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Population Structure of Korean Paraplagusia japonica (Cynoglossidae) Based on Morphological and
Molecular Markers by Gyeong Hyun Park and Jin-Koo Kim'* (Biotechnology Research Division, National Fisheries
Research and Development Institute, Busan 46083, Republic of Korea; 'Division of Fisheries and Life Sciences, Pukyong

National University, Busan 48513, Republic of Korea)

ABSTRACT

The cynoglossid fishes are popular for food in the world including Korea, China and

Japan, and among them, Paraplagusia japonica lives all over the sea of Korea. In order to establish
appropriate management measure, it is essential to clarify population structure of P. japonica from
the morphological and molecular perspectives. We collected a total of 132 individuals of P. japonica
from six localities in Korea between 2008 and 2021. Canonical discriminant analysis results showed
that the West Sea population (Incheon) slightly differed from the South (Tongyeong, Busan) and East
Sea populations (Pohang, Donghae, Sokcho). Similar results were also shown in Kruskal-Wallis test
of meristic characters. Furthermore, neighbor-joining and maximume-likelihood trees based on 849
base pairs of mitochondrial DNA cytochrome b sequences showed that P. japonica was divided into
two lineages (designated as A and B) with a high significance (®st=0.0781, P <0.001). Interestingly,
however, the two lineages in the admixture area (South-East Sea) were not different in morphological
characters. Our results suggest that P. japonica had undergone differentiated history during the Late
Pleistocene, but secondary contact may occur at the admixture area.
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3H= 29 2 (Shen, 1983; Masuda et al., 1984; Ni and Kwok,

XY o)Fe TS 2Tt A AAFRE 7=
A8 o F 2 (Minami, 1982), $7}st= aH|FE $541717] 9
3 FA71e o] HyFo, A 2, AR &, 23 2
A 5 si2sjoF & BA7F Btk (An et al., 2014). 21F ST)7]
L 233 2 Aol A 1964W0] F 1200E9] o ekol A
1976 AHE] 1994W7HA] Az o87F oF 100~300E 2.2 F3F
sto] A ]9 =2 A4do] =olEth(Yamada ef al., 2007). T
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1999; Kim et al., 2005), TtE A7} & 3= A Yo A
Al5H= EAAH(Kim et al., 2019) 17| F2 A0 W2 A3FGA}
Q7o Fulze gaFel B 4 ook 53l SHvlE 1%
o] A|7]ol| 2A st Z2 Ff 71 AU™ (Minami, 1982)
A B A5 AN AYE ste] Hol7)o] o5l Ack
(Nakabo and Yamada, 2013). A4 AES 3l= olf= Y2 &
A ST AR it HFo= s Fde] U 74l
Atk o] Aol whEh(Kato et al., 2020), 7] F2E ohY
o} ABE40) ue YUTEE B4 P54l Bt AT
Z d9s A AYEE 3Rt ool Fa3t V2ARR
Al5E 4 Ath(Hutchings and Fraser, 2008; Reiss et al., 2009).
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7] 9ia) Aee] $87 chopolt erE, A 7+ 4
A A7 5ol et A+ +a7F HAF S7FskaL )itk (Waldman,
2005; Han et al., 2008; Kim, 2009; Myoung and Kim, 2014).
HFEEY ATz FFS A= 2o Ysr] A%
Sl W3 B 23 22 fF 8 ¥} Fo| e
Utk Wst7]of sfarro] WolAHA F9] Aol -
SV} FAEE APAo] TS TH(Hewitt, 2000; Kaiser et
al.,2010; Shen et al., 2011). T, 315, | 3, Y A=<
AE FA8 24 B 544 52 Al ot A9 +
AA ZpolE WA= Aoz FHU7|E gtk (Grant and
Bowen, 1998; He et al., 2015; Kato et al., 2020). o] A &FLo]| 4]
71% W3 B AR g o= dd = = Y
of AAsh= olFo] FH H FHA SA met 24 2709
o2 YHogE AR 37} Itk (Kim et al., 2008; Myoung et
al.,2016; Jang et al.,2019).

T EZEZ| L DNA (mtDNA)= 3 DNAC] H]sj| 231, ]
o] F2 HoA LR FA HEFAT Ropoll A ARE-H
o] gkth (Brown et al., 1982; Wilson et al., 1985; Bartlett and
Davidson, 1991; Buoncorsi ef al., 2001; Jang ef al., 2019). &
3] cytochrome b Q<& £7k, Fv| Holo] T3t H-43 Hn
£ 25 AFd = HollA Jd Aol B HIskA A=
t}(Grant and Bowen, 1998; Colborn et al., 2001; Muss et al.,
2001; Kim et al., 2006a; Liu et al., 2006a, 2007; Myoung et al.,
2016; Jang et al., 2019). 3tH, o] 7= ejojuar zpgt 29 37
EAo| 9t e Wo|7} WA (Park and Song, 2010; Choi
etal.,2013), Al 2 AS 342 W AF HAdE F&Edh=
H 83t nfA R QAlE o] £krh(Villaluz and Maccrimmon,
1988; Haddon and Willis, 1995; Silva, 2003; Kim, 2012). w2}
AL 2 Ae 271 WS B s EA met U I
o] Ut o]d At Axto] whet =4k SHi7)7t SE R
Aol Udtke 7HS vige s Je 9 fAdolE 248t
Aok =4 2di7] A aeA Q] BHED BeE R 7=
2 = Aol ARE Sd7]9 Fe L 24 #o] &
A Sl Ao 25 wpotstara} it

M K Lo

Table 1. Paraplagusia japonica specimens used in this study

ERTETE

1. AeEsE

oo

Z 13270712 Zdj717F 2008l A 2021 @7H] -t} 6
A A FollA Y= Tk (Table 1; Figs. 1, 2): A3)<] A (IC,
S470AD, Ealel T D (TY, 1570AD T FAHBS, 1774A), S3f <
3 (PH, 127043 S8 (DH, 117A), &2 (SC, 2370A). %
ZA L 14 A FE (blind side)o A Hojjo] 95% o ER-o|
BE3] DNA & H7H1] —20°C EE Ao Baahlct.
A FEL2 10% 5= 2T #§H0) oF AFY 1A
71 5 52E Bof AlFslo] 70% = oer&o] $4 BAdist
I (PKU) o} 73 P Ao 55 9 Bsigit.

2. e 24

67 A A 132704 F &5 23 THAE AT 125
A P A4S A8tk Asie] - AC, 547H4]), Eah
o] FF(TY, 157472 FAHBS, 1270A), S8l 2] 23+ (PH, 11
WA} 531 (DH, 107§A]), 42 (SC, 2374A).

AeBEL SA=7r] A% 4= (Dorsal fin rays, D), i =
o] AR 4= (Pelvic fin rays, Py), R1X =& 1] A= 4(Anal fin
rays, A), X =&0] H=Z 4=(Caudal fin rays, C), 5Z 5
(Vertebrae, V), &4 Alo] H]& 4= (Interlinear scale rows, ILS)
6719 FAES A3ttt 2 FF £ SoftX-ray (SOFTX HA-
100, Tokyo, Japan)E ©]-&3to] ZA3}th. 125704 F 97
A= wix=2n], 4671A41= HlEo] &4 E o] iR =gn] dx
T Z4 Abo] Hlg £E AYd] SAHA Zetat. AEE
Z-2 X% (Total length, TL), A% (Standard length, SL), 5%
(Head length, HL), A1 (Body depth, BD), &% (Snout length,
SNL), 273 (Eye diameter, ED), %%}t 7H2 (Interorbital width,
IOW), F5°] E5H 471X A=) (Distance between snout
and mouth, STM), YEE ol7tu]EY71x 9] A 2] (Distance
between mouth and gill opening, MTG) 971¢] FZ-& A =3}
ot P EAof o]&3t g A 2 =% WH-2 Kim and

Choi (1994)2} Nakabo and Yamada (2013)9] B2 wgkom

Locality Sampling date Number of specimens Standard length (cm)
Incheon, West Sea 2020~2021 54 20.9~32.6(24.9)
Tongyeong, South Sea 2009~2021 15 23.2~30.5(27.7)
Busan, South Sea 2013~2021 17 21.5~27.8(23.8)
Pohang, East Sea 2008~2021 12 22.5~30.2(26.7)
Donghae, East Sea 2018~2020 11 26.0~30.0(28.2)
Sokcho, East Sea 2021 23 22.8~33.0(27.8)

Values of mean in parentheses
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Fig. 1. The specimen of Paraplagusia japonica (PKU 20415).
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Fig. 2. Map of the sampling areas of Paraplagusia japonica in Korea.
Distribution of lineages for cytochrome b sequences of Paraplagusia
Jjaponica populations. The area of circle is proportional to sample size.

Vernier calipersE ©]-83t] 0.01 mm @714 &334t}
Aol o3t He 42 T4 Z=13 SPSS version

26 0]€3ko Kruskal-Wallis ¥] 242774 (Zar, 1999)& AlA]
1A, AP AL FY ZTRIWL AMgSte] JEHEARY
(CDA)T SHELE rtestE HABIET ASFE 3 22 v
&9 22 $2 vHto] Yot =S Fof A S uA &)
98 RE AZPA e 2agte 2 Wakste] Bajsiqict.

3. DNA =&, PCR %! Sequencing

670 A Hte] 13274419 £A} 42 235kt A3)
o] A AC, 54704, F3le) FF(TY, 157432 F4kBS, 17
WA, F3He Z3H(PH, 1270A) 3t &3 (DH, 1170A)]), &2
(SC, 237}A]). Genomic DNAX Genomic DNA Extraction Kit
(Bioneer, Daejeon, Korea)S ©]83}9] &3} th. Genomic
DNA & 2 A 2A fi7dS ottt | EZ =20 DNA
(mtDNA)9] cytochrome b GH2 Paraplagusia japonica-
specific primers: PJ-Glu-F (5'-AAA CCT GTG GGC TGA AAA
AC-3")¢} PJ-Thr-R (5'-GCA GTA GGA AGG GGT TAC TC-3")
£ o|83o] 849 bpE FE3IATE. $ primer set= S 7] (Gen
Bank Accession Number: NC021376)2] mitogenome 7] A]
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< 7o SH71Y F7IAE S5 2 FE5t=F 3
A A&sFATE. PCR B8-S 10X PCR buffer 2 uL, dNTP 1.6
uL, forward primer 0.5 pL, reverse primer 0.5 uL, TaKaRa Taq
polymerase 0.1 uLE 42 E3HE0] Genomic DNA 2 uLE 3
K, % 20 L7t B WA 33 FR4E ¥ AFS 5
ch. Thermal Cycler (Bio-rad T100™, USA)E o]-&3}o] th&
I e 2A 0 2 PCRE 439519t} Initial denaturation 95°C,
3&; PCR reaction 34 cycles (Denaturation 95°C, 30
ing 54°C, 45%; Extension 72°C, 1& 30%), Final extension
72°C,7+. PCR AH=2 ABI PRISM 3730XL Analyzer (Applied
Biosystems Inc., USA)9llA] ABI BigDye Terminator Cycle
Sequencing Ready Reaction Kit v3.1 (Applied Biosystem Inc.,
USA)E ol§3to] 971498 dsith Si7le @749
NCBI]| 5-&3thH(5SH3E: OM718876-719007).

; Anneal-

4. %12 BN

mtDNA cyth®] G7|4 92 BioEdit version 7 (Hall, 1999)
9] CLUSTAL X (Thompson et al., 1994)E o]&3to] A3}
A, 971448 7+ 4 Agls MEGA X (Kumar et al., 2018)
oA Kimura-2-parameter 23 (Kimura 1980) o]&3ste A
Ak A9 A F HFABAE &7 Y3l neighbor-
joining (NJ) ¥F'H3} maximum-likelihood (ML) $Ho2 &
A =ZE AA519 T NJ treee= MEGA X (Kumar ef al., 2018)
o A bootstrap 1,000 35}te] 25T ML tree2] 7}
A Aget mdg 2t7] $1819] jModeltest 2.1.10 (Darriba et
al., 2012)& AH&3193, GTR+1+4+G 2do] AgEgith ML
treet= Mega XA bootstrap 1,000 2.2 AE+E X514
o} AT O 2 NCBI® GenBankol &% 8t (Cynoglossus
semilaevis)®] 714 4 (cyth sequence: GenBank Accession
Number, FJ786631)& AF&3}th. T3, NCBI9 GenBank
9] 3= Zhoushan islands, Zhejiang province®] Stjj7] 274
A (NC021376, 1Q639066)9] A7 ES ¥o] EX=E 24
3t mtDNA 574 £4-2 DNA Sequence Polymorphism
(DnaSP) (Rozas et al., 2017)¢} Arlequin 3.5 (Excoffier and
Lischer, 2010)E ©]-8-3}°] haplotype 4=(N), A4 TF4
(haplotype diversity, 1), 7] Th%¥/d (nucleotide diversity, ),
pairwise differences Bt = (k)& ZT&3H 43 IS =
Attt A9 7F E= lineage 7F 3874 Aol ] ¢
3l Arlequin 3.55 ©]&3}9] pairwise ®stE AAIRT E
gAY AGS 7P 2o e r agstey] s A
Z Bx7} ¥lg == AMOVA (Analysis of molecular variance)
(Excoffier et al., 1992)E 433} T}. Arlequin 3.5 (Excoffier
and Lischer, 2010)Z 01%0}04 Fu's Fs2 Ztj7|9] A+ 5
& &QI5tT, mutation drift®] B ozt A HAL

Tajima’s D2 &213}% Tt S7]9 historical demography+
mismatch distribution (Rogers and Harpending, 1992)2 &
At} =
mismatch distribution®} estimated mismatch distribution 7+
9] AAH EAA SSD (sum of squared differences) (Schneider
and Excoffier, 1999)¢] £3Z2 913} th. Sudden expansion
modelo] W=
9] UdxAL Harpending’s raggedness index (Harpending,
1994)¢} SSD (sum of squared differences)Z %7} tt. 7HA]
+ B ddi=
mutational time) (Li, 1997) 33} T=1/2u?] 2|22 AAlslo

FATAT u=pXxmE p= & HO|E (mutation rate)/site/Al
tﬂ(generatlon)— U mpe 71429 REYEE A
& 9u|3tt} (Rogers and Harpending, 1992; Kim, 2012). 3}
& 7Y cytb §H 9 HHAQI SHHO &S Wit WG 2% =,
Sti719] lineage £7] Al7|9t 7HAIZ B4 Aol 4 AR
At (Avise, 1994; Bowen et al., 2006; Han et al., 2008; Jang et
al.,2019).

A% demographic model®] F&42 observed

observed distribution¥} expected distribution

T (time since expansion expressed in units of

M

b |

1. el

A3l 5470 (A S470AD, &l 270A (5B 15784, F
AF 1270A), E3l 44704 (23 117041, 53l 10704, &2 237)
A, F 12570419 A9 A 7 AFE Aozt A g2l
3171 938 Kruskal-Wallis H|24AAE 4335 41t SX=
o] Ax (D), A=Y A2 £A), AF=Z V), 34
Ato] HlE = (ILS)OA &3t Zpol7} Sl Ao =2 eyttt
(P<0.05). o8 A Ht Atolof| Zpo|7} YA dob 7| ¢
3 thFH| g AARL, SALHE| AR 4, RAAu] dx
3=, A Ato] vl = AT U] 570 Ao He Abold

og
A

Zpo7b QAL, A = AHT YA 57 Y Y, F3
o Y A] 57 A Jek Atolof] o]zt Y= AL Uehytth
(P<0.05) (Table 2).

HZUHEA (CDA) 23, 2+ 2o Atho) W3t Ant= A2
wHshe FEAYE (o8E0] P<0.0012 FAZHCE
olu)a}x] @A Ve, 7Hd o) whel s (A3, B, )
Ztho| Oigt 242 AAYL 2 Ao Bz zge £
3 72.7%, 23l 66.7%, A3 83.3%2 A Weko] thE At
of vla & = UEa, do A AlolA F F 16%
7b utEA ERE AL £ Y wE g8 AR, Al
W4 (CAND) Q| T$X]+= 1.003, 7199&E 80.3%, AT
T4 (CAN2)9| THAE 0.246, 7|91&-L 19.7%2A], CANI

o]
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Table 2. Kruskal-Wallis test for counts of Paraplagusia japonica among six localities

Characters IC TY BS PH DH SC
Dorsal fin rays 116.4* 114.2° 111.4° 112.0° 110.9° 112.8°
Anal fin rays 91.9* 88.4° 87.7° 88.3° 86.6° 87.1°
Pelvic fin rays 40° 40° 40° 40° 40° 4.0°
Caudal fin rays 7.6" 7.3% 7.5% 7.6" 74 7.6"
Vertebrae 55.2° 53.9° 53.0° 53.0° 51.1¢ 532°
Interlinear scale rows 19.1* 16.9° 17.2° 17.1° 17.5° 17.0°

Values and different superscript letters indicate means and significant difference (P <0.05), respectively. IC, Incheon; TY, Tongyeong; BS, Busan; PH, Pohang; DH,

Donghae; SC, Sokcho.

Table 3. Standardized canonical coefficients (CAN) based on 9 morphometric characters of three seas of Paraplagusia japonica

Standardized canonical

discriminant function coefficients

Structure matrix

Measurements

CAN 1 CAN 2 CAN 1 CAN 2
Total length 0.339 -0.707 0.396 0.393
Standard length -2014 1.084 0.396 0.396
Head length 1.655 —0.248 0.485 0.370
Body depth 1.636 0.281 0.565 0.383
Snout length —1.640 -0422 0.201 0.407
Eye diameter 0.181 —-0.242 0.479 —-0.359
Interorbital width —-0.267 —-1.093 0.281 0.221
Distance between snout and mouth 0.158 1.073 0.271 0.502
Distance between mouth and gill opening 0.375 0.348 0.570 0.366
Eigenvalues CAN 1:1.003 CAN 2:0.246
Proportions CAN 1:0.803 CAN2:0.197
Cumulative values CAN 1:0.803 CAN 2:1.000

9] 7| =7t =4 vErgt. 2238 JEREds A
(Standardized canonical discriminant function coefficients)+=
CANI19A & A (-2.014)T F7(1.655), CAN29| A= &
oF THA (- 1.093)2 A7 (1.084)0014 2 AdigkE Yehd, &
THOE AFolA & A Uttt 123 E (structure
matrix)< CAN19|AE YFE ofrtu| 7tz 2] A (0.570)
o} A1L(0.565), CAN2°|A &= F5°] E5E A7tAY A
(0.502)¢F £ (0.407)°014 & AdZS UERTH(Table 3).
CDA 23} 1502 &= A7t A F Yot o7 &= 91
A 2502 BHE Juo] tiE FHE o H3rh(Fig. 3).

. 2X 2N

A3l 5470A (1A 5478A), B3l 3270A1 (59 1570A], A
1770A)), B3l 46704 (3 12704, B3l 11704, &= 2374A)),
Z 132704 ¢] cytochrome b (cyth) G 849 bpE FZE3} T}

S7] 13270A19] cyth sequencesE NI2 ML ¥PHO 2 A5
& I%& 1|, Lineage A9} Lineage B2 FEE th(Fig. 4).
T Lineage Ato]9] 54 Al < 12%2 Yebyth 1A AF
Z&t} NCBIQ] 534 5)7] 2704l = 25 Lineage ARH 3
8L, B9, FAE 2, 59, £ A9 H-2 Lineage A%}
B B5 Z3SF T Lineage BE Z36t= X9 Ad 5 539
A Qg UM 2] ]9 Ahol| A= Lineage BE Lineage ARTH Y
o] &3t 50% ol Ak AL R YEN T (Fig. 2).

A Hek 7t Pst gh2 A A9 Az A Ao et A
oleflgk F-2Jgt Zoj7t gle AR VTP <0.01). Dst gt
2 1A A Fdat FAF A Ht Atolof|A] 7P 2 A ekt
I (Pst=0.1026, P<0.001), 1A AF Jetdt 53 Ao At
AFolo| Al 7FAF ZHA| YrERGTH(Pst=0.0743, P<0.01) (Table 4).

AMOVA £42 7Hd 0| wiat A8, dalf, 53 a9 Al 1§
o2 el wiet, lineage £Z 59 2+ £4 Azt ulat
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Aot 5 Y T 1802 e U2 £4E 1Y
3tE T Al ZE[(IC) vs (TY, BS) vs. (PH, DH, SO)|2.& Y
= o, Al 2F Ztoll 3 Zol7t Sl Aoz I
(29.71%, P<0.05). 3, & IF[JC) vs. (TY, BS, PH, DH,
SOIOR st W, % 18 ol $of Ao} sl A
S F 15 th(34.91%, P<0.001). A A 2522 UYF3A
S UG, 2g0R Yrgs o o 2 Aot gk Aew
et T (Table 5).

Zo7] 1327079 eyb B4 FAAY FA ()2
0.8791~0.98812 YENGI, §7] theFA (m)2 0.0032~0.0077
2 btk 9AR thpe SReIA b ¥4 vkt
(0.9881), 1A 71 A Yekytth0.8791). |71 THd
< T S04 7P =A YERHL(0.0077), -4 7F

A
4 East Sea
() South Sea
C, West Sea
2
*
=
=
T 0
()
z.
<
o
-2
-4

v

-4 -2 0 2 4
CANI : 80.3%
Fig. 3. Plots of canonical discriminant scores on the first and second

canonical (CAN) axes among three seas of Paraplagusia japonica,
based on 9 morphometric characters.

Z S YebgTH(0.0032). Lineage A9 FAAE thFAd
0.9423, Lineage B9 A3 thdd2 0.9000=2 LR,
Lineage A2] 97| thFAL 0.0042, Lineage B2 &7 thaFA
2 0.00412 F Lineage?] 473 thFAL S-AFJITH(Table 6).
A|Y X, Lineage® historical demography £4] ZA7H=
Table 79 UetH It A9 ko] &7 (expansion) E+= B

Incheon

Busan
Tongyeong
Pohang

Donghae

Sokcho
Zhoushan islands

Lineage A

West Sea I
South Sea

East Sea [

East China Sea [

60/56

Lineage B

glossus semilaevis (FJ736531]

0.02

Fig. 4. The phylogenetic tree based on the neighbor-joining and max-
imum-likelihood for the cytochrome b sequences of 132 specimens.
Cynoglossus semilaevis was chosen as an outgroup. The number on
the node is bootstrap value (%) by 1,000 replicates in neighbor-join-
ing and maximum-likelihood methods.

Table 4. Pairwise fixation index (®st) values (below diagonal) and pairwise ®st P values (above the diagonal) for mtDNA cytochrome b among

six localities.

Locality Incheon Tongyeong Busan Pohang Donghae Sokcho
Incheon 0.0020 0.0000 0.0029 0.0127 0.0000
Tongyeong 0.0775% 0.5625 0.5772 0.3213 0.2451
Busan 0.1026%** —0.0081 0.3301 04316 0.0635
Pohang 0.0807* —0.0048 0.0053 0.3936 0.9463
Donghae 0.0743* 0.0072 0.0030 0.0031 0.6680
Sokcho 0.0669** 0.0045 0.0204 —0.0161 —0.0083

*Significant, P <0.05; **Significant, P<0.001
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Table 5. AMOVA results based on mtDNA cytochrome b sequences data for Paraplagusia japonica

Source of variation Variance components Percentage of variation Fixation indices P

Analysis 1 =(IC) vs. (TY, BS) vs. (PH, DH, SC)

Among groups 1.01150 29.71 Fet=0.29711%* < .05

Among populations within groups 0.00957 0.28 Fsc=0.00400 0.842

Within populations 2.38341 70.01 Fst=0.29992%%* <.001
Analysis 2=(IC) vs. (TY, BS, PH, DH, SC)

Among groups 1.30443 3491 Fct=0.34915%%* <.001

Among populations within groups 0.04822 1.29 Fsc=0.01983 0.500

Within populations 2.38341 63.79 Fst=0.36205** <.001
IC, Incheon; TY, Tongyeong; BS, Busan; PH, Pohang; DH, Donghae; SC, Sokcho. *Significant, P <0.05; **Significant, P <0.001
Table 6. Genetic diversity indices based on mtDNA cytochrome b of six localities and two lineages

n N h b k

Incheon 54 19 0.8791 0.0032 2.7030
Tongyeong 15 12 0.9619 0.0073 6.1714
Busan 17 10 0.9044 0.0070 5.9559
Pohang 12 10 0.9697 0.0077 6.5152
Donghae 11 9 0.9636 0.0071 6.0000
Sokcho 23 20 0.9881 0.0077 6.5455
Lineage A 87 40 0.9423 0.0042 3.5338
Lineage B 45 21 0.9000 0.0041 3.4263

n: number of samples; N: number of haplotypes; 4: haplotype diversity; 7(%): nucleotide diversity; k: mean pairwise difference

Table 7. Mismatch analysis and neutrality testing of mtDNA cytochrome b for six localities and two lineages

T 0o 0 Raggedness index (P) SSD (P) Tajima’s D (P) Fu’s Fs(P)

Incheon 3.469 0.007 9.004 0.02073 (0.80900) 0.00470 (0.61800) —1.403(0.068) —9.161(0.001)*
Tongyeong 6.879 1316 16.960 0.00943 (0.99400) 0.00721 (0.86500) 0.466 (0.740) —3.819(0.039)*
Busan 8.207 0 16.296 0.15436 (0.02100) 0.06165 (0.02900) —0.338(0.417) —0.944(0.324)
Pohang 11.639 0.002 11.749 0.02342 (0.94200) 0.01580 (0.80000) 0.155(0.607) —2.709(0.081)
Donghae 8.121 0 29.209 0.03967 (0.72100) 0.01700 (0.48800) 0.151(0.602) —2.226(0.097)
Sokcho 8.627 0.002 20.508 0.01429 (0.83600) 0.01170(0.46100) —0.519(0.327) —11.692 (0.000)**
Lineage A 3.766 0.018 36.172 0.02117 (0.56700) 0.00236 (0.39500) —1.836(0.012)* —26.147 (0.000)**
Lineage B 4.285 0 13.438 0.01871 (0.74900) 0.00535 (0.53400) —0.935(0.174) —10.801(0.001)*

T: expansion parameter; Op: mutation parameter before expansion; 0;: mutation parameter after expansion; SSD: sum of squared deviations, observation of a less
good fit between the model and the observed distribution by chance, and Tajima’s D and Fu’s F's, corresponding P value. *P <0.05; **P <0.001

3 (equilibrium)& W22 47] f3 S84 A% (™

test)= AAIZH A3}, Tajima’s D 32 AA, F4H &2 19 3
oA 29 gk 59, &, F8l A FolA %Y 32 UE
AT BE SAH R §O51A] AU Fu's Fs gt 2E A
oA &9 F& UL, A, §9F, £ Y Aol
FAALZ Fo3tHt. A9 HTe] mismatch distribution

eutrality

)

A et T4 9] X (unimodal distribution)E e}
, YA A A 539 2Z (bimodal distribution)
UEFGTH (Fig. 5). A9 o] sudden expansion model
S w2 =] AASH7] Y3 SSD (sum of squared differences)
o] p & vlue Adt, A, 59, 2%, 5, &= A9 A

o] sudden expansion model= T (1M P=0.618, 5%

o Mt & o
ST
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Fig. 5. Mismatch distribution from the mitochondrial DNA cytochrome b sequences from six localities. Bar: observed distributions; line: expect-
ed distributions from the sudden expansion model; x-axis: pairwise differences; y-axis: frequency.

P=0.865, & P=0.800, 53l P=0488, &% P=0461), F
A A9 AL 71ZE QTP =0.029). Lineage® 94 A
A A3}, Tajima’s D g2 5 Lineage =5 29 & UEA]
ot Lineage AT Fo8t A2 Yelgth Fu's Fs 32 &+
Lineage 2% 4212 5] 22 ek SSD2 P gt el
3t A3}, npd7HX 2 & Lineage 25 sudden expansion model
& w2 Ao 2 F91E Itk (Lineage A, P=0.395; Lineage B,
P=0.534).

3. Lineage 7! §Ef H|m 2N

Lineage A9} Lineage B Afo]olls SA=gu] A= 4, 51|
Laju Az ¢, JF2E 5, 4 Abo] vl oA f9% 2o
£ X3 (Kruskal-Wallis test, P<0.05), ASFZANAA= A
2 A, B, AL, HF, et 44, RE ozt 7tA g
AgollA 28t XFo]E BT (¢-test, P<0.05). A3l Lineage
A%} & 53l Lineage B Ato]9] A4 9 ASFHAL vt
A3 ZHA JEg T (Kruskal-Wallis test, P<0.05; z-test,
P<0.05). A3} Lineage A%} &+ 53| Lineage A Afo]oll= 53]
Lan dz £, A =Yu] Ax ¢, 2T 5, SAH Abo] H]
£ oA SHEAE F3 AolE H AL (Kruskal-Wallis
test, P<0.05), ASFHANAE A%, A%, =4, AL, o+, 9
FE op7tu| 7R & AloA Fo7t ZolE HATH(rtest,
P<0.05). 5 Lineage7} &7 28% & 53l A9 (T, F4t,
X3, F3), %) A2 Lineage A9} Lineage B AFo] 9] A
T+ 94 ASPEE vud A7} FuEAE ZE FHANA 79
3t o] 7F YERLR] @kt (Kruskal-Wallis test, P>0.05; t-test,
P>0.05).

o

® aTolHE B3 A astel o) Aoln AP S
132048 diko. ool B4 uhAlE olgele] ASoE A
S2E 7Y 4 mtDNA cyth €714 E 849 bp £4
A3}, 2749] lineageZ F-EEH L (Dst=0.0781, P<0.001),
ol At Si7|7} 24 2709 ek AT 7S AlAL
3tch(Evans et al., 2010; Myoung and Kim, 2014). Pairwise ®st
7} 0.05~0.15 =Zo)d Ak 71+ k7t ZJo)7F 911, 0.15~0.25 4=
Fo|H AFF3st zpol7} Qi Hol, B A oA 2719 lineage
= A 2 FYRE Zol7t lekal & 4 ok (Wright, 1978). ©]
A Aol W=, o]3t At sig 24 RO FF HE
A 4= Ut} (Santos et al., 2003; Kim et al., 2006b, Kim et al.,
2010; Han et al., 2012; Hong et al., 2012; Yoon et al., 2013).
Myoung ez al. (2014)| A= gt Al3f| s S} Eaff 3 Lol
A= Lineage AR, & 53] 3o A= Lineage A%} Lineage B
7} BE Ueton] of 23 2 A4Ae] 5 Ei 3%
o] JgF fEY 4 ok Bushlct. T3, Kim ef al. (2006b,
2010)Z Han et al. (2012)2 FU A9 ot 749 lineage’} &
AEE olfE Wbyl B¢t A=lE 24 AR HiFt &S A
Z HQIth Kato et al. (2020)2 117]% HET A BEEA
(R 4 58 52 9AS 2 Akt vt Qv FFolRe 4
HF2Ql mtDNA cyth 99 H7IAE 712 Wt @3 2%

, Z7]19] & lineage AMo]9] £7] AL oF 60Tt & Hof 1t
Ast Aoz =AETH(Avise, 1994; Bowen et al., 2006; Han
et al., 2008; Jang et al., 2019). ZEFO|AEAN] &7 (The late

Pleistocene period: the past 1 million years)ol+= & ®3}7|¢+



™

V7] #ik7} 9191 (Imbrie e al., 1992), A 80+ | Sk
J517] o A3 Y dleH-2 ARG o 130 m RotA 53
1Y E Ak (Kitamura and Kimoto, 2006; Liu et al., 2007).
], 5 lineage7} 7| =1 Lineage A+ SX|SHE|A] %2 €|
S0l Lincage B 53] sjeje] 198 A0 BelthLin
et al., 2006b). Ya}7]9F HAH ST} 2, & 59 Aol
+ lineage £33+ ZAQIgttt= o)A At (Liu et al., 2006b; Han
et al., 2012; Myoung and Kim, 2014)9]| @&}, 3t=HAE S 7] =
H3l7] 2 Qe B89 1 PO F lineageR I HUS AR
FAEtt Umino er al. (2009)04 B8 v}, 52, G} Zr2
2o B IR GFE S 55 AR F 5 Ak
S yatel o] AWE (Chaenogobius annularis) Al 13
of tigt Aol =, Seto]AEAS W] wf 379 clade
7t BAENE AYEY 2 B4 5T AR gt &3
o= QI8f Wyat7]7t B o]Folle Ao] A&LH Utk Hiy
Atk (Kato et al., 2020). gH=rAF 57 9] Lineage A+ 377}
By olF F2AQ RS AAuRIRS] 526 ket Ao
Fofl, a2 24 A o2 AL H) 8| Lineage B 53l
mogm o Bl BT GY 1YY Bl 23
S A7) S wet s BAEA Ra Aoz melt
(Kim et al., 2010). 22 3, AR FF=8 A HolA
+ Lineage B7} YEIUA] &2 Aoz FAHE 1 4 Ao of
ste] AT BF AHE A EH Lineage A= 102,149
7, Lineage BE 342,726 Zof 7iAl B3 o] o]FAHSS
o % gtk 2, 9RAL Sl Wak] ) i AT 271
2otz o] 7Hil7]o) 3]E-3}e] sudden population expansion
2 AL 7540 Ath(Santos et al., 2006; Liu et al., 2008;
Peng et al., 2009; Evans et al., 2010). 1A x| ¥ Mo 2=}
3 o A7) oS o2 A Yol vl @A Ueb
+£4l, Lineage A%} Lineage BY] §4% T2 FABHA Y
Bttt whaba], QIA A9 ko] |44 thekdo] W ol
= Lineage A9} Lineage B7} ZA5l= thE Ao Xy} &
Lineage ATF £43}7] fl£¢ A2 AlgHr}.

T2, 9i, AT T 22 A 29d fHF a2 o
29 Fejo] FPL vAL A0 FelA qlr(Hubbs, 1922;
Vladykov, 1934; Lindsey, 1988; Swain and Foote, 1999). & <
T4 F lineage= 29 A5 9 ASFAANN & F&
Soit). webd BRAF SIS lineage 8] oF 2 A4
9] 2, A& 5 §X A A5t 714 3 A 3
B P49 224 HolE Uetd A2eg Hth A3 Lineage
A2} & 53] Lineage BE= HA| Lineage A2t B Alo]o] Axtet
TR 2, Aget ASF AN {7t AolE Hof {7 2
= G = Aol A" Y Aot & 53l
Lineage A Ato]of|lx] ERlE Fej& Zfol= 42 FFEct g
733 ¥l ° 2 5 U= Yngteh. B3 ' Ff oA FA

ok

o1

o
O

2

| @3 Lineage A9t B Ato]9] FE|F FAMIE & Alo] 9
2 o] FAE7|o B3t QAL SE3] A e
A AFSIT). o9} S AVSHA| AMA 7] (Hemitripterus villous)= 83
Ao sl Hakvt R v, FejF o R Fa Havt
B0} (Jang et al., 2019), mtDNAO] 2J3t kA AL} Fejoj
oJgt @A AL Ato] 4] ZpolF 1T 4= 3ltt. Grant and Utter
(1984)0]l =9, FejsH4 glo]el 7} T7]Ho]ar S 2l 29l
o o3 FIE o Fo MEE FAsH: d o f-&3sitta ¢d
A ek wEbA, A 219 J9] Lineage A 7HA1E2 530
o 248h= Lineage A WS 212l Zpol= m|n|s}A|qt,
A JF To& Q| FeHEH R Afo|7t AEHE 5
Qleh. vt A& th2 lineageo] ATt & 53 <ol A Lineage
A%} Lineage B= @ A4 F-93t Zo)7} gllet. ol= &
et Falloll AAshs F lineage 7ol 2xHE0] dojte 7t
/9 AAKgITE & lineage 7H9) 23 &S A H A 0 & ER15}
7] Yl A= microsatellite} 22 ¢ 9173t DNA markerE ¢]
23} =25 97} D a3ttt (Kai e al., 2011; Kim et al., 2017).
A9 A 7+ Fo EAoA B3 XY o] HFZ FollA
A AY Ak X o2 A JAdT} {oet AolE HH
ot Uz Fe FHAE= Fal7t F-F3l A9 bE AY
At} |25k zpo|7} gls AL R Kol Fafl X Jte] 7jA|
7 1I7HE 718 Aol 7hAlg=e] w2 TAA 77 HAYst
= 7540l et

2 AFE T S Fag AME a9t o 2
ok AR, A S FE 9 543 Zpo] = 2719 lineage
2 UHE AL st 24, Asl (213l A= Lineage A
T AL, Fell (T 9. FAhS Tl (27, FEl, S2)0lM=
Lineage A, B 25 EA|3l= A2 Yyt wahA, I A
o I He A e 9ot 29T Ao ARdHY &
8] 91" A9 AT Lineage ARto] EAsta o2 Ao ek
of vlal 474 thefdol WA yehd, A AHE Hide=
fFA8E7] A8l A7) FolE REsiAY ZYFAAR T 22
AR A7 2o Ao R AzZhE AR, daljet 53
9] % lineage= Al 2 AS FAAA {3t Zpol7t glz A
o &2 RIS o]= & F3l AFY F lineage 7hell 2243
9] 7Hs S A Ao T T TR & £ 5le
w228 E 9 Bt FAsH FAE gRsH] 8 ' 58l A
A2 AC 2 microsatellite = SNPQ} 22 F7129] o
T7F st}

rok

ol
el

N

o OF
L =

AT AFJ= =, S, €8 5 A AAZLRE 4go=
1717} 9le, aFo|X = B t)7] (Paraplagusia japonica)=
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gt A ol Aaith s Tkt +HS Heiks 3
Bjeha], #2412 B4 SHi719 AdEERE 5| dh= Aol
Aok, B oA 2008 WEE 2021A71A] ) 674
A QoA & 13270419 Si7|1& APt AF FhoA BE
TEEA (CDA) 2T} A (13) A2 Fall (59 - +4het &
S (ES- 8 5%) WSk o7 Aol7} G RO Lpeptet,
A4 FA o] 3t Kruskal-Wallis testo| = AR 277 U
ERyttt. E3, n]EZE=2]oF DNA Cytochrome b 7|4 € 849
bpE 7|WFS.Z 3} neighbor-joining™} maximum-likelihood tree
£ ZU717F B2 5948 (@st=0.0781, P<0.00)S = F
lineage (A%} B2 A)E WA 152 HoF=doh 22ut
SUEAE & Y (M) F lineage= FEIEHE S0l
A gk Zpol7t glleh £ A+ Adks =4 Si7)7F St
Oo|2EA| 27| 5 23 JAE AL, &7 s ellA 23}
AFo] AT & ke 7Hs A& AR

Al Al

EES NS FESRA AAY A 2 ZAEYY
o ET AR SR B2 E HAY, HolA, ol AAE
AR B AU o] =F-L 20229 FYNFBEA A
(2022M01100)2] PO 2 S AFYYT),
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