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S ! & oo 1 1 1 2
WEEE e XU, WBE, KE, FRE, LEW
LSRR FADOK P REEDRET BT AR IR IK S8 ATF 830000,

2. IMRRER K S AR L 201306

FEE: 8T B (Esox lucius) PN & & B BRI 32 1, S L otk 19 2 R 32455 A 38 19 - FAsid, A
AR5 1 Se R T #4 (upper thermal tolerance, UTTE N TEEFEAR, ¥ UTT #4757 2250871, BT T AR AN
[7l % & BBt py i 324 . {#FH GBS (genotyping-by-sequencing) 5 /R $ 5 5 4™ H it 21 A8 T bt R AR S 17 Ak 32 R 240 0 )
Heym A, E w7 e S IR R AT 4 3 PR 4H 1R 29 BT (genome-wide association study, GWAS), & i [ BE ) £ i $AuPfR 56
MY SNP Arice Z5R A, FEEM @ FEEARTE & F W Bt A A H 2 1 22 57 (P<0.01), &) i i e pk fee sy,
FR M HE I, AT TR P A . 64 FarmCPU 1 Blink #1317 7 GWAS 431, &3 5 4 SNPs 5 [ 5640
Tk A R ) S I 2413k 3] T MR B 3 K - (FDR P-value<0.01), 23T clstn2 . MAPKI4, VAPA %53 BN & 1 F1
ANKSIB e 5fidE SR X, 3 3k PR T 42 i ) 422 5 SRS O R W AR 56 o ARG 0 A5 T 5 1 5 P B A Tt 7
PER SC IR A 358 SNPs FIARSCIE R, A4 J5 i 5T (B A £ 7 g b i T 0 3 ek A A= BRAL R A4 L B 5%, A

TR e T gl PR 9 A R PR A T R A

XK HEOMMA; B E B MM, GWAS; SNPs
TEHS: 1005-8737—(2023)06-0677—08

HESES: S917 SRR S ED: A

H BES1 £ (Esox Iucius)@& )Y H (Salmoniforme),
¥ 4637 H (Esocoidei), i faF}(Esocidae), 1 )&
(Esox)o 4347 T . M AN L 58 PH i) 3L bl Bl i i1
i XM, A Hp R B AN A TR R 50T I
BEA AT 4) £0 o B i) sl AR IR B 16~18 °C,
MoK IR 18 CHE, s R T P 4t B B
YA 20 g)fieidi A KK 23~24 °C, HEREK
W 27 CRE, ghtaiEshinm, PR AR ED,
FERF . Wiyl VLo, B 2&miE KRS
B B A R RIS RO R B, R R . SR
BAS K S5 JR) A 1) 32 20 B R, 55 5 I 34 R
R e DA R IE e 2 R, H B H B
PR — R O R 2 A AT Hp sk
KIBHIRA . [FIR, 2R R C 50 2 1 BE
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AR A i LR 1 ) R

T B2 AR A 0 28 U & F B By AE K R AEAE
SRR, JUHRAT . HEL gk
R B A8 A A ) RO P O T IR X 1 B A
MIEEE R A BB, A sziE, i\
J3E X SR A % R I T B A 1 S i ek
(upper thermal tolerance, UTT)/& 3 T i 32 i & Al
Tirf 52 A 1) 545 2 W A T R P DR s H5 AR D, © 7
U1 8 (Oncorhynchus mykiss)™ . K 8% 8F (Tarphops
oligolepi)' 25 £t JE Y TR PR DR A 158 14 2l B
R3S I (N i B - S i R R N = = )
AR HE R A DGR I

4 HE R 2H S B 43 #T (genome-wide  association
study, GWAS)ie- 1 T N80, =& H T b
SRR E B TR Rl e A
RS A Je Al e AR R AR, GWAS il 1
s 285 e MR B B s e A AL . AT G
PR B M TR B E A I TE, B
TE RV (Salmo salar), WIEE | BE & SN (Icta-
lurus punctatus). #(Cyprinus caprio). R KM
it (Oncorhynchus kisutch) . BKIM &5 (Dicentrarchus
labrax). WM (Lates calcarifer)FfZSiA |
Ptk . REm 2R SR B IEA L HlE R
P TNy )| S R | A2 c LR

ABFFELL UTT Mt AR B0 2 Fa bm, X5 H
A At 0] | R £ 3 RN 4 £ 0 A TR AR R A T L
B, ighfaing UTT {d R RAVEE, BKE
FarmCPU # Blink #8 #E4T GWAS 734, i i i
5 B 0 PR G B SNPs, I X)X 4k
SNPs #4780 IE o A L BEA £ F 0 2 B B B3 &
T PR P a8 A ok R R it 2 %

1 ##EITE

1.1 SEIEHF#

P IR i) 01 2% A SR H A2 5% 3 T (47°41759N,
86°51'47"E) M e i#(47°40'42" N, 87°34'45"E).
2021 4F 4 A 10—13 H AT RUD, 7EMEH RS+ ik
PRGN L A M R F . Tefr sl HE b
gl £ 34 BEPLTTR L T AP 200 B LI EAE MR &
B B B P B S g fa . 2022 4F 4 st A

TERFHREZAEN, FEFA—TEHRRETIET 24
iy,
1.2 #AAHMELIE

A2 B B B SR UL S 56 34115 3 AT
M, 163 MExTExE M 120 cmx60 cmx80 cm FY 7K
BRI T, LR e LR, FIH 800 W
M g PID ZRA i FvEE 42, B K40k 1/3 HAR
FER K, MR 52 50 0 5 B 1 O Bl B 45 M e 3 1
o SEAIW] 26 CAKIRINIFE 3 d, MG B HTTE
KR, 30 ‘CHILA 2 ‘C/d M EETHE, KIRIAE] 30 C
JELA 1 C/d FHREFTHR B LA, B 2 h
DK IR A 4, M B BT I e e KA
A7 B[]
1.3 HESH
1.3.1 BRHEZEMBEMWRESH  mHETE

k
AN UTT =D (T -T), e UTT ik, i

i=1
R REL, T, RAES i REIREE(C), To i L Rw)
I (22 C), k IAEG RS, Bildn, —RMfE
23 CAEWE 1 d, 76 24 CHEWE 1 d ZJRETs,
UTT=(23- 22)x1+(24-22)x1=3 ‘C-d, SZUHHEF]
H Excel #1743, RAFEEPREZ (X £SD)
R o I SPSS19.0 FAFHEA 7 T #M: 1) B 3R
Z57H(one-way ANOVA). K H 5 2% [\ Jiz 1 4 46
A S 7 25551k, PRAS AN 2 7 22 55 1 I AT
PP A R4S &, F Tamhane’s T2 T2 & L,
225 58 F KN P<0.05, B KF R P<0.01,
1.3.2 SNP#RIZTHIE  AITH 4 i e i #pha
M\ 445 2 &)y fo 3 1 B £ S 56 £ v o U SE AR T
1 110 RBAE AN ABURA, RIFIET-H 110 BIER
i =i, i#id GBS (genotyping-by-sequencing)
FEARRAF UL 109 B, i = 4] 103 B i i
et R DR A K FRT A JE PR L e B s U AR g
BT B A B s 5, A PLINK 2.0
PEXF 25 e iidiy 77478 AL AT R TR
o I8 10% 9 BRI AL R 2R ZRTF 10%
) SNP, Ml [ vk 22 45 v JE PR A K (minor  allele
frequency, MAF)/NT 0.01 FII i -7 7 4% -7 (.
(Hardy-Weinberg equilibrium, HWE)/NF 0.00001
(%) SNP, &'& % %8 500, Mk LD KF 0.2 %) SNP
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XFHR) — A TR S B SNP £ A H
TASSEL5.2.80 b4t U5, HET RIBEFH
Bif GAPIT3 FeJp A7 IR /A o 1 At e i
PR RIC SR Zon R AR, 4 0=ifi & iR
YA =AML 1T 34~ PCA A8 &, LA Farm-
CPU #i Blink B{H#E4T GWAS 4387, DMEFH MRS
Hi 3K (false discovery rate, FDR)fZ IEff) P-value<
0.05 Jy[BIE, Tk & 1 SNP i £, HEEEPIFppt
AU b 35 i APOIR B35 A OC ) SNPs AT T —2F
IR AT o DA BEM 3L 2 Eluc_v4 JRA K
S I, FIFH 1GV2.10 RAFA 8 Stk
25 AH G SNPs FIr7E (1) 52 R AR 5 7 91

2 HBRESH

P B £ L A (] 4 8 B B 1) v T T 52 1
B I A 22 51 HEf T AR AET KR R 30 C, FET
g K IR N 32 °C, UTT {E 4(8.7037+3.3408) C-d,
HEfO S I FF LR FE T /KR 30 °C, BT iy gk i
34 °C, UTT {8 5(19.0491£9.5037) ‘C-d, 4t ]
FFRIETIKIR N 33 °C, JET-EIEKIEN 34 C,
UTT 18 4(25.6629+4.0625) 'C-d (£ 1),

1B RN ) & B B I i A 22 4%
Brad R o, AR A E B B a) 25 5 Y3k B ik
EIKF(P<0.01); i — 25 5 2 [A] BT P A 3 245 2R
7N, AN T 2255 1E(P<0.05)(F% 2); Tamhane’s
T2 thZ H XSS R B, PR X E A B
FAER 2 5(P<0.01)(F 1),

fifi il PLINK #1445 109 2 #4103
RN R AR 25 S5 YL 4K | 77478 4~ SNPs it
wPEd, RS 184 AR 9523 > SNPs, X it
HE S 19 SNPs I Blink F1 FarmCPU #5%%0 3
17 GWAS 5381, 455 R FarmCPU L7 534
H 12 A4~ SNPs 5 P B4 £ i AP IR I 35 G B (FDR
P-value<0.05), HH i F 3 SYtaik RS27886188
7 15 ) R 1 7 2% M B¢ B 41 LE (phenotypic variance
explained, PVE)f% 55(16.6406%), H. 5 HRH% 3%
FHI(FDR P-value<0.01), 1fii Blink %1 7 4~ SNPs
5 g fa it AR B 2 OCHK(FDR . P-value<0.05),
HA T 23 S YL ARG RS15054920 157 1514 PVE {i
1 1(2.5051%), 5 PERK P E AH G (FDR P-value<
0.01). 5 > SNPs 7E P/~ v it FAPE R 1) DIk
PEYIAF] T B & 7KF-(FDR P-value<0.01)(3 3).

®1 BHASLRXENRNSENSZME

Tab.1 High temperature tolerance in different developmental stages of Esox lucius

x+SD

RHE I

development stage

HEAR

sample size

FH4 4 K /mm

average total length

FHRFET KR/ C
temperature for
initial mortality

an=1 v e e
temperature for
climax mortality

i b/ (°C - d)
UTT

f¥4a34 larval fish 201 22.8697+2.1319
£ juvenile fish 250 40.8350+5.3327
#fa ] young fish 222 100.9225+10.8238

30 32 8.7037+3.3408"
30 34 19.0491+9.5037°
33 34 25.6629+4.0625¢

T8 B A [ 5 BE A 2% 20 ) 22 54 235 (P<0.01).

Note: Numbers with different letters are extremely significantly different (P<0.01).

®2 AWAERPRENMRSEMIMEHNT ESHN
Tab. 2 Analysis of variance of high temperature tolerance
in early developmental stage of Esox lucius

N S [
w0 gy 9
- sum of mean F P
variation source dr
square square
2 &) 30668.438 2 15334.219 362.150 0.000
between groups
2 28369.227 670 42.342

within group

K total 59037.665 672

R R TR ) A S T ] S B G A0 A A GWASS &%
R 9523 A~ SNPs FffE i Y (o (i & F1 FDR
P-value K/, SE284r#148 5 FDR K IEJ5 A9 BU(E
FDR P-value<0.01 (4% af#2k), 51> SNPs if i [{{H
K, RIS PR B A (B 1a),
PR AL QQ EXI B R: 4 P-value<10” B, JC
SPHTHY GWAS S5 R 53550 53 A 84 201, i
BHICATHT GWAS 255 (A 3R R R (A 1b),



680 H [ K R 2 %30 %
x3 FWHEE GWAS TR 5 IR B & XBXA SNP L=
Tab.3 SNP sites significantly associated with heat tolerance traits in GWAS analysis of the two models
e A Blink 7% Blink model FarmCPU #% FarmCPU model
N S AR
SNP RO i HWAL B A2
chromosome position PAi MAF fi{ PVE/% FDR PAH MAF {H PVE/% FDR
alleleAl alleleA2 p_yalue MAF-value P-value MAF-value
RS38735511 2 38735511 C A 2.76E-05 0.4674  0.6201 0.037510
RS9018913 3 9018913 C T 4.00E-07 03071  2.3249 0.000763 6.49E-06 0.3071  0.7324 0.006960
RS27886188 3 27886188 G T 7.12E-13  0.4837  0.7339 6.78E-09 8.33E-13  0.4837 16.6406 7.93E-09
RS8416193 6 8416193 C G 4.65E-06 0.0761  0.6822 0.007381
RS20843675 14 20843675 A C 2.27E-07  0.0924  0.2968 0.00072
RS2602441 15 2602441 A C 6.57E-06 0.1196  0.2577 0.00696
RS9331536 17 9331536 A G 2.35E-08 0.1440  1.3724 9.56E-05 2.40E-06 0.1440  2.3846 0.00381
RS22363670 21 22363670 C A 3.01E-08 0.0870 0.5768 9.56E-05 4.02E-06 0.0870  1.3141 0.00547
RS15054920 23 15054920 T G 7.19E-08 0.1277  2.5051 0.000171 9.18E-07 0.1277 1.1153 0.00219
RS34050703 4 34050703 C A 8.20E-10  0.1413  0.3836 3.90E-06
RS25936968 9 25936968 G A 1.32E-06 0.1658  0.1737 0.00251
RS10911354 10 10911354 A T 1.95E-05 0.0870  1.3250 0.01690
RS21854686 10 21854686 G T 3.05E-05 0.1984  0.4274 0.02421
RS11461859 13 11461859 T G 1.25E-05 0.4158 1.0341 0.01193
E: PVE 3 A0 )5 2 /% B 5 43 L; FDR 24 FDR %F1EJ5 (1 P {5
Note: PVE is phenotypic variance explained; FDR is FDR adjusted P-value.
16r a
b QQ plot
B 12| )
‘ g 12 o Blinkutt °
ig 8t E FarmCPU.utt
Ea ' B g 10]
' Ar , ‘ ; , T
SR T TR R 3 8
167 5 o
172 -
s 1l . 2 g
T 5 g 4| S -
igl 8r 3 = /W/
& = 21
SRR B B N 4s . . . .
123456 789 11121314 1617 19 2021 23 25 0 1 2 3 4
Ytk chromosome HIEA(H expected —1gP

&1

FA R ) 2 5 A PR P A R DI 73 4 2R 1 2 I 15T (2) 55 QQ £ (b)

QQ EIH LT L AbruE H LR, F GWAS M 543 Fi B9 HHEE SNP {5, T FIH 4 LA REMLITEAS.
S I R 4 AL FDR=0.01, F45"4k & FDR<0.015 /™7 55 X 7 G £, {4 o7 &

Fig. 1

3 Wit
il B R

models of heat tolerance traits in Esox lucius
The red line in the QQ diagram is a standard straight line, representing the expected SNP sites uniformly distributed in GWAS

analysis, which is similar to random drift on the genome. The green horizontal line in the Manhattan map shows FDR=0.01,
with five vertical lines indicate the corresponding chromosomal positions of the five loci with FDR<0.01.

KEAFAER, B2 MR R A KR E B
Box PRBE IR AR AL 32 15 B A A T, e
Ay # RIS [R) K 7 9 B ) T AV A A 3 B 25 5

Wi B AT . AR B Y 2 B IR

B o TEdEA R, R R 2RI N T IR
JE AR AR B B A9 AT A A BE WAL o (RS TR R

Manhattan diagram (a) and QQ diagram (b) of the results of the correlation analysis of two

(P<0.01), #Jpfa ] iy M A2 P B v, LR HEfR
W, A7 P B AR, 5 )1 AR b (Sinibrama
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taeniatus) £ 3% VL BEORR,  HE @ A XHE B B 5
5dE MY, BE D8 (Danio rerio) R T i TR AE T
55 F A AR S e vl B B fa e kAL
T PO A T B R T PR A G, B
Hifa [ AR T4 45l dL kbt mER
KPR, R S e i B A B A £ B iR
7E 8~15 "CV Wik % B A RBUR A 100~120 °C -d,
OB ATt A BRSO 110~130 C-dM® iR
Fr 3 5 AKIRTE 5.0~19.0 C, SFHKIE
11.1 C, 7 A/KIEAE 14.0~25.1 C, FH¥K iR
21.7 °C, AR WA R S i ek e B A A
Heta T W 5—e6 AT, Hk, A BEM A1t i)
BNk Tl R, HE & E R G4 FAL
REANWT K B o, XM IREE IS N 58 1 A Wi 3
5o UTT Sy fbimt otk i br, RPF0 AT 22
PEFNT PR B S B E R il . BT
0 RN FE R BB UTT AW B 5125, 16
P B A £ i B R G5 AL ok R A v, SR &
BB UTT 3R 5% S8, JUHEA [FHHAR
] L oE i, R R — & B BBy UTT fH.
FH T A f SRR £ 9] 4> A0 4 2 B RN A BRBLBEFEAS
W7 5E 36 MR 2, g IS4 B AR L B 5
2, A FPLRR AR AR, PRI 1 B T
W PEAR AT PF 0 RS B35t A% S 80, >R 140 £ 18]
) UTT fE & — MRIF I E S

GWAS 73 #71# ANOVA .GLM .MLM .CMLM ,
ECMLM, SUPER., MLMM. FarmCPU 8 Rl
W, FarmCPU 78 oAl P R0 42 il 41 B P A B
PEDIT TR T H AR A FarmCPU & 763 iz
SR SR R R T, BRI [ A R
PUBE RG5O 4 P 775 . 1T BLINK &
FarmCPU MfLALBERY, TEAS TN B8 7 Fliz 550 B
28T FarmCPUM™, S TR 45 5 MR S 1856 1
SNP i S i AERf A S, CA¥E RHZA
BERDEHEAT GWAS 434, 28 LR Tmive 4015 &2 4 1
ARKBERY SNPsP2 ) AR AFFE45 4 FarmCPU Al
BLINK BRI 4T GWAS 434, K BL S A 5 7E
AR B 5 i AR AR B O . Herh RS90-
18913 (i FARMIMEK, RS27886188 v i+
clstn2 (calsyntenin 2)JEK N & T+, CLSTN2 2

— RN EN, BT HRE M TR R
(Cadherin)# Z i CLSTN2, S 5 DX . L
M EEIRAZ (RIGBE J IX 14 T R A 122 Je— Akt Ca?*
AR R RO, HiEgETS ca’'4id
25 ca¥Widh . Wl S w Y, SR A S
clstn2 FEIN BRI T 8 3h 4
SN YA B R TR, AN A R s A
-1 A R R R RE X AN AR T 2 AR Y
RS9331536 3 fifvi T MAPK14 (mitogen-activated
protein kinasel4)3& K N & F i, Z 3L K& p3s
MAPK W58 4 RS AR —A>. p38 MAPK V.58
JERERN . BB AR . B AR S . R
JfPH T A0 TNF A2 040075 5127, 5 0 20 ol 38 o
B %t 88 (Lateolabrax maculatus) %4
MRS p38 MAPK {55 W B AE R A
. TRKET . Ml Mgtk
175 AR Y. RS22363670 1 5.4 T VAPA
(VAMP Associated Protein A, VAPA)JEH N T,
VAPA J&—ff 1T BUFREAR 1, 57 T o 140 i 9 436
B e ia i . A G . EERE AUl
A0 32 3 & HEAE B VAPA Sl o T
MAPK {553l %25 Z M LYl B s, (a4
U HE IR 10 8 A iRE 4 & AR B, T MAPK A
Z: 540 2 RBOR O P RS15054920 {3+
ANKSIB (ankyrin repeat and sterile alpha motif
domain containinglB, ANKSIB)JEH 5%k B
X, ANKSIB Fifith—Fh 3= 2AE K A2 L b 5k
225k E A, AP SR ANKSIB HE
LA RS I RE S B 2 Z B4 AHERY AR
AW FE 45 B AR RETEPAR TE 2 H (heat shock proteins,
HSPs) % 5 B A G B rh 4k 8 SNPs, (BT
i 76 H AT 1 s PR 3 SCHR Y 5 4> SNIPs HY i 4
AN ST B DR I 422 5 0 OR 7 98
FHIG o [RIBS, 336 S8 5 R i 4 mlg [ 42 5 b 48 oo ] 38
FAOG o T HRON U507 | A ) 2% i i M R B 28 4 W] i
{22 o032 s sE TP,

WS 45 R 4 I B 53 1 A 7 o % A 38
I AR BAL R AL LR SR T 2%, B
i i AR 1 B R R A TR AR

S Cik:
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Heat resistance and screening of heat resistance-associated SNPs in
the early development stage of Esox lucius

HAYSA - Ayelhanl, HE Jiangtaol, ZHANG Yu', LI Xiaodongl, SHEN Yubang2

1. Xinjiang Fishery Research Institute, Urumqi 830000, China;
2. College of Fisheries and Life Science, Shanghai Ocean University, Shanghai 201306, China

Abstract: To understand the heat tolerance of Esox lucius across different stages of early development and to
elucidate appropriate molecular markers for the improvement of heat tolerance traits, this study used upper thermal
tolerance (UTT) as an evaluation index, conducted variance analysis of UTT, compared and analyzed the thermal
tolerance of Esox Lucius at different developmental stages, and used genotyping-by-sequencing (GBS) to obtain
heat tolerance traits that were related to simplified genome sequencing data sets of two extreme groups. We then
evaluated heat resistance using a genome wide association study to explore the SNP markers that are associated
with heat tolerance traits in Esox lucius. The corresponding results showed that there were significant differences
in heat tolerance at different developmental stages during the early development of Esox lucius (P<0.01). Heat
tolerance was highest at the young stage, followed by the juvenile stage, with the lowest heat tolerance being
observed at the larval stage. GWAS analysis, combined with FarmCPU and Blink models, showed that the
correlations between the five SNPs and the heat tolerance traits of Esox lucius were highly significant (FDR
P-value <0.01); these SNPs were located in the introns of clstn2, MAPK14, and VAPA genes, and the untranslated
region at the 5’ end of the ANKSIB gene. These genes are directly or indirectly associated with stimulus and stress
responses. In this study, candidate SNPs and genes associated with high temperature tolerance traits were
preliminarily screened in Esox Lucius. These results provide a reference for future studies regarding the
physiological and molecular mechanisms of high temperature stress tolerance in Esox Lucius, and therefore
provide a scientific basis for the improvement of high temperature tolerance in Esox lucius.
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