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HE H T 48~ K % 4 (Scophthalmus maximus) R E Fo Rk R MR B9 4 F & HLH, R F A TR EE

RS FARREAEEEE, RARUXEZFTHBHERIFARASER, 25 NEEEE, ALK, &
AR RAR TR 0y R AE, AR A 2R B A 7 R (2b-RAD) K 45 48 B 3 AL SHE, dEAT AR A A
* BX AT %% (Genome-wide association study, GWAS), ik § Ak Z R Z Ak R Motk B X B3 B 4
% 3 B (Quantitative trait nucleotides, QTNS)IZ f£ L & . 48R B, U % MR &M RAEA (MVLMM)
R EARK AR KRR T 2 MR A6 BT £ ok GWAS 247, 251l 2| 9 Me 2 A —
Bl % 3% QTNs; DL — MR &t SR A4 AL (LMM) X &N MR #EAT GWAS 20T, 78 (R E MR o 46 1 2]
A5 B %K ERE QTNs, £ KK Fofd 5k &R0 2] 14~ QTN, T4 BAR MR o R A 46
M2 R EHFELE, R 2AEANER, LI mLMM #HE T LMM #4402 F £ QTNSs,
ELA I 2| 85 QTNs 4 E H A& 1% 2 38 — H £ % QTNs, A# % 5 A A A mLMM fr LMM 3 A %
B E AR R MR #EATEC & GWAS o, 3L %] 17 N B %8 QTNs, Hd, H 4/ QTNs# &
ZAME, X BRNE M QTNS A4, EAZHARAEA FRE THEHLRIHN 12 Mrin
B, CMThEYHAZEREMERERNEZFRTICAEERE, KARIAEZFEREMK
RMERW S FAIEHB A TRETERREMAES,

KEBIW  OKEE; REMGERER; 2XFAXKMT; FHREHRBLER
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KEZZ6F(Scophthalmus maximus), R KM L H
et AT, T E A X A K SR
PG . R HA AR U T . PR i S8 LA K
Ui o S5 20 A, HRAE X IOR Y e | 7
AW T (FEFSE, 2002, 2005), #Xifi, Kz LT
I ARFRIE BTN LI AR EE A9, R 1) A2 o o B 5
IR AL, RS AR L ™ A A P G2 18 A5 ) AU

WAL, 2019; F 4, 2017), I, JFREREE
BEAHOC L B MR I B TS, 35 LA SR B0 A
A R RE AT RO R ZE B 7 R R B R
LG8 1 F Ty i 02 56 1 B AR IR 1 26 8L R T e i
A [fE(Hulata, 2001), X FrEAKMEmemfikts, @@
PR AT B AR U A AR R T BE AR SR SR d S 24
RAIEBR R MR RMENEAH T — L% E . 4
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WM, 43 A 2 FE R 4 2 B D % Je I fifi 0 2K
FRRF s A Rk B M2 B Fm 36 T RMAFE R
AT B RS (XU et al, 2015), G0 LLKE DR & £ FUgCR:
PEMRA 5 (Quantitative trait locus, QTL)YE Kl Jy JLA )
Iy FARIC T B %% (Marker-assisted selection, MAS) &
Fli(Wang et al, 2015; X|I%ES, 2019). I HAnEAR
54y FhRic i) 5 3% SR Bt kAR Aric Xt e AR A ARk
114 56 P A e B U 28 B A e 5 R AAE B A ik
FEEHE AR, IR E RS AR, AT ROR.

it o 00 AR 18 A g e 3 e R TR A R R 1Y
AR & J, FE Tl i B 1 R 22 2544 (Single-nucl eotide
polymorphisms, SNP) #r ict (9 4= 5& [H 41 5¢ Bk 43 #r
(Genome-wide association studies, GWAS) &, Hu 1t | i
gt A bRic i) QTL i, RUM%EE S Hirtk
FORBRIN AL ) F 27k . BN GWAS #F5E &
BLEE X B — AR F A (Yu er al, 2006; Burton et al,
2007), FESEAT A 28 MR s AL i AT FLid st 24
MR FRUERT, R 2 HREAF B Z Mk
GWAS 3 B3l 5 B0 32 MR 5 38 4% 437 a5 1) 119 56
.43 M (Kim et al, 2009; Bolormaa et al, 2010) ., FH%% .
—Mk GWAS 43#r, FREAG VA AR G 1 Z2 Mk
GWAS /AT B HLA#, FERN : YA A R (R A7
e LA SCHT, BT s — MR o vh 220w i) bk
[y 2%, MR M8 & TR 50 ) 8% (Stephens,
2013) IS E0 At i K5 B (Zhu e al, 2009); TEZ AR
GWAS /3 Hr it 8 v, i Mok A% 2 (Quantitative trait
nucleotides, QTNS) Y&t THfEIRT R #E 4T — IG5,
B A R B AT A L, R T 22 S A B0 1 AR iR
25 (Klei et al, 2008); fAAEHE N ZRUERT, BRAS AL AR
S 52RO, 2R GWAS iR
e X (Chavali et al, 2010); Porter 25(2017)45 4
BT Y AT Z PR GWAS 3 Hr s, kIR
ZRIAF I Z PR GWAS 43047 7 36 B 1A AR ALY
GG IR, S —rk GWAS ML, fE KR
YIRS e Y il

AW 5% 2R 52 36 B A 451 Y 18T Ak 3 R 4 (2b-
RAD)IMFH R AT SNP 0, JeF M REMEIR G
R X A A R KR - AR e 3t 2 Fh 2 Motk
HH S Fe R A 0P AT A 3 IR A DR A , S s (o 45
X PRR [ — P 230 QTNS, k25 6T (14 14 3 F Ak R
PEAR B R AR LS SR, DEAh, TR ERIRUE T TR
—PRIRE PR AR GWAS 43T, IR HZER %
PR GWAS 4 #1285 b 47 g

1 #RE5FE
1.1 FHHBERRENSE

S Ak 585 %, B 29 MR AR R UL
A RZEGTH FIREA, 4 AT, XRER AT g KR 6F
AT AR, IR RIS S5 4140 DNA T4k
) 2b-RAD ¥ . RIS, Fbnic e rY K22 6F
HURFEAE 21 6 mx6 mx1.5 m ELA TEFR /K 3558 R SE )
KIg b, EEHAKRAE 5°C~24C, R ER MR
FHPERL 2 IR EA R SC50 H a4k 1 ) 28 3R A i
AR KRB 275~1001 d A%, X S2 86 i fa gk f T
11 YOARE AR A &, AR IR 50 mg/ml
MS-222 o ]2 7 770 JRR I o D K232 S 0K, ki B 1oy 33K
J N 3 B AR A5 o R R RS A AR B R
#E (Body weight, g, BM)PEAR, [FIRS £S5 — S % Fr R
T, S AL H [ B ) i LA AE RS Y
MR . ARIEIEEIEDIE , R Imaged #/Fr & B
4K EE BT 1A K (Body length, cm, BL). 14 %% (Body
width, cm, BW)F1E# 7 (Caudal peduncle width, cm,
CPW)4t 3 AR R AR B R TUAE . >R FH & fb 3L R 4
2b-RAD =38 AR ic o B ARG HAT F A i S 1Y)
AMARFEST SNP 437, JLERTE 30049 4~ 27 SNP 73 F
FRic, Z% KIS 41 (ASM318616v1)HE 37 £ &k
ICY RS Pk A KRy 473 d 2ty (i e A
it 5 d) REZEEA A LR (E A A Z 1R GWAS
SPHTRYEIIE, A PLINK v1.9 (http://www.cog-
genomics.org/plink2) X AH R AE AR > {4 [ 3 PR 7Y 4545 i2F
FrmiE ) L IR T 90% /NG Y R A L % ft
AN B R AR T 95% | H /N AR TR AV A% O i A
1.0%10°°, /N SE AT /N T 3% 7 248 % KT
0.05 fit) SNPs, #4455 441 MREA ) 23988 1~ SNP
Fric H T2 3L R4 T

1.2 XE&EioHm

AWEFEAE ] GEMMA #1 - (Zhou et al, 2014)H1 i
AR IR A48 (Multivariate linear mixed model,
mvLMM)#EFT 2 AR e RUE AT SNPs B ic () 4 3% [H
YIRS BT, i AR ALy

Y=WA+xp+G+E

K, YR nxe GERAVERE, n JBREARANEL, ¢
OIMHEIRAE W oA nxe DA (lE 2 A% 18 2 R0
WPER . ARSI, A ¢ BRI R AT, o
S E IR AR N P B EG xR n 4R R EG
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SNP iy JE K B8 7R AR 1 51 ) i, B0 ¢ 2 S TR 55 SNP
AP B AG RN AT M 55 G R nxe EASGLTE Y HTAG 55
SNP [y Z FE BV AR , G~MN(O, V,®K), K J&
HH A K20 SNP FRic e £ i BE R 2 SR 4% 0 R I
Vo i oxt HE TN Z LR Ty 2500 )57 225685 5 E R nxe 4
IRZEIHFE, E~MN(O, V,®1), V,J& txt YEiR 22 T7 25—
DT 2206, TR R R

%, &M A~ SNP ABREFF 2] 1 A~—H
24 Wald Ge it FIAI XS B ST HESR P H . ILoh,
) FH R 135 43 fiff 2k MR VR 5 1518 (Factored  spectrally
transformed linear mixed model, FaST-LMM) (Lippert
et al, 2010) A PEARFAT B — MR 19 GWAS 347, Ha
5 A PERA DB QTNs, i1 R iEH 4 205
A Quantile-Quantile (QQ)KI, [RIAT, it HF 1%
XN A NN ) 3 N @ R e S R
(Genomic control, GC)fH , 7£ SLPRAF 5T H GC {E 4 & X
R SNPARiCH R 7 Geit i (Price et al, 2010).

1.3 EESHMEITERER
B 5 S ARG L B8 4 ) PLINK Rk
(Chang et al, 2015)4b 1 4y 43 #7 BT A& 20, 1) HT 5
PEAR AT i Rl 15 (Restricted maximum likelihood,
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Fig.1 Frequency distribution histograms of four traits

REML)ZE Mttt 2 PR 135245 280, A 4R 5CHR 73
B SNP S 7 23 AL Tk i B B
TR S5 64 5L K 4 (GCA_003186165.1) | 15 5 1 55
I 30T P10 10 326 PR SR A T B A #T o

2 #R

21 REERRRMESIT

VR KA 473 d e A7 1Y 441 45 RS0 IK
L, RK . REREMTE 4 MERIEITECS GWAS
0T 4 AR R RSB AR WLE 1, AE 1 AT L
B, SRR REERARIG S IES 0, A
—ER AR, WEATEEEM GWAS . APk
JE IR R R Ge it o3 M A A5 Al L 1. b,
WX B DL B A TE T M St A R AR g A
[#] 5 RN i A R FE AT T R ] A AR T, 2 R
A1 IR 2 A e FL A S A A et (R 2),

2.2 GWASHOITER

IR 4E R 441 Sk S50y 23988 A4
SNPs # I T S A& RAPEIR B A GWAS 4341, 43
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Tab.1 Descriptive statistics of body weight and Tab.2 Degree of correlation for body mass and
morphological traits in turbot morphological traits in turbot
AR Trait FHICREL {ENG S SR N AR
" 2 g e Correlation Body Body Body Caudal
2% thE kK ke R 1a : : .
Parameter Body Body Body Caudal coefficient weight length width peduncle width
weight length width peduncle NS 1 0759  0.801 0.662
(9) (cm) (cm)  width (cm) Body weight ' ' '
Hij_tﬁ 541.60 26.71 9.16 3.62 Wi 0834 1 0.825 0.772
Maximum Body length
1=} ge==
BME 00 1360 4.45 1.58 st 0807 0832 1 0.729
Minimum Body width
T 245.72 18.69 6.53 2.53 JetsE
Mean Caudal 0784 0842 0787 1
iR pedutote
e 1.77x10" 1.04x10° 1.51x10° 7.78x10™ width
AER R TE: N =i MRS R R AR DGR, B =
VC 0.32 0.10 0.10 0.14 S PP R B ARE TE T A 38 A2 T 5500, S e R[] 14 AR DGR E
- Note: Values in lower-triangular matrix represent
12‘?%77_ 0.72 0.58 0.59 0.48 degrees of correlation among original phenotypes, and values
Heritability in up-triangular matrix mean degrees of correlation among

PR 2R TR A A 18 DA R A P R A B — PR 2R R TR
A GWAS 308, % BM-BL B MEIRAYZ MR
GWAS 4315 (K 2 3 3) KB, it 5L 4 @ 357k
SF-(5% Bonferroni 5 1E [ {E, HJ 2.084x107°)fy QTN
Pt o4y, Hb, 84 110 %% QTN F 1. 10
1 20 Sk B, Bl SNP_1 31495825, SNP 10

6893888 Fll SNP_20 18773114,/ 4 213 QTNs
fiF 3 (SNP_3 21601589 5 SNP_3 24007357).

5(SNP_5_25635891 5 SNP 5 26888833)H1 22(SNP 22
6190492 5 SNP_22 6380029)5 4Lt 44 |-, i 75 AH[A]
WL FEKHER , BL-BW-CPW 3 MA R IR AY GWAS 43

w (%] =
T

BM-ML
T
I »
.
l{"‘
o (R «

phenotypes which were adjusted by non-genetic fixed effects

BrufE 10 54 ik LA 2] 2 A~ 2 1 QTN 4
SNP_10 2724296 f1 SNP_10 6893888, 2 HZEik
GWAS 7+ #riy GC fH43 %% BM-BL(1.035)F1 BL-
BW-CPW(1.044).,

XA AR R 2 R B — PR GWAS 4 #r
(K 3 Mk ), 7 BM Rk, T3 M55
e iR BRI 1 DB ERN QTN £ 4,
SNP_3 21601589 F1 SNP_5 26888833, 10 & Mﬁﬁi
EREINE] 2 A48 2R QTN {7 45 SNP_10_2724296 £l
SNP_10 6893888, BL Fl BW T£:IR4> 57 62 1 8 5
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Fig.2 Manhattan and Q-Q plots of multi-trait GWAS on body mass and morphological traitsin turbot
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Fig.3 Manhattan and Q-Q plots of single-trait GWAS on body mass and morphological traits in turbot
3 KREFHREMAEAREREZXIEHN QTNSER
Tab.3 Information of QTNSs significantly associated with body mass and morphological traitsin turbot
AR SNP {37 55, SEALEE iR o7 & P1H B 3T L A [X 12§
Trait SNPID Allele Chr Position P value Nearby gene Region (bp)
LR IR AR Multivariate Linear Mixed Models
BM-BL SNP_1 31495825 G/A 1 31,495,825 1.78x10° GRIK2 31268951~31431331
SNP_3 21601589 CIG 3 21,601,589 1.09x10° cyp2la2 21601235~21604716
SNP_3 24007357 GIT 3 24,007,357 1.96x10° novel gene* 23968869~23970083
SNP_5 25635891 AIG 5 25,635,891  2.64x107"  tshz3b 25624917~25661383
SNP_5_ 26888833 CIT 5 26,888,833 8.85x10  adamtsl? 26823608~26965578
SNP_10 6893888 AIG 10 6,893,888 3.91x10” SYT8 6878968~6899153
SNP_20 18773114 G/A 20 18,773,114 1.88x10° mytlla 18751768~18792541
SNP_22 6190492 TIC 22 6,190,492 7.73x107"  psmdda 6191068~6196105
SNP_22 6380029 TIC 22 6,380,029 4.98x10”" novel gene* 6365881~6382399
BL-BW-CPW  SNP_10_2724296 AlC 10 2,724,296  2.83x1077 novel gene*  2717495~2721226
SNP_10 6893888 AIG 10 6,893,888 1.48x10° SYT8 6878968~6899153
HHRA MR S5 Single-trait Linear Mixed Model
BM SNP_3 21601589 C/IG 3 21,601,589 1.61x107 cyp2la2 21540626~21547626
SNP_5 26888833 CIT 5 26,888,833 594x107"  adamtsl? 26823608~26965578
SNP_10 2724296 A/C 10 2,724,296  575x1077 novel gene* 2717495~2721226
SNP_10 6893888 AIG 10 6,893,888 7.32x10° SYT8 6878968~6899153
BL SNP_6_6047375 G/A 6 6,047,375 1.42x10° grm4 5928125~6045591
BW SNP_8 3870447 G/A 8 3,870,447 1.98x10° BFAR 3863424~3871475
CPW - - - - - - -
T * RN KA RO 2 TR A AT D Be R R B 2

Note: * represents novel gene which has not found any gene function annotation in genome of S. maximus
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e ik BkrmE 1 AR EMN QTN fifi SNP_6_
6047375 1 SNP_8 3870447, fijfE CPW R i U 3%
AR 3t 2 AL R SN AR B — MR
GWAS 73 #1 i GC {43 124 1.026 (BM) . 1.021 (BL).
1.034 (BW) i1 1.031 (CPW).

23 ZREER

DARZZBEZ PR 5 PRIk GWAS 4510 i 2%
SNP {7 s A ERET, MR HAE KGR 0T 2 B A Y L
[] b U R B A T A i e RE P FEASIF ST AR 3]
() 17 4~ QTNSs M4k 8] 12 Mk SN 3k 3), &
5% GRIK2 (Glutamate receptor, ionotropic, kainate
2) .cyp2la2 (Cytochrome P450, family 21, subfamily A,
polypeptide 2). tshz3b (Teashirt zinc finger homeobox
3b). adamtsl7 (ADAM metallopeptidase with thrombo-
spondin type 1 motif, 17). SYT8 (Synaptotagmin 8).
mytlla (Myelin transcription factor 1-like, a). psmdda
(Proteasome 26S subunit, non-ATPase 4a) . grm4
(Glutamate receptor, metabotropic 4) . BFAR (Bifunctional
apoptosis regulator) Fil 3 7 5E A, X i L fig i 5 [ 4
17 GO R T A B, MM A 7 =200 SAZ IR . 40 i
JoT B K A MUA% 55 5 43 Dl e S5 S0 MR -l A
PBERIGE | EAGIE TG Ve | KBTS L RS G
HHSE N G HEAMKZIRTE S miEY) it
W F= P R B T im | W R R AR A i R L AR
IR s A . AEAE 55 . SR RN RS . A
fift . ISR MA . SRR G AR I Z RS 5
PEAE . Horh, 3N A RS B RE P 2H h R A A OC
TR E .

3 e

GWAS 1E Ry — P A3 5% ) B 22 282 B PR A+
WA, RS IEF 4 SNPs % B & JubE
ARFHL, 3z N H T Y) o F Fn i & R B e £t
2477 T (Santana et al, 2015; He et al, 2017). W%
W 22 7K 7= Bl ) 3 AN P T AR AR 4k 52 B8 DA R I
AT R, K= s A K AT & 2 22 MR GWAS
ST Z A WFSERIE . Gutierrez % (2015) % K 7 - ff:
(Salmo salar)TEVE LR B A K R MR ETT GWAS
AT, R R 2 AE R PG R A AE K R B R
I ¥ T EAE ik 3L R Zhou 45 (2019) 1) Ff GWAS
R T 235 5 B85 (Cynoglossus  semilaevis) i i )% %
ML, e A 1T 5w tEik 2% B iy 33 4~ SNP £
R, AR R R AR A AT, RS B 5 e
T ST 7 A R FE A Jiang % (2019) X 2 A £

(Tilapia) WOTH EE MR IEFT GWAS F1 QTL SENAST,
Sk 2 A o i s AL LB R Kt — 2 T e M
BEE TR, HAT, KSR AR R A SR
GWAS it A M, (B QTL & M9 & 78 K2 6
H: K (Enrique et al, 2011) 1 X 5. i B (Aeromonas
salmonicida)iit 254 (Silvia et al, 2011)%E AR
.

LA 4 K 250 GWAS BIF5T #2615 4 2L R 41
I SNP v i 5B PR L RE, BV 2 AH e
RIPRIRAFFERT , A At & BE PR AR A B A T —
IR GWAS Z3#7 (Stephens, 2013) , 75 221> FH 56 2 S
REMT, BRI E A 7k Z 8% T QTNs X £
AR RIWEIR B LR B2, AT B — MR R BT
2, ZHR GWAS ik EA B RS YIS
it e AR o 38 b RS2 R A R 24
R GWAS 5 &AM HARBA AT B — PR GWAS &
Prgs R, FEARA 0 B K AETT , w R ] Y
QTN # £ TJ5# (% 3). £ BM-BL R4 A2k
R GWAS 2, Hokail 3 9 4~ QTNs, il 76 AH X iz
) BM F1 BL FA—+PEAIR GWAS 434, BM dr: il 5
4/~ QTNs, BL H{{EN %] 14 QTN, H BM Hi&
MK 4 4 QTNs 145 3 N5 LMk GWAS 473
#f) QTNs & . [A#E, BL-BW-CPW MR & £k
AR GWAS ZrHrG il 2] i) QTNs 2 T 3 MR H
HEAT L —PE IR GWAS 115 2] 1Y QTNs, B T REME A
MFE Z /) QTNs, H T2tk GWAS 43 Hr A6 £ 1)
QTN J2—H % QTN, M FH—PRk GWAS 7 Hr
K2 ) QTN A= M2 A2 br i 2 1 A B L

TERZE T LR A - FHRIF B A1 QTN feik i)
B, SR E] 12 MEIER, Hp, F 9N EAIN
IREIE IR K 3 N3k (A 33 B i S5 6 A o A R
PR A i 35 35 PR 7 4 35 R 4 0 A Bl A, e B
B P X, AR5 0 B RO R 35 A i R A RO R
T A FE R 2 S A AT, R 1) 1 RS2 B A ST 9% v 1
K UL ARGE B BRI T RE LR . MO aT R,
GRIK2 S T B AZ & & I 25 138 18 I P iz 743l
EREAY, H-5 4008k sk S 50 A (5K 4 M4,
2010) ., Eachus %:(2017)F1 Weger 45 (2018) il 5% 241 3%
B, cyp2la2 fEBE &l (Brachydanio rerio var)%fifd
Wi B M R AW A b R G EEZAEM . Erickson 4%
(2011) ABE T 0 M SE G sh AR A, 2 B tshz3b AT HE I
5 i Ay Hox ThBE, i Hox THREMIBIA N 5K
KRS B R 2B (Gair et al, 2003), HIA] L,
ZILA T BES 5 RE AL A & B i FE . Mytlla i) fig
TEA 2257 445 R W B 45 35 B24E ] (Nakgjima et al,
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2008), BFAR ifig 5 p75NTR F4 2R 11 AH BAF I 30 1
P75NTR {5 5% 5, 1 p7SNTR A 55 £ M1 1 224k
TrkA P3[R FH AR 328 40 A6 3 5 % 5 400 L P9 AR 285 5 75
ST, (ZELIMESE, 2011), ASHIFSY 4k 3 Y4 1k L
PR AT #1232 B o 0 A RUME IR A 7 4 ok Ty g
FH, BATEREE A K R F o P s it —
A1 D) RE S50 IE

2 £ X #
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Abstract

To reveal the molecular genetic mechanisms of body mass and morphologica traits in

turbot (Scophthalmus maximus) and scan molecular markers and candidate genes, which can be used to
improve the target traits, a genome-wide association study (GWAS) was carried out using specific-locus
amplified fragment technology (restriction site-associated DNA, 2b-RAD). First, body mass (BM), body
length (BL), body width (BW), and caudal peduncle width (CPW) of 441 individuals were measured at
about 473 days of growth period in a turbot breeding population. Second, al individuals were genotyped
using 2b-RAD, and 23,988 SNPs were obtained after strict quality control. Using a multivariate linear
mixed model (mvLMM) for GWAS of traits of BM-BL and BL-BW-CPW, 9 and 2 pleiotropic QTNs were
detected for each phenotypic combination, respectively. However, a single-trait linear mixed model
(LMM) based on the FaST-LMM agorithm was used for the association analysis of each trait, and the
results showed that 4 QTNs were detected in the BM trait, 1 QTN was associated with BL and BW traits,
respectively, and no significant locus was found in the CPW trait. A comparison between results of
mvLMM and LMM found that mvLMM could detect more QTNs than LMM in GWAS, and the
pleiotropic QTNs detected by mvLMM were more biologically meaningful. This study applied mvLMM
and LMM to the joint GWAS of body mass and morphological traits in turbot, 17 significant QTNs were
detected both using mvLMM and LMM, and 4 of them were detected repeatedly. Furthermore, 12
candidate genes were found by searching the nearest gene of each detected QTN on the whole turbot
genome. All of them might be important candidate markers and functional genes, which could influence
turbot body mass and morphology. Our study also provided the theory and a reference for marker-assisted
selection of body mass and morphological traits in turbot.
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