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Abstract. Ocean acidification and heavy metal pollution are two global marine environmental problems, both of which have
influences on the survival of marine organisms and the health of ecosystems. As a widely distributed glial zooplankton in the
ocean, Aurelia coerulea plays an important role in biogeochemical cycle of important elements, such as carbon, nitrogen,
and phosphorus. Many previous studies have reported the growth and population abundance of A. coerulea are susceptible to
changes of the marine environment. In this study, the physiological response of A. coerulea ephyrae to ocean acidification
(pH 8.1 and pH7.6) and Cu’*(0, 10 wg/L and 25 pg/L) stress was analyzed by measuring the activities of physiological
metabolic enzymes including catalase ( CAT) , superoxide dismutase (SOD), Ca’"-ATPase, as well as respiration rates,
pulsation rates and bell diameter of A. coerulea. The results showed that ocean acidification and Cu®" stress had different
effects on physiological indices of A. coerulea ephyrae. Cu** exposure can significantly inhibit the activities of CAT and
Ca’"-ATPase, as well as the pulsation rates and growth rate of A. coerulea ephyrae. Besides, Cu** exposure can also lead to

a significant increase in SOD activity and respiratory rate. While copper pollution might affect the swimming behavior of
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A. coerulea, leading to the significant decline in their predation ability and ontogeny. Furthermore, a negative correlation
was observed between the bell diameter and Cu’* concentration. Seawater acidification had an inhibitory effect on activity of
CAT, SOD, and Ca*-ATPase, as well as growth of A. coerulea ephyrae, and promoted its respiration. However, when A.
coerulea ephyrae were exposed to co-exposure of seawater acidification and Cu’*, there were significant antagonistic effect
between seawater acidification and Cu®* on the growth and respiration of A. coerulea ephyrae. Our study indicates that the
adaptability of A. coerulea ephyrae to copper pollution is enhanced with the background of ocean acidification. The different
physiological effects of ocean acidification and Cu**on A. coerulea identified in current study may lead to changes in marine

biodiversity and ecosystems in the future.
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TP VPR 3 ST AR RS A 55 A AR AR, 20 BT i ] K BEBSRR 4l AR T R IR AL R Cu® 38 T 19 A B
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(7.6) 33 ST R ) 2R BRI 15 25 K- CO, TR A MR LU BRI, SEEE K IR A5 1, Cu® IR IE S
R A AR A T KK B RR T ( 287K Cu®* < 10 pe/L) DL S i 3T 15 ¥ s PR 5 A DG 1R 3 (G AR TS Lo
MK Co® HemifH 25.5 pe/L) WA, L B CuCl, i SE K I Cu™ BREVRE

TR FEWA pH KF-(pH 8.1 Fl pH 7.6) F1 3 TR ZEHE (0,10 pe/L A1 25 pg/L) 46 SAabFR
AR 3 S 300 LK ER I TS K BAb B, AR K A T K BT 10 LAY U BUKEHGD, 5K
B /K DL 40 mL/min 33858 1 K BEGT , R 3F K BERT 25 min 2847 BB — R HF /K . AN 7K BEET REERAR 4 44 52 36 %%
HA 100 K, SCEE K 2 VMl uE A AR AR s AL BE IR B I 7E 22°C , 2 EE L ALk AT 16 d, W4 K
(] 7K BEGT A B T A 1 HR TE 15 41 10 mL(50 H/mL)
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M pH () , FIFH CO, SYS BFAFH MK BR B b Ak 2 A HAB AR S S 40 A o e — g K, 5 41 /K K
pH I Co® W FEVE T iR B4, SEU0 45 AN 22 6 H 7K B BRI SR IS4 A RN A A% | TR R AT AL SR AR 3
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FRiE 0.2 g ZEA47 IHE H KL (n=6) $RIREJIRMRE 5 A5 LB A — 2 502194 5 (0. 9% A= BiER
K RIRAIH IS B0 10 min(2500 rpm,4°C)  WUEE LIS RFI . CAT SOD Fl Ca® -ATP B 1 1 & =
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AN 2 T H 7K BEEIR 407 1A () WP A S5 00 5 el JH 22 AU FH K R 2 9% A R 6 2 i i A AT JRelie o 00 P 31>
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A Heins 55 (2018 ) Ay 7 ik | 76 2 58 52 56 FF Iy 17 A0 235 o sl fo ) K 00 S 5% 34 2 vl 471 B8 4 #4F OPT

Pro, 11 HE I BEIR SR BB B AR . BN K BEELBRANLEL 10 B S250AMA U8 755 2 mm 5 B i /K i35 5 L
PEATHA BRI &
1.7 BHEshr

SEISKCHE A SPSS 22. 0 #AEVEAT XN 25 224301 (ANOVA) | K56 A [ A B[R] 24046 A9 (e 35 1k, o 2 vk
5E XK P<0. 05 5 48 B R 2 7 2500 40 B IE 3 pH AKCEFIRR AL pH ZKF T ARk B Cu® &b FRZH B i 47
PR H Tukey (5 2255 1) K36, FLASHA IR Cu™ WAL R | IEH pH I 7K 40 AR AL 16 /K 2H 4 22 5
S 2t B DL E AR EZE (Mean + SD) R,

2 #R
AR FEA CO, TR AL RS 3l i SN CuCL, OO IR 15 Qe 3R 3R 1 BL4h Tt

it}
A KB ER S0 AR EhE pH DL HA KRR Eh b 4S50, TR ALK AL BRAY pH 544 il 7 FOUUI TR /K iR
AEACER T (£0.02) o SEEead FE P MK IR PR FRAE 22°C Zede , EhEHE 31 A2,

®1 BRAKSRBEHEMEXEBRUESH

Table 1 Measured and calculated carbonate chemistry parameters of seawater for the exposure experiment of A. coerulea ephyrae

N, ; SR TR
e SR o i M

.. Total alkalinity/ pCO,/
Treatment pH Salinity Temperture/C

( pmol/kg) (patm)

pH 8. 1+Cu®* 0 ug/L 8.09+0.01 31.50+0. 15 22.02+0.18 2555.60+14.56 586.84+3.43
pH 8. 1+Cu** 10 pg/L 8.09+0.02 31.50+0.27 22.05+0.20 2562.30+14.32 588.42+3.38
pH 8.1+Cu®* 25 pg/L 8.09+0.02 31.51+0.06 22.04+0.23 2565.02+14.32 589.06+3. 38
pH 7.6+Cu®* 0 ug/L 7.60+0.01 31.50+0.40 22.00+0.42 2603.37+17.17 2073.59+13.80
pH 7.6+Cu®* 10 pg/L 7.60+0.02 31.50+0.45 22.02+0.37 2552.91+15.83 2033.02+4. 68
pH 7.6+Cu* 25 pg/L 7.60+0. 02 31.50+0.22 22.07+0.45 2565.69+15.40 2043.29+8.43
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FRFE 16 d J5 M H K EERRR AR SOD TEPERE Cu® ¥ BE T i S B 5 3 e #4 (P<0. 01) , Rk XF SOD
TEPER A B2 . FERS pH KSFE R ,25 weg/L Cu® AbFRZH Y SOD J5PE B2 T 0 pg/L F110 wg/L Cu® AbFH
4, {H0 F110 pg/L B4 Co> ZbBRLH 2 A (22 PR B (K 2)
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30 b l [1s8.10

= 2 B2 7.60
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s E 20} .
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2 10r b

H

<

O

0
0 10 25
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B1 igkEA Cu* BETEAKEH CAT FiE
Fig.1 CAT activities of A. coerulea ephyrae after elevated pCO,

and/or Cu?* exposure

CAT i+ AL A Catalase; AR FREFRAR A pH AL B R, AR
HRIERY Cu®* AEFRE 2 [AIAEAE B3 (P<0.05) 3 B2 5 ( + ) R I
WRER Co® Zb B R IEH pH SRAL pH Z MIAF1EEF (¥ P<

0.01)

100
pH

- 18.10

= g0 | B 7.60 by
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22 o |
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KRz 7 a
2EF 40 ¢ a a
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B2 gkEW Cu RETEAKEN SOD EE
Fig.2 SOD activities of A. coerulea ephyrae after elevated pCO,

and/or Cu’* exposure

SOD . M & AL 4y 5 Ak it Superoxide dismutase; A4~ [R] 7B 2% 75 AH [7] 7Y
pH ARBER AR BE (19 Cu* AbBE 22 [RIA77E i 1 ( P<0.05)

BEE pH BT Cu® MR BERG N, ¥ H /K BE Ca® -ATP GV 52 3 W5 FEARAY B H, 0 #1110 pg/L Cu® 4514
T BRAERS Ca™ -ATP BEHEEBAT R ZEMBIVEI . 7EPD pH KR 10 wg/L 125 neg/L Cu™ ALY Ca™ -
ATP BEHEVERL 0 pg/L Cu® REBHZL W25 MR AR, MRAG 2, IBTEMRIL TN Cu™ Z2ER XS Ca™ -ATP MEH A B35 (922 H.

YEH (P<0.05) (& 3)

F2 WEAEFEHTBKEL Cu* BHEXTE A KSR EAI RN

Table 2 Two-way ANOVA : Effects of ocean acidification and Cu®* on the A. coerulea ephyrae

JAERL i EiE 7 KR i B ¥ WK ER AL FIAR B T
Physiological index Seawater acidification Cu** Seawater acidification and Cu®*
. F(1,36)= 19.79 F(2,36)= 70.65 F(2,36)= 6.05
JEAV S STNUR T ~ ) 5
i3 E AL S Catalase ( CAT) 0. 001 <0, 001 P, 006
B S AL Ak iy F(1,36)= 1.95 F(2,36)= 136.40 F(2,36)= 0.09
Superoxide dismutase( SOD) P=0.173 P<0.001 P=0.912
) F(1,36)= 130.48 F(2,36)= 152.03 F(2,36)= 23.21
2+ 2+ ’ B
Ca®"-ATP B Ca’*-ATPase P<0.001 P<0.001 P<0.001
o F(1,36)= 18.05 F(2,36)= 42.27 F(2,36)= 26.45
IFEIR 2R Re
I Respiration rates P<0.001 P<0.001 P<0.001
) F(1,48)= 2.52 F(2,48)= 19.42 F(2,48)= 0.59
R ates >
WO Pulsation rates P=0.120 P<0.001 P=0.561
y . F(1,60)= 26.67 F(2,60)= 293.67 F(2,60)= 122.10
A A . ’ )
A EAR Bell diameter P<0.001 P<0.001 P<0.001
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AT 7K ZH VR A TE H pH K 4 5B 3 T (HAE 10 we/L F125 we/L Cu® I, TEH pH i 7K 41 1% < B 18 e
TRRAGIG KA, FEIER pH MK ¥ 7K BERGIFUOR B Cu® W B2 3G 0 52 90 10 25 08 ke 34 (H AR Ak 7K 2 1
WP R Cu™ Vi BE RS I SE TR 5 AR, AR XU 3 07 25 20 M0r , T /KRR AL AN Cu™ X F /K BE (1 P R 3 HAY
BER ML, P A 7E s BAEHI(P<0.01) (El 4)

—
W
[=}

| pH o pH —
ﬁé 2.5 a** [18.10 ‘Q [18.10 7
o B2 7.60 5 4 71.60
- %D 20 - T
=— ~_ en
§€ . £ 100 bi
> 15 f 3 2
a2 Kok g
& S 10+ 2
S g c E 501
= ¢ 8 a
< 05t b g
5, 2
S 4
0 10 25 0 0 10 25
B FIKE Cu*/(ng/L) MBS T3 Cu/(ng/L)
B3 iEkEIn Cu® BETEAKER Ca’ -ATP B5iE M B4 EKELI Cut BETE A KESHMERZE
Fig. 3 Ca’-ATPase activities of A. coerulea ephyrae after Fig. 4 Respiration rates of A. coerulea ephyrae after elevated
elevated pCO, and/or Cu’* exposure pCO, and/or Cu** exposure
NI FREFR AR pH ALBLR N[5 e BE /Y Cu* Ab B2 [A] 77 7 AR FR MR G pH ARFE R | AN [ W B 1 Cu®* A0 3 2 [ 77 75
BFEM(P<0.05) ; 25 (+ ) RRMFKRER Co® bHET, 5 BEVE(P<0.05) ; 5 ( + ) RARMIFEMRAER Co® 43T, EH
pH 584t pH Z [HfF7E2E 5 (™" P<0.01) pH S5k pH Z [FIFFELE 225 ( * P<0.05, % P<0.01)

2.3 YRHRAiE

MK ERAL AN Cu® B 58 X H K BEROR G RIS g IR sz il 5 frzs , 2288 16 d J5 , 7EAH R Y Cu® ik
JEARER | FR A XHEE H K BRSCAR SR AT A, Bl Cu®™ R VR B I 3G 0, 165 ) 7K B 4 41 238 34 522 3
BEBARA S 25 pg/L Cu® AbBRA P4 R B E LT 0 F110 pg/L Cu®™ A4, Two-way ANOVA 73Hr
B K R AL AT Cu® XA A3 52 0 1) 28 HAE AR 2.3 (P>0..05) .
2.4 AEEHRZE

6 Jy AN[RIMEZK pH Al Cu® MR BE N i H K BEEAR AR B AR BRI iR 42 (3.51£0.2) mm,
&R FRLH 2 (A ORI W DA AR B E PR 22 5 (P>0.05) . 58 16 d )5, 5 H KB EB AR Cu® ¥k 5 1
I FEEUES 25 pe/L Cu™ AR A KRR EAR B 5/ T 0 /L Cu™ AEBRAL . ARA UL 0 G B4
B RER 16 d JFEERAMARE B (E 7) , Co® TP E I ER A A K - RE R FRIE . AF Cu™ WE
L BRACKT I OK B AR — 38,0 g/ L Cu™ WRBERR TR pHL /K LAY /K B 428 35 R F B A i K
A HMA Cu®™ &, IEH pH WK 7K B4R B R /N TR AR K 4, 1 7K R 1 R i) 2 58 6 ) K BERSEAR %)
TR A K2 B 350 (P<0. 01) |, Wi FEAE a5 HUE T (P<0.01)

3 itig

AW E RARTE T 1 H K BERREIR I3 44 X8 T R AL R G 79 b A 85 300 81 14 A B 37, M 4 il
BT RO BEGE P 2 Bl LU AR A T TR TS R 0 DR e AN R B R 0T A K BRI 5 5 e P
LR, U A OKEEXT PIRREREE D8 DX - SUBHE AN ], Bl Cu™ B4 LU S R T 2% 55 119 T3 280 B B 7™ B 5
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5 Siddiqui 258 FEMEFERR AL TN Cu® X S AE 3L I FO I SE — 2, ARG & B K BR AL 5 Cu® Xt H K BEIF
W SN A K HA RSP WK BR AL nT i Cu™ XHIRE A K BERSER G AR A B IR, Lewis 4500 tdfaE 72841

MG IR Paracentrotus lividus 14 N IR B 15 AL AT 76 R AL A5 40T (pH 7. 7 ) 38 Jin 28 i S i &
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