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Trends in Aquatic Breeding: a New Approach for Breeding
by Means of Genomic Prediction

Sho HOSOYA and Kiyoshi KIKUCHI

Fisheries Laboratory, Graduate School of Agricultural and Life Sciences, University of Tokyo

Abstract

Selective breeding based on genetic markers, such as microsatellite and single nucleotide polymorphism (SNP), has
developed concurrently with the advances in the genotyping and sequencing technologies. Especially, the next-gen-
eration sequencers (NGS) accelerated exploitation of genome-wide SNPs and drastically changed the situation. NGS
enable us genotype thousands of SNPs from hundreds of samples within a few days with less labor works and feasible
analysis costs even from the species without reference genome, made practical use of genomic prediction. In this
review, we outlined the basis of three genomic analysis used in selective breeding, i.e. QTL analysis, genome-wide as-
sociation study (GWAS) and genomic prediction, and explained how to use those methods properly. Marker assisted
selection (MAS) based on QTL analysis and/or GWAS are useful only when the target traits are under control of small
number of QTLs with large effects while genomic selection (GS) based on genomic prediction is powerful even when
the traits are polygenic. We also marked the importance of linkage disequilibrium (LD), the non-random association of
alleles between two loci, to understand the differences among the three methods.
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i UOHIC—F/ LBREDES: HoT&El, ZOBNFLHY ., FIHTE L HEE~—
7 AR OB S RE s e s, 7 H—=bINFEFTICHRTEREZEER)., HITTE
/ A[ AR L2 #= KB b A A2 S b5 & LZHNELMZ TCWd, LaL, 7/ AEREFHL
IZHEEL TWwh, EFBEIZ. QTL (quantitative trait TEPEML, ek QTN 247/ L B fENT
locus =N E #E R ) ﬁﬂ‘ﬁ £ B REVE I E HE 8H (genome-wide association study: GWAS) 2 & %~ —
~ = — ORI OIEL 12D 7275‘%6 e, B 71 —7 A MiEH (marker assisted selection: MAS)
RA7ZERED EA 5 T2 5l Tld, bty — ZUTIRAV, LY RELTIR, LA, —D—2
r ¥ — (next generation sequencer: NGS) DB DB THOFFIGEHTL20TIE R L, 7/ 27l
L, —13, 4 A (single nucleotide polymorphism: (genomic prediction) TaHili L 72 F il (A D#EI%
SNP). 2 ¥ —#i%7%! (copy number variant: CNV) . BYBET], breeding value: BV) (2 &0 #IRHEM, 4
A & k% (insertion and deletion: InDel) 72 é:“%?lﬂﬁi bbb, 7/ 3Iv s+l 73y (genomic selection:
(2 S RIEHRAS, FRM CREICIISTE % L)1 GS) ¥ 7 bhLTWwD, BlzIE, #4377
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(Salmo salar) \ZRFEEIN LV 7HOFTRIEI) L 72
Jerkcid, fEAR#ESE (mass selection) 7 5 EIKIEE
(selection index) %= % #% T, 19904E 1% %> & i3 BLUP (best
linear unbiased prediction : #% B EA R 7l &) 3
TPl L 7Bl 2 72 R IE AR il E T &
7205, Bk Y, FTAETIE, F/ AT OB R
BLOTZOERKIIKE 7&737}§‘fi75§ﬂ“(b3%> 25612,
JLEREIAf O I Ok % A A FATH 7 A PN K B
BB T oflﬂéo LorL. 77 aFillic

GS Mo e L TIREB & W) bIFTid i <,
FNEFICEFT G E 0, #5152
EDBETH D, AR TIE. QTL fi##r & GWAS |2 X
5 MAS, BLO, ¥/ 27N L 5 GS OEZE » #4
T 5LEBIT, ENLDMNFIFIZOWTHHT S,

1. QTLEEMT
1990 m~ — B — DFAZEANE I L T,
WA RIEEOBEEBEPHLMIZEN TSN, &
PNZTZ Ry 72 AL X2 7 b hofzFikid, HEEMEAT
D—oThbH QTL T TH Y, L §2EM
SR E N R FOMMT R (B2 EEE T )
O E, B R T BEBED Dﬁfﬂ’b&
1 (genetic architecture) | & 5 9 »%, QTL f##T 12
b\:®ﬁﬁﬁﬁ%%%#uTé:kﬁm%%on
fERTIZIE, REBORL L 274 (HAWIE2H) %
R & THEE R E B 50058 () &
Bl &4 7-5< LCHE (back cross: BC) M7, & 512
RS/t (Fy) £HEZHVS, INL0%E
MCld, READGEET 2L L b1, 7/ A%
2GR DML L 7AREIC X D Bk A RIS Y —
YERYT (M) 7/ ADRZINY — v A0
+5 74 b (microsatellite) % SNP 7 & D #Efm~ —
B — % W TEAH%E (genotyping) L TIN5, %
BRSNSy — v <=5 —EDT7 ) )V (allele)
EDBRNG, KB EECHEHT A~ — 7 — xR
DT, COL) v - —EOEHFIZLEILE
YT AERNGEHET H T LI b, QTL fEHTIC
£ % MAS i, &% "?E@Jg{ﬁﬁﬂé’]‘%ﬁ‘ e, M5
élJZﬂWP’J BWEEICH D R BT 5. B
2L, eI 2 (Paraltchthys olivaceus) TIa%E S 7>
1) v A&k ¥ AF AJE (lymphocystis disease) 1ZxF§ %
it QTL oxhE Iz k& (. FDEF 5% (phenotypic
variation explained: PVE, FH A58 D 9 t) QTL ®
MR L o TELLZ5HDOEE) 1350%I123# L T W
729, TRIBEDFG RN HNIZ, W$®w+i+
FIEWE S > T, ERBEIZ 2L DR S
AWAS= Y5 Wi —Fﬁiﬁfﬁ‘f;b@iﬂ/\%ﬁbé 22> T

o F7o. ¥ A A IV T OGNS VIRESE
(infectious pancreatic necrosis: IPN) [Zxf 3 % i 1 1%
12?0 QTL 2SEIESHDIRIZTETEHPT 51T L%
BH35R <. MAS OR)RDPIEEEFEICK S LB %
b5 LTwAY, — /T, HEELI T NT TS
(Takifugu rubripes) & 7% 727 (T. niphobles) D7
AR W7 FE W O R R EE B T A T C
i‘P%Dmlﬁﬁoﬁot#‘%®§5$@w%
BELX/NE»o720, ZofRE, RERELSRTF
28 (polygenic trait) TH V. 1T& A LD QTL 3%
HERY 2 RAT LI T E R WIT &N S BB R L ke
GWIZERRLTWS (RTINS R L2 72
VR FHED QTL &9 %), 20X H 2, ZRHF
EEEZNGRE L a. MiiEns QTL OoF 531k
/INE L MAS DRhFED ﬁb“(ﬁﬁ%ﬂ’]f“a‘?)%o

QTL M A fE & e o 72D, &7 L &MY
589 BEY—H—DPRESINIZLIZL D, &
WIZIEL A EN =D —1k, w4700 5754
FCHB, v 4278754 MICAYV Y= ED
Bl 4 0 R LECH) & 5 L. #EFI B SR ALY (short
tandem repeat: STR) & 5 WG HA X HAECY] (simple
sequence repeat: SSR) & LN S, T DX ) i
DR LECHNE. BRI — D OMECTHET 5o ¥
L 70% 754 MISRVEICEAR, FNLERLOT 1))V
PHLEED ) B EESICHERT 2 D0 & FFES 2 D08
B TIAR TV, 72720 BRI —20MET

AR BRI SR (Fp
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B 1. R &5 TEL 2 tkoiRs & ZHT O 758
IZOWTHRLABEAN, HEaOAR/KERED
BARMABY ., TNENoOMELEEMA D B B
BTRL TV D, B 1R (F) 30RO R 5
ffkz 1 RT O X, FBLR I TR A
Lk (*ﬁﬂﬂé@iﬁ{i?xﬂ%@&%ﬁﬂz) 5148
(F) &) LaXELTE 2/ (F) =15 Z)&%
E1R (F) OHEREOAOETT v & L IHIR
AMWEL LD, 2/ (F) 33 FSF R

Ry — 2 ARF AR BEO VT NSE T ¥ 5 A
I, TOMR, ERMTHET B




LS vizd, QTL BT O fEIGEE XK,
F. x4 70774 PORIZIESAWSLNLE L9
27 > 72 SNP 3R RIS —D DM E CHIEET 5,
WAL TIESNP DNA ANV =Ty Vel z ) 54
FENRHEENTEY ., AT L D REN ISR
T o TWw5b, FFIZ, RAD-seq (restriction enzyme
associated DNA sequencmg) EYoBBIZLY, B
70 LA e VEYTH . —EICEE AR>S BT
SNP O£ RIEHREIES NS L H127% > 72 SNP IEH
BUHE S W20, EIHMEEORRINFFTE 5%, L
L. FEBIZE, TUNVE 2L 00w E28NTE A
ET, ENENOHRXFEE L SICHET 5 D02 5%
TELHELTIEEITL R BRSNS 12 EDERE
FEIIEs N nwGERL W (M2),

Z ZTREEIZOWTHIN TV A DI, QTL %I
L7z MAS I2BWTC, fREEIZHR L 2@ e
FLWALTHL, M5, QTL O A XATKE W
Yt BHHEBICMOBEZTFOEHETITNLZ LIk
D NS DERTICHEREREN D L. &5\
CICAELEE, HEPOIYEBESZEDHLVAS
Thbo QTLANTOMREEL, Fik L@z~ — 7 —
ORFPEICINZ . MHFEHIEZ OFEL KE Vv, BEEL
FFB L) T EiE, RHIEICE 21, HRERIZ X
D WALE TR & 7o 2 (GRS D 2 AskE & 72
WAL 2RO TLAZEEFLETH D, QTL FEIHAN
WENEDO~Y—h—%FTHIENTENL. Th
PP REZERIZ KL DR AR A >~ b %E,Oﬁ%ﬂ
O THEEIE T, LA L, —EOBRE I
W CHLIE 2 H3AE U S U Eﬁ’ﬁ'*ﬁ@iﬁm\ 7|<'I§_5',

Fo A/A——C/C A/C—T A/C  A/C—— C/C
1 1 1
F,  A/C—T-A/C A/C—T A/C  A/C—T C/C
1 1 1
F, A/A AIC  A/A AlC A/ c/c
C/A c/c C/A c/c

2. —IEHELEH (SNP) 2B A7) IVO5EEE AR
X =N —IZOWTORKX, Fy O #EI5T
IBFAH2O0T7 ) IVE/TERTVSL, 72, F
WZBWTELLD Fy AR ZHETE 2T Y
WaEBROT, HETELWT ) IVEIKBTRLT
Who —FREOINY — 2T, Fy B EREnE;
LTINVOREREEEE>T0DL20, Fy kD
ZAFHENTZT VNS EE SO Fo ERHR % O 208
PPFHETE D, L7zh>T, 2DLH 7% SNP I
QTL AT ICIZFIHCE LB~ — I —Th b,
—J5, D 2 oD — T, @ﬂ%#%fﬁ
WZET YR EL LD Fy HRZ O %1213 E
TE WO T QTL AT IZ i%%ﬁ(%&u\

K7D 1INEETH D, Lz -> T, HRWEEO
HFIZWHY = —%2LCRLTH, 22z %
o5 ZE3ELV, 2o, v—H—T
E72 <, AT UENSH L, 2F D, T
Rz LEE. QTL BT OREEE % 1T 5 2 L 25
KBbo L. ERERIZTE O IE. BUTEMAED
WEEE D) FEEMIIIR AL RO EIZNETH 5
—h. M ZIREOENEHEZFHT 5 Z & THRGE
EED L) ETLON, KIHINT S GWAS TH 5,

2. GWAS

GWAS & id, &%/ A PR L72#EE~Y— 7 — 12
DWTEHRHEA T, Ee 2 KB 2 FFO LM T
OT VIVEE (F2 3@ TREE) OR) 25
ZET, ﬂ%%gmﬁﬁﬁﬁ%%%#mféﬁ&f%
% (K3)Y iz, 7/ 20—fEN->CTE7b0
T, I AOESIE ., RO 5B, i
JEIEDA B 5 EkD SNP FED 7 ) VIl &R L 72
MTdh s (BHfbo7- ol &MmMEIZ1EBEE L),
[—] TRENTVEDIE, Ty ARFIEFET
TUNEITH D Z L xRS, M s EEROELT
BT, REOF BBETH ZWEAKTH, £RI
T AIMBlT 5, —F, R L EEO D L ER
THETI. TREOHR 2 EERICER 7 ) V3% < i3
T b Bz, WM THEN/ SNP xR 5 & it
HPEDEENEEKIZ 4T A, THRED D 2 EKIZET G
EoTHEY . T UIVHEE L FHIE ORI D A
Hho CORYDBEENPED D& XPHIELR & THE
L. BERWEY DD 5 EETEOTEICHKNERND
B EHWT 5o GWAS A —SUCIED - 2 HI2IE,
QTL 034 L FERIC. NGS % DNA 7 v 7O F 12
£V SNP DR L LRV ENERH I e TE/2Z
ENBD D, WL TIE, FBEMAMIZBVWTEH GWAS O
HIIWZTHBY ., BICy A A I rTid, BEE
WEIZ R D 2 B DSFEE SN A 7 ERHE 2 RS
NTWVRIOW g it Lz b5 7 7 O
BIEFTHAH Amhr2 b GWAS T3 W isgetfk Lo
FFE SIS BT 5 BIE AT (association study) 12 &
DRIESNTBY ., BAME - BEENT O &
I LW o T 512, GWAS THWA O
X BEEFMARSZEORRZAT EOCEFTH L, 20X
) M. AIGEND? SBEOEMICESL FT, 1
RERESL T IR LISz R TS, L7
o T, FEE IO TEWZ LI E b, 20
REE LT, BMOFERZRZ B O 312391
Gl D~—h— (OEFH) PEERL, LT, 20
HHIZOWTIRIT 5,
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T
My (CBI5 92 SNP

X3, BEEGHNT ORI OWT, Fefifk LD dH 5 —FHII D W CRBA & B % T L 7281 ek
DN 5 iR, TREDOE S 5fED SNP JEZ Y 2 ) ¥ A ¥ 7L, 22y ADERMIZH LT
TIAL VAP LTWS, T2, [—] TRENTWLDI, Ty AR EFR UEETFRTSH
5T E xR HRME L RO EETHE T, IREOFAEETE 2WEAKTH, 2RIZT V5
DCHBLIT Ao —J5, WU TR F TR & B & 4 il fn Tl TR IO B Efkid 4T A,
MRIEDH BMEEKITET G > TH Y, BIEFE L LB L OBRIRY 2555, ZORYH % x?
WER ETHEPEIDEBREL, BERIRY DS 5 BIETHOTEIRINERN S 5 L HWT 5,

3. EEAFHE

GWAS BX OBk 357 /7 2 F N~ — 1 —
Bk, ATEM O EEEAER (linkage disequilibrium:
LD) IKREEIZKRE KT %o BEEHAFHIREE & 13X
HIZTEBOT ) VOMBREDLEIRY — V25T 5
ATIREVIRED Z L2 wH Y, BT 25T
WMOTI)NVOMAEDLENRY - ENTOY AT
(haplotype) &9 2% (M4), Btz 5 &,
FILZ D7D AEDE Y =2, ThbbTO
SATOEDPEZ 5. Bz X, N HOBE T %5 SNP
TR, R 2NMEDNTO Y A THRELDHZ LIk
5 (1EH7=D 27 VOB, LarL, $52#
L FIED R AHIE 2 IR < & (B HwviE, KL
w7 EOBER T A Z DEAIREIEST S5 F T
FRETWD LIV RVELRRRICH S L) N7 O
YA TOMBEEBIET ¥ A bEIC L AW
EICHED R LY, FFEDNTa sy 4 TOHEEN L5
Tho DX RIKEZ [LDIKEE], Zo#El% [LD
7y 27 (LDblock) | £ 59 @{HMEZETR
VNGREIE A L EE AN AT IR EE (absolute LD & 4 v id,
SEATAE AN ¢ perfect LD) &7 B. T, HIRE
ROWER, FEDONT O Y 4 THRFFENEEI2IE,
R L, LD 70 v 2 BIEA-> TEEs D, (I
Wi, IR —3F @ selective sweep ) o

LD REEIE, MAMEZ BRI SN TR WIR D,
HAREICZILT 5 (5). FFlo, EIEAEEESE W
SNP FER I I 2 A U <L e & 512 LD
REBIIEHEIET 5 — . BIZMVEEEEA TV SNP

SNPEE 1 2 3 4 5

| | | | |
A T T G C
A T T & G
A T C & G
A T C G C

M4. NTay 4712200 T, BHETLELRTEROT
JILVORMAEDLEENTOY L TV, ZDK
Tl #4200 RZ X, 5 2D HET 5
SNP HEDEIR T Z R L TWh, 4 DDk
FNFIMAEDEDREL L4570y L 7T
HbH, SNP 12053 FTTHA L, #HlAEDE
220w T . N7y {4 71E2o0THhb,
FFEIZ SNP i1 & 2 727121 EH T A L, N7
A TIE1DOTHbDb, CDXHINTOFATD
BILEETHE ORI T WE DR, mEneES
{Trhe THUE, mEWEHIZ PRI T VRS
Thrb, T/zw ZOBITIZ, SNPHE3 L 4DMT
M2 DR D o2 EIET A & ML HE U D H)
X, 2o0onNTuy 47 (FnFEh, 1EFRE 3FE
HOREED/SY — 2 ERIL) 720722 8125,

JERH T IR 2 A% U1z < . LD IREED g I3 % <
N THb. B, Iz JHIHE N TREIEA L /-
SNP JE[H]Cid LD REEZ AR AR THIT L A EEIEL
e bob b, EHNRL D EGEARRE )R DE
CRTWENRLZLZENLITLIEDD., 0k
LA LD IRBEIZ[E U/ A4EIS T L EMM TR 5,



LD 70 v 7 ORESFBEEEITICBVCEELRE
Ao TWh, BIE~Y—N—OREI L -7
H, v&bb, ¥~/ 7u0% 754 b~x—F—%Hn»
72 QTL NS TG 72 o 72 EIZIE, LD 70 v 7 25K
W EPFMTH o7 W7o, LD 70y 70
HidEONTa Y 4 FTTIERIZEESINTEY, 12
D~ — 1 —=EOBR TR UL LD N O s -5l
WHETELNLTHDL, $4abb, LD H720D 12
DBIETIED D 3UE QTL A RE & 72 5 DU 72
25, LD 70y ZHFREFIUEREVIIE, &7 A
O LD 70y 7 OBBYHL %0, AR~ —7—
TR TEDLE V) T I b, 72720 IR 25
Wicd s ebhd, —H, RiLlZ% > 7T, NGS %
DNA F v 7O & > TE KD SNP FEZ /A 5
EI12% 0, LD 78 v 7 /NS WENITHFENTC &
HEIZoTE, TNIZED, GWAS 23S HTT
BE& 75720 GWAS Tld, LD 710 v 7 /NS WA
EMRBEBORAREEOCEMEZ L Z LT, BRE
EOfT T iEE 35 (M6),

7272 L. GWAS T QTL % B2 T MAS #4179 .
V) FFRICORAE S 5 ZRTIZEIIEIAINE 2
D, L NOHEERHICEITL, b bOFEOBEER
(ERJRGHE O DN EESEBROEE) $5E
W ERMLNT W, B2 BT % 72T ¢
i%%UL&%F%%ﬂT“%Wm D70, b
FOHRIX. AV TVEGISELS BEDORE WD
Bo@EETL i@ﬂéﬂ“(b\ét TUDIEEZ BN,
LA L. #121E, Lango Allen & (2010) O $CTILE
HEOR_EAT180FE D QTL D2 & TEDLETH .
HHRIF10%TEE L A 57219, 5 F 1), GWAS T
M EN7zZNnNENno QTLIZBICR 2 7231 F 2> C

OcM

T 0.1cM
U

#

S

&

B 5cM
K

)

EEBEDGRELY. HDULNSEHL TR

>

L orkF R

ﬁftkﬁfﬁ?%ﬁﬂ (LD) IKREEDEIfR. LD IREE

LR AV ¢ 2L T %, if"%@ﬁﬁt@x
E—FummPfﬁmkﬁmﬁ% KT S,
I Z A &I (Bl LT b SNP B
mdﬁfu\ﬁﬁ%ﬁféﬁmxﬁibﬁwwf
DIV F EFTH D (FP=1), BIZHIIEEEAGE <
BHIZL2D o T LD OFEA Y — Rl 72 b,

BT, MRICMAS ZFIH L7z LCTh, 3 EICHE
O)FE“ME N2 A2 EIETE RV, B NOHEIRS
A R LR FIE S LTS T» 5,
@TK+ IHW/ZERN & > TREREIPEZR D 15525,
Lango Allen & @ GWAS O F & & ni % Kb 7z 2
DOFFERER L ORIZIZZFNZIT TIEEHHTE QV\Fﬂﬁ%
Wb MIFEADEBR A & lfnai (FHE D
5O EXOHRTHEICL ) FE SN LE ) %?Ena*f%
DE Ly 7TF o ET UL QTL OR)EDEE D
SIS MAMET LR RNLT v TRESZ 5,
— M2, RREOKERDIATIHZRH SN DIEE DY
Bk, Rbha7y TEICHE SN D BIEGHS Y 7
&W/Wfﬁméhébmﬂﬁ LEOL 2N ST
WA ICTRBES RO 5 NE, ZD LX) BRI
%m“%bntﬁﬁﬁ<mm@hmmmm”aw
I, E<#ERoOdRESNTELD Y, -
FII—ODFE R IENOE, Yang 5 (2010)20T,
51k GWAS THi &7 QTL —o—2 0% Tl
7. A&TO SNP FEED S F Ml & N2 RN Einwh
(7E : QTL OB FEOEFICTId e vy) ICHRT 2 0%
B LR, FHAGTO4B%EHATE L%
IRL72e TOFEREPS, © MOFEIZBIT S missing
heritability ® £ JEK X, 1) —2—20 QTL OxhF
A GWAS THRIETE 2wz &hanz &, 2) o
72 SNP v —# — 0D o Tidnl, BENERO%
{HMSNP ==& 1D 2L Twiwnizd, £
NODOEEROPEPBEN TR NI E, THDHZ
G=0 G=2 G=100

EG.@ﬁﬁﬁ%(mﬁ@%&020®n7ma47#
5A%— b LEHICB)A LD IREXIZ(LT 5
BT 2 EEAMICE T, BII2RDGARAILA T
Wb EIRET D, BHTHENMEHEA LD 7
Oy 7, O HI, #EsEEs LD 7uy s %
LCWwb 25, 2 A% H IR 2 2% 2 [MIFEREE
L7280, LD 70y 713/ EL b, AR
LSS Z AL A6, 1D 7u vy o
S5IZ/NEL e bo QTL fEHT R GWAS 12X -
TL #[FET A4, LD 702y 7 oo Lo
>Eﬁ§%&®#&%ﬁ0#&wottﬁo
D 70y 7 O/NSWEAEEMRLEOR
H & HWwbH Z & T, mW%@W%H%ﬂé

DANATRES
é‘#ﬂ@ﬂke}i(v%

c*
o &
et

UEEEEH FVESTB), 727250, /NEWLD
Ty 7 ERZDOIIEEHSE D SNP S E
275,



LaSRE NS (BRI Visscher 5 (2010)%), F7-.
kDD MOZRFILEIZOWTLHLN TN
228 ki, ZHRFEEICHLTIE. QIL
fENTCH A 9 A GWAS TH A ) H5. MAS 134 & 7
DTH A, Yang 5 |E missing heritability Z b 5 72
B, 512, b hOFEEOIZEAETRTO SNP R
TR 2175722, Z08%E, v FOFEIZBIT
% B D60-T0%HHHTE L 2 L AR LTW
o TNHLOWEIZLY ., ZRFIBEADOYE. GWAS
THELN QTL ORREZEFT 52D TIE % . Bk
BIEIERN R E VB 2 & T, BB % By IERE 12
TFUMTEEIED, LLRBOLNLE I L L ST,
ZITE ) BRENELEHE L V) HEILEEOEE
T (X7 &b Google FETIXR Y- o72).
FEIFEEMICMR ST, £7 /7 4L X)vd SNP %
WCRRE AR (= M) oFAsT s AT
Thb (7272L, T TEH HERFRITHMYEET
M) 7/ AT, T TiHiRZ B0, KEl#E
B %AT-> CE B EEBEEEDRT ) MEHmE &
WRGIZEL) ANz EIC X W EELFETH 5 P8,
Yang 5 (2015)2 o X512, v M EMGE T LH5TF
HEFEHEICETEOWIPROOLNT=DIFTH D, &
TIEHEZITITIEZR L, & bORRA REBRIZH FHFED
HEEHWTY) A 2HET 5 2 ERRBI LT
2P, v Ry ADBENEEbNAE I
FHRLLTIL, RALEPEL LWHERETHS (bo
L, HMENEEZOBHTH L 7 1 ¥ ¥ — I3 HHSEE
TLZTNE), KEITIE. 7/ 27 MBEFTFN L
& 72 o 72 BLUP #:12 & 2 HHAt O F 22w T#F
T Ho

4. EMMEEBREFZIIT-o (W ERERBEREE -

BLUPE

BLUP (best linear unbiased prediction: % B IR
FrilleE) FEEEMREoHEEEO—2OT, BREET
VR (Henderson’s mixed model equation) @ f#
7o EHAZ PS5 HETH AP, [THIREHD &
WHEENTLEI LD LAV T, 22 TiElEl%
PV TRERL L 22\ as, FEBICIE QTL BT &L 0 b X1
EGHhNRT v, 1970FE R0 5 X HEFEMIEA ST
PEE R % FIFTB DD, 1990420 & KA 1
BWTH BLUP I L 2 BILEMEST DN TV 5,
IKEBHZ 3517 5 BLUP S0 RFZEBIEATH (2007)%9
RN EN TV 5,
EARDBIZIFESI Tdh 5 BHEAMIIL. BEOMH A FEHT
E\, EUTEZ201E, £IBA L, R EL
H25ThH»A9H. . EEE. . Kk, #=ZiEso

HLGH R EDT =5 Thb, 2T, Mk EHIM
B 720120E, FETFEIIC IS O & KBA )
SEN BRWTFHMEZ 52 LENH b, ZOFFTE
D—27BLUP #:T& %, BLUP #:Tid, e &%
WA G- 2 5 &R % EERR (fixed effect) . FEAl% 2
ERE (random effect) & L C. 77T CTHD Do
SEREEEEMEICOVTIE, ek (20002 123
LW O THIAIZEMT 555, YREERN O BRI RS
fTHY. 2o, THORNRTHNIZEDFEL LIk
VW, EEDHERESATIE RV, DLV THONSRT
BT ISEERFE L L TR o Z2% 5 TR
DIE. FT=F ORI Lo TR IFNFT 2 EZ 2T
7% 5V E VI IREHEN R BEEH2 S TH 5. BN
i3, WO L DBIETOREOMAEDEIZLD DD
THEREDGAT %0 72 FUMOHRTOH D, LIzhS>
T, ZRMEL LT . BEMICAH L THEETIE%R
CTFHE VD HFEZHWVL DR, REFEMY TN
. BEERDE LR, ZERhRICH L TiET
WAHWSNTEZZ L ICHET 2P, L2AT, [
ERRELEFHR L FFICHO0 ) KETE TV ERS
EFNEVD, EFNERRDIL, FEHEEZHT 5
72O EDERE HV L0080 ) RE RO 7 A
VEITIMETH Do MILETIVIZOWTH H P LEE
LCHHT 2L, ERSATE L) T —229h) €
TN % —f&HFE TV (general linear model: LM) & \»
W, I EIERSATIE R WT = ISR L 72T
= — AL E TV (generalized linear model: GLM)
Ly, B EORAETFTVIE—BILEIERAET L
(generalized linear mixed model: GLMM) &9, ZiL
SITMEIFEO T THRE L2 HETH HH NGS %2 &
DI FEFA & FRRIC, Jeimioiat T b . S,
FHEEGOEGREGH TCEAEARY) ANSNS
L& THAH9H . BLUP HEORKOFERIL, MAiREHRS
ZHE, BT — 5 0\AEERTH - TH HFHETb
ATFHMTELEICHL, TOZ LIE, Eh%1T) LT,
Bl ZAE, WTEIORE MR &, MATRHC LAFHIC
ERWVWIBEIZOWTOEKZWREE L, T2, FaEE
RO B R TR 2 BT 5 S Lk A R b
BHOFERIZBWTZD A1) v MIKE W,

TiE. BLUP#O B, L. U, PidZzhehn L)
BRIl BEELTWDLDD, T3, wE (best) TH
L0k, BOFMEM (9 £ZoFifE (&) Lo
DS (BE(§-8)7) ZHMAMITHE V) BHRTH
o RMEIEIZWS &, BN THME & Eo B
DEDIRNNI B D L) BRFIHEE VW) ZETHL, ##
J& (linear) T& % DL, T HMEAEBIHIME DRI %
TEREOLNDLEVWH) T ETHD, ME (unbiased) T



HDHLIZ. ZENEOTFUME & EEMFEOHEEMIZE
W, ENZTNOMFHEPEDOMEIZFELVWEWS) 2 &
Thb. HIFHELHMETHFETH 525 FHOMEL D
AR T B 70l A LBBEMNR o AMEED R U
AATEREZGEVRLT, HD2—EOMETHL L) %
EVRONDIRNEEZ D, ZOL X, HoNfHE
ZOMFRLOBEEAF LS OPMFETH 5, Hlz
3, A aa xS L, EnEho B R E
AATHETE - 72 b OERT, M2 H & 2 ORfER
DAL OPMRHETH 5. W) DA
JUTCTOMFHMEIZ., 1x1/6)+(2x%x1/6)+(3%x1/6)
+(4%x1/6)+(B5X1/6)+(6xX1/6)=(1+2+3+4+5+6)
X 1/6=35,0w) 2 Lilhb, KEILIZE ) &
RMOFEHMETH L, Tl (HEHVITHEE) 2179
B, O TIWVIRETT =23 bY), T b o
TPHEME (EEfE) 24T 525, HIFHMESEOfE &
—HT5 RV HRV=ARETH5E) ZLrRkDdLN
bo O LML, NMEThHTHME el =%
B 50 R TENEERSND, BLUP #0553 % DL
BCF A S NG/ N el ETlE 74— L R
T—% (BEICEHEIN TR WEHEY & & TE/:
T—=%) WL EFUMEIRY 234 Uiz Bl
BRIREEITI He . MEICH W2 7 IVIZEES
MBS N7 DTHLUENH 505, MEDNOSE
A7 ERES) O NERIE RGBT B s
CENHYV 2N, T, FEREI T -V
FZEIZ—F L%\, LAL, BLUP #id, 20 %9
REMTH, NMEZTFHME GEEl) 2522%9, 7
# (prediction) ZFHHAT A2 FTL &, FHMOT
WEITH 2% T. TOLH)LBHHT, BEET W
DEw=RFDO BLUP #5515 2 L H 6, BLUP ik
HEI % o BLUP Tl RIS TFIRE R o 72,
ZOBLHEREIL, [HD TNE 2R T RO ER O
ORFMPEG LT ] LRET S, T4 % Fisher ®
infinitesimal £ 7" )l (infinitesimal model) & \>9,
NTERIOIED 71 QTL o6 L K& Rz
5o HAHM BT RN, IEFE R MR IERE 155 720
(2 MAFBIARAME T & 235720 > T W B SO K % Al
At e L. EfRERE LR LoD ZNH % T v A
R L TEo 720 ZRAEWME o [HEEER] Th
bo ZOBEBEREMMNS, Bz b & ITEKL, T
RO LA % 1%Km I 2 22050 %/ L CRittR %
TEMT % [ZBOEE] BEDLHWEIRETHE N
)&, EALW BRI A MR T E 5 & S 155001
B EZZ2S 9, 2 LT, HRBEY A X (effective
number of breeders: N;) %= Z OB THEFF S % D
HHETHL, Ll THUEH T THHETH - T,

HENTIE RV, TlE, EDL S WOHARPBERN
EERDLDD, EHEE (inbreeding coefficient: F)
OERFIFT1IHARD D 1/2Ny) B3 25D T,
oW E 1%IZHZ 121 Ny 250D ISR
ETRWZ LI b ERBRIZ, B TIE N, =50-100
FERE & AUZBAAC T ACH TR IR U e & 9 72%,
CHUTHEBMBEN LT L T 2 505 KEEE
T, 1 OO EEEEPRET A2 8L LTEIE
STIE GV L, BaRIZ, Ny, 1ERHR
B OEBIZTEZBR L THARBAOK] TH
D, BAOHZDOLDOTIZ RV HEB AT TE AW
THMEBA 1 RADY &1L, Ny=4 THY ., 100D
EWHERR LA, FEMIIN,=2Thb, %
7o Ny 2 & COEMRBETEFTT 2 &0 ARERT A
A (effective population size: N,) & 7%, Ny % N,
DOWVWTOMEIE. EREEFRPREERFAIIL LD
o STTUEDERELLWVWI LI, THICRkER
Ny 5\ ix N, TRIFUSERB RO Rk
Bohpwnwew) Z L7, ko X9 121002 % 8lih
EfEE L7235 a T, EIROBIET N3/ L,
ROEAEWVIEIPLTOEH LT, Thbb, it
FEDIZONT, EROBENSEREIZHD L. #IK
Bt (selection response: R, 53k oA 4 H -1
EEWATO MR DOEF T D) /NS ko TnL
(Bulmer effect®™), Z D725, BEEIZHEHTEA 7555
AR OB EEAT L LEDN D S,

BLUP {3 Z 3 5L 0 DA 2SR 8 4 1] D 1fifd B A%
IZHEED T EZFA L TPl ZAT) O T T EED
RRIERD Do TWDZ EDUETH Db, LER)
RO HRA MR (5 F #4175 © numerator
relationship matrix, %) 47 1& molecular TlX 7 \»)
FRREE LT A, ZORBDHLES TWizh
B VRIS R v REDWE. TGO R S
TERA LSS 27201203, MAEERIEREZ T 572
T LD, BALITFEOY 4 AW/ EWITE A
EOBBETIEZ ) TV v, RITE#RTAI12LTH
AT RE 2 A RNET B F TIRERINE B O AKAE
THETLLEND D, Lo L, EEERZ O
L, o, EZ#Y A XF TRRINEHEE L CREFR
FEET)IIISREFTERVLEET L, THFH, &
FHFEIZBWTRARRLFHEET I L IIMTH L, KEE
WIZHB % BLUP 0B AN EZ Y 2 &2 T
BN RKRELRFEROOEDEEZ SND,

Henderson %358 i L CLIk. BLUP #1355t %
KEME L L THESYWOBMETIA FIH S, 250
EICOFEAIBRE LIGO Tnizds, #Efav—7— 0
FBAZE VIR KELEDL Y DOOH L, Iz, WL



Y= —DBEBIZE D), Yang 5 (2015)% o &
I, &7 AFOETO LD 70y 7 2 lET 50
TR BOBEY = —=EONRE LR, K
D SNP 5#H 5 & TOBIETOREOGFHES
FHTEE L)% o720 T bbb, 7/ AFHINT
BE L 72572075, KED SNP 1H# % FH L € H Ml
TS A7 AN, TRl L0 b RIA
O IWAEICFHMCX % [ 2 OFMUE] 15
SNBH 2, BIEY—H—OWMEEEPETFMTE 57
., BLUP # X 1) & FHIOIEFEREEV, ERER I &
(2. BLUP i & 570 0 SRATER O Mg oS U2 70
7o, KEAYOBRBIISH LTV KETTIEX, 7
J AT OB OWTHPT 5,

5 45/ LFH

77 AP, FEARRYICIE BLUP & FARIZHIE
ETNEEZ D, Vv VHJE (ridge regression) 7
El2L )% SNP o) RAZmihRe LTTFllT 5,
& %\ iZ BLUP 3 CTH W 72 T I TH o4 1) 12
SNP 1z W CHEE L7z 7 A o3P (EHm
#%17% : realized relationship matrix) % i \» CTH
fii 2 %l 3 % genomic BLUP (4 / 3 v 7 BLUP:
GBLUP) #%°., % SNP O B2 Z&FE L L TN
A st & FIH L CH G % 7l 35 % Bayes A 5%
Bayes B #%:72 & (Bayesian alphabet & #&F &1 %) %
Hhbo B, GBLUP T v VUG EAT ) Fik & 5
BUMBATYI % Fv B I [T d 530,
F 72, lH O BLUP T3l L 7 Bl 2 7l B 1l
fifi (estimated breeding value: EBV), GBLUP #: 7 &
70 NEHRD ST L2 E AR L7 E A
(genomic estimated breeding value: GEBV) & \» 9,
BIROFNI T NOHETH RIS 2L, DT
DAAFy FTHRBLTHE (M7)e T3, 1) £H
DO—Hh% ML — = 7ML L TEIIAfE L SNP 1F
WAL, 2) BLUP & & B ICFHIE 7L % 37 C
bo WIZ, 3) COFHETNVEZFM L T, BAMGREME
(FHEER) @ SNP 1EH & kD GEBV % Tl 3
%o 4) GEBV O\ iR Z Bl L L CTHEIT %,

GBLUP =T, BLUP & FEkIC, &7ToD SNP O
s I1EE L {/NE v (infinitesimal) & KET % DH
FTd %o BLUP D53 FIixATY 2 E IR T
ICHEEXMZ D727 % 0T, {Eko BLUP %175 T
E72HFE B IR LRV, HA R R RIGH D S5
b N7z I TH % v 5 BLUP 2R, 53
MfxATH) % FH\v» A GBLUP {#:id SNP [E#Hnr 6 7V )b
OIFIRFE (A7) 7 %7 v 7 Mendelian
sampling) 2L ZIEHDX%2EFEETXLDT, Filllo

FEMESESED, A FYTrH v 7)) v 7izon
THHIDVLBMZEIMR %, mHAE L 3 % (A, B, C)
DO IAFRE (coefficient of relatedness) (X, & 2 1
& (A-B,B-C,C-A) TLRLTHAH (LRI
BRIV E13$XT1/2)0 L2l EBIZED
TN EZITHEATEDE R R 50T, WpETdRH
BOBEMEIIRLL (5200 5) MEHl %
BT HEGPNRTVESL), ZOLH) BT )LD
HREODIELD&E2 AT T v H 7Y v 7w
W, FNC Lo TELZERBABMOIEIL D&% X VT
7y 7)) v 7w (Mendelian sampling term/
effect) &\9 o fEHEES b - & MMARE O BEN 72 E 1R
MTh T, EBBOBEPE X MAFE DO S TlE %
MRS EDOT I NV EZITHRNZED, ThbbT
VVORFIRFEIKE ST 20 STOXHIT A TIT
YT T REETLHE, MFETIEXEITE R
o RO BREPEE X TE 5720, FH
BIOFPEAS L Y IEHEICKBEE NS, L7z > T, 45
FIAFATEN & O b FEBUMAFATY 2 FIH L72F25, Tl
DIEMEER LD b,

—77. Bayesian alphabet 09 6. b o> & FIH
ENTW5 Bayes B Tld4r / o FICHERICEE L
72 SNP S, A7 &b =23 RIBEICHET 5
QTL & HEHRFEEIREEICH 5 L IEL T, ZhEh
? SNP O##E%FH L, ZDOAEFHMEE GEBV & ¥ %,
ZnLE, %< ®SNP FRIR;EL . —HBo SNP D
AV REEHFOZ L2 HEL TV b, BEMWIZIE,
% { OIE T GBLUP #D & 9 74T D SNP [ ##
FEORPEEFEO L W) MBI 72 EA 9,
Meuwissen 5 (2001)%0 ®3 321 -3 35— T

BEER

— F—= &M —

1) R|BT—4L 3) SNPT—4%R
SNPT—4 D #95 FAET
HEMETS WISHHAANRT,

GEBVZEFiflT %

2) PRAETIEH

4) EEMmOBEL
B3 BRI S

X7. 7/ 2FHOFNE, FEIIKEGT T4, %
1) EHO—HE ML —= v VHERE LTE
HAE L SNP 152 L. 2) BLUP #: & Ak
WCIREETFNVHBRZIT T, KIZ, 3) ZTOIR
SEFNVHEA (FHETIV) 2FH LT, HMA
Bt (FPAMEER]) o SNP 5 A S K O F AT
¥ 5, 4) BHEMOBWEAZBME LT
BT 5,



& GBLUP 0 IEFEE230.7372 - 72D 2% L. Bayes
B O IEMEREIZ0.85 L Ed o 7ze TD LD I, BE5T
LRIV WL D 2 Ho0 ) Bh
I3, Bayes B {#2% GBLUP {EIZ AT O IEMERE LS
BNDH, —HT. FOoREE2DLH 2, B5T2#ER
TFOEPBEEIZH D 22D, TNENOREIVIES W
214 (polygenic trait) DA 1L, Filll o [LEFE
JEIZRKRE L EZITENL ) TH S,

F7-. 7/ A FiHlZ, BLUP EI2H~_THERBH 72D
DIERED LF %I 2 5N BHEAH 5%, BLUP
TTH L2236 oh e &g o EER E 4 23 [F F2
OB & 72 5720, MiFOITWEA L %  #EKT
5T EXBBDITK L, 7/ AT HOEE, MHE X
DL 7T NVOEEEDERIKT L TWEDT, i
DI NEEZ EIK T DIERDI TV HTH 5o

WIETIE. &5V OPDT 7 AT HE S
NCTwb, ThHoEVIE, QTL & Z DR RO 554
EDEHIET A0 H D, T4bH. GBLUP
FEDSTRTD SNP L /NS RRREFFOZ L
& %\ Bayes B 27 —H D QTL O A3 F 7% 5K
ESOMREFROLEBMEL L) IZ, QIL £ £
DRRD A% ED X HIME L, &I GEBV
ZEOLHIZTW (HE) $560 LE)RTER
%o LASSO (least absolute shrinkage and selection
operator). T J A7 1 7 % v b (Elastic net), /X
4 V7 ~ LASSO (Bayesian LASSO). 3 & U8, 4=
e v r k22l (reproducing kernel Hilbert
space regression) 7 EHDSFIH &N B 2 D 53D
INHOFFIE, T (machine learning) & \W»
I IETHE LML EDonWTEY ., EHab &
U7 D) A ST 2%,

REBRTIHT o727 7 AL, TEWBREIZL DS
D, EBNLTKEBMEIZOEASNHD TV D, ENZ
BN, FI27 7 a0 EBREMSEL TV L
&%, L2L, NGS OEHZIZL ) ZoENET
WZHUY R BRI H 5, S 610, MEFEEORAM
EER DOV EDTH > 72 FARERIEOREE S A5, 1
BRI EINL LW FEEHLDT, 7/ AFE
33 7 4 —IZBWTESRBREERILAY 2 R 572
59 o RIS, KEBEIZBIT A7/ A FHWIGEIZO W
Ty YIalb—Yar7r=2icksdonl, Eil7r—
FIZEB LD LT TRANT 5o

6. KEBREICHS IS /LFE (VI —
varrFr—4)
KEBMIZBIT A7 AP, 5. 32

L—YarrF—%&Hwileriivysnz, &

Ralb—YaryiEoEmiE. £ T EFHloLE
ffEFE (prediction accuracy) & i&{=A9%#15 = (genetic
gain) % AKIZL2O2HEXKE (inbreeding) @ LA %
HWrensdhr, INSHD3DODEFEH BLUP & LN
TENLTWSL A, LT genotyping T A F2#12 5%
WZIEE) THUIEREWD, OB X 2T ETHL,
HHIE /vy 2 —OW%EFT T 5 Nofima (12X 25D
3%\, Nofima (X% A A I ¥4 ORPEHEE % 5%
B L IFER SRR C. 3 — 0 v SO FEFEIFZE THIL
7 BEE % R L Cnb, T2, AT KES
Moy AT 2% B L CBY) . #EEL
DD T WD, LU, 22843 %o

Sonesson & Meuwissen (2009)%0 1%, W5 # g
(sib-test) % &AL L72/KEFMIZ GBLUP #:12 £ %
7 WF I EER L 72A OF O IERERE LB fnr
BEOZL, BIOEXREO FAGR %2, 104112
EoTIal—a 7 —%TmRL7. 72, sib-
test & 17 9 $EE (AT AX 12— 0] sib-test 179 2*) . ¥ —
h =, SHICHEEEEZI S GAIIBW T,
INL3DODF—FBEDL LT HL,LY I 2
L—Yarlr, BB, YIalb—varyTHELE
AEEERIE. SR TR S NMHELI00RD T >~ 5
L7 1A 1 ACEAS K D R S 721000 & o A &
LCHERE SN, 32— a3 vOfEE, 1) sib-
test 17 ) BHEEDSH A & T O IERERE & B (nnEfG=
DD Z &L 2) sibtest RO KOMAL TR OIF
MEOETIARENT &, 3) FHOEMHEDEWIE
ERREDO FHIEE W &, 4) BLUP IR TiE
REOLAINEI N L, 5) v = —HBE % 05N,/
M (M: EVA ) DLEICHER L TH Pl EMEX
FEAEMELRWZ &, 6) BBV TH
DIEMEEAE N &, 7) BLUP 12Tl o IE
FEICRT 2 BmEORBEINS W & R EERR LT,
1), 2) 122V T, sibtest &R0 72 KD T
WOIEREEDE L IERT T 5013, dfRIZY I
%32 QTL & SNP v — % — & D LD IREEHNZAL
L7720 &eEZ bbb, KR, mAOHEATH2T
Eoigv LD IREEIZ D o 72356, RIS TIEHER 212
Lo TIDEEHEENTLE Y DT, FHOIEEE%
FILLWL B LD, 2T LI, IEREZ FHIE
#HL7-011E, PL—= v ZEF EEHB%ER O LD
REDIENC &L T/, WER IR E T EEZ R
DREICICT 2 BIORZRERLNLANLZ W) 2k
DEFEMEDRIBL TS, 3). 4) OFERIZOVT,
BLUP {EIZHARTT 7 A F MO T 3 E D EF7-58)
ZHNDDIE FFEDFRD 5 EIR S N A EE AR
BLUP 2R T, &/ A FHI TR R R0 S 5 BE
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1R %84k (within-family selection) &2 fEHATE W\
ool FEZ LN Flo, FUOIEMED M 5 &,
£ 1) 5#\v> Bulmer effect 231 X, ZO#E. FRHD
FHEIDIE S D X554 L. withinfamily selection @
MEENENLZEDEKEEZ 5L/, 5) OFERT
05N,/ M M: EVH ) UEDO<——5TTFHloD
IEFEFEDSHEFT B2 7 A Ol FHIAEENZ v 78k 5
BNJATH L TL RV ERFRRFE L TEZ LN, 5
MEFOMAEEREZEC ST 2 & TFMlOEMEE 1
bIhETFRENI, F72. 6). 7) OFEFICHEEL
Ty FHIOIEFERE SRS 2 B OFEIZOW T,
Neilsen & (2009)*Y O#HEEFIH L T 2525, &< I
HEEAMEVES (B2 = 0.1) T BLUP (2 H~_TF
DIEMENT ET L X972, wind, fosyic
BUBEREFULERTH D KEEWICBNT
b GBLUP AR TH H LT 272

Nirea 5 (2012)%? Tix, GSI2BF 5/ ¥ T v ¥ 4
RBC & FAED BN R E LR ED FAICE 2
LEBIOVWTHRELTWD, L) KX EENSRE
BEELOIIIERLED LRI SNV, 7%
bbb, BXEOLAIEDLIIVEETH DL, LaL,
EN @B 2479 121, B EE —EUT I
AR S\, Lzd> T, B EE LT
REO LA L OB TERE#LINT v A WELEND
%o BLUP #:Cld/ v T v ¥ AREIC LY . Wi &I
WICHERECZ2 2 2 LR STz 7/ A7l
BV TEIREDPEr o720 ¥ Iab— 3 URFRIC
L5k, 7 AFATIEIRR T A Y IZBED/INT
KT B HEIVNE W EATREN, D, W
DEMTH, BLUP L) b HRWEEDS R, &
REO AR SN/ —FH Ty IR 1RRICS &
OLRTTA X RFARMEEL D b EEUEE L DR
WZHEDL T 77 M) T VERAEEDO T RERL TV
LT LRSI NI,

7. KEBRICH BT/ LTFE (AT —%)

D 2o0HEEELVWTAOY I 2L —2 g v
FERIZBWTS, BLUP I3 27/ A PRIl OEAL
EATRENTze & LCHEE, FEMT— 5 % HW 7205
RO HE SRS, FOBMESER S LIRS
ToTWwh, TNFTHEZA, 3ODMIENHE S
. ZD9H 5 2 3KEFBHENEEDOET VAN TH S
F ALY T, 12EKYTHA (Patinopecten
yessoensis) T 5o

A O WA X, Odegard & (2014)™ 12k B 5 A
A I3y oYy Y5 3 (sealice: Lepeophtheirus
salmonis) kL 74 LO®BIZEHT A7 LA TFHITH

o FHHESHIE AquaGen /T 2 —DF — L TH
D, TZTHKREBREOLAR Vo £ — DS H
BNhTwd, FEREYSCBEERL 71 Lofms
EE FHME AR A S W A T e WR BRI 2 T E
(invasive trait) T# ). F 7. T HE» 2 2
A MBS, BAFEMOEHARM A2 VLIEL Ly
J AFENCKT T B IFES RIS S W CTH Do AT
ZeDiEF, WAFEE D . 1000 SNP DL L% Hwi-7 7 4
FHlE BLUP £ E AP LD b IEEE A S <L &
EROM Y+ VT 3k (B = 0.14) TI32277 SNP
W7 A IEREE AN17%IA 1 L (BLUP ¥ 34%;
GBLUP i 50%) . #E{ZRA B E N7 1 L (0P
=0.43) TIX[FE LED SNP % FH\W 7234812 7%h) L L
7= (BLUP #: 36%; GBLUP #: 42%), %72, SNP ¥ ®
HEIL, Y55 0OE T 54000 SNP FETH T4712
EWTHOIEREEDF S ILT20 RIFFETHW S L7 #
FHEERNE, 2 vy = — D4 S 48D 57 B AR
TR S, 4 DOEMBE T T NZ I 4 SFDOEGEY A
VT THACUCE > GEIKBEHE L Tz 0x 1212
RBAEL. TOHBRISIC2 HRBEICHE > TRILET-
ERTHL, Thbb, MFEWIZHIL L4 D05
SR RITIZEE O N-EHTH o7 TD7
W, EFINTIZRE 2 LD 252 72— T/N& 7% LD
Ao 72 IREEIZ S D . 4000F2FE D SNP T b JLEAYIE
BEOE TR HETH 72, &ETAHT, ALY
b LD 258D TR E WFEEY) T 15 7% Tl O IR
wHELDIZEITTD SNP # L BEETLDIZY 413
A TIE 17 SNP b L FE 7\ & 9 R
WIFHEB L2 WA, ZIUIHTEFDPVOR E 5 720
TEBLZHHTE 5, TEDVWOFMEILRFE A
L BRA U TR E L THR SN TEZL DN
HOWIRFHHICIRE S NIRBEIZH B, L7225 T, 78
MZRAELZZEICE > TR KE R LD 13, B4
BIZHARS EBOTRKE VD, BIEY A1 I 77
FEHIZHARD LTINS o TWE, ZD720,
REETIEMMET LY L D SNP LT L &
nsrzeenb,

L) —oDF A4t A4 IYYrOHE T Tsai &
(2015)* T, T ¥ NF KFD Roslin W4T 0 F —
KMIEBLDTHB, 1 DODEFD S 15726621142
DWTII2000SNP O = ) ¥ A ¥V 77— % % F
LT, YA kEEIRERT 5 GWAS &7/ 4
Tl (GBLUP) %175 T\w5, GWAS TIZfEH 1 X
CEBERMEEZRYT QIL RS2 53, FAEmED
polygenic R EMIEETH 5 Z LAURENTZ. — T,
7 A TMOEMEREIXT0%1EE &7 <. 72, BLUP
FED58% L0 bE o7z F o, BEMAATHEN TIX
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50002 SNP TPl IEFEEATHITH 2% 5 2 &
MPIRENTZ, TNHORRICEY) . AFHIIBWTD,
R A XD & B ED T 7 AP AT HETH 5
L. EEHIOMRIZX 5> TEd % SNP THEWwy
WOLEMEISEONDL Z &2 FEIEL 72,
HBEICHEATLERY T H A OHE L Dou S
(2016)® <, HEDO I N —TIZLE B LD THL, Kif
ZEDOFFIL. SNP 5% % SNP v 7225 Tld 7 <,
RAD-seq #D—FiT&H % 2d-RAD T2 & TH 5,
¥ 720 WA L% T insilico  2d-RAD %175
TRy Ialb—varF—xHO@irdiro
TWh, Y 2b—T 3 ry7—%7TIl, 250000 SNP
"o %5 EEE SNP /N4 )V & in silico 2d-RAD T
7261000 SNP %25 7 2 g5 £ SNP /X4 )b, B L
5000 SNP 75 72 L JE SNP /841 )V & W T, &z
RBEFMELEZ T, FHOIEEEZ K L7 7/
2 Fillix. GBLUP. Bayes A. Bayes B. 7 ~ # A [
J& BLUP (random regression BLUP). LASSO I[al/i.
Bayesian LASSO @ 6 fliffi# ik L 720 € O#ER, Filll
DIEMEEE L. WTNOEAF T, 2dRAD THLHNLS
O B /T SNP 734 )L & B SNP /3 4
WEDETRELREIRD NG o7 TDOZ LM
5. 2d-RAD @ X 9 7 genotype-by-sequencing %12 &
LI )AL TFICE BT ATFHDHRETH B
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Abstract
The abalone Haliotis discus hannai is one of the major marine products in Sanriku, Aomori, Iwate, and Miyagi,

Japan. In this study, we investigated the genetic structure and diversity of H. discus hannai populations in two

different locations in Sanriku (OKkirai and Touni Bays) for three consecutive years after the 2011 earthquake us-

ing nine microsatellite DNA loci and two mitochondrial DNA regions. The results showed that there are no sig-

nificant differences in genetic diversity (allelic richness, expected heterozygosity, and haplotype and nucleotide

diversity) or significant genetic differentiations (pairwise Fgr) between locations. This study revealed the gene

flow in the abalone populations of Okirai and Touni Bays and their genetic diversity were maintained even after

the tsunami.

(accepted May 10, 2016)

Introduction

Of the abalone species (Haliotis discus discus,
Haliotis discus hannai, Haliotis madaka, Haliotis gi-
gantea, Haliotis diversicolor diversicolor, and Haliotis
diversicolor aquatilis) that inhabit the Japanese
Archipelago, H. discus discus and H. discus hannai
have the highest economic value in Japan, Taiwan,
South Korea, and China. Sanriku, which is the Pacific
coast of Northeast Japan, has been traditionally one
of the most important fishery regions, where the
abalone H. discus hannai is one of the major marine
products with high market price. Therefore, the life
cycle of this species has been studied. The number
of eggs in H. discus hannai was reported to approx-
imately 1.5%10° at a shell length of 100 mmY, al-
though the number of eggs changes with growth?.

This species settles at 6-7 d post-fertilization®, and
its dispersal ability is estimated less than about
40 km?. Since H. discus hannai needs 4-5 years
after fertilization for maturation® and was expected
high mortality in early stage in natural environment,
resource management, including the release of
land-cultured juvenile abalone into natural waters, is
of great importance and has been continuously ap-
plied in an orderly and timely manner in Sanriku.
The powerful tsunamis triggered by the Tohoku-
Pacific Ocean Earthquake that occurred on March
11, 2011, had significant environmental effects on
marine ecosystems, due to changes in water qual-
ity and available segment properties. A previous
study on the variation of segment properties in each
bay of Sanriku after the tsunami reported organic

*Corresponding author: Kenta Adachi, Kitasato University, School of Marine Biosciences, Minami-ku, Sagamihara, Kanagawa 252-

0373, Japan
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contamination by measuring of the increase of chem-
ical oxygen demand (COD) in Kamaishi and Ofunato
Bay®. This environmental change could cause the
mass die-off of abalone and change the genetic
structure of natural populations. A previous study on
abalone populations in Oshika Peninsula reported
that the density of juveniles which decreased to 14%
(8 June 2011) of that before the tsunami (9 February
2011), decreased more than that of adults after the
tsunamis”. Thus, a strong population bottleneck pos-
sibly affected juveniles, causing a decrease in genet-
ic diversity and changes in genetic structure, even if
population size recovered subsequently. Low genetic
diversity can reduce adaptability to environmental
changes® and increase the chances of extinction.
Therefore, genetic studies are required for develop-
ing strategies for effective management of natural
populations of H. discus hannai.

Microsatellite DNA (msDNA) and mitochondrial
DNA (mtDNA) have been used as genetic markers
for studying the genetic structure of natural popula-
tions. To examine the influence of tsunami on abalone
nature populations, we evaluate the presence of gene
flow among local populations and genetic diversity
before and after the tsunami. The genetic structure
for msDNA of H. discus hannai populations before the
Tohoku-Pacific Ocean Earthquake was reported in
Omoe, Taro, Kamaishi, and Hirota in Iwate Prefecture,
and in the Kinkasan Island in Miyagi Prefecture® 1
(Fig. 1), but there is no information on the genetic
structure of abalone populations in Okirai and Touni
Bay (Iwate Prefecture) before the tsunami. However,
influence of the tsunami on populations in Okirai and
Touni Bay should be possible inferred from compari-
son to the previous reported information in other bay
of Sanriku. In this study, we investigated the genetic
structure of natural H. discus hannai populations born
before the tsunami for three consecutive years (2012-
2014) using msDNA and mtDNA markers to estimate
the possible genetic disturbance.

Materials and methods

A total of 206 H. discus hannai specimens (90—
130 mm in shell length) used in this study were
collected by fishermen from Okirai and Touni Bays,
Iwate Prefecture, in December of 2012, 2013, and
2014 (two locations X three years, six populations)

(Fig. 1). Epipodium tissues were cut, placed in 1.5-ml
microcentrifuge tubes with RNAlater (Qiagen, Venlo,
Netherlands), and stored at —80°C. Genomic DNA
was extracted using DNeasy Blood and Tissue Kit
(Qiagen), and DNA concentration was measured by
NanoDrop 2000 (Thermo-Fisher Scientific, Waltham,
MA, USA) and adjusted to 1 ng pul"! in each reaction
mixture for polymerase chain reaction (PCR) amplifi-
cation, adding sterilized water.

For msDNA analysis, nine loci reported by Hara
& Sekino”, Sekino et al.'V, and Sekino & Hara'®
were amplified using T100 Thermal Cycler (Bio-Rad,
Hercules, CA, USA) or 2720 Thermal Cycler (Applied
Biosystems, Carlsbad, CA, USA) with fluorescence
primers and Tagq PCR Master Mix Kit (Qiagen),
according to the manufacturer’s instructions. PCR
conditions were as follows: 95°C for 12 min, 32-42
cycles at 95°C for 30 s, primer annealing temperature
for 1 min, and 75°C for 1 min, and a final extension
at 75°C for 5-7 min. Primer sequences and annealing
temperatures are presented in Table 1. PCR products
were analyzed using ABI PRISM 31304/ genetic analyz-
er (Applied Biosystems) with GeneScan 400HD ROX
dye Size standard (Applied Biosystems), and geno-
typed using Peak Scanner 1.0 (Applied Biosystems).

The number of alleles (Ay) as well as observed
(Hy) and expected heterozygosity (Hp) were
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Fig. 1. Collection sites of Haliotis discus hannai popula-
tion used in this study and in a previous study. (A)
Iwanai, (B) Omoe, (C) Taro, (D) Kamaishi, (E)
Touni, (F) Okirai, (G) Hirota, and (H) Kinkasan
Island. Gray scale bar, 50 km; Black scale bar,
10 km.
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calculated by GENEPOP 4.2'¥ whereas allelic rich-
ness (Ap) and inbreeding coefficient (Fig) by FSTAT
29329, Deviation from the Hardy-Weinberg
equilibrium (HWE) for each locus was evaluated
by an exact test using the Markov chain method in
ARLEQUIN 3.5.1.2"9,

For mtDNA analysis, the cytochrome ¢ oxidase
subunit I (COI) and 16S rDNA genes were ampli-
fied using two primer sets, ABCOI F (TGA TCC
GGC TTA GTC GGA ACT GC) and ABCOI R (GAT
GTC TTG AAA TTA CGG TCG GT) for COI'® and
16SAR (CGC CTG TTT ATC AAA AAC AT) and
16SBR (CCG GTC TGA ACT CAG ATC ACG T) for
16S rDNA', and Taq PCR Master Mix Kit. PCR
conditions for COI were as follows: 94°C for 1 min,
35 cycles at 94°C for 30 s, 55°C for 30 s, and 72°C
for 1 min, and a final extension at 72°C for 7 min,
whereas those for 16S rDNA were as follows: 94°C
for 4 min, 36 cycles at 94°C for 1 min, 55°C for 1 min,
and 72°C for 1.5 min, and a final extension at 72°C
for 7 min'®. PCR products were visualized using 2%
agarose electrophoresis. Excess primers and dNTPs
in PCR products were removed using ExoSAP-IT
(Affymetrix, Santa Clara, CA, USA). DNA nucleo-
tide sequencing was performed for both strands
with the same primers that used for PCR and the
BigDye terminator 3.1 cycle sequencing kit (Applied

Biosystems). The labeled fragments were analyzed
using ABI PRISM 3130x/ genetic analyzer (Applied
Biosystems). The number of haplotypes (Nh) and
polymorphic sites (Np), as well as haplotype (%) and
nucleotide diversity (7) were calculated by DnaSP
5.10.01'?. The haplotype network based on COI and
16S rDNA sequences was constructed using TCS
1.21%9. To estimate the history of population size,
Tajima’s D*P based on concatenated sequence was
calculated, and mismatch distribution analysis was
performed using ARLEQUIN.

To test the significance of genetic differentiation
between locations, analysis of molecular variance
(AMOVA)?? was conducted with ARLEQUIN based
on msDNA and mtDNA data. Two groups, (OXkirai
2012, 2013 and 2014] and (Touni 2012, 2013 and
2014), were compared in AMOVA. ARLEQUIN was
also used for pairwise Fgp estimation based on both
mtDNA and msDNA markers and test of their signif-
icance at p < 0.05 with Bonferroni correction.

Results

The genetic diversity of abalone populations from
Okirai and Touni Bays in 2012, 2013, and 2014 based
on nine msDNA markers is presented in Table 2.
The Ay of each population ranged from 8.6 (Okirai
and Touni Bays in 2013) to 9.0 (Okirai Bay in 2012

Table 1. Primers of microsatellite DNA loci used in this study

Repeat sequences _ . | o Fluorescence o

Locus -3 Primer sequences (5'- 3") label Ta (°C) Reference

Hd 527 CTCA F: ¢ TGT AAA GAC CCT CGT CATTTG GA NED 55 Hara and Sekino (2005)°
R: AGC AGC TGA CAC GCC GTGATAT

Hd 535 CTCA F: ¢ TTTAAC TCT ACATGC CGA AG NED 58 Hara and Sekino (2005)%
R: TAC TGT CAG TCC ACATAG GAT

Hd 715 CTCA F: ¢ GAAGCC CATTTCTGG TGT CC HEX 55 Hara and Sekino (2005)%
R: CGTTCT GTT CAT ACG CAT AGT G

Hd 604 AAT F: ¢ GTG TCA GTT CTC CAAACA CTT 6-FAM 55 Hara and Sekino (2005)?
R: GAA AAG GAC TCAACA AGC AG

Hd 680 CTCA F: ¢ CACTTA GGG CTTTCC TCC CAC ATT 6-FAM 55 Hara and Sekino (2005)”
R: TGA GTG GCT ATG CAA ACA ACC ATG

Awb 062 ATT F: ¢ TAC CCCTCAATC ATAATATTG TATT HEX 55 Sekino et al. (2005)”
R: TTGTCTACATTC TGG TGATAAGTCT

Ahdh 457 CACT F: ¢ TCG TCA CTC TGA AGA CTG GGG TTT 6-FAM 60 Sekino and Hara (2007)®
R: CAA AAT ATG GGG AGG AAG CAAA

Ahdh 562 TTG F: ¢ TGGTTGTGG CCTTGT CTGTTITC HEX 60 Sekino and Hara (2007)%
R: TAT AGC TGG AAT GCT CAG TGC G

Ahdh 1147 AGGCG F: ¢ TAT TTC AGC CTG ATT AAC CCT GTG NED 58 Sekino and Hara (2007)%

R: ATG CTT ACT CAA CTT GGC ACT TAC

Ta, annealing temperature; ¢, fluorescence label
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and 2014) with no significant differences (Kruskal-
Wallis test) between locations or years. The mean
Hy; of each population ranged from 0.657 (Touni Bay
in 2013) to 0.681 (Touni Bay in 2014) also with no
significant differences (Kruskal-Wallis test) between
locations or years. Significant deviations from HWE
were identified for two msDNA loci, Awb062 (Fig=
0.116, p = 0.021) and Hd 535 (Fi5=-0.086, p =0.011)
in Okirai Bay in 2012 and 2014, respectively, and Hd
680 (Fig=0.317, p = 0.034) in Touni Bay in 2014 (Table
2). The positive Figvalues of Awb062 and Hd 680 that
showed significant deviations from HWE were caused
by heterozygote deficiency or homozygote excess.

The genetic diversity of abalone populations from
Okirai and Touni Bays in 2012, 2013, and 2014 based
on COI (424 bp) and 16S rDNA (420 bp) is presented
in Table 3. The number of haplotypes in COI and 16S
rDNA was 43 and 21, respectively, and the sequenc-
es were deposited into the DNA Data Bank of Japan
(DDB]J) and GenBank (LC085911-LC085953 for COI;
LC085854-1.C085874 for 16S rDNA). Both % and 7 did
not show any significant differences between locations
for COI, whereas they were significantly different for
16S rDNA (Kruskal-Wallis test; z: df = 1, p = 0.05; : df
=1, p = 0.05). Additionally, % was significantly different
between locations (Kruskal-Wallis test; df =1, p = 0.05)
for the concatenated sequences (844 bp). Comparisons
between years within each location did not show any
significant differences in mtDNA regions.

The haplotype network that revealed the relation-
ship of 62 haplotypes is shown in Fig. 2. Six domi-
nant haplotypes (HH1-HHG6) accounted for 58.2% of
all haplotypes were identified at a frequency of more
than 5% in all populations (Fig.2). HH1 was the
most dominant, and 14 haplotypes were derived from
HH1 with a single nucleotide substitution forming
star-like phylogeny. HH2-HH5 haplotypes differed
by one or two nucleotide substitutions from HHI,
whereas HH6 haplotype differed by more than six
nucleotide substitutions from HH1. The Tajima’s D
based on concatenated mtDNA sequences showed
negative and significant value (D =—1.795; p = 0.01).
Additionally, the mismatch distribution analysis did
not show any significant deviation (Sum of Squared
deviation 0.007; p = 0.28) from the sudden expanding
model (Fig. 3), and the calculated t value was 1.785.

The AMOVA of the Okirai (2012, 2013, and 2014)

Table 2. Six Haliotis discus hannai populations for each of the
nine microsatellite DNA loci
Okirai Bay Touni Bay
Locus  Parameter 2012 2013 2014 2012 2013 2014
N=36 N=31 N=40 N=30 N=29 N=40
Hd 527 Ay 3 3 3 3 3 3
Ag 2.8 3.0 2.7 3.0 4.0 2.7
HWE 1.000 1.000 1.000 1.000 1.000 1.000
H, 0.083 0.226  0.100 0.200 0.138 0.075
Hyp 0.082 0.210 0.097 0.186 0.134 0.074
Fig -0.019 -0.077 -0.030 -0.077 -0.032 -0.017

Hd 535 Ay 15 13 17 16 14 15
Ag 14.2 127 154 158 140 135
HWE 0.067 0.081 0011* 0.070 0942 0.826
H, 0.889 0.806 0.975 0.800 0.931 0.850
Hyp 0.893 0.885 0.899  0.908 0.905 0.889
Fig 0.004 0.090 -0.086  0.121 -0.029 0.044

Hd 715 Ay 7 7 9 6 6 6
Ay 68 69 88 60 60 60
HWE 0117 0134 0901 0449 1000 0.612
H, 0583 0419 0650 0500 0483 0.600
H, 0628 0508 0596 0476 0435 0.603
Fs 0071 0177 -0.092 -0.051 0.112 0.006

Hd 604 Ayx 11 12 12 14 10 12
Ag 10.5 119 111 139 100 110
HWE 0278 0.647 0920 0113 0.749 0.571
H, 0.778 0903 0.825 0.867 0.862 0.800
Hg 0.851 0.883 0.841  0.893 0.879 0.835
Fi 0.088 -0.024 0.020  0.030 0.020 0.043

HA680 Ay 6 5 5 5 4 4
Ay 54 49 47 50 40 37
HWE 0189 0394 0442 0404 0265 0.034*
Hy 0500 0710 0625 0633 0655 0400
Hy 0636 0596 0607 0599 0577 0583
Fis 0216 -0.195 -0.031 -0.059 -0.139 0.317

Awb 062 Ayx 16 12 15 13 14 15
Ag 15.1 11.9 138 129 140 137
HWE  0.021* 0233 0114 0064 081 0.067
H, 0.750  0.742 0.850  0.767 0.897 0.700
Hy 0.847 0.806 0.866 0.881 0.888 0.752
Fg 0.116 0.081 0.018 0.132 -0.010 0.094

Ahdh 457 Ay 12 12 14 10 10 12
Ag 11.0 117 117 9.9 100 11.2
HWE 0.089 0.603 0217 0571 0.722 0971
H, 0.639 0.645 0.600 0.567 0.655 0.775
Hy, 0.750 0.617 0.612  0.610 0.688 0.759
Fg 0.149 -0.046  0.020  0.072  0.048 -0.021

Ahdh 562 Ay 11 10 9 9 11 13
Ag 10.3 9.8 8.4 8.9 11.0 114
HWE 0104 0541 0212 0372 0373 0.381
H, 0.639 0.645 0.675 0.700 0.586 0.675
Hy 0.717 0702 0.735  0.769 0.694 0.756
Fg 0.110 0.082 0.080  0.092 0.158 0.108

Ahdh 1147 Ay 5 5 5 4 4 5
Ag 4.8 4.9 4.7 4.0 4.0 4.9
HWE 072 0.788 0.698 0541 0.701 0.607
H, 0.778 0.806 0.825  0.800 0.828  0.800
Hy 0.720  0.739 0.760  0.733 0.717 0.882
Fig —0.082 -0.092 -0.086 -0.093 -0.158 0.104

Mean Ayx 9.6 8.8 9.9 8.9 8.4 9.4
Ay 9.0 8.6 9.0 8.8 8.6 8.7
H, 0.627 0.656 0.681  0.648 0.671 0.631
Hy 0.680 0.661 0.668  0.673 0.657 0.681

N number of samples, Ay Number of alleles, Ay, allelic richness,

HWE p value for deviation from Hardy-Weinberg equilibrium,

H,, observed heterozygosity, Hy, expected heterozygosity, Fig inbreeding

coefficient
*p <0.05 level.
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Table 3. Six Haliotis discus hannai populations for COI (424 bp), 16S rDNA (420 bp), and concatenated mitochondrial DNA
regions (844 bp).

Region Site Year N Nh Np h=SD 7 £SD
Ccol Okirai Bay 2012 36 10 12 0.795+0.045  0.0050 +0.0010
2013 31 13 14 0.895+0.032  0.0059 = 0.0009
2014 40 20 24 0.853+0.052  0.0074 +0.0009
Touni Bay 2012 30 17 16 0.867+0.059  0.0065 = 0.0010
2013 29 13 13 0.921+0.024 0.0072 +0.0008
2014 40 22 22 0.944+0.022 0.0072 +0.0008
16S rRNA Okirai Bay 2012 36 5 4 0.621+0.058 0.0018 +0.0003
2013 31 5 4 0.589+0.060 0.0017 +0.0003
2014 40 6 6 0.562+0.064 0.0017 +0.0003
Touni Bay 2012 30 8 6 0.694+0.059  0.0022 +0.0003
2013 29 8 7 0.697£0.062  0.0023 = 0.0004
2014 40 8 8 0.721£0.047  0.0025=0.0003
COI + 16S rRNA Okirai Bay 2012 36 12 16 0.843+0.040  0.0034 £ 0.0006
2013 31 15 18 0.905+0.032  0.0038 = 0.0005
2014 40 22 30 0.887+0.044  0.0046 = 0.0005
Touni Bay 2012 30 21 22 0.931+£0.039 0.0044 = 0.0005
2013 29 16 20 0.943+£0.023  0.0047 = 0.0005
2014 40 24 30 0.965+0.014  0.0049 = 0.0004

N number of samples, Nh number of haplotypes, Np number of polymorphic sites, % haplotype diversity, 7 nucleotide diversity, SD standard

deviation

2012 Okirai Bay
® 2013 Okirai Bay
2014 Okirai Bay
®2012 Touni Bay
2013 Touni Bay
2014 Touni Bay

Fig. 2. The haplotype network of concatenated COI and 16S rDNA mitochondrial DNA regions in
Haliotis discus hannai. Circles represent haplotypes. Circle size and number in each circle
indicate the haplotype frequency. Black dots are hypothetical haplotypes, and each line
represents one nucleotide substitution. Different shades of gray in each circle represent

different populations. HH, haplotype at a frequency of more than 5% in all populations.
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and Touni (2012, 2013, and 2014) groups showed no
significant differences in Fgr values based on nine
msDNA loci (Fgp=0.001; »=0.295) and concate-
nated mtDNA (Fgr=0.004; p =0.277). Additionally,
the genetic differentiation between populations was
calculated based on the pairwise Fgr values from
msDNA loci and concatenated mtDNA sequences
and showed no significant differences (Table 4).

Discussion

In this study, we investigated the genetic structure
of H. discus hannai in two different bays of Sanriku
(Okirai and Touni) for three consecutive years
(2012-2014) after the 2011 off the Pacific coast of
Tohoku Earthquake. All results indicated little influ-
ence of tsunami on population structure and genetic
diversity of this species, and it might be due to gene
flow between populations.

Our results discovered the high level of gene flow
between populations from no significant genetic
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Fig. 3. Pairwise mismatch distribution diagram for concat-
enated mitochondrial DNA sequence for Haliotis
discus hannai population examined in the present
study. The line and bar in diagram represent the
simulated distribution based on sudden expand-
ing model and observed distribution in this study,
respectively

differentiation among localities and genetic diversity
in each population. The results of AMOVA and the
pairwise Fgr values using msDNA and mtDNA mark-
ers revealed no significant genetic differences be-
tween populations (Table 4) similar to the results of
the previous reports of absence of significant differ-
ences in pairwise Fgr values between populations in
Taro, Kamaishi, and Hirota Baysg), close to the area
that Okirai and Touni Bays are located (Fig. 1). All of
major six haplotypes in mtDNA appeared in both of
Okirai and Touni, leading genetic similarity of these
populations. Level of genetic diversity was similar
between localities. Based on msDNA analysis, no
significant differences in Ay and Hy were identified
between Okirai and Touni Bays. These similarity of
genetic structure and diversity of H. discus hannai
populations in Okirai and Touni Bays might be due
to high level of gene flow, though significant differ-
ence of haplotype diversity in mtDNA data between
Okirai and Touni suggested that gene flow between
localities was not completely unrestricted.

Level of genetic diversity in each population likely
did not changed before and after the tsunami. Using
data from six msDNA loci (Hd 535, Hd 527, Hd 715,
Hd 604, Hd 680, and Ahdh 1147) that were common
between our study and a previous report'?, we com-
pared the Ag and Hy of H. discus hannai in OKirai
(Ag="7.6, Hy=0.630) and Touni (Ag="7.3, H;=0.628)
with those of the same species in Iwanai (sampled in
2000-2002; Ag = 8.5, Hy = 0.620)'%, Omoe (sampled in
2004; A = 8.7, Hp = 0.640) ', Hirota (sampled in 2000;
Ag=9.2, H; = 0.649)'?, and Kinkasan Island (sampled
in 2001; Ag=8.8, Hz=0.637)1", but no differences
were identified among these locations and no chang-
es in genetic diversity before and after the tsunami.

Historical population demography inferred from

Table 4. Pairwise Fgr values of six Haliotis discus hannai populations for microsatellite DNA loci
(above diagonal) and mitochondrial DNA regions (below diagonal). No value showed signifi-

cant deviation from 0 at p < 0.05 level.

Okirai Bay Touni Bay
2012 2013 2014 2012 2013 2014

Okirai Bay 2012 - -0.0037 0.0294 -0.0071 0.0551 0.0092

2013 0.0019 - 0.0000 -0.0211 0.0181  -0.0115

2014 0.0004 0.0033 - -0.0042 0.0093  -0.0040
Touni Bay 2012 0.0034 -0.0025 0.0008 - 0.0133  -0.0133

2013 0.0064 0.0036 0.0005 0.0042 - -0.0051

2014 0.0002 0.0030  -0.0035 -0.0006  -0.0005 -
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mismatch distribution analysis and haplotype geneal-
ogy shown in haplotype network did not suggest any
bottleneck effect in recent. Though results of mis-
match distribution analysis by ARLEQUIN indicated
no significant deviation from a single population ex-
pansion in t=1.785, the mismatch diagram apparent-
ly showed the pairwise differences was bimodal in
2 and 6 (Fig. 3), reflecting the presence of two clus-
ters (HH1-5 haplotypes and HH6 haplotype) in the
haplotype network (Fig. 2). A population expansion
probably occurred twice in the past as suggested by
the negative and significant Tajima’s D and t values
(1.785) and the bimodality of the mismatch distribu-
tion diagram (Fig. 3). The calibration of molecular
clock in marine invertebrates has been reported
to be 1% per My*®, and it will be about 4% even if
faster than it; therefore, the divergence of HH2 hap-
lotype differed by one nucleotide substitution from
HH1 haplotype probably occurred 0.03—0.12 My ago;
the divergence of HH6 from HH1 haplotype 0.18-
0.72 My ago; and the population expansion 0.09-0.36
My and 0.03-0.12 My ago was calculated accord-
ing to t=2put (t:tvalue and pairwise differences
of mismatch distribution, y1: mutation rate, t: time
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Abstract

Large numbers of Brachionus rotifers (Brachionus plicatilis sp. complex) have escaped from finfish hatcheries
worldwide since seed production started, but little concern has been paid to the effect of these rotifer escapees in the
wild and any potential genetic effect on wild rotifer stocks. In this study, we collected Brachionus rotifer samples from
a wild environment around a finfish hatchery for one year, identified rotifer strains based on the partial sequences of
mitochondrial COI, and analyzed whether these rotifers escaped from the hatchery. Large numbers of rotifers were
found at a sampling site located close to the hatchery and we determined that all the rotifers belonged to B. koreanus.
A few rotifer individuals were found at other sampling sites during four sampling periods, and all of them belonged to B.
koreanus. Based on measurements of water temperature and salinity, one of the sampling sites may be suitable for the
growth and reproduction of hatchery-cultured rotifers. These results suggest that hatchery-cultured rotifer escapees
could live in a wild environment if both the environment and season are suitable.

(accepted June 29, 2016)

Introduction

Recently, large-scale releases in stock enhance-
ment programs and escapes from aquaculture farms
pose genetic risks in wild environments. Escapes
of fish artificially selected for economic traits are
threats to preserving the identity of wild stocks'™.
Artemia franciscana, also known as “brine shrimp”
(used as live food in finfish aquaculture), has recent-
ly been introduced to the Mediterranean region and
has quickly replaced native Artemia species in many
localities® ®. The expansion of fish farming indus-
tries may be one causes of the invasion.

A small morphotype of the Brachionus rotifer? is
widely used as the first food for aquaculture fish spe-
cies”™ because of its ease of use and faster growth
in hatchery conditions!?. Three haplotypes (types 1
to 3) of one rotifer species, B. koreanus (called B. sp.
“Cayman”) have been found in hatchery strains and
are commonly used in hatchery in Japan?. Billions
of rotifers are produced and fed to larvae every day
during the production seasons at hatcheries. Large
numbers of unused and unfed rotifers flow out with
rearing water and reach the sea when a hatchery is
not equipped water treatment facilities, and possibly

*Corresponding author: Motohiro Takagi, South Ehime Fisheries Research Center, Tarumi Branch, Ehime University, Ehime, 790-

8566, Japan.

Tel: (+81) 89-946-9902, E-mail: takagi@agr.ehime-u.ac.jp
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very large numbers of hatchery-cultured rotifers
have flown out since rotifers have been used as food
for seed production of finfish. Hence, if these escap-
ees survive and reproduce in a suitable environment,
the number of hatchery strains of rotifers could
increase rapidly in the wild and threaten the habitat
of wild rotifers. However, there is no data on these
rotifers, the most-used live food in finfish seed pro-
duction, and the potential risk they present.

In this study, we collected rotifers from a wild envi-
ronment around a hatchery for one year. The strains
of the collected rotifers were identified strains based
on the partial sequences of mitochondrial gene cy-
tochrome ¢ oxidase subunit I (COI) and we deter-
mined whether these rotifers were escaped from the
hatchery.

Materials and Methods
Sample Collection

Sampling was done once a month from October
2013 to September 2014. The sampling sites (Fig. 1)
were around Iwagi Island, located in the Seto Inland
Sea, Ehime Prefecture, Japan. Some private and
governmental hatcheries are located in the Seto
Inland Sea area, and also one large private company
with three hatcheries (producing red sea bream and
Japanese flounder around year) are located on Iwagi
Island (Fig.1). Therefore, hatchery-born rotifers
could live around the island. We established four
sampling sites (St.): 1) drainage outlet from a hatch-
ery that produces and harvests rotifers every day, 2)

a small port, 3) a small pond connected to the sea,
and 4) a port close to the hatchery. Water tempera-
ture and salinity were measured at each site using
Eutech™ Salt 6+ (Eutech Instruments Pte. Ltd., Ayer
Rajah Crescent, Singapore). Salinity was not mea-
sured for the first three months because of device
failures.

Approximately 100 L of seawater was sampled
and meshed using a plankton net (40 #m) and con-
centrated into 100 mL. Water samples were then
taken to the laboratory, and rotifers were counted
under a stereomicroscope. When large numbers of
rotifers were observed, 10 mL of concentrated sam-
pled seawater was used for counting rotifers and we
estimated the total number of rotifers in the 100 mL.
After estimating the total number of rotifers in the
sampling water, rotifer density (individuals/L) was
calculated. Some plankton such as Artemia francis-
cana and Gammaridea were sampled, but species
identification and density of these were not done.

Genetic Identification

DNA extraction and polymerase chain reaction
(PCR) of COI were performed according to methods
previously reported'V. In brief, the rotifer samples
were washed using sterilized seawater before DNA
extraction to prevent contamination. A single rotifer
was then placed into a PCR tube under a stereomicro-
scope with approximately 3 L of water and stored at
—20°C for several hours until the rotifers were frozen,
and then 50 1L of chelating resin (InstaGene Matrix;

2l

[E—

Fig. 1. Sampling locations of Brachionus rotifers examined. Black circles indicate each sampling
site: St. 1, drainage outlet from a hatchery that produces and harvests rotifers everyday;
St. 2, a small port; St. 3, a small pond connected to the sea; and St. 4, a port close to the
hatchery. Black stars indicate the location of seed production facilities.
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BioRad, Hercules, CA, USA) was added. Next, the
tubes were placed in a thermal cycler and a program
consisting of 20 min at 55°C and 8 min at 100°C was
carried out according to the manufacturer’s proto-
col. In the PCR, a total volume of 10 «L contained
5uL of 2xPCR buffer, 2 mM each of the dNTPs,
0.3 L each of 10 pmol forward and reverse primers,
0.2 units of KOD FX polymerase (Toyobo, Osaka,
Japan), and 1 L of the extracted DNA. PCR reaction
was done with one initial denaturing step for 2 min
at 94°C, followed by 40 cycles of 10 s at 98°C, 30 s
at 52°C, and 30 s at 68°C. The PCR products were
purified using AMPure XP (Beckman Coulter, Brea,
CA, USA) or ExoSAPIT® (Affymetrix, Santa Clare,
CA, USA). Cycle sequencing was performed using
a BigDye® Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, Forest City, CA, USA) with the
Rotifer COI 1490 primer. The residual fluorescent
dyes were removed using a BigDye® XTerminator
Purification Kit (Applied Biosystems). After that, all
samples were sequenced on an ABI PRISM 3100 ge-
netic analyzer (Applied Biosystems) or 3730xl DNA
analyzer (Applied Biosystems). The partial COI se-
quence (534 bp) was used for the genetic analysis.
Obtained sequences were aligned using ClustalW,
and the haplotype of each rotifer individual was com-
pared with haplotypes of B. koreanus in GenBank
(AF387285, AF387286, AY785207, AY785208,
DQ314561-DQ314566,  GU987062,  LC004288-
LC004290) using MEGA 5.1 software. A phylogenetic
tree was constructed using the neighbor-joining (NJ)
method. The algorithm of the NJ method was incor-
porated into the MEGA 5.1 package, using distances
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Fig. 2. Water temperature (°C) at the four sampling sites
measured over one year of sampling at Iwagi Island,
Ehime, Japan.

corrected from multiple hits that were based on the
two-parameter model of Kimura'? and evaluated by
bootstrapping on 1,000 replications.

Results
Environmental Factors

Water temperature (°C) ranged from 11.5 to 26.6
(average 19.0) at St. 1, 10.2 to 27.4 (average 18.7) at
St. 2, 8.5 to 30.8 (average 19.8) at St. 3, and 10.0 to
26.8 (average 18.1) at St. 4, during the sampling pe-
riod (Fig. 2). The highest water temperature was ob-
served in August at St. 1, 2, and 4, and on July 30 at
St. 3. The lowest water temperature was observed in
February and March at all sampling sites. The water
temperature at St. 3 was lower in fall to winter and
higher in spring to summer compared with the other
sampling sites. The depth of the water at St. 3 was
shallow (around 1 m) and the water temperature at
St. 3 was significantly more affected by weather than
the other sampling sites.

Salinity (%0) ranged from 33.1 to 35.9 (average
34.4) at St. 1, 31.8 to 35.9 (average 34.3) at St. 2, 5.4
to 27.2 (average 20.5) at St. 3, and 32.0 to 36.0 (aver-
age 34.2) at St. 4, during the sampling period (Fig. 3).
The salinity at St. 3 was lower during the sampling
period compared with the other sampling sites. In
particular, the salinity on July 11 and in August was
very low because of the heavy rain and typhoon be-
fore the sampling day, respectively.

Rotifer Samplings
All rotifers collected at each sampling site are

shown in Table 1. Rotifers were constantly collected
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Fig. 3. Salinity (%) at the four sampling sites measured
over one year of sampling at Iwagi Island, Ehime,
Japan.
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Table 1. Density of rotifers (individual/L) at each sampling station by month and individual numbers used for genotyping.

Oct. Nov. Dec. Jan. Feb. Mar. Apr. May Jun.  Jul. 11 Jul. 30  Aug. Sep.
St 1 0.19 8.80 4.00 0.06 9.60 0.24 0.72 0.44 2.80 24.0 45.0

(19 @GH @20 Q) (22) 22) (39 (3% GH 2 30
St. 2 - - 0.03 (1) - - - - - - 0.03 (2) - 0.01 (0) -
St. 3 - - - - - - - - - 0044 - - -
St. 4 - - - - - - - - - 0.04 (3) 0.02 (2) - -

Rotifer density is shown as individual/L. Number in blankets indicates number of rotifer individuals successfully genotyped using mtDNACOI.

Dash indicates no rotifer found.
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GU987062 B. sp. koreanus taean

Fig. 4. Neighbor-joining dendrogram of genetic relationship among newly isolated haplotypes (types
6,7, 8,9, and 10) with Brachionus koreanus haplotypes (Cayman). Bootstrap values were cal-
culated with 1,000 replicates and shown as a percent. Values less than 80% are not shown.

at St. 1 (drainage outlet from the hatchery). Rotifer
numbers collected related to the season of seed pro-
duction: no rotifer or a few rotifers were sampled in
the off-seasons of seed production and large num-
bers of rotifers were sampled when the hatchery
produced seedlings and used rotifers as food. Rotifer
density of rotifer (individuals/L) ranged from 0 to
45.0 at St. 1. A few rotifer individuals were found
at St. 2 in December (0.03 ind./L), on July 10 (0.03
ind./L), and in August (0.01 ind./L). Some rotifer
individuals were found on July 11 at St. 3 (0.04 ind./
L), and some were also found on July 11 (0.04 ind./L)
and on July 30 (0.02 ind./L) at St. 4.

Genetic Identification

All rotifers collected in this study were identified
as eight haplotypes belonging to B. sp. “Cayman”
based on phylogenetic analysis using COI (Fig. 4).
Newly identified haplotypes (types 6 to 10) were

closely related to type 1 (LC004288). One nucleotide
substitution was observed at 506 bp (as T to C) in
type 7, at 60 bp (as T to C) in type 8, at 472 bp (as T
to C) in type 9, and at 247 bp (as G to T) in type 10,
compared with the type 1 haplotype (LC004288).
Two nucleotide substitutions were observed in type
6 at the 198 bp and 296 bp nucleotide positions as T
to C compared with the type 1 haplotype (LC004288).

All rotifers collected at St. 1 were identified as
seven haplotypes belonging to B. koreanus (Table 2).
The frequency of each haplotype differed monthly.
Type 1 was dominantly observed at the samplings
conducted in January, February, May, and June, and
on July 11, and July 30 in 2014. Type 2 was dominant-
ly observed in the samplings conducted in October
and December in 2013, and March, August, and
September in 2014. Type 3 was not dominantly ob-
served during the whole sampling period of October
and December in 2013, and March, June, July 11,
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July 30, and August in 2014. Haplotypes 6, 7, 8 and
9 were observed on July 11, July 11, in June, and in
October 2013, respectively.

Rotifer individuals collected at St. 2 belonged to
the type 3 (December 2013) and type 1 (July 11)
haplotypes of B. koreanus (Table 2): those collected
at St. 3 on July 11 belonged to the type 1 and type
10 haplotypes of B. koreanus (Table 2): and those
collected at St. 4 on July 11 and July 30 belonged to
the type 1 haplotype of B. koreanus (Table 2). Newly
found haplotypes were deposited in GenBank (Acc.
Nos. LC155443 to LC155447).

Discussion

Hatchery rotifers are normally cultured at around
25°C with 70 to 80% of diluted seawater'®. The water
temperature observed in June to October at each
sampling site was suitable for hatchery-cultured
rotifers. Also, the salinity at St. 3 (average 20.5%o)
was acceptable for hatchery-cultured rotifers. The
pond at St. 3 is connected to the sea, and water in
the pond is subject to tidal exchange. Therefore,
hatchery-cultured rotifer escapees may land in the
pond because of that tidal exchange. St. 3 is signifi-
cantly affected by weather such as heavy rain and ty-
phoon, and environmental factors such as water tem-
perature and salinity change drastically. Fielder et
al'® showed that Brachionus rotifers have large sa-
linity tolerance and can survive at least 10%. seawa-
ter after transfer to 35%0 seawater. We also observed
blooms of unknown phytoplankton at St. 3 in sum-
mer (data not shown) and may serve as sufficient
food for rotifer growth. Hence, the environment at
St. 3 may be suitable for hatchery-cultured rotifers.

We collected approximately 100 L of seawater and

only a few individuals of B. koreanus were found at
St. 3, possibly the most suitable environment for
Brachionus rotifers in this study. High rotifer density
(hundreds to thousands of B. plicatilis per liter) was
observed in the river estuary during spring to sum-

14) 15 reported that enough

mer . Gémez and Carvalho
rotifer individuals for population genetic analysis (>40
individuals) were sampled in only 5 L of water from
a small pond. Dolan and Gallegos'¥ also showed B.
blicatilis was constantly observed, but B. sp. was
observed in a very short period in spring. A more ef-
fective method and determine the best sampling sea-
sons for collecting Brachionus koreanus is needed.
Eight haplotypes belonging to B. koreanus were
identified in this study. Previously, we reported that
three haplotypes of rotifers (types 1, 2, and 3) are
cultured at the hatchery beside St. 1% and also other
hatcheries in Japan. Newly found haplotypes (types
6, 7, 8, and 9) were also found at St. 1, and this result
suggests more than three rotifer haplotypes may be
cultured at the hatchery. We sequenced over 300
rotifer individuals cultured at the hatchery and all
them belonged to three haplotypes (types 1, 2 and
3) (Sawayama et al., unpublished). However, the
hatchery maintains large numbers of rotifers in sev-
eral tanks, and unknown haplotypes of B. koreanus
may exist. In addition, there are several hatcheries
around Iwagi Island (e.g., Hakata Island, Ehime),
so these newly found rotifer haplotypes may be es-
capees from one or more of the other hatcheries.
Hwang et al.'® reported that B. koreanus is distrib-
uted around the Korean peninsula. The distribution
of B. koreanus in Japan is unclear, and further study
will be needed to reveal the species identification of
Brachionus rotifers distributed around Japan.

Table 2. Number of Brachionus koreanus haplotypes collected by month

Oct. Dec. Jan. Feb. Mar. May Jun. Jul. 11 Jul. 30 Aug.  Sep.

St.1 St.l1 St2  Stl St.1 St.1 St.1 St.1 Stl St2 St3 St4 Stl St4  Stl St.1
Type 1 1 6 - 14 3 1 22 31 27 2 3 3 33 2 - -
Type 2 16 24 - 6 3 18 - 8 - - - 13 - 17 30
Type 3 1 1 1 - - 3 - 1 - - - 5 - 5 -
Type 6 - - - - - - - - 1 - - - - - - -
Type 7 - - - - - - - - 1 - - - - - - -
Type 8 - - - - - - - 1 - - - - - - - -
Type 9 1 - - - - - - - - - - - - - - -
Type 10 - - - - - - - - - - 1 - - - - -

Months and sampling stations where rotifer individuals were not observed are not shown (see Table 1).
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Large numbers of B. koreanus belonging to hap-
lotypes 1, 2, and 3 were found at St. 1. Previously,
we reported” the hatchery-cultured B. koreanus
belonged to haplotypes 1, 2, and 3, and this result
shows that hatchery-cultured rotifers flow out to the
sea. We also identified B. koreanus belonged to these
three haplotypes in the other sampling sites, and
suggested these rotifers flowed out from the hatch-
ery and may have landed at these sampling sites
because of tidal currents'”. If some of these escap-
ees landed in a suitable environment for growth and
reproduction, they could proliferate.

One of the new haplotypes belonging to B. kore-
anus (type 10) was found at St. 3 in the sampling on
July 11. The St. 3 sampling site was the most suitable
place for Brachionus rotifers in this study, and wild
Brachionus rotifers may inhabit that environment.
Therefore, the newly found haplotype of B. koreanus
might be a wild rotifer. There is no population ge-
netic study of B. koreanus in the wild environment
of Japan, and we could not determine whether the
newly found haplotype was a wild or hatchery ro-
tifer. To confirm this distinction, large numbers of
rotifers need to be sampled at the sampling site, and
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