al., 2009). This devia- 
tion may be due to the small population or sample size, in- 
breeding, or the presence of null alleles, as indicated by 
other studies (Shaw et al., 1999; Perez-Losada et al., 2002; 
Kang et al., 2012). 

The UPGMA tree based on Nei’s genetic distance sug- 
gests that samples could be arranged in three clusters. The 
Korean samples formed a sister clade to the samples from 
the Bohai Sea and the Yellow Sea, while PH samples from 
the South China Sea were separated from the other samples. 
PH had the largest geographical distance to the other lo- 
cations and the samples from PH presented the highest ge- 
netic distance compared to the samples from the other lo- 
cations. Moreover, the Korean samples (MP and KS) were 
also different from those of the three northern Chinese 
samples (TJ, QHD, and DD). Similarly, the Fst values be- 
tween PH and the other locations were the highest among 
all the comparisons. The Korean samples also had a high 
Fst value compared to the samples from northern China, 
but the Fst and the genetic distance values between sam- 
ples from the two Korean locations were relatively low. 
Taken together, our results indicate the divergence in the 
populations containing the northern Chinese samples (TJ, 
QHD, and DD), the Korean samples (MP and KS), and the 
southern Chinese sample (PH). Our results are consistent 
with the findings in other studies using mitochondrial and 
morphological markers, which reported large divergences 
between northern and southern populations (Xu et al., 
2018; Gao et al., 2019). The population divergences be-
tween the Korean and northern Chinese samples were also 
revealed by Kang et al. (2012). 

The IBD analysis in Fig.3 shows a strong correlation 
between genetic distance and geographical distance, ac- 
counting for about 80% of the total divergence. Therefore, 
our results indicate that these divergence results can be 
mainly explained by the theory of genetic and geographi- 
cal distances, which hypothesizes that the effect of gene 

flow can lead to genetic similarities among locations with 
small geographical distances; therefore, geographical pro- 
ximity may reflect the high correlation between genetic 
distance and geographical distance (Scribner et al., 1986). 
However, other effects, such as ecological habitat and ocean 
currents, can also contribute to population divergence. For 
example, Kang et al. (2012) suggested that divergence of 
the O. minor Korean population may be due to ecological 
differences in the habitats between the western muddy 
coast and the southern rocky areas. Many studies have 
shown that ocean currents play a crucial role in the popu- 
lation genetic differentiation of benthic marine organisms 
(Doubleday et al., 2009; Zhan et al., 2009; Ni et al., 2011; 
Gao et al., 2016). The Yellow Sea Warm Current flows 
through the west coast of the Korean Peninsula into the 
northwestern coast of China during April – August. How- 
ever, this current is relatively weak compared with the 
coastal waters of China and rarely reaches the inside of 
the Gulf of Bohai Sea (Pang and Kim, 1998). The dura- 
tion of the benthic planktonic larval stage of O. minor is 
relatively short (Zheng et al., 2014). We inferred that geo- 
graphic distance is one of the main factors affecting the 
dispersal of O. minor. Although other factors might simul- 
taneously affect genetic differentiation, the IBD model ex- 
plained about 80% of the variance of the six geographical 
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