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형태 및 분자 마커로 밝힌 북서태평양 사백어(Leucopsarion petersii)의 집단 구조

김 이 정

부경대학교 대학원 해양생물학과

요    약

망둑어과(Gobiidae)에 속하는 사백어(Leucopsarion petersii)는 한반도 및 일본 열도

연안에만 분포하는 고유종이다. 한반도 주변의 해역을 포함한 북서태평양은

플라이스토세에 해수면의 반복적인 상승과 하강으로 집단유전학적 연구에 적합한

지역이다. 본 연구에서는 사백어의 생활사 특성에 근거하여 남해에 서식하는

사백어가 형태 또는 유전적으로 구분 가능한 집단 구조를 형성할 가능성이

높다고 가정했다. 이를 증명하기 위해, 남해 4개 지역(부산, 거제, 통영, 완도)에서

채집한 사백어 120개체를 대상으로 형태학적 특성과 미토콘드리아 DNA cytb 및

핵 DNA myh6 분자 마커를 이용하여 남해 집단 내에서, 그리고 일본에서

서식하는 사백어와 비교 분석을 수행했다.

남해에 서식하는 사백어 사이에는 계수 형질에 유의한 차이가 없었고, 계측

형질은 지역과 성별에 따라 차이가 있었다. 계측 형질을 대상으로 한

정준판별분석 결과, 남해 동부(부산, 통영, 거제), 완도, 일본 마이즈루만 세

그룹으로 명확하게 구분되었다.

분자 마커를 기반으로 한 일배체형 네트워크는 네 지역이 동일한 유전자 풀을
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공유함을 보여주었으나, 미토콘드리아 DNA 분석에서 유전적 분화 정도(ΦST)를

분석한 결과, 완도와 거제 및 통영은 0.060 및 0.041 (P < 0.05)로 미약한 분화가

나타났다. 남해 및 일본 서해 집단 사이에 약한 유전적 분화가 확인되었으나(ΦST

= 0.084; P < 0.05), AMOVA (Analysis of molecular variance)에서 남해와 일본 서해

집단 사이에 명확하게 구분 가능한 집단 구조를 형성하지 않는다고 나타났다. 

상기 두 집단은 일본 태평양 집단과는 매우 유의한 차이를 보였다. 핵 DNA 분자

마커 분석에서 남해 및 일본 서해 집단이 유전적으로 동일한 집단에 속하며, 일본

태평양 집단과는 유의한 차이가 있었다. 쓰시마 난류는 남해에서 일본 서해로

사백어 분산을 촉진하여 유전자 흐름을 유발하고 있으나, 완도 사백어는 완도

주변의 복잡한 해양학적 조건으로 인해 분산에 제약을 받는 것으로 추정된다. 

개체군통계학적 역사 분석 결과, 남해와 일본 서해 집단의 사백어는 마지막

간빙기에 급격한 개체군 규모 증가를 경험했다고 확인되었다. 보다 자세한 유효

개체군 규모 변화를 확인하기 위한 Bayesian skyline plot 분석에서 상기 두 집단의

사백어는 플라이스토세 간빙기(MIS 5 및 7)에 개체군 규모 확대 사건을 두 번

경험했다고 나타났으며, 이는 빙하기 이후 서식지 확대나 현재와 유사하거나 더

좋은 기후 조건 등의 이유로 개체군 규모가 급격하게 증가한 것으로 추정된다. 

북서태평양에 서식하는 사백어의 최근 분화 역사를 명확히 하기 위해서는 보다

민감한 microsatellite DNA 마커를 기반으로 한 추가 연구가 필요하다.
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. Ⅰ Introduction

The marine environment around the Korean Peninsula was segregated from 

the surrounding seas due to closure of the Korea Strait caused by climate change 

during the Quaternary glacial-interglacial cycle (Yoo et al. 2017). During the 

glacial period, cold fresh water flowing into the East Sea formed an inapposite 

habitat for numerous marine organisms (Gorbarenko and Southon 2000). 

Geographic segregation due to these environmental changes promoted genetic 

divergence among populations (Akihito et al. 2008; Kokita and Nohara 2011; 

He et al. 2015; Aguilar et al. 2019; Kato et al. 2020). Thus, historical events in 

the marine paleoenvironment likely had a considerable impact on the population 

genetic structure of marine and anadromous fish in the waters surrounding the 

Korean Peninsula. Recent population genetic studies have shown that species in 

the South and Yellow Seas of Korea are genetically similar to, but distinct from, 

those of the East Sea (Kim et al. 2017a; Jang et al. 2019), strongly supporting 

this hypothesis.

The ice goby Leucopsarion petersii (Pisces: Gobiidae) is an anadromous fish 

that ascends into river mouths to reproduce and is endemic to the shallow coastal 

areas of the Korean Peninsula and Japanese Archipelago. Individuals live for a 

year or less, and adults die after reproducing in the spring. Larvae hatching from 

adhesive eggs descend into the sea after approximately 3 days, where they live 
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in eelgrass near the river mouths (Matsui 1986). This life history may promote 

lineage diversification or population differentiation due to limited dispersal and 

gene flow. Moreover, habitat adaptation likely reflects local geographic 

variations in various oceanographic characteristics (Kim et al. 2008). The ice 

goby is divided into two morphologically and genetically distinct lineages: the 

East Sea and Pacific Ocean lineages (Kokita and Nohara 2011). Therefore, we 

hypothesized that ice gobies in the Korean Peninsula have a different population 

structure based on past ocean climate oscillations or current ocean conditions. 

Molecular analyses using mitochondrial DNA (mtDNA) and nuclear DNA 

(nDNA) were performed to understand the population structure caused by 

historical ocean climate oscillations, and morphological analyses were used to 

determine population structure based on contemporary ocean conditions. 

mtDNA does not undergo recombination due to maternal inheritance and is used 

extensively to clarify the population structure and to estimate evolutionary 

history due to its high evolutionary rate (Brown et al. 1982; Wilson et al. 1985; 

Harrison 1989). A rapid morphological response to environmental changes 

results from morphological variability and is widely used to estimate 

management units (Kinsey et al. 1994; Begg et al. 1999; Murta 2000). In this 

study, we used molecular and morphological methods to assess the population 

structure of ice gobies in the Korean Peninsula and the impact of Pleistocene 

climate oscillations on the evolution of marine organisms.
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. Ⅱ Materials and methods

1. Sampling and DNA analysis

We collected 30 specimens from each locality of ice gobies that ascend to 

rivers for reproduction in the South Sea of Korea (Busan, Apr 2009; Geoje, Mar 

2020; Tongyeong, Apr 2019; Wando, Mar 2021). Analysis was performed 

including haplotypes reported by Kokita and Nohara (2011) (Fig. 1 and Table 

1). These specimens collected in this study were immediately preserved in 99.5% 

ethanol, and genomic DNA was extracted from the right eyeball or pectoral fin 

using the AccuPrep® Genomic DNA Extraction Kit (BIONEER, Republic of 

Korea) following the manufacturer’s protocol. A fragment (827 bp) of the 

mitochondrial cytochrome b gene (cytb) was amplified using Gludg-L (Palumbi 

et al. 1991) and H15915 (Irwin et al. 1991). Because mtDNA cytb was 

frequently utilized for phylogeographic and divergence time of Gobiidae, it was 

used in this study (e.g., Harada et al. 2002; Sota et al. 2005; Kokita and Nohara 

2011). In addition, a partial locus (528 bp) of the protein-coding nuclear gene 

‘myosin heavy chain 6 (myh6)' was amplified using a primer pair (myh6_F459 

and myh6_R1325; Li et al. 2007). The nDNA myh6 gene encodes the alpha 

heavy chain subunit of cardiac myosin. This nDNA marker was chosen by can 

identify deep divergence more conservatively than the mtDNA cytb region, and 
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avoid potential problems (e.g., Ballard and Whitlock 2004; Hurst and Jiggins 

2005) that occur when used only the mtDNA marker. Thermal conditions were: 

initial denaturation at 95°C for 3 min; followed by 35 cycles of denaturation at 

95°C for 30 s, annealing at 50°C (for cytb), 52°C (for myh6) for 45 s, and 72°C 

for 1.5 min (for cytb), 45 s (for myh6); and 72°C for 7 min. The nucleotide 

sequence was obtained using BigDye (R) Terminator v3.1 cycle sequencing kits 

(Applied Biosystems, USA) on an ABI PRISM 3730XL analyzer (96 capillary 

type). The phylogeographic congruence between obtained mtDNA and nDNA 

data was examined and compared with the results of previous study. All 

sequences were aligned using Clustal Omega (Sievers and Higgins 2018) in 

Geneious Prime 2021.0.3 (https://www.geneious.com) and trimmed to the same 

length. The accession numbers for the sequences obtained in this study are the 

next: MZ403810–403929 (mtDNA cytb) and MZ403930–404049 (nDNA 

myh6).
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Table 1. Leucopsarion petersii sampling sites, haplotype numbers (Nh), and 

nucleotide diversity (π) of each local population. See localities 1–4 are from 

this study; Kokita and Nohara (2011) for localities 5–38

Mitochondrial DNA cytb Nuclear DNA myh6

ID Location Nh π Nh π

1 Busan, Korea 25 0.0054 ± 0.0030 3 0.0010 ± 0.0009

2 Geoje, Korea 18 0.0036 ± 0.0021 3 0.0006 ± 0.0007

3 Tongyeong, Korea 24 0.0043 ± 0.0025 3 0.0007 ± 0.0007

4 Wando, Korea 13 0.0056 ± 0.0031 2 0.0002 ± 0.0004

5 Aomori, Japan 5 0.0046 ± 0.0032 2 0.0004 ± 0.0006

6 Ajigasawa, Japan 4 0.0017 ± 0.0014 2 0.0006 ± 0.0008

7 Murakami, Japan 5 0.0029 ± 0.0022 2 0.0018 ± 0.0015

8 Sado, Japan 4 0.0019 ± 0.0016 1 -

9 Anamizu, Japan 3 0.0019 ± 0.0016 2 0.0018 ± 0.0015

10 Tsuruga, Japan 4 0.0024 ± 0.0019 3 0.0017 ± 0.0015

11 Obama, Japan 3 0.0019 ± 0.0016 2 0.0007 ± 0.0008

12 Kumihama, Japan 4 0.0034 ± 0.0025 2 0.0004 ± 0.0006

13 Oki, Japan 3 0.0022 ± 0.0017 3 0.0008 ± 0.0009

14 Hagi, Japan 4 0.0036 ± 0.0026 2 0.0004 ± 0.0006

15 Karatsu, Japan 5 0.0053 ± 0.0037 3 0.0011 ± 0.0011

16 Tsushima, Japan 5 0.0036 ± 0.0026 2 0.0007 ± 0.0008

17 Saza, Japan 4 0.0039 ± 0.0028 3 0.0013 ± 0.0012

18 Goto, Japan 3 0.0012 ± 0.0011 2 0.0006 ± 0.0009

19 Shinwa, Japan 4 0.0048 ± 0.0034 2 0.0013 ± 0.0012

20 Kadokawa, Japan 5 0.0082 ± 0.0055 3 0.0011 ± 0.0011

21 Saiki, Japan 5 0.0131 ± 0.0084 3 0.0011 ± 0.0011

22 Iwakuni, Japan 5 0.0039 ± 0.0028 2 0.0007 ± 0.0008

23
Higashihiroshima, 
Japan

5 0.0094 ± 0.0062 3 0.0017 ± 0.0015

24 Uwajima, Japan 4 0.0041 ± 0.0029 3 0.0017 ± 0.0015
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Table 1. Continued

Mitochondrial DNA cytb Nuclear DNA myh6

ID Location Nh π Nh π

25 Shimanto, Japan 5 0.0082 ± 0.0055 2 0.0007 ± 0.0008

26 Higashikagawa, Japan 5 0.0120 ± 0.0077 3 0.0020 ± 0.0016

27 Anan, Japan 5 0.0123 ± 0.0080 2 0.0038 ± 0.0046

28 Yuasa, Japan 5 0.0099 ± 0.0065 1 -

29 Nachikatsuura, Japan 5 0.0092 ± 0.0060 3 0.0014 ± 0.0013

30 Shima, Japan 5 0.0080 ± 0.0053 2 0.0011 ± 0.0011

31 Shimizu, Japan 5 0.0048 ± 0.0034 2 0.0009 ± 0.0009

32 Futtsu, Japan 4 0.0019 ± 0.0016 3 0.0016 ± 0.0014

33 Hitachi, Japan 5 0.0133 ± 0.0085 1 -

34 Namie, Japan 5 0.0128 ± 0.0082 1 -

35 Natori, Japan 2 0.0005 ± 0.0006 2 0.0004 ± 0.0006

36 Utatsu, Japan 1 - 1 -

37 Rikuzentakata, Japan 3 0.0015 ± 0.0013 2 0.0007 ± 0.0008

38 Busan, Koreaa 4 0.0085 ± 0.0056 3 0.0011 ± 0.0011
aLocal population ID 38 data from Kokita and Nohara (2011)
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Fig. 1. Distribution of sampling locations for L. petersii on the Korean 

Peninsula and Japanese Archipelago. Numbers are as in Table 1. The star 

shows the location of Maizuru Bay. Routes of ocean currents around the 

Northwest Pacific are shown; TWC: Tsushima Warm Current, NKCC: North 

Korea Cold Current. See localities 1–4 are from this study; Kokita and Nohara 

(2011) for localities 5–38. Map drawn using Ocean Data View (Schlitzer, 

2017)
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2. Morphological analyses

To analyze the phenotypic difference of ice goby in the South Sea of Korea, 

except for some damaged individuals, X-rays (CMB-2; SOFTEX, Japan) were 

taken on samples from 4 localities, and the number of vertebrae was counted 

including urostyle. Referring to Matsui (1986), 17 morphometric characters 

were measured to the nearest 0.01 mm using digital vernier calipers (Fig. 2). 

Sex was determined by Arakawa et al. (1999) (47 males and 72 females). We 

loaned the Maizuru Bay specimens (FAKU 132998; location see fig.1) from 

Kyoto University and analyzed morphometric characteristics (7 females and 7 

males).

Using IBM SPSS Statistics for Windows, Version 26.0 (IBM Corp., USA), 

statistical analyses were performed on differences in standard length (SL) and 

vertebrae number by sex or local population. The SL according to the local 

populations of each sex was analyzed severally considering sexual dimorphism 

(Matsui 1986). Differences in SL and vertebrae number according to sex were 

confirmed by t-test, one-way ANOVA, and Scheffé’s post-hoc. The number of 

vertebrae per local population did not satisfy the normality assumption, so the 

Kruskal-Wallis H test was performed. All of the above-mentioned statistical 

analyses were performed only on ice goby in the South Sea of Korea. We 

performed a canonical discriminant analysis (CDA) to identify morphological 
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differences between the individuals from the five locations including Maizuru 

Bay. The morphometric data used were log-transformed to remove sexual 

dimorphism and size effect. In the analysis, to satisfy the normality assumption, 

the local population was grouped with Busan, Tongyeong, and Geoje vs. Wando 

vs. Maizuru Bay.
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Fig. 2. The measurements of L. petersii: a–n, Standard length (SL); a–f, Head 

length (HD); j–j’, Body Depth (BD); a–k, Predorsal fin length (PDL); a–l, 

Preanus length (PAL); m–m’, Caudal peduncle depth (CPD); g–g’, Pectoral 

fin length (PtL); h–h’, Pectoral fin width (PtW); i–i’, Pelvic fin length (PvL); 

a–c, Snout length (SNL); c–d, Eye diameter (ED); d–f, Post-orbital length 

(PoL); o–o’, Inter-orbital distance (IoD); a–e: Upper jaw length (UJL); b–e, 

Lower jaw length (LJL); p–p’, Upper jaw width (UJW); q–q’, Lower jaw 

width (LJW)



11

3. Genetic diversity and population structure analyses

All sequences were assigned to haplotypes using DnaSP Version 6.12.03 

(Rozas et al. 2017). The number of haplotypes (Nh), polymorphic sites (P), 

haplotype (h), and nucleotide diversity (π) were evaluated for each location 

using Arlequin Version 3.5.2.2 (Excoffier and Lischer 2010). Genetic 

differentiation between local populations was evaluated through pairwise ΦST

with 1000 permutations, using Arlequin. In addition, population structure of the 

ice goby was assessed by analysis of molecular variance (AMOVA; Excoffier 

et al. 1992) with 10000 permutations. Subclade B (H15, H32, H54, H58, H60, 

H62, H93, H94, H95) and zones where secondary contact between the East Sea 

and Pacific Ocean lineages (IDs 21, 22, 23, 24, 26, 27, 28, 33, 34, 35; estimated 

by Kokita and Nohara 2011), were excluded from analysis (see Fig. 4 and Table 

2). The relationship between haplotypes was reconstructed of the Minimum 

spanning network (Rohlf 1973) analysis in Arlequin. The network was 

visualized with PopART Version 1.7 (Leigh and Bryant 2015). 
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Table 2. List of haplotypes assigned per sampling site. Japanese individuals 

(local population IDs 5–38) use only haplotype data in this study, and the 

number of individuals is not specified. Bold mtDNA cytb haplotypes were 

found in more than two local populations within the South Sea of Korea

Haplotypes names

ID Mitochondrial DNA cytb Nuclear DNA myh6

1

H1(2), H2(1), H3(1), H4(1), H5(1), H6(2), H7(1), 
H8(1), H9(1), H10(1), H11(1), H12(1), H13(2), 
H14(1), H15(1), H16(1), H17(1), H18(1), 
H19(1), H20(1), H21(2), H22(2), H23(1), 
H24(1), H32(1)

N1(21), N2(6), 
N3(3)

2

H1(13), H4(1), H25(1), H26(1), H27(1), H28(1), 
H29(1), H30(1), H31(1), H32(1), H33(1), 
H34(1), H35(1), H36(1), H37(1), H38(1), 
H39(1), H40(1)

N1(25), N2(4), 
N3(1)

3

H1(5), H13(2), H18(1), H20(1), H21(1), H24(1), 
H35(1), H38(1), H41(1), H42(1), H43(1), 
H44(1), H45(1), H46(1), H47(2), H48(1), 
H49(1), H50(1), H51(1), H52(1), H53(1), 
H54(1), H55(1), H56(1)

N1(25), N3(4), 
N4(1)

4
H1(4), H4(1), H13(2), H17(1), H20(3), H21(10), 

H39(1), H57(1), H58(3), H59(1), H60(1), 
H61(1), H62(1)

N1(28), N2(2)

5 H63, H64, H65, H66, H67 N1, N5

6 H13, H68, H69, H70 N1, N5

7 H13, H50, H68, H71, H72 N1, N6

8 H13, H68, H73, H74 N1

9 H13, H67, H75 N1, N6

10 H1, H50, H76, H77 N1, N5, N6

11 H13, H67, H78 N1, N5

12 H13, H50, H79, H80 N1, N5

13 H13, H50, H81 N1, N7, N8

14 H13, H16, H82, H83 N1, N8

15 H13, H40, H84, H85, H86 N1, N7, N9

16 H1, H87, H88, H89, H90 N1, N5

17 H40, H50, H91, H92 N1, N5, N9

18 H93, H94, H95 N1, N5
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Table 2. Continued

Haplotypes names

ID Mitochondrial DNA cytb Nuclear DNA myh6

19 H96, H97, H98, H99 N1, N6

20 H122, H123, H124, H125, H126 N10, N11

21 H13, H127, H128, H129, H130 N1, N6, N8

22 H13, H16, H100, H101, H102 N1, N5

23 H13, H103, H104, H105, H131 N1, N2, N6

24 H40, H106, H107, H108 N1, N6, N8

25 H132, H133, H134, H135, H136 N10, N12

26 H92, H109, H110, H111, H137 N1, N6, N7

27 H112, H131, H138, H139, H140 N1, N6, N10, N11

28 H13, H16, H103, H113, H141 N1, N11, N12

29 H142, H143, H144, H145, H146 N10, N11, N12

30 H147, H148, H149, H150, H151 N10, N11

31 H152, H153, H154, H155, H156 N10, N11

32 H152, H157, H158, H159 N10, N12, N13

33 H70, H114, H115, H160, H161
N1, N10, N11, N12, 

N13, N14

34 H115, H116, H117, H162, H163
N1, N10, N11, N12, 

N13, N14

35 H13, H117 N1, N5

36 H117 N1

37 H117, H118, H119 N1, N5

38 H1, H32, H120, H121 N1, N2, N5 
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4. Estimate of demographic history

The demographic history of ice goby was analyzed to Mismatch distributions 

(MMD; Rogers and Harpending 1992) using Arlequin where goodness of fit 

between the observed and expected data was verified by the Sum of Squared 

Differences (SSD) and the Harpending raggedness index (Hri). Also, Tajima’s 

D (Tajima 1989) and Fu’s Fs (Fu 1997) values were assessed to estimate 

whether the population size change. All analyses performed bootstrap 

resampling (1000 replicates). The time of expansion (t) was estimated as Tau (τ) 

= 2μkt, in which k is the number of nucleotides analyzed and μ is the substitution 

rate per nucleotide (1.10 × 10-8 or 1.35 × 10-8), and a generation time of 1 year 

applying to the estimated evolution rate. Estimates for the rate of mitochondrial 

cytb evolution were used 2.2% per Myr (genus Gymnogobius; Harada et al. 2002) 

and 2.7% per Myr (genus Gymnogobius; Sota et al. 2005). Because the 

evolution rate of the nuclear myh6 gene has not been estimated in Gobiidae, the 

analysis was performed only with mitochondrial cytb gene data. 

The Bayesian Skyline Plots (BSPs) were implemented as coalescent models to 

estimate the most recent common ancestry (TMRCA) and effective population 

size changes. The BSP analysis was performed on BEAST version 1.10.4 

(Suchard et al. 2018) and visualized in Tracer version 1.7.1 (Rambut et al. 2018). 

The analysis was performed sampling every 1000th generation, during 60 
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million generations. Burn-in the first 10% of the samples, and the analysis was 

performed independently for each evolutionary rate described above. As the 

substitution model used in the analysis, GTR+I+G, the nucleotide substitution 

model most suitable for the data, was selected based on the Akaike Information 

Criterion (AIC) in MrModeltest Version 2.4 (Nylander 2004). Other model 

parameters used default priors. Effective Sample Size (ESS) was above 200 in 

all analyses.
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. Ⅲ Results

1. Morphological analyses

The mean standard length (SL) ± SD of ice gobies in the South Sea of Korea 

was 44.9 ± 1.9 mm for females and 40.6 ± 1.9 mm for males, with females being 

significantly larger (t117 = 12.124, P < 0.001 t-test). However, there was no 

significant difference in the number of vertebrae according to sex (females, 34.9 

± 0.5; males 34.8 ± 0.5; t115 = 1.075, P > 0.28). ANOVA confirmed significant 

differences in SL among the Busan, Geoje, Tongyeong, and Wando populations 

[females: 46.0 ± 1.1, 45.0 ± 1.4, 45.4 ± 2.1, and 43.3 ± 1.7 mm (F3,68 = 8.873, P

< 0.001); males: 41.1±1.6, 40.2 ± 1.6, 41.7 ± 1.6, and 39.1 ± 2.0 mm (F3,43 = 

5.385, P < 0.01), respectively]. Using Scheffé’s post-hoc test, females differed 

between the Wando population and Busan, Geoje, or Tongyeong population, 

and males differed between the Tongyeong and Wando populations (Table 3). 

The number of vertebrae (Busan: 34.9 ± 0.4; Geoje: 35.0 ± 0.5; Tongyeong: 

34.9 ± 0.6; Wando: 34.8 ± 0.5) did not differ significantly among the local 

populations (P > 0.54).

The CDA generated two canonical discriminant functions; Function 1 

contributed 67.3% of the total variance (eigenvalue = 3.915), and Function 2 

contributed 32.7% (eigenvalue = 1.903). The reclassification rate was 100% in 
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all three groups. All canonical discriminant functions tend to be inconsistent in 

the order of magnitude of the standardized canonical discriminant function 

coefficients and the absolute values of the discriminant loadings in the structural 

matrix due to multicollinearity (Table 4). Therefore, we judged discriminant 

loading with priority in discriminant power. Function 1 in the order of post-

orbital length (PoL), SL, caudal peduncle depth (CPD), and predorsal fin length 

(PDL); and for Function 2, Upper jaw length (UJL), Lower jaw length (LJL), 

and Inter-orbital distance (IoD) showed the largest absolute values (Table 4). 

The CDA results showed that the three groups are clearly separated by two 

functions (Fig. 3). For Function 1, Busan, Geoje, and Tongyeong vs. Wando, 

and Maizuru Bay, and Function 2, Wando vs. Maizuru Bay were segregated. 

One Wando individual overlapped with the Busan, Geoje, and Tongyeong group.
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Table 3. Scheffé’s post-hoc test of ANOVA for comparison of average 

standard length by localities

Sex Location Mean difference P value

Female Busan Geoje 1.035 0.328 

Tongyeong 0.597 0.775 

Wando 2.739* 0.000 

Geoje Tongyeong -0.438 0.880 

Wando 1.704* 0.023 

Tongyeong Wando 2.142* 0.003 

Male Busan Geoje 0.861 0.694 

Tongyeong -0.696 0.789 

Wando 1.935 0.057 

Geoje Tongyeong -1.557 0.220 

Wando 1.074 0.540 

Tongyeong Wando 2.631* 0.006 

*P < 0.05
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Table 4. Structure matrix and standardized canonical coefficients based on 17 

morphometric characters. Bold values have absolute values ≥ 0.3 in the 

structural matrix and, larger absolute values in the standardized canonical 

coefficients

Structure matrix Standardized canonical coefficients

Measurement Function 1 Function 2 Function 1 Function 2

Post-orbital length 0.338 0.088 0.465 0.472

Standard length 0.327 -0.138 0.787 -0.779

Caudal peduncle depth 0.326 -0.110 0.919 -0.414

Predorsal fin length 0.316 -0.100 0.884 -0.017

Preanus length 0.252 -0.038 -0.965 1.807

Pectoral fin width 0.213 0.160 0.337 0.327

Head length 0.185 -0.063 -0.587 -0.056

Upper jaw width 0.172 0.096 2.388 -0.105

Pelvic fin length 0.106 0.028 0.224 0.048

Lower jaw width 0.102 0.081 -2.558 0.989

Upper jaw length 0.285 -0.433 1.123 -1.442

Lower jaw length 0.177 -0.325 -0.696 0.491

Inter-orbital distance -0.027 -0.305 -0.495 -0.463

Eye diameter 0.069 -0.172 -0.040 -0.178

Pectoral fin length 0.066 -0.161 -0.277 -0.343

Snout length 0.065 -0.160 -0.222 -0.423

Body depth 0.077 -0.156 -0.785 0.096
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Fig. 3. Plots of canonical discriminant scores on the first and second canonical 

functions based on 17 morphometric characters
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2. Genetic diversity and population genetic structure

Analysis of 827 bp of the mtDNA cytb gene in 120 specimens collected from 

the South Sea (Busan, Geoje, Tongyeong, and Wando) revealed 62 haplotypes 

(Table 2), indicating high haplotype diversity (h) (Table 5). The haplotype 

network formed a star-like structure in which singleton haplotypes and some 

rarer haplotypes were derived from a common haplotype by a difference of one 

or more bases (Fig. 4). H1 was shared by two haplotypes found in the Tsuruga, 

Tsushima, and Busan populations (IDs 10, 16, and 38; see Table 1) analyzed in 

Kokita and Nohara (2011), and only 12 haplotypes were found in more than two 

local populations within the South Sea (see Table 2). Two subclades were 

identified in the haplotype network. Subclade A contained haplotypes from 

northern Kyushu and the Seto Inland Sea close to the Korean Peninsula (IDs 15, 

17, 22, 23, 24, 26, 28 and 38; see Table 1), including one individual each from 

Busan and Tongyeong and two from Geoje. Subclade B included the Goto and 

Busan haplotypes (IDs 18 and 38; see Table 1) analyzed in Kokita and Nohara 

(2011), five individuals from Wando, two from Busan, and one each from Geoje 

and Tongyeong (see Fig. 4). Pairwise ΦST values comparing the genetic 

differentiation of the South Sea populations did not differ significantly, ranging 

from −0.014 to 0.005 in the eastern part of the South Sea (Busan, Geoje, and 

Tongyeong), while Wando vs. Geoje and Tongyeong showed very weak genetic 
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differentiation (ΦST = 0.060 and 0.041; P < 0.05) (Table 6). Weak genetic 

differentiation was observed between the South Seas of Korea and West Sea of 

Japan populations (ΦST = 0.084; P < 0.05). Nevertheless, in AMOVA, it is 

considered more reasonable to divide into two groups (the South Sea of Korea 

and the West Sea of Japan populations vs. the Pacific Ocean population) rather 

than three groups (the South Sea of Korea vs. the West Sea of Japan populations 

vs. the Pacific Ocean population) (Tables 7 and 8). The South Sea of Korea and 

West Sea of Japan populations differed significantly from the Pacific Ocean 

population (Table 7). 

For nDNA myh6, only four haplotypes were identified at two polymorphic 

sites, indicating low haplotype and nucleotide diversities (Table 5). In this study, 

99 individuals from the South Sea of Korea and a haplotype found in all 

populations in the West Sea of Japan were assigned to N1. N2 shared a 

haplotype reported only in the Higashihiroshima and Busan populations (IDs 23 

and 38; see Table 1) with that of the West Sea of Japan population in Kokita 

and Nohara (2011) (Fig. 5). A star-like structure from which a haplotype is 

derived by a single base difference was formed. The South Sea of Korea and 

West Sea of Japan populations showed one fixed difference (C/A SNP at 

position 229) from the Pacific Ocean population, as in Kokita and Nohara 

(2011). Pairwise ΦST values between each pair of local populations in the South 

Sea of Korea ranged from −0.031 to 0.050, indicating no genetic difference 
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(Table 6). However, the South Sea of Korea and West Sea of Japan populations 

differed significantly from the Pacific Ocean population (Table 7).
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Table 5. Genetic diversity of the Korean Peninsula based on the mtDNA cytb and nDNA myh6 sequences. n number of 

specimens, Nh number of haplotypes, P number of polymorphic sites, h haplotype diversity

Mitochondrial DNA cytb Nuclear DNA myh6

Location n Nh P h n Nh P h

Busan 30 25 38 0.9885 ± 0.0114 30 3 2 0.4759 ± 0.0914

Geoje 30 18 29 0.8207 ± 0.0737 30 3 2 0.2966 ± 0.0989

Tongyeong 30 24 37 0.9724 ± 0.0209 30 3 2 0.2966 ± 0.0989

Wando 30 13 21 0.8667 ± 0.0483 30 2 1 0.1287 ± 0.0792
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Table 6. Pairwise Φst values for mtDNA cytb (below the diagonal) and nDNA 

myh6 (above the diagonal). Negative values indicate excess heterozygotes and 

are estimated the zero

*P <0.05

Busan Geoje Tongyeong Wando

Busan -0.012 -0.021 0.050

Geoje 0.005 -0.031 -0.078

Tongyeong -0.009 -0.014 0.013

Wando 0.026 0.060* 0.041*



26

Table 7. Analysis of molecular variance (AMOVA) of population structure in 

L. petersii. Statistical probabilities derived from 10000 permutations. Groups 

were allocated as the South Sea of Korea and West Sea of Japan populations

vs. the Pacific Ocean population. Populations correspond to each location

*P <0.001

Locus Source of variation d.f. F statistic % Variation

cytb Among groups (FCT) 1 0.731* 73.08

Among populations within groups 
(FSC)

25 0.120* 3.24

Within populations (FST) 197 0.763* 23.68

Total 223

myh6 Among groups (FCT) 1 0.701* 70.09

Among populations within groups 
(FSC)

26 0.125* 3.75

Within populations (FST) 332 0.738* 26.17

Total 359
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Table 8. Analysis of molecular variance (AMOVA) of population structure in 

L. petersii. Statistical probabilities derived from 10000 permutations. Groups 

were allocated as the South Sea of Korea vs. the West Sea of Japan 

populations vs. the Pacific Ocean population. Populations correspond to each 

location

*P <0.001

Locus Source of variation d.f. F statistic % Variation

cytb Among groups (FCT) 2 0.546* 54.59

Among populations within groups 
(FSC)

24 0.072* 3.25

Within populations (FST) 197 0.578* 42.15

Total 223

myh6 Among groups (FCT) 2 0.522* 52.15

Among populations within groups 
(FSC)

25 0.112* 5.38

Within populations (FST) 332 0.575* 42.47

Total 359
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Fig. 4. Minimum spanning networks of the mtDNA cytb. KO South Sea of 

Korea, WJ West Sea of Japan, PO Pacific Ocean haplotypes. Subclade A 

(H23, H29, H40, H42, H85, H102, H103, H104, H105, H108, H109, H113, 

H121) and Subclade B (H15, H32, H54, H58, H60, H62, H93, H94, H95)
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Fig. 5. Minimum spanning networks of the nDNA myh6. KO South Sea of 

Korea, WJ West Sea of Japan, PO Pacific Ocean haplotypes
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3. Demographic history

The neutrality test yielded significant negative values for Tajima’s D and Fu’s 

Fs, and unimodal curves indicating a recent extreme population expansion were 

observed in the MMD analysis (Fig. 6 and Table 9). The SSD test and 

Harpending raggedness index showed that the MMD results were consistent 

with the distribution expected in the recent rapid population expansion model. 

The population expansion time estimated using the parameter τ was 100,000–

120,000 years ago (0.10–0.12 Mya). Estimating the most recent common 

ancestor and more detailed effective population size changes using BSP, the 

most recent common ancestor of the South Sea of Korea and West Sea of Japan 

populations was from 0.619 Mya (95% CI 0.349–0.927) using 2.2% per Myr, 

and from 0.505 Mya (95% CI 0.283–0.755) using 2.7% per Myr. The effective 

size of the South Sea of Korea and West Sea of Japan populations expanded 

moderately 0.20–0.22 Mya, with extreme expansion 0.10–0.12 Mya. After 

0.05–0.07 Mya, the effective population size did not change significantly (Fig. 

7). 
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Table 9. Mismatch distribution analysis and neutrality test of the South Sea of Korea and West Sea of Japan populations

*P <0.001

Neutrality tests Mismatch distribution

Tajima’s D Fu’s Fs Hri SSD τ (95% CI)
t (Mya) (rate: 1.10×10-8) 
(95% CI)

t (Mya) (rate: 1.35×10-8) 
(95% CI)

-2.358* -25.43* 0.020 0.002 2.21 (1.39–5.79) 0.12 (0.08–0.32) 0.10 (0.06–0.26)
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Fig. 6. Mismatch distribution analysis of the South Sea of Korea and West Sea 

of Japan populations
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Fig. 7. Bayesian skyline plots for the South Sea of Korea and West Sea of 

Japan populations. The central bold lines indicate the median value for the 

effective population size and the narrow lines point to the 95% upper and 

lower confidence limits (95% HPD)
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. Ⅳ Discussion

This study performed phenotypic and molecular analyses of 120 ice gobies 

collected from four localities in the South Sea of Korea (Busan, Geoje, 

Tongyeong, and Wando). In phenotype analysis, meristic characters were 

similar, but significant differences in morphometric characters. According to 

Matsui (1986), the SL difference between the sexes is due to sexual dimorphism. 

The SL of females differed significantly between Wando and the other three 

local populations (Busan, Geoje, and Tongyeong) and in males between Wando 

and Tongyeong only. 

Ice gobies feed mainly on copepods and amphipods before ascending 

upstream (Matsui 1986). The southeastern part of the Korean Peninsula (Busan, 

Geoje, and Tongyeong) has very high primary productivity compared with 

Wando, due to expansion of the North Korean Cold Current and the influence 

of the Nakdong River (Jeong et al. 2013; Kim et al. 2017b; Park et al. 2020). 

The numbers of copepods and amphipods are positively correlated with the 

chlorophyll a concentration (Kang et al. 2018). The average chlorophyll a

concentration from spring to summer over the past decade was lower in Wando 

(1.28 μg/L in the surface layer and 1.31 μg/L in the bottom layer) than in Busan 

(2.37 and 1.88 μg/L, respectively), Geoje (2.88 and 2.67 μg/L), and Tongyeong 

(1.99 and 1.87 μg/L) (Marine Environment Information System, 



35

https://www.meis.go.kr/). The productivity in the eastern part of the South Sea 

is higher from spring to summer than in the western part (Jeong et al. 2004; Seo 

et al. 2018). As a result, the difference in SL in these localities is likely driven 

by environmental factors, such as the chlorophyll a concentration. 

The CDA results showed separation into three groups (Busan, Geoje, and 

Tongyeong vs. Wando vs. Maizuru Bay). The main characteristics that 

separating the three groups are PoL, SL, CPD, and PDL. Wando ice goby is 

separated from Maizuru Bay ice goby by UJL, LJL, and IoD. The 

reclassification rate is 100%, and according to the criteria (> 85%) presented by 

Silva (2003), the three groups seem to have different morphological adaptation. 

Morphometric characters are known to be more susceptible to environmental 

factors than meristic characters (Lindsey 1988; Swain et al. 2001). Therefore, 

our ANOVA and CDA results support the fact that the phenotype is short-term 

and more useful for detecting variations caused by environmental factors, 

suggested by Grant and Utter (1984). However, although the SL and number of 

vertebrae are associated traits (Lindsey 1975), we did not find differences in 

vertebrae number among the study localities. According to Hirase et al. (2020), 

the SL of the ice goby is regulated by the NPY gene, and the vertebrae number 

can be explained genetically by determining which East Sea and Pacific Ocean 

populations share the same nuclear genotype. More detailed field studies of 

habitat conditions with analyses of NPY and nuclear genotypes are needed to 
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identify the factors causing the differences in morphometric characters among 

the study populations.

The high haplotype and low nucleotide diversities of the mtDNA cytb region 

in the South Sea of Korea populations are related to the recent rapid population 

expansion following bottleneck during the founder events. This is supported by 

the significant negative value of Fu’s Fs, indicating an excess of new mutations 

following a rapid expansion in population size. nDNA diversity is higher 

immediately following population expansion, whereas mtDNA diversity is 

higher after the population recovers from a bottleneck. As populations expand, 

the mitochondrial genome evolves faster than nuclear loci encoding proteins, 

resulting in accumulation of mutations (Grant and Bowen 1998). Therefore, the 

nDNA myh6 region may show relatively lower genetic diversity compared with 

mtDNA cytb.

While we hypothesized that a high degree of differentiation according to 

locality exists due to the unique life cycle of the ice goby, we found that ice 

gobies in Busan, Geoje, and Tongyeong are genetically close to those in 

northern Kyushu and the Seto Inland Sea (pairwise ΦST 0.049–0.091). The 

Tsushima Warm Current is thought to be responsible for the dispersion of gobies 

and other fish, which has promoted gene flow in various fish species in the 

Northwest Pacific (e.g., Liu et al. 2006; Nohara et al. 2010; Yu et al. 2016; Gwak 

and Roy 2021). The spatial scale of this dispersion varies between species. 

Dispersion also expands to the Pacific Ocean (through the Tsugaru Strait; 
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Akihito et al. 2008, Kokita and Nohara 2011, Hirase and Ikeda 2014) or 

Hokkaido (Okazaki et al. 2020) or spread to both (Hirase et al. 2012). In 

comparison, the Wando population, which is relatively far from the Japanese 

Archipelago, had a pairwise ΦST of 0.117 with the West Sea of Japan population. 

This is a relatively high value, indicating moderate genetic differences (Hartl 

and Clark 1997). Therefore, considering the ΦST values (0.026–0.060 for cytb) 

between the populations of Wando and Busan, Tongyeong, or Geoje, gene flow 

likely occurs in the South Sea of Korea populations due to the dispersion of 

juveniles. However, the complex oceanographic conditions near Wando 

population acted as a weak barrier to gene flow with the West Sea of Japan 

population. The tide-induced residual current flows eastward near Wando (the 

western part of the South Sea) during spring tide but stagnates or flows 

westward during neap tide. In particular, during the early life stage (spring to 

summer) of ice goby, the tidal-induced residual currents tend to mainly flow 

westward due to the prevailing southeasterly wind (Kim and Bae 2011). Similar 

results were seen in inshore hagfish (Eptatretus burgeri) (Song et al. 2020). In 

addition, among the South Sea of Korea populations, the neutrality test did not 

support rapid expansion of population size in the Wando population only; 

compared with the other local populations, the genetic diversity of the Wando 

population was low, and haplotype H21 appeared almost exclusively in Wando. 

Wando has low salinity/temperature maintained by the influx of fresh water 

from China and the East China Sea Coastal Water during the last glacial period 
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(Kim et al. 2020). Because ice gobies live in shallow coastal and river mouth 

waters (Matsui 1986), low salinity may not harm them as much. Thus, since 

retrograde travel in the Tsushima Warm Current is difficult, it is thought that 

the local Wando population maintained its population as a refugia, unlike the 

South Sea of Korea populations, which would have spent the last glacial period 

on the continental shelf on the eastern side of the Korea Strait, similar to the 

West Sea of Japan populations, and would have been exposed to seawater 

(Kokita and Nohara 2011). This presumably gave rise to the weak genetic 

differences between the Wando and other local populations. The Tsushima 

Warm Current likely had a substantial influence on marine organisms in the 

South Sea of Korea, previously and currently. However, mtDNA markers may 

be less useful for explaining recent differentiation, whereas microsatellites 

reveal population genetic structures due to their high polymorphism (O'Connell 

and Wright 1997; Toews and Belsford 2012). Therefore, further studies using 

more sensitive microsatellite markers are needed.

The historical analysis of the South Sea of Korea and West Sea of Japan 

populations confirmed extreme expansion of the effective population size. The 

BSP analysis showed a slight population expansion at 0.20–0.22 Mya, 

coinciding with the end of the little ice age (Marine isotope stages (MIS) 7a or 

7b) within the Aveley interglacial period (MIS 7) (Dutton et al. 2009; Columbu 

et al. 2019), when post-glacial expansion of many species populations occurred 

(Hewitt 2004). Common haplotypes (H1 and H13) at the centers of the star-like 
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haplotype networks can be regarded as ancestral haplotypes (Castelloe and 

Templeton 1994). During MIS 7a or 7b, individuals represented by this 

haplotype spread to other locations, including the southern Korean Peninsula. 

There was rapid population expansion at 0.10–0.12 Mya, which coincided with 

MIS 5c or 5e within the last interglacial period. This rapid population expansion 

can be attributed to habitat expansion and improved climate conditions 

(Ohshima 1990; Dutton and Lambeck 2012; Kohfeld and Chase 2017). These 

findings were consistent with the results of MMD and neutrality tests, with a 

star-like haplotype network in which rare haplotype/singletons have one or more 

base differences from a common haplotype, supporting the rapid population 

expansion.

In conclusion, this study for the first time revealed morphological and 

molecular variations in 120 ice gobies collected from four localities in the South 

Sea of Korea (Busan, Geoje, Tongyeong, and Wando), together with the 

comparison of Japanese populations. The CDA results based on 17 

morphometric characters indicated that ice gobies were divided into the eastern 

part of the South Sea of Korea (Busan, Geoje, and Tongyeong) vs. the western 

part of the South Sea of Korea (Wando) vs. the West Sea of Japan (Maizuru 

Bay), although there was no difference in meristic characters, such as the 

number of vertebrae. The genetic analysis confirmed that all four South Sea 

populations had the same gene pool despite their weak genetic differentiation 

between the eastern and western populations, slightly differing from the 
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morphological analysis. To resolve the discordance, further studies using more 

sensitive markers such as microsatellites are needed.
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