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FEE: RWFoE 4% 8 44 (Seriola aureovittata) i i R AT- 0 & B B A= BHAE S T3 PR, K R A A i 41 £ 4 51
RZHET 0 (WHR). 0.034, 0.060, 0.107. 0.192, 0.340, 0.600. 1.070 mg/L Y CuSO, ¥+ 60 h F1 5 d, 4#r Cu
BRI R E . WA AR AT . 208 IR U RETE R0, 553015 Cu X B G F4 55
FF A BOE TR B (LCso) . A LR B2 (SC) o [RIE, A S 40 430 BT 1 B9 B AT (6 Cu 55 88 ikt 1 43
TR AR . S5 R (1) Cu [0 N B 25000 1 IR IR & B BT S5 WAL 3R A1K . WD AT £ W T 36 1) % 1) g 9 R FH R
RS . (2) MIEHB: Cu* i 48h-LCs 4 0.08 mg/L A% T4 WA £ [ Be(0.60 mg/L), Cu X # 4<% A1 £ (1)
SC 4 0.034 mg/L, (3) Cu #FE F, M2 R RIAILF (DEGs) £ 8 & E A S B R b5 5 Wi 1, MImfrarh
DEGs EZ &S AMMFEI LIRSS 5L s . BFIT S 5 0 5 4000 510 & 5 W B 1390 19 22 2 fd FH R B2 LA &

IR ERIFE B4 A 0y s 0 B 4 PR TR

KGRI WA, GARER; WMIRAE, PR, SRR, B i

hESES: S917 SCERAREAD: A

b5 N ZAt & & @A Tl by sk, BT
HE L AR 24 R s folf T A5 i Rl SR /K AR S R e o
SJEGY H gmE, Hrp R R LR R
Z—o HAAER AR A 7 v i SR R A SRl A
WL IERHRA 29z N, TR K
AT HEICR, HARET . iR
AR IE AR A AR . KSR, B
PR 4 (CuSO4) WL AE Ry 42 il K 2 DL SR K% AR
sy N SR, K EREE R B T
SRt A AR AR S AR, AR bR L RE
JI08E . DR . AR E 2B A S A
ARG is, RN G LT D, AR E
W, 028 RGN f0 4 FLIBT AR % L B BOS K A
Hh 3 B T L 1 o 1 A B, e 1 5 R 2

s BHEE: 2024-07-21; 1EiTHHA: 2024-08-25.

XEHE: 1005-8737—(2024)10—1186—18

1 fid(Acipenser transmontanus) . T f#(Oncorhynchus
mykiss) . Ji 3k 1 (Pimephales promelas) . 7
(Oryzias latipes)% kIR fif kK B WL . LR T
W WIRAT (BT R T | AT 0 A K B el 5
AF e USR] P ARG | A 2 P
A 0 28 SR S 3N ] 4 i 4 S T e ) A
XA A ] B A K IR H 4 R TS e 1Y
TRz —, I TR R R 50,
X oK PR v i 4 v e i W | K S5
e B A HEN N HME . BEE T AEY R
e, FIAEE SRl . EEdH . RIHSH%T
B A AT 43 R S5 TS e Wi AR Y ) B AL
R T ATRE, o PR R 4 R 0 I TR Y
Jrgtht,

ELWB: EREKEAFHAMKRZITH(CARS-47); INZRA T AHFL IR H (2023TZXD050, 2021SFGC0701); %% 7=l 4%
FAA TR, FHHEFERHLBIH I (24-1-3-hygg-22-hy); ™ [E K RH2E 858 Be B AR 55 2855 H (2023TD5 1,

2024XT0701).
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5 S fiffi(Seriola aureovittata) & &7 H (Perciformes)
%R} (Carangidae)fiiij& (Seriola), &—Fh{ARAI A A
KEEEY, ERFE . SUME R R E
028, TEFREUTHEELA oA, WEEMAE . B T
M. L) ARSE 2R IRAE A e 2, Rl H IR T
FRFE A Bt U2 A S o s v T v SR
8 Cu 258 0T ¥ A5 MR i BTt A= K R B Y
AW, #iE T Cu XARHGLL L PIRE T
9 2F A 5T o R JRE (L.Cso) LA B %6 42 i B R JBE (S ©0),
b TR RERY > LS, LU N B R E R
B 3 A5 e o R0 A R 2l AR K R i 5 A 4
et

1 #HERE

1.1 REHR

WA RGOk B T REE A EMARA
FE W R [ AR ON, SR T B B K o
A JKHE 21~22 C . #hE 28, pH 7.8~8.2, & f#
A =6 mg/L, PRikFHLR Kk & IEH H R 02K
BN LA K T 1 PR AT 0 T 50 5 . SEUe e
il (CuSO4-5H,0 = 98.0%) iRk ) Ky 43 A ki (1 24 4 A
AR AT BRA A, v D, 3] 7 S5 56 i G o
HIRIE N 200 mg/L BRERAE Mg, BT IE
K% LI R, IR SRAC
1.2 SRAHE
121 HMRAMSZIMEIE MWHRHEELEER
( OECD 2 M vE I No. 236 fa 2R iRfif &tk
RS WIER MEA T ARYE UL IR 25 R, 7F Cu™
TR/ 100%30FE R BRI T EFE T 1Y e Kk
JE 22 ) 4 A o K B iR 1 T R R 7 SR
S35 Cu* M 0 (WFIR4) . 0.034 ., 0.060, 0.107
0.192. 0.340. 0.600 ., 1.070 mg/L . 525 2000 mL
PEIGBERS, R KA D MRTE, 5256 0 TR A 46
Ko BALAHABE 6 MEE, WM &K
A 60 R iR & E 2 S PFEMBI0SZHE 00 . RS0
H(6 MNEE)A 14 80 cmx60 cmx40 cm [ {471
TRAE H, A 4 O ASCH i 0 Ak K IR (21+0.5) C,
LB 2041, SCIGRFLEATEIDN 60 ho SCEId AR 43
BIFE2.4.8,12,.24,.48,60 h, 7EfFH4E T (Nikon
SMZ800, Japan)WLEZEHRIG & & I OLIFFIIE, 105%

H LA R E BT . BRI TS, b
A4 1 B0 T R i (1 ek LT 30 e A G0 ) LA S 7K 3t
IR, it SL B2 AR AL R AR T IR R,
FEURLREEA [ S By 2 R A 0.7 24 48 h AYFE
TR, LUEIGIEN 15T 24h-LCso. 48h-LCsoo
122 ¥WHFeazdsSHEXE =% (OECD ik
2K AEN No. 210 2R L B Br Atk
PRS2 MRS W ATt R M 525, Cu™ IR IR
DL S 25 SRR dE vk S e — 3%, i
W 6 NEE LI T S BEPLCA 60
WIIEAT-f, IO TR) S RIS 118 90 TR A LA s SR (SR
KR M (23£0.5) C, $RE 29+1, LG HFLLT
[ 5 do Lt fEr, 43#E2h.4h.8h, 12 h,
24h.48h, 72 h, 96 h MERI W K EFIHH, H
fift ) A R 2 00 i 5 R R AL A7 B9 5 1 70 A1
B, BEETILEE | 0 ST BE TR AT L K
JRASIR . Rl ik, 31424 h, 48 h, 96 h
) LCso Fl 95%EfF X [A], SC #& Fxit5: SC=
96h-LCs0x0.1,

FEB 24 h WS I B 4% Uk 5 24T £ D R 11
ARG, S8 Alderdice 25U Oy k3144

V=4/3-1:(r/12)*R,/2

i r MER, RAKAE,
13 HREAHW
131 #HRRESRE MWHIHEHLREFRE,
TEA FFAAETE B X FRZH . 0.060 mg/L ¥k B 4H (I E
ARH B2, 3 48h-LCso fE). 0.192 mg/L ¥4
(L5 A vk B 21 45 BEHILER 20 243 R A —14
FEA I AR A RAE, T 5 225 s 4l il v 43
BT o &S50 AUAF 16 AT 1E JRURE AR N 4k 2 11 7R
DK T, F5 5 d XS XIEZE L 0.034 mg/L ¥
JELH (B MR R4, 3 SC{H). 0.340 mg/L ¥k
JEH OB REWREL, IT 96h-LCso [E)F71E 1Y T
BATEAIEATHRE, BT F(10~15 B)WEN—14
FEAS, SEot 18 ANRE S IEA T 5% AL P 53 BT o
1.32 RNA EESNFXE#HE (] TRIzol
3 (Invitrogen, 32 [ED) B B RNA, i H
Nanodrop2000 (Thermo, 3& &) F1 35 fig bl Gt 1 H ik
(BHEE R 1.2%) KA RNA R HE 3 Flali i (M =
50 ng/uL, 1.8<0D260/0D280<2.0), ffi/T] Agilent2100
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(Agilent, 2%E)I%E RIN {6, FIFH# 4 Oligo (dT)
LR B RNA Hr B mRNA, S A B
AL 5] (Fragmentation Buffer)# mRNA BfEHLFT 5L
JR B, FIFABEHLS 9, LL mRNA KR S A
AU R ¢cDNA % . >R End Repair Mix i WU
cDNA K hnke I 820 7 4% 3k (Invitrogen,
F ) XL Y T 2lif, JfE S PCR Y
B w FEARAF I T SCE
1.33 BHRANFFINGEEESN 7 LR
H W) BE 25 RHBA TR A B 6 SC#EJEAT Tllumina Nova
Seq6000 7 (2L BE Ry 2x150 bp) o Xt [ 4G 741
(raw reads)FEAT U8, VB4R LG BCE L T
IR BT 3L, SAF 575 (clean reads), ffiH]
HISAT2 %7, 44441 clean reads 5 54AiiiZ%
J ] 2H (JAIQDC010000001.1-JAIQDC0100000031.1)
AT HUXS, RIGH FIa sl st ARd S . Rk &Il
BAFIENLTH, W AL 1) X &5 SR 2R 17
JRR DAl o (] RSEM RN S173 1) Xof 5 [R] et s
AR A AT 70T, DAMEJE 225 B A ]
FEAS ] 3 PR/ 3G AR I 22 S R AR o
DEGseq A" AT 22 5 3507, ¥ |log,(fold
change)| =1 H FDR<0.01 {EAifiikniE, MM
1 I Y 22 S R IR LR (DEG), #1T DEGs 1)
EHEMT. 3 HEF Goseq™fil KOBAS # {12!
X} DEGs #17 GO DIBE o 3 1 & 440 Hr fl KEGG
5 e R AT
1.3.4 ERKEEE PCR WIEHH  NEILH
S B e, BEALIEE 5 ANHEAA R R
MEERI(ER DI SERT 9 % 5 PCR (qPCR). LA
ARP &% JL N, {#i ] LightCycle480 %I 5E f& PCR
AT B A = 1S 53 BT . PCR VAR R
10 pL, 35 10 pmol/L [ I . N5 19145 0.4 uL; 5
uL ) TB Green Premix Ex Taq; 1 puL [ cDNA AR
3.2 uL ) ddH,O . PCR W 45 4F: 95 CTiAEM: 30 s,
95 C 55,60 C 34540 MG, kAR
BI3IANEE, HRRERERRERM 271
1.4 BEESEITSH

K SPSS 19.0 #fH(IBM, &R #ATSE I
Br, B s 2R B AR fE2E (X £SD ).
W K (t-test) . HLPR K 7 2250 M (one-way

x1 EMEKHAEE PCRERERRIESIWFT

Tab.1 Primerssequencesfor gPCR analysis

JLH 4R 519731 (5'-3") sequence of the primers (5'-3")

gene name FiEBIY) forward TU#519) reverse

ARP TGCCATTGTCATACA GGGGAACCATTGAAAT
CTTGCTG CTTGAG

NDUFB4 AACAACCCGCTCAG CTGCTCCTCCTTCCTAT
GAAAG TCC

NDUFA4 GAGACTCGTCGCCA GGCTCAGGGTTGTTCT
AACAG TGC

NDUFA1l GGTTGGTTCAGCCTA TTCAGTGGGTCATCTG
TCACATC GAGC

GUCAl1 CTGGACCGACAGGA TGTCGTTATTCTTGTCC
AGTAA ACC

RCVRN CAAGAACGGATACA AGTTTATCTGCCCTCTT
TCACCA CTCA

ANOVA)FI Duncan 2 5t W5 H7 7 dEAT HEAR
(] J B R 22 S o b, 1B 22 7 B MEKF P=0.05,
M P<0.05 BFIA 25 5 B 3

2 #R59H

21 CU"NMELKEHREHPLENRNESSY

R RGTE R[] S 40 21 22 57 60 h J5 AL T 15 15
%2, BHE Cu” BFE41(0.6 mg/mL 5 1.07 mg/L)
AR BI(12 h)FFin BT, - 7E Bl 48 iR s 38
(14 h)H IR EIE T, Fem i ZE41(1.070 mg/L) 48 h
NAHEFETS; 0.192 mg/L, 0.340 mg/L. 0.600 mg/L
WHEZH 48 h JET- Rk 80%L) |y Cu® ki T RHA
fY) 24 h, 48 h 1Y) LCso 73 %124 0.48 mg/L. 0.08 mg/L,
95% {5 X [6] 43 514 0.46~0.50, 0.07~0.08 (3 3),

2 CUNMEEZMPHMBINESSHER

Tab.2 The eco-toxicity of Cu® to Seriola
aureovittata embryos

3 - 327 /0,
Ao B e e/ (mg/L) corrjﬁt?dﬁigii/t; rate
group number concentration
24 h 48 h
Xt 18 control 0 0.00 0.00
I 0.034 1.44 20.93
11 0.060 0.86 46.51
111 0.107 3.74 71.51
v 0.192 3.16 79.42
A 0.340 8.33 93.60
VI 0.600 73.56 95.06
VII 1.070 97.13 100.00
e BIE BT (%)=(Ah BEAE T %] JAE T2 3 )/(1- X I SE T

Z)x100%.
Note: Corrected mortality rate (%)=(treatment mortality rate—
control mortality rate)/(1—control mortality rate)x100%.
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Tab.3 TheL Cs values of Cu®* for Seriola
aureovittata embryos

FFE A /h IR S 95% & {5 X []/(mg/L)
exposure time (LCsp)/(mg/L) 95% confidence
Xposure half lethal concentration interval
24 0.48 0.46-0.50
48 0.08 0.07-0.08

WA T 76 AN [F) S 06 2H B2 77 24 h N T BEAE
T2, 1.070 mg/L ¥REELIAE 48 h JET-H N 54.32%,
JETE 96 h FET-F &3k 84% (3 4); Cu® % 5 S Hifi R
WAL 24 h, 48 h, 72 h F1 96 h i LCso 535
4 0.98 mg/L, 0.60 mg/L., 0.38 mg/L. 0.34 mg/L,
95% {5 X [8] 4351 4 0.93~1.02, 0.57~0.63, 0.37~
0.41. 0.32~0.36, SC & 0.034 mg/L (38 5).

R4 CUMEEHNERTENESSHER
Tab.4 The eco-toxicity of Cu® for yolk sac larvae
of Seriola aureovittata

WS REKE HEIESET /%
group (mg/L) corrected mortality rate

number concentration 54 1 48 h 72h 9 h
X I control 0 0.00  0.00  0.00  0.00
I 0.034 0.93 2.89 4.58 4.81
11 0.060 0.34 2.23 6.40 7.20
1 0.107 2.46 545 13.10 16.16
v 0.192 8.66 13.28 2217 25.61
\Y 0.340 891 22,61 31.88 3454
VI 0.600 19.70 49.57 72.64 77.01
VII 1.070 2483 54.32 77.03  84.00

R5 CU'MERHNERTFESHEMNLC,5 SC
Tab.5 The SC and L Csovalues of Cu® for
yolk sac larvae of Seriola aureovittata

NA ¥ L f2 i 72 I\
@ [/ HBIEWEE  95S%E(FIXIE/  EAEWEE/
exPosure LCso/(mg/L) (mg/L) (mg/L)
Xgmeu half lethal 95% confidence safe
concentration interval concentration
24 0.98 0.93-1.02
48 0.60 0.57-0.63
0.034
72 0.38 0.36-0.41
96 0.34 0.32-0.36

2.2 Cu”Bhi&xt AR BRI 4k R A0 41 97 G B T
sEA

221 Cu”'Be FRERRIFL RAVIFMT IR [

Cu” FR5% W I 1 T 5, 1o VIR J32 401 190 RS J¥ 91 3R f

HREAR, HAIREAT 0 M 3 3 T 5 (P<0.01) 5%
25 R, 0.340 mg/L. 0.600 mg/L, 1.070 mg/L
e AL IR IR AR AE T, Hifth CuP WA, iR
IR AL AR, XF B ZH IR R R L R AE 80% L) |,
0.340 mg/L HMIEMALRIE 60% LT, BEMT
% B 4H (P<0.05), 0.06 mg/L . 0.107 mg/L .

0.192 mg/L MG IFAL RAAL T 50% (P<0.01),
H W1 AT 0 W58 R A =38 50% LA 1 (P<0.01),

0.034 mg/L ZH A1 fa 1) I T2 SR AR XT38 415.(10.1%,
P<0.05)(¥l 1),

S
o

i [J 94k hatching rate [/] HE# deforming rate

oo
T

k%

N W A U &N
L B R R E—
— *
*
*
*
*
*

rate of newly hatched lavae

N - a4

—
T

B 1

0 0.034 0.060 0.107 0.192
Cu*¥¢ JE/(mg/L) Cu** concentration

B 1 OR[ERBE Cu® b xR AR %Ak R Al
)A€ i T2 38 1) 52 1)
*FRINAN AL A 2 [H) 22 5 3
(*¥*P<0.05, **P<0.01).

Fig. 1 Effects of copper exposure on hatching rate of
embryos and deforming rate of newly hatched larvae
*indicate significant difference (*P<0.05, **P<0.01)

in different treatments.

[ RR IS R R R
hatching rate of embyos and deforming
(=]

222 Cu”BhBXIBERS & B MR (T & B 15
B o in IR BN B . IR A
RO A TE I B4 (] 2b, 2¢). K BUIRIGTE— ik
JE I Cu* b RLE b ] DAARSE K T 5 58 B0 i
T, AR R AT A TR 25, HLZE K [R] N AE
To. BAh, R Co™ BFEUE 5| K BRIt
WP RS WA, FEAAREEHED M VvIE .
“S”IE | “LIE KR B AT SR ERIESE (K 2e),
23 CU'BMB TFAMMEERGRTWN

B Cu® W RESEIN, A7t 50 Bk .
#1.070 mg/L. 0.600 mg/L. 0.340 mg/L ¥4
1~5 d frfa 8P 2 R R /N (P<0.05), 2~5 d
FFEAEHE Ay 0.192 mg/L B, P i 48 AR FH B 2K
T3 BRZH (P<0.05), 0.192 mg/L e 4H 1 d A P e
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K2 AN Cu A BRZH T B R0 G AR A (1 B 25 53
a. IEWIRIGOR R, b-c. BIEARIG, d. IEW 7, e, BIEAFH.
Fig. 2 Morphological abnormalities of Seriola aureovittata embryos and larvae
after exposing embryos to different copper concentration
a. Normal embryo (early gastrula stage), b-c. Abnormal embryos, d. Normal larvae, e. Abnormal larvae.

®6 ARKECVRETHEHTAMERERNETNL

Tab.6 Yolk sac volume of Seriola aureovittat larvae under different Cu?* concentrations

HeJE/(mg/L)

concentration newly hatched larvae

P A

1dfrfa

larvae of 1% day

2d fffha

larvae of 2™ day

3d {7
Larvae of 3 day

4d fr
Larvae of 4" day

5d fffa
Larvae of 5" day

0 0.4859+0.0139°*  0.2485+0.0062¢
0.034 0.4490+0.0051"°  0.2244+0.0057°
0.060 0.4267+0.0072® 0.2391+0.0090"
0.107 0.4292+0.0083" 0.2332+0.0094¢
0.192 0.4642+0.0218™  0.2332+0.0057¢
0.340 0.5042+0.0108% 0.1510+0.0060°
0.600 0.5097+0.0128° 0.0794+0.0042°
1.070 0.4908+0.0145°*  0.1147=0.0160°

0.0194+0.0017°
0.0150+0.0017"
0.0189+0.0021"%
0.0103+0.0006°
0.0113+0.0014°
0.0072+0.0006°
0.0067+0.0003°
0.0075+0.0009°

0.0131+0.0004¢
0.0080+0.0006"
0.0083+0.0007°
0.0097+0.0006°
0.0082+0.0006™
0.0061+0.0004°
0.0064+0.0071°
0.0067+0.0003%

0.0115+0.0008°
0.0067+0.0005°
0.0079+0.0003¢
0.0058+0.0004"
0.0062+0.0002
0.0050+0.0002°
0.0058+0.0002
0.0037+0.0003°

0.00530.0002¢
0.0054+0.0000"
0.0048+0.0000°
0.0048+0.0000"
0.0039+0.0003"
0.00460.0000%
0.0038+0.0004"
0.0028+0.0003"

VR ING S F ARR Ab BAL 2 [ 2% 5 52 (P<0.05).

Note: Different lowercase superscripts indicate significant difference (P<0.05) in different treatments.

PR BN T Xt B8 4 (P>0.05) . Ik JE Cu™ 4b H2H
(0.034 mg/L, 0.060 mg/L. 0.107 mg/L){£A 1) ) %
9 e WA SR S v X BRZEL (3R 6)

24 CU"RBETHEWFENEREASN
241 HFRABWRESW HWRERZEVINTA
5 d AT A B e RS 66.39 Gb Al
64.33 Gb Clean reads, #5#£/ Clean reads ik %]
6.3 Gb LI I, Q30>93.48%, &MY FF B i
EEE . B Clean reads 5 % 25 5 % 3& [ 4 LL X,

R BN 92.34%~93.76% reads I F| 2
FILNH, FHSHENAEREAEHRERER,
T SR SR B2 AW EER (5 7)o

FIH BLASTX #{#:% NR. Swiss-Prot,
Pfam. EggNOG . GO #l KEGG 25/ et g, %f
IR IR AT D) RETE RS . LT RESEIA 20944 4,
Hr GO. KEGG. COG. NR. Swiss-Prot. Pfam
B P N PR R L g A 59.16% |
71.22%. 88.15%. 92.20%. 85.27%F1 84.15%.
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Tab.7 Sequencing data quality and sequence alignment
n=3; x+S.D
A BRERFIEUM O REERWIEEUG HRE% Q20 fH/% Q30 fH/% GC BT /%  BIFFIEN/%
sample clean reads clean bases error rate Q20 Q30 GC content total mapped
D0_CK 45.92+1.61 6.22+0.22 0.0252+0.00036  97.93+0.13 93.94+0.37 50.94+0.11 95.33+0.25
DO_LC 46.95+4.04 6.71+0.56 0.0246+0.00003  98.15+0.01 94.56+0.03 51.12+0.05 95.72+0.07
DO_HC 50.84+2.06 7.27+£0.29 0.0246+0.00009  98.14+0.03 94.52+0.09 51.04+0.20 95.96+0.13
D5_CK 46.07+4.19 6.64+0.61 0.0254+0.00007  97.8+0.04 93.78+0.09 48.66+0.14 93.02+0.12
D5_LC 46.45+2.65 6.71+£0.37 0.0254+0.00028 97.82+0.11 93.85+0.26 48.97+0.24 93.09+0.20
D5_HC 45.91+2.34 6.62+0.31 0.0250+0.00013  97.94+0.06 94.17+0.14 49.13+0.30 93.29+0.40

F: DO: #IME(Ff, D5: 5d Ff; CK: % B4, LC: IRk BEL], HC: w4
Note: DO: newly hatched larvae, D5: larvae of 5" day. CK: control check, LC: low concentration, HC: high concentration..

242 ERFREBEBESH WK WA A
5.d fFtaxt L 20 ) 5 X I IR Cut R R
RIS T AT EL A A, RBRAE R Cu™
il R AU Cut i PR £ DEGs. 5
XTHRAAH L, WA AR EE 4 DEGs :1f
574, Hp B 454, T 124(F 3a), miRE
AL LB 214 DEGs, Hrp Bl 1334y, Tl 814
(1 3b); 5 d P LEARHR B2 41 & 2R 160 4~ DEGs, H
d B 143 A4S, T 17 N0E 3e), ERIEH R
309~ DEGs, H:H Fif 1494, FiH 1604~ 3d).
243 GOE&£5KEGGEEAH *Ccu” il
T AT a1 5 d {114 DEGs i GO Zhfig & #40Hr
W], DEGs &% 3 KIaedeilrh, FeaE4
Yy B (biological process, BP). il fifd2H 53 (celluar
component, CC)Fl4) ¥ I g (molecular function,

D0 CKvs DO_LC

8r . . L
significant o
;| @ w@s) P
nosig (19886) o
@ down (12) P
6r P
5t
SR AR
B3l P
[ R
LY
2 r i :G'.'
e K. 00

log,FC

O .
-12-10 8 6 -4 2 0 2 4 6 8 10

MF)(I4] 4)

M KEGG &/ it s i B &1 20
%155 1% 1% (pathway), KRR Cu® B4
DEGs 24 iR ey A4 85 U1 1 1 5 3 ik ok A A Ak
(fluid shear stress and atherosclerosis) . MEPEIZE(F
4551512 (estrogen signaling pathway)%5 {5518
# L (F sa), @k EE4L DEGs F 2 A1E BOBE 1K
(ribosome) ., ‘A SRRk (oxidative phosphorylation) ,
Je 9 7 7 (prion  disease) 55 5 i AH G i 12 v ' 4R
(Fl 5b). 5 d fFEAEMRIRE Cu® 2 #54] DEGs £ %
TEIGENR 3 . & B RE AL Al B W T AR
TR AR & R (18] S¢), i k£ DEGs &
B3 E B TE A0 S5 3 (cell cycle). DNA % il (DNA
replication) . Y15 5% F (phototransduction) 55 {5 5
i b (] 5d).

DO0_CK vs_D0_HC

20 . .
18 nosig (19701)
16 L ® down (81)

I

T8
6
T i ____________________
0 L L L L N . L )

12-10 8 6 4 2 0 2 4 6 8
log,FC

(f¥%% to be continued)
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(82K 3 Fig. 3 continued)
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—logi(PYIURIEH R B BB G 2B H R, BIPEA SRR DREREEN, 4658578 2% LM DEGs,
Wit i Fn W TR DEGs, Kk 3 2 5.

Fig. 3 Volcano map of differential expressed genes for Seriola aureovittat larvae ander Cu®* exposure
DO: Newly hatched larvae, D5: Larvae of 5" day; CK: control check, LC: low concentration, HC: high concentration.
The log,FC represents the fold of gene expression difference between two samples, The —logio(P) represents the statistical

significance of gene expression change. Each dot represents one gene, the red dots represent significantly upregulated DEGs,
the blue dots represent significantly downregulated DEGs, and the gray dots represent insignificantly DEGs.
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(£:8l 4 Fig. 4 continued)
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(£:8l 4 Fig. 4 continued)
D5_CK vs D5_HC
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S5 Y SZVE response to radiation

8BS visual perception

FHEHIE A sensory perception of light stimulus

&R Ci5HI 2 spermidine metabolic process

MCMZE &%) MCM complex

X DNAZE-E double-stranded DNA binding

R34 e DU 454 sequence-specific double-stranded DNA binding
DNAf#ERHT M DNA helicase activity

i ATPI% 14 FI T DNA ATP-dependent activity, acting on DNA
FF31 457 DNAZS 4 sequence-specific DNA binding

DNA%54 DNA binding

#E4kIE M, YEFITDNA catalytic activity, acting on DNA

%32 AA % P nuclear receptor activity

BOAAR LI A% R F3% 7 ligand-activated transcription factor activity

GO term

B />TI8E molecular_function
W 4iffi2H 4> cellular_component
B 4% 72 biological process

0 1 2 3 4 5 6
—log;o(Padjust)

Bl 4 Culbhiet F 8 A M0I AT £ (a-b) I 5 d A7 ff1(c—d) 22 57 Rk B D GO & 424 BT AR 4]
PABRFEIR GO term, BEALBRRIR 1 R B E MK, —logio MR, % GO term #8121 2E.
3ABUEEIR 3 KA, iYWyl B (BP), 4l fi41 73 (COFIZ T HIHE(MF).

Fig. 4 GO enrichment results of differentially expressed genes of Seriola aureovittata newly hatched larvae (a—b) and
larvae of 5-day (c—d) under copper exposure stress
The vertical coordinate indicates the GO term and the horizontal coordinate indicates the significance level of enrichment,
the larger the value of —log), the more significantly enriched the GO term is. The three colors indicate the three major
classifications, which are biological process (BP), cellular component (CC) and molecular function (MF).
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(82K 5 Fig. 5 continued)
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Fig. 5 KEGG enrichment results of differentially expressed genes of of S. aureovittata newly hatched larvae (a-b)
and larvae of 5-day (c-d) under copper exposure stress
The size of P-adjust is represented by the color of dots. The smaller the P-adjust, the closer the color is to red.

The number of differential genes contained in each pathway is represented by the size of dots.
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Fig. 6 Oxidative phosphorylation pathway
Red border indicates that the gene is up-regulated, blue border indicates that the gene is down-regulated,

yellow background color indicates known genes/known transcripts, yellow + green background
color indicates known + new genes/transcripts.
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Fig. 7 Cell cycle pathway

Red border indicates that the gene is up-regulated, blue border indicates that the gene is down-regulated, yellow background color
indicates known genes/known transcripts, yellow + green background color indicates known + new genes/transcripts.
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Fig. 8 Phototransduction pathway

Red border indicates that the gene is up-regulated, blue border indicates that the gene is down-regulated, yellow background color
indicates known genes/known transcripts, yellow + green background color indicates known + new genes/transcripts.
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Effects of copper exposure on embryonic and yolk-sac larval develop-
ment of Seriola aureovittata: Ecological and molecular toxicity

JIN Zhixin', XU Yongjiang" ?, CUI Aijun"? JIANG Yan'" >, WANG Bin"?, LIU Xinfu"*

1. State Key Laboratory of Mariculture Biobreeding and Sustainable Goods, Yellow Sea Fisheries Research Institute,
Chinese Academy of Fishery Sciences, Qingdao 266071, China;
2. Qingdao Marine Science and Technology Center, Qingdao 266237, China

Abstract: Copper is an important heavy metal and an essential trace element for aquatic organisms and is found at
low concentrations in aquatic ecosystems. In aquaculture, copper sulfate is used as a therapeutic agent to reduce
parasitic infections in cultured fish. However, exposure to heavy metals beyond a safe concentration range can
cause a series of physiological and biochemical stresses in aquatic animals, including death. Fish are generally
most sensitive to the effects of Cu®” exposure during early life stages, especially during embryonic and larval
development, which can result in reduced fertilization success, chromosomal abnormalities, DNA injury, increased
incidence of yolk membrane ruptures, reduced hatching success and survival, altered time to hatching, embryonic
and larval teratogenicity, inhibited growth, abnormal larval behaviors. Yellowtail kingfish (Seriola aureovittata) is
a fast-growing marine species widely distributed in temperate and subtropical regions of the oceans. It has a large
body size, superior flesh quality, high economic value, and can be cultured in sea cages, indoor recirculating
aquaculture systems, aquaculture crafts, and other culture modes. Therefore, S. aureovittata is a promising
candidate for open-ocean aquaculture in China. To investigate the effects of copper exposure on the early life
stages of S. aureovittata, embryos and yolk sac larvae were exposed to copper concentrations of 0, 0.034, 0.060,
0.107, 0.192, 0.340, 0.600, and 1.070 mg/L for 60 h and 5 d under laboratory conditions in the present study. The
half-lethal concentration (LCsy) and safe concentration (SC) were determined for embryos and newly hatched
larvae of S. aureovittata, respectively. In addition, differential gene expression patterns and related signaling
pathways were investigated in embryos and yolk-sac larvae to elucidate possible molecular mechanisms. The
results showed that: (1) Low hatching rate of embryos, high malformation rate of newly hatched larvae, and high
utilization speed of yolk sacs during the early developmental stage of S. aureovittata under copper exposure stress.
(2) The 48 h-LCs, of copper for S. aureovittata embryos was 0.08 mg/L, which was much lower than that of yolk
sac larvae (48 h-LCso= 0.60 mg/L). The SC of Cu*" in S aureovittata yolk sac larvae was 0.034 mg/L. (3) Transcriptome
sequencing analysis revealed that differentially expressed genes (DEGs) were mainly enriched in the oxidative
phosphorylation pathway during the embryonic development stage of S. aureovittata, whereas in the yolk sac
larval stage, DEGs were mainly enriched in the cell cycle and phototransduction pathways, indicating that
excessive copper exposure may injure the antioxidative ability of embryos and cause DNA injury and
phototransduction inhibition in larvae. The present study determined the safe concentration of copper sulfate
during the early developmental stages of S. aureovittata and revealed the molecular responses of embryos and yolk
sac larvae to copper exposure stress. These results could provide theoretical support for the scientific and staged
application of copper agents in the aquaculture of S. aureovittata and technical guidance for monitoring
aquaculture and marine environments.

Key words: Seriola aureovittata; copper exposure; embryonic development; larval development; acute toxic
effects transcriptome analysis
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