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- The river estuary ecosystems harbored diverse fish species, such as carp, goby, and marine fish, with divergent life histories.
- Some migratory fish were observed in the Tachwa River, suggesting a relatively high connectivity from the mouth to
down-to-mid stream and a branch of the river.
- The study findings suggest that eDNA can be utilized as a complementary and versatile tool to monitor fish community

structure and species diversity in river systems.
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Abstract: River estuaries are dynamic and productive ecosystems with high regional
biodiversity. Environmental DNA (eDNA) has become a useful approach to assessing
biodiversity in aquatic ecosystems. This study was conducted to investigate fish
community characteristics and species diversity in two river estuary ecosystems, the
Taehwa River and Changwon Stream. We further compared conventional and eDNA meta-
barcoding analyses of the fish communities. The conventional survey was performed in
May, July, and October 2022, while the eDNA analysis was conducted only in May. We ob-
served various fish species with different life histories, including carp, goby, and marine
fish. We also found that migratory fish, such as dace Tribolodon hakonensis, sweet-
fish Plecoglossus altivelis, and eel Auguilla japonica, occurred in the Taechwa River,
suggesting high river connectivity. Marine fish species were predominant in the
Changwon Stream, as this river is located close to the sea. The diversity indices showed
that the Taehwa River generally had higher species richness, evenness, and diversity
values than the Changwon Stream. A total of 9-19 species were detected in the
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conventional survey for the three sites, whereas 11-18 species were found from eDNA
analysis. The findings indicate that the sensitivity of eDNA was similar to or higher than
that of the conventional method. Our study findings suggest the efficiency and efficacy of
eDNA-based fish community monitoring, although with some shortcomings in applying
the genetic marker to Korean fish, including no clear-cut distinction for Korean endemic
species and/or genetically closely related species groups.

Keywords: amphidromous fishes, aquatic ecosystem monitoring, environmental DNA
(eDNA), fish community, river-estuarine ecosystem

o= Qloto] A AAH R BE
ThFA (blodiversity)O] 451 9o Ed| A EA|
= A AT 71 Fofet el A F st EA F o
/ol F3stal Yot (Harrison et al. 2018; Kim and Song
2021; Hu et al. 2022). | AIARA715 (World Wildlife
Foundation, WWE)olA 2018 o] ESH XA X]
4= H.11A4 (The 2018 Living Planet Index, LPI)°]l 2]5}H
1970\ °1F HAEF A Bt 83% HAsto] &
3 s =l Hlsh 24 o 7hhE £ g Akl 9l
Thyl B = It (Harrison et al. 2018; WWF 2018). &
4"“EH741 oflA AHRERA Fatt A A 7]5e 435t
+ o= 7199l E e d, AAA oy, fHEe A
i ‘*94 5o ddFer MA7E @AS] HAaskal At
(Dudgeon et al. 2006; Reid et al. 2019; Kim and An 2021;
Hu et al. 2022). 9=+ sl (A7) 7F W= 7159 <1 ot
- (estuary) AHHA= 53] w2 AiHdS UEto] A=
oFdel 1 Af AEFEol ®wol BEsH =2 4
EfAIA B A 7RI E AY AL QUTH(Kumari et al. 2020). St
T AeiAl= shd et vitke] FAE vEhdl= AgAed &
Jo Qs 12k E4=o1F, 7154 (brackish) oI, 2]
“d (amphidromous) 17 ¥ %4 ol F & ohdet AL
AR E4E UEdl= olFEol S5, dollA Hize
+ F71E7 FEEol B oA FH Hol =
A Alsdorm F gddel w2 54 et
(Elliott and McLusky 2002; Kim et al. 2022; Park et al.
2022). sk AEAIE FHohs dE B=2¢ o7 34
TFx 54 9 ol®/A, T oS oefste A2 A H A
HUeg o] A4 A& 5 shbzA] e 24 7125 3
7¥ek 4= A (Zou et al. 2020).
YA T340 AT A7 HIHE SloiA= A
Erekgel tigh 71491 EYE o] F 85ttt (McCann
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2000; Kim and Song 2021). F'&2]1 o7 AETAd &
UE " RS 23 xe A o g Zoijof gt 2
o o= o] st} 28 Bz or nlsty o]
O]Fsto] FASkAL QUrk. SHARE o] ek RS B =
Tp AZbo] £ Q ¥, AFEE B AEAE 2 = 9l
o, A7t A2 sAFIY BFEA7SS FAISH]

21 ZAALY] ZAF HhH T B25kd 2o whef At
7} @2pd &= 91tk (Hopkins and Freckleton 2002; Alam
et al. 2020; Kim and Song 2021). ©]2]gt 213 23] ZA}
o 2 Heteh 4 o= avbalQl i o 2= 214 DNA
(environmental DNA, eDNA)S 2835t AZWo] ot
(Pikitch 2018).

278 DNAE =, EY, th7] 5 ot &7 EAlstk=
=0 DNAES HotH o272, Hold, FHlE, el g,
g AN Z £ thofst g2 4—1H§_E}(Bohmann et al.
2014; Thomsen and Willerslev 2015). B~ e Alof|A] g+
73 DNAE 283 2UHZ T2 %} Al m it 2H 5

A E7] mZoll ZAF 2o oJjt JgFe] Aar, A ARE
9 o1y H|-go] A7rE 4~ QI (Pikitch 2018; Kim ef al.
2020a). =3 570l 7FeRt ER e F EA He7t
Wo] 273 DNAE 5all o= A& glo] vdgsHAl &
o] f-5 sl F o Bl 7-85tH, F T4
ANAG getdo] wot R M=E &4 + AUe
o] AtH(Smart et al. 2015; Creer et al. 2016; Ruppert
et al. 2019). 373 DNAE 54 £770] ¥ majoln
£ AHgstel B 07 A 52
stal, ZFAIH AJFE4 (next-generation sequencing, NGS)
= 5ol FHHE A2 dHo drIHE RS EA5t] F

= BRIk F = wtetrd o Qled], ol & wEktEd

(metabarcoding) 7| ol2t et (Ruppert et al. 2019).

=0 A= 7 DNA HIEHHEEY 7]¥S A-8-5f0]
FrAES Lt AE0dd BUEHY Ze=A a8
A3}t sk AJeAdo] ASEH AT (Taberlet et al. 2012;

(universal primer)



Fish community characteristics of two river-estuary ecosystems

Thomsen et al. 2012; Bohmann et al. 2014; Balint et al. THIAL AL 7V AT D EolR® S oFd 9 A
2018). &5 EF 2709 P i e = ofFE °ol§ T 50 B Ak (Song et al. 2019; Alam et al. 2020).
3

S
ok xRl 21 DNAE &3 9o/ 4 1% A U e HAIE td o= €78 DNAE o]81t

(community structure) H|1L 24 A3} 3 DNA & AErtdd dFARE of rlER dAolH, €73 DNA
A 719t ol F FA7F 100% 9] 435S HERd HE 3l £ 283 +AHA RUEE A7 (HE G ZYE T
T} (Shaw et al. 2016). €=o|A= &7 DNA 24 5 )9 Sirt e Ao ABZHET (Song et al. 2019;

ofl AE L1715 WAo] WAL ol WA e] 2, 7Y Kim ef al. 2020a; Jung et al. 2022; Kang et al. 2023).
A4 9 HEFS F745t] 6171 b A4 5 5670 A 2 AFoM = =W 5 A sk AHAE tES)H
of| A &5 92%9] ©A-8-2 et (Thomsen et al. 2191 ejadt AR 9] o) F A F28} & o}
2012; Itakura et al. 2019). = &]o4= &7 DNA A+ 7¥stal, 2t S’ ol 419l 7411”4 s
7t BRA ZAHWE BEE EA 57)ERE ofv =t AR oFstalA} sttt o yolrt o5 o] g/t A A
2 A WA AEE F8) 0= ST JloH, B b DNA HEHIA G 742 o7 ®agsto] 22 iy
o7t @Ao] F A= AestA wefstr] flsiAl 2 AH ofF T4 Fx T S HlaL ZA 5}
RNA (environmental RNA, eRNA) 77} =3I =11 Q) AE o83t S YA RYEPS] f&
(Cristescu 2019). 8 eEE =2fstaat shdch

7% DNAS &85 =l AE2RUEHT
FEAE ez HdE 27 GAE
(Kim et al. 2018), 17+ Z5o] aefF m]4 AY

of| B]2]i= F3F(Won et al. 2017), At FeA L] A= &

< F
AU
11{>

o,
tlo
o,

_E_L

O

ro

o o o 1o o of rIr
ol
% Jk?.L oﬁ

ojN od HU

ol
l:l

N
N
)
Hu
»g
of
1]

21 ﬁ Al X|AH
FAE T A 372 H5S (Boopathi ef al. 2015) GRS
A7 So] St Tk, w4 AeelAg thtos @ 2 A7l IR ofF el 2Are] detoz 4
FxARe €7 DNAE &8 & oA HInE 54l olF P on, AT sbdS 354 A sk AHAE
v} | " ¢ (A)
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Fig. 1. (A) Map showing the two study sites, US1 and US2, at the Taehwa River in Ulsan, and (B) a single site, CW1, at the Changwon
Stream in Changwon in South Korea (US1: 35°33'32.563"N 129°15'66.25"E; US2: 35°33'35.73"N 129°21'11.69"E; CW1: 35°13'25.65"N
128°38'9.44"E).
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E5H= WS 5] oF<] B8} (Taehwa River) ¥ -
% (Changwon Stream). 2.2 A5}t opd W ZAA]H
2 "t 25 170 A (Us1)ﬂr 215 170 213 (Us2), %
A 27 1 A (CW1) L2 F 3709 AHS ez

TP ), o] o] 87 ol F FHIALS] 9 2022
04 33, 2 A= &2 o]-8<7t €73 DNA |
|32 AR ‘f’*—i 20221 54 12] AAI5HI T (Fig. 1, Table
1).

59 79 1

o

o} 7ol Y2 FY (T, 7x7 mm)T S (T, 5%5
mm) S ol §ate] AEAE SAsHATE BHL 24
AW 7] b2 FAaoA 128], Foils ohdRt vlAaA A
AolA 408 B AAshedck AW ol £ (Kim
1997; Kim and Park 2002)-& #alste] 53519 .0H, At
2 &9 054 F BT AYAR) 24 FHoAL £
&7 Nelson (2006) 2] #FAAE wet AAISHIH. F
7HH 2 & 2016~20219% 7|Xt 3 AR A3 E
7}(Survey and Evaluation of Aquatic Ecosystem Health,
SEAEH) @Al A3k(sh: eistdol, Bishdoz, eshd
03, EH§]-7P04 6]—?4. i]—_%]ih)f—i 7‘41—_,’7_6]-0:] H }_}\]- 7&31]—9,]—
H| 7 B35} tH(MOE/NIBR 2016-2021).

222 o|-3etH &3 =4

AR o] 53t FHEAS Tetelr] I 2
A, 5 5 274 #8802, Ak (salinity) 5 ©]-2F
ot sggdlol8 & ST (Table 1). 27 HiEe
Hanna Multi parameter (HI98194; Hanna Instruments,
Netherlands) & ©]-85t9] 33] 451900, 953 =4
< Water Velocity Meter (Fp1111; Global Water, USA)&
ol-g-sto] SAstt.

223,97 AIZ Hi+ U 9% DNA %2
7 A2 A% A 259 AQE det
1

Abgtoll A 7 11: 17@ Uk 18:054, %%i ol

2

1o ro
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Table 1. Physicochemical characteristics of fish community structure and species diversity at three sampling sites based on a conventional survey using cast nets and kick nets and

environmental DNA (eDNA) analysis of water samples from two rivers (the Taehwa River and Changwon Stream) in the Nakdong River basin in South Korea

eDNA water
sampling time

Salinity

Water flow rate  Temperature

Wiater depth

Tidal time

Survey

Station GPS location

Date

River

(ms™)

(low/high)

(psu)

(°C)

(cm)

(date)

0.17
0.19

0.21
0.34

20.82
28.13

0.08
0.38

22.75
25.94

2nd

13:30
(05/13)

35°33'32.53"N

Us1

129°15'56.25"E

21.30
21.39

29.27

0.25
0.36

2750
15.50
25.55

28.25

3rd
Tst

2022.05.13-14 (1st)

11:17/18:05

Ulsan
Taehwa River

2022.0707-08 (2nd)

0.28
0.29

20.80

0.36
0.56

2
3rd

2022.10.06-07 (3rd)

16:14
(05/13)

35°33'35.73"N

129°21"11.69"E

uUs2

11.99
1.32
1.42

0.22 21.99
28.40
21.68

35.29
29.564

Tst

2022.05.11-12 (1st)

0.05
0.44

31.32

2nd
3rd

10:07
(05/11)

35°13'25.65"N

12:01/18:46

128°38'9.44"E

CwW1

Changwon
Changwon Stream

2022.07.05-06 (2nd)
2022.10.04-05 (3rd)




oA 214 Aot o, At He Alae ot A
(2 L)l "ot 4°C ©]ste] oA Hytsto] Hd=
55T @4 Al&+= 0.45 um membrane filter (GN-
6 Metricel®; Pall, USA)2} -5 HI (GAST, USA), ZH
3 7] (NALGENE®, USA)E o]&5}to] 2 3utt} 500
mL% 2% TE[FSIATH(Alam et al. 2020). ZEIE Al T
A 7Fs T 2 F HAE 915ke] 10% A BE P 7]
(NALGENE®, USA)¢t TS &% &, SHRTE 449
Q- F ol-gstaer, o]F ofike E A= lysis buffer
(Qiagen, Germany)”} 5°1%)+= 2 mL tube (Eppendorf,
Germany)©ll 901 ZA] DNA 2| o] 2513t} (Helbing
and Hobbs 2019). 7 DNAS] &2 oJitH HEA|E
~1mm F7|& ZA ZHF F Tissue Lyser 11 motorized
homogenizer (QIAGEN, Hilden, Germany)& o]-g-st
of #Assiet. AA 7} ¢h= s ME-2 DNeasy Blood
& Tissue Kit (Qiagen, Germany)E ©]-§5to] A| XA
protocol®ll @2} DNAE F&513th 5% DNAE ND-
1000 spectrophotometer (NanoDrop Technologies, USA)
£ ol8sto] s& 54 F -80°C A2y F Lol Hykst

.

224 NGS Y MHE28HE 2N

27 DNAE °]-8% NGS 79| ol 7F 24< ¢
3] ]EZ =20l DNA (mitochondrial DNA, mtDNA)
128 rRNA #3425 B 02 5} MiFish §-4 Zat
°o|™ (Miya et al. 2015)& ©]-85}] libraryE 55+
o} (MiFish-U-F: 5-GTCGGTAAAACTCGTGCCAGC-
3'; MiFish-U-R: 5'-CATAGTGGGGTATCTAATCCCAGT
TTG-3"). NGS w412 913t 12} amplicon 4873+ genomic
DNA (10 ng pL™")E AF8-SH 94°Coll A 323 271 HAd
F, 94°COllA 20%, 60°COllA] 15%, 72°COll Al 1525 353]
HHE, o] % 72°CollA] 527F 2|5 Adstaltt. S51F PCR
producti= A71%9%F F ol product size?! 240 bp gel=
Accuprep® Gel Purification Kit (Bioneer, Korea) & ©]-&
oto] Ao} Nextera XT index Kit (Illumina, USA)
£ o|-8sto] gtolBE e 2E A&, Illumina MiSeq
platform (2 x300 bp)= AF&St] 714 E 42 3
skt @714 24 7= CLC genomic Workbench
ver 8.0 (CLC Bio, USA)E ©]|-85}°] quality filtering=
5F1.2 ™ (QV > 20), Miseq data analysis pipelinel] T

Fish community characteristics of two river-estuary ecosystems

2t A2 HEAS pagekoln. 539 22
(operational taxonomic unit, OTU)+= BLASTn
o] descriptione SFL.2H, 97% ©1/d2] & U/ (identity)
S YEPHH ZF (species), 97%°14 90%2] FLAHL &4
(genus), 90% "|9H] -5U/d2 vkl (unknown) 2 & 7]
ool AHA siAE Yo 2 DFE OTU read 9
A4 EE I (relative abundance) 545 ©]85t] Z+
A4 2 W 24 Blee ALEstl e, Primer-e v7
(PRIMER-E Ltd, UK)E ©]-85to] £ -FAHE 224
=2 (clustering analysis) % heat-map =42 g=f5}o] Z}
7} o] AtE A Zte}st At (Clarke and Gerley 2015).

7 EAS0 Al HlolEE o851l 217 DNA
= o8t A 242 7 AR IA ZQlE OTU read
FE 7|F0 2 9% A4 (Dominance Index, DI), TF¥ =
Z)4=(Shannon Index, SI), 75 =A<~ (Pielou’s Evenness,
T, B-EA]4=(Species Richness, d)& 4F&5tTH (Shan-
non and Weaver 1949; Pielou 1966; McNaughton 1967;
Margalef 1968).

3.2 I
3.1. 0] spebx gk £4

ZARAHof| A F 33] o] - 3FeHA] oS SR 2
3t Us1 A9l ¢ 4 22.75 (17}), 25.94 (24}, 27.50
(3%h cm, 545 0.08 (12h), 0.38 (221, 0.25 (3*H m 57, &~
< 20.82 (17}), 28.13 (22}), 21.30 (32h)°C, FX= 0.21 (1
Zh), 0.17 (27h), 0.19 (3%H) psu, US2 Z|oflA =4 15.50
(17}), 25.55 (22h), 28.25 (32H) cm, 745 0.36 (12}), 0.36 (2
2}, 0.56 (32H) m 57!, =2 21.39 (12}), 29.27 (22}, 20.80
(32h°C, 9= 0.34 (17}), 0.28 (2#}), 0.34 (3%} psu, CW1
A-ANA 4] 35.29 (171), 29.54 (27}), 31.32 (3% cm, &
25 0.22 (12h), 0.05 (27}), 0.44 (3% m s7!, =2 21.99 (1
2}, 28.40 (22}), 21.68 (32h°C, &= 11.99 (12}, 11.32 (2
Zh), 11.42 (32F) psu Atel o Q1 e 4 cwi A3
o] Higbg F A Hot A7t BE A7l o =A LR
T (Table 1). 7452 Hi2PE 2157 2174<Q1 US2 (B 0.43m
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sHollA BF A1 Q1 UST (B 0.24 m s e 24
ol CW1 (B 0.24 m s~ )Xo} =7 YERETH(Table 1).

[l-OI:A'l

3.2, 0§ 0|82 0j7 2 1= & i)

op

s A}, "isd A Aol =3
& F R AASE F 55 9 23F 6667NA = SR1E
ow, A4 E¥F T AT " (Zacco platypus,
29.0%), °F+-HE2 5ol (Mugil cephalus, 25.2%), Tha
© 2 QEAAYS (Tridentiger brevispinis, 10.1%), ¥l
2 (Micropterus salmoides, 8.7%), +*| (Hemibarbus
labeo, 4.5%), &1 (Tribolodon hakonensi, 3.6%), 552
(Lepomis macrochirus, 3.5%), <1 (Plecoglossus altivelis,
32%) & 2= ETSFUTH(Table 2). ALFF2 TUEN
(TIksookimia yongdokensis), Z-E7W (Squalidus chankaensis
tsuchigae), @=-5At2] (Odontobutis interrupta), A2
(Odontobutis platycephala) 4°& (4.5%)2] A14lo] £RIx]
Row, AR HY =] H-5 554, Hl2 2% (12.2%)
o] TG ZF AR tro] B4R A Hiat &2
7 USL A9 AA E4F 9 Ml T 45 7 175
36070A1 2 EelE]glon, $345-2 ofetn] (40.3%), oFF-
HEL v (15.0%), THLo 2 DEARYE (14.7%), %
°1(6.1%), FA1 (4.7%), EF4 (4.7%), T2 (3.3%) & =
o2 ZYPSHTH(Table 2). LHF2 27, T4 2%
(1.2%)°] A4 o] gRl=|qlom, e Al T I=0] B¢ &
4, 812 25 (19.7%) °] TEE AT A7 AL Ao
Ae 124 (59) 45 63 115 64704, 22H(7Y) 45 77 14
F 175704, 32k (109) 45 73 12 12170412 79 24t
oA 7 B2 3 WAl S E i e AR
US2 230 A% & 55 971 19F 30671412 SHE2 &
°1(47.7%), OF-HE2 w2] (15.7%)7F SA= AL
o] (7.5%), NEAAYE(4.6%), T2 (4.2%), 2°1(3.9%),
Dol (Cyprinus carpio, 2.3%) & w2 = ZASIATH(Table
2). IHE2 5FA 15(0.5%)°] ZRI= 3 om, e
ARTYZ 254, vi2 2% (1.1%)°] TEEH I Al
718 AP Aol A= 12 55 83} 11F 51704, 22F 55 8
I} 153 168704, 32t 45 637} 12F 877HA= A =L
™ US1 A1 FAsHA 22 ZAIA 71 B2 Fat 7
AZ=7F A= ATk 49 cwi A-ollA AHHE HA =

AETS SIS B 45 57 9% 4667HA 2 FHFTL 5

642 (©2023. Korean Society of Environmental Biology.

0] (65.0%), °F-HF2 MEATTE(17.8%)°] ZRAI=3
O w, U5 (Tridentiger trigonocephalus, 7.0%), % °1
(3.9%), T4+ (Gymnogobius urotaenia, 2.8%), =25
(Acanthogobius flavimanus, 1.9%) & +=2& ZA5ITH
(Table 2).

7} 21300 A Al7TE (A ) AFEA 7o) o5& LEr
W= 425 (amphidromous), 451 (anadromous)
9 7}5Hd (catadromous) O 572 & FAS AR A3t
US1 2137 US2 AollA FE3]74d ol /<l 201, 45t
3 ol Fol, sk ol WAol (Auguilla japonica) 7+ T
ZEQlet US1 A3 ollA Fof7t 12F, 32t At A=
S| 2] QEOIAIGE 221 AL A 17HAI7E ER1E 90 H, 20
£ 17k AL 22 57, 33} 3R 24T 717 e b
S0} US2 2179 7% 1, 23F A A wlizto] Zb2} 174
A P =Yl om 32} ZAbol| A= = 2] ¢St o
O] 739 12k 3704, 22+ 15704, 32k 57HA|17F Sl =] Ak
20l= 12} 6704, 221 3704, 32} 37HA| 2 BE ZAF A7
of| Al T It (Table 2). BISP} E] A cwl A
AL 374 o7t RE A} A7) TEE|A] grott

o] FE o83t o #F] AHIAL ANE VHIOR F
o FAE A A3 - T4 (D)= USL AH
ofl Al 0.641 (12h), 0.594 (22, 0.694 (32}), 0.553 (Z1A),
US2 A4 0.569 (121, 0.667 (27}), 0.667 (371, 0.634
(A, cw1 A-&ellA 0.757 (17, 0.922 (22}), 0.767 (3
21, 0.828 (AA), FHF-EA4(d)+= US1 A A 2.171 (1
2h), 2.823 (22}), 2.389 (32}), 3.474 (ZAA)), US2 Z|HollA
2.171 (12}, 3.040 (22}), 2.389 (3#}), 3.909 (HA]), CW1
217404 1.086 (12}), 1.520 (22}), 1.303 (32h), 1.737 (X
A, FeEA4 ()= US1 A-AA 0.742 (17}), 0.738
(271, 0.616 (32h), 0.696 (ZAA), US2 AHA4] 0.765 (1
21, 0.644 (221), 0.718 (32}), 0.655 (AA]), CW1 Aol A
0.756 (12}), 0.270 (27}), 0.702 (32h), 0.525 (HA), ThF=
2|4 (SD)E US1 A A-ollA 1.779 (12h), 1.947 (2#}), 1.530
(37}, 1.971 (KA, US2 A - A 1.835 (12h), 1.745 (2
2h), 1.785 (32h), 1.930 (4A), CW1 A ellA 1.355 (12}),
0.562 (221, 1.366 (32}, 1.154 (A2 2 SFQ1 =] 1T} (Table
3). ZF A7 hF A 4E Hlw gk A3t US1 A1- 9] 49
228 ZAF A 7P W2 ST (0.594) 9 =2 FHRE
A|4=(2.823), TFFEAS=(1.947), US2 A2 12+ ZAF A
71 e SHEA42(0.569) 2} 2 w5 EA4(0.765),
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IR (1.835) 2 2RIEIo, cwl A- 9] & of
Fd FAE 2 2AH A I e $HEEAF(0.922),
Lo

Fish community characteristics of two river-estuary ecosystems

381,109712] merged reads (50.86%)7} 1= ATH(Table
4). @A =djoll AAl5h= ©1FE2] 128 rRNA F4 2 1A
o thet DB HH7} oA o & BEshe] AL{Fol A,

AR o2 7Phe FAE9 7S Wt F wdo] HX
U= 797t EALST whebA, 2 AtolA] AEo] gl
%l DNA reads 5 =Hl A124]o] S1E]2] FAL =9 (Y
2,59 2AFCE 1 2= Jang et al. (2001)°]]
Oloff T spoA AAH olF AR AT} 2016~2021
Aol £33 e A7 7HMOE/NIBR 2016-
2021) FF A A3t (3 Hsdo1, Bis02, HsHd
03, Ei3Fd04, 5Hd: Y1) E Farste] BAstA) +
Al dA ==, 71 2] 250 (Carassius gibelio)= =

EFATH(Table 3). ZF A2 tefd AA| 2] Hlu &
A A3, FYdel cwi zHo] Higte] = A M ET
0.194~0.275 =2 FHEA 49} 1.737~2.172 B2 THE
214, 0.130~0.171 -2 T3 =A%, 0.776~0.817 -2 T
FIA 4= 217 ERIE| A TH (Table 3).

3.3. 33 DNAO|RZ ©X % 5 4dd

A 37l AN "zl dis] €7 DNA

BA AT} Z 749,303719] raw readsE ¥%loH, o] &

Table 3. Diversity indices (Dominance Index, DI; Species Richness; d, Pielou’s Evenness; J' and Shannon Index; Sl) estimated from three
sites in two rivers (the Taehwa River: US1, US2; the Changwon Stream: CW1) based on a conventional survey and environmental DNA
(eDNA) analysis (Shannon and Weaver 1949; Pielou 1966; McNaughton 1967; Margalef 1968)

Site Survey Numbgr of Dominance Index Species Richness Pielou’s Evenness Shannon Index
species (DI) (d) J) (SI)

Conventional (1st) 1 0.641 2171 0.742 1779
Conventional (2nd) 14 0.594 2.823 0.738 1.947
us1 Conventional (3rd) 12 0.694 2.389 0.616 1.5630
Conventional (total) 17 0.553 3.474 0.696 1.971
eDNA 12 0.677 2.389 0.661 1.642
Conventional (1st) 1 0.569 2171 0.765 1.835
Conventional (2nd) 15 0.667 3.040 0.644 1.745
us2 Conventional (3rd) 12 0.667 2.389 0.718 1.785
Conventional (total) 19 0.634 3.909 0.655 1.930
eDNA 18 0.950 3.692 0.288 0.834
Conventional (1st) 6 0.757 1.086 0.756 1.3b5
Conventional (2nd) 8 0.922 1.620 0.270 0.562
CW1 Conventional (3rd) 7 0.767 1.303 0.702 1.366
Conventional (total) 9 0.828 1.737 0.525 1.154
eDNA 1 0.874 2171 0.379 0.910

Table 4. Summary of the taxonomic assignments of DNA reads generated by lllumina MiSeq from three sites in two rivers (the Taehwa
River and Changwon Stream)

Ulsan Taehwa River Changwon Changwon Stream

Total
us1 us2 CW1
Raw reads 204,354 171,197 373,752 749,303
Processed merged reads 51,633 113,741 215,735 381,109
Total number of species 12 18 il 30
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Table 5. Corrections to assigned fish species by the Mifish pipe-
line, based on the results of a previous ecological survey

Before correction After correction Reference

Carassius gibelio Carassius auratus Jang et al. (2001);
Zacco temminckii Zacco koreanus MOE/NIBR
Rhinogobius sp. Rhinogobius brunneus (2016-2021)

Ul Aale] HuE]z] ¢ksk7] mioll AR ol A Ash=
Aoz e Fo](Carassius auratus) =, ZAY (Zacco
temminckii)®] 735 &4t BlSPO] ARl AAshs &
ZAY (Zacco koreanus)=, B85 (Rhinogobius spp.)
o] 7% g shdell W52 (genus Rhinogobius)< o
o] (Rhinogobius brunneus) g &5t AAloh= 2oz H
T Eo] WolZ KAt (Table 5). ZF A1 L] o7&
2] A7} US1 215014 204,354 raw reads 5 51,63370<]
merged reads= 45 77} 12&°] ERIE U SHEFS &
o (44.7%), °F-AF2 Dol (10.5%) = SRIEoH, &
T4 (8.0%), 12 (5.5%) 5 o= ZARlEom, thef
3 B AT LA EA = 0,677, FHEATE 2.389, o
SEATE 0.661, FFEAFE 1.6422 WERLTH(Table
3). US2 A3 2] 7% 171,197 raw reads & 113,74171<]
merged reads= 85 117} 1850 LRI=HIth SHF2 &
°](71.8%), OF-HES Fol(23.2%) 2 IRIHoH, T
o1 (1.5%), <=°1(1.1%) <] =22 SRIFSt thfd &
A A3 SH LA 0.950, FHEATE 3.692, W=
2|52 0.288, TFFEA| 4= 0.8342 SRRIE|GITE CW1 A
-2 373,572 raw reads & 215,735702] merged reads= 5
5710 11502 $HES 501(78.4%), oM HE2 Mo
(Konosirus punctatus, 9.0%)= <?1= ] 2™, 5°1(3.0%),
o} 715 (Pseudogobius masago, 2.3%) 52| =22 23l
HQon, SHTAEE 0.874, FREAFE 2,171, &
SEAFE 0379, HFEATE 0.9102% QA= AT
(Tables 2, 3).

3.4. 0178 0| 0| 2N UUZAIY
27 DNA 24 22t t|2

o5 o8 @A &7 DNA ofF F 24 2
WS st HeP Ust A1l F 20F0] FAHA
om, 5o, Hix, dof, Fol, 274, 201, "o, A

646 ©2023. Korean Society of Environmental Biology.

us1 us2

7 ) Conventional survey (pooled)

(O Environmental DNA (eDNA) survey

Cwi1

Fig. 2. Venn diagram of fish species identified at the three sta-
tions in the two rivers (the Taehwa River: US1 and US2, and the
Changwon Stream: CW1) by conventional (in green) and eDNA (in
blue) surveys. The results of the conventional survey (i.e., species
detected) were pooled over the three sampling periods (May,
July, and October of 2022).

2], 5ol 9F(45.0%)°] F FAF ' HFoflA] ZlE gl
Th(Figs. 2, 3). @FE2AMNA gR1E /1o 273 DNAC
A AEEHA &2 957 (false negative) &L= 8%
(40.0%) o2 mjgpn], AEHZYE, £, =, 119,
SN, vlAte] (Misgurnus anguillicaudatus), 7158
7N (Cobitis hankugensis)= WEFRL O™, @A ZA A =
1= 2] Agtort 2 DNACIAYE A& 194 (false
positive) 32 3% (15.0%) 22 0|4 ] (Kichulchoia
multifasciata), FEAY, AHC== (Tridentiger obscurus)
S & SIHSIH. USs2 A9 B¢ & 26F°] AR
om Fof, v, o], 2of, JAT, Doi, 11e], A=A}
2], Bol, EX] (Rhynchocypris oxycephalus), 97°] 11
F(42.3%)°] 7+ A oA B PEEIN 9154
A= 8% (30.7%) 2 & m2tn], I2H3EYS, 74, 4
o, %4, €8S, v, AXolH YA =7
Z(26.9%) 2.2 A, S-S, SA (Oryzias latipes),
412 (Coreoleuciscus splendidus), 2 AY, A3 o]/&0]
(Oncorhynchus masou), 5 AH7W (Pseudobagrus fulvidraco)
= SRRIFSI. CW1 A -olM eld 18F & 5°l, 24
U5 25 (11.1%)5F 5 2AF BFoflA] ZRIElom, 9
3 A= 75 (38.9%) VEAAYSE, FEUE, oI, &
A, 73] (Platichthys stellatus), ' (Lateolabrax
maculatus), L5 (Acanthogobius lactipes), 1%
A A= 9% (50.0%) 02 20o], Hof o], mAWE
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[ Detection
[1 Non-detection
Us1 Us2 cwi
Species Conventional eDNA Conventional eDNA Conventional eDNA
survey (pooled) survey survey (pooled) survey (pooled) survey
Anguilla japonica
Oryzias latipes
Konosirus punctatus
Cobitis hankugensis

Iksookimia yongdokensis

Kichulchoia multifasciata

Misgurnus anguillicaudatus

Carassius auratus

Coreoleuciscus splendidus

Cyprinus carpio

Hemibarbus labeo

Opsariichthys uncirostris

Rhynchocypris oxycephalus

Squalidus chankaensis tsuchigae

Tribolodon hakonensis

Zacco koreanus

Zacco platypus

Mugil cephalus

Plecoglossus altivelis

Lepomis macrochirus

Micropterus salmoides

Coreoperca herzi

Acanthogobius flavimanus

Acanthogobius lactipes

Gymnogobius urotaenia

Mugilogobius abei

Pseudogobius masago

Rhinogobius brunneus

Rhinogobius giurinus

Tridentiger brevispinis

Tridentiger obscurus

=

Fig. 3. Comparisons of species detected at the three stations in the two rivers (the Taehwa River: US1 and US2, and the Changwon Stream:
CW1) by conventional and environmental DNA (eDNA) surveys. The boxes filled in grey represent species detected, and those not filled (in
white) represent species not detected. The results of the conventional survey (i.e., the species detected) were pooled over the three sam-
pling periods (May, July, and October of 2022).

Tridentiger trigonocephalus

Nuchequula nuchalis

Lateolabrax japonicus

Lateolabrax maculatus

Odontobutis interrupta

Odontobutis platycephala

Platichthys stellatus

i 1o il

Oncorhynchus masou

Pseudobagrus fulvidraco

(Mugilogobius abei), N7185, Z8S (Rhinogobius (Lateolabrax japonicus) = Q1= Tt (Figs. 2, 3).
giurinus), BBE=, 752 (Nuchequula nuchalis), °] ZARI B AR 2RO] A frANE B7HS 919t of
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(A) Conventional survey (pooled)

[

us1 us2 cwi1
45

Mugil cephalus

—

Acanthogobius flavimanus

Micropterus salmoides

(B) Environmental DNA (eDNA) survey

Tribolodon hakonensis

us1 us2 cwi1

Micropterus salmoides

—

Acanthogobius flavimanus

Fig. 4. Heatmap analyses of fish species identified at three
sampling stations in the two rivers (the Taehwa River: US1 and
US2, and the Changwon Stream: CW1). (A) Conventional survey
results (pooled over the three sampling periods) and (B) environ-
mental DNA (eDNA) analysis results.

] SAEE 24 A T AP BE 24 H
shge] & A4 (Usl, Us2)°l Y (Cwi) et A3
o= o fARE 2 FXE UETH(Fig. 4A, B). Heat-
map =4-& ©]-§3 ZF ZAL RO o] 7 ATERE H

W A A4 ] T 2 HoA Fof (USL; AEZAR
6.1%/273 DNA: 44.7%, US2; 47.7%/71.8%), B2~ (USI;
15.0%/5.5%, US2; 1.3%/0.3%), 21 (US1; 0.3%/2.1%,
US2; 7.5%/23.3%) 5 @EZTAL Al |A471 wol Eele
9] 27 DNA read & H|-&°] &7 Yehts A4S
HAA T, dFFAL Al =2 HE&E ER1IE T, F4],
A7l 52 ZH-$ole 7 DNA read’t HEEA] &2 7
S EASHRH e Be= sl (65.0%/78.4%)9}
BAYE (1.9%/1.3%)°] F ZAL oA FARE Hl&=2
SHI =] ATt (Fig. 4).

%
!

l

l

Mo

ok
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4.0 #
4. WS X (B2, BeH) o7 e
23N 4, 0lF 211X U 5 UYY
B Aol g5 47 UE 57 sl Hakaat
U7 2] S-S PO o] 815A §7 B4, )7 2
A 72 9 % RS Boksch F shae Hhiet ol
Mk o7 AR %ﬁl 97 (WOl A4S I B

“011% lo] Bretel 71 7H7

o7 A F3t Esht F
Z]7dell vl 11.28~11.39 psu 1 7| stolg|qlch £ t}
23 ek 4 785 a3l s AR

AZlell g ol B W2 $HEAet 52 SRk, o

o

2
oX o
oEL

N

_l{m Jl-ﬂl
|‘-Ll
mlo

<

i
g o
y &

%] *1*‘1% 2 o | G B 2 A ok o
gt 4= Qltt(Shannon and Weaver 1949; Pielou 1966;
McNaughton 1967; Margalef 1968). W=tA], B8} & 7]
ol e A Ee AiA 0w FRit ofF Fo A
HE Uetll= 2oz side 4 ek 2uet S, A
o, @oliE e A sho] vl AE IRt o]
A Atet vl Al B3R 449 90% o] w2 3
) E‘r%kElT#PJ Yol gRlx|o] ofF - 27} vl

AUS & 5 A vh, A o] 9ol
= *JH 90% °1’d9] w2 A, 5F9 10%, 30% 2
S 5ot thY A7t EelE o] off T Tt
vl & A7}stA] o2 A& mretst 4= QI ITh(Park et al.
2022). Hi2Pgo] ) 1.737~2.172 B =& A4 &
FTHEA2}0.773~0.817 B =2 AA| F A
UrEM © H (Table 3), $410] €Il F&0] o HE 2
A& Hol= A o2 AR ITh(Table 1). A4 &
Ao gjatel A o] whE of S 7ot 4
MAA R AZohs Joft o} 77t 85 (<1, Yol,
1=, MEA], FEAM, Fol, metn) e s 7 gol
=]t (Lee et al. 2013; Kim et al. 2014). 0|2} &2 2
+ ol "HigPY 199 olF R ITAIA T 44F
Z JolHtdl &ole= o7t 18502 71 Wol THEd Z

S, OFEA S $2]5 YERHTH(Table 3). ¢4 EA5
£ SA7F 5852 AR $8F0) AASHE A
9] H]-&0] o} A40] o] A|5to] TS A FFRY
= oae & gl—o—D:],TTE AEL, L |4 23]
el 2= FAdeke F3t ST} B mEA
H

__'i_

o

A
s

i%o 32

- J{m
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NN e B
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et A2|5HATE (Jang et al. 2001). +HF} oF-HE2
metu|e} Fol2 AU HEXTF TR
= 20109 % o] A Aiel= AelstthH(Kim and An
2010). 3 BeA Y ER] EFDT} v A7 Q1]
o] st o] FeAHY=E AA vl wE 7HA|4=2]
Zdo] Q39 A o2 WETH(Heo et al. 2016). EiZHE
ofl Al FEBRA, Aok E Aohd o/l 2o, Fof, ¥
Zoj7t glEl o] Atat 7} shte] A o] Arid o=
L&t s AEAE e 1T (Ege 1939; Nakamura
1969; Nishida 1986). Zol= 8 A5Hd o7 F o=
B ARE AAdote] Ao g Haof 2 4
getotar dejA Qlo] ’iebd AR AAlA HE wert d
P70 2 AZYE) "jg) 2| 7oA o] ZRAI7E A
= by WEE o) (ZAF A7 Bt ~871A) ©] A&
A AA 0] HE )7t E Q 8HH(Kim et al. 2012).

HH Y] e 715l F=2 AAsks FFolT ofF
F 2 9% 5 55 (2YSE, A9YsE, B4, 1A
U5, FEUYE) R 7P Hol FRIE Ut (Hwang et al.
2006). ©1& ¢ A= 20229 = AN A AT H T A A
U1 2o A =49 ol F FHXAL A FEolR 5%
12]5tiet. 3,

ko
ol

al
T

ox X
o du o

N

o
Hi
rlo
oz
Hu)
=
o
il
fol
o,
rid
o
)
E
1o
il o]

2 EAS Uepd o2 goEh sk st AeiAI e}
£ 28 oM E g4 ool 2 AfolA] s
2] groroi}, o= 3k DNACIA AEH A} o]d &
31 (MOE/NIBR 2016-2021)°l| 4 A A]o] ZHelE
SHH AA| A4 Bxstal Q1S 7HsAdo] =2 AL
ot B AL AR Q1 A of| A AYE Al w2k
QI=]A] QFSIA|TE, Q17 sl FdoA ] T A17]
H s 54 ol 2 24 23 e A S = vi A7
SRelr]o] UM AN A4 7HeAdS ajAE
o P& AR AZHHE, 7|49 ot YAl A4l
Eol F theFgo] =1l Aot o] 7o HeAF o2 A uf @ 5
a3t Aefd 75 A AE AFsh] g -2yt
7149 sHEE iAoz Hop Wiash efd] Av 29
S}t}(Kostechi et al. 2010).

o Yoo
Mo

o fob il W
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4.2, 0|78 0| URIZASL 27 DN
Zat vl

>
Ar
Jx

[e]

FxALe 27 DNA 23S H|a BEA5H
B3t 38] FHFAF A 9~19°F0] 1= %
13](59) =4 23t 11~18F°] T = o] 27 DNAR

2 13] ZAE PPl @ IALRL GARRE 29
T GAEE I 4= ASITh o] E 0|83 5 F

A A} 65 (CW1)~115(US1, US2)°] BHeld H-2 17

St 7 DNAZH & 8204 9 E7 e 2232 4 5
Q13 c} (Shaw et al. 2016; Song et al. 2019; Lee et al. 2024
in press). ¥ DNAE 3% 54 A171(59)°] F 4
T F EE YA US4 20.0%, US2 20.8%, CW1
13.3% =2 ERIEGN, BE XA 715 e A1ete
AX]-&-2 US19A] 45.0%, US2 42.3%, CW1 11.1%=
S ARt "HzPE 2N o w2 dAeS 1T
4= Q9. o, B cwie] 3% 714t QIFES A
Hog gaoli 123 o (FH, FH)E o817t A A

N7%g=) A5 o] Alt= o] 27 DNA A ZAafet W
d2e5 Hl o= whHrt Song et al. (2019)°] ©lst
A ool 3 off dFERARH 19] -3 € DNA 2
A Ao A 27 DNA 24 T A171(58)°l 35%°] &
2] dAeS YA, BE A7 (4~119)9] @7 =

th A= o T oA £AE & 93] 2T ol85
o T ohdd B4 Al FREAT7E USL A ollA @8 =x
AF2.171 (171 ~2.823 (221), 274 DNA 2.389, US2 A1 &
FEAF 2,171 (17H)~3.040 (221, €7 DNA 3.692, CW1
217 @FZAF 1.086 (17H)~1.520 (23, 7 DNA 2.171
= 24 DNAE o]&3t 4o fASHAY B &2 &
22 ZRIF et o]2jet A7t= €7 DNA ofF §4] 2
W7} o] FE o8] AL A 'WAYSH= AL A7) (Al
o2 F gxE0 HAE Bty el AgtEE &
= Hoh v EA1T 4 da= AARRITH(Shaw et al.
2016; Itakura et al. 2019; Song et al. 2019; Lee et al. 2024
in press).

SEA|Rt, 27 DNA o & T2 23 FFZAF Al
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25z 2 Fo] 2 DNAYA AEE Y4 (false
positive; Type I ll2]) 3o} FF2AF Al T H ]

24 DNACA RIEEE 9137 (false negative; Type II
ofl &) 2] eHAIR o] EAoFATH (Evans et al. 2017). & A+
Aol A Sk AThe] A% HsirolA At 44
T2, 42, AAAY, ARUS, Aol /Fol, TN 75
o) BIEE o) 2 A, e, HAY, B4
T2 7% A %?iﬁr 2016~20219 %= 7|3t 28 4
XA 77448 7H(MOE/NIBR 2016-2021) Al T =]
W Fom SO, 42, AHdo/Eel, A
78-% o]l 27 DNAIATE A5 WEE AT (Jang ef al.
2001). AFdo]/E0]9] 79 A& (genus Oncorhynchus)
o] o7 = ®iskg oz vid 9]7|5h= eHYF Oqo1(chum
salmon; Oncorhynchus keta)©] DNA7} HEE S 715
AJo] Qlth(Jang et al. 2022). ]2 7Md-& AZSH] 9
Sl NCBI (national center for biotechnology information)
9] GenBank®l| 55% Aol (n=4), 4Fol/Eo] (n=10)
©] 128 rRNA®} 2 A7 27 DNACA Abdey/Eof (0.
masou) 2 TFH DNA reads (n=2)5 FE519 A54

(phylogeny) 4 23} €7 DNA 27l reads”} AF o)/
o] 2717 (clade)ll §1ZI5t0] Aol 7HsAdo] Hof 4hd
o]/%°] DNA 7Fs/d-& A AsHth (Fig. 5A). #12]<] 72
< 41214 (genus Coreoleuciscus)®] 1724 $-=uhet
of #2] 150l AAsk= Aoz dHA QIglon, 2 4
2@} 4] (Coreoleuciscus aeruginos) 222 2-57% %
TH(Song and Bang 2015). 412], AFd o]/, SA7)e}F 2
2 T 71E "HgPdol AAets Fo& BalH v gl
O, DNA reads® H]& E30.1% ©|5t2 DNA 2
(contamination) ¥ ol o]_ﬂqﬁ o] o] o] = 1;].2 HXJ _QLO]oﬂ
o] A== 7Fs/de 44l & 4 Ut (Yoon et al.

2018). ] % A 201, Tol, Hol, BAT
=, W5, 25, 489S, T, &0l 8Tl &
RISt o] T 201, Fol, Aol, RATS, 54, Fol=

2016~20219 % 5% A7 H7HMOE/NIBR
2016-2021) Al TEENE Fo 2 IRl on of 7|
5, ZEYE, 14959 49 27 DNAOAT S x]
ME}.%%%H 73-%- vt} w9 77k (B A A ) oF
1.5km ©]7), Y& A7te]] 3 Almrt Afd JFoz

A B Zacco sp. (8
( ) LC381892 Oncorhynchus masou ( ) P- (8)
Zacco sp. (12)
Oncorhynchus masou (1) Zacco sp. (7)
LC381889 Oncorhynchus masou Zacco sp. (6)
Zacco sp. (2)
LC381887 Oncorhynchus masou Zacco sp. (1)
LC381885 Oncorhynchus masou NC025286 Zacco koreanus
65 il i
—1 LC381879 Oncorhynchus masou LE193424 Zaccostemmingld
LC146071 Zacco temminckii
LC381874 Oncorhynchus masou LC069455 Zacco temminckii
LC381869 Oncorhynchus masou LC069454 Zacco temminckii
99 KJ427719 Zacco koreanus
LC381866 Oncorhynchus masou
Zacco sp. (4)
LC381879 Oncorhynchus masou I zacco sp. (5)
Oncorhynchus masou (2) Zacco sp. (3)
Zacco sp. (11)
EF105342 Oncorhynchus masou 9 | Le277717 Zacco temminckii
AP010773 Oncorhynchus keta Zacco sp. (9)
Zacco sp. (10)
NCO017838 Oncorhynchus keta
LC069456 Zacco platypus
84 | OL339393 Oncorhynchus keta LC020972 Zacco platypus
01339394 Oncorhynchus keta o3 | LC146070 Zacco platypus
LC193405 Zacco platypus
’7HQ897271 Brachymystax lenok (out) LC193406 Zacco platypus
99 ‘JQ67S732 Hucho taimen (out) KRO75132 Coreoperca herzi (out)
KM030426 Odontobutis platycephala (out)
—_—

0.050

—
0.050

Fig. 5. Phylogenetic relationships of three species in the genus Oncorhynchus (A) and genus Zacco (B) based on mtDNA 12S rRNA se-
quences (169-177 bp). DNA reads extracted from the eDNA results of this study are bolded. Numbers at the branches represent the boot-
strap support values for maximum likelihood (ML). Information on DNA sequences used for phylogenetic analysis is given in Supplement-

ary Table Al.
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24 DNA 919/ 2ol 991 % Al ZHA] - (1) = A
= W DNA9] 24, (2) 24 #ollA] Hix2] Fo] 74
et A=, (3) ol AHNA 52 BE=A DNA A= -
7} AA1E BF Qth(Darling and Mahon 2011; Rees et al.
2014, 2015). SHAEL A ZARE 73 2 AH A T
ool siAe Ft Hlold EAo] Basith(Evans et al.
2017; NIBR 2020). EzH 2 75 53 373 DNA $1=
X Av AR5 gl 4 ot 59 wetle] A9 @
HFEAR Al HEEEO] = AN 2 A Bler Sl
| gloL}, 27 DNACIA AEEA] deh =Wl A Alst
= 2tu]& (genus Zacco)= DAY, FAAY, m2tn] 3
o] AAIsHL glom, o] FE2 TN &71E A
i (sister species) 22 2] UTHKim et al. 2005; Oh
and Park 2009; Kim et al. 2020b). P]EZE2]oF DNA cyt
b (cytochrome b) 72} 1,140 bpE ©]-8-5ko] =1 ]2}
0 Al FF0] Alss 245 59l FE A7 43
H} 1thH(Oh and Park 2009). 6?11 g 2 Aol o8
MiFish ¥-& Zzfo]m ] 79 125 rRNA 240 bp<] %

A7IAE HHE FA 07 sH= EAA Tt S-A A H
Qo = ZHERl ZAAY, FEAY, wetng A 4
U= F71ME Hol, = FLAA7|tHE/d (single nucleotide
polymorphism SNP)°| EAI5H2] ¢ ZS 2ottt
F714Q1 ASS 915 NCBI9] GenBankell 555 44
Y(n=5), %@7414 (n=2), M) (n=5)°] 125 rRNA%}
34 DNAOA ZAYUS (Zacco spp.) 22 TFEH DNA
reads (n=12) T2 FZoto] AlFS B4 A3t 1
gtojel ZAY/AEAY F 273 o s FREH o, &
Aot FEAY AT FEE Z717o] WAl Futt
(Fig. 5B). E3F, FZAL Al Hi2PFe] 7 2 ollA 5%
SRIF 2], |, WEH AT, USL Aol AR g2l

rlo i i

i3

= 2N, 71887, Us2 A olA T E1d Ax], Fav
S} 22 5T 317 DNAOIA AEHA 2ot ZLA
3 UEARYS, FEYE, dol, BAT, Ao, H
Fol, SIS 750] 9124 A2 It Y24
Aol h1e T 7HA] - (1) AHFRH & A5 HAR EA
Sk B4 £9] DNAE HAISHA] Bohs A, (2) B4 &

o] AAA ol B Al=of| =4 7Hs3h DNA7} 5

JPN

- 7} It (Darling and Mahon 2011; Rees et al. 2014,
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2015). 91578 Ao iE YerozE= 7 DNA 245
3t E AE A L A7 F F712} local F-9] Hlo]EH|
oA FL=0] & Q 5lth(Evans et al. 2017; NIBR 2020).

B A7E G54 47 517 ARAS tEske s &
A 31491 eyt HRAS PO B B4, ol
2 72 2 F L Wk Beg @x 2 3
T} FEEG (20), 2514 (Fol) 2 FsH (BA) o]
5.9 A4Jo] Selslo] st 7 5179 AEAe] vlwA
AT YAAALS & 4 SISk ST, A S
(227, w29 A4 Skelso] AT AAHS ol &
3 A Shatel] e $el= SA0] Atk Bua
517 AEAL vicheh q1stol o] GO F2 of

ArolR7h 4lsh= 1 OWPJ e EA-S Ve
3t 7 DNAE o8¢t A H A RUEY 842 3
7tst7] Qe o & o] ?l Az AL} 344 DNA B4 A
e 27 1x 9 F oholbd oA Hwske) 34
DNA 54 A3} o] dAF2ALel ek o2 JARE 5
o] F &4 9 F tppdS Eld 4= AT YR
12 Aot e AR FAlo EAst . &, g
7 DNA 7|§ 9] 4524 =y 8-S fIsliAlE= oha &
2 JjAEtete] W Qs A 5
= ZHof| gt xEstd A v Rd 5, 2) 195 9
2z gist F714E &1 D Local DB 7%, 3) ¢

2HE-S Ao AT 4= 9l =y BE 0 RS

53] 2ot A A =
ol A-gAel FALHIHO 2

FITH(NIBR 2020).
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SUPPLEMENTARY MATERIALS

Supplementary Table A1. Information on DNA sequences used for phylogenetic analysis (Fig. 5), including species names, GenBank

accession numbers, and relevant references, if available

Accession No.

Species

References

APO10773
EF105342
HQ897271
JQ675732
KJ427719
KM030426
KR075132
LC020972
LC069454
LC069455
LC069456
LC146070
LC146071
LC193405
LC193406
LC193421
LC277717
LC381869
LC381874
LC381879
LC381879
LC381885
LC381887
LC381889
LC381892
NC017838
NC025286
OL339393
OL339394

Oncorhynchus Keta
Oncorhynchus masou
Brachymystax lenok
Hucho taimen

Zacco koreanus
Odontobutis platycephala
Coreoperca herzi
Zacco platypus

Zacco temminckii
Zacco temminckii
Zacco platypus

Zacco platypus

Zacco temminckii
Zacco platypus

Zacco platypus

Zacco temminckii
Zacco temminckii
Oncorhynchus masou
Oncorhynchus masou
Oncorhynchus masou
Oncorhynchus masou
Oncorhynchus masou
Oncorhynchus masou
Oncorhynchus masou
Oncorhynchus masou
Oncorhynchus Keta
Zacco koreanus
Oncorhynchus Keta
Oncorhynchus Keta

Shigenobu et al. (2005)
Hsiah et al. (Unpublished)
Wang et al. (2011)

Yu and Kwak (Unpublished)
Chen et al. (2016)

Jeon and Suk (Unpublished)
Park et al. (Unpublished)
Miya and Sado (Unpublished)
Miya and Sado (Unpublished)
Miya and Sado (Unpublished)
Miya and Sado (Unpublished)
Miya and Sado (Unpublished)
Miya and Sado (Unpublished)
Miya and Sado (Unpublished)
Miya and Sado (Unpublished)
Miya and Sado (Unpublished)
Miya and Sado (Unpublished)
Kato-Unoki et al. (2020)
Kato-Unoki et al. (2020)
Kato-Unoki et al. (2020)
Kato-Unoki et al. (2020)
Kato-Unoki et al. (2020)
Kato-Unoki et al. (2020)
Kato-Unoki et al. (2020)
Kato-Unoki et al. (2020)
Garvin et al. (2010)

Chen et al. (2016)

Dziedzic (Unpublished)
Dziedzic (Unpublished)
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