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Abstract

The Japanese ornamental carp (koi) has a wide range of variation in external morphological
features, including coloration and imprints, and is divided into numerous strains. Nucleotide
sequence variation in the mitochondrial DNA (mtDNA) control region was analysed to discuss
the origin of the koi. Analysis of eight Japanese koi strains yielded 926 or 925 base pairs of
sequences from the entire mtDNA control region. Nucleotide base substitutions were observed
at 25 sites (the rate of substitution site: 2.7 %) and 3 haplotypes were detected in the control
region of the koi. Comparison of these haplotypes with sequences from carp in the DNA database
showed that the most frequent haplotypes detected in the 6 strains of the koi in this study were
also found in the Chinese edible colour carp (Oujiang colour carp) and were highly genetically
related to haplotypes from Taiwan and Chinese carps. The remaining two haplotypes were
observed from the Asagi and Platinum ogon strains of the koi. These haplotypes were genetically
differentiated from the most frequent haplotype in the koi and were very closely genetically
related to the haplotypes of the Japanese native common carp. These findings suggest that the
Koi have several maternal lineages of carp, including a lineage genetically close to the Japanese
native common carp, and the origin of the currently cultured koi was inferred to be polyphyletic.

Key words: Actinopterygii; Cyprinidae; Cyprinus carpio; Nishikigoi; ornamental fish; genetic
variation
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Mabuchi et al. 2006; Kohlmann and Kersten
2013; Mabuchi and Song 2014; Ye et al. 2018;
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Table 1. List of koi strains or populations with the origin of country, and DDBJ/EMBL/GenBank
accession numbers for the mtDNA control region sequences used in this study.

Strains or populations Abbreviation Status* Country Accession number Haplotype References**
Kohaku koi KH1 K Japan LC770207 KHI This study
o KH2 K " KHI1 This study
" KH3 K " KHI This study
I KH4 K " KHI This study
I KH5 K " KHI This study
Showa-sanshoku koi SW1 K " KHI1 This study
n Sw2 K n KH1 This study
I SW3 K n KHI This study
Mukashi ogon koi OGN K " KH1 This study
Yamabuki ogon koi YOGI1 K n KH1 This study
I YOG2 K " KHI This study
Platinum ogon koi POG K " LC770208 POG This study
Asagi koi ASG K " LC770209 ASG This study
Doitsu hariwake ogon koi DHW K " KH1 This study
Doitsu midori koi DMD K " KHI1 This study
Purse red PRI D China LC770210 PRI This study
i PR2 D " PR1 This study
pultative Taiwan TWN ? Taiwan? X61010 TWN a
Lake Biwa LBWI1 w Japan AB158808 LBWI b
n LBW2 W " ABI158809 LBW2 b
o LBW3 W " ABI158810 LBW3 b
" LBW4 W n AP009047 LBW4 c
Japanese koi carp JKD3 K " AB158811 KH1 b
I JKD4 K " AB158812 BBC2 b
Yangtze River YWClI W China AY345331 YWClI c,d
n YWC2 W " AY345334 YWC2 c.d
Xingguo red XRCl1 D n AY345332 PRI c,d
I XRC2 D n AY345335 PR1 c,d
Russian scattered-scaled mirror RMC1 D Russia AY345336 PR1 ¢, d
n RMC2 D " AY345333 PR1 c, d
Qingtian QTCl1 D China AY347297 QTCl1 c,d
" QTC2 D n AY347296 QTC2 c,d
Purse red PRCI D " AY347300 PRC1 c,d
I PRC2 D " AY347301 PRC2 c,d
Japanese Koi JKC1 K Japan AY347298 PR1 c,.d
n JKC2 K " AY347299 PRI c.d
Yuanjiang River SWCl1 W China AY347302 SWCl1 c,d
n SwWC2 W n AY347305 SWC2 c,d
Big-belly BBCI D " AY347303 BBCI c.d
i BBC2 D " AY347304 BBC2 c, d
German mirror GMCl1 D German AY345337 GMCl1 c,d
" GMC2 D n AY345338 GMC2 c,d
Volga River VWCl W Russia AY345340 VWCl1 c,d
" VWC(C2 w " AY345339 VWC2 c,d
Tisza River TRC w Hungary J1Q390593 H1 e
Rhine River RHRC W German JQ390594 H2
Lake Tuzkan LTCI W Uzbekistan  JQ390595 H3
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Table 1. (continued)

Strains or populations Abbreviation Status*

Country Accession number Haplotype References**

Lake Bafra Crenek LBC W
Zator strain ZSC D
Lake Tuzkan LTC2 W
Lake Aidar LAC %

Kli River KRC W
Ukraine UKC ?

Amur River ARC W

Red River RERC W
China cC D
Oujiang color carp ouJ D
Zujiang wild common ZWC Y
Purse red PR3 D
Jinbian carp JBC D
Goldfish (outgroup) Goldfish -
Carassius gibelio (outgroup) Gibelio -

Turkey JQ390596 H4 e
Poland JQ390597 H5 e
Uzbekistan JQ390598 Hé e
" JQ390599 H7 e

" JQ390600 HS e
Ukraine JQ390601 H9 e
Russia JQ390602 ARC e
Viet Nam JQ390603 RERC e
China JQ390604 CcC e

" JX188253 KHI f

" KP993137 ZWC g

" JN105357 PR3 g

" MH202953 JBC g
Unknown ABI111951 -
China? EF633665 -

* K: Japanese ornamental carp, W: wild carp, D: domesticated carp, ?: exact status not known.
** a: Chang et al. (1994), b: Mabuchi et al. (2005), c: Mabuchi et al. (2006), d: Zhou et al. (2004),
e: Kohlmann and Kersten (2013), f: Wang et al. (2013), g: Ye et al. (2018).

Table 2. Primers used for polymerase chain reaction (PCR)% and nucleotide

sequencing’.
Name Sequence (5'—3") References*
1159235 TTA AAG CAT CGG TCT TGT AA a
H1067¢ ATA ATA GGG TAT CTA ATCCTAGTTT b
L165171 CAT CTG GTT CCT ATT TCA GG a
H164981 CCT GAA GTA GGA ACC AGA TG c
H693f GGA GTG CGG ATG CTT GCA TGT d

*a: Kawaguchi et al. (2001), b: E1E 5 (1994), c: Meyer et al. (1990), d: 75 H

5 (1998).

HSIHTICIE, 2006 TS EIAD B Lo —E 2 £
WL7ZbDOEEARE L THW:, B AR,
100 %~ % / — /L C/EE - PR1F L. ¥ DNA ®
FhH X, Puregene (QIAGEN #E8Y) % FWTAT
-7z, mDNA FififEE % &1 DNA K o
PCR HIRICH W=7 7 4 ~—I%, L15923
(Kawaguchi etal. 2001) & H1067 (Fif& & 1994)
T 5 (Table2) , PCR M 4fEiZ, 94°C 30
&, 94°C 30fb, 50°C 14y, 72°C 14y Dy
&SGR 30 A 7 NV Th D, T A TNV —r
v 7 RO, Big Dye Terminator v3.0 Cycle
Sequencing Kit (Applied Biosystems #1:#4) % A
Wiz, A TN —T o T ROSIZHNTZ
77 A ~—I%, L15923 (Kawaguchi et al. 2001) .

L16517 (Kawaguchi et al. 2001) . H16498

(Meyer et al. 1990) . H693 (FHH & 1998)
D A4FETHSH (Table 2) . Applied Biosystems
#1484 o> 3730xI DNA analyzer % i\ CHi JLEd 51
ZPTE LT,

TR =2 B INLTWD A D
mtDNA 25 FEE 51 (accession number: X61010,
Chang et al. 1994) #Z&&(ZLC, 2T L7-f
RO DO IR & FeiE LTz, £ LT,
=UF I R L O AL Z sl T e
A A TOHBEREZRY Lo, BRYA
NI 1 Z A TERRE (RIF 1990) D
HERICET D IEOR N AT o 7o, BRY
A MRIT, BERPBRH SN A NI ENT
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Mabuchi etal. (2006) (Z#E U Tt L7z, B4
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A 7% Table 1 {27~ L 7=, Kohlmann and Kersten

(2013) m#sE L7=E 51D 5 5, accession
number 7% JQ390593 75 JQ390601 (22T
FINTaZ A THPELSATND (HI~
HI) . MLDEHIE, tEADR]T (isolate) &
DWERMOMEIRZ T 1 2 A T4 LT,

NT S A TRIO 53R R IR R I
MEGA X (Kumar etal. 2018) % FH\>, HiE
BT /LD TIE, Use all sites 125 0 o1
AIEWEIEYE (BIC) OFHAITo2, 0F%
A OERIZEB T, T 501 ME
pairwise deletion IZ X WV IRE L=, EHIZ, %K
R, RS SIS (N ¥5: Saitou and Nei
1987) % HWT{ERK L. Bootstrap 75 (1000 [=]
MR L) I &0 FEHFRAE B REE LT,
SMEEIZIX, 2 = (Carassius auratus) & &
Y 747" (Carassius gibelio) D F:EL %1 % U
7= (Table 1),

P

AMFZETUIE L 7o FE s I 0 i FE B AR 1
926bp £7212 925bp TH Y |, 17 IR 4 F
DT H A7 (ASG, KH1, POG, PR1) 73
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TEREOF I BT -T2, T ORS, FHEHE
AR CERBHER IV A i 25 T,

Table 3. Haplotype frequencies in nine koi strains
analyzed in this study.

Haplotypes
KH1 POG ASG PRI

Strains*

Kohaku koi 5
Showa-sanshoku koi 3
Mukashi ogon koi 1
Yamabuki ogon koi 2
Platinum ogon ko1
Asagi koi
Doitsu hariwake ogon koi

Doitsu midori koi

M — = = = M) = W) Lh
—

Purse red carp

*see Table 1.

EHRAY A NRIZ2TREFEH SN, TDH B,
tRNA 71 U BRIl O FHEsEI AT (1
~423 A MIZBITHERY A T 14 T,
BRI A FRIZIO0ONE Rl NT R LA
ZAEE (h) 120276 LHE sz,

NTa A TOHBIRNE R D &, =%
oA 15 fE{A D 3 O NT a X A7 KHL
( accession number : LC770207 ) . POG
(LC770208) . ASG (LC770209) 2S£ S,
A #4E (Purse red carp) 2 fll{AIZ = % =21
CEITHEe BT a X A7 PRL (LC770210) %
AHLTWz (Table3) .

=VF I TIE NT B Z AT KHL 2o
a2y 13 EfR & e b %< (Tables 1, 3) .
Ta XA THEIL0.87 Thotm, LIS
D 2 BN B, ~NTr X AT POG & ASG
NEE S (Tables1,3) . ZNHDONT X
A THEIL0.07 LipoTe, ~NTad A TDOH
BRI & =3 F T4 RMOBMRE LD & &
HZ L DN RSN AT s AT
KH1 (X 6 Rt bEIZE S (Table3d) | £
HITALE (KH) SeHEfn = (SW) | St o
EIREN D B4 (OGN) <Lk 4: (YOG) |
flENIRIITITE A E RN R A VRS E A
(DHW) X K> I KU 24 (DMD) Th-
Too — . NI REA T POG XY T T T4
(Platinum ogonkoi) 76, ~7'm & A 7 ASG
13735 (Asagi koi) 7> BB Hiv7z (Table 3) .
WIZ, RIFE TR SN 4 BEONT 14
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oafb L, RFEIHITLE T HROEM 2 A
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Fig. 1. Neighbour-joing tree derived from the
control region sequences of mtDNA in Cyprinus
carpio. T92+G was selected as the optimal
substitution model. Bootstrap values of > 50 % (out
of 1,000 replicates) are shown at the nodes.
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and Song 2014) ., AWFFEICEWNTEH, FEO
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XA BEEZL BRI, F0—F, BR
FEQBF AR oA LD Tl N7 a XA
(ASG BLO'POG) 32 oD = F T4 DFH
Wk, T T EAE) THRIRESNTE, TR
LOFERNG, BRE=V X I ORFZOR
FIxEs b o= LHEES D, Mx T, AR
FEDRFAERI 2 A 1%, =4 (C.carpio) OHTiX
170 G4 S 250 HAERTIZ o3 b L7z drn st
T b e L BT (Mabuchi etal. 2005) . AA
ERORBETHD EEZ B TS (Mabuchi
etal. 2008) , T HDZ b, BEO=
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AHFFETIE, FEREET S mDNA OB
MERZHEL., =2 F T4 mDNA D&
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TN TWh =% I A OAFETI, ERR
B A OBMA . B A ANEER I,
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NHZEEZMFLIZN,
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F 5,
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