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21 158 7R )5 i (Takifugu rubripes) & 3% [F 2 1Y 3%
AV, & TR, iR aZs, HibEER
KN 14~27 °C, FodE/KiEA 16~23 C(5 & 45,
2014), KRAEMBALEFMP HAREZEMNE, Kl
1A% Ak 2 52 M £0 S BT RARE, M R EK IR & 23
2 BN B N, X R AR R RN E F 1 A B
i, HE S AT (Atkinson et al, 1997; Barton,
2002; Jesus et al, 2013), £18& 4 Jy fili = B AE F w7
Il , A FERB RN, B R
S AN TR 2 S B B SO, (RIS, i AR
A B s A B G, R — R (R AE, 2017),
5 N B A A T RN O B R B KR, YN T 3R
FARAS, UL, #EF HA TR E MR & R L8 AR T
fi Xof L e A FLER L L T AL AR D A v E R
B 1) AL A5 B () A e, AP IR 5t % % 7 AP A T
Brie, s B IEA OGN T BE, BRI AT
21t 7Ry Sl ARG A% 4 L, A TR S AP
FINLT B 2R Ty 7= e Je L AR B

biti 5 7K 7= SR B Y B & R, 7K ™ Bl BE T A2 AH 56
P L0 0 3 RN R A SR HE AN B E o e 216 AR
il O SR A 2022) . KEZWE(Scophthalmus maximus)
(hZ%5%, 2011), FWE(Paralichthys olivaceus)(HLf5
A4, 2007), K&t (Larimichthys crocea)(i= 5k 55,
2010; BR/NBHAE, 2017; BJ7HISE, 2017) FLANEXSER
(Litopenaeus vannamei)(H i E 4, 2016)F AR I & H
T HIREETZ AR AR & B (2012) 58k
T B (Cyprinus carpio) X 41 2 stearoyl-CoA
desaturase (CcSCD)RER Y44 cDNA J¥51, Ff il
Ho gt f (D) fg 5 0 2 IR B A G, (HIZ L
TEAZEHUIE P I 7 FAE AL H BT ATE 2 . 22440
5 (2021)iE 1 94 E B PCR HiAR(QRT-PCR)IESE T4
JEBRAE R MT. AKGEIBEFE AN A0P1, HSP60
SN TCP I AE R # o IR R i A% v & 4% 3 22 4R
H, SR AE B AIESE R o T FEAIL ] A i S [ . X1
FE 45 (2019) % K 22 6 1if /=5 ik QTL (quantitative trait
locus) & (7 ARAFHY 4 Ak B K p53 . UBE2H .ZNF469
M MAGI2 #E4T RT-PCR Al , KB 4 AP AE il
Jih 36 v g S SUREURRE 0l N7 I BE T A2 AF DG 1Y 43 B i 0
B RN PR A B 5 Ry T ik o F LR e B A R BEE T
FEAy, R At K S P e E PR A T A
£ 2 AL B A R DG 35 PRI 1Y) 1) i RN 4 AL A B 5
TEAR T B HE K = S P i R B 0 & 8 . KR fafe 2
X RIS ERN AT et S vy G o =
R MR AESLIIRE, A 88 IR MY HL SRR 4
32 R FHObE K R AR T, BRAE TG ARE | PR

AR PEROCR DL S F BN Bl R 1 4 B oy, AAE
7 S R 1 T) O A e i 4R R SR AR N (Liu et al,
2021; Juszczak et al, 2018), Cheng 55 (2018)7E 1k} H
WSO AR, A R HBE R S SR il (Takifugu
obscurus)TEARIRIMA T A K PERE, T RERE R bt A ik
RE I RN S 1 S8 SO, R ARRATG IR I 98 g% ) S Ak
N ANMERAEPE AN T, Qiang FF(2013)HIF5T K
B, AR M0 Xt e B B AE i (Oreochromis niloticus)
TR O S ) N RARE e S N7 i e R e - A

AR R 2 A 21 7R T i IR PR R el R T AR
W QTL &R 24 SRR AR C A B T R 2
APESNPYGL s, il xR R ALE S, ikt
6 MM IE R (R R, 2021) 0 ASZES DL 2T 68 2R 7 il hy
T X4, FIH qQRT-PCR + AKX} 6 ik KA ]
BT RN R SUh R IK AT 00T, W12 T 6 4>
g 35 5 DRI 7 21 668 2 Ty ff 1o X R T hAE B  $E VR
DI R 210 2R 5 Sl ATl vy 220 1) o ALl S LB A -

1 M5
1.1 SEIgHE

Sy i 21468 A% Jy i o 19 R ASEZE AE R LU AT UK
PRSI A BR A RS I Rl — K R () . (RFR TS
P TR 8 H i, RTE 4(106.6+23.6) g, KK N
(15.00+0.05) cm,

1.2 L&t

ST E 3 AEIRIEHRKFEA S, BHREA
3 ASZEAE(1000 L), ik 270 Bfa, s o 4
SCEAR T, SCETTFAATET 18 CHEAE 1A, wE 3R
FEREE8 C, 13 CHI8C), 18 CHlXtHaL, 13 °C
8 CMIRAL, BANRBEM R 3 1P AT, BAF
17 30 B4, SLEIFIR 55306 2 MR R FeK
IRTE 12 h IEAE 8 ‘CHI 13 °C, X IR RGE/K IR
FETE 18 °C, fE AN FEEKIRFEE 4 1, %
AR RFTE 8 mg/L LU b A BIESER R LRI . 14 d.
28 d3 AN [H) sUBORE , BRI 3 A, 7E 200 mg/L 1Y
MS-222 W PRERREE, FE K bR SE RS, A
FRALEUITE . COREREIEH L, SE AR
BTFRAT G, ZJEA-80 CHH A7,

1.3 RNA 1#2Ef1 cDNA &

FJ ] RNAsimple Total RNA 1247 & $E BURE & H (Y
SRNA, IR 1%Z A5 HEEE R F Uk K 5 RNA 2HFE
FIH FastKing RT il &i#E1T cDNA #H—&8HN 4
B, TA-20 CHEF 2L T
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1.4 SI¥MEK

4 6 AMeEE B i) GenelD, 7F NCBI 4% %]
W A1 ORF X, I Primer 5.0 #{4-1%31 514,
A UG 1T PCR K51 A %0, qRT-PCR #rifE
Mk i s acE . s mAd TAY TR AR
INFEVR o B-actin NS5, 5ITFHIILE 1,

F1 6MMEEEMRE gRT-PCR5I#F 5
Tab.1 Primers of six candidate genes in qRT-PCR

5|#) Primer 5|#)FF %) Primer sequence (5'~3")
pdelOa F ACTTCAACAACCACCAGCAGC
pdelOa R CTTCATCTCATCTCCCTCAGCC
tacc2 F GGAGTGGAAGAGGAAGTATGAGG
tacc2 R TGGTGTGGTGCGAAAGAGAC
fsipl F AAGCAAGAAGAGGCAGAAGGA
fsipl R CTGACAGGAAGCAGAAGGTG
exoc4 F CCTCAAGGCATTCTTCACTAAC
exoc4 R CTCTCTGCTCCTCTCACTCTCAC

arhgap44a F
arhgap44a R

CGCAAACGCTTCACCTCTTTACATC
TCGCTCTCGGATACATGGACAGG

unc5b F GCAGCCTCGGTTTTGACAG

uncib R AACCAGCACCTCGCTTTTG

S-actin F GAGACCTTCAACACCCCTGC

[-actin R AGAGCGTAGCCCTCGTAGATG
15 @RT-PCR

DU 5% A5 2 ) cDNA 54 , f# F TOROGreen

qPCR Master Mix i # & (QST-100) 7£ Applied
Biosystems StepOnePlus PCR ¥ 117 qRT-PCR, %
MAKRZ A 20 pL: Master Mix 10.0 uL, JG RNase 7K
6.4uL, ETFI#5144 0.8 uL, BN 2.0 pL, SV FE
195 CHiZEM: 60 5595 ‘CAEME 105560 CiB K 305,
&R 40 IR,
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1.6 HIESH

qRT-PCR J& , S &l 70 53R 45 B i 2L fN 2
FHW CAEIFTHEEME . i AAC ETTHRE 3R
KT 2., K SPSS 18.0 B HEAT BN & )7 253
Hr(one-way ANOVA), Kigo45eHF13kikm 2 0] 255
ST (P<0.05 FIRFEEZER ). H GraphPad
Prism 6 FXFFER] .

2 H#HR

2.1 pdelOa ZEEEARERE THRIETWL

FIF qRT-PCR AN [FIREE T pdelOa FEHAENF
FFE o0 R R A AR AL, SR 1 R
TERFRE T, AR pdelOa WERBRELETHEET
Rk, B —IR R R bk 22 57 B
(P<0.05), 8 CHlE L& BFEHT 13 CHAM* A
(P<0.05), 13 CH Y Fik i B35 T XA 4 (P<0.05),
e, RIE4H pdelOa WFE R ELTIRIE T
BEm s, s CHUKM M S ELELES BH
(P<0.05), HFEFEHRBESGT 13°CH Mg
(P<0.05), 7EBEH, AR pdelOa B35 55
T e TR s, 13 CH &N SRk e LR
3 (P<0.05), 14 d i, [REAMEL R B ERT
X HRZH (P<0.05), 28 d i, 8 CHAMEXELEST
13 ‘C A%t iR 2H (P<0.05),

tacc2 REEAREE THRIEZTK

FIF qRT-PCR KM ARFRE T tacc2 FDH1E AT
FE LD E L B R R, AR ILIE 2. FEAT
fEH, ARIRA tace2 R FRA 2 FREF- TR
FERE S, [A]— IR A AN TR A ) ik B 22 7
(P<0.05), Xf B4 A0 0 3 5 TG 41 (P<0.05),

2.2

b b

7

r
%% lia%
14 28

Bif ] Time/d

i

0

pdel Oati¥f ik &
Relative expression level of pdelOa
Relative expression level of pdelOa
B

B 1
Fig.1

5} jE] Time/d
IR N8 T AR Ty Sl I E . O ERVE I pdelOa FE FRIAE B8] 5 19 Rk AR 1k

Changes of pdel0a gene expression in liver, heart and kidney of turbot under low temperature stress at different time points

(=]

14 14

it ] Time/d
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-§4—8°c
R zz13°C
g3 =18C a
KB
b ®gaf
7 £Z |bbo b
bcc c S 8
us 3EY
n i
M 2 .
28 S| 0
o
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AR BEAC AL E] 22 57 . 35 (P<0.05) . T[],

Different letters represent significant differences between groups (P<0.05). The same as below.
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13 CHRREREREERT 8 CTH(P<0.05), TELE

13 CHLF A8 B E R T 8 CHALMXS B4 (P<0.05),

W tace2 FEN O F6 35 D0 A8kl , 14 d 1,8 °C X HRA ) F ik N E T 8 CL(P<0.05), 1Lk,
HPYRBFHEEST 13 CHMXBAHP<0.05); 28d  KIRA unc5h FEF R IA B RS T, 8C
i, BCHMNEXRBLES T S CH MY HFA B EET 13 CHFXF B (P<0.05), 78 B JIE

(P<0.05). 7EENEH, fKIR4YL tacc2 FEH PR E R
STt TREm Y, AAURA N KSR BE
15 T B 2H (P<0.05)

23 unceb EEEARRRE THRIEZTHL

FIFH qRT-PCR Kz AS[RIEE T uncsb F&H1E /T
RO RIS R ek B AR AL, S5 R NE 3 TR,
uncsh FEAEIEPEERIE, MO PR A TR

W, uncsh B A B TCI AR LS, 14 d i,
fRTRZH 1 ek i B 2 5 T4 IR ZH (P<0.05); 28 d A,
8 CHIM RN B E 5 T 13 CHLUMXTIEZH (P<0.05).

24 exocA BEEZEARRBETHRETL

Il QRT-PCR KA AR E TR exocd FHTE T
WE . OIERIERER B ERNAL, R ILE 4, ERF
e, AR A exocd FEDR ) Rk 1 B T R T

%o ZEMFREA, uncsb FE 3% 15 7 ToH AR fh a3, FaE a3, X R 3k i i 3 FAIRIR 4H(P<0.05).
3 A JFRE Liver NB B U Heart % C B Kidney
825 8°C S25 wasT S25r @ sC
S zz 13°C 1S} zz13C 5 zz13C
%E?-O = 18T %5?0 =18C %E?O = 18C .
E§L0 g - g g10} % % Z810rp b b b
S & % 5 -l 17 / SE |
§3051 17 % §805017 % §8os %
E 0 / % E 0 / 4 14 % d E 0 4 4
K= 0 14 28 5 0 14 28 g 0 14 28
= fit 8] Time/d = fi ] Time/d P4 fit 8] Time/d

B2 ARG LA T S . OB BE T race2 BRI AE 45 B[R] A5 220k 184k

Fig.2 Changes of tacc2 gene expression in liver, heart and kidney of turbot under low temperature stress at different time points

S A FFAE Liver ] B AU Heart ] C B Kidney
§1.0; =8C §15; @a8C £15 ==#8C
5 z213C o z213C s | =13C
@g 0.8 —18°C s | =18C %g —18°C
#8206l . . ﬁgl.o- & 8107
= § g + §
B2l aapab a ab =L ab E% |[bbob
EZo04 b =37 7 5
S5 c c S 205 / S P50
'3 & ’ Y / a g
g 502} 7 7. S & E QK
§ g . % é § o c ¢ C % c § g
EN _ _ 2 lman 740 £
= 0 14 28 5 0 14 = 0
M~ A} /5] Time/d K Fit[F] Time/d F A} H] Time/d

Pl 3 AIRTRLME T 208 AR Sl E O BRI unc5b BERI7E 4% i 1] 450 3Rk 1 A8 4k

Fig.3 Changes of unc5b gene expression in liver, heart and kidney of turbot under low temperature stress at different time points

§ A JFRE Liver § B Ui Heart § C B Kidney
S§3r = 8C 8§31 = 8C 8§20 == 8C
m“a =2 13C m“s Z213°C M"a zz 13°C
K | =18C «T | =18C Q215 =18C
w8l a Zal e
K2 a2 g Re
£7 o[ sen|| B3 |00 s bpy =3 b
S E1t S 81 % s 8 7
S & c 3 & % 8 Sos5h.c & ¢ c
§ 9 §9 % §ov /
2 5 ’ g %
S0 14 28 S0 T £ 07 28
& & &

HsHiE] Time/d A 1] Time/d A} 8] Time/d

B4 ARIRMME N LEEAR T SR . O NERNE E T exocd e PR7E 45 B[] i (9 3R 3A B AR AL

Fig.4 Changes of exoc4 gene expression in liver, heart and kidney of turbot under low temperature stress at different time points
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TEODHEF, 8 CH exocd WM EIAER L LTHET
FERytas, 14 d ik, 8 CHE A BB EHEHT 13 CTH
FXT BRA1(P<0.05). FEEFHEF, XTHRZH exocs FEPHAY
TR B EF S 14d ), [RB4EBRY BE
T X B (P<0.05); 14 d if, 8 CHFEAREER
T 13 CLHMN IR (P<0.05), 13 ‘CHFK kR BE S
T HR2H (P<0.05).

25 arhgapdda EEEARRE THRIZTHL

FI] QRT-PCR R AR R T arhgap44a 3:H
TEJHE | O RN B e rh ek A8k, S5 R aE 5 B
INo TERFNEH, (RIRZ arhgap44a FER )RR m ) 5
b, HIA AR AS [ s [a] 5 2Rk i 25 5
(P<0.05), 8 CAM L m B Em T 13 CAMNT IR

TEE, AL 8 ‘CH arhgap44a FEF )Rk m 256 T

THE TR, 14 d B, SCHEXIEREST
13 “CLH FIXF IR ZH (P<0.05), 7EHEH, KRR AR
T B ER,

2.6 fsipl BEEEAERE THIRIEZEWL

FIH qQRT-PCR KR [RIME T foipl FHLERT
FE LD BEFN B R R R R AR AL, S5 NE 6 BT
TERFAEH , AR fsipl LD R IA 1 B B0 R Rt #,
14 d i, 13 CAMX AN ERA R EHT 8 C4A
(P<0.05); 28 d I, XtHAZL Ay ik B m FAURA
(P<0.05). 7ECEFIE AR, RIRA fsipl FER B FRIA
HEYRE ETHE NG, FLIR 5 A R E]
f 215 25 55 18 35 (P<0.05), £ & 8 Tkt

(P<0.05), 13 CH ik & & T X 4 (P<0.05), WEET 13 CH X R (P<0.05),

3 3 3
T A FFRE Liver X B Ui Heart by C "B Kidney
S5 em8C 820 28T 20

S | @13C I 5 z213°C I# 5

ﬁ‘s“‘mls"c ;g“s 15} =18C ﬁ‘s 15

=3 a Mg} ™3

® >3 = 3 b b b = 3

B EZ210rb by b E2 L0t

S8 2r 3.8 3.8

8 d a4 S8 ost 3405

S 21} SE-ERE S

3 @ ﬂ 33 3

S o O So 0 4 So 0
2 0 2 0 14 28 2
E‘Z s ] Tlme/d i; i} &) Time/d i: HHE] Time/d

Kl s ARG T 2168 A<y il i |

O MEFNE I arhgap44a B R TE 2% I 8] 5 109 22 3K 1 A8 4k

Fig.5 Changes of arhgap44a gene expression in liver, heart and kidney of turbot under low temperature stress at different time points
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HTIE] Tlme/d

K6 AR MIE N ZL6E AR 5 W E |
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Fig.6 Changes of fsip! gene expression in liver, heart and kidney of turbot under low temperature stress at different time points

3 itip

R 8 7K A3 I 0 28 A A7 2R, S LA K

e — S O A PR R R I 25 | R

%ﬁ* JOLUSE IV, A2 58 e £ R A RS0 P R R 5
FE OISR L PR AR B QAR fE

(A5 45, 2020; Wen et al, 2021) . A<HF5T X I 15 AH
KB QTL ik th T 6 A5 IR AH ¢ % 3 A i
1T TR E R0, 4558 8RN, 6 N3ETE
TR0 T 4 7E 2 2 e SBR[ RE B i 363k, 30
— YRR, e W X B L PR 7E 41 668 ARy B IR U
o R T A R S DI RE
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3.1 pdelOa £#REFE{KRE THRIES

WG, Bl T B R ] 254G, pdelOa TE
JEFIIE o JE 0 AP T L e ) 29 3 359 22 S T o I R A1
M#aFE, BEBR _MHEY 10A (phosphodiesterase 10A,
PDE10A)RE W 2 5 /K fif 55 A i BRA% 17 1R — W R
F (cAMP) 1 %R (cGMP) (Gross-Langenhoff et al,
2006; Jger et al, 2012), T4 (5 BAT 2251
REEE D 2R N X AN« i A B e v I S
2015), [F#E, FEMZEMF5E, PDE &S cAMP,
Ca”". 20145 4 1 (cellular calmodulin, CaM)Z [H] £f
FER AR M, A Ca? YR BSOS N 523k CaM 1)
B, i CaM S i K #)i# PDE 36, i 520 cAMP
) [ i (Mukhopadhyay et al, 1997). AT LAHEN
IR e 76 AT S BRI pdelOa 1335 AW T)
B T cAMP Hl cGMP 11 25 Wy 15 5 MU HL A BE
W TH FE 1 R AR AT B RN R N GR 9% . Bl A R (]
FA) 38 T, AR o AR TR B I AS WA 7 T e 3
AR T A CEARIER T A AFRE ST, BT LA pdelOa
TR TRITIEFEAR . pdelOa TE 025 b 33578 Ak Ay 45
HLHIA A G, {H Hankir 25 (2016)0F58 & P, 3@ 3
17 MP-10 #1] PDE10A (13835288 i/ BRI
KHUARRE RO FE, UL, pdelOa TEfZETHYEIA
A A0 AT 8 A 2 A A R A R Y SRRk s, B
W, SRR pdelOa BRI SRR 5T R AR /D,
W IR pdelOa 335 HA5 5 38 HEAOCEE R T,
5] pdelOa FEFBIFRIE, SAERKBE LT
ROT AR AR T A FERE T .

3.2 uncbbh ERFEEKBME THRIESH

UNCS [l I 5% A UNCSA~UNCSD PUfif
HH, BWZL S H AT Netrin-1 iZ1K, EHA KT .
i i 3z Sl A OE T LA S i A8 AR b & B AEH
(Arakawah, 2004; Larrivee et al, 2007; 5K 1£7H %,
2017). Z5RWIR, uncsb FEPH FEAE B R B £
ik, FFEFRM, Netrin-1 W@ /EH T UNCSB kb
' e D PP 3 A B R O 1 B I AR R (T AN TR A,
2015), KU, EAWRF D, ARZEATER YA T ol GE
LT RIESN, A T IR R R B, R T
unc5h fEFIEH LI FRIEE . Hi4h, 28 dif, 8°C
Hrh uncsh FEHRPMAFERRIE, 13 CHPRHRER
Y, ATREM R AR A ARTE 8 CIHE T B R
HERFEE RIE RN, 13 CF fa R4 ad 4 i 8] (938 1
PRI SN 2 BT R o FEAS S g 45 WP o R R
o uncsb FER PR IB AL, Hr, 70N RN
RS 2 RIEMBLG, X AT RE AR IR X 2168 2 7 il

WIS 7= A T 405, S T AR R T U I A R T 4 v
unc5b FERTEDNET )RR uncsb FERTELLEE /R T7
fii (A P F 3k AR AR VR AL o] BE S L3 2L,
P2 ] K Netrin-1 7E 4232 0I5 5 U5 #51
B, HHTF uncsh FEAMZEIFFR AR WA, 7E2 68
IR 7 li25 L A A E LA 75— 2B WF ST ik

3.3 exoc4 EEEREMIE THRIESHT

ARFFEEE R BoR, RIRA T exocd M
BAETHRBTRENBRE . &EARA AR,
AR EXOC £ FI ¥ NSRRIl /i h 235,
EXOC4 (P32 nT BE 23 1F b it I fim 2 s ok i A4 B2 %,
(Walsh ef al, 2021), Sharda 2§(2020) B 55 BIESE,
EXOC4 [k 850 1 456 1ML B 175 5 %) 0045 M 1 A 1A
T M Weibel-Palade /MA(WPB)H YR . FeAITHEDN
R R 300 2 3 B 2T 66 AR i e (AR PO 1 I, o £ 2%
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Evaluating the Transcriptional Regulation of Six Major QTL Candidate Genes
During Low Temperature Stressin Takifugu rubripes
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Abstract Takifugu rubripes are warm temperate fish, suggesting that the reduced seawater
temperatures in winter are likely to have a substantial impact on their survival. Considering this, there is
likely to be some industrial value in breeding extremely low-temperature tolerant varieties of this fish.
Here, we evaluate the expression changes in six major QTL candidate genes (tacc2, fsipl, exoc4,
arhgap44a, pdelOa, and unc5b) in response to reduced temperature in an effort to understand cold
tolerance in 7. rubripes. The expression changes of these six genes in the liver, heart, and kidney were
detected using real-time quantitative PCR. This study used three groups of 8-month-old fish, all from the
same family established by our research group, exposed to three different temperature gradients, where
8 °C and 13 'C acted as the minimum in the low temperature groups and 18 °C acted as the minimum in
the control group. Our results showed that all six genes were expressed at different levels across each of
these three tissues at different temperatures. The relative expression of pdel(Qa first increased and then
decreased in all three tissues, whereas the relative expression of tacc2 and exoc4 were distinctly different
in the liver, kidney, and heart at 8 “C. In this case, these transcripts first decreased and then stabilized in
the liver, increased and then stabilized in the kidneys, and increased and then decreased in the heart. The
relative expression of unc3b was low in the liver and heart, but high in the kidney following a second
week of low-temperature growth, whereas arhgap44a expression was slightly upregulated in the liver and
stable in the kidney and heart. fsip/ expression demonstrated a downward trend in the liver but seemed to
first increase and then decrease in the heart and kidney. Taken together, these results demonstrate that all
six of these genes are differentially expressed in different tissues of 7. rubripes, with these differences
exhibiting dynamic changes with respect to tissue origin and temperature. In addition, this data clearly
revealed a positive correlation between cold stress and the expression of these QTL candidate genes. Thus,
we can conclude that these six QTL candidate genes may play a substantial role in the low temperature
adaptation of 7. rubripes. This is significant because although low temperature is known to be an
important factor limiting the development of the industrial utility of 7. rubripes, there are still relatively
few reports describing their cold stress response. This study provides a theoretical basis for the study of
signaling pathways related to the low temperature tolerance response of 7. rubripes and the development
of low temperature tolerant varieties.
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