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Abstract: We conducted a phylogeographic analysis of Korean endemic Zacco kor-
eanus populations inhabiting the East-flowing river (Gangneung Yeongokcheon; GY,
Yangyang Namdaecheon; YN), the Han River (Seomgang; SG, Soksacheon; SS), and
the Nakdong River (Gilancheon; GA) using the mitochondrial DNA cytochrome oxidase
| (COI) gene (619 bp). Population genetic analysis was further performed to assess the
population connectivity for the GY river where there is a large number of human-made
artificial weirs with several fishways. The phylogeographic analysis revealed that while
the populations of the East-flowing river and those of the Han River formed a mono-
phyletic lineage, the Nakdong River individuals represented a distinct lineage with 3.7-
4.2% (mean=4.0%) genetic distance from the other lineages. The population genetic
analysis of the GY showed that a mid-stream population harbored relatively higher
mitochondrial diversity relative to up- and down-stream populations, and there was no
genetic differentiation between these three populations. The latter findings might suggest
high genetic connectivity between the populations via genetic flow along the fishways.
However, an analysis using faster-evolving genetic markers, such as microsatellites, is
needed to confirm the findings of high population connectivity. Our study suggests the
possibility of the presence of cryptic species in Z. koreanus in the Nakdong River basin.
However, further study with more individual samples as well as additional markers or
even more advanced genomic tools is required to test our hypothesis. Ecological or
phenotypic analyses should be conducted to test whether the observed Nakdong River
lineage represents a different or cryptic species, or simply hidden, but excessive, intra-
specific diversity.

Keywords: cryptic species, ecotype, Korean endemic freshwater fish, phylogeography,
river connectivity
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S
sde 4% 5HR0) asae Uehim A4 44,
S, 0|8k B, SR S0 Aol Q1) o] WA

A 2
HBE0H] o 542 7HAAL glom o] tefRt &
FAE FolA AMAA Al8-2 7FsAl & (Son and Song
1998). T S] GEL Walsle] Aared o A
=& A7t 68 FE5)2 A 5911 (NIBR 2011), ©]
= A= o2 3ol et ZRA|E A8 (adaptation) THY 2
A 7 AR 742; G4k (gene flow) 22 1ol & &3t
(speciation) & Y2 ZTH(Kim et al. 2003). ZF2+2] s %]
Ao g A off= FHEMN (TIksookimia pacifica), A+
7YAY (Liobagrus mediadiposalis), 2 A Y (Zacco koreanus;
Nipponocypris koreanus) ‘s TH=2] gt=r 11-4-& (endemic
species) 2.2 Z2F5FITH (Kim et al. 2003). 5 Holl= 213
o] Fol 77t AAlshaL 9o 1% o= AREL 67F
o] Z3HEIthH(NIBR 2013).

% o)1} (Cyprinidae) 2] (genus Zacco)oll &ot=
= /5N FAAY (z. koreanus)— g, 27, A%
S5 T fevet g2 kel de RS, 7H1ﬂ
7} ”}0} = spd ] Tﬂﬁ 7t -85 Itk (Seo
2005; Choi et al. 2006). 7]El= ZAY (Zacco temminckii;
Nipponocypris temminckii) 2} & EE 02 GHAF AT 2|2
A et e 9 {344 2ZolE 2R 2005EFH A
Z o7 BRL]Qlth(Kim et al. 2005). FEH 02 FH4AY
+ AAYL} g 55 Aol F24 WHo] gl AlS
O] At LTAg oo, 7P74‘4— Ul A EHAR
of FESHAIT FEAY= Fitd= At tiF2e] 5t
Holl BRI} (Kim et al. 2005). FZAAYE 222 £2
of whet Fei7F o= A Yehd HKS (H: Han River; 9474,
K: Kum River; 57), NS& (N: Nakdong River; 57, S:
Sumjin River; 41317} ), NE¥ (N: Nakdong River; 957, E:
--Ashd)d Zol Az o 3714
73, 5 A (ecotype)&i T-E =} (Chae and Yoon
2006). 2t £-3 ] FEi= 7R =dn] ot A =20 9] A
Ao zpo] &2 FLESFIT} (Chae and Yoon 2006). HKE 2 715
Aeu] FRfol F2AS wH SR =2n] o] =
FstAY eo]w shol= H2M, ool = ofthe
FoAS HEAY fith NSE2 HKE Y n7A| =
7REA = n]of] F2AS WA, A eju] AR gt
Ao|H ZFHo] F-& w7} Qlth NEF-S HKY, NSH =

rsh

East-flowing river; &
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OEA 7hEA e HREe] F2Ae WA ko &

A=gujo ke F-2Ao] gitk. kAR o] 25k AH o] 4
-2 AR Faet FEjA atolofqt oEskal glo] ZHz7t
O] e 1t {2 2po] FEE tefst= Zo] P asith
Ul XSk metu|E 3% (ZAY, FEAY, w2t
Zacco platypus)—J ol 7= tato 2 BExA S (molecular
phylogeny) 2 A7+ 428 B} A% (Oh and Park 2009),
W FEHAE 7 ole YU 1REQ A
ddo= AR A4 79 A7t Aol
Al
]—01101-1-1 7]1:14 og %}-1

A

(natural hybridization) 7} 7\1] EE
et A7} AR v QlTh (Kim et al. 2020).

AFA ek Jetor ke 29F HH FU
oA FAH AFY AHH ERE A= S woF
2 A, n]EZE 2o} DNA (mitochondrial DNA) 7} E2}a}
7] (molecular marker) 24 HHX 07 da]| AF&E o] ot
(Avise 2004). "] EZE 2o} DNAE &% H O] (mutation
rate) 0] ot e G A Wol2 7140 (Brown et al. 1979),
LA (maternal inheritance) 2] £/3-& 2t7] wj&of Ho|
7 } A2 A 23} (genetic recombination) ZH3-& 7 x| 2] ¢k

ZolA FEor AR O R FHEE SA4S U
LH°1 FAA g F FAH A2, AL ASEAY
Soll F-8otthar & A AT (Galtier et al. 2009;
Choi and Lee 2018). THebAl, 2 o4 o] 445}
L S, BUA, dERAL) BLAY A
RS o2 n|EZE 2o DNAC] COI (cytochrome
oxidase I) fFHAE o]-&5to] AFA et 42 43
sto] z]2]A Lo whE AlEeHA 2felg ntetstarat of
Atk E3 Fol-F-dohd el AE A2 s Uiofl of
79 o]5& Wollch=
W8] o7} AAJE o] qlo] 5 AxHdS ti
AY ] A543} (population genetics) A
of sk Wi 015 L -“i7} 7H1ﬂ:'L ‘H il

=z
T,E 53

AFVEAE 24 Al AAste FEAY A 2
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Fig. 1. Eight sampling localities of Zacco koreanus from three river basins in South Korea. The East-flowing river: Gangneung Yeongok-
cheon (GY) and Yangyang Namdaecheon (YN); the Han River basin: Seomgang (SG), Soksacheon (SS); and the Nakdong River basin: Gilan-

cheon (GA).

AEAN S §AVAL shekalr] gate] Faleet
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= 45 3% (Gangneung Yeongokcheon; GY) ¥} &
FHth3 (Yangyang Namdaecheon; YN), $7¢Al= A7
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2 (Gilancheon; GA)= A7t FAAY WAl
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Sampling Site 1 (GY_U): F4= FEA A=5H Aate] =4
(N 37°50'43.59", E 128°40'56.53")

Sampling Site 2 (GY_M): F L= Z5A] AT 452 A2
(N 37°50'58.02", E 128°47'9.44")

Sampling Site 3 (GY_D): %= ZF5A ¥ $H8 A=A

(N '37°50'47.38", E 128°48'15.32")

Sampling Site 4 (YN): - &= Fdt AH 2] Eod
(N 38°2'20.39", E 128°35'48.81")

Sampling Site 5 (SG1): A= B 45 &8 4%
(N'37°30'3.74", E 127°59'38.31")

Sampling Site 6 (SG2): 4 A= AFA] A AHH L2 47
(N 37°22/54.03", E 127°51'30.08")

Sampling Site 7 (SS): U B S HH 58] HAR
(N 37°40'15.34", E 128°27'50.82")

Sampling Site 8 (GA): 745 A& DA™ A2 Ak
(N'36°13'34.99", E 128°53'59.37")



2. Mz 3 Y

1) AR A3

AR A4S AR A AY A== 87 AR ellA 2020
| 39~109 7|7t APSHR e, B (B 7 X7 mm)
T Z (B 5% Smm)E of-&5leh - E FaAY A
A5 @A AR 9 & APETT g3 w2
Lojn] dEE AH F 25 0T (Fu et al. 2013).
ANFF B A =BnlE 99.9% dF-2o] B3] 1.7mL FE
o Yol goCo] WA EHsllon F 110704 [GY: N=87
(GY U:N=31,GY M:N=33,GY D:N=23),YN:N=§,
SG: N=4(SG1: N=2,SG2: N=2),S5S: N=12, GA: N=2]
O] FAZ} A4S 913 A B E SHH ST (Table 1).

2) Genomic DNA £&

H4AY genomic DNA &2 9|5l P&C Animal geno-
mic DNA extraction kit (Biosolution, Korea) & o]&35}3
oh. A= eu]E e 3mm 7|2 Adet F 10409
Proteinase K (Biosolution) 2} 2 uL2] Rnase A (Biosolution)
£ A7Fst & Multitherm-shaker H5000-H-E (Benchmark,
USA)E ©]-8sto] sseCollA 347t 53t 85417112 DNA
F% I2 EFof I} genomic DNAE FE513ith FF4
genomic DNA+= fluorometer (Invitrogen, USA)& ©]-8-6}¢]
g A CH —20°Coll ¥F Bt 3 A o]
&5t

3) D]E2CE2]of DNA COI (mitochondrial DNA
cytochrome oxidase 1) XX} PCR (polymerase
chain reaction %

AT 7L 0§ ATAY L Ak

R
H LT e

ol
HE
]
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2 24& 9fell MIEZE=2]°F DNAS COl-/AAE 24
oAz ARgsloH, o]l dAFeA olRE tidor 7
7HrE DNA HEEY (DNA barcoding) primersE ©]-85H31
Th(Ward et al. 2005). AF8- primer-pairs®] 97|41 g2 of
= gt

COI-
FW (FishF1) (5" TCAACCAACCACAAAGACATTGGCAC-3")
RV (FishR1) (5" TAGACTTCTGGGTGGCCAAAGAATCA-3")

PCR WF&2 sterilized distilled water 9.8 uL, 10X Green
buffer (Thermo Scientific Inc., USA) 1.5 pL, forward/reverse
primer 0.5 uL, 2.5 mM dNTPs (Bio Basic Inc., Canada) 1.5
uL, Taq Polymerase (Thermo Scientific Inc., USA) 0.2 yL &
genomic DNA 1 yL (~43ng uL™')E AFH85Io] & 15uL2
2720 thermal cycler (Applied Biosystems, USA)E ©]-85}<]
SYSHATE PCR $F 202 9s5°CollA 223t 27] WA
(denaturation) S 94°Col|A] 3027 HAA, 57°CollA] 3023t
7é@{(annealing), 72°CoA 187 A1AF (extension) H2-9
352] HHE Sl 0.1, o] € 72°C 104 T 2F A RS
S5t SHS gshth T35 PCRAMES RedSafe
Nucleic Acid Staining Solution (iNtRON biotechnology,
Korea)©] 31 2% agarose gelollA] 25& &<t H7195
= ot $FO| 7S Felstalon, &lH PCR 4HE
< Exonuclease I (New England BioLabs, USA) 0.4 uL¢t
Shrimp Alkaline Phosphatase (rSAP) (New England BioLabs,
USA) 1.6 uL, PCR AHE 8 uLE 23ote] 37°CollA] 15+,
85°CollA 15 &<t A (purification) SFATE FAH A
=2 1A =4 (Macrogen, Korea)©ll 2]]615.2 1, ABI
3730x] automated DNA sequencer (Applied Biosystems)<}

e

Table 1. Sample information and haplotype distribution of the mitochondrial DNA COI gene of Zacco koreanus populations from three river

basins. See Figure 1 for the population abbreviations

River basin Pop N Haplotype (number of individuals belonging to respective haplotypes)

GY_U 31 HO4 (1), HO5 (30)

The East-flowing river GY_M 33 HO02 (1), HO3 (1), HO5 (31)

9 GY.D 23 HO1 (1), HO5 (22)

YN 5 HO1 (2), H10(2), H11 (1)

The Han River SG 4 HO1 (2), HO9 (1), H11 (1)
SS 12 HO1 (7), HO6 (1), HO8(2), H11 (1), H12 (1)

The Nakdong River GA 2 HO7 (2)
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forward primerE ©|-8-5t] H714E #4435kt

4) DNA @7|ME 82 L HolE] 24

7 Ne25E gHHE col #4324 d7]-E-2 NCBI
(National Center for Biotechnology Information, USA) 2]
BLAST 2218918 o]83lo] & 542 a5k 47
AU gl 471492 CHROMAS ver. 2.1.1 X2 14
< 53] B35+ 3, BIOEDIT ver. 7.2.5 (Hall 1999) T2
A Aot HEsH 21 Clustal W Multiple alignment
(Thompson 1994)E -85+ T/ (haplotype)-= 275t
Atk B3P 2] 213H 5-APA (phylogenetic relationships)
= HAPSTAR ver. 0.7 (Teacher and Griffiths 2011) 2 17}
= A5t @4 UIE A (haplotype network) w412
=fste] mhefsiint. AlE A 2o 242 1% AeHAlE
4 2] (phylogenetic analysis)< MEGA ver. 7.0 (Kumar et
al. 2016) =2 1383 AF8-51o] Maximum Likelihood (ML)
o2 1,0008] FHEHS (bootstrap)= =330t
Tr__L(outgroup)QE% NCBIY| S&25= ZAY (N. temminckii;
NC_027664)2F LEZA (Zacco sieboldii; NC_008653)
O] F71ME-2 ARgstITh ERL, A 3 -F A A 24
< 915l MEGA Z2 1383 0]-§5}9] Kimura-2-parameter
(K2P) distance’E Al4FSFATH (Kimura 1980).

ERL AT A5 -5 -5k AR Jld ARt
vS|

4 242 sl 7RI W @%@ 4 (number of haplotypes;
Nn), T3 ok (haplotype diversity; h) 1 28 E
E ot (nucleotide diversity; 7)< ARLEQUIN ver. 3.5
(Excoffier and Lischer 2010) & AH&-5to] A4S 0w, 7|
Al 2ol & BAR HAA vhfd Al 9AY T
(haplotype richness; HR) 5=%]+= CONTRIB ver. 1.02 (Petit
etal. 1998)F °]-&5to] AltstAtt. 4 - b Al 3
Atoll OJgt 572472t E4F (gene flow) -2 Ttetstr] flgh
74 B3 (Fsr) $%]= ARLEQUIN=S ©]-8519.om p

Zk& Bonferroni 232 435}t

23y Dy

1 AISXI2BrE A T YESID Y
AS S H

oIl v

n]E 2 ejo} DNAC] COI-§0AE o] 81l Fals

654 ©2020. Korean Society of Environmental Biology.

S, A, S8 Aol AAlsh= 770 AR (GY_U,
GY_M, GY_D, YN, SG, SS, GA) 9] 1107HA1E th2.2 619
bpo] A71MGE SHHsH oM, T 127]9] Tdo] &<l
=Tt (Table 1). B33 HIEHY T 24 23} Hol2 S
Al debAE A Llgt BE A9 shd JiAlTe] &
frotal dlon, F5idAe] MATEE AL &
AR FNAIZE A T Ho8THH= 22719] S o] 2po]
(mutational step) & Hol™ & E71H AE (H07)= U
EFH AT (Fig. 2A). A1'6-5= (phylogeny) =410l A1 &= upt7}
A& FE45Ae Adolet Als-& UERl2H (Fig. 2B),
At 11 9)9) FAA TEE R T A A
2] (K2P distance)= Bt 4.0% (3.7~4.2%) 2 & 5% ©]
o] ZpolE H ok o)A Aol ofstH FH4 A2t
>2~3% Tl S AE e o= w4 glon
T (Hebert et al. 2003), S&7dAl A'E2] B 4.0% 54|
+ HE T = HAAF (cryptic species) ¥ 7Hs7do] At
71E @t W2 FEAY= A4 Fae] uhet |
2 Zpol7t kAl LA glow, Fofldshd (NER)
A (HKE) ol AAlste AEAAUE AR 22H e
2L Z FREATN B I5FATH(Chae and Yoon 2006). £
AFolA 24 At Soll sk Al AT
AsE HAT S FAst o 4 ARl Bt 0.4%
(0.1~0.6%) = A UHeht 4o = uf-e FARMS 9
Aekel. o] = 2 Folf-Ashdel olEAFd Siet of
AELE Qe F2ES o] dojut 412 (Coreoleuciscus

splendidus), 572l (Liobagrus andersoni) & B2 $5°| &

7¥stal glom, w0l vl adAY Al T3t 545
Z7¥oAttal Ba1% B QT (Byeon and Oh 2015; Yoon et
al 2018). T BEAY S PAAL FEFRAQL A
Qe B shHolglon FERFEAGCRE oY= U
I B E AT (Yoon et al. 2018). ]2t AIME EYE &5
S sk o] A AAY A2 A EFAlol A4
22U §9 A} e A0l 92 A
2, o A2 Aolet BsAst Eohe 2ot

2] Also] Q17 ofsf QIf1A o= ERtEo] 11 4
A7 A7} cE e W) Uehte Ao 22w
FA] 9 Hoh et 225 EE5H] fleliA=
a9ng 59 ur BUE Q470 BRoH, £
ZrrA o] WA T2 Al (genome) 2] ALl AYE]
4 Q78 SPHon Sasto] LR A1 A

N
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Fig. 2. Haplotype network (A) and phylogenetic relationships (B) of 12 haplotypes (H01-12) identified from five different river populations,
based on mitochondrial COIl sequences (619 bp). (A) Each line in the network represents a single mutational step between the haplotypes,
irrespective of its length. Different colors denote the geographic regions. The area of the circle is proportional to individual numbers found
for the respective haplotypes. The small, filled circles denote intermediate haplotypes that were not present in our samples but were
necessary to connect all of the observed haplotypes to the network. GY: Gangneung Yeongokcheon, YN: Yangyang Namdaecheon, SG:
Seomgang, SS: Soksacheon, GA: Gilancheon. (B) The numbers at the branches represent the bootstrap support values for the maximum

likelihood method (ML).

¢ m et 9he AR A7IE dhE S, YTk
(population genomics) ¥ e ALE F5to] Y54
A ﬂ”ﬂ‘% NAZT ohE Ao AAlsks AT TE
o] 1) 42014l 0] 9 Wefsbd 2ol LG 7
3O 24 Eﬁ—i"}(speciation) 7HsAoll tigk M-S HES

% 91 Flolet.

2tst7] sk
M, s}m GY D) 87
NA = HFE vE A2 (619 bp) S
ol g5t F s7io] Dol FAH U FAA TS
(gene diversity) 4 1 = A | A =5l A
A WAL
7} 0.0904, 0.0003 #ko] WeptoH, 7k Zf A2 E}A;—og =
FA L 0.0645 (A7) ~0.1193 (F57), F2AEE o}
¥ -2 0.0001 (A7) ~0.0004 (FF) H=E HEbTh
(Table 2). F302F Thfd o] 212 QA T WA+ =
TF= EAT R S 54 WALl vet

o& 1%

Table 2. Summary of the levels of genetic diversity in Zacco
koreanus populations from up- (GY_U), mid- (GY_M), and down-
stream (GY_D) of the Gangneung Yeongokcheon (GY) using mito-
chondrial DNA COI (619 bp)

Pop ID N Nu HR h m PH
GY_U 31 2 0.74 0.0645 0.0001 1

GY_M 33 3 1.39 0.1193 0.0004 2

GY_D 23 2 1.00 0.0870 0.0003

Total 87 5 0.0904 0.0003

N: sample size, Nu: number of haplotypes, HR: haplotype richness,
h: haplotype diversity, m nucleotide diversity, PH: number of private
haplotypes.

e BRI AR D2 SR 44 1392 2.007H

S WAl AHiA ez 7P w2 S B
T}, Central-marginal hypothesis (center-periphery hypothesis)
off w2 22 2Ql A FFoll AT ALl ©]
5 (migration) & 5ol FH WAL ZHE A7 5
2 7Fs/dol 7] wiel, = FAA Sito] ivte =
T Tl %% dd°l ATkl A ATt (Gaston
2010). o] 2§k IRk o 2 9] {42} Sh4t (multi-directional
gene flow) O = ?JEH 7 WAlTEol A2l obF iR

http://www.koseb.org 655
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Table 3. Pairwise genetic differentiation (Fst) between three pop-
ulations of Zacco koreanus in the Gangneung Yeongokcheon (GY)
based on mitochondrial DNA COIl. No FST values were statistical-
ly significant. GY_U: upstream of GY; GY_M: mid-stream of GY;
GY_D: downstream of GY

GY_U GY_M GY_D
GY_U -
GY_M -0.001 -
GY_D 0.006 -0.015 -

o 8 chebgol 57 Uete RsAle] ek e 2
AL 22 519 2470 4ol Bhe ANAE 4
ol AR A BEsfo] tropyol
S79% Utk (Lee et al. 2017; Moon et al.

e A=A AT -5k AR T {A Aol

£ A4 E3}% (Fsr)= -0.015 (5%} of
7)~0.006 (&2t ohF) Hel= Yes o, FAH o=
Frolgk 2toli= LFEREA] 4 TH(Table 3). 744 #3159
29 g2 Ao FYT HEUE onlskH AT
32 o]zt glaa AARIT st Rol A Al
Sh= =7t Y HA| A H] (www.fishway.gokr) ] A Hof| o)
29, 75 A3 Woll= 11719] B2 A R) = o] 1A 36
7Ne] o7} A& o] §lo] o E 0|83t o]FE Fl
A7} 2H4t(gene flow) ©] H&SHA o] Foi2| 1L Ql5-2 ofH
Sk E5 e A5 olle vhdRt FE| 9 oj =7t 24

A7F = 4 Q)& Zo|th (Kim et al. 2020). S}
= 2 AFo] o] 8=t v EZ=2]oF DNA
ik AsksEs) s oo A 7 o]t B
sto] 2] 48 TP, S0 A2 mjel % B
5 ?‘ﬂj‘ﬂﬁi}(contemporary evolution) &] e Ao
Bt} 583 9 DNA (nuclear DNA) 2] ulo] 22 A E}o]
E (microsatellite) IFAE ©]-8-5to] 3¢ F71A+47F 28
S 7 0 2 Atz H o} (Putman and Carbone 2014).

656 ©2020. Korean Society of Environmental Biology.

ZAY (Zacco koreanus) NATES Ao 2 - = 11070
AZ2HE u]EZE 2ol DNA COI -+ (mitochondrial
DNA cytochrome oxidase I) 5 wAHA = o]-§-5to] A5

Pota BAS £}y, FoHH0R 37 ARA -5

- 71
b MATE o Agaasty Bae saste
ok ASAelst B4 A, SelgIskan asAe
ZAU AL FLT BAATS Lerioly, SE544

Ao) e Aol AL ow Brl8e Uehfglon,
2 57 Aol §24 Ael 52 W7 B 4.0%

(37~42%)2A FLE ol $E2

& AXsIg AZAUA AAshE

4 Ajoliz &
g BAGA Qi HES Agolng B A7 At
L G5 UEPLA AEAY AR ATEREA @
Tol 712ARE B4E 5 S A0 BH 55 7
s B AEH BAe Bote] BaE dE4S
A Aol ThE B, WAE B2 was] 2 450 FU
ol vl et 371219 A7vt Bastet 3%
A2 A5 shqo] AAlske ARIZe] Hekaaet 24
2 Bof 79 Aol AhHoR B S vt
Wow A% 84 ARl 700 54 Aol ek
QUSITh ol A% BHR AR 7 A Ehate] TS
A olFolA L 9he- olulate el A 1t ABA
2 WYY 4 Gl Au TG 5 ek shAu Adeet
2 A 2A Q0] Aol o g BAuAS o] 8 F
F A7t 99 Aoz g

AL AL

2 A9E2 SR Ao =gt
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