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Population Genetic Structure of the Korean Endemic Species, Iksookimia pacifica

(Pisces: Cobitidae) Distributed in Northeast Korea™

Sook-Jin Jangz, Myeong-Hun Ko’, Kwan Ye-seul’, Yong-Jin Won™"*

2 of

S Mksookimia pacifica)®] %] Tl 3224 £ B5]7] A8l E8f SHsE AAsk= 10719
AAES ddez dqadzet njEZee]ol fdxte] 7]0ket Hehfdsha] BAS AAsigich 45 o9l A=
AlQlstaL, mEFEore} AL B AR fom|et e 7 {4 Eep7h WSl 52 DNA
ARtz AA FE3 A ARE Bayesian o2 4% A9 B/l AN FSEHAS VIR
B2 gF0 £ )Y aFes U F25 Bk A 9 shdsel A er dEEe] & 5y A=
e AE o, ReE EEE AYRdd re S Sz AARY 27] 244 FUdo] gEeR
ZetAls Al2AQl E2 AR B ENE JoR siME, o2t 27] 2ARTY AH £ olF, & 24
TEed 95 A2A He WollA s ¥ aigof whE F7HAQ 3t e ARS Aom FAHY F5
Hog, Ak Ao g AAlEe] AA A=zt ¥ fdid # St Ady s 744 clusters
FAskAL = Aotk o9 A nEZELor ARt e HH olkdte HdE Abolo @A W 414
w9k 12|al AR HeSelA i W@ AE o] wEERIt & JdRAetd das &% 5319

HzE g B2 93t 71z ez AAE Zolch

F20{: H RHXL, D|EZEE|0L RHXL RHE 2HAH, =Y

ABSTRACT

Population genetic studies of 10 groups of lksookimia pacifica were conducted to investigate the genetic
diversity and population genetic structure across its known range in South Korea. Population DNA sequences
of one mitochondrial gene (m¢tCOI) and three nuclear genes (IRBP, EGR2B, RAG) were examined in samples
collected from ten streams that flow into the East Sea. Both mitochondrial and nuclear sequences exhibited
significant differentiation among populations except a few cases. The Bayesian analysis of the multi-locus
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genotypes inferred from the DNA sequences of nuclear genes clustered the individual fish largely into two

geographical groups: a northern group (from Baebong stream to Cheonjin stream) and a southern group

(Yangyangnamdae stream to Gangneungnamdae stream). Given that the streams flowing into the East Sea are

geographically isolated water systems, such separation of genotypes can be interpreted by the geographical

separation of common ancestors into north and south that had colonized South Korea. Since the initial

geographical separation of the ancestral population by north and south, the ancestral groups seem to have

experienced further differentiation into the current genetic clusters through the physical isolation of streams by

the East Sea in each region. It is notable that many individuals in the Jasan stream formed a genetic cluster with

those of Yangyangnamdae and Gangneungnamdae streams which are distant from each other. In addition,

mitochondrial gene showed low genetic differentiation between some neighboring populations and very low

level of genetic diversity in several populations. The present population genetic study will provide valuable

information for the conservation and management of the Korean endemic fish species, /. paicifica.
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M E

BB (Tksookimia pacifica)+= % 9] E{Cypriniformes),
u] 22| I Cobitidae)ol] &3}= ZE/<E(Tksookimia) o5&
2, Kim et al. (1999)°] 2J3)| 7] 2Z7<&(Cobitis) 2] “Cobitis
pacifica” &= A1F Hal E]glon), o] vk 9 ey EAE
AR AENELE HAEE I tHKim, 2009). EH-E7H=
VXA FENE oF T ALY s&5T ofAY
(Northeast Korea subdistrict)of] AA)5}h= 2-gufe} 115 ¢
FTog, Fojete] AaddiA o] 59 Y shdsel A%t
THKim, 1997; Kim, 2009). & Q20| a] 1 3}4to] ma)
2 ojo]al ol Aalo] Az} Buleto] AAlsts the
g o339} 2JolE R eltiKim, 1997; Choi and Byeon,
2009; Ko, 2015).

S5} Aeke el SHHSS Lolrt Fon 7}
sPigo] 2UE Aeleol & SUelASE, olFo] A4
SR ofR %5 w3t vHE T4 H35le] AR AHE
o Z7]2 gAe oWA| 7} SHAHe) HHES M2tk
2|2 & GHA} E3Kgeographical genetic differentiation)
UGS BHojgiti(Jang ef al., 2006; Bae and Suk, 2015).
SolA o, FHot 4oL 20025 2003W 7 A%
3 iy BleoR Qlaf Azbst F7F dolror o2 Ql
o) AAA 7} HEAL Zar Bt ol A W o]FE0]
AL EH Zpof| A FEESHA R v 9low, XL
W FEo] YE Ao HarEy ¢ltk(Yoon and Kim,
2004; Lee et al., 2010; Ko and Bang, 2013; Byeon and Oh,
2015).

a7 Bare g7l et 5

SERSR R LS

:
ol

A9H(Kim et al., 1999; Kim, 2009)2} 313 EX(Kim and
Lee, 1986), 7| &AHLee et al., 2011), e EA
(Choi and Byeon, 2009; Ko, 2015; Ko and Won, 2016),
K2 (Kim and Park, 1995) 0] 91O, gte] o}
wz o4 SAFAR ANA7 mekeo] BANAE
(Least Concern, LC)©. &2 H7}% u} QITHNIBR, 2011). &
Aol 715kt A= Al f8H A-(Slechtovéer al.,
2008; Kwan, 2015; Perdices et al., 2016)7} ) o4}, A&
AEa Bl ohat Qe obA7kA] SEA) ik A
st ATzl 44 theby 9 Kk el
A 58 ABS) e, $elvet BEevloE 9 @
FAGolE Sold F B % A Belo] FaF AT
Hofg &-gEoJ2tHME, 2009a, 2009b, 2011a, 2011b;
MLTM, 2010, 2011).

wehy 2 ATAE RIS
4 7S Fo) 5ol 7 shuso
95 1) §4 Hopy % HE 7
ey 54 ¥elaL, tEo]

al4) sk

o1
1. A EEH

B2 (Tksookimia pacifica)®] FEE-2 20143 FE
20157kA] Zh e Aol A Zof(E5 4x4 mm)E ARE-SH
o Seald 10204 BEE AsisicFiaure 1.

Table 1). Her-g28Hd B4 93t 2 4= Pluzhnikov
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Table 1. Sampling location and number of specimens (N)

Stream (county, province) Abbreviation Lat(N)/Long(E) N
Baebong S. (Goseong, Gangwon) BB 38.538/128.403 10
Jasan S. (Goseoung, Gangwon) JS 38.440/128.422 10
Buk S. (Goseong, Gangwon) BU 38.371/128.435 10
Nam S. (Goseong, Gangwon) NA 38.381/128.487 10
Oho S. (Goseong, Gangwon) OH 38.327/128.525 10
Cheonjin S. (Goseong, Gangwon) CJ 38.262/128.549 10
Yangyang namdae S. (Yangyang, Gangwon) YN 38.072/128.624 10
Sangun S. (Yangyang, Gangwon) SU 38.044/128.688 10
Yeongok S. (Gangneung, Gangwon) YG 37.856/128.840 10
Gangneung namdae S. (Gangneung, Gangwon) GN 37.746/128.881 10
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Figure 1. Map of sampling sites and allele frequencies of four different loci in ten populations of lksookimia pacifica.
Black circles in the map represent ten streams sampled and grey circles represent streams where no . pacifica
was observed in our field survey during 2014 and 2015. The abbreviation indicating the sampled sites
corresponds to the list in Table 1. The black and white and different hatching patterns of the circles in the
right panel represent different alleles; the white color represents private alleles seen only at that single locality,
and different private alleles are separated by a black line
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and Donnelly (1996)%} Hudson (2000), Felsenstein (2006)
o] AARE SAA A st s = 1074142
A2 Aol 20749 WAL EREES Shc
DNA 42 fl8ll 7hsAl=2in|et vix==ju] 1744< &
wafo] 99% oksgol WASRYOM, LA ERL 10%
2T o] WAt RS ARSI

2. DNA E7[ME ==

FH 9] genomic DNA+= DNeasy Blood and tissue kit
(Qiagen, Hilden, Germany)E A&-3}o] &390, &
3t A A2HES(polymerase chain reaction, PCR)& AlA|
gto] DNA A9 gtEskich 1709 nEZ=e]of {4
2} 2] mtCOI (Cytochrome-c-oxidase subunit 1)} A 7|
o] &l GHA} 9] EGR2B (Early growth response 2B),
IRBP (Interphotoreceptor retinoid-binding protein), RAGI
(Recombination activating gene 1)o] ths]-5-Ax A ES
sk o] S A%e] 4% 2nolBE ARG 279]
HeAlE 27t shesto] BASIITE B Aol ALt
ulER e ol A BaHRt] Bls) W §Ez) ol
LE R Qg Hlawd g2 AZF Yol HAskE F W e
7r 23t 9 {4 Holof| tigk ARE gkl 9lo] UREA
o8 FU AR dAtolA wol AREEE W, =2
HARAS FalAT oS Ald= A= o] £AS 53l
AgEl= 4 JEE AsiA] 287 wizoll of=3h &
= Heslr] Qs ARt Aeles 2ol A ARSIl
CHAvise, 2004; Beebee and Rowe, 2008). Z£3ta 4 <14
HES-2 pested PCR B4l o2 X519 a1 ZF upA 2] PCR
2702 ofefoll 2HH3] 7143keick. 1349} 234 PCRe] 7]
< mtCOI M E& AlQJetal w5 5UskqlTt. meCOI mhA
9] ZAL initial denaturation 95°Coj|A] 5&; PCR reaction
35 cycles (denaturation 94°CoJ|4] 15, annealing 50°Cof 4]
132} PCROJ| A= 55°C2 15, extension 72°Cof|A] 1&
30%); final extension 72°Cof|A] 55-0]3itt. IRBP u}# 9]
Z 7L initial denaturation 95°CoJ|A4] 45 PCR reaction 35
cycles (denaturation 95°Coj|A] 402, annealing 53°Coj| A
40%, extension 72°Coj|A] 18 5%); final extension 72°C
of| A 7&ol et EGR2B A E 9] 74f-ol= IRBP A9 =11
T} FU3F 21, PCR reaction 35 cycles 5 annealing
Ao Lxul 55°CE g5ty RAGI t}A 2] 2L initial
denaturation 95°CojJ4] 5%; PCR reaction 35 cycles
(denaturation 94°Col|A] 18, annealing THA|o| 4= touchdown
A0 &2 60°ColA] 17 30%E AJ&ste] wff cyclenfrt
0.5°CH 25 W33 Zgstglon, 2FH 0= 55°Co| &=
G2t o] FRE = 54°CE =S WO UYMA cyclesS

Z138Y, extension 72°Coj|A] 18 5%); final extension 72°Co]j|
A 720tk PCR I o]%, ABI 3730xl sequencer
(Applied Biosystems, Foster City, CA)S ©]-83}¢] DNA
AES FHEY oH, Geneious v. 6.1.8 T2 I1WS ALE
sto] g AP SRtk HFHOR BARAE 9
3 ALEE 7]AE ) Zole mCOIS] 7S 852bp, EGR2B
L 664bp, IRBP= 662bp, 1)1 RAGI-S- 790bpo] Q1.0
G2 HBE B exon Rio|rh A HBE
9] heterozygotic site5-2 PHASE 27132 =3 Z+7}9]
Ehke(haplotype) ©.2 H2I8l F Wekp st 248 9]
o] AM&E .o m(Stephens er al, 2001; Stephens and
Donnelly, 2003), E-A40]] A}2% 2E 174 H- GenBank
databaseo] 5=%|¢tHaccession numbers: KY651384—
KY652079).

AebAsha] 2o oAl Genepop v. 4.2 ZT2IHS
olgsto] SRt G4 HIST 10749 WS chs)
5}r]-9FlH 1 3 (Hardy-Weinberg equilibrium) % a-5-
AR HE 7H0] ATWEHFH(Linkage disequilibrium)2 A
A5l tH(Rousset, 2008). 7+ A|H-> AR} A E ARE
genotype data® WA F A} Hlkeo]| TLASIe] AAJE
o, AlRe] A% +2]/d(« -value)2- Bonferroni 17|
ofal AKEIRIEE. S84 Tk W S8R 8 ThRIRIA) 4
Arlequin v. 3.5 ZRIS 0]&3le] Ao
(Excoffier and Lischer, 2010), tJ&-§4x} ZFH=(Allele
richness)+= Hp Rare v.1.1 323 713 9] Rarefaction 7|
o] gsto] A4ibsllti(Kalinowski, 2005). thH-F-34F 57
% AR A, 7t AlRtee] g Ak lele) 2-2] Ffol =
Qs BT 5 Y 0RE A 93 2t Wekupet
Aitoll AHESH= -G 5 10712 FYAIZH

ZF Ak 7 8§44 B3l (Genetic differentiation, Fsr)=
Arlequin v. 3.5 L2138 Z3)] AA} O H(Excoffier
and Lischer, 2010), 37}9] S8-42} A& z}25-2 PGDSpider
v.2.0.5.05 o|-8&3}o] multi-locus genotype H|o|E| =2 AT
3 BLAE|9]cLischer and Excoffier, 2012). 7140z
=2 olgsiol 7} s W A2l Aot 2 W
o] G2 BIkE 71e] ATPAZ 57 91 Mantel test
NSkl om, 7 Hek 7F A2 Arl= 2F AR 9] 9=
oF Areg ogsto] AR Alolo] A ATE o]8sltt
(GeoDatasource; http://www.geodatasource.com/distance-

™ rlo

iThad

calculator).
s Ade] gAstd pzs Awes) 999
STRUCTURE v. 2.3.4 X273 9] Bayesian admixture
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Table 2. Genetic markers used in this study

Locus Primer Sequence (5°-37) Reference
st COI-1F GCGTCTYTGGATTTGCAATC
s
COI-1R GCAATAATTATTGTRCATGT
mtCOI Lee et al. (2009)
nd COI-2F CCACATTYTTTGACCCSGC
n
COI-2R TGTGGGATGTGCCATTAAGC
E2B205F ACTTRTCCTATYCCAGCAGCTT
Ist Chen et al. (2008)
EGR2B E2B1108R TTTTGTGTGTCTCTTTCTYTCGTC
E2B22F TCCATTGACTCTCAGTACCCA )
2nd This study

E2B784R GGATGTGGGTCGTCAGGT
IRBP115F TKCTCACCAGAAARACTCACRGG

Ist Liu et al. (2012)
IRBP IRBP1021R AGTTGTCTGCAACMAGTGYSGC
IRBP21F CGCCAGCAGTAACACAGAAA .
2nd This study
IRBP835R CCAACCCTGGGATTTCGG
RAGI 1t RAG-1F AGCTGTAGTCAGTAYCACAARATG Quenouille et al. (2004)
s )
RAG-RV1 TCCTGRAAGATYTTGTAGAA Slechtova et al. (2007)
model& ©]-238}%1 © H(Pritchard ef al., 2000; Hubisz et al., (heterozygote deficiency, Fis)dkS Ho] si]-91H 1 H
2009), H-GA2}F 2= 2 multi-locus genotype H|o|EHE 7H4& 712+8} tBonferroni correction; N=30, ¢ <0.001)
AF8-5F th(Lischer and Excoffier, 2012). K Zto] HYE (Table 3).
16 1070 sto] 2 K gkt 11089 bumdnt  47He] §04 #I5e] dis) 10709 AkEL Al An

ol

5x106MCMC(MarkovchainMonteCarlo)S z+7+ 5HH& v W 17 ool -4} HolE Eo=t, A os e
E5191.0m, Evanno et al. (2005)9] AK gtoll ZAsko] 71 HH(YN)Z AF-2F(SU) Hek of& skl A4lsh= 3
A3t K g =& 6tth(Earl, 2012). STRUCTURE 4] Tl E BLaka 2070 BE S nERs ol 94
Aol 7|Rkste] 10709 Hdas 553 H& 15°= AR A ES AUl Qsiek(Figure 1, Table 3). L FojA =
UK , Arequin v. 355 ol§3to] AMOVAS AAs11e.  SfoPdehH(YN) Fee v E2eelo} A4S Zgat ®

m(Excoffier and Lischer, 2010), Arlequin v. 3.5} HapStar E GHAA FEAH o2 7P We A} thoFAl(gene
v. 0.7 (Teacher and Griffiths, 2011)& ©|-&5}] ‘Minimum diversity, H)2 29t Ho 4R thoFAd(Mean of H)
spanning tree’ ¥4 © 2 haplotype networkE 13 Th A OFFIH(YN) Feho] 0.230 &2 714 Wefon, &
A(BU) ko] 0742 714 E9kth. 47 2] 8 7]

# 7 R AR S HHNA) el 2712 A1 Be 4

AL 5 Hfskal qlglon, wiEH(BB) FFEHH

2 Aol X FE M (Iksookimia pacifica) 1071 Fthol] (YN)o| 27}= 7V AL 5 EF519lch Rarefaction Hf
it FAe A4S 28l 17]9] nEEEa]of f-42; 24 ol 7Rkt A4 S5 2] FA] FFEHHYN)
(mtCON®} 37)9] o {2} FL(EGR2B, IRBP, RAGI)E AetollA 2.130% 7P wekom, v FH(NA) Fttho]

AFgBITE 3700] G BASS ARe) 2 Ak BA 44002 74 E9uTh
How gojnjgt ApEwy BAS wol A9l itk 1072] 257 Aers 7ke] S Behw(Fsng A

(Bonferroni correction; N=10, ¢ <0.005). & oA ARE-= i ZAiWTable 4), YA ZH o2 §-ou|3t S-47 HE3lr}
107]9] HekE2 AHAEIS) HeikS Alefsial B ofr-2f = Qo WA 37)9] A{-HA} genotype data= EHE
Q1ML FRollA] BlojubA] ¢k Sm(Bonferroni correction; 7N 107]9] Feho] i M= Aoz [ou|stA 3t
N=10, ¢ <0.005), 53] 2} ete] tfsf 3719] -4} H5 o] e Hojdeh tiAF o= olejgt f-ofuldt Mt
MR nefalol Alga A U REP S A 7F S0 B3} ojERselor 4] 9ol ek
of FYsHA Ak HhollAl Fojm|gt o] FHYAL A4 9 29 QIR s AF oA W B3P BEEY
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Table 3. Genetic diversity indices of four loci examined across ten populations

Indices ' BB JS BU NA OH CJ YN SuU YG GN Total
mtCOI (N) 10 10 10 10 10 10 10 10 10 10 100
k 1 10 7 8 1 7 0 0 9 2 21
a 2 4 3 4 2 2 1 1 3 3 14
H 0.20 0.73 0.62 0.64 0.47 0.36 0.00 0.00 0.51 0.38 0.78
EGR2B (N) 20 20 20 20 20 20 20 20 20 20 200
k 3 3 4 5 6 3 3 4 5 3 9
a 4 3 4 6 9 4 3 4 3 3 14
H 0.66 0.67 0.77 0.73 0.89 0.63 0.19 0.43 0.58 0.43 0.77
Fis” -0.14 -0.34 0.01 -0.07 0.06 0.01 0.00 -0.01 0.10 -0.05
IRBP (N) 20 20 20 20 20 20 20 20 18 20 198
k 1 5 7 7 8 6 3 5 4 4 12
a 2 4 5 5 5 4 4 3 6 4 15
H 0.52 0.62 0.74 0.75 0.73 0.69 0.44 0.54 0.80 0.44 0.77
Fis -0.38 0.88 -0.05 0.01 0.01 -0.12 -0.01 0.12 -0.15 -0.06
RAGI (N) 20 18 20 20 20 20 20 20 20 20 198
k 6 8 10 10 7 7 7 7 3 8 17
a 4 6 7 7 4 4 4 5 4 5 14
H 0.64 0.78 0.82 0.76 0.50 0.50 0.28 0.74 0.68 0.80 0.88
Fis -0.04 0.20 -0.06 0.04 -0.10 -0.05 -0.01 0.14 -0.04 -0.03
Total
Total alleles 12 17 19 22 20 14 12 13 16 15
Mean of H 0.51 0.70 0.74 0.72 0.65 0.54 0.23 0.43 0.64 0.51
Allele richness® 2.66 3.78 3.99 4.40 3.90 2.95 2.13 2.67 3.53 3.29
Pr(Fis) 0.92 0.00 0.73 0.49 0.37 0.72 0.48 0.15 0.77 0.69

'N, the number of haploid; k, the number of polymorphic sites; a, the number of allele; H, gene diversity; Fis,
heterozygote deficiency, Statistically significant values are bold (Significant level was corrected by Bonferroni method),
*Rarefaction estimates of mean allelic richness for 4 loci based on minimum sample size of 10

L okeleh 53] oA AAH7A Y] He=(FHH(BB),
HHNA), L33(0OH), HZIH(CI)) Abo]el Fefathdol
A 7 dA7IA Y] HES(FFEHAYN), A=A
(SU), AFH(YGQ), A5 HHH(GN)) Afel7h Az 44
oz &#3lelA] oSS 2tk

e 7He) A7 73} At 222 Aok ATt
WAl Loti7] 93] Mantel testE A8 1 A,
S A9} D= R g0} RAH BabE g wE HE 7
A2 H Aol BAHOR Gollg ATBAS Holx] o
SFeH(A-G-A A} Mantel’s +=0.119, P=0.266; n|EZE=g|o}
FA A} Mantel’s #=0.259, P=0.075).

STRUCTURE Zzto| wiz} 53571 10709 ek A
AACHT FFEHAYN)S 7Ieem 52 dEo=

U oA = 2709 clusterE 3/JsHItHK=2) (Figure 2).
52 clusterof = 52 AAA Atolof HJAgH s
(W& (BB), AAEHJIS), EFH(BU), FHNA), 233
(OH), HZIH(C))) o] 23t=|H, FZ clusteroll= e th
ARE A7z o AaS(FFFdA(YN), A
(SU), AFH(YG), Fadhz(GN))o] Z3E et Eo)
Ao g AAbd AH(IS)e] MAES AgH o2 5E
AABHL o= Eatal AR 71eE] A Ee] I
clustero]] &£38}= Ao 2 IHAE QL] o]Qt Zro] YZ cluster
o] 3AFE FHote= MAES F o Alds] gotrr] 9
3l o & Kghe] e 2E yEslE A, 1 Ehke]
o|dH MAEL FFHHI oI ddo] FAsh
+ clustero] &3} cHFigure 2).
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Table 4. Genetic differentiation (Fsr)of nuclear and mtCOI genes

Fsr BB IS BU NA OH CJ YN SU YG GN
BB 0.375 0.756 0.831 0.948 0.756 0.988 0.988 0.722 0.964
IS 0.095 0.379 0.508 0.646 0.374 0.796 0.796 0.508 0.778
BU 0.056 0.066 -0.011 0.131 -0.073 0.848 0.848 0.476 0.828
NA 0.101 0.144 0.025 0.074 -0.011 0.894 0.894 0.535 0.873
OH 0.115 0.136 0.052 0.036 0.131 0.972 0.972 0.627 0.949
CJ 0.288 0.227 0.106 0.235 0.256 0.848 0.848 0.483 0.828
YN 0.361 0.281 0.358 0.326 0.364 0.530 0.000 0.214 0.000
SU 0.366 0.230 0.239 0.323 0.320 0.299 0.466 0.214 0.000
YG 0.268 0.181 0.220 0.233 0.239 0.328 0.388 0.253 0.198
GN 0.221 0.108 0.227 0.224 0.231 0.393 0.132 0.328 0.188

Above diagonal: mtCOI, below diagonal: nuclear genes. Statistically significant values are bold
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Figure 2. Multi-locus genotypic assignments for nuclear markers resulted from STRUCURE analyses (K=2~4).
When K was 2 (the upper most panel), vertical bars indicate probabilities that an individual could be

assigned to northern group (grey) and southern group (black). The other two panels also show such

probabilities from all individuals when K was 3 and 4, respectively. The different darkness of the grey
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Figure 3. Haplotype network of the four genetic loci. The circles represent each haplotype which is scaled
proportionally by relative frequency. The empty smallest circles represent missed haplotypes in DNA
samples and the line between the circles represents a single nucleotide difference between them. The
two colors of circles correspond to the two clusters resulted from STRUCTURE analysis (Figure 2):
grey, northern cluster; black, southern cluster

°|2f3k STRUCTURE Zafe] 7|yisto] %%} gz o &
clusterS 7}zke] D20 AAsto] AMOVAS AAEE 2
3}, vl 2ol HAmCONS AA §A4 Wolo] A B Aol A5 1fE WA hsookimia pacifica
7heE] 6425%3 15 7F Fololl Z|QISKAT, 1690% 7} AEHE Belel SRUES Heleky, HekEe] 44

g W A 7k 2pol, 18.85%= ek W HAE 1+ A ugd " F2E AEST. FEoRE vl g A
Zpolof| 7]Qlsted, 155 2k} Apol7t HREA Heke] vE HEO2E Sl o277k A 107h9] sl A

FEgol fHAF Holof| 7hF & Jeke ulA|aL Qdck v BN ek Ao & ERIEQlow, 7t SFHES A
H, 532 ) (EGR2B, IRBP, RAGI2] A -4 ®o] 2 Ao phEe] 213 HitkZ =7 gl EHs
FAE 742t 9.74%Yko] 1 7ke] Zpolof 7]”15kgl o, N S GA] AARo G2t o] 5 2|2l F47] B
17.82%= 15 U ek 710] 2jo), 72.44%=2 Atk i 747 S Aottt o= Gk & Aol Ayl o]t 7S
£ 7ko] Afolof| A 7]Qleted, 1F 7He] Ao|Hh= etk A AetP o, tEe] Faf sPdEe] A2, 44 54}
NAE 2ke] zpol7h EE7 Aol slgHA; ol o THE 59 Johse] A kg 9 25 uilch

2 dFe AL USS HolFeh ol2Rt AR
haplotype networko] A= o] = Ql=d]|, n]EZE=glof 1. EEte| KMX}L CHtM
HHES 5E5I EE 5 1Y A9 A o] vl

AT B HFFES A2l TRl s A 1072 BREA) AHE S SUSH AAAS)
rofri(Figure 3). ekl frojmlgt shl-selw 1 HyolA SAL o W

o)-gfel
ofgtd], oje} Betaol] Yet U 2 il (inbreeding),
H]F2L] ZA] 7] (non-random mating), 2 2+ =(Wahlund)
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a3y So] gxAel Yeloz de#fA 9tk STRUCTURE
Axte] 78S o, o] AL FollA = aato] o3t
FaFo] A AL AR A Figure 2). Feh Hell
FAHo R Ae 52 13k o E oidEe] AT o
o] o]F A (heterozygosity) H1&=7} o FEvy 4
SH= AN heterozygote deficiency)2 St Gyfe} 4=
o, AP0 B9 wied thao ' Bl flA[skal kel
T Bkl Akl oo AjAlEe] | Aol AR EE:
O] FFEHHYN) T S HEHHGN)Y FAEE 3+
Sloick ol= AHAREAIS) Aol 1914 W Sl ofsf st
slo] el Fajo] olet Solufet oA 148 2o
98 THs S AN

S3EAORE 2002407 200340 A% HE AP
of “oju]" 2 QIFt iR S5} SR ol sHE
FA9} tRo] slaEele] WroE Hol] A4ae off
ek o2} Fefol A4S B off7t wREe] 3
o] 2 A H3l7F B 1% o] 2ti(Yoon and Kim, 2004; Kim
et al., 2006; Lee et al., 2010; Ko and Bang, 2013; Byeon
and Oh, 2015). SH-5709] A -4 WF7752 IS
T oy W2 7 E GAoA FEEE oFE HF
g ACR B o SE3E 7hsAdo] lrkal A=, o)t
Q191 Qolo] HWEA Akl G| GFE u]HS
Ao=m o4lEch

27ke] Qe Yt nlEEselol §ARmCON S
WA e e g b e mlon, 55 oo
SN AL HSU) A5 2049 AREE A=
thE shatell A4jekan 2ol Bpsti 24 shtel $
A ARkE 712 AdcKTable 3). olajgt chokiel 24
o 27 o5 koA ol = A bottlencck)} Tl
o] QiriiL Hojz,

T

[e]

-

Xl

[

N
=0}
r
1%
AL
lgg
|.r|
Pl
i
=0}
Jon

EIEES

A 10749] B AUEe slgAne] s
Bayesian $410] ue} qgjoR Bx7} Y% 1gow
prlgleh olefat slgRAEe] AupHsty Tak )
FEelob §720] AMOVA B0l A% UakelA] T
olth. TelE B8t BeHAFEe] AMOVA Ak
AH o2 FEIF 1EE 7kl S olo] Hato] A4
OFE-S HOIFUTHO.74%). Ol M EZE ol A}
GRS Aol BAGAL sH AE 27]2) u]E
FEejot AR S SRARAT|} 4t 2
The UvHQl oo 2 RE AYE 4 AUrkBirky ef al,
1983). Birky ef al. (1983)0] w2 S-&XTHA 7|7} 4ulL}
Ao vl Eeejol A B ul3) Augt A7

P A wEL s Wtk Fo] A==
, TN SRR} nlEE e ol fHAF 9A] o
ARkl R = ZpolE yEpithal siAEch
SN Aeo] gt F2E JARE gigHor =
off 2ohd, WA 2447 tEAE xR SHEIE0
EE2I JEo R 37 o] BRI, 1 % o] F IF
o] A9 Yol Q= 7 sdE= A=A =7 &
A2 E3l7F A E o] Zitkal sjAETh. SErlet g,
S SHESPHAEE FReH7IA] W2 BEE Hol= 2t
A|217|(Pungitius kaibarae)2] 73§, A tho] BZof A
HE WFo R o] HAAQ] o5 Fal AAX o BAYE
7Fs/dol AIA = $th(Bae and Suk, 2015). E¥-F7=
A2 23t 2|24 A Afolof Rt AT fle
Aoz vgltth. weba Bae and Suk (2015)9] Ao A A
Al 5E O 2 e HE W] o]F o EEA] A9k
o}, o]g3k Apol= 7t ofF Fo XSFAAL LA H olF
89 Zolof Bo] F Aow FAHT)
nEFZEgol AR mCON S 75, At Bls]
Aoz Ao 7F 544 £3k=rt ZARE g5 o]-5t
= s Alolollxs E3Hert 4] o A= HEE Q]
CHTable 4). o|2|3t 452 nlEZ =0 {42 T
o] 2bs] A FFHEHHAYN)T F-2H(SU) A=t
U A o2 HeEe] Ae|aoa 2 yHEkEgich o
W02 FfA|l HEALY FATGEE A4 2k 1R
Ae=2717k 2 AFAA o] vlshA FRAEE7|7F A2
EZcol FugXitk= Aol & de|A Qlth(Fay and
Wu, 1999). Pt dat A3 Jde] nEZ o} &
WA b ke oD 2 slrdl] Te A4
st 1 v UeRt ARG BEEAoR s
7€ ATEE B, B2 HE| offE2 T2 $l
ot ARt AR 3T XgE o] Y fAERE
Hhoto] " Qsirty Ry Hf QIthKMLTM, 2010, 2011;
ME, 2011a, 2011b). o]&|gt QFAd2 & AtoAe s
=4, S8l skdel AMAske B 4o R2 fA
ot 29 5P OFEE RS aeba] Sl B

= 1o

g

OfN

rok
>

rlu

¢

A 9 BE SleE gHHoR PEEE aE 7k &
S RS YA AoEolof st 15 MR nE
o] Wasirha wekeck
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