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ABSTRACT

To understand the genetic diversity and population structure this study were examined using microsatellite (MS) genotypes in two
Reeves’ turtle populations in South Korea. Mean observed and expected heterozygosities and polymorphic information content were
0.555, 0.595 and 0.564 in Geumgok population and 0.550, 0.633 and 0.591 in Gangjin-Yeongam population, respectively. Genetic
diversity levels of Korean turtles showed higher than those of Chinese and Taiwanese captive breeding populations but lower than
those of two Chinese populations collected from broad geographic range. Among nine MS loci tested, six loci in Geumgok population
and two loci in Gangjin-Yeongam population showed significantly departed from Hardy-Weinberg equilibrium (Puw<0.05). Positive
inbreeding coefficient (Fis) values were found, estimating that inbreeding occurred. On the other hand, negative Fis estimated to be
introgression of exotic gene pools at the past. The genetic structure exhibited a fitting constant K=2, along with separation between
both populations. The results from FCA, structure and phylogenetic analyses showed that these populations shared almost alleles
except for several individuals but clustered into different branches on the phylogenetic tree, indicating that both populations had
the similar ancestral origins but current populations formed by different reproduction processes. Our findings suggest that the
two populations have experienced severe genetic bottlenecks in the past and have been growing their populations through a
breeding process including inbreeding since the introgression of exotic gene pools. This study will provide important information for
developing management programs for enhancing the genetic diversity and the population stability of the endangered Reeves’ turtle
in South Korea.
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INTRODUCTION

4 GeAEQ] G0l (Mauremys reevesii) (Reeves turtle, Chinese three-keeled pond turtle)= %=, th7+2] Kimmen Island, SHH=0]|
AMASIAL, AE 3} tigh B, 3 5 FobAlotet o] o= = H Ao 2 A3 A 1tk (Chen and Lue, 2010; Lovich et al., 2011; van Dijk,
2011; Chang et al,, 2012). $-2|yztoll= AFEE v ESH A -2 A Q| sh SHFE 4 of] 23L5}9] © LK(Song, 2007; NIBR, 2011), 20
A7) 9 A4 3k, $7.2.9, Aol SFg02 0|85 SIe il 5 ik ol 92 AAI47H B8] AABtolLovich et l,
2011; van Dijk, 2011; Kim et al., 2013), =42} 2.7 A (International Union for the Conservation of Nature, [UCN)2] 2| A &5-Z.0] HE9
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7](endangered, EN) 5=, BZ9 7|0l 25t oY FAEF2] A Aol 5t &K (Convention on International Trade in Endangered
Species of Wild Fauna and Flora, CITES)2] Y441 I110]] 5-20%] 21 2 (van Dijk, 2011; CITES, 2015), o A= A7 G E2 HEH 7]
oY E ITH 2= A AE|JUTHCHA, 2006; NIBR, 2011; MOE, 2017). ©]&]ol| %= 1970\ t] o] & S5, W&, A&, k&2 =4

O & F&HA7S(Trachemys scnpta elegans) S Ot Qe AT @A S dAke] HAol e dd TAE UL, d R = AR
EjAlo]] 8-Z5 o] 2eufet AR 22 A5k AthKoo et al., 2015; Jo et al., 2017). ‘BAYo]of] gt A= 2000t o] & &2
AX 0 ZIPE|a }lom, wv’M qi”h A2 5 FHOM[otol A= B0l & ZEF SAAEEY] AR Y S e S ugy

2 ZA517] 95t & Al AEG -8 A LS0] 2 A3YE| ] 1 (Fong and Chen, 2010; Suzuki et al., 2011; Xia et al., 2011), =Ujo]]
M= FAYole] MAR] At AT I E A 50| 2 B UE I THKim et al., 2013; Jung et al., 2016; Koo et al., 2015, 2019).

3l DNAO]A] BHAE] = o] Al 24| (microsatellite, MS)+= M2 S¢1¥ 0] 2 E3)| ThoFst t) 34213 o] thad A& Lefu]of(Weber
and Wong 1993; Payseur et al., 2011), 0| & ETH2 22 & Wol| A ek 7F-FA3A| 4], kel 4% & FLxof tish s A 4ent
ofujz}, 217k, FU AL & W BA, 7159 o] 24, o & AT A7) S 544 vl Bt 5 T 2
ofof| Al &85 37 Jth(Rosenberg et al., 2002; Lim et al., 2009; Zhao et al., 2017; Kim et al., 2025; Myung et al., 2025). ‘2§ 0] of| A= MS
b A E Foll S WollA] 219 Jete] f304 oot A 2F 28t rt Hj A 22 3ol AT 2 e = A gHE g2
CHal B3] Q1 30(Ye et al,, 2009; Bu et al., 2019; Xu et al., 2023), THFFS] AFAYTHE-2 A A2 H 2 ARt Hgol] oJ5h {2 widout
o w7} EAYeh= 21 0 & 453U TH(Lee et al., 2019). FAN7HA] -2 utet HAgo] H et st fA} oA Q] A= Rl EZE
2]o} DNA (mitochondrial DNA, mtDNA) Tk AJoll A 5}o] $Hite 1. 7H2119P F= 71 A EE 25 AASRE g1k (0h
etal, 2017), mtDNAS} 8 DNA -2} A5 Sa5f =U] AFAgEfAloll= F=toll A U E Ergoltt ofyet FIEF Y EAEM.
sinensis)°| TAEH, Alx]o] GAYo| X FAEFLEARS] w2 -‘/-‘_\—E‘ HPAE T B 15 A ThBack et al., 2024). 2 mtDNA
cytochrome B F-7AFe] T A& TA 2 44 T o] vl d W2 4398 B 1161 O L (Moon et al. 2025), @A 7HA] FE 2
B B2 f0% EAS B AT 4 Q= DNA A E 0] 835 7302 thpd A2 3hs BalE 7] oottt

o] Aol A= -jutet Aol |5t FFF A, depds FAFARITolA 35 FAYo] = Aol A MS tiE -4
2} o] thad ol EASH A thf/d & A Bzt skl
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MATERIALS AND METHODS
1.DNAZE=

Aol o] &3t FAgo] Al E= 2019\ F-E] 2024 d71A] Hehd e Attt ZrIwoll A 435 Z47-F o AT m=21), FFFGAl
oA 4% F3 A 0=92)= ©]- &5t Th(Table 1). £ DNA &2 #3g HAJo] o7
Z2]0]| X DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany)&- ©]-8-5}0] 3-5AHe] Qhfjol| whghal, &3 DNAE S E AR
-S-(polymerase chain reaction, PCR)2] 3 2. 2 0|85}t
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2, MS 0P CHEl &Rk 2

7HA1E 3 DNA G421 AR E A7) 98] Ye et al. (2009)2F Liu et al. (2012)01] ]38} Aot 1522] MS vl & AP A2 S5
Z|Z 9Z(Cre9, Crel4, Cre22, Cre37, Cre46, Mclw01, Mclw03, Mclw05, Mclw08)2 A1 5to] a4k AAsIict Z2te] &
A} zkQ] ol thgh 441G Tato]m = FAM, NED, VIC, PETS.2 E A5t PCR2 5% DNAQ} Z ko] HE Multiplex Plus PCR Kit
(Qiagen, Hilden, Germany)2} <3}510] 10 ul2 ¥H-8-5}%1 3L, Mastercycler Nexus Gradient (Eppendorf, Hamburg, Germany)S- ©]-25}0]
touch-down PCR 7| O 2 ZE5}Q]Th PCR ¥H3-2] 27| ¥/Ad2 94°Col|A] 5%, Zelo]m.DNA ZEH2 65°CollA] 55°C7HA], 7Fe 4l
%} 72°Col|A] 1202 ©]oZ]= touch-down cycles 108] 435+ 5, 94°C 18, 55°C 18, 72°C 122 o]ojz|= AARFE-S 308] &
7FstaL, 72°Coll 4] 1027+ 2| A7 st3ith 3-30] £ PCR AHE-2 1.5% agarose 2 FollA] 1 7]9&-5ho] &elatar, s-108) 3]A4 gt
% GeneScan 500 LIZ dye Size Standard (Life Technologies Ltd., Woolston, WA, UK)2} =38t5t0] 245 7| A E 2EA41%%] ABI Automated
DNA Sequencer 3730XL (Applied Biosystems, Foster City, CA)= ©]-&5to] ZH7Hs} Tt thd 722 GeneMapper ver. 5 (Applied
Biosystems, Foster City, CA) T2 1313 0] 85}0] PCR AH=-2] Zo| o} g EA|2te] R 2 BE353ict

3. SHE Cleky By

Z}7+o] 5247t ol A EAE i fAAE & 22 B0l AT 4344 thf/d& A6kt tiE 54k 42k), T&o]
A& (observed heterozygosity, Hobs), 7|t 0] & % 2H&(expected heterozygosity, Hexp), TFd % & (polymorphic information contents,
PIC)2 CERVUS ver. 3.0.3 (Kalinowski et al., 2007)2.2 EA15} T} Lee et al. (2019)]] &J3 H 1 ok GAjo] HAckn=9)1} 2%
FUEAR®=11)2 MS P FHAF2 #2ke] 225 CERVUS 230 2 BAfsigiet B x2 13l 7k g2jzigol W
2 Microsatellite Analyser (MSA) ver. 4.05 (Dierginger and Schlotterer, 2003)S ©|-2-5}%1t}. Weir and Hill (2002) 750l 2] $F LA

Aot Aeke] A 2 B2 StructureSelector (Li and Liu, 2018)5- ©]-8-510] Bayesian H+-H .0 2 K=2-102.2 A% 5}31 Evanno
etal. (2005)2] W o 2 2 A3k AK ghS 2915k STRUCTURE HARVESTER (Earl and Von-Holdt, 2012)2. 2 = A15l51 ek #ch
7F A TA E9-2 GENETIX version 4.05 (Belkhir et al., 2004)2 7HA4H 2 Q1ti-3-2-A](factorial correspondence analysis, FCA)= 433
Skt MS T A & 2= 70A) 7F ZABAIE &6} 9lol MSAR H#Hgt 2k 55 PHYLIP ver. 3.698 (Felsenstein, 2004)
< 0]-8-5}] neighbor-joining (NJ) (Saitou and Nei, 1987)2] ¥ 0 2 Al54E Z/d3kAL SplitsTree 5 (Hudson and Bryant, 2006)= 4]
S}ok3AT.

RESULTS AND DISCUSSION

| M-

HAYo] & HehZFF, BH-G el M thdAdS trehd MS 57421 291 & o] -850 f3% thd& 915 THTable 1). 23
At v 2]t 42K k)7F 713,770 A= A, B2Ho] 7 3h-8(Hobs)2 0.272-0.880 (0.55510.229), 7]t 0] 8 3 3H&(Hexp)
2 0.265-0.869 (0.59510.224), TF 7 HZHPIC)S 0.252-0.849 (0.56410.272)Q) WS e, ZA-FUd AT k=6.4+2.671,
Hobs= 0.238-0.905 (0.5500.258), Hexp= 00.220-0.0.895 (0.63310.252), PIC= 0.199-0.862 (0.591+0.245)2] ¥ 912 YA &
= Zcho] -t MetHh - ate] 4= Wi, Hobse 7] LFEFE O LY, Hexp, PICE -4 Jdho] thA 52 38
Haltt o &AM HHe] A7)+ ol H3te T 444 ot =2 & YERATHFrankham, 1996; Pruett and Winker,
2008). SFA|RH o Ao A F3f T2 7 X-F o AR T 4ul o] AT F-2 FTho] Hobs?} T4 &9 U, Hexp, PICE= 2 3-
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= 71902 3 Hh26.1%) 2ot Bttt o] Aiks T Xthof| v oJsl
2 thoFA o] g2 HORS 7S HolFal 922 248 4= Qlth WHH, Bao et al. (2007)2 R Uf Hobs”7} J &t 37101 7
S Hh=thal 5=, o AT AT Hobse AT 37171 2 23 Jdolld f 2 458 Btk Pice J T

N
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LN o
FAS Hrrshe bl o] ARl 910 & 7HESH (Botstein et al., 1980), &3 AT -4 M 2% 0.5 oAk
9] A S Bl

W] A 9A Q1 At 514 HEASS AX HATE WET7t 2 oY E-Eol|A]2] X o] 537 59| #|5}7} o]
=31 Qlek 0= California 31 F T 18-194]7] 59t Rul-& ARFo 2 Qe 4% HEd
A2 7171 o] F A1 ek ol A 22 wuf 7} 2hAysto] w2} Hexpoll B8 Hobs7F %2 4222 H.0] 3(Lidicker and McCollum, 1997),
Arizona®] o8 5] (Mus musculus domesticus) T2 OF 45%2] 7732t 2Helol| ] e = o] P A Ad2 AT Wi ZX
U2 ko] e 9 4z 520 2 Qlsf| 710 2 7145 ThLaurie et al.,, 2007). AT EHE 9] St Kilda =0l H-E 5= oA F 7
ol A o] W2 o] eha-2 A|2lZ AT 2 sl WS =2 T wHlet Y2 Al YEZ QIS 71 0 2 B AR THPemberton
et al., 2017). W, Q) A2t 339 Fdoll 3t Hobse] S7H= 9% 332k 2] fdolut o] P el < (heterozygote
advantage)©l] 2|t Axt= LA Tt Q1= ol Qx| gF Tt A T Kerguelen Al =01 =¥ mouflon (Ovis orientalis musimon) 7H A<
2 Tt 2 Al&sto] 4= Al W B9t NI4T A 42 0 = F713 O LY Hobse Hexp e TF O] =2 2 H3l=d, ol= 22 &
AxF 2] g o) 23 Hobse] Z1}24]Ql Z7H= o]F0j 7 0 & Aok}l ththKacuffer et al., 2007). & &H}7]0ke] ofA) B-2A1S
(Cervus elaphus)©l|A] T2 =2 Hobs GA| 22l 5412} 9-o] 8 2910 2 AHQFE| 3l thMoravcikova et al.,, 2023). $HH, HIF=
ol =JH A 2| At (Odocoileus virginianus) TS AR A 3uka] ek =71 1ate]oflA] AIZFE QL of2h fAke] R0
Aeole E7kaL 4~ A & = 70| 4=] F7Hek E| Hobs@t Hexp?F YA|5h= 52 BT, o= A=A Q1 o| A A -2l
o]t A2 F45F th(Kekkonen et al., 2012).

T AL F AolA 14 Y-S HWE A= 7lstal, MS vHA tiE At Bl b2 A4 Fs)E At
Z5FtH(Table 1). 22 AT AIFE 01 970 F 67H0(Cre9, Crel4, Cre22, Cre37, Mclw03, Mclw05)l| A 8372k o] Earrt
HWE Al&ol|A] 521291 Zo] S LFERH ] 3(Puw<0.05), LHHA] 3712] b} = 3-2] & Q1 2fo] 7} 1w &] e thPun>0.05). O & &
Crel4, Cre22, Mclw03 T} E0l| A= o g M7} 7|chol P g Rl Kt {04 0 & Yokil(Hobs<Hexp) (Puw<0.05), T
AAIG Fis7} Crel4 0.298, Cre22 0.386, Mclw03 0.1022 0.0 cF 2 2] ghS Uehict shH, 421999 H ek 2709) A (Cre22,
Mciw03)ll A5 -2k o] 2 327F HWE Al ollA] 5214 Q1 2hol & WERHAIL(Puw<0.05), LT 2] 77]9] riA = -2 4 Q1 2}
0|7} U= A QFTHPm>0.05). ©15 5 Cre22, Mclw03 THH S0 A= THzo| et W7} 7|djo| g et Wl B} fojyoz
LHF T (Hobs<Hexp) (Prw<0.05), Fis7} 0.0 CF a2 9F0] ZH(Cre22 0.0504, Mclw03 0429y LFEFQACE LHkA 0 2 77 Ujof| A
Hobs”} Hexp . TF WL, Fis7} 0.0 20} =2 W(+)Q] 3t UEFWH, 3 w7t s, o #2382 Qls] 432} S50] Als
H 70 & 7kEsie} R 2 Hobs?t Hexp T =11, Fis7}F 0.0 0F W2 3(-) 2] k2 Wb, o5 ZiAlake] w7 = fAF &
99 FYE oJm|gtrtar 5T Wright 1951, 1965; Hedrick, 2005; Parreira and Chikhi, 2015). &= AT HWEZ} 241 9712] MS
SollAf 6700l A 2] 2 Q] 2fo] & H.o] (Puw<0.05), Crel4, Cre222] Fis7}0.298, 0.386 2% Tha -2 ¢Fo] 3he Holo2 ok &
Zlarefo]] o5t 572 3 ut s thef/d o] hAskal Qurkal sh3lth ’HH, Cre37, Mclw05+= Hobs>Hexp (Puw<0.03), Fis<0.09] &
9] Zt= Yrefdio], o iAo W = ol 542 3 5HY] U AR 4= It HAIA ) Fis7t 0.0701+0.1655 U
o] o grztel el g-jent opufzl 2 aafol ofsf 7l wto] AdAstal e A
A 892191 2o 2 UERd MS BH 271(Cre22, Mclw03)0ll A Fis7} =2 F0] 3he Holue g 2zl wHl7} dhast Qe oz &
gk FARH A7 MS tPAHEOIA Fis7t 22 3h& Bol R 22 o7 332 3399 U= AE Aoz At ey

0 32 YOI} 379 WD BT 2047) FU4 PBAYOE AAE 2717 BT o] F, Aol Bl oI5 22} AAEE
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, = 5.2 5l ZpAlZol Hehal gl T2 st o] Z7H52 Moon
ctal. 2025)] AT ZoNA AN 57 7199] ol ol FUSIAL 2H che Wekke] Etol o3t Axst fAR 22
stk

2) Q2|LI2Iet 53, it 40| FEte] R Cloy ]

o
A MAR R FAYo|7F AFAH 0 & MASHAL Qlis A2 ST, Tk, Shetof =3he]of QlTt. o AtollA] EelE e-2juat
HAo] T Fcko] 97 thofAat ZuASE S, otk koA B E A3FS(Bu et al, 2019; Ye et al., 2019; Xu et al., 2023)2}

5 370 A Aol A, H-A AT F= F5-9] Hubei-
Anhui 27} 4 A <ol|A] == o] FTiF o g v RaoA £H HeEolH, ¥hH o2 JuEL BA| B E £3H Hdoltt
(Buetal,, 2019; Ye etal., 2019; Xu et al,, 2023). MS B0l thet thd 32 2ke] 2= 7-J-S HTho] k=10.92 2|2t k=935 o Wk,
Che YhS-2 e-2|ukekEct A 9tk Hobs7F -2 U2h(0.554) B ot -2 32 Z-J-S (0.708), Guangzhou (0.568), Kinmen (0.572) 50131
11, Hexpe Z-J-S (0.815), Guangzhou (0.717), Nanning (0.640) 5-°] 22 Ur2k(0.629) 2t =k, PICY] 5= 257t AA| = A] &2
7-3-S S A 5P, Guangzhou - 0.6642 P-2jufet JTrRTH 52 £20|g o thE 2] e 0441-0.541 2 B2
325 eIt Fse 7HAI47F 2 o A AFEE] A] ¢8-S TRt Kinmen TS | Q) $F S=-0] BE ZTHE(Fis 0.119-0.285)0] 9Lt

of

2719 WAool glEigl, 2ALHE E HAES
=

HL 2
2h0.105)°1 HI3l E2 +F2 UEtIITh A 2 54 A|7o] 43 2 o] §2 Y5 (Z-J-S, Guangzhou)?] 7712 thd/do]
O g2 Fd= B, ole AMAA H2lo] WEaE &2 404 tgdds Uehdthe 7122] A28 2 (Frankham, 1996)°1 L %]

Sh= 7ol 2} sl

eyt GAo] o] A o SHEFE SR M. sinensis)Oll ther A-+A Tk (Lee et al,, 2019)20F =0, A%
ZE(M. mutica) (Zhang et al., 2010), F-2>BFCHA 5 (Caretta caretta) (Monzon-Arguello et al., 2008) 2.t} F2 55 BT} tivtoA F
FEFUEAEL 1998 22 71ZE o, 2T 4 F 59 o] & ARol o5t Tt ALS, AFAA WAL Soll 23 EAdol =t
A 7HA ol S Zalskar Qlkal &eA Ath(Chen and Lue, 2010; Lin et al., 2015; Lee et al., 2019). ©2hkA] thgtol A 3 H F=
EFHEATY G2 4 tpd2 T2 HE fFUH 45 iAol A SAE A S0l AFAMEIAIR FAE dlollA 7191
St Atz FAHECh Y ASF H2HASE Z T2 Canary Islands 5 ThsE Aol A 3 E 74| S0 thsh Al A x}o]
o2 842 thobA o] =4 LR ™ (Monzon-Arguello et al., 2008), ©]= 342 ThpAlah A A] HA o] H]& 2|9l Al2t= 712
154 TH(Frankham, 1996)2} A x|3tch Aip 0 2 @-2jue} FAgo] ko] f44 oo /de 02 HE tRte & &old =
EFYEAE tit Yokt 220 o2 opd ASRF JeSof| vjal Bt & 4 ik o]= 204]7] 59 A8, ok8 5 o
7] 54& i3t opd FAo] B8, tht & Ay} ek FEithA] 24 5 S E Zidol w2 A Az o] nhy], Al St o}
2 24 EE) LA 5o AR S0l ke Tof] 5 ot ofoll sl HAo] ZiATto] St tlell A ZelE Axtet sl
(Lovich et al., 2011; van Dijk, 2011; Kim et al., 2013). ©|2]3 Z3h= 2A] 54 op# Q] n|EZE2jof DNA A Q2] 574 thef/do] &
2 £2YS 7|&sH A8 AFLZA T (Moon et al., 2025)2HE L =] S}

Z2oj|A] L E]o] 22129l 57]12] FAJo] A THE(Guangzhou, Nanning, Haikou, Wuhu 1, Wuhu 2; Table 2)°1l4] Fis 2] 0.119-0.265
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Table 2. Comparison of genetic diversity and inbreeding coefficient values obtained from two South Korean
populations with those reported in Chinese and Taiwanese populations, and other species

Genetic diversity

Species Country  Population' La  Na k Hobs Hepx PIC Fis Reference
M. reevesii South Korea  G-GY 9 113 93 0554 0629 0.592 0.105 This study
China H-A 12 300 86 0479 0581 0541 0.170 Xu et al. 2023
China ZJ-S 8 29 109 0708 0815 nd. 0285 Ye et al. 2009
China Wuhul 12 20 48 0521 058 0493 0.119 Buetal. 2019
China Wuhu?2 12 22 3.6 0436 0538 0441 0.194 Bu et al. 2019
China Guangzhou 12 22 79 0568 0717 0.664 0.211 Bu et al. 2019
China Naning 12 8 42 0479 0.640 0.537 0.265 Bu et al. 2019
China Haikou 12 15 34 0461 0557 0453 0.177 Bu et al. 2019
Taiwan Kinmen 13 9 52 0572 0.602 0532 nd Lee et al., 2019
M. sinensis Taiwan Kinmen 13 1 39 0392 0504 0429 nd. Lee et al., 2019
M. mutica China Jinhua 14 30 104 0.646 0823 0.785 0.114 Zhang et al. 2010

Caretta caretta Spain Cape Verde 12 50 73 0613 0640 0595 nd. Monzon-Arguello et al. 2008
1 G-GY, Geumgok and Gangjin-Yeongam population (South Korea); H-A, Hubei-Anhui population (China); Z-J-S, Zhejiang-
Jiangxi-Shanghai population (China).

La, number of loci tested; Na, number of animals genotyped; k, number of alleles found; Hobs, observed heterozygosity;
Hexp, expected heterozygosity; PIC, polymorphic information contents; Fis, inbreeding coefficient; n.d., not determined.
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Figure 1. Results of factorial correspondence analysis (A), genetic structure using Bayesian model-based clustering
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reevesii in two Reevesi’ turtle populations in South Korea (C).
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