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Fig. 1 Normal distribution of body mass and
morphological traits of turbot
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Tab.1 Descriptive statistics of body mass and
mor phological traitsin turbot

2% Ikfilg  fkkjem JEWIECM

parameter body mass  body length Cai?gw‘?g?ﬁn_
i KAH maximum 676.40 27.01 3.90
f/ME minimum 74.40 13.69 1.58
FH4{E mean 274.94 19.51 2.67
FrifEik SE 88.69 1.85 0.37
TRFH VC 0.32 0.10 0.14
BitE ) heritability 0.48 0.81 0.18




848 K 7 R

% 28 %

w/ME . CFRIE . bRifEiRZE | RS R B ST
Pringg e At 28, & 2 A LERvE] . b1,
00 S A% 1] S SO0 i A R R AT T R A R
W7 22000, KBTOFIERY 3 D REEEEAE KPR
HA B R A

*2 RESFEEMERERKEAHER
Tab. 2 Degree of correlation for body mass and
mor phological traitsin turbot
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coefficient body weight body length cle width
1A body weight 1 0.844 0.834
4K body length 0.844 1 0.805
FEHA5E 0.834 0.805 1

caudal peduncle width
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Fig. 2 Manhattan and QQ plots of single-trait GWAS on body mass and morphological traits in turbot
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Tab. 3 Information of QTNs significantly associated with body mass and mor phological traitsin turbot
Mk SNP {37 1 Ve 7S IS CR VN ﬁﬁ “logiP B 30 35 B Risj_z/bp
trait SNPID allele  Chromosome  position nearby gene region
GEMMA

BM-BL-CPW SNP_1_31688963 CIA 1 31688963 8.788 Z9c: 77056 29724588-30027306
SNP_5 19132118 G/A 5 19132118 10.787 novel gene’ 19137312-19237777
SNP_5 27008012 AIG 5 27008012 6.143 novel gene’ 27022392-27082668
SNP_6_21034563 TIG 6 21034563 6.141 novel gene’ 20953184-21013608
SNP_8 14134711 G/IC 8 14134711 7.834 novel gene’ 14121245-14133456
SNP_12_14910921 GIT 12 14910921 5.930 Slclab 14903868-14913454
SNP_12 20732502  G/A 12 20732502 5.710 Ipp 20675041-20804711
SNP_16_11311257 CIT 16 11311257 6.679 novel gene’ 11336381-11348325
SNP_20_18773114 G/A 20 18773114 10.610 Mytlla 18751768-18792541
SNP_21_808333 TIC 21 808333 6.623 Zgcl12356 804720-812315
SNP_22_ 6190492 TIC 21 619492 7.620 novel gene’ 617712-621986

Fast-LMM

SNP_1 30018909 G/A 1 31688963 5.737 VPS13B 29724588-30027306
SNP_1 31036272 G/A 1 31688963 5.723 novel gene’ 31063130-31066902
SNP_1 31688963 CIA 1 31688963 9.300 Zgc: 77056 31688749- 31690775
SNP_1 31719031 CIA 1 31719031 5.781 novel gene’ 31717594-31718666
SNP_3 20633231 CIA 3 20633231 5.701 novel gene’ 20633231
SNP_5 19132118 GIA 5 19132118 11.502 novel gene’ 19137312-19237777
SNP_6_4721035 TIG 6 4721035 6.223 novel gene’ 4808453-4971126
SNP_6_21034563 AIG 6 21034563 6.220 novel gene’ 20953184-21013608
SNP_8 14134711 G/IC 8 14134711 8.380 novel gene’ 14121245-14133456
SNP_12 14910921 GIT 12 14910921 5.679 Slcla6 14903868-14913454
SNP_16_11311257 CIT 16 11311257 7.653 novel gene’ 11336381-11348325
SNP_20_18773114 G/A 20 18773114 11.773 Mytlla 18751768-18792541
SNP_21_808333 TIC 21 808333 7.850 29c112356 804720-812315
SNP_22_6190492 TIC 22 619492 8.402 novel gene’ 617712-621986

TR * R RAEKEE 0T 2 L 21 v 4T D e T B T Bk A

Note: * represents novel gene which has not found any gene function annotation in the genome of Scophthalmus maximus.

*k 4 GEMMA FMIRBEZRNKFTEZMHER
RERH 3615 B B 18] Y P 3R
Tab.4 Comparison in runtimes (min) between

GEMMA and phenotypic principal component
methods for association tests

Jr i HORA%C number of traits
method 2 3 4 5 6
GEMMA 0.94 2.11 4.44 9.70 32.74
i 1F A8
?%j;IE)a-ﬂc 0.19 0.28 0.36 0.49 0.57
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Multivariate mixed model association analysis for growth trait ortho-
gonalization in turbot (Scophthalmus maximus)
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1. National Demonstration Center for Experimental Fisheries Science Education, Shanghai Ocean University, Shanghai
201306, China;

2. Wuxi Fisheries College, Nanjing Agricultural University, Wuxi 214081, Ching;
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Abstract: The multivariate linear model is a powerful tool for examining associations between a single nucleotide
polymorphism and multiple related phenotypes. To improve the computational efficiency of this complex correla-
tion analysis, we spectrum-transformed multiple correlated phenotypes to mutually independent “super traits’ by
using the mixed model association analysis method of a single trait. The sum of these statistics was used to infer
pleiotropic nucleotide genetic loci that control multiple related phenotypes. The multivariate linear mixing model
of GEMMA software and the phenotypic orthogonalization method proposed in this study were used to analyze the
genome-wide associations (GWASs) of three traits in turbot (Scophthalamus maximus): body length, body mass,
and caudal peduncle width. The results showed that 11 QTNs were detected on chromosome 1, 5, 6, 8, 12, 16, 20,
21, and 22 by the multivariable linear mixed model method. However, our method detected a total of 14 QTNs on
chromosome 1, 3, 5, 6, 8, 12, 16, 20, 21, and 22, among which nine QTNs were detected jointly by the two meth-
ods. Compared with that of GEMMA, our method exhibited higher power to detect QTNs of multi related traits,
which provides a convenient and efficient strategy for multi-trait GWAS research and the genetic breeding of other
aguatic species.

Key words. Scophthalmus maximus; multivariate mixed model; spectral factorization; growth traits; phenotypic
orthogonalization
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