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Doubly Uniparental Inheritance of Mitochondrial DNA in the Blue Mussel,
Mytilus galloprovincialis: The Possibility of the Correlation Between Sperm
Mitochondria and Germ Cell Formation

Mayu OBATA, Natsumi SANO and Akira KOMARU

Graduate School of Bioresources, Mie University

Abstract

In most animal species, mitochondrial DNA (mtDNA) is maternally transmitted to offspring. However, in some bivalve
species such as Mitilidae, mtDNA in the offspring is transmitted from father and mother. This phenomenon is called
doubly uniparental inheritance (DUI). In DUI, two types of mtDNA are transmitted to an offspring: F type derived from
the egg and M type from sperm. It is reported that only F type is transmitted to females. In males, F type predominates
in the somatic tissue but M type is transmitted to the testis. In this review, using Mytilus galloprovincialis, we report
new data related to the DUI mechanism. Three aspects of the DUI mechanism were focused on. 1. Detection of M and
F types by PCR amplification and electrophoresis in adductor muscle, gonad and gametes from females and males.
In all females, adductor muscle and ovary contained M type and F type. M type, which is transmitted from sperm and
unfertilized eggs to offspring, was also detected in unfertilized eggs. 2. Quantitation of M and F types by real-time PCR
assay in adductor muscle, gonad and gametes from males and females. F {ype predominated in female and male adductor
muscle. Especially, the amounts of M type in females and unfertilized eggs were few. However, M type predominated
in testis and sperm. From these results, we suggested that M type is exclusively transmitted from sperm, although a
few M types from unfertilized eggs are also transmitted. 3. Observation of MitoTracker-stained sperm mitochondria in
zygotes. Sperm mitochondrial distribution was divided into two patterns: Pattern A and Pattern B. In Pattern A, sperm
mitochondria distributed in the boundary region of A, B and D blastomeres at the 4-cell stage. It was suggested that
sperm mitochondria are specifically distributed at the region differentiating into primordial germ cells in Pattern A.
On the other hand, sperm mitochondrial distribution was random in Pattern B. We suggest that Pattern A zygotes may
mature into males and the Pattern B zygotes into females. We propose that sperm mitochondrial distribution during early
development may influence germ cell formation and thus the sex of zygotes.

(accepted December 26, 2008)
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—J. BB TEBNT B LT XA T A Mytilus
galloprovincialis . TH V). FTHA %R ED—FD
THEIZB VT, mtDNA RS Tid & < S
B FHEICEE I N BT, = mtDNA fZERR %
Doubly uniparental inheritance (DUD) & \» 9, DUI
Tid. 5 mtDNA & #5F mtDNA @, 2 fE3¢ mtDNA
BTEANEEE B, I mtDNA. ¥ T mtDNA &
FNENEHOEEEY 2 #F->TB )., Jio mDNA
% Ftype. BT ® mtDNA % Mtype £\ (1),
DUI ® % 9 — D2 O45#iE, mtDNA OfmERER ATt
DML > TER>TWBEETH L, TR MDY
A3y Ftype S L CHET 5. 2F ) T2
%4 . mtDNA IZERICELREET 5, —F. it
WHEDGA T M type & F type. 750 mtDNA »5F
BIEZEEIN D, FHIIZIE F type 25, FEIZIZ M
type DMEE L CHET 5, 1t THAEED mtDNA &
NTATTAI—DIRETH 5,

DERZHMBCEBT A I Fay Ky 7HlkEE,
DUl oM ZETH L%, DULZ, FZAHELMZE
TWRWARWL OPEIT LN S, 9 DUI Tid.
HETIE Ftype DAWPmESINL LEZONTE T,
L LATHXATAIBITEW L O00HETIE,
T mtDNA (M type) &#HOMOFAELMESINT
WA = E T M type & EOMEIZ IS IR
EEZLNTEBEY, Mtype BHEEL T AL MO
EEEICTARIERITCNE TIFb Tk d o/,

M type ZFOMOBELXHL T 5 2 &k, M
WZBWTED L HIZ T type YB3 500 % HEHT
5ETCEETCHL, L LINETOETIE, #EC
BWT Ftype 0MBEEHT B A =X AIC20WTRHF
DNERINTVRV, b LELLOMIZBWT M type
e {FEEE T Fiype OAPKBEB I LD THNIL,
2B 5 M type & mtDNA 25285 A/ E[H
B FEIZEAE R GERAICHIR S LT 2 I REMEDS
Vo —. b LAETOMIZBWTHED M type 7F

REHI
s &
WT : O

O 5 mtDNA (F type)
® 157 mDNA M type)
1 DULICBIFAI oy F1) 7 DNAGREREZR

ELTWA%L S, DUl ® mtDNA #3.% b ofE T,
MTLHETI bay FYTREBER TV RWETT
HbB. Mtype * HWOMOBEER, 20 L9 LR
2 M type DR DOFHNZEINLDD, Lo
7o g6 DUI DR E T3 5 2 &id, DUL 2°
EOL IR EINLODNEPELPICTE7200EE
IR E B EEESZE LT,

WIZ, BE TR E N 13T 0T mtDNA 25, %
WROBDOHEEDOATEYS T HAMALZHL 2T
BRLENHL, DULODLI I N3y FY 7{niEkk
KoM SN AIZIE BFI P F)THEO M
type 2SR O MO LTI RFI~Z kA 5 4
HMAPGFIETALEZEZONA, L. £XBINIE
FND mtDNA & ZRBEZETIC L > THbLAT RS
mtDNA Tid, EMIZKRZHBINO mtDNA O J555%
B 2 (X IEFLE TR IN 1113001005 2 ¥ —
» mtDNA %% % & 5 ST W AY, —HIEF 590
PHCEEE AT mDNA 2 ¥V —HIZH1002 ¥ — ¢ =hb
nTBYY, THEEOINCE TN 5T mDNA i3
Ui mtDNA b $221/1000& R S5 Twb, 20
BEZF0FF LIV XATAICEHAERS D OTIX
BV, LAY FATAITBNTEHEBICELATR
AEFIPAYFYT7OBESEORATHY, LT
FAFTALBTOZHBEZROIINICITE IR M
type & 0 b RZHIVHED F type D HHHHHUL W\ &
Ez bbb,

FINICBALZEFI MY FYTICH®RT S M
type DSHED A FEMILRY TEL T 5121 LT
DOBBEPVLETHLEEZELRIER 2, H12%
Lo THWICBALLEFI ay FY 750
RASEMBE RTINS T A 8Bk, o F U MGEAFEHI
(Primordial grm cell, PGC) WIZRHET 5 LEDH 5,
S HICHHENO mDNA N7 T ¥ £ 713 M type &
D Ftype DFDBERWICEL O T, EFEMIRTIC
BTFIFary FY7PHEZTESINLZITTCREeTD
AEFEAINE T M type ML T4 Z LV, £ THE
TS, PGC 32T HEASIL72 M type 134 BTG T B 8
BOBRIRAICHEIES ., REARKTE ST 205
BdHb, L L. “HEOEEMILRT BT 585
FZLL, YayYaynNnRlAEo L 512 PGC
DT —7— & B NREWE R PGC ORI
B4 555D v, L4, ¥4 ¥ Crassostrea gigas *°
mud snail lyanassa obsoleta T3, WMEAFEIZ BT 3
PGC DfifE % 455 L2BFeddE ShTwa®®, |
Ly AT ATATEIED PGC D@L F 778
LRIZENTV RV, T2, IANEELRAT BT
I hav R TPV TE IS/ LTV S
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DBBTENTWizdolze

FZTERBETE., DULICETALUT® 3 Sizow
T, BFZLOWRAR T FLIHMAT 5, 9. [2.
T RIS ORMEAAND M type 123E] 128
W, EFHE 7% DUI OfERRZ L llliciE L
Tk R IIET 5%, Mtype. Ftype MOLREIED
$H3E 72 D-loop BB OEF D@V ZFIH LT M type.
Ftype # FRENICHIET 2 79 4 ~— % ZNFNEE
L. PCR & BRKEINC L » THEHM#EED mtDNA % ]
w720 M MERAR D & RS & AR E BRELL . M
type. F type 25 EDRRRIZHFEE L TV E 2 E R,
FENFRICL o TRETBIN, BFELENRENT
L. BETIfEE S5 mtDNA 2% M type, F type
ELLLROPETN, SHITFRIEESNE M
type BXH. BHELEOHRTH L LHL 2T
Bz, BUE. BORERICL o TELNET. R
I HTALZE 2 To /e £ L THT. £%
IR, SR X o TSNz 84ED S DNA ZHi L.
— 15 B & ¥ 5 ¥ (single nucleotide polymorphisms
analysis; SNPs Z747) 12 & =T mtDNA @ D-loop 583
2B BEFI O %17 - 72 Dloop DHITH HFIC
BEBENPE L, BEMEROL R LN LHED
% . M type mtDNA complete sequence (AY363687)
D103%EH . 123F B ofEEZ B L7z,

W2, [3. ) 7NV% A 4 PCR % w7z M type, F
type EOEE] TiX, V7NV 445 PCR 2HVWTHE
D M type. Ftype D 2 ¥ =Dz g L2k
RERET 5™, Dloop Flsi% VT M type. Ftype
DY) TIE A . PCR ZATV, BEMEAJHEE, &M,

oy ey .- Sy ey seewn gy

mg a mga mg a mg a

L1 2 3 4

. REHINZE TN TS Mtype. Ftype D
V—8Er@~, F5N74ME05 Fiype & M type 2
Y—Holt (F/M ) %#H#E L7,

wEIC, 4. MR B2BTFIray Py 74
Al ATEMROME ] 2BV, M type 25HEHICHE
B LU THEST A2AMAZHL PICT 572012, MR
WWBITDHEFI bay Ny T7omEBIE LR E#R
E B, KBEFICE > TATHF A H 4 DRI,
BAEFFEZIT, BEEROKEDI LB I NI-ET
% MitoTracker THKGeE L7z, 18MEAE DM % #3510
Vb —IZIE L, BIlEFRE L. S, SHES
NI RZREIN & Getts L7 F 2 IV T ALRIEZ 1TV,
STHEICBI LTI NIy FUTOGHNY — V%

ERaVA
2. MF. REWID 5 DORERNOM typetsiE

HEREEICE TS M type. F type DI&H

Ak SHIH L7z DNA 2858 & LT PCR 247
v, M type 613bp. F type 519bp @ D-loop 788 &> —
AR L7, BEeIEEIcBY T HE, BRm
P HiEV M type PCR EY /Ny Mok sz (1K
2a)o 7o, Fiypeb ., PARBH BT
72 (B 2b)e BF2HIEEEITE M type DNV F
PHER SN2 (M 2¢)e BT T NVIZBIT S Ftype
e A S o7z,

WAL o THZEFLEAEORTY Y 75 M
type LB SN b olzz b, BFIZEM
type ELE L TEESNTWEEEZLNS, HBHE

g v g ag v~
N
mgamgamgamga

L 1 2 ] 4

2 HERRRRAR. FEHL. FETITBITS Mtype. Ftype mtDNA O
a G, BRSBTS M type. b FiE, BIRSIZBIIS F type. ¢ FFI2BI1F 5 M type. L: 100bp DNA
T 55—, mg: FEE, a: BB, NeAVy 7aryba—, 1-8: %> 7)V No.
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L 123456 78N

X3 MERAARES. JNEE. RZTHINIBIT S Mtype. Ftype DiH
a JiE. BARMICBIT 5 Fiype, b S, BRSBTS M type. ¢ REFEINIBIT S Ftype, d RZFIIZ
BlF 5 M type, fg: 5. a: B, L:100bpDNA 95—, N A4 54 73 ha—)b, 1-8 ¥ 7 I No.

OB SN Ftype i3, BEEFIZHEINTWE D
OTE L, MERR IV MY MR &, AEENOS
Ml 72 M TE b, 72, B2 5 D M type 28
BMBENZZ &S, Mtype IR 2T TR, &
AR DIEFE L TV BT REEIE S iz o720 L
L. BRI~ 75 51d Ftype. Mtype & 123
WY FPBBEINDO T, HOBBY T M type.
Ftype EH 605 L TWA0O0E. T OFETILHE
RTELD o7,

B IC B33 M type DI

SR L7 &15EEOMEINE, AR 2 5 F type
PCR i/ Y FE LTHIEENZ (F3a),
EHIZEBNY FTEDH - 7207 M type b L215HED
MEORE., PR o Eans: (W3b). E/z, Ko
FEEAT o 1 226MEDOMEDORZIEIN NS X, BV F
type DN FHE &7 (B 3c)e —F. M type
F260E KA. 22{EARDREDIIN L 72 KRG I0 2 &
Sz (M3d)s

SRR O BB JE S M type AR S 7z
e, ATYFATAODUI TE, ETH M
type DYEEENT WA I EDHESL 2T o770 o
THTFI P2y P 7OERWEIRZ. BTOLRZ -
TWiWwEERbND, BRIKENC Lo THRHIE N7
NV RIE, BARRAD. UREEERIC Ftype DA M type &
DT oo/l &hs, MEMAETIEF type A°
BELTHEL TS EEZ DD, MEATIIET

I
[elNe) o
0%,
e
BT O FFH5PHI% Fiype
,J‘) © LM% Miype
@ 713k Mtype

M4 HEHESOMERRICESWELATHZFLITAIIE
WTAH LW by R PimERk

AV )T ORRMHIBRIIES 57575 Mtype
PERAIZHERL ENDH LB 2, BHRE LR
L LTW5 Fitype BAEICZ o THEH LT
LLEZLND,

B»5{EET S M type

13L& AEDRZHEIN,L SMEDO M type 2SR &1
72l b. MEImZEE N7 M type iZRZHEIN & 8
TELIZFEANDBEESINAWREEI IR SN2, Z
nE THRE STz DUl EERUTIE, M type #F
HT250 1, Ftype SRS, S | FEALES
NBEEZEZONTE, L LAROEE,S, K
TR B E AR LD Fype L HEHE . MELHDTDS
M type b 1 EEEZESNLFDV T oTe TD L)
ARZHIPERFPEH I, TSI Fype 1 8
B LA, BHREO M type 2HEEMNMEESNDL I LI
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b (H4),

OB ERIET B OICEES I AT
W, SNPs 5472 & » T & F4 D M type DT
0y A 7B ETol, TORE, BT, KXHEIN
PoIX1EEOERXO Y — 27 oA BE S, BIET
IZIZHE—D M type DMZESNLTWAH Z LA M
ol —H. E12FE P 5 XK OLAE D 5L 2 fEHH
OWHEDE — 7 PR s (M5, F1)e EHIZL
ETHELN Mype 2 H O Mtype & LET 5 &,
EREIZBWTYETHEEINNTOY AL T, B
T RERIBONTTOZ L TE—FH LT E1,
PEOEREPS, THIZIEXBEZITTLRIBE S D

5 SNPs 0 iZ & o THRH S h7- MR ERIZB TS

T, RZHIN, $ED M type DIEIHLIETE
A REBICHVAERE OYEIC BT B M type I
Fo Fio&REBEONATHEE NZERIEZREN103%E
H. 123% B Mtype DIEEEZRL TS, F., & 2,
FROWRIEFNFNG, A, C. TERLTWSA, 4H
DSNPsiZ Y /N— A 754w — 2 VW THRHE LTS
B, EROEBIIHMHLIERLE 25, B2IE, FG
DT E ENTHE, TV IV ETNHEBROR
BECTHh5b,

#1 M type D-loop fEIE.?103, 123F B 2B} A,
o> SNPs Hi

EC 103% B 123% H

No. w7 RZWI SE BT RTHN Y&
A T T T A A A
B T T T A A A
C T T T A A A
D T T T A A A
E C T C,T G A A G
F T T T A A A
G C T C,T G A A G
H T C C,T A G A G
I C C C G G G
J T T T A A A
K T C C,T A A A
L T C C,T A G A G

M type PMEE XN TWVAE T & A5 RBE P,
Ll SEBAWETF. KRBT~ 7V IdER
DOBHHAE. BOP L 7% < OBUEF 225 DNA %3l
Ly ST L7zRRTH D, HEEPRE IR o7 E &
IZHE O M type 22T HOTW L E ) DIETH5
vy, S, ALZHTHEONA F1LHHRZHE L.
PERA LB, BERFICEEIRTWE M
type DSBS &) PrREBEND B,

3. U7Ia4 L PCR #HW/= M type. F type
DTE

0
Bl

HWRARES. BEICBW3F/M I

T2 50 M type IRAZ BT 572012, RS
O REAEAR 2 S FRIL L 72 BARA D >~ 7'V C DNA Hhit %
T, V7NV A 4 PCR ORIz, 10ME1E A
LR BARRAHICB VT, Fype i Mtype £ 9 1~10°
% o7z (R2). MHMIIICIE M type 2SRIEL T
5%, Ftype DFBS W EDFPLEPI ol —
B\ B0 KE B CiXI5ER P 2R 0 HEiC BT

#£2 YTNLFAAPCRZHWIEEINHIZE

VB MR O F /M 1
f£No. F/Mlt
0623 3
0613 4
0625 6
0624 20
0607 30
0617 58
0622 59
0609 1342
0606 1562
0611 4177

%3 YT A5 PCRIC K B EEIFHIHED R 5

i2Bir5 F/M b
fE{&No. F/Mlt
1109 0.00007
0108 0.00053
0103 0.00087
1108 0.00286
0105 0.00288
0102 0.00366
1112 0.00562
1113 0.00554
1106 0.00956
1111 0.02640
1105 0.01215
1121 0.13862
1120 28
1125 231
1124 3607
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M type 7% F type & 0 10~105% o7z (% 3), £
COBEIZBWT, BRETEIMtype MELHL TV 5
CENVEBRIN, —HRY 3EEDOER T,
F type #° M type £ 1) 10~10°(% %> o 720 3MEEO M
ZBWTC, Ftype BWES L CWw-BlHR&E LT, T
D2ENBERZOND. FHICHVWIHBREOIENIE
<y &L OB A L Tz, Ftype 25
B LT 0 3 EEDHEASMI (Standard maternal
inheritance) male C& - 72 HEM CTH %, SMI male
Lk, Mtype Tl { Ftype 2o+ 412D
ZETH B, BKEFFTHT M galloprovincialis O
i, M. edulis TiX. $510%0 #ED SMI male T % &
WIARED SNTWwB 7 M. galloprovincialis 123
W%, SMI male 25— DERTHELEL T\ 54T B
H2H %o

F4 EINENZBT MM, RO F/M

F/MIt
fE4& No. By B FA 7R
0110 819 69
1123 967 6556
1109 1069 332
1122 1075 6718
0107 5102 233
0101 6287 694
1102 7174 37155
1101 15669 9554
0108 19903 178
0106 23932 496
1117 35879 0.97
0113 38602 1631
1104 60082 5568
1114 71487 11527
1116 150507 12351
9 -
g |- | EEEE
7t -
pric 4y
%( 6 L %X*Hgﬂ
& 0
Eq
3
2
1
0

JERARRER. SREICHITB F/MEE

M T3 I5ME AR 4R DI, BRI BWTF
type " M type L D EE L Cwiz (F4), 1EGED
PARAG Cid, 2 Mtype B Ftype L WL L Tw
720 BIETIZ, Ftype 2*Mtype & 0 10°~10°%% % -
720 —JTEARRAG TIX. Ftype 75 M type & 1) 10~10"%5%
L olz. METIXRRRA. INEILIC F type D FH M
type & 0 HH10000fEZ N2 E DS DI % o770 M
12h M type DMEESNLH. FORIIHBG. JIE
HIZTLKHMBTHHL LN TIVF A & PCR DFER
ORI NT,

K, BFICHBITBIF/MEHE

KRN T, LA0REOMEDTFEI L 72 RZHEHIC
BWT Ftype " Mtype LV ES LT (M6),
RZHEIND F/M BN L - > TiEH D X
Md o720 Ftype 23 M type 12~ TI0EL ik sz
PIDSERER X /z—J7. Ftype 75 M type D105 TH %
REFIWHHE SNz £ DORZEIVO F/M Hid
10°~10'DEERLTHB Y. REHINIZB VT F type
X, M type DF100005% 2 DB IS o 72,
— 7. 200D HED & R S oM T Tld. M type
A F type & D 10~10%%% 220 720 $6FC b fEEH
F/MIiZ. 60X KE D o7,

FHAZIEEEI NS M type ERXBEEIPEHRED ?
YFNE A 5PCRIZEDF/M HOFHIGEED S,
FZAEINZIE M type BEFT LD, T METH S
Z&, BFIZE M iype PELMICEES NS Z LT
S PI 0 720 TEo CRABIIAICHFAET 5 M type
DELIE, BTICLoTd s 3B HED M
type TH 5 LHEW SN D, LA LESRIOFEECIEEMA

e

3
\
N
¥
\
\
N

f e

6 5 4 3 2 1 0 1

||§|,
2 3 4

F/M tt (log)
6 UTIVIALLAPCRICEBHET. REWBIVY I VBT 5 F/M O EREE

RE2RLTHD. HEIOBEIAD L Zid Mtype HSFtype & D B E 2R LTV 5,
—HHEMOMBES LD Ftype 25 M type & 0 b %\,
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MP

[ 7 MitoTracker {2 & o THeft SN HEE D O HEPE

AR L J%UIJVJO)H 2 Fa ¥R e

a,b,c e Mlto’lracker LAMT3I Faxv By 7i#e; d,

. Hoechst33342 |- X % ¥ ett, a, b: MitoTracker |Z & -
THA LK1, a WA SBIEL 2T, b BE» 6
(5 =2 PVAT T o c, d: MitoTracker THeft L 725112 L »
TRl x)r' JEL. {ﬁO){)J“HH Ve, £ HEVERTAZ I s
ZEN: RES PO FEYT
f;10m, b; 1 zm

d

IIIIHII'

e 1
A

i

|IIIIIII

« MP: P i4%, Scale bar: a,

AR . BB L 7= B oS 1% £ £ © T DNA
%47\, PCR BUSMZ 720 B> T, 1 OSEHEI0
I ENALD T ¥ —HOFRZHIVH K F type. M type.
ik M type R b AET N DDIIAHTH %,
HZ RGN AR &% F type. M type D&% L 1 IE
AR 2 720121E, KK, W 1M8ed b
® F type. M type O 2 ¥ —$ &6 22T 5 TN
5o

4. FHRICHE U BB FI PO R T7HHEE
YA BR D RYE

BEED, SE—EIRIICE T 2BFI O K
Skl

K AN K o THREIE 17> THF 2 8ECL .
MltoTracker WKLo TIbaryr P 7 EAgR @.L
2o WTREHBOSMED I Fa >y N 7 ARFRAIZG
ENTVDEOEMALHZII7ab) ALK EIT-
7oo RGBS, INLE—WESEPTH Y, BEEL
RSB S (M 7e,d)e MEFIPIVF
) 7IXHEERI L F LTI H D 5o by l\
DTIZEALTLEOP/-EN & LTHBEIN, %
K200 12\ — ik, S2HE3055 TR 2133 MR A5
STz HEVERIZIE BT R E T 5 £ T, Sl
L7-REECREHmEF LB TR sz, BT 3

N K

X8 H—IuEIE 5 A - B % JINOKT I b a > N 7 o4 i
a,c e, g i, k: MitoTrackeriZ X 2 4§F 3 b3 F) 74, b, d, f, h,j, I: Hoechst3334212 & A #%5u0, 45—90E

LI, BFIrary FYTRANI—YA X7 —VBOZ
(185 —YA), ¢ d: H—IHFIRY (/32 —2B), e £ ¥
TR Xy —2B). g

R sy —A). k1

FEHDGAT IS — 2 BIR L 120 a, b I Jff”i

B, O3 — A, g h BBIEEK (8% —YB),
Pk ba sy FY 7, scale bar: 25 4m
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by ) TR T CHEMRTE L W L3Rt
THEHREN,

ZHEA0TFEITIE, B DINTHBT T L. M
T, MRS E L2 (M 7ef)o BTI bV K
U 7 U HEERT & W DT CBIR S s, R
BAHEPETTAETIAON T & LTHEIN
TWHEFI Py FU7iE, HEEFEORE & i
RS, SEDI Fay R TAMEL ICHERTX
B I o Tz, BRI EERIE, HEE. 5
TI Py Py TEBCEREREFE UM L
TS, EIEZ - T UIES < § 5 & MRS
G~ B 2 BIE L2 BFI b2 P 7 b
PRI - T SRR~ B L 72 SAE6055 14212
IHEMERTAS & MEVERTZ DSALE L. E—SiErh o gt
RAETER L 720 Be R —IREI R Il o ARER L1230
AP3e FETI hay R 7 IR RERALE LTz,

F—INEIREE D 5 ZMBROBTI b KU TH%H
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Effects of Single and Several-time Treatment with 17 « -methyltestosterone
on Masculinization in Masu Salmon
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Abstract

This study is aimed to improve the rate of masculinization by 17 «-methyltestosterone (MT) in masu salmon
Oncorhynchus masou masou. Single and several-time treatment with MT solution were performed to eyed eggs and
newly hatched alvein of all-female population induced by fertilization between normal female and sex-reversed
XX male. Single immersion for 2 hours were conducted at 15, 9, 3 days before hatching and 3 days after hatching at
1, 10, 100, and 1000 x«g/1 with MT solution. Several-time treatment, three or six immersions for each 2 hours, were
conducted during 10 — 22 days after hatching at 10, 100, and 1000 z.g/1 with MT solution.

In the single immersion at the time of 15 and 9 days before hatching, no phenotypic males were observed. The
rate of masculinization was 3.3 % in the immersion of 100 or 1000 £.g/1 with MT solution around the time of hatching.
However, histological samples showed the occurrence of intersex and sterile gonads by the treatments of higher
doses. In the several-time treatment, masculinization rate in the six immersions (2.6 %) was lower than that of three
immersions (11.9 %) at 1000 .g/1, although masculinization rate did not depend on number of immersion times. The
highest rate of masculinization was 14.1 %, when repeating the MT immersions with 100 zg/1 three times.

These results indicate that masculinization of masu salmon is difficult by a single immersion treatment and it is
necessary to repeat the immersion with MT solution for producing sex reversed genetic females. Moreover, treatment
at high MT-dosage resulted in low rate of masculinization and brought about increase of the intersex or sterile gonads.
In masu salmon, it is thought that the period of sexual undifferentiation lasts for a long term and susceptible period for
MT depends on individuals.

(accepted July 21, 2007)
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Goetz5™W OFFEE —EHULE L TIFo72. T bbb,
HoHMUH MT #99.5% DI% ) — VIZHEME L THR
LCBE, HHETHREL LA LHIZ51DkEA
N7 2 ) IVAKEICINZ CTRE L, @ TCORBX T
Iy - VOREEDN0.04% & %D L) ICHEL, WK
KiCiErg ) - VoA EEEICR S X 2Z 72,
IVEIL B R s O LB RIZ 2T T BlLRERRE D
2 MTxtd 2 S OZ LR RA~S 2 & & HWIZ,
FEBKIE344C (ZHE39HR) . 396C (ZHE45H )
447°C (ZHRE51EH). 499C (Z¥E57HH) & 6 HIH
WECE 4 BT o 72s MT ORIEREIX 1, 10, 100,
1000 g/l D4BREENBX2HEL, 1 HOMLET
SEETORMM L7, LHIZFHVERE LK HAT
W, RERME 2R L L, RERT RIGEERKT
WWRLTHEE 286 L 72 SIFEHIE T OKIEZ7.0-
9.2T (P#8.1T) THots

MT @ELHEOBH H» HH AT ATH T, 855
LB A EHRGH L. $/2, B (BEKR
850C) L VERAFIT 2 BHAA L. SEAHV BIICARER A Hl
LTWaHEBAZIY BIFCEHE L. DIEORIT S
RS L 720 Bfbis166H HICAREL D30REZ Y £
TREIXE, REOHZEL #2101 cm, 0.1g HAL
THT o 7215 J L CEFEROILRED S I OMESE %
T 7,

FlkcHED L IRBm L HE s/l 77~
WCHEER BEICX D EFEIRE 7 emDMBEE &
L. Delafield D~~~ + &3 ) Y RO A Y Y THZ
BEREE LY, MRS L B L
BHEOFFRBIITH 50 ROKH S 12455 72,

H—2 & 12 BIT 5 £ RO T Kaplan-Meierid: T
EH OB A D SR T TOEFEREEE LR,
UrT s RETEOKE (=005 217w, FAL
FEEKIRCHLER L 72 5 G, MIRX & MT s X
DEBRROIE % N ENTo 720

EHIEN T DR HERE LR

SRR TR L2 BlErOERB L, 1t
W LK ER LS E R IS R R B TR ASE ST
WAHTMERY 7 TR (HRERR)D H 555000
W SE DL L CaMERE YT /2. Boh200i
WARTHE L. BIRHE (RBREAEH300C) 277
ATy ZEDONA Gy MIZ300R T oM L. BT
(No.21-27) DFEBRR Z/Em L7z L, AFICI
60 1 A2 AV, BEICEVAORETREZET 8¢
BH B WL OBROKMIZSHE L TR T 5 E
TH 3 EMEE Lz, MBI OKEIX7.0-10.7C
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ThHo,

MT REZE-BELEOEA L FBITV. RER
FEERALER10. 12, 15H (BAKIR573-618T) I
B3 ERIET 5 3 HEEE (BBXNo.22-24) &,
BEAL#£10, 12, 15, 17, 19, 22H (FEE K E573 —
678C) B 6 ERE T % 6 2 EHE (FERIXNo.25
—27) O2BY HRE L. MT ORIERE S 3 ER
BB, 6 [MRIEA L 1210, 100, 1000 g/l © 3 &
EL. T2 T - VORETRNTARRIX (R
XNo.21) # &€ L7z, —RORERMIE 2 /ML L.,
REETH. BERKFICEL CEB ML 72

T ORI FREH1002H BICER L2 EE 22T
WY B TEHRTAZEI2E D To70 SOBE, —D
DEFERRNO—EFITINB R 51, o —Ea05E ik
BB o TV AEEKY ZEMEE L, &EEo—F
PRIE T, M ARG A R TR D B & D
THotze T, BEHWRBICOWTRIELAER #
n#Fh01cm. 0.1g HAETHEL .

MT MEECHE L 22O BEIZ oW T, RiENLHE
BIEICE A EVE]ET 720, [{ iRiER K (No.22
—24% No.25—-27) QBB CHHB L -MitD B %

2x 30 Fisher D E#HBEFRETHE L7 ($=0.05),
T/, BMOBBRL KT 5720, HEOWMBEEHIE
AR L2, 2HEMOEY ZHILEDE (Tukey type
multiple comparison testing for probability) ¥ T L
72 (p=0.05),

& X
B RENE

B2 BB CR W INIZIEH%54H B BEKIE
473C T50% L E AL L7z L7285 T, MT BiE
WLELE LR 1580 /1. 9 HES. 3 HAT. 3 HA&IZAT
b7 Z el ko BIMERICZB 5 K BEOFEY A
AFRAES2-62 cm, KET9I-84g OHFETH -
72 (Table 1) MT MLER: 0 A 5%5R1380.2 — 98.0% T\
BBURRFTH-7205 BMLISAATICIT Iz MT
BiEX (No.2-5) TEWIhoEEEcd., R
R &) EBICEREPEL o Tz, 72, L3
HRET® 1ug/1 (No.12). H#1E 3 H #1000 1 g/1 ALEL
X (No.20) TdRIEXICHAEBICEREIMES -
7z (Table 1),

AR OMBENEE>» S, FREXOM CiZEL

Table 1. Effects of a single 2-hour immersion with 17 ¢ -methyltestosterone on survival and gonadal differentiation of masu

salmon
Hormonal Number of died
Daysbefore  {reatment' Number of =5 oo Mean + SE® Gonadal morphology (%)
Group (B), or after individuals treatment until
P ; in initial Fork length Body weight

(A) hatching Dosage (¢ g/])

sampling

Female Male Intersex Sterile

treatment (g ryival rate)? (cm) ®
No. 1 15B Control (ethanol) 98 6 (93.9) 54 =018 8.0 = 0.09 100
No. 2 15B 1 94 14 (85.1)* 57017 82 *0.08 100
No. 3 15B 10 100 16 (84.0)° 54 +0.17 8.0 = 0.09 100
No. 4 15B 100 99 15 (84.9)° 57022 82 = 0.09 100
No.5 15B 1000 101 20 (80.2)° 54+ 016 80008 86.7 3.3 10.0
No. 6 9B Control (ethanol) 99 11 (88.9) 52 =016 8.0 + 0.08 100
No. 7 9B 1 101 16 (84.2) 58+ 021 82 =010 100
No. 8 9B 10 99 8 (91.9) 52023 80011 100
No. 9 9B 100 98 10 (89.8) 56 =017 82 =007 967 33
No.10 9B 1000 95 11 (88.4) 59021 83009 933 6.7
No.11 3B Control (ethanol) 99 2 (98.0) 58021 83=x010 100
No.12 3B 1 99 9 (90.9)* 58 020 82 £0.10 100
No.13 3B 10 101 7 93.1) 53016 8.1 =007 100
No.14 3B 100 100 6 (94.0) 53018 80 =009 96.7 33
No.15 3B 1000 100 4 (96.0) 56 =016 82 =0.08 801 3.3 13.3 3.3
No.16 3A Control (ethanol) 98 2 (98.0) 53 013 8.1 +0.08 100
No.17 3A 1 99 6 (93.9) 59 022 83 =0.10 100
No.18 JA 10 98 6 (93.9) 56 019 81 =010 100
No.19 3A 100 100 5 (95.0) 62020 84009 967 33
No.20 3JA 1000 99 11 (88.9)° 56024 79=x012 500 33 30.0 16.7

'Each immesion was 2-hour in duration,
* Significance in difference from survival rate of control (log rank test). Deformed fish judged from the appearance at the time of emer-
gence were excluded from analysis.

a, p <0.05
b, p<0.01

*Fork length and body weight were measured on the 166th day after hatching.
*Thirty fish were randomly sampled and dissected in each group.
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CHIO IR A S SRR S e (Fig. 1-1)0 2
L. MTRUER Tid, SIS b i Ly
FIELZVA, b LORECHFELZWVEGS RS
7o B AFHMR & YHERTCRE K OV FEA R o> $E IR R
o LF04 54 T EL $hbb, 1) M
BB oREMEE b ob 0 (Fig 1-1). 2) #;
HEMEAES L CEBOBELERT 5 L4002, @
ErR)E<HEEREDELEVFRONS b (Fg.
1-2). 3) M s 1 D DEFEPRPMICINBEAG & D

U OB & 1A 2 JL 0 & < B EZE O /28
HFAELTw5 b0 (Fig. 1-3, -4, -5). 4) RN &
FEBRSEE L /NS KL BB R A 5B ASRR0 S e v
b (Fig.1-6) Tdh b,

ORI, BB AESE LTS, L
3 HHI 21000 g/1 L3 X (No.15), #FIL3 H%L D
100 zc g/1 ALER X (No.19) K 01000 1 g/1 #LEE[X (No.20)
T1RE (33%) ¥ 2olOHBIHR SN2 DD, IE
bR MT LB L -8 Cid o B R o N o

Fig. 1. Sections of gonads in masu salmon juveniles at 166 days after hatching. 1, Ovary, consisted of perinuclear oocytes,
in control female. 2, Testis of 17 @-methyltestosterone treated fish. Efferent duct (Ed) is observed. 3 and 4, Intersex
of 17 a-methyltestosterone treated fish. Oocyte (0) and spermatogonia (SP) in the cyst are observed in a gonad. 5,
Intersex. Oocyte (O) and efferent duct (Ed) are observed in a gonad. 6, Sterile gonad. Gonads are generally small and
consisted of the connective tissue. Scale bars indicate 50 ¢m.
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720 E72. BIREDI1000 ng/1UEX TIX EDFEEE
e DALER X T % [ 1 £3.3—30.0% B L T 7223,
1lug/l10pug/l DB CidEEOBBRITIR > i
o 7ze HFEMIEA R S i W AREEGE L5 H
AT 1000 1 g/1 MLEEX T10% ., HE4L 3 H 1000 1 g/1
X T16.7% & B\ I TH o 7245, 100 pg/1 LA
TOMEREE CIXHH L = h o 72 (Table Do

FEHABA T OE L RENE

EHHATOBEKMRELETEIEHOEET D
B, AR LIEERSB-TITREZHBK L 720 ZOROF
WRY 4 X3 BXET201-23.8 cm, KE T744 -
1434 g TH o720 10 g/l LETid 3 MIFIE T5.6%
(No.22). 6 [MZE T5.7% (No.25). 100 g/l LG
i& 3 ERE T14.1% (No.23) . 6 [F{Z1E T11.4% (No.26)
OHEFHEELTBYH, FEEORBELE CILRER
BOBEWIZED L, (ZIZFRBED BRI B K
Nize L2 L. 1000 g/l L3R Cid 3 [|IEE T11.9%
(No.24) OHEMALFEIESNDZxF L. 6 BIZET
132.6% (No.27) OHEMEALEAR L., 6 MHRIELZH
PHEALZIZ B o 72, Lo L, MEER Y Lokt
BTk, BRI RICE o BRI T, £
7z [6 CIRE R I MT LB R 7510 — 1000 4 g/1
ERZoTHThH, BHFRICEREIIR N o
72 (3ERER DNo.22—24 5 p=0.20, 6 [HFEX D

No.25-27; p=0.17), HOHIBELZXBX & BT
A &1001g/1 B T1000 0 g/1 @ 3 [EALHEL, 100 g/1 D
6 MLEXICBNTOAFRICHEDBERPE» -
L HEra sz, /2. MURERNBCIIFEEEZE
Bohhrolzbon, 3MARELT6EEEE D
12100 e g /1L X A3 8% & B\ HEVEAL R & 7R $E TR 1S
otz (Fig. 2)o MHEOHHFIZ0O-34%THY, B
—REWHEIZ AR D L EWEIAETH o T2,

£ =B

AR TIEY 7 5~ AORBEH LB ILERD
BB BEREBCBWT MT E—REMLE 21T - /2
25, BN E R REEETH10ug/l KT
1000 1 g/1 D3.3% L ERNETH - 720 T2, L9 -
1I5HAT ORI BT 5 MT BELE TIE B AR
A O HERIEFED SN2 08, HoBBIIHE TR
ol MEITON/ -ERELEICLEY 75~
ADOHEMALFER Cld. BMLEZ KO 1 BAREE T
O MT B T18—12.3% DHEMALRS TR 2 h
TWbb00, Wt 2 AR B DRI S IERER S
NTHELTY. RRBRIALEONIEREHED &,
B2 5 <A MT H—2EIZ L 2 Lo
WALEZ,P LML 1 BRI COMICHE EEZ LN
5o Flo. MEOH ZERBRTIILERICBITA
1000 e g/1 DMLIRIZ B\ T, AFEBROYERIERED S D

.S
11.8. 1.8,
69 71 71 59 35 35 77
100%_() (Y (1) (69 (35) (35) @)
80% O Female
A Intersex
Ef 60% IMale
[«P]
=
o
S 40% A
20% A A A
0% .m
No.21 No.22 No.23 No.24 No.25 No.26 No.27
Treatment  Control 10ug/l 100ug/l 1000ug/l 104g/l 100ug/l 1000 g/l
(dosage X number of X 3 x 3 X3 X 6 X 6 X 6

immersion times)

Fig. 2. Effect of several-time treatment with 17 a-methyltestosterone solution on the gonadal differentiation in
masu salmon based on autopsy at 3 years olds. Gonads were classified into three types, female, male, and
intersex. The figures in the parentheses on the bar denote the number of dissected fish. Alphabetical “A” in
the bar shows the significance in difference from masculinization rate from control group (»<<0.05).
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HETI23% DHMALE PR STV ERY, KR
BTE33% 0 MBEICE T, BELoMEl ) K
WETH - 72,

B 59 132 5 < A DEFER OB SE W ER 5
FEHICAT V. AFEROIIE B X B E~OR NS
LIZIMbR 4 -5 EEPSREIAZ L ZHME L., A
AT A FRIVE VG & AR 4 510
X, b5 BE AT S EPEETH B L
ELTWh, LinL, REBRTHELNFHREMAEIC
ThhIEHBERLY, 27 9<% A0 MT E—RiE
SLEC X B MEEA IS LI R D & b & TR & /- 15
ICORUFETH O, FBREMICHESEATED SN BT
IR 22 WEASTE Z o TV AT B TRIB S 720

MT ZIEIZ & %4513, P15 H /T o EREE Txf
WX XY EBIEL 2o Tz (Table 1) — #2124
AT A FARIVE THUE L 72AOERRIIEL &
D, EANTOROBIZBWCEENRE XX M) o
AL Z AT o 2 E i i S w0 (XX ) o%E
CERPEL DI EPHEIATNEY, $7-, #BFE
WZATbN Y7 5 A0 MT BETD Sk X
EEERRPE A 722 EDPHE SN TV EY, KR
BeCld M b15H /i © MT =iE Ty Em v BksE =
RS, BALI5H B K UL 3 H % 01000 1 g/1 4L
X TRICE WEEERIFED bz, BLISHERI O
HARIEIE344C (BEERIR) TH Y., BB L 2 HE
MLZEBEICIZHTEEEZIZL, MT Ik 28
MNEZ SN T2, 1000 p g/l DIRIBLH TEIER
PE L HERAEEENS CHBELThE 2 Eh b
FIRE MT LB OERZEEE 2 b,

=77 BARNICERR ORE & AR L 72X T3,
BAL108 B2 o MEB 44T & 3 EIRIEX T5.6 -
14.1%. 6 MIREX TH2.6—11.4% O HEHELRIE S
Nize 2O X, 7 I5<AD MTIC & 5 MR
it BB IR S NRE I LS 52w
SO0, MR FETLHZ T, FML10B BLIETD
HEEALDTRECH B LR RLTwh, L, BFE
IR0 72b O D1000 1 g/1 O i EEALE CIX 3 [
RIET11.9%. 6 [MHRIE TI1X2.6% DHEMILRIES N,
6 HRIED H AR HEEILRE R L. RE® 39
7 I ADOMMIAEEE B TLERZ»S MT B
R~ OEMRRE & MT ORORSC & 5 L
REEE ATV, 10 1g/1 OEIEE OBE1322.9% O
LEFB LN DD, 1000 x g/l DEEE TIEHED
HBE Loz b3 HMELTWA, BEED LI
FEHHE O MT BEMLE D L O8R5y, M
DIEIEIZEL 2B I EIZELDARTHONTE
DEB COFREE LTCHEIEEORMEFRLE Y HE

R TEEFLEN TR VE U NERT B0 %
ZONTWBEH®  F 72 104g/1.100 g/l DT
2 3 ERIE. 6 MRIE & b ICHEMILRIC K & R EIE
Mozl e, SE, BH L 721000 g/1® 6 HiE
BEIIREONBETH - 12T BN E 2 S,

FrAEBEIBRTATA S AR AT ADEMA
T REBITCILESROFT AN MT B—RiEbd L <
2 o ERELEZT) 2 LT, 82-100%DFE
WHEMEILEB L NS Z EPRE STV EY, —
Fis W7 I ADEE. RABRTHE S - MM L
EETH14%. W CITbh/ MT B —RE L
THHEMERIZI2ZBEETH Y . MmoFrREE L
BLTEWMEICES > TwaY, UL, BiEnEs
MBEL, MT ORE5-28H T2 2 & TL00% D
MALBTEETH 5% L7zdo T, 7 I3 RADBA,
B2 B I A C OB H AR EALEL O A TR B
PALEAEL D L3 LV EES SN, FEAES
137 < I O. masou ishikawae THHBEINLTEY, H
—RETIL10-55% T o 72 LRSS, RIEVE %
fkft L MT RO 52 0H T 5 2 L C100%1ET 5
ZENHEENTVEEY, b Ehs, T
ITHEH MT I3 2 BZEPMERICL > TAH LT D
BEpoTBY, @TofkoRZME2 I N-TEZLE
BB L > TOABVEELEIEONLEZD
NTWBY, 42 732 TH MTIHs 2 B 138
FLLIRBRBICL o TRRZZENE Z 5N, I
IZB1T 5 MT O RAERELEIC L 5 EniEdibEe
121 - 25H RIS BT A MT H—REAE T b i
WASEZ 260 D HE ST 55,

IR Z 4T ) 72D ERA T O A4 FRIVE Y O
G52 MRSV SBG L. MR TS5 T
HEHES 2 MEDD 52, 7 T~ ADWR RS
PRI 5 £ 2 STV BH®, MT 12xat
T ARSI RBEEZOMICEAE D RKEN E3E 2
B, B EUEOATE VLR LE D3
UL RIEBUEOREPLETHS ) V27 F<TAD
R E AT, BEE®»OFE2 » HRTTEL
[ElDSERET100 1 g/1 O MT BB %17 - 72354 (15
Il D RABRE)  44.7% D HEBALRBE SN2 2 LA
W SN TWBHD | X0 B 2 MR 2 e 3
% 720G IENIE N % 3 FARREICIZ B DAY
EEZONBY, RERETHE S N EHIR RN Ok
KLY, 100kg/1 D 3 EIRE T14% O HEMELERIE
ENTVEHDD, S5HIIEVHEMLRLELIITE
BRI OMEPLELE Z bz,
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X W
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AU CIEEE L <L REALE T E IS HREE T A LAY
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L7ze ERICECBHT AL LB ICL I BILRL L
T,

1) dvigdE L KERALY (1985) V7 RO A TG A RBR.  HEAI584F & AL i & YLK EE MR LY T SE i &,

pp-190-193.

2) Yamamoto, T. (1969) Sex differentiation, pp. 117-175, in “Fish Physiology III”, eds. by W.S. Hoar and D. J.

Randall, Academic Press, New York.

3) Pandian, T J. and S. G. Sheela (1995) Hormonal induction of sex reversal in fish. Aquaculture, 138: 1-22.
4) Baker, I.]., L. I Solar and E. M. Donaldson (1988) Masculinization of Chinook salmon (Oncorhynchus tshawytscha)
by immersion treatments using 17 a-methyltestosterone around the time of hatching. Aquaculture, 72: 359-367.

5) Piferrer, F. and E. M. Donaldson (1989) Gonadal differentiation in coho salmon, Oncorhynchus kisutch, after a

single treatment with androgen or estrogen at different stages during ontogenesis. Aquaculture, 77: 251-262.
6) /NHUFE - A B (1992) Y AMEERBRERER-T, AF VT A MATUCO—ERELEIIC L S S

R PK HIK EE BRI R e s, 18: 31-37

7) deMEEALKERLY (2005) B LWIEREETEORSE. PRISEBEACIEE K ER L EBGRE, pp.157.

8) Kudo, H. and M. Oomori (2004) Effect of a single treatment of 17 «-methyltestosterone for masculinization in

kokanee salmon (Oncorhynchus nerka). Suisanzoshoku, 52: 301-302.

9) Park, I.S., H. B. Kim, H. T. Huh and S. C. Kim (1993) Masculinization of masu salmon (Oncorhynchus masou) by
treatments of 17 o -methyltestosterone. Ocean Research, 15: 29-36. (in Korean with English abstract)

10) /NHAIE (1990) v A VhERHAER-T1. 0 R P/K T K 2 R AT SR 3R, 16: 89-92

11) Nagy, A., M, Bercsényi and V. Csanyi (1981) Sex reversal in carp (Cyprinus carpio) by oral administration of

methyltestosterone. Can. J. Fish. Aquat. Sci., 38; 725-728.

12) ‘HEHEHE - kE E (1990) &MY 7 S ADAF VT A M AT U »#57 L A eI ErE T 2 oW T,

BIIROKERBRGIEHE, 2:19-26.

13) HaEE" (1982) MY 7 9 < A0k 2MINAEEEOEM. fEK 20:1-7.



30

14)

15)

16)

17)

18)

19)
20)

21)
22)
23)
24)
25)
26)
27)
28)

29)
30)

Goetz, EW., E.M.Donaldson, G.A.Hunter and H.M.Dye (1979) Effects of estradiol-178-and 17 a-
methyltestosterone on gonadal differentiation in the coho salmon, Oncorhynchus kisutch. Aquaculture, 17:
267-278.

Humason, G. L. (1962) “Animal tissue techniques” W. H. Freeman and Company, San Francisco, pp. 468.

A N BEREL AHE B (1974) Y7 5 < A (Oncorhynchus masou) DHEFERRO M5 bEAR, LilEE S 1) -
¥ T LBt seiRe, 28:1-8.

KM B WARE—ER - BERA - ]WOFE— (1965) = V< AORBIIE T AH78-T, 1FROKBROFRE
IZoWT, HIKEE, 31:597-605.

Johnstone, R., T. H. Simpson and A. F. Walker (1979) Sex reversal in salmonid culture part III. The production and
performance of all-female populations of brook trout. Aquaculture, 18: 241-252.

Zar, J. H. (1999) “Biostatistical analysis”, 4th edn, Prentice Hall, New Jersey, pp.663.

SHEE - BT B (1985) MM X 2 A€V boAEEROR L. BHSSERE [THEEERRORAINL Y 2
T ADRFEICHET ARAEME] (V- F Y F U IFE) SO VA - LAER-F TR, 44447,
TEICA (1986) ¥~ A VEERHLERER. B IR PR TR E R BRA R AERT se ke, 13: 29-36.

MHE" (1985) =3I~ ADABWMEREICEE S 5058, JLiEKERCEIIZEa, 40: 1-49. ‘
Piferrer, F., L. ]J. Baker and E. M. Donaldson (1993) Effects of natural, synthetic, aromatizable, and
nonaromatizable androgens in inducing male sex differentiation in genotypic female Chinook salmon
(Oncorhynchus tshawytscha). Gen. Comp. Endocrinol., 91: 59-65.

ARG — (1995) 7 XD AAWERME 7 0 - CEFERICET 5058 BEIURKERBRSE R, 34
1-145.

Fujioka, Y. (2002) Effects of hormone treatments and temperature on sex-reversal of Nigorobuna Carassius caras-
sius grandoculis. Fish. Sci., 68: 889-893.

JHRERES - BAIE - THEFR - A5 - BE & (2002) EREIIBIT 5 F 2 r o4 7 7 5ok i,
BIRKE LS, 2: 45-58.

Nakamura, M. (1975) Dosage-dependent changes in the effect of oral administration of methyltestosterone on
gonadal sex differentiation in Tilapia mossambica. Bull. Fac. Fish. Hokkaido Univ., 26: 99~108.

s CHE (1989) M b Z D%, pp. 141-165. [KIRZEE ], SEER - PIAEDE, &R, il
FHHE 1 (1989) 7~ ITOSMAERE L ORE. KEBRE, 14:11-22.

Nakamura, M. (1994) A study of susceptibility of sex reversal after a single 2-hour treatment of androgen in
amago salmon. Fish. Sci., 60: 483-484.



Fish Genetics and Breeding Science KEFTE 38 (2008) 81

7 2OKRR_EEM &BENTT R 2 AT 5 AT gk LU
M R O L& MR O Felsehift 58

FIBIEE - SARFR GRALK - BeR) - MIFER EHR-R) -
BOIEZ GELRSE - WAED)

The Comparison of Blood Characters in Ayu growing in
Different Environmental Conditions

Masamichi NAKAJIMA*', Shyuzou TAKAGI™*', Hidetsuyo HOSOKAWA **
and Nobuhiko TANIGUCHI*?

*! Laboratory of Population Genetic Informatics, Graduate School of Agricultural Science, Tohoku University
*? Fish Nutrition Laboratory, Faculty of Agriculture, Kochi Univversity
**The Research Institute of Marine Bioresources, Fukuyama University

Abstract

Blood characteristics, such as the number of red blood cells and hemoglobin concentration, were examined and
compared in three genetically related Ayu populations living in natural (wild), cultured, and released conditions,
respectively. The study aimed to identify the effect of living conditions between cultured and natural populations. Four
of the seven characteristics examined, RBC, HGB, MCH and MCHC, indicated significant differences among the
populations. In the released population, which had spent more than three months under natural conditions, there was a
wide range of blood characteristics. Some individuals had characteristics that were similar to cultured Ayu and others
were similar to wild Ayu. These results suggest that some individuals do not adapt to wild conditions even though they
had spent more than three months under natural (released) conditions. Some blood characteristics probably influence
the behavior of Ayu released in natural rivers. To obtain individuals that will show behavior similar to wild Ayu after
release, a technological method that will improve blood characteristics is required.

(accepted July 8, 2008)
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Heritability Estimates by Intra-sire Regression of Offspring
on Dam and Half-sib Analysis of the Number of Gill Rakers
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Abstract
Heritabilities of four quantitative traits, number of gill rakers (GR), abdominal vertebrae (AV), caudal vertebrae (CV),
and vertebral number (VN) were estimated in masu salmon Oncorhynchus masou masou families produced by artificial

fertilization. Heritability was calculated using intra-sire regression of offspring on dam (#%) and half-sib analysis from

sire- and dam-components (47, h3). Heritability ranged from 0 (null) to 1.38, with some values exceeding the theoretical

upper limit of 1.0. There was a significant correlation between 4% from intra-sire regression and /; in half-sib analysis.

The three heritabilities in AV and VN were similar; however, estimates from GR and CV were markedly different

between /’ and %%, It was believed that these differences were not caused by maternal effects but were actually a result

of the bias due to use of few sires, because standard errors of 47 is very large. If it is known beforehand that maternal

effects do not exist in target traits, intra-sire regression can be a useful tool for estimation of heritability.
(accepted November 6, 2008)

Introduction

Heritability has often been utilized to understand
the genetic components, which bring about pheno-
typic variations?. Tt indicates the degree of resem-
blance between relatives and is defined as the ratio of
additive genetic variance to total phenotypic variance
W=V, /Vp, 0<h?<1), and is an important index in
breeding programs®. There are several techniques
for estimation of heritability, such as parent-offspring
regression, sib analysis, and response-selection rela-
tionship per generation, i.e., realized heritability?.
Each of these techniques has its advantages and dis-
advantages, for example, parent-offspring regression
is simple, but requires a similar environment for two
generations?. In sib analysis, it is unnecessary to
consider the parental environments; however, many
crossbreeding lots must be produced to improve the
precision of the estimates?. In fish, sib analysis has

often been used for estimation of heritability because
it is comparatively easy to maintain a constant off-
spring environment?. If heritability can be estimated
by several techniques, it is valid to compare the pre-
cision of the various estimates®.

Meristic characters, such as the number of gill rak-
ers (GR), fin rays, pyloric caeca, and vertebrae (VN)
in fish, have been utilized to detect genetic differenc-
es among populations and to delineate local stocks®®.
In particular, it is thought that GR and VN are impor-
tant characters for detection of local stocks®.
However, Beacham” reported that differences in VN
and GR frequencies are only useful for stock identifi-
cation of sockeye salmon Oncorhynchus nerka on a
broad regional basis. These traits in the Oncorhynchus
genus have high heritabilities, for example, 4°is esti-
mated to be 0.37 —0.67 for GR in pink salmon O. gor-
buscha and rainbow trout O. mykiss, and 0.52 —0.84

Corresponding author: Daisei Ando, Hokkaido Fish Hatchery, 3-373 Kitakashiwagi, Eniwa, Hokkaido 061-1433, Japan
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for VN in coho salmon O. kisutch and rainbow
trout®™. In general, characters with high heritabili-
ties can be deemed least important as determinants
of natural fitness''?. It has also been reported that
geographical (latitudinal) clines exist in the mean
VN of some specie513’14). This phenomenon suggests
that morphological trait variation may reflect the
most suitable value for an area, as a result of adapta-
tion and selection under genetic control™9.
Moreover, Goin et al.'” found that the mean VN of
juvenile rainbow trout decreased with increasing dis-
tance from the ocean and suggested that such varia-
tion may be related to anadromous or non-anadromous
forms. These reports indicate that variation in mor-
phological traits may be related to adaptation to envi-
ronments, life-history forms, and natural fitness.
Therefore, heritability is a useful tool to clarify the in-
fluence of genetic factors in the determination of
morphological traits.

Masu salmon Oncorhynchus masou wmasou are
mainly distributed in northern Japan, including
Hokkaido Island, and support commercial fisher-
ies'®. Hatchery-reared masu salmon juveniles are re-
leased in several locations for stock enhancement. In
addition, juvenile stream-resident-type masu salmon
(in Japanese, “Yamame”), are reared and released
for recreational fishing in Japan. A geographical cline
in mean VN of masu salmon on Hokkaido Island has
been reported'®??; however, genetic parameters of
these morphological phenotypes have not been suf-
ficiently investigated.

The mechanism for determination of VN remains
unknown because of a lack of discrimination between
environmental and inherited causes of variation®?.
In masu salmon, heritability has been estimated for
the number of abdominal (AV) and caudal vertebrae
(CV), i.e. the anterior and posterior portions of the
vertebral column®; however, heritabilities of GR
and total VN have not yet been reported.

In this study, heritabilities of GR, AV, CV, and VN
in masu salmon were estimated by two techniques
and their estimates compared.

Materials and Methods
Production of families and culture conditions

Masu salmon from the Shiribetsu River, Hokkaido
Island, northern Japan were used for crossbreeding.

Parental fish were bred at the Mori Research Branch
of the Hokkaido Fish Hatchery, Mori, Japan. Fifteen
families were produced, each consisting of one sire
mated with three dams. This crosshreeding produced
five family sets. After fertilization, eggs in each family
were incubated at 13°C until the eye-pigmented stage
(282 degree-days), and transported to the Hokkaido
Fish Hatchery, Eniwa. From each family, 100 eggs
were placed in mesh baskets and incubation contin-
ued. Average water temperature was 8.2 (7.5-9.1)T
until the swim-up stage (861 degree-days). At swim-
up, food was provided ad libitum. Rearing continued
using aerated running water (8 —11 C). Ten months
after fertilization, all fish were fixed with 10% formalin.

Meristic character analysis

Number of GR and vertebrae of the preserved
masu salmon juveniles were determined. Fork length
was measured to the nearest 0.1 cm. Sex was deter-
mined, following dissection, from observation of the
gonadal tissue. GR were extracted from the anterior
position of the left gill arch. The number of AV and
CV were counted individually as described previ-
ously??. AV, CV, and VN were treated as independent
traits. All four traits were stained with 0.01% Alizarin
red S diluted with 1% KOH, and observed under a
binocular microscope. Individuals with fork length
less than 7 cm were excluded, because GR did not
reach a fixed number, until fork length was greater
than 7—8 cm?®. The same four traits (GR, AV, CV,
and VN) were enumerated in all parents and dam’s
records were regressed on the offspring means. The
significance of the regression coefficients was as-
sessed using F-tests.

Estimation of heritability

Sexual dimorphism in progeny was detected using
a two-factor (sex X family) analysis of variance in the
four meristic traits.

Heritability (#°) was estimated by intra-sire regres-
sion of offspring on dam and three-way analysis of
variance (ANOVA)?Y. When a normal parent-offspring
regression is used to estimate 4’ the sire’s record
must be used thrice. This reuse of data may result
in bias. Therefore, we estimated heritability using
dam records only (intra-sire regression; #4%). This
technique involved the regression of offspring on
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dams, calculated individually for each set of dams
mated to one sire. The regressions from each set
were then pooled to determine a weighted aver-
age®® Intra-sire regression is preferable compared
to overall regression using all dams because it elimi-
nates unwanted variation regarding the regression
line due to sires?. Moreover, intra-sire regression can
avoid problems related to random mating variation be-
cause heritability is calculated as a fraction of variance
among dams mated to the same sire?.

The statistical model used (hereafter, Z is used to
designate the offspring mean and X is used to desig-
nate the dam’s record) was

Zij—a;=p+ B (Xy—Xpy) tey Iy
where,

Z;;; the mean obtained from the offspring records

by mating of the ¢ th sire to the j th dam

445 common mean

a;; effect of the 7 th sire

/3 ; regression coefficient of Z on X

Xj;; record on the j th dam mated to the 7 th sire

X,,,; phenotypic mean of all dams

e;;; deviation of the means of the progeny

The regressions from the sire families were pooled
to obtain the common regression coefficient, 824).
The regression parameter b was obtained by division
sum of cross-products, SCPpxz by sum of squares,
SSpx)- Each component was calculated as

»— _SCPoo »
SSD(XX)
(XX)?
SSpeon = LU X =2 —+ 3)
LXi2Z;
SCPpgzy = DX XyZy=2—— ~—— 4
i i ;

where, #; is the number of dams mated to the ¢ th
sire. Heritability was adjusted by twice the regres-
sion parameter b (h%=2b). Standard error (SE) of &
was calculated as

SE(b) :\/?5% 5)
S (SCPpuz)”

o SSpam 6)

! D-S-1 -

where D and S are numbers of dams and sires, re-
spectively. The sum of squares, SSp ) was obtained
in the same way as equation 3), using the mean of
each dam’s progeny, Z. Standard error of /#*was also
doubled (2 x SE(b))**.

Heritability was also calculated by half-sib analysis
using ANOVA. The statistical model is,

Yig=p+a;+ B+ ey 7
Where,

Yij; record of the kth progeny of the jth dam

mated to the ¢ th sire

£, common mean

a;; effect of the i th sire

B;; effect of the 7 th dam mated to the i th sire

¢, ; uncontrolled environmental and genetic devia-

tions attributable to the individuals

Half-sib analysis heritabilities were estimated us-
ing sire- and dam-components. ANOVA was per-
formed to divide the phenotypic variance into obser-
vational components attributable to differences
between the progeny of different sires (between sire
components, ¢7), to differences between the proge-
ny of dams mated to the same sire (between dam,
within sire components, ¢7), and to differences be-
tween individual progeny of the same dam (within
progeny components, ¢2)?. The heritability for half-

sib analysis was estimated following Becker?? using
2. 4o f .
h; = ————— (sire components) 8)
os to; o
, 405
hy=———— (dam components) 9N

ol +oi+o?

Standard errors of each estimate were calculated fol-
lowing Becker??.

Statistical significance of the heritability estimates
(hZ, h’, and h?) greater than 0.2°® and 0 was set at
the 0.05 level using a one-tailed test?”. The relation-
ships between /i and the two half-sib analysis esti-

mates (# and hZ) were assessed using the F-est.

Results

In total, 831 individuals in 15 masu salmon families
were sampled. The number of individuals sampled
in each family ranged from 18 to 76, and mean fork
lengths among families ranged from 8.0 to 10.9 cm
(Table 1). Within the four investigated traits, no
significant sexual dimorphism was detected (p =0.06
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Table 1. Mean and range of the four meristic characters in 15 families of masu salmon

Number of individuals Mean fork Morphological traits
Family Parents in progeny length+ SE GR AV cv VN
Female Male Total (cm) Mean*SE Range Mean+SE Range Mean=SE Range Mean+SE Range
1 SirelxDaml 26 36 62 82%0.09 17.8+0.10 16—19 31.3+0.11 30-34 32.7+0.12 29-35 64.0+0.09 62—66
2  Sirel1xDam2 38 33 71 85+0.08 17.8+0.12 15-20 31.8+0.08 30—33 33.5+0.08 32—-35 65.2+0.06 6466
3 Sire1XDam3 26 28 54  92%0.08 174+0.12 16-21 31.1%0.11 30-33 33.6%£0.10 32-35 64.8£0.07 64—66
4  Sire2xDam4 33 31 64 81=0.07 19.0+0.10 17-21 31.8+0.08 31-34 32.9+0.09 31-34 64.6+0.08 6366
5  Sire2XDam5 17 36 53  95%0.14 194+0.12 18-21 326+0.08 32-34 32.6+0.10 31-34 652+0.07 64—-66
6  Sire2XDam6 35 41 76 87007 191+0.09 17-21 31.5+0.08 30-33 33.3%0.08 32—-35 64.9+0.06 64—66
7  Sire3xDam?7 8 18 26 109%0.16 174+0.19 16-19 317014 31-33 32.2%0.18 30-34 64.0=0.09 63—-65
8 Sire3xDam8 43 33 76 85*0.08 183+0.11 16-21 31.4=0.07 30-33 32.2+0.08 31-33 63.6+0.08 62—-65
9  Sire3xDam9 24 34 58  8.0%0.08 183+0.11 16-20 31.1x0.11 29-33 33.3x0.11 32-35 64.3+0.09 63—66
10 Sire 4 XDam 10 15 23 38 9.1+011 189+0.15 17-21 327+0.09 31-34 33.7x0.11 32-35 664+0.11 65—68
11  Sire 4XDam 11 8 10 18 89+0.24 191021 18-21 32.1+0.11 31-33 32.7+0.20 31-34 648%0.17 63—66
12 Sire 4XDam 12 36 33 69 88=0.09 194+0.10 18-21 328+0.08 31-34 334%0.09 31-35 66.2+0.08 65—68
13 Sire 5xDam 13 17 11 28 102+0.17 186=0.21 17-21 314%0.12 30-33 324+0.16 30-34 63.8£0.13 63—65
14 Sire5%xDam14 40 30 70 88%0.09 18.8=0.11 16-21 31.8+0.07 31-33 332%0.08 32—-35 65.1£0.06 64—66
15 Sire5xDam15 39 29 68  83%0.07 194+0.11 17-21 32.2+0.08 31-33 334=0.09 32—-35 655+0.08 64—67
Total 405 426 831 87%0.03 18.6+0.04 15-21 31.8%0.03 29-34 33.1+0.03 29-35 64.7+0.04 62—-68
GR; gill rakers, AV; abdominal vertebrae, CV; caudal vertebrae, VN; vertebral number
Table 2. Two-factor analysis of variance in four traits of masu salmon (sex X family)
Traits Source of variation Sum of square DF Mean Square F P
Factor A (sex) 1.53 1 1.53 1.98 0.16
Factor B (family) 369.65 14 26.40 3.13 $<0.001
GR AXB 16.54 14 1.18 1.53 0.10
Remainder 619.60 801 0.77
Total 1006.54 830 1.21
Factor A (sex) 1.61 1 1.61 3.57 0.06
Factor B (family) 232.84 14 16.63 36.81 $<0.001
AV AXB 6.80 14 0.49 1.07 0.38
Remainder 361.86 801 0.45
Total 603.63 830 0.73
Factor A (sex) 1.06 1 1.06 1.92 0.17
Factor B (family) 176.64 14 12.62 22.72 $<<0.001
CvV AXB 8.07 14 0.58 1.04 041
Remainder 444.85 801 0.56
Total 631.23 830 0.76
Factor A (sex) 0.06 1 0.06 0.16 0.69
Factor B (family) 494.85 14 35.35 97.57 $<0.001
VN AXB 8.75 14 0.63 1.73 0.05
Remainder 290.18 801 0.36
Total 793.81 830 0.96

GR; gill rakers, AV; abdominal vertebrae, CV; caudal vertebrae, VN; vertebral number

—0.69); therefore, sex-pooled family data were used
for further analysis. Differences among 15 families
in each trait were significant (p<<0.001) (Table 2).
Fork length and parental morphological trait data
were also recorded, and trait ranges were 17—~ 20 in
GR, 30—34 in AV, 32-35in CV, and 64 —67 in VN,
as well as 37.2—50.0 cm in fork length. Intra-sex
variations were observed in all traits, except for CV
number (33) in sires (Table 3).

In the four traits, there were significant correla-
tions between dam’s record and offspring means
(r=0.53 — 0.80; Figure 1). In AV and CV, the regression

parameters were similar (0.46 in AV and 0.42 in CV),
while the regression parameter in VN (sum of AV and
CV) was larger, 0.74 (Figure 1).

Components for sum of squares (SS) and sum of
cross-products (SCP) between dams and within sires
used to calculate heritabilities were denoted in Table
4. Heritabilities calculated by intra-sire regression
ranged from 0.60 — 1.17. Heritabilities of AV, CV, and
VN produced high estimates, 0.83, 1.17, and 1.09
respectively. The highest heritability values, in CV
and VN, exceeded the theoretical upper limit of 1.0.

Heritability estimates using half-sib analysis with
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components and variances for sires, dams, and proge-
ny are presented in Table 5. Heritabilities calculated by
half-sib analysis ranged from 0 to 1.38. In the paternal
half-sib design, heritability for CV was estimated to be
null, and the three other traits showed high estimates
with large standard errors (SE), #Z =0.95—1.38 (SE;
0.71-1.06). Heritabilities from dam-components,
ki, ranged from 0.28 to 1.23 and the associated SE
were smaller compared to those derived from sire-
components. In AV and VN, the two estimates (%’
and %2) showed similar values of 0.71—0.95 and 1.23
— 1.38, respectively. However, the two estimates in GR
and CV were noticeably different. In particular, the 7
estimate was null in CV, while the %} estimate (1.15)

exceeded the theoretical upper limit (Table 5).

The estimates for Az, 42, and %, ranged from 0 (null)
in CVto 1.38in VN (Figure 2). In the analysis of AV and
VN, the three estimates showed similar tendencies,
0.71—-0.95 in AV and 1.09 — 1.38 in VN. In the other two
traits, there were large differences between 47 and

Z (=133 and #%=0.60 in GR; #’=0 and k% =1.17
in CV), however, the estimates from % and %% in CV
were approximated. The estimates of # in GR, AV,
and VN, and % in AV, CV, and VN were significantly
greater than 0.2, however, %% in CV and /7 in GR were
not significantly greater than 0.2 but were significantly
greater than 0. None of the %’ estimates were signifi-
cantly greater than 0 because of the large SE (Figure 2).

Table 3. Fork length and morphological traits of parents in nested-design

. Fork Morphological traits Fork Morphological traits
Sire o ngth Dam 0 oth
MNo) ) GR AV cv VN MNo) ") GR AV cv VN
1 47.0 18 30 34 64
1 43.5 17 31 33 64 2 50.0 19 32 34 66
3 43.5 18 31 34 65
4 40.3 19 32 33 65
2 37.2 19 31 33 64 5 42.5 18 33 33 66
6 44.5 18 31 34 65
7 38.5 17 32 32 64
3 44.5 18 31 33 64 8 41.0 20 32 33 65
9 44.5 19 31 33 64
10 47.5 19 32 35 67
4 37.5 19 34 33 67 11 44.5 20 32 34 66
12 44.0 20 32 34 66
13 38.0 18 32 33 65
9 46.8 19 32 33 65 14 41.3 19 32 33 65
15 42.4 20 33 33 66
Mean 41.9 184 31.8 33.0 64.8 43.3 18.8 31.8 33.5 65.3
GR; gill rakers, AV; abdominal vertebrae, CV; caudal vertebrae, VN; vertebral number
GR cv
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Fig. 1. Dam-offspring regression analysis with sire ignored in four meristic characters of masu salmon, Oncorhynchus
masou masou. Significance of the relationships determined by F-tests (*$<0.05, **$<0.01). Trait abbreviations:
GR, gill rakers; AV, abdominal vertebrae; CV, caudal vertebrae; and VN, vertebral number (AV + CV).
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There was no significant relationship between 4,
and 4? (p=0.43); however, a significant correlation
was observed between /i, and 4 (p=0.02) (Figure 3).

Discussion

In this study, heritabilities of four meristic charac-
ters were estimated by intra-sire regression and sib-
analysis. It is known that heritabilities cannot easily
be estimated with any great precision, and that most
estimates have large standard errors®®. Moreover,
estimates of heritability can differ markedly in differ-
ent populations even though the same trait is mea-
sured®®®_ Therefore, estimating heritability by several
techniques and discussing the results from different
viewpoints maybe useful. Heritability estimates are re-
ported to be inflated by common environmental (Vgc),
dominance (Vp), and epistatic variance components?.
Parent-offspring regression does not allow the estima-
tion of these components of phenotypic variance®®.
However, intra-sire regression excludes sire effects and
includes maternal effects?. In general, this regression

technique deals with sex-linked traits and is used to sep-
arate the contribution of the sexes to the target traits, as
in dam-daughter and dam-son regressions®®. Moreover,
parent-offspring regression presupposes that parents
and their offspring are raised in the same environment.
In our study, sexual dimorphism was not observed;
however, the environments experienced by parents
and offspring in their early life-history will be different.
Therefore, intra-sire regression used in our analysis
meets some, but not all, assumptions which form the
basis for the accurate determination of heritability.
On the other hand, sib analysis requires a constant
breeding environment for the offspring. The paternal
half-sib design (%#?) is reported to provide best
estimates since it is not inflated by dominance and/
or maternal effects in its numerator (i.e., ¢’ = (1/ 4)
V,; equation 8)%. However, heritability estimates
from dam-components (43) contain four times the
maternal effects and all of the dominance variance in
the numerator (i.e., o5 =(1/4) V+(1/4) Vp+Vyc; equa-
tion 9) 2 In our analysis, there was a significant

Table 4. Heritability estimates, components of sum of squares, and sum of cross products between dams within sires for

intra-sire regression

Sum of suares  Sum of cross products  Sum of squares .
(SS) (SS Regression  Standard error Heritability (SE)
Traits parameter (SE)
Dams XX Dam X Progeny XZ Progeny 77
SSpoxo SCPpxz SSpzz) b SE®) Ik
GR 8.67 2.60 1.25 0.30 0.08 0.60 (0.16)
AV 533 2.22 1.60 0.42 0.12 0.83 (0.24)
Ccv 2.00 1.17 2.66 0.59 0.33 1.17 (0.66)
VN 4.67 2.55 4.38 0.55 0.27 1.09 (0.53)

X; dam’s record
Z; progeny mean

GR; gill rakers, AV; abdominal vertebrae, CV; caudal vertebrae, VN; vertebral number

Table 5. Estimation of heritability and each components in sire, dam, and progeny within dams in half-sib analysis

Components Heritability (SE)
Sum of squares (SS) Mean squares (MS) Variance critability
Traits S5, SS, SS, MS, MS,; MS, ol ol ol /K /A
Between Between Between Between Sire D
Sire dams within  progeny Sire damswithin  progeny  Progeny Dams Sires a am a
sires within dams sires within dams components® components
GR 31353 55.35 637.67 78.38 5.53 0.78 0.78 0.09 0.44 1.33 (0.84) 0.28 (0.13)
AV 15648 76.88 370.27 39.12 7.69 0.45 0.45 014 018 0.95(0.71) 0.710.31)
CvV 53.80 123.44 453.98 13.45 12.34 0.56 0.56 0.22 0P 0° 1.15 (0.49)
VN  320.78 174.04 298.99 80.20 17.40 0.37 0.37 032 036 1.38 (1.06)  1.23 (0.51)

GR; gill rakers, AV; abdominal vertebrae, CV; caudal vertebrae, VN; vertebral number
*Sire and dam components denote the estimate in half-sib analysis (ANOVA), respectively

bNegative estimate (—0.004) was supposed to be as 0
“Negative estimate (— 0.021) was supposed to be as 0
Where,

MS,=8S,/DF,= o’ +k 0i+ks 6%

MSd=SSd/DFd= Jﬁ +k1 0'31

MS,=SS,/DF,=

DF,=4, DF;=10, DF,=816

k1=52.65, k:=60.74, k;=165.33
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Fig. 2. Heritability estimated by intra-sire regression of offspring on dam and by half-sib analysis of sire- and

dam-components in four traits. Bars denote adjusted standard error of heritability. Asterisks indicate
heritability significance greater than 0.2 (**$<0.05, ** *p<C0.01) and 0 (*»<0.05) by one-tailed test.
Character “a” denote the negative estimate. Trait abbreviations: GR, gill rakers; AV, abdominal vertebrae;
CV, caudal vertebrae; and VN, vertebral number (AV + CV).
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Fig. 3. Relationships between estimates from intra-sire regression of offspring on dam (% see) and half-sib
analysis from sire-components (#) and dam-components (4). Bars denote adjusted standard error of
heritability. Significance of the relationship determined by F-tests (*$<0.05).

correlation between /% and %2, and both estimates in-
clude the maternal effect. Therefore, estimates from
hi. and ki appear to be mainly influenced by the
dam’s characteristics. It may be possible to guess the
influence of maternal effects and environmental fac-
tors when comparing estimates of ¢ and o7; howev-
er, the standard errors of 4’ were very large and all
estimates were not significantly different from 0.
Estimates of / based on GR and CV were noticeably
different from %; and the difference between the two
CV based estimates was remarkable. In this study,
only 5 sires were used for half-sib analysis, and the
large SE of 47 may be related to the small number of
sires used. For example, 4? for CV is null, however,
the sire’s records exhibited no variance (Table 3). If
maternal effects are truly contained in /3, the estimate
of k7 should be higher than that of 42, However, the
estimate of #° was larger than that of 47 in GR (Figure
2). The estimate of 47 is thought to indicate reliable

values®, but we suggest that this hypothesis will only
apply in cases when many sires are used.

In masu salmon, heritabilities (#°) have been re-
ported for life-history traits, including mortality rate
during egg and fry stage (0—0.08); growth related
traits, such as body weight and length (0.07 —0.68);
smoltification rate and timing (0.40 —0.68); and mor-
phological traits, such as numbers of parr marks, AV,
and CV (0.40 —0.84)3%23139 [ general, it has been
reported that heritability of morphological traits, in-
cluding meristic characters, is greater than that of
life history, behavioral, and physiological traits>'1?.
In this study, estimates for AV and VN are thought to
be reliable because all estimate values were similar
and high (0.71-0.95 in AV and 1.09—1.38 in VN). If
the true value of heritability is high, it has been sug-
gested that the heritability estimate will exceed the
theoretical upper limit of 1.0°®. In this study, VN ap-
pears to have an inherently high heritability as all
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three estimates exceeded the upper limit of heritabil-
ity. Recently, Yamahira et al.>® suggested that a geo-
graphic cline in mean VN was most likely explained
by natural selection and adaptation. In masu salmon,
there were significant relationships between latitude
and mean VN in data from the 1960s and 1990s, (our
calculation from their original data) and these clines
are similar'®?. Therefore, variation of mean VN in
masu salmon may be also related to natural fitness.

In the AV and CV of another masu salmon group,
it was reported that heritabilities (= SE) from parent-
offspring regression were high and significant, 0.65
+0.20 in AV and 0.84+0.23 in CV??. These results
suggest that AV and CV are inheritable characters,
and that the significance of CV should be reconsid-
ered in this study. Tave®” calculated the heritabil-
ity of half-vertebrae (HV) that form the caudal region
and whole-vertebrae (WV) in the trunk of the velvet
belly shark Etmopterus spinax. Heritability ranged
from 0.05 to 0.39 in HV and 0.22 to 0.23 in WV; how-
ever, estimates for the sum of the vertebrae (HV +
WYV) were higher, 0.59—0.62. Therefore, it is pos-
sible to calculate the high estimates heritability, if
there are two characters within a trait.

In other Oncorhynchus species, heritability of VN
is reported to be high, for example, VN in coho
salmon, including clones, was reported to range
from 0.52 to 0.76'¥ and was 0.84 in rainbow trout®.
Kirpichnikov®® noted that heredity of VN is compli-
cated by a distinct maternal effect because maternal
effect may be associated with the early formation
of the anterior part of the vertebral column during
the gastrulation stage of embryogenesis. However,
in this study, the influence of dams and sires in the
determination of AV and VN is thought to be similar,
because %’ and 4, were similar.

Heritability of GR also showed high estimates (0.28
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Mitochondrial D-loop DNA Analysis of Chinese Crucian Carp Reveals
the Maternal Origin of Goldfish
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*! Faculty of Marine Science, Tokyo University of Marine Science and Technology
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*3 School of Chemical and Biological Engineering, Yancheng Institute of Technology
*4 National Research Institute of Aquaculture, Fisheries Research Agency

Abstract

Goldfish was first domesticated in China and various morphological types have been produced by selective breeding
over centuries. However, the genetic background including the origin of goldfish is still unclear. Here, we analyzed a
part of the D-loop region of mtDNA sequences of 103 goldfish (15 breeds) and 319 Chinese crucian carp. All goldfish
except shubunkin (hybrid between goldfish and Japanese crucian carp) possessed a single haplotype of mtDNA and
were classified into Carassius auratus auratus. Chinese crucian carp collected from 11 locations around China showed
20 haplotypes and were classified into 2 groups (C. a. auratus and C. a. gibelio). The sequences of 6 Chinese crucian
carp collected from the watershed of Yantze in Jiangsu, Zhejiang and Hunan were identical to that of goldfish. These
results suggest that the goldfish originated from C. a. auratus in China and imply that goldfish appeared recently be-

cause 1o variation was observed in the mtDNA sequences of the goldfish breeds examined.
(accepted November 18, 2008)
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FEEH) % PoE U REERR B (R % <72,

M & B

MEA HRUBREREKER S 7 1 — )V FEEZR
by —FAATF—a LY tEEn - HEREF >
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Table 1. Sampling locations of Chinese crucian carp

Administrative

*
Place division Haplotype

Beijing DCM#
Shanghai DCM
Dongguan Guangdong
Guangzhou Guangdong
Wuhan Hubei
Dongting Lake ® Hunan

HT-201
HT-201
HT-201
HT-201
HT-201
HT-101
HT-115
HT-101
HT-104
HT-105
HT-108
HT-109
HT-113
HT-201
HT-101
HT-103
HT-104
HT-105
HT-110
HT-112
HT-114
HT-201
HT-102
HT-105
HT-116
HT-201
HT-101
HT-110
HT-118
HT-301
HT-105
HT-106
HT-107
HT-111
HT-115
HT-116
HT-117
HT-118
HT-201

Sheyang ® Jiangsu

Yancheng ® Jiangsu

Hangzhou Zhejiang

Jiaxing ®

Zhejiang

Quzhou Zhejiang

Total

Morphological
classification™ *

Number of
analyzed samples

AB466315 3
AB466315 120
AB466315 105 -
AB466315 20 -
AB466315 C. a. gibelio
AB466297 -
AB466311 1
AB466297

AB466300

AB466301

AB466304

AB466305

AB466309

AB466315

AB466297

AB466299

AB466300

AB466301

AB466306

AB466308

AB466310

AB466315

AB466298

AB466301

AB466312

AB466315

AB466297

AB466306

AB466314

AB466316

AB466301

AB466302

AB466303

AB466307

AB466311

AB466312

AB466313

AB466314

AB466315

Accession No.

C. a. gibelio

C. a. auratus

C. a. gibelio

b ek bk ek ek O bk bk DN b b b b b DD O DD DD U0 = 00 DN R DD DD
|

319

* Places (@) where individuals with identical mtDNA sequences to goldfish (HT34) were detected. _ ‘
** Morphological classification was performed by Dr. Jian-Fang Gui, Institute of Hydrobiology, Chinese Academy of Sciences; Symbols

() indicate individuals that were not classified.
# DCM, Direct-controlled municipality.



99

DAL, ZORELEHOMEE,OF V TTBLUV
FAFRVTFTHDL ERER L. £/, ThH Ok
T = RX—A LORARE T FOEF| & b IR 7,

DNA D& PCR Y > 7V ofgE 723 L b
7 x /=), 7 auk)V A, 7213 Puregene Core Kit A
(QIAGEN #1) " DNA %t L. Murakami 5212 X
BmEtE /279 4~ — (5-TAA AAG CAT CGG TCT
TGTAA-3B L U'5-CCT GAA ATA GGA ACC AGATG-3)
% Hv» T PCR % 17V, mtDNA D-loop %818 ? B 2 &
316~319 bp % 1 L 720 PCR M43 Murakami &
290770

YU ICANH o/ PCREWE R LT
Ly 7)) a—)vikkg. % 721X ExoSAPIT (GE ~ v
A4 7 4k) ALE % L., BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems #£) & & b ¥ A
INY =T LY A% Tl Y7 T AEY R F
b DFHAZEIZHE - C Ethanol/EDTA =TS L, ABI
PRISM 310 Genetic Analyzer ¥ 7- % ABI PRISM 3100
Genetic Analyzer (V>3 71 % Applied Biosystems £1)
THENT L7ze BEFIIE, MEGA4™ % VTl F 7 )
TIAY ALY MBIV, EEEAEICLDS5FR
B 2R L 7o BB EEEE Y Maximum Composite
Likelihood model 1= X 9 £ 1L 72

w R

¥ 3£ 770 mDNA OEE 1551038 4%
DFF a2 2nWT, mtDNA @ Dloop I H D8
T (nt 1-320) OFEIEEG| % HT L2825,
220N TaY A 7B (Fig.1). BLASTN®
% AT, EMBL/GenBank/DDBJ (& & S LT W
LEH EMHRAMBBEEZT oA LT A, 14mTEE1001E
HEoNTaE A TPBHEOF Y FaoNTay A7
HT34 (DDBJ accession No. AB052332) & 100% o #H
FEEZR L7z, $72, FEEDO 7 FTHLF A (#)
crucian carp & F DHRBEREKTH 5 F 0 F1 (&8)
gold crucian carp (DQ9849627%: &) L 1X97~100% &
BWHFEELZRL. 4 254 R, ¥ % 7))
silver crucian carp (EF6336397: &) & $96~99% @
AEMEZ R U7ze T2, 1 il 3EE (a7 v F )
PHfEbNINT Ty 4 7 HTDb (AB429300) &, 7 —
¥ N~ A LD X 7 ) (Carassius auratus subsp.2) O
OB (AB0799347%% &) £99% DIBFEIMEZ /R L7z,

b 200070y 47 (HI34, HI'b) =, 77—
FNR—= A L CHEEO B - 7285 & EhE T T
TVTITA VA MBI v, EREEHEICL 50
TR AR L7282 A, F U F a0 HTM &7
FR—=ALDOFy FaBLUOFEETFLER—D

L—Fi&In, Yoa7r&Fr (HTD) BxF 75
ERUZ L= FizEEns Fig2). 2B, SEHAV
72 mtDNA @ D-loop B3, Tix. ¥ 7+ (Carassius
auratus langsdorfi) . = T 1 7 F (Carassius auratus
grandoculis) . 7 ) (Carassius auratus subsp.1)
*F % 7 F (Carassius auratus buergeri) % X945
ZEETELRD 0T,

FEETFO mDNA ERVEX ¥ aDERER
DIEFR mDNA D ¥ — 7 = v A @ O KR, 319
BHROHREET 755200705 4 THEL R
(AB466297~AB466316) o /N 71 8 A 7T DA 1L
94.7~99.4% CTH - 720 ZHIZHEIELF v Fa Ofid
FIF— % M2 THFREMEER LA, TE
ET7FEREL 2007 L—F, F4 (Carassius au-
ratus auratus) & 1 > F 4 (Carassius auratus gibelio)
ATz (Fig3)e FA A ¥ F A OMOAMRMZ
94.7~96.2% THh o720 T2, MITLEREE I SHELN
7z 14E4R (HT-301) 1. 7°— % ~X— A DQY84983 (F
»F A, Carassius auratus awratus) & EF633640 (A
v F A, Carassius auratus gibelio) DT 12100% D 4H
EPEE R L7270, KIiFSE Cid unclear subsp. & LT
Hotzo FvFad 2BEOPEETFOI L, FA
ERUZ L—FizEENn, ¥ ¥ aofLellysF 1 c
HDHIEDWIREINTZ, B, {THFEA. $LEB L UM
MEAD»HHELN: 6 k0T A (HT-101) i3, F > F 3
£ 100% DR EZ IR L7z,

% =

M L 7215680 > F 3 mtDNA @9 H 14755 AH
FollHl—DONTuy 47 (HI34) 2R 1L7zZ L
PH, Fr¥ELRMBETIEILL, 2D
BRHAEIE 12TH Y, mtDNA LAV B W T TE
B CEEHEDE L TWnihnwE Lo/, F77.
RATIENT OAER, HIADSTEE 7 FOF A Do L —
FERIZEEFNI-ZE, BIPFAOFIFyFalk
100% OHFEEEZ R TEESELE L2 Eh b, F
FadF1eM4 rvFAoXBHRENLPLELZDDOT
W, REE T FEFA LA v FELHL LB
FAPSELIZbDEEZ LN, $72. mtDNA @
D-loop T &7 ) LW T d F b MALEEDTH L ER
RD1DEENTWBIZEDhb S, AR CHET
L7ZEFNCEENR SN olzi ) 2 Eid, ¥
FaPlSFAroEUHE, LBENECFRR L &AL
TWHRWZ EDHER S ND . T4 D mtDNA D HE{bE
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HT34

AB052332

Tancho (3)

Gingyo (3)
Azumanishiki (3)
Comet (3)

Oranda (3)

Chinese hanafusa (3)
Chakin (3)

Seibungyo (3)

Wakin (Japan) (16)
Ryukin red eye (3)
Calico ryukin (3)
Ryukin (3)
Suihougan (3)
Ranchu (3)

Wakin (China) (45)
Shubunkin (HT-b) (3)
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Tancho (3)

Gingyo (3)
Azumanishiki (3)
Comet (3)

Oranda (3)

Chinese hanafusa (3)
Chakin (3)
Seibungyo (3)

Wakin (Japan) (16)
Ranchu red eye (3)
Calico ryukin (3)
Ryukin (3)
Suihougan (3)
Ranchu (3)

Wakin (China) (45)
Shubunkin (HT-b) (3)

TGATGTCCCTGATTCTATCATGCATGATATTCCTTTATATAAATGGTTGGTGGTCTCTTACTACATTAATATGT TTGAATAAAACCTTAG

JAG. ... T..... [ . CA....... L T
*  owkkk *

TTGAGTCATTCAAGGAAAAATGTGGGGACAATTTCTTGGGGAATAATATATTACCCGGGTTAAAATAATTTAACTTGTGAGTCTTAAGAT

Fig. 1. Multiple alignment of mtDNA sequences of 15 breeds of goldfish.
The forward and reverse primers of the D-loop region of mtDNA used in this study were reported previously’®. The
names of breeds are shown as the current name in Japan. Nucleotides identical to those of the reported sequence of
goldfish (AB052332) are indicated by dots (). Asterisks (*) represent identity among the 15 breeds. Gaps (-) are in-
troduced to optimize identity. Numbers in parentheses indicate the number of analyzed samples.
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AB052330 nigorobuna (C. a. grandoculis)
AB052316 ginbuna (C. a. langsdorfi)
AB052311 ginbuna (C. a. langsdorfi)
AB052325 ginbuna (C. a. langsdorfi)
AB052307 ginbuna (C. a. langsdorfi)

O AB466318 okinbuna (C. a. buergeri) (1)
AB052331 nagabuna (C. a. subsp.1)
AB052328 nigorobuna (C. a. grandoculis)
AB052329 nigorobuna (C. a. grandoculis)
AB079930 kinbuna (C. a. subsp.2)
AB079932 kinbuna (C. a. subsp.2)
AB079933 kinbuna (C. a. subsp.2)

® AB429300 shubunkin HT-b (3)
AB079929 kinbuna (C. a. subsp.2)

Japanese crucian carp

74

AB079931 kinbuna (C. a. subsp.2)
AB079934 kinbuna (C. a. subsp.2)
O AB466317 kinbuna (C. a. subsp.2) (5)

@ AB052332 goldfish HT34 (100):|go-ldfish
‘ DQ984962 gold crucian carp (C. a. auratus)
100~ EF633639 silver crucian carp (C. a. gibelio)| Chinese crucian carp

EF633645 silver crucian carp (C. a. gibelio)

AB080015 gengorobuna (C. a. cuvieri)
98—|_ AB052334 gengorobuna (C. a. cuvieri) | Japanese crucian carp

AB052335 gengorobuna (C. a. cuvieri)
r AB308053 common carp (Cyprinus carpio)

100—— AB307064 common carp (Cyprinus carpio) common carp

|
0.02

Fig. 2. A neighbor-joining tree of goldfish and Japanese crucian carp based on the D-loop region of mtDNA sequences.
Scale bar is calibrated in nucleotide replacements per site. Regions including a gap were deleted. Reliability of the tree-topology

was evaluated by a bootstrap analysis with 500 replicates, using MEGA4 software.

Only the values >70% are shown. Common

carp were used as out-groups. Okinbuna and kinbuna which were indicated by opened circles were purchased from an aqua-
pet shop. Shubunkin produced by hybridization between goldfish and Japanese crucian carp is a breed of goldfish. Haplotypes
HT34 and HTb were indicated by closed circles. Numbers in parentheses indicate the number of analyzed samples.

— HT-104
HT-105

HT-106
‘t' HT-107
HT-108

l— HT-109
— HT-110
HT-113

HT-112
HT-114
HT-111

HT-115
£ HT-116
b HT-117
L- HT-118

89

82

- HT-301 “Junclear subsp.
¢. a. gibelio

HT-201

—
0.002

C. a. auratus

Fig. 3. A neighbor-joining tree of goldfish and Chinese crucian carp (C. a. auratus and C. a. gibelio) based on the

D-loop region of mtDNA sequences.

Scale bar is calibrated in nucleotide replacements per site. Regions including a gap were deleted. Reliability of
the tree-topology was evaluated by a bootstrap analysis with 500 replicates, using MEGA4 software. Only the
values >70% are shown. Names indicate the haplotypes of samples. Common carp and Japanese crucian carp,

gengorobuna (Carassius cuvieri) were used as out-groups. Box indicates

fish whose sequences are identical to

sequence of goldfish (closed circle). Numbers in parentheses indicate the number of analyzed samples.
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Transgenic Amago Salmon Oncorhynchus masou ishikawae Produced by
Microinjection of a Growth Hormone Gene
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Abstract
‘We microinjected a construct containing a full length growth hormone gene driven by metallothionein-B promoter

derived from the sockeye salmon into amago salmon inseminated eggs to enhance the growth performance. The
hatching rates of microinjected eggs (60.8 +11.9%) were significantly lower than those of the non-injected controls (81.1

+15.8%). Seven months after fertilization, 13 transgenic fish were identified. Of these, 2 males and 2 females survived
and matured 2 years after fertilization. The 4 fish were crossed to produce a first generation family line (F1), and
40 transgenic fish were then obtained. Of these, 3 males matured 1 year after fertilization, and the growth hormone

gene from sockeye salmon was detected in the spermatozoa of all three. One of the 3 males was crossed with a non-

transgenic female to produce a second generation (F2). The exogenous growth hormone gene was detected in six of

ten F2 fish. These transgenic amago salmon will be useful as experimental animals for assessing the risks associated

with rearing transgenic fish and for examining the safety of transgenic fish as a food source.
(accepted November 26, 2008)
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Table 1. Fertilization rate and hatching rate of microinjected amago salmon (M) and uninjected amago salmon (C) eggs.
Survival rate and detected rate of transgene of the amago salmon fish were also shown in the table

Trial Fertilization Hattched  Hattching Survival Survival  Examined Detected %
No. rate (%) No. rate (%) No. rate (%) * No. No. 0
, 3.5 .
1 M 975 60 60.6 53 S 53 _ 1 1.9
C 275 96.5 ND
M 314 75.1 264 63.2 48 0 0
2 C 1 162 94.2 ND
M 235 76.3 221 71.8 48 0 0
8 C 98.2 110 98.2 ND
M 273 65.8 164 39.0 48 0 0
4 C 921 227 74.9 ND
M 73 58.4 43 344 43 2 4.7
> C 990 286 96.9 ND
5 M 99.5 421 71.1 284 48.0 ‘48 1 2.1
C 336 81.0 ND
M . .
7 814 413 60.4 330 48.2 48 3 6.3
C 261 77.2 ND
3 M 89.2 186 45.1 155 37.6 48 2 4.2
C 415 79.8 ND
9 M 76.1 247 42.3 100 17.1 48 2 4.2
C 143 64.4 ND
M 402 65.0 204 33.0 48 2 4.2
10 C 955 395 94.3 ND
* Survival rate were judged with No. of survival from 3 to 5 months after fertilizaiton.
**ND means no data.
& R M 1 2 3 4 ) P

YATAALT 73 DEFRAD

2 88
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=
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%57 TOMHBEIGE ORI L B EEINE v, <
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SHREREE U720 HMAGbEOZAE % Table 112
~L7,

v A s a4 v sy a rwiTo ol LT
42.0%~75.6%% R L. ZOFHEIT60.8+11.9%TH o
Foo F 7z, WEBEEOMALEILFEH81.1+15.8% (44.3%
~98.3%) &/~ L72A% W IIIMETICHE & R &N
R BNz,

PCRERISICE B2 BIZTEATYIDNKRE =S5
~7 5 ABRICKHAEEONEE D St L7 DNA % $8
EL7ZPCRICE Y., EETEAOFEZ R, A
YV varvEiThbhrolzT IO PCRIIGT
RN EIRERED SN h oz (Fig. Do <A 2
UA T2y ariz2iTo1080MAE5bE0 0
%43~53R % BUPCRREZ1To7c L 2 A, BEH
1Kb DIFRIG L NNY FRELN LYV T 23210/
D)L THICHHL, 2O REIIIBSETH - 700
BGBRET 2ME L2 THON, MERIIRKT6.3%

Fig. 1. PCR product amplified from genomic DNA ex-
tracted from adipose fin tissue of transgenic (No. 6)
and non-transgenic amago salmon (No. 1-5) using
a primer set: MtBPro and OnInC. M indicates DNA
size marker (A-Hind III digest). P shows that PCR
product amplified from plasmid vector pOnMtGH1
used as transgene to amago salmon.
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72 2 RO HEDOKEF 225 DNA % Hi i L. MtBPro &
OnlnC 794 < —%HWTPCR %47 o -4 #. 1R
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FIOEEER R L -ME4R L EEETE
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Transgenic () and non-transgenic ((_]) amago salmon

Fig. 2. Distribution of body weight of amago salmon 13 months after fertilization. Transgenic
fish were identified by analyzing the DNA from adipose fin tissue by PCR. Non-
transgenic control fish were reared in the different aquarium system.

Table 2. Crossings for the production of F1 between trangenic males (Transgenic 1 and 2), and non-transgenic females
(Non-transgenic 1 and 2) or transgenic females (Transgenic 3 and 4)

1st selection (Just hatching) |2nd selection (for 6 months after hatching)
Cross Fertilizati Examined Examined Detected
male female on Rate Detected No. Detected No.
No. ) No. final No. rate
+ - + | - %
1 | Transgenic 1 |Non-transgenic1| 100 24 0 24 ND*
2 | Transgenic 1 |Non-ransgenic2| 100 24 0 24 85 | 1 | 84 [ o1
3 Transgenic 1| Transgenic 3 100 24 0 24 ND
4 |Transgenicl| Transgenic4 | 833 24 1 23 500 | 39 [ s10 | 71
5 Transgenic 2 | Transgenic 3 90 24 0 24 ND

*ND means no data.
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M 1 2

Fig. 3. PCR amplification of DNA extracted from sperma-
tozoa DNA of matured amago salmon using a primer
set: MtBPro and OnInC. Genomic DNA of No. 1 and
No. 2 were extracted from spermatozoa of individu-
als that matured 2 years after fertilization. The am-
plified fragment represents a part of promoter and
exogenous growth hormone DNA fragment. M indi-
cates DNA size marker (A-Hind III digest). P shows
that PCR product amplified from plasmid vector pOn-
MtGH1 used as transgene to amago salmon.
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Fig. 4. PCR amplification of DNA extracted from sperma-
tozoa of F1 transgenic amago salmon using a primer
set: MtBPro and OnInC. The amplified fragment
represents a part of promoter and exogenous growth
hormone DNA fragment. These transgenic male
amago salmon matured at one year of age. M indi-
cates DNA size marker (A-Hind III digest). P shows
that PCR product amplified from plasmid vector pOn-
MtGH1 used as transgene to amago salmon.
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Fig. 5. PCR amplification of DNA extracted from whole
body of F2 individuals using a primer set: MtBPro
and OnInC. Amplified fragment represents a part
of promoter and exogenous growth hormone DNA
fragment. M indicates DNA size marker (A-Hind III
digest). P shows that PCR product amplified from
plasmid vector pOnMtGH1 used as transgene to
amago salmon.
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Abstract
Genetic structure of seven Japanese species of cynoglossid fish (Cynoglossus abbreviatus, C. interruptus, C. itinus,

C. joyneri, C. nigropinnatus, C. ochiaii, C. robustus) were examined by using horizontal starch gel electrophoresis, and

phylogeny was considered from their genetic relationships. The cynoglossid species generally exhibited high genetic

variability, in particular average heterozygosity values of C. interruptus and C. robustus exceeded 0.2. These values

were greater than the maximum value previously recorded for fish. The genetic distances (D values) between the

species were calculated and a dendrogram based on the distances was created. In the dendrogram, C. interruptus,

C. ochiaii, C. joyneri and C. itinus (the kopsii group) formed a monophyletic clade, which is consistent with the

morphological similarity among these species. Cynoglossus nigropinnatus, which is placed within the kopsii group

based on morphological characteristics, belonged to another cluster. Cynoglossus abbreviatus differed considerably

from the other species in genetic distance.

(accepted December 11, 2008)

Introduction

The cynoglossid fish (Cynoglossidae: Pleuro-
nectiformes) are bottom-dwellers and are com-
monly known as soles or tonguefish. They include
many valuable species for fisheries, which are com-
mercially exploited worldwide. About 20 Japanese
cynoglossid species, which also includes some valu-
able species, are knownV.

Ecological information is available for some spe-
cies of Japanese cynoglossid fish?. However, their
genetic information is largely unknown. For fish-
eries science and breeding, it is important to un-
derstand the genetic structure of valuable species.
In addition, it is important to evaluate the genetic
structure of species systematically, and such system-
atic evaluations using isozymic genetic variability
have been undertaken for many marine fish>®. For
such systematic studies, genetic information of the
cynoglossid fish can enrich the data accumulation.
Genetic information could be used to examine the
phylogeny of the Japanese cynoglossid fish, which is

deeply related to their taxonomy and evolution. This
in turn would provide basic information for fisheries
and breeding science.

The present study therefore examined the ge-
netic characteristics of seven common species of the
Japanese cynoglossid fish by using isozymes, and
revealed their genetic structure and phylogeny.

Materials and Methods

The seven species studied (Table 1) were col-
lected from the Seto Inland Sea or Tosa Bay by
trawling, and were stored at either — 30T or — 80T
prior to analysis. Species were identified using the
morphological characteristics described by Ochiai®.
Cynoglossus ochiaii was identified following the de-
scription of Yokogawa et al®.

Electrophoresis to examine isozymes was
performed using the methodologies of previous
studies” ®. In addition to the 33 loci identified in
these publications, the following 2 loci were detected
in the present study; malic enzyme (NADP*), E. C.

Corresponding author: Koji Yokogawa, 13-5 Higashihama, Tadotsu, Nakatado, Kagawa 764-0016, Japan.
Tel: +81-70-5683-0681 Email: gargariscus@ybb.ne.jp
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Table 1. Data of Japanese cynoglossid fish

Scientific name Japanese name Locality of collection 7
Cynoglossus abbreviatus Korai-aka-shita-birame Off Kagawa, Seto Inland Sea 12
Cynoglossus interruptus Genko Off Kagawa, Seto Inland Sea 54
Cynoglossus itinus Minami-aka-shita-birame Off Kochi, Tosa Bay 4
Cynoglossus joyneri Aka-shita-birame Off Kagawa, Seto Inland Sea 12
Cynoglossus nigropinnatus Hire-guro-genko Off Kochi, Tosa Bay 12
Cynoglossus ochiaii Oki-genko Off Kochi, Tosa Bay 53
Cynoglossus robustus Inu-no-shita Off Kagawa, Seto Inland Sea 12

Table 2. Genetic features of Japanese cynoglossid fish

C. abbreviatus

C.interruptus C.itinus C.joyneri C. nigropinnatus C.ochiaii C.robustus Average

Allelic richness 1.303 1.672
Percentage of P* 0.229 0.543
polymorphicloci  p 0.171 0.1711
P+P* 0.400 0.714

Average Ho 0.081 0.226
heterozygosity He 0.092 0.230
ASE 0.003 0.001

Ho/He 0.881 0.985

1.235

0.182
0.000
0.182

0.086
0.094
0.005
1.925

1.523 1.239 1.545 1.680 1.457
0.455 0.273 0.400 0471 0.364
0.121 0.061 0.229 0.118 0.124
0.576 0.333 0.629 0.588 0.489
0.179 0.089 0.171 0.219 0.150
0.163 0.083 0.178 0.222 0.152
0.006 0.004 0.001 0.004 0.003
1.099 1.077 0.957 0.983 1.130

P* : Polymorphism less than 0.95.
P : Polymorphism greater than 0.95.

1.1.1. 40 (MEP-2*, from muscle tissue), phospho-
glucomutase, E.C.5.4.2.2 (PGM™, from muscle
tissue). The AH-2* locus used in previous studies” 8
was omitted from the genetic analysis, because it
was not detected, or its electrophoretic bands were
too thin to read in some species. Consequently, 34
loci were used in the present study.

The observed heterozygosity (Ho) per locus was
given from the proportion of heterozygotes to individ-
ual number examined, and average values of Ho were
calculated per species. The expected heterozygosity
(He) (unbiased value) per locus and its standard er-
ror value were calculated after Nei?, and they were
averaged per species. For polymorphic loci, corre-
spondence to the Hardy-Weinberg equilibrium was
tested with GENEPOP software (ver. 4.0.7)!?. Allelic
richness per locus was calculated with FSTAT soft-
ware (ver. 2.9.3.2)'0, and it was averaged per species.

Genetic distances (D values) following Nei'?
calculated using the allelic frequencies of the seven
species. A dendrogram of genetic relationships be-
tween the seven species was constructed from the
genetic distances by using the Neighbor-joining (N])
method with MEGA software (ver. 4.0)'®, and boot-
strap estimates to test reliability of the dendrogram

were performed with the Populations genetic soft-
)14).

, were

ware (ver. 1.2.30

Ho : Observed heterozygosity.
He : Expected heterozygosity (unbiased value).

ASE : Average standard error for He.

Results

Concerning the correspondence to Hardy-
Weinberg equilibrium, because no significance was
recognized at any loci of any species, all were re-
garded to correspond to the equilibrium.

Average allele numbers per locus, rate of polymor-
phic loci and average heterozygosity (Ho, He), of the
seven species are summarized in Table 2. Because
the cynoglossid species exhibited higher values in
the genetic indices, they could be regarded as having
high genetic variability. In particular, the observed
heterozygosity (Ho) exceeded 0.2 in Cynoglossus in-
terruptus and C. robustus, showing considerable high
genetic polymorphism in these species. Also, Ho ap-
proached 0.2 in C. joyneri and C. ochiaii. While Ho
was less than 0.1 in C. abbreviatus, C. itinus, and C.
nigropinnatus, there was comparatively less polymor-
phism in this family.

Allelic frequencies at the 34 loci of the seven spe-
cies are shown in Table 3. Allelic compositions at
any loci were unique to each species and alleles were
different between species at many loci (Table 3).

The genetic distances (D values) between the
seven species are shown in Table 4, and a dendro-
gram based on the genetic distances is presented
in Fig. 1. The distance between C. interruptus and
C. ochiaii was the closest (D=0.4143) (Table 4).
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Table 3. Allelic frequencies of Japanese cynoglossid fish

Locus Allele C. abbreviatus C. interruptus  C. itinus  C. joyneri C. nigropinnatus C. ochiaii C. robustus
AAT-3* *.20 0 0.173 0 0 0 0 0
*-100 1.000 0.337 0 0 0 0.019 0
*_150 0 0.288 0 0 0 0.028 0
*_160 0 0 0 0 0 0 0.042
*_170 0 0.135 0 0 1.000 0.925 0.958
*_175 0 0 0 1.000 0 0 0
*_200 0 0.067 0 0 0 0.028 0
*_230 0 0 1.000 0 0 0 0
ACP* * 145 0 0.010 0 0.042 0 0.009 0
*120 0 0.154 0 0.125 0 0.198 0
* 100 0.917 0.519 1.000 0.833 0 0.755 0
*80 0.083 0.250 0 0 0 0.038 0
*70 0 0.058 0 0 0.042 0 0
*50 0 0.010 0 0 0.958 0 0.250
*25 0 0 0 0 0 0 0.375
*0 0 0 0 0 0 0 0.333
*_20 0 0 0 0 0 0 0.042
AH-1* *120 0 0 0 0.083 0 0 0
*115 0 0 0 0.583 0 0 0
*110 0.333 0.040 0 0.333 0 0.980 0
* 100 0.542 0.930 0.625 0 1.000 0.020 0
*90 0.083 0.030 0.375 0 0 0 0
*80 0.042 0 0 0 0 0 0.500
*75 0 0 0 0 0 0 0.292
*70 0 0 0 0 0 0 0.208
CAT-1* *125 0 0 0 0 1.000 0 0
* 100 0 1.000 0 0.083 0 1.000 0.917
*90 0 0 0 0 0 0 0.083
*80 1.000 0 0 0 0 0 0
*75 0 0 1.000 0.917 0 0 0
CAT-2* *.50 1.000 0 0 0 0 0 0
*.90 0 0 0 0 0 0 1.000
*_100 0 0.991 1.000 0.063 1.000 1.000 0
*_110 0 0 0 0.938 0 0 0
CK* *_70 0 0.075 0 0 0 0.019 0
*_100 0.083 0.783 0 1.000 1.000 0.981 1.000
*_155 0.917 0.132 0 0 0 0 0
*_165 0 0.009 1.000 0 0 0 0
EST-3* * 100 0 0.830 1.000 0.958 0 0.028 0
*90 0 0.113 0 0.042 0.125 0.123 0
*80 1.000 0.057 0 0 0.250 0.736 1.000
: *65 0 0 0 0 0.625 0.113 0
FBALD-1* *0 0 0 1.000 0 0 0 0
*_60 0 0 0 0 0 0 0.182
*_100 0 1.000 0 0.083 1.000 1.000 0.773
*.150 1.000 0 0 0.917 0 0 0
*_175 0 0 0 0 0 0 0.045
FBALD-2* *_55 0 0 0 0 0 0.906 0
*_65 0 0 0 0 0 0.094 0
*_80 0 0 1.000 0 0 0 0
*.100 0 0.704 0 0.136 0 0 0
*_135 0 0 0 0.773 1.000 0 0
*_140 0 0.296 0 0.091 0 0 0
*_200 1.000 0 0 0 0 0 1.000
FH-2* * 250 0 0.010 1.000 0 0 0 0
* 200 0 0 0 0 0 0 1.000
*100 1.000 0.981 0 1.000 1.000 1.000 0
*50 0 0.010 0 0 0 0 0
G3PDH-1* * 140 0 0 0 0 0 0.013 0
*110 0.042 0 0 0.042 0.125 0 0.958
* 105 0.958 0 0 0.875 0 0 0
*100 0 1.000 0 0.083 0.875 0.987 0.042
*55 0 0 1.000 0 0 0 0
G3PDH-2* *120 0 0 0 0.909 0 0 0.875
* 100 0 0.991 0 0.091 1.000 1.000 0
*70 0.042 0 0 0 0 0 0.042
*50 0.917 0 0 0 0 0 0
*40 0.042 0.009 0 0 0 0 0.083
*10 0 0 1.000 0 0 0 0
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Table 3. continued

Locus Allele C. abbreviatus C. interruptus  C. itinus  C. joyneri C. nigropinnatus C. ochiaii C. robustus
G3PDH-3* *125 0 0.009 0 0.792 0 0 0
*90 1.000 0 0 0 0.818 0 0.875
*0 0 0 0 0 0 0 0.125
*_75 0 0.037 0 0 0.182 0.962 0
*_100 0 0.898 1.000 0.208 0 0.028 0
*_220 0 0.056 0 0 0 0.009 0
GPI-1* *110 0 0 0 0 0.833 0 0
*100 0 0.546 1.000 0.042 0 0.160 0.917
*90 0.125 0 0 0.958 0 0.604 0.083
*80 0.667 0.306 0 0 0.167 0.189 0
*75 0.000 0.083 0 0 0 0.019 0
*65 0.167 0.065 0 0 0 0.019 0
*50 0.042 0 0 0 0 0.009 0
GPI-2* *_25 0 0 0 0 0 0.038 0
*.60 0.042 0.028 0 1.000 0 0.887 0
*_100 0 0.954 1.000 0 0 0.066 0
*_145 0.958 0 0 0 1.000 0 0.958
*_160 0 0.019 0 0 0 0.009 0.042
IDDH* *215 0 0.061 0 0 0.136 0.031 0
*160 0 0.207 0 0.208 0.864 0.031 0.500
*100 0 0.732 0 0.750 0 0.719 0.375
*85 0 0 1.000 0 0 0 0
*30 0.042 0 0 0 0 0 0
*0 0.958 0 0 0.042 0 0.219 0.125
IDHP-1* *140 0 0.010 0 0 0.042 0 0
*135 0 0.196 0 0 0.083 0 0
*105 0 0 0 0 0.875 0 0
*100 0 0.745 0 0.958 0 0.010 0.833
*95 0 0 0.125 0 0 0 0
*90 0 0.049 0 0.042 0 0 0.083
*80 0 0 0 0 0 0 0.083
*65 1.000 0 0.875 0 0 0.990 0
IDHP-2* *300 1.000 0 0 0 0 0 0
*700 0 1.000 1.000 1.000 1.000 1.000 1.000
LDH-1* *200 0 0 0 0.875 0 0 0
*100 0 0 0 0 1.000 0 1.000
*0 0 0 0 0.125 0 0 0
*_100 0 1.000 1.000 0 0 0.811 0
*_170 1.000 0 0 0 0 0 0
*_220 0 0 0 0 0 0.113 0
*_300 0 0 0 0 0 0.028 0
*.400 0 0 0 0 0 0.047 0
LDH-2% *_10 0 0 1.000 0 1.000 0 1.000
*_100 0 1.000 0 1.000 0 1.000 0
*_130 1.000 0 0 0 0 0 0
MDH-1* *130 0 0 0 0.125 0 0 0
*120 0 0.009 0 0.750 0 0 0
*110 0 0 0 0.125 0 0 0.833
*100 0 0.962 0 0 1.000 0.019 0.167
*70 1.000 0 1.000 0 0 0.981 0
*60 0 0.028 0 0 0 0 0
MDH-2* * 200 0 0 0 0 0 0 1.000
*150 1.000 0 0 0 0 0 0
*130 0 0.019 0 0 0 0.020 0
*100 0 0.896 1.000 0 0 0.980 0
*80 0 0.085 0 0 0 0 0
*70 0 0 0 0 1.000 0 0
*35 0 0 0 1.000 0 0 0
MDH-3* *0 0 0 0 1.000 0 0 0
*.30 0 0 1.000 0 0 0 0
*.70 0 0.009 0 0 0 0 0
*_100 0 0.972 0 0 0 0 0
*_135 0.958 0 0 0 1.000 0 0
*.140 0 0 0 0 0 0 0.958
*_160 0.042 0.019 0 0 0 1.000 0.042
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Table 3. continued

Locus Allele C. abbreviatus C. interruptus  C. itinus  C. joyneri C. nigropinnatus C. ochiaii C. robustus
MEP-1* *145 0 0 0 0 0 0 1.000
*130 0.958 0 0 0 1.000 0 0
*120 0 0.019 0 0 0 0.019 0
*110 0.042 0.167 0 0 0 0.094 0
*100 0 0.704 0 0.083 0 0.642 0
*90 0 0 0 0.750 0 0 0
*80 0 0.093 0 0.125 0 0.198 0
*65 0 0.019 0 0.042 0 0.047 0
*50 0 0 0.750 0 0 0 0
*40 0 0 0.250 0 0 0 0
MEP-2* *240 0 0 0.333 0 0 0 0
*140 0 0 0.667 0 0 0 0
*125 0 0.029 0 0 0 0 0
*100 0.958 0.519 0 0.125 0 0.010 0
*70 0 0.452 0 0.333 0 0 0
*40 0.042 0 0 0 0.833 0.220 0.042
*25 0 0 0 0 0.125 0.490 0.500
*0 0 0 0 0.542 0.042 0.280 0.458
MPr* *120 0 0 0 0 1.000 0 0
*110 1.000 0 0 0 0 0 0.625
*100 0 1.000 1.000 0.955 0 1.000 0.042
*90 0 0 0 0.045 0 0 0.250
*75 0 0 0 0 0 0 0.083
ODH* *165 0 0 0 0 0.167 0 1.000
*155 0 0 0 0 0.833 0 0
*130 0 0.108 0 0 0 0.010 0
*100 0 0.882 0.625 1.000 0 0.990 0
*85 1.000 0 0 0 0 0 0
*70 0 0 0.375 0 0 0 0
*55 0 0.010 0 0 0 0 0
PGDH* *200 0 0 0 0 1.000 0 0
*160 0.042 0.009 0 0 0 0.375 0
*150 0.250 0.333 0.875 0.083 0 0.106 0.708
* 100 0.417 0.630 0.125 0.167 0 0.385 0.167
*80 0.292 0.028 0 0.750 0 0.135 0.042
PGM* *700 0 0 0 0.875 0 0 0
*520 0 0 0 0.042 0 0 0
* 250 0 0.048 0.375 0 0.875 0.048 0
*100 0.833 0.567 0.500 0.083 0 0.538 0.042
*_100 0.167 0.385 0 0 0.125 0.375 0.583
*.250 0 0 0.125 0 0 0.038 0.375
PROT-1* * 200 0 0 0 1.000 1.000 0 0
*160 0 0 0 0 0 1.000 0
*150 0 0 0 0 0 0 1.000
*140 0 0 1.000 0 0 0 0
*100 0 1.000 0 0 0 0 0
*40 1.000 0 0 0 0 0 0
PROT-2* *120 0 0 0 1.000 0 0 0
*105 0 0 0 0 0 0 1.000
*100 0 1.000 1.000 0 1.000 1.000 0
*25 1.000 0 0 0 0 0 0
PROT-3* *120 0 0 0 0 1.000 0 0
*100 0 0.944 0 0 0 1.000 0.542
*95 0 0 0 0 0 0 0.458
*85 1.000 0.056 0 0 0 0 0
*70 0 0 1.000 1.000 0 0 0
SOD-1* *140 0 0 0 1.000 0 0.563 0.292
*130 0 0 0 0 1.000 0.438 0.208
*115 0 0.286 0 0 0 0 0.125
* 100 0 0.663 0 0 0 0 0.167
*80 1.000 0.051 0 0 0 0 0.208
*60 0 0 1.000 0 0 0 0
SOD-2* *100 0 1.000 1.000 1.000 1.000 1.000 1.000
*_100 1.000 0 0 0 0 0 0
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Table 4. Genetic distances (D values) between Japanese cynoglossid fish

C. abbreviatus  C. interruptus C. itinus C. joyneri  C. nigropinnatus C. ochiaii
C. abbreviatus
C. interruptus 1.8983
C. itinus 2.0897 0.8358
C. joyneri 1.9103 0.9714 1.3527
C. nigropinnatus 1.6922 0.9599 1.6591 1.5610
C. ochiaii 1.5758 0.4143 1.0147 0.9131 0.9841
C. robustus 1.6926 1.2448 1.8232 1.5120 1.0421 1.1693

44 C. interruptus
14 C. itinus
11 C. ochiaii
26 C. joyneri
C. nigropinnatus
51 C. robustus
C. abbreviatus
—
0.1

Fig. 1. A dendrogram for seven species of Japanese cynoglossid fish using the Neighbor-joining (NJ)
method based on genetic distances (D values). Numbers in the dendrogram represent bootstrap

probability values based on 1000 replicates.

Cynoglossus abbreviatus was most distant from the
other six species (D=1.6922—2.0897; average
1.8098) (Table 4).

In the dendrogram, C. intervuptus, C. itinus, C. ochiaii
and C. joyneri formed a single cluster (Fig. 1). Although
the distance between C. nigropinnatus and C. robu-
stus was further, they formed another single cluster,
which was connected with the former cluster (Fig. 1).

Discussion

Fujio and Kato® examined and summarized genetic
variation in fish from Japan (8 orders with 41 species,
including 15 in the Order Pleuronectiformes [hetero-
somate species]) using isozyme analysis. They gave
average values of 0.194 and 0.059 for the proportion
of polymorphic loci (P+P*) and heterozygosity (Ho),
respectively. For the 15 heterosomate species, the
P+P* and Ho values were 0.294 and 0.082, respective-
ly. For the seven cynoglossid species examined in the
present study, these values were 0.454 and 0.153, re-
spectively (Table 2), and therefore higher than those

of the 41 and 15 heterosomate species.

Smith and Fujio® reviewed genetic variation in
many marine fish worldwide (9 orders with 106 spe-
cies, including 29 heterosomate ones). They gave
average Ho values of 0.055 for all species, and 0.071
for heterosomates, values that are similar to those
given by Fujio and Kato®. According to their sum-
mary, the Ho values ranged from 0.000 to 0.180. In
contrast, the Ho values of the seven cynoglossid spe-
cies ranged from 0.081 to 0.226, and those of some
species (Cynoglossus interruptus and C. robustus)
exceeded the maximum given by Smith and Fujio®
(Table 2). This also indicates how high the genetic
variability of the cynoglossid species is. No species
to date have been shown to have a heterozygosity
exceeding that of the two species.

Smith and Fujio® hypothesized that habitat spe-
cialists, including the heterosomate species, tend
to have higher Ho values. The cynoglossid species
may support their hypothesis, as they may be so spe-
cialized ecologically that this accounts for their high
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genetic variability.

Kijima et al.'” examined and analyzed genetic
structures of 31 heterosomate species (including
four in the Cynoglossidae) by using isozymic mark-
ers. Their results showed that the average He values
were between 0 and 0.2, and the average He was
0.082, being similar to the values given in the for-
mer two reports. Although their study included C.
interruptus, the He value did not exceed 0.2. This
might be due to differences in the number of loci
examined, they examined 15 loci and the present
study examined 34. In a species with high genetic
polymorphism, the heterozygosity may be higher in
proportion to the examined locus number.

The genetic polymorphism of C. interruptus was
high, i.e. Ho resulted in the highest value (0.226) of
all (Table 2). In this species, the presence of some
local populations, which are genetically divergent
from one another, has been revealed®. In the case
of a species with high genetic polymorphism, such
variation may occur. As such, intraspecific variation
may be detected from the other cynoglossid species,
and further studies are now required.

In terms of genetic distance, that between C. inter-
ruptus and C. ochiaii was the least of all (D=0.4143)
(Table 4). It shows genetic “similarity” of the two spe-
cies, although the distance between the two species
was great enough for the specific level”. These two
species are morphologically so similar that until re-
cently they were regarded as the same species® 617,
Therefore, the genetic “similarity” between the two
species is consistent with the morphology.

In the dendrogram, C. interruptus, C. itinus, C.
ochiaii and C. joyneri formed a single cluster (Fig.
1), suggesting monophyly of these four species.
D who reviewed the taxonomy of the Genus
Cynoglossus worldwide, designated several groups

Menon

and complexes in the genus based on morphology.
One of his designations of the kopsii group included
the kopsii complex, which consisted of C. kopsii, C.
interruptus and C. joyneri. The kopsii group also
included the itinus complex, which consisted of C.
itinus only. As he regarded C. ochiaii asjusta “form”
of C. interruptus, C. ochiaii obviously belongs to the
kopsii complex according to his criteria. Therefore,
the fact that C. interruptus, C. ochiaii, C. joyneri and C.
itinus formed a single cluster (Fig. 1), corresponds

well with Menon’s opinion.

On the other hand, Menon regarded C. nigropin-
natus as a synonym of C. interruptus. However,
these two species are so genetically different from
each other (Fig.1, Table 4), they are predictably
distinct species. A recent morphological revision by
Yokogawa et al.® also supported independency of
the two species. Although C. nigropinnatus may also
be categorized into the kopsii complex according to
Menon’s criteria, it was placed far from members of
the kopsii complex in the dendrogram (Fig.1). In
fact, C. nigropinnatus was somewhat closer to C. in-
terruptus and C. ochiaii in genetic distance (D values
less than 1) (Table 4). However, as it is far from C.
joyneri and C. itinus (D values more than 1.5) (Table
4), it is divergent from the cluster of the kopsii group
members (Fig. 1). More genetic information based
on DNA analysis is now needed to help reveal the
phylogeny of C. nigropinnatus.

In Menon’s revision'”, C. abbreviatus and C. ro-
bustus were categorized into the arel group (the arel
complex) and the heterolepis group (the heterolepis
complex), respectively, i.e. the two groups were phy-
logenetically placed far from the kopsii group. In the
present study, they were placed separately from the
cluster of the kopsii group members (Fig. 1), imply-
ing phylogenetic independency. This is consistent
with Menon’s view.

Of the seven cynoglossid species examined, al-
though most have three lateral (dorsolateral, midlater-
al and ventrolateral) lines on the trunk, C. interruptus
and C. robustus lack the ventrolateral line. Because C.
interruptus and C. robustus are not closely related (Fig.
1), this suggests that loss of the ventrolateral line has
occurred more than once during the evolution of the
cynoglossids. Furthermore, loss of the ventrolateral
line has occurred in species that are phylogenetically
close to each other, e.g. C. iuterruptus and C. ochiaii.
Thus the loss of the ventrolateral line may not be a
very significant change for the cynoglossids. Because
they usually have many lateral line systems, which are
cutaneous sensory organs?, it may not matter when
some systems disappear.

The genetic information of the cynoglossids
given by the present study and their morphological
similarity were mostly congruent. However, there
are still some incongruencies. In order to reveal the



120

phylogeny of this taxon, further studies will require
the use of another genetic marker such as DNA. In
addition it will be important to genetically examine
additional cynoglossid species, which are distributed
worldwide.
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Abstract

In recent years, the population of the Japanese char (Salvelinus leucomaenis) has decreased owing to
environmental changes and fishing pressure. For the formulation of appropriate conservation strategies, we developed
4 microsatellite markers in this species. The markers were polymorphic. Moreover, linkage disequilibrium and
deviation from Hardy-Weinberg equilibrium was not observed. We found that all the markers could be applied to
the Amemasu (S. leucomaenis leucomaenis) and Yamato-iwana (S. lencomaenis japonicus), which are subspecies
of S. leucomaenis. Further, 2 of these markers could be applied to the Dolly Varden (S. malma malma), which is
a closely related species. We analyzed samples from 4 populations using 5 markers, 1 of which was a marker for
Salvelinus fontinalis and the remaining 4 markers were developed in this study. The result revealed large genetic
differentiation among populations. Moreover, the genetic variability in 2 southern populations from central Honshu
was lower than that in the population from Hokkaido. We suggest that this phenomenon may be related to the life
history characteristics and/or region of distribution. Therefore, the 4 new markers will be useful for detecting genetic
variability and determining the population structure of the Japanese char.

(accepted December 28, 2008)

Introduction

The Japanese char Salvelinus leucomaenis, which is
a salmonid, is an important species in the inland water
fisheries of Japan; it is found from Kamchatka in the
Russian Federation to the Chugoku district in Japan®.
This species exhibits complex patterns of variability
in morphologies and life history traits>®, and exhibits
geographic variations in the hemoglobin, isozyme,
and mitochondrial DNA patterns®™®. Hosoya? clas-
sified this species into the following 4 subspecies on
the basis of the coloration and distribution of spots: S.
leucomaenis leucomaenis (Japanese name: Amemasu
or Ezoiwana), S. leucomaenis pluvius (Nikko-iwana),

S. leucomaenis japonicus (Yamato-iwana), and S. lex-
comaenis imbrius (Gogi). However, on the basis of iso-
zyme variation, Nakajima and Fujio® considered these
4 subspecies to be local races.

In recent years, the population of this species has
decreased owing to factors such as environmental
change and fishing pressure®”. Genetic factors
are closely related to the fitness and adaptability of
populations?, and genetic variability in populations is
required to conserve natural populations and provide
sustainable fisheries. In addition, the conservation of
biodiversity requires the exact identification of the unit
to be conserved”. Hence, the precise evaluation of the

Corresponding author: Kohtaroh Yamaguchi, Kitakohama 1060~1, Kazo, Saitama 347-0011, Japan.
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genetic variability of char populations is required.

The variability and ease of allele scoring makes
microsatellite markers powerful genetic tools® 111,
In previous genetic analyses of Japanese char popula-
tions, microsatellite markers of closely related species
have been used'®!®. Thus, microsatellite markers
developed in a particular organism may be useful
for the genetic analysis of a closely related species.
However, the success rate decreases proportionally
as the genetic distance between the target and source
species increases!™®. One of the well-known prob-
lems in genetic analysis is the presence of a null allele,
which fails to amplify during polymerase chain reac-
tion (PCR) owing to mutations in the primer-binding
region'. If null alleles are more common in popula-
tions distant from the source population, a deviation
from Hardy-Weinberg equilibrium (HWE) may be
observed because of increased homozygosity in these
populations'®. Therefore, the development of micro-
satellite markers from the target species is desirable.

In this paper, we describe the isolation and char-
acterization of 4 polymorphic microsatellite markers
that were useful for the detection of genetic variability
and determination of the population structure of the
Japanese char. As stated above, Japanese char is clas-
sified into 4 subspecies. In this study, we developed
microsatellite markers from Nikko-iwana. If the com-
parison between closely related species and between
subspecies can be analyzed with the same microsatel-
lite markers, more useful information can be obtained.
However, as mentioned above, microsatellite markers
may not be amplified in other species. Moreover,
microsatellite markers may also not be amplified
in subspecies. For example, microsatellite markers
developed in the Ayu (Plecoglossus altivelis altivelis)
may not be amplified in the subspecies Ryukyu-ayu
(P altivelis ryukyuensis)'V. Therefore, the microsatel-
lite markers developed in this study were screened
to determine if they are amplified in the Dolly Varden
(Salvelinus malbma malma), a closely related species,
and 2 other subspecies of the Japanese char.

Materials and methods
Fish samples

In this study, we collected specimens from 1
population of the Dolly Varden and 3 populations of
the Japanese char. The samples were collected by

electrofishing, angling, or the use of hand net. Allelic
variations were examined using 117 individuals col-
lected from the Kamoiunbe River, Hokkaido (n =32,
Dolly Varden); the Nuibetsu River, which is a tribu-
tary of the Charo River, Hokkaido (n = 35, Amemasu);
the Owakasawa River, which is a tributary of the Ara
River, Saitama Prefecture (n =30, Nikko-iwana); and
a tributary of the Fuji River, Yamanashi Prefecture (n
= 20, Yamato-iwana), Japan (Fig 1).

The Kamoiunbe River is located in the Shiretoko
Peninsula in eastern Hokkaido. In the Dolly Varden
population of this district, a few smolts and adult
migrants have been reported in some rivers'”!®.
Moreover, it is thought that some individuals do usu-
ally exhibit an anadromous life history pattern in this
district because they physiologically preserve the
potential ability to smolt'”.

Anadromous Japanese chars inhabit almost all
parts of Hokkaido?. Thus, many individuals of the
Nuibetsu population may be anadromous. On the
other hand, the Owakasawa and Fuji populations are
landlocked.

Fig. 1. A map showing the location of the sampling sites
for the Dolly Varden and Japanese char populations.
1. Kamoiunbe River (S. malma malma, n =32, col-
lected in June and August 2007), 2. Nuibetsu River
(S. leucomaenis leucomaenis, n =35, April 2008), 3.
Owakasawa River (S. leucomaenis pluvius, n =30,
August and October 2005), 4. a tributary of the Fuji
River (S. leucomaenis. japonicus, n = 20, August 2004)
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Isolation of microsatellite markers

Samples were collected by electrofishing from
a tributary of the Ara River, Saitama Prefecture,
Japan, in March 2006. Genomic DNA was extracted
from 5 individuals using the standard SDS-phenol-

20 A smallinsert genomic

chloroform procedure
library was constructed by digesting 3 « g of high-
molecular-weight DNA with Haelll, Hincll, and Rsal
restriction enzymes. The digested DNA was electro-
phoresed on a 1% agarose gel. Fragments containing
500 - 1000 bp were purified using QIAquick™ spin
columns (Qiagen, Hilden, Germany) and subse-
quently ligated with the Smal-digested and dephos-
phorylated plasmid vector pUC 18. The ligation prod-
ucts were transformed into competent Escherichia
coli cells, followed by recombinant screening using
selective agar plates containing X-Gal, isopropyl- g3 -
p-thiogalactopyranoside (IPTG), and ampicillin.

The E. coli colonies were blotted onto nylon mem-
branes, and hybridized with di- and tetra-nucleotide
[(GD)1g, (GA)1p, (GC)yg, (AT)y, and (TAGA) 4] che-
miluminescent probes. After screening, 12 positive
clones were obtained. These positive clones were
sequenced using an ABI dGTP Big Dye Terminator
Cycle sequence kit (Applied Biosystems, Foster
City, CA, USA) and an ABI 377 automated sequencer
(Applied Biosystems); then, the primer sets were
designed using the program Primer 3%? and the PCR
conditions were optimized.

Genetic analysis

We analyzed samples from 4 populations using 5
markers, of which 1 was a marker for Salvelinus fon-
tinalis (Sf0-12)*?; the remaining 4 markers were de-
veloped in this study. PCR with microsatellite mark-
ers was performed as follows. An M13-tailed primer
(5"-AGTCACGACGTTGTA-3") was attached to the
5 end of the forward primer. PCR was performed in
a 10~ L reaction mixture containing 0.2 pmol of the
forward primer, 2 pmol of the reverse primer, 2 pmol
of an M13 (5-GCCAGTCACGACGTTGTA-3") primer
labeled with a fluorescent dye, 0.2 mM dNTP, 50 mM
KCl, 1.5 mM MgCl,, 10 mM Tris-HCl (pH 7.5), 0.2 U
rTaq polymerase (Takara Bio, Otsu, Japan), and 20 —
30 ng of template DNA. The loci were amplified us-
ing the following cycling profile: initial denaturation
at 93C for 1 min followed by 40 cycles of denatur-

ation at 93 for 15 s, annealing at specific annealing
temperatures for 15 s, and extension at 72°C for 30 s.
The thermal profile ended with an additional exten-
sion for 60 min at 72°C. The annealing temperatures
of the microsatellite markers developed in this study
are shown in Table 1; the annealing temperature of
Sfo-12 was 55C. All products were run on an ABI 377
automated sequencer (Applied Biosystems) using the
GS400HD size standard (Applied Biosystems) and
analyzed using GENESCAN and GENOTYPER soft-
ware programs (Applied Biosystems).

The data obtained were statistically analyzed for
the differences between expected and observed
heterozygosities, deviation from HWE, linkage dis-
equilibrium, molecular variance (analysis of molecu-
lar variance {[AMOVA)), and pairwise fixation index
(Fgp). All analyses were performed using Arlequin

version 3.11%%.,

Results
Isolation of microsatellite markers and cross-species
amplification

Of the 12 positive clones sequenced, 6 clones con-
tained microsatellite sequences. Sequence analysis
revealed 5 clones that were preferable for designing
primers. In the remaining clone, very little flanking
sequence was available for primer design on 1 side
of the microsatellite motif. In the 3 Japanese char
populations, of the 5 primer pairs examined, 4 primer
pairs yielded bands that could be scored and were
polymorphic. These 4 markers were designated as
Sle-1, Sle-4, Sle-5, and Sle-6. Table 1 shows the primer
sequences and genetic characteristics of the 4 micro-
satellite markers that detected polymorphic products.
The annealing temperature of Sle-4 was 62T, while
the annealing temperature of the other markers was
59C. In addition, Sfo-12 allowed scoring and was
polymorphic in the samples.

The genetic variables examined in the 4 popula-
tions are presented in Table 2. Deviation from Hardy-
Weinberg equilibrium and linkage disequilibrium
were not observed in the 4 populations. Among the
microsatellite markers developed in this study, the
most variable marker was Sle-1, in which the maxi-
mum number of alleles was 20 (mean, 8.0) and the
maximum heterozygosity was 0.928 (mean, 0.568).
The least variable marker was Sle-6, which had a
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maximum of 4 alleles (mean, 2.3) and a maximum
heterozygosity of 0.407 (mean, 0.245; Table 2). Sle-1
and Sle-4 in the Nuibetsu population and Sle-5 in
the Kamoiunbe population had many unique alleles,
while Sle-6 had relatively few unique alleles. Sle-6 had
only 6 alleles in the 4 populations; of these alleles,

only 3 alleles were unique (Table 3).

On performing PCR, these 5 markers were ampli-
fied in all Japanese char individuals. In 3 Japanese char
populations, the average number of alleles per locus
ranged from 10.6 in the Nuibetsu population to 1.4 in
the Fuji population, and the average expected heterozy-
gosities ranged from 0.731 to 0.156. Only a single allele
was present at the Sle<4 and Sle-6 loci in the Owakasawa

Table 1. Microsatellite primers for S. lexcomaenis developed in this study. F: forward primer, R: reverse primer.

. , , . Anneling GenBank
Locus Primer sequence (5" to 3") Repeat motif temperture Accession 1o.

- H G o

Sle-1 gzé%gégGgGﬁTﬁcﬁ Cféi&% (CT),(CTCA), 59C AB440286
Sled  F:CGGAACCTACTAGGGGCTGT .

R : GAAGCATCATGCAGAGCAGA CA% 62¢ AB440289

Sle-b E ggccégécﬁ AG éﬁg(ﬁ, YT gf\\ (GCGT), (D), 59T ABA40290
Sle6 T :CCCAGTTTCTGGGTGAAAAA .

R : GACATCATGAGAGCCCTGTG CA), 59C AB440291

Table 2. Number of alleles, allele size range (bp), observed heterozygosity (H,,,), expected heterozygosity (H,,), number
of individuals (n), and p values for HWE exact tests for 5 microsatellite loci in samples from 1 Dolly Varden char
population and 3 Japanese char populations. KM: Kamoiunbe population, NB: Nuibetsu population, WK: Owakasawa
population, FJ: Fuji population.

KM NB WK F
Locus n=32 n=35 n=30 n =J20 Mean I(Kde)
S. malma malma S. I leucomaenin S. L. pluvius S. L. japonicus was exclude
Sle-1  No. of alleles - 20 2 2 8.0
Range (bp) - 237-321 261 — 265 307-311
obs - 0.943 0.333 0.550 0.609
exp - 0.928 0.325 0.450 0.568
n - 35 30 20
p value - 0.492 1.000 0.609
Sle-4  No. of alleles - 14 1 1 5.3
Range (bp) - 168 — 266 170 186
obs - 0.829 0.000 0.000 0.276
exp - 0.895 0.000 0.000 0.298
n - 35 30 20
p value - 0.332 - -
Sle-5  No. of alleles 12 11 2 1 4.7
Range (bp) 197 — 359 187 - 241 197 - 203 197
obs 0.813 0.829 0.467 0.000 0.432
exp 0.683 0.853 0.508 0.000 0.454
n 32 35 30 20
p value 0.919 0.137 0.738 -
Sle-6  No. of alleles 4 4 1 2 23
Range (bp) 294 — 304 300 - 306 302 298 — 302
H,p, 0.313 0.371 0.000 0.300 0.224
exp 0.375 0.407 0.000 0.328 0.245
n 32 35 30 20
p value 0.318 0.253 - 1.000
Sfo-12  No. of alleles 3 4 3 1 2.7
Range (bp) 239 —245 241-253 251—-255 251
H,pe 0.563 0.543 0.467 0.000 0.337
exp 0.493 0.573 0.514 0.000 0.362
n 32 35 30 20
p value 0.808 0.906 0.827 -
Mean No. of alleles 6.3 10.6 1.8 1.4 4.6
Hgps 0.563 0.703 0.253 0.170 0.375
0.517 0.731 0.269 0.156 0.385

exp




127

Table 3. The number of common alleles within the samples from each river for each microsatellite marker.
The number on the diagonal indicates the number of alleles in each sample. KM: Kamoiunbe population,
NB: Nuibetsu population, WK: Owakasawa population, FJ: Fuji population.

Sle-1 KM NB WK FJ Sle-4 KM NB WK FJ
KM - KM _
NB - 20 NB - 14
WK - 2 2 WK - 1 1
FJ - 0 0 2 FJ - 0 0 1
Sle-5 KM NB WK F] Sle-6 KM NB WK FJ]
KM 12 KM 4
NB 1 11 NB 2 4
WK 1 2 2 WK 1 1 1
K] 1 1 1 1 FJ 2 1 1 2
Sfo-12 KM NB WK FJ
KM 3
NB 1 4
WK 0 2 3
EJ] 0 1 1 1
population and at the Sle-4, Sle-5, and Sfo-12 loci in Discussion

the Fuji population. However, in the Nuibetsu popu-
lation, all the loci contained multiple alleles (Table 2).

In the Kamoiunbe population, which comprised
Dolly Varden individuals, Sle-5, Sle-6, and Sfo-12 yield-
ed bands that could be scored and these loci were
found to be polymorphic. When we performed PCR,
these 3 markers were amplified in all Dolly Varden
individuals. The number of alleles per locus ranged
from 12 in Sle-5 to 3 in Sfo-12 and the expected het-
erozygosities ranged from 0.683 in Sle-5 to 0.375 in
Sle-6. Since Sle-1 and Sle-4 yielded complex banding
patterns for this population, we could not score the al-
lelic bands of these 2 markers (Table 2).

Population differentiation

Subsequently, we analyzed 3 Japanese char popu-
lations that contained all the 5 markers. Significant
($<0.001) genetic differentiation was observed
among the populations with an overall Fqr value of
0.507. Moreover, pairwise Fgy values ranged from
0.441 to 0.700, indicating significant differences be-
tween these samples (Table 4).

Table 4. Pairwise Fgrvalues (above the diagonal) and their
statistical significance (below the diagonal). NB:
Nuibetsu population, WK: Owakasawa population,
FJ: Fuji population.

NB WK FJ
NB 0.441 0.455
WK % 0.700
) % *

*Indicates p<0.0167 after Bonferroni correction, k = 3

Microsatellite markers developed in this study

In this study, 4 microsatellite markers were devel-
oped in the Japanese char. These markers could be
satisfactorily used for the analysis of the populations
of not only Nikko-iwana, which was the source spe-
cies, but also Amemasu and Yamato-iwana, which
were subspecies. Moreover, Sle-5 and Sle-6 could be
used for the analysis of the Dolly Varden population.
Deviation from HWE and linkage disequilibrium were
not observed. Thus, we thought that these markers
were mutually independent and that the possibility of
the existence of null alleles was low.

In the Kamoiunbe population, which comprised
Dolly Varden individuals, Sle-1 and Sle-4 exhibited
complex banding patterns. Such complex patterns
were attributed to the absence of sequence specificity
in the genomic DNA samples®”. Thus, these complex
banding patterns, which are obtained by using micro-
satellite markers from non-target species, hinder the
genetic analysis of the target species. These results
indicated that these 4 markers were applied to the
Amemasu and Yamato-iwana, which are subspecies
of S. leucomaenis, and Sle-5 and Sle-6 were applied to
the Dolly Varden, which is a closely related species.
Moreover, Sfo-12 was applied to both the Japanese
char and Dolly Varden. Thus, these markers will be
useful in further investigations on the Japanese char
and Dolly Varden.

Although the isozyme analysis of Nakajima and
Fujio” indicated that the maximum number of alleles
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per locus in the Japanese char was 4, analysis using
the microsatellite markers developed in this study
indicated that the maximum number of alleles was 20.
Furthermore, the mean number of alleles per locus
was 10.6 in the Nuibetsu population, which was similar
to the mean number of alleles (10.8) reported in other
anadromous fish specieszS). In addition, the hetero-
zygosity of the Nuibetsu population was 0.731, which
is relatively higher than the heterozygosity (0.68)
observed in other anadromous fish®. Thus, we sug-
gest that the 4 markers will be useful in the analysis of
the Japanese char population. Of these markers, Sle-1,
Sle-4, and Sle-5, which have a relatively high number
of alleles, will be particularly useful. Moreover, in
each population, a relatively high number of unique
alleles was observed in these markers. Thus, these
markers are very effective for the population analysis
of this species. However, the mean number of alleles
per locus and the mean expected heterozygosity in
the Owakasawa and Fuji populations were lower than
those reported in other freshwater fish species®.
This matter is discussed in the following section.

Analysis of the Japanese char population

The genetic variabilities of the Owakasawa and
Fuji populations were lower than that of the Nuibetsu
population. If an outhred population decreases in size,
the risk of extinction increases owing to genetic drift
and inbreeding depression®® ?”. In such a population,
artificial gene flow, which involves the introduction
of individuals from other populations, enables the
recovery of the population®. Such contraction and
subdivision of populations may be one of the causes
of deviation from HWE and the occurrence of linkage
disequilibrium29). However, in the Owakasawa and
Fuji populations, deviation from HWE and linkage
disequilibrium were not observed. Thus, no evidence
was available to prove that genetic bottlenecks oc-
curred recently in these populations.

Genetic variability is not always related to popu-
lation size, and historical factors may be more im-
portant in determining the patterns of genetic vari-
ability®® 3V, As stated above, many individuals in the
Nuibetsu population may be anadromous, whereas
the Owakasawa and Fuji populations are landlocked.
Generally, genetic variability in freshwater fish popu-
lation is lower than that in marine and anadromous

fish populations® 32) A reason for this low variability
may be that freshwater fish populations are restricted
to specific areas over a relatively short to moder-
ate evolutionary time?. Moreover, the Owakasawa
and Fuji populations are closer than the Nuibetsu
population to the southern limit of the region where
Japanese chars are distributed. Populations in periph-
eral areas are often smaller than and more isolated
from central populations owing to their occupancy
of less suitable environments; this may reduce gene
flow™. Thus, peripheral populations may exhibit his-
torical loss of genetic variability. Contrary to the ef-
fects of genetic bottlenecks on populations, artificial
gene flow and subsequent loss of genetic distinctive-
ness in peripheral populations may seriously damage
the evolutionary legacy of a species®”. Thus, a differ-
ent conservation strategy should be adopted to coun-
ter the effects caused by recent genetic bottlenecks
or the historically low genetic variability. For the for-
mulation of appropriate strategies for the conserva-
tion of the Japanese char populations, detailed genetic
investigations using these markers are required.

A large amount of genetic differentiation was ob-
served among the Japanese char populations. This
result supported the observations in the study of
Nakajima and Fujios), which revealed genetic differen-
tiation among char populations using isozyme analysis.

Therefore, this set of microsatellite markers will be
an effective tool for the detection of genetic variability
and for the determination of the population structure
of this species.
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