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A Study on Natural Interspecific Hybrids between Sarcocheilichthys nigripinnis morii and S. variegatus
wakiya (Pisces: Cyprinidae). Ji Wang Jang'? (0009-0001-0189-4179), Jae Goo Kim? (0000-0003-1626-939X), Jae Geun
Ko' (0009-0007-6632-9860), Bong Han Yun* (0000-0002-1885-5221), Mu Sung Sung’® (0000-0002-3519-8526) and Yang
Seop Bae>"* (0000-0001-7356-5633) (‘Natural Environmental Restoration Institute, Daejeon 34410, Republic of Korea;
2Division of Life Sciences, College of Life Sciences and Bioengineering, Incheon National University, Incheon 22012,
Republic of Korea; *Alpha Research Ecology Institute, Gunsan 54151, Republic of Korea; ‘Institute of Korea Eco-
Network, Daejeon 34028, Republic of Korea; *Muldeuli Research, Icheon 12607, Republic of Korea; °Bio-Resource and
Environmental Center, Incheon National University, Incheon 22012, Republic of Korea; "Convergence Research Center
for Insect Vectors, Incheon 22012, Republic of Korea)

Abstract  This study conducted morphological and molecular phylogenetic analyses on three presumed natural
interspecific hybrids of the genus Sarcocheilichthys, collected from the main stream of the Seomjin River and its
tributary, Dongbokcheon Stream, as well as their parent species, S. nigripinnis morii and S. variegatus wakiyae, to
identify whether they are natural hybrids and to determine their maternal and paternal species. The results of the
molecular phylogenetic analysis clearly demonstrated that the three presumed natural hybrids are indeed natural
hybrids of S. nigripinnis morii and S. variegatus wakiyae, with S. nigripinnis morii identified as the maternal
species and S. variegatus wakiyae as the paternal species. The three natural hybrids exhibited intermediate
or unique morphological traits that were not biased towards either parent species, and distinct morphological
characteristics were observed in the dorsal fin and caudal fin. In the water bodies where the natural hybrids were
collected, a variety of Acheilognathinae species and spawning hosts coexisted alongside the parent species S.
nigripinnis morii and S. variegatus wakiyae. It is presumed that the overlapping spawning periods and locations of
S. nigripinnis morii and S. variegatus wakiyae promoted the occurrence of hybrids. The unidirectional occurrence
of natural interspecific hybridization is attributed to interspecific competition and population imbalance, and the
sneaker behavior of S. variegatus wakiyae males was proposed as an important mechanism.
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A4 w3 (natural hybridization)& A2 T2 & £ £
AR R FHEE Aol A AdEjollA mufste] &
Z (hybrid)& 348t= S onlsiy, ghf w9 =7 &
Aro 2 oAt (Hubbs, 1955; Barton and Hewitt, 1985;
Arnold, 1997; Mallet, 2005). 281} F-AR} A Lof ot A
9 FEo| 7bsdt 7140 WHR WE ANE A
AHg 4= Q1A =M A] (Billington and Hebert, 1991; Jerry
et al., 1999; Perez et al., 1999; Sonnenberg et al., 2007,
Cebrat et al., 2008; Kim and Bang, 2010), @A= 4=, 5
=, BHE 2o}, @5 & TRt R71AlolA S st HEE
= S8 @O A H JloH, o F o] A WS W2
HFEE E77 ToME Z WA #EEH Aok (Campton,
1987; Allendorf and Waples, 1996; Arnold, 2004; Mallet,
2007; Schwenk et al., 2008; Li et al., 2012; Samarasinghe et
al., 2020; Edelman and Mallet, 2021). £3], A A &7F
(intergeneric) ¥ &7k (interspecific) ZrFo] v & &3] d
AE= Jolzh(Cyprinidac) o170] A L WABL T
olH ojF EFTET & Aoz dEA 2w (Demarais
and Minckley, 1992; Demarais et al., 1992; Dowling and
DeMarais, 1993; Dowling and Secor, 1997; Scribner et al.,
2001; Freyhof et al., 2005; Aboim et al., 2010; Gilles et al.,
2010), g S SR AAd wgho] TS o A9
o AEE 27 2 Qlof "ol RollAl ol Aol
&3] Yeldth(Hubbs, 1955; Randall, 1956; Scribner et al.,
2001; Pinheiro et al., 2019; Zbinden et al., 2023). °|& &9
o), ol AAshe Fol®el AAFEE B 94l 9
ojiteo] &3tz HAFFOlT (Acheilognathinae)@}t w|3te] )
(Cobitidae) ojFoll A ThRt Abel7F 2]l gk (Hwang
et al., 1995; Lee et al., 2009; Kim et al., 2010; Kim et al.,
2014a, 2015a; Kim et al., 2015c; Song et al., 2017; Kwan
et al., 2018; Kim et al., 2020; Kwak et al., 2020; Kim et al.,
2021; Yun et al., 2021). %5 7oA 9] JF A1} GALSH
wH Y5, AT 4 A, FrFo A E2F, A
AR} Abgbao] fAM, AFEAI719] S8, AR 9] wgk
A AE, F =Y, e A, 71593 5 Heol
7o g HAYES S7H71= o= 71 a<lo] AljbE
T} (Hubbs, 1955; Jansson et al., 1991; Verspoor and Hammar,
1991; Leary, 1995; Scribner et al., 2001; Sori¢, 2004; Unver
et al., 2008; Horreo et al., 2011; Kwan et al., 2014; Kim et
al., 2015¢; Pinheiro et al., 2019).
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Az o] Ad AR 34 tFdE Eol A=
& AL =Q0ste] SRS gigt A8YS AT
Ao, F2 Hold] X F 23t % 7k dxE A
23y 732§t (Smith, 1992; Dowling and DeMarais,
1993; Scribner et al., 2001; Seehausen, 2004; Arnold and
Meyer, 2006; Mallet, 2007; Abbott et al., 2013; Abbott et
al., 2016). SFA|TE, Zpd oA mito] 3+t 3R 2uE
Z#H k= AL ofyth FFol 71E A =U=H A&
2 3ol A 4 lem, o s A o] FI A
U 558 13k Alss FEA7IE B Aol F
o WEOR o]ojd 4 Glof ABTIINE AANT 4 9
o} (Rieseberg et al., 1989; Levin et al., 1996; Rhymer and
Simberloff, 1996; Allendorf et al., 2001; Buerkle et al., 2003;
Vuillaume et al., 2015; Hata et al., 2019).

weba, A 2 d4kel W ejet A=E whefsta FF
< At A BARESHY SHoA BETG EA
I A ol glo] FaIE TA|o|H (Vila er al., 2003;
Bohling, 2016; Chan et al., 2019), 252 ZAFI F4
o BESE AL 3 7 994 58, A% B, & Bk,
a3 FAA ok BE Aol (Arnold, 1997;
Peitts et al., 1997; Allendorf et al., 2001; Burke and Arnold,
2001; Taylor and Larson, 2019). & DNA<] recombination
activating gene 1 (ragl) F+AA = ThFst FoflA QFA A<l
AEs Ak X3t or HEE GHRE, O AFoA
Uelts B34 (polymorphism) 3l 7+ a5 £S5
A QA #ET 4= glon, HEZEol DNAE A=
& glo] AldE AA ZAER ALEBg BAES 45
+ 9 4-83}t} (Sunnucks, 2000; Pacheco et al., 2002; Perry
et al., 2002; Ingman and Gyllensten, 2006; Avise, 2009; Kim
and Bang, 2010; Vilaca and Santos, 2013). ©|&|3t EX}A%
o2 24 WS fEvEel AAshe golRE tide
2 3 ool FF Aol anEos S8EHIT Qlk(Lee
et al., 2009; Kim et al., 2014a, 2015a; Kim et al., 2015c;
Song et al., 2017; Kwan et al., 2018; Kim et al., 2020; Kwak
etal.,2020; Kim et al., 2021; Yun et al., 2021).

2 Ave 470 BRet Afe SRAIN AU 5
1714 ol5e] Ad FAFOE S A HuE
o2 24EE Fu7loh AF7)] diE FHt 54
Hlwsto] 7|2skich E3E, ¥ DNAY ragl 770t nl&E
F=g]oF DNAQ] cytochrome b gene (cyth) RS o]
& BAAEEHY BAS B3 AE oliet BAS U RAS
2 yate] WEstgon, 3714 olRY 4 FURE ¥

Aol disl] =2<fst At
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F71& o7 Ad FHRATLE == 3AA A
Z 61.6~71.2mm)= 2023 03¢¥ 05 Aghd= ke A
B A ddio 3% AR 5% (35°0'53.87"N,
127°6'18.78"E)e| 4] 17| (Hybrid 01), 2023 10€ 14
T S AL e A7 257 (35°1138.61"N,
127°22'38.04"E)o| 4] 2704 (Hybrid 02, 03)2 stk
T3 A A A-E 2GS FHeE AR
500 m oJHjollA] 0|59 REFOE FAHEE F17,
7] 23 FF FA 7199F 7HeAol A TAEE
ARSHRE. o 7ol AL Zo (FE 5 x5 mm)2} F(
7x7mm)E o-&stgon, FAFFI HuFos
= MAIE2 AN B g f8 SA ARS #9359
Azt £A4E 8l wix=ein|e 475 Ads] 99.9% olet
2ol 1A, A=gu] J37 B AAEL FHTH
A8l 10% 2L s=goo 143 FEo 2 Azt
3ttt B4FL Kim (1997), Kim e al. (2005), Chae et al.
(2019), NIBR (2019a), Lee and Min (2019) 5& #1135}
T4 4 7153 Fof =5 RS
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5} 42 Hubbs and Largler (2004)2} Armbruster
(2012)5 Farsto] 47)9] AP A 13749 ASEES &
Aotgieh A-Bd 24 F5Y SA=21] 7|24 ©No. of
dorsal fin rays), A =&0] 7]Z4(No. of anal fin rays), &
FZ4(No. of vertebrae)= soft x-ray (Hitex, HA-80, Japan)
2 #ZYste] A4stgal, 24455 (No. of lateral line
scales)= AA @ 0] 7 (Olympus SZ61, Japan, Magnification:
0.67%~45%)& olg3tol ALt A28 FEe
1/20 mm digital calipers (SHAHE, China)E& AM-3}4] 0.01
mm7HA] EX5H4 2™, A7 (standard length)o tht A
1 (body depth), ¥4 (head length), SX=30] 7]HA
2] (predorsal length), 7F&A=20] 7] A2 (prepectoral
length), WX =2{u] 7] A 2] (preventral length), HA| =2
o] 7] A2 (preanal length), SA=2{n] 7]#]Z o] (dorsal
fin base length), 1A =2u| 7]#Z o] (anal fin base length),
w2} (length of caudal peduncle), T]|® 11 (depth of caudal
peduncle)®] ¥]& 9 =30 gt 4 (snout length), 73
(eye diameter), %%t 714 (interorbital width)9] H|-&Z U
EpiTh E3, 2 A ASBLE olgato] AAPE}
FEE 7k FEiE Hlwstr| 3 Nikoljukin (1972)0] A

O

=
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Ak AlAA 0 2 ZEA] 4= (hybrid index, Hindex)E AMHE3}

il
Hybrid index (Hindex) =(H—-M1)/(M2 —M1)

H: 49852 54 34,

MI: Al 2% EX YA (S. nigripinnis morii),
M2: A2 E2F EX FA(S. variegatus wakiya)

AEE ALY B, 30~709) WY A9 F Bu
Zo] F794, 0~309) W9E Al REF, 70~1009] ¥
Ae A2 BrF 283 0 vgk E 100 23 M= A
o] 793 §o] WAL Ao 7155 9100 (Ross and
Cavender, 1981; Sori¢, 2004; Witkowski et al., 2015; Kwak
et al., 2020; Kim et al., 2021; Yun et al., 2021), & AF= o]
£ B g3to] Lasct.

3. Genomic DNA £& 2 sequencing

Genomic DNA (gDNA)E DNeasy® Blood & Tissue Kit
(QIAGEN, Hilden, Germany)E |83t &3t &%
gDNAE 3 DNAY ragl §-42 992 -2, RAG1-1495f3
(5'-CAGTAYCAYAAGATGTACCG-3")3} RAG1-3067r
(5'-TTGTGAGCYTCCATRAACTT3"), n|EZ=2]o} DNA
9] eyt FAR FH99 HL, L14724 (5-GACTTGAARA
ACCAYCGTTG-3")9} H15915 (5'-CTCCGATCTCCG
GATTACAAGAC-3)9] Zeto|H A& Z}z} AEsle] PCR
2 Y51tk (Irwin et al., 1991; Kim and Bang, 2010).
PCR Z7L 95°Coj|A] 587t Z7]¥HA] (initial denaturation)
3 95°Co|A] 407t ¥4 (denaturation), ragl S-AA=
55°C, cyth FRAR = 54°CoA 40%7F A3 (annealing),
72°Co A 187F A& (extension)S 353] WHEsIG o, o}
Ao g2 72°CoA 1087t 2=A1A (final extension)S 4=
Ysliet. ZZ5 PCR AFE-2 AccuPrep” PCR Purification
Kit (Bioneer, Korea)E AR&3lo] AA|gH &, ABI 3730XL
DNA Analyzer (Applied Biosystems, USA)E AME-3lo] |7|
Hag s

M

|

4. E7IMY W ExpSES

HI

& DNAY| ragl FAA @92 n|EF=2]oF DNAY cyrb
F37 G99 d714F dlo|H+ FinchTV 1.4.0 (https:/
digitalworldbiology.com/FinchTV)& ©]-8-3}%] trimming<
AAsA AdE o2 24E 37RA O tiet - ARE
38171 38l ragl A 714 EY] electropherogram®]]
WE= double peaks S EA5tG o, BASS 4
8t7] fIste] ey AR B7IMEE ol EAASTER


https://digitalworldbiology.com/FinchTV
https://digitalworldbiology.com/FinchTV

‘/]‘E]"'H ‘:]’ 3 t:i HAE F48<& 98k NCBI Genbank
FTEY cyb FAR H7IAE TlolHE
$315}] /\]'%0]' ‘1] MUSCLE 3.8.31 (Edgar, 2004) %
HE ARgStY TR & BRATEA O AR
Maximum-likelihood (ML) £AA 5 =+ RAXML 8.2.10
(Stamatakis, 2014)< ©]-83}% 1,0008¢] bootstrapping=
Zg-3}to] 23519 Tt Bayesian inference (BI) XIS ==
MrBayes 3.2.7 (Ronquist et al., 2012)& AH&38 1 x 10°
Altl¢] Markov Chain Monte Carlo MCMC) 248 Z13j
3t & 1,0003]wic 222 MEFS 27 25%+= burn-
ino 2 AAsE. o] %, 4 BI tlo|8&= TRACER ver.
1.7.1 (Rambaut et al., 2018)& AME3}4] effective sample
size (ESS) #£2] 200 23} 75 FRlstar ARESIRITE A
g 24 (substitution model)2 jModelTest 2.1.10 (Guindon
and Gascuel, 2003; Darriba ef al., 2012)2 AR5l Akaike
information criterion (AIC)9] Ztoll whet & mel2 AA%
GTR+1+G 29S ML} Bl 24 BT EalalA 28319
on, g BEAZEE Figtree 1.4.4 (Rambaut, 2018)S
o]-gsto] A|Z3lslgint.

2 o

1. 84

O

A% 1704 (Hybrid 01)7F A-E SEH oA
= Z 67} 20F 394714, AAFFE 2704 (Hybrid 02, 03)
7F AR AR 27 ddidxMe ¥ 53 215 36870A17t
AQE At F £ BRA RRF F FF17] (FEA:
8.38%, A7} B 4.35%)7F Z17) (BEA: 2.79%, A

A Zacco platypus | 26.40%

Zacco koreanus | 18.53%

Pungtungia herzi Y 9.90%

Sarcocheilichthys variegatus wakiyae Y 8.38%

Acheilognathus koreensis Y 4.82%

Squalidus gracilis majimae | O 3.55%

Rhodeus uyekii {- 3.55%

Coreoperca herzi ]- 3.30%

Rhinogobius brunneus ]- 3.05%
Sarcocheilichthys nigripinnis morii W 2.79%
Microphysogobio yaluensis |E 2.54%
Odontobutis platycephala |EH 2.28%
Pseudogobio esocinus 0 2.28%
Hemibarbus longirostris J- 2.28%
Acheilognathus majusculus | 2.28%

Rhodeus notatus @ 1.78%
Liobagrus somjinensis 0.76%
Iksookimia longicorpa ®0.76%
Pseudorasbora parva |0.51%

Hemiculter eigenmanni ‘ 0.25%

000% 5.00% 10.00% 15.00% 20.00% 25.00% 30.00%
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7 25 1.09%) et AdF e g o FHRsIgon, REF
I} GARSE At 548 7 ZFR|B-0] Rhodeus uyekii (S-E
A: 3.55%, AA7F 27 1.09%), ©Ed=780] R. notatus (&
EA: 1.78%), GRS Acheilognathus lanceolata intermedia
(AR BEF: 3.80%), ZEAF A. koreensis (BEH:
4.82%, ARA7F 5. 3.80%), 22EAF A. majusculus (5
BA: 2.28%, ARX7} EF: 14.40%) 5 GAZol o]F 5
Z3, ol ¥ REFY AfRSFE o]§ 7t T2
Unio douglasiae, 22827 Nodularia breviconcha, A3

Corbicula fluminea 5 3%°] 54 A3t JJAcHFig. 1).

=24, =
o ‘/}EP%— i—!f& Ela— b % g de
A=) A2 Fiz)ek =4 ¢ WAPSP t} SA=n
o HHE2 $a1719] 71A & °ﬂ Ukt Rt 35a7)
o T F2ol vEt= aﬂ > HhZo] 2gE o] At vt
Z 7R E AR fiiEe & WA Aee FHE vE
wow, $i17]9) Zﬂﬂlxlhﬂiﬂl skl e AR HhEol
st °1]”P bPEP;:%EHFig 2).

Ae R ASZEL AT B4 2= Table 134 2
o 47l A T SA=ue} SR =] 7]
29 224 9 EAdzre AT A 2

% ol Aol7t gl 3FYAR 59k Hybrid 01
2 ZXH]E4 (Hindex =59)9F 2 Z<4 (Hindex =38)
7} 27r83g g2 Aoz Vel ol Hybrid 02 &

A5 (Hindex =91 FE37)0] F48, A525

B Zacco platypus | ) 25.54%
Acheilognathus majusculus R 14.40%
Zacco koreanus | D 11.14%
Squalidus chankaensis tsuchigae A 5.71%
Pungtungia herzi ) 5.71%
Microphysogobio yaluensis Y 4.62%
Sarcocheilichthys variegatus wakiyae | M 4.35%
dcheilognath i dia | D 3.80%
Acheilognathus koreensis Y 3.80%
Pseudogobio esocinus ) 3.53%
Hemibarbus labeo | 3.53%
Rhinogobius brunneus Y 2.99%
Opsariichtlys uncirostris amurensis 0 2.45%
Coreoleuciscus aeruginos D 2.45%
Odontobutis platycephala @ 1.63%
Coreoperca herzi W 1.09%
Sarcocheilichthys nigripinnis morii 1.09%
Rhodeus uyekii |@91.09%
TIksookimia longicorpa 3 0.54%
Odontobutis interrupta |§0.27%
Siniperca scherzeri $0.27%

0.00% 5.00% 10.00% 15.00% 20.00% 25.00% 30.00%

Fig. 1. Relative abundance of fish collected from Dongbokcheon Stream (A), a tributary of the Seomjingang River, and the main stream (B).
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Fig. 2. Comparison of body color between natural hybrids and par-
ent species, Sarcocheilichthys nigripinnis morii and S. variegatus
wakiyae (A, S. nigripinnis morii: 74.6 mm SL; B, Hybrid 01: 61.6
mm SL; C, Hybrid 02: 67.2 mm SL; D, Hybrid 03: 71.2mm SL; E, S.
variegatus wakiyae: 84.5 mm SL).

(Hindex =38)= 792 w1, Hybrid 03& S4lvls
< (Hindex=59)& 33 AE, A543 (Hindex=20)= 3
1719 AL 2= Ao R eyt 13719 ASEE F
ol A AAoll gt Aol H] (Hindex = — 592, 242~667)2}
A =gu] 712 Ze]9] H] (Hindex= — 172~ —110)= A+
T A BFo)A 1H3 o] HHH AR Yo
™, F49] H| (Hindex =78~85)= AHAZE /A =% A2
HEE AF71E wsith 1 9] ARl digt A =2n
714 A 29| H](Hindex =29~149), 7} =gu] 718 A ] 9|
H] (Hindex = 60~82), Bl X|=2n] 7]AA2]2] 4] (Hindex =
- 44~32), AA=Hu] 7| A2 2] H] (Hindex =64~121),
SA=gu] 7]-Z0]9] H](Hindex =79~136), 1|H49] H]
(Hindex = 14~163), u|¥ 112 H] (Hindex = — 94~66) S-&
NAERE Al RFRF E= A2 HEF] 4, 784, 1
e FAE FetA 2 AR eyt $H, £l
gk £49] v](Hindex = — 526~ —33), ¢F4 9] 8] (Hindex =
—1159~-930, 489), <+ 714 <] H] (Hindex = —195~
-2 AA™E WA ZF9 1535 FAE ERIE I

3. B 24

& DNAY] ragl 32 99X S2H % 1,488bp2] &
7IMEE A% A RrEog 2AEE Fav|e A
7] 7ke] H71AE Wol= & SbpE UE oF 0.34% 2 ¥
ol &S HErt. oA, electropherogramol| A Fi17]|9} H5
7)1 Z- g71-Goth P&3t single peakE WEFH O,
AaARFoE 2AH A Tt FEav) 7o) 4
7| g o] 29 BEof|A double peak ¥/go] TEE T
(Fig. 3).

nEZEglo DNAY cyb F84F FFllA F 1,141 bp
o] A7|Mge] SEEGen, Far]e FFar] 74 47
Ag Hol= & 107 bpE YERY oF 9.33%9] &2 Holg
£ Holnf £ F& WA LET 5 YSich A, A%
% A= 719 100%9] B7IAE fFAHEE BRo,
Z53719H= 107 bp (2F 9.33%)2] G7IAE HolE Hol 5
a7)et FEar) 7he] Holgm FUT 52 Uehltt
(Fig. 4). o8& Aah= ML BIZ 2HJE A5 E0)A
T F5lekA vebdtedl, w2 219 AA % (100 BV/1.00
PP)E 7|Wto g AAZE WA 71} YT /34
clade 343150 (Fig. 5).
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S. variegatus wakiyae

T W\M\M alin

Fig. 3. Electropherograms to the rag/ gene shown clear evidence of natural hybridization of Sarcocheilichthys nigripinnis morii and S. var-
iegatus wakiyae. Double peaks indicate by red arrows (Gray bars indicate quality levels).
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Fig. 4. Nucleotide sequence alignment of the cytb gene from natural hybrids and parent species, Sarcocheilichthys nigripinnis morii and S.
variegatus wakiyae.

9] xpo], SAR} 23ro] By S0 thokst 94 945 Niedzicka ef al., 2020; Liu ef al., 2021). <=0} Z£0] 7
o] £ o] 2L A3 Ferf dHEY, o] KuE 2 & 37]¢t FH), v wid, A3 Ry, X =2u] FEiet
3 Fejstr oz zjo]E Ho|A Hrh(Lehtinen et al., 2016; 7], W2l X, AR V]9 FE T oY SHoA £
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Hybrid 02(S. nigripinnis morii x S. variegatus wakiyae) v

Hybrid 03(S. nigripinnis morii x S. variegatus wakiyae) v/
Sarcocheilichthys hainanensis KF765805

99/1.00

Sarcocheilichthys nigripinnis NC020608
Sarcocheilichthys davidi NC037403

100/1.00

36/0.69 100/1.00|Sarcocheilichthys czerskii EF193463

Sarcocheilichthys soldatovi JN003337

57/0.69
Sarcocheilichthys variegatus wakiyae v

100/1.00 o NC034753

99/0.85[ Sarcocheilichthys biwaensis NC033918

100/1.00[ Sarcocheilichthys variegatus microoculus AB054124

Sarcocheilichthys variegatus variegatus 1.C098171
Sarcocheilichthys variegatus LC151414

Sarcocheilichthys sinensis KJ850307
[Sarcncheilichthys sinensis NC022475

63/0.92 Sarcocheilichthys lacustris KF669394
1 64/0.96/ Sarcocheilichthys caobangensis NC069056
64/0.74 Sarcocheilichthys parvus JX456224

Sarcocheilichthys vittatus MK787293
Coreoleuciscus splendidus DQ267433

ML/BI
0.03

Fig. 5. Phylogenetic tree of Sarcocheilichthys was constructed using the mitochondrial DNA cytb gene through maximum-likelihood (ML)
and Bayesian inference (BI) analyses. Numbers at the nodes indicate the ML bootstrap values (left) and Bayesian posterior probabilities
(right). The GenBank accession numbers of each species are given after the scientific names. Bold and check indicates this study.

o] iy E4o] TH T B AER /S 32 FES FE Zolu sk F-slFoll f50] aRtgt A4
o| HHETH(Gu et al., 2008; Kirczuk and Domagata, 2011; ojuf 3=, FA] BolA Mol AL, |, AFoz o]

Wang et al., 2013; Baker et al., 2021; Santos-Santos et al.,
2021). & A9 AARE A= T FEFo| HIFEA|
% T Be 1h3 o] FEF R A5 s
Pon, o= = Hapol 7o) JARE Wt 71E A
Sof Yot 24 Anie AABHATHKim ef al, 20142,
2015a, 2015b; Kwak et al., 2020; Kim et al., 2021; Yun et
al., 2021).

AARE 3IMA7E AHE 92 FRE F7|9 F
1717} A AA St Xoljlen, & F 4
e 7H 5%9] gARFola} o f (ZAleol, BdEAol,
AR, AR, ZEGAF)Y o] 59 ST 0|8 75
gt T2, 222, A § 3%l T 5T
€ gdt olmiui® 5 BlwA @< A3t Unionidae
9] "2 Anodonta woodiana, 22N A 0] A. arcaeformis
flavotincta, ZAFEZHZMN Lamprotula leaii, $Z7N &

A5 3= ¥HH (Kim et al., 2014b; Yoon, 2016), £317]
HSAA C. papyracea™ ATt AFdsh= Aoz &
A Jth(Kang et al., 2007). FATE, 9bA AF3t ofulj )

o ru(o

A o] 22 QNS Aoz LA 9o, Ady 24
o] QAR B T2e= A7} wrh(Kwon, 1990; Lee
and Min, 2019; NIBR, 2019a; MolluscaBase eds., 2024).
E3, T FEEE S Ak £ 0GoR s o)
she] ey Ael A4 Bl MAEWA ARSI gt
3 BE3xZ7} Agkgof| wek(Bogan, 1993; Watters, 1996; Kim,
2014; NIBR, 2019b; Hata et al., 2021), &5117]19} $117]
= At AE otolA ZpolE HolR|ut E7Hu|sHA 4t
frotA HlE Aoz ggEew, 4531719
Z31719] AN 7= 5~6292 =8
Aol A whd SES wol &

A= 2 ZZ=5t)(Jansson et al., 1991;
Muhlfeld et al., 2009; Uemura et al., 2018).
¢, 2 AFolA A Tt o] FANE BAR ke
whgfo 2k HAIE| 9 o, o] Kim (2020)9] Ayete
UR|Etoq FEEQL olggt AL F4F T AT R

F Aol Al 2Bl ¥ RS A= FHHAU

th(Hubbs, 1955; Jansson et al., 1991; Scribner et al., 2001).



RREN Fadhs AR} oJfEL 4tsT2 A
7} FES AT, AR = FEE tha o)z} YA
4~692 4&A Atk (Song and Kwon, 1994; Kim, 1997;
Yang, 2004; Baek and Song, 2005; Kim ez al., 2015b; Chae
et al., 2019). WetA, FEH APgLo)A gRRFok} of
FoF FARE Atk A" S 2 ] AT
2 ARsSE S84 W A (intraspecific competition)
EF obyet gAFokt offete] 2t 737 (interspecific
competition) &= & 4= YE AolH, F17] Aol ]
3 iAoz o FRI AFa7] A BAAA Ed
FARE0] TV 4Rt Eol st AEe At ol
gk Aol Uehd A o2 FRHE §3], Yoon (2016)4
Toll A B AFar7)9) 23 7R 2R 10k SRt
A AR BS SHAIRE B Asd Ao Ak 2l S
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