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DU R] DS o VA T (LZM) . TR M R T (A CP) AT ik
PR R 6 (AKP) 55 Z RUK il BE2S, dEAT g iy,
B L W AR A2 B0 SN T 19 £ 17 K v B 1 (HSP)
REAE O 4 M S A2 e it . 4 R /K R Ak 55 22 P i
BRE, BEZHE RS GRIRIEFRE(CA) | 45-ATP
fitf(Ca>"-ATPase) FIEN/AT-ATP [iff(Na'/K'-ATPase) 4k i
YR P R RCT- A B AR AT D), SR A7
PR AL | A B AR 2 A A B, X SERl SRR
Hs U RIVE R, 3 B A W WL B 6 B PR 1, dESRE
S PE D Re AR AR AS o Wi e BRI I A
HErh Rt E A AR SRS, I HAE U X B A E
At o 2R S, Rt AR SCRIFSR T A [ 7K R Ak 4%
A TR OR % 5 0k ST 98 A W A AH SC il IS M
AIVE AL, A PPAR R IR A7 5 T H1 6 J ¥ e Xt D
2 I AR R A5 A B ) 5 e R R 2R AR

1 AP EFE
L1 RERH

WA Ge K 43.7+6.8 mm)HL [ BN (1L 4R
HEDHMERIE L, AR, B SCG E TR A
(3 mx3 mx1 m)3lfk 1 J&, BT H SR K it w0 U8 CF
IR 17.0°C, $RJF 32.5, pH 8.07)53 1 A4k Kk i, 9
fhit &, & A e B it/ NERE (Chlorella sp.),
JEHHTEK

ARBFFEBETT 5 4 LR (MeHg) ik B2 Fl 3 Fiifg K
pH K FHI3EH S5, AT SCIR g TiRe S5 L1k
Xof A A 3 ] 2% e [ 2 R A e

Z W IPCC WKL TS 5, DL A SR K (pH
8.10) X} IR, BEE pH 7.7/ FERRAL AN 7.30/1 FE R 1L
IKAF201 FIH COp 3 R4 HE SA K09, R i
— Tl CO, A B il R Geks K pH AR E #1245 br o
pH Ko XTRRAAGE AR, WfkdliE A% <-CO,
RASK. Lt m KM pH 1+ (PB-10;
Sartorius Instruments, Germany)®: X5 RGEH) pH

fifi FH & Ak HY 3 R (41 = 99.5%; Sigma-Aldrich
Chemical Co., USA), B, FEEF/KEM, B
il MeHg FFE . 2% DLW B0k B 2122, % &
WERRE: 25 EFIXHIR(FEE) . 0.1(1%) . 1()
5(F)ng/L MeHg' . RRZH B FRANHK iR E 4 MEHE .

SEEGFFURET, AL FEBEER 20 H A HE OGSk,
BT 30 LBEWR G KIE T (25 L atugigK), Free

'M@Ammw

FR o TERM . S EE KR T, ke s HA R 2 a0
JCREAY S, 2 KA BE AL A SR A L B H e
TS IIETBC P R OR BV, 4R 5ERT A i KGR B AR
FEMRIE . T H SR KBS BE KA, DABS IRARIE . 26
6 2 1 1S 1Y B SR B0 TR 1 BB R W) S 9 A I BT
MeHg AEP I BERS), 200 22 R 472k 21 d.
1.2 FEKARE S BRI Z

Ses i AR, AR KBS B (YSI, Yellow
Spring, OH, USA)ill & 5245 /K4 pCO, AHIC I BRI 228K
F1pH ZKF, B IR RS 13k, JRHRHE 2% 525
IR R | pHnes FIBREE S5 241, FIH COLSYS
R IRIREESEL . BRIRES TR IR pCOL fH
1.3 A LI AR Z

S0 A R A AU, RS SR KR TR R R 3~4
RSO SRR T3, SRAESRAI N IERA, 2 55 OF
KA YA SR R T WA T B A s, B
A ARG 1 SCHA AR L, 5~6 AN AE AL SRR

VIV R (LZM) . TRYEBRIRIE(ACP) ., BRPERER
fitf(AKP) . R TEEE (1 (HSP 70)1F Sy SCA 528 1 225 1
AW bR W LUK BR T A (CA) . B4/ B -ATP il
(Na*/K*-ATPase) F145-ATP [iff(Ca>"-ATPase)fE N ¥y
WAL R B A Wb o R R AR DGR B (et
AP TR RT, mat, DI E & LA T H
FRA: Yibm ) s PR B R A w10
1.4 KESH

Az W i P SO 35 DA A A 3 Y S B 4 o 25
(SD)ZE/R - Fl| il Kolmogorov-Smirnov test Fll Levene’s
test 3 il 0 A= Wy bn AR M0 HE 1Y TE A PR Ry 25 55k
TERCHE W 2 R B 5T, R RUR 2 07 22 53 0
(two-way ANOVA)K: K MeHg ¥ Fil SA /KX 45
PR s m i) P, JFFIH Duncan test i 4 b 3
KOV Ta] Y 25 5 W 2 M o R B 2k A OG R 8K
(Pearson’s correlation coefficient) ki 4645 SA 7K -4
Vs ) Z Rl B AH OCHE, R AR G R 858 n] AL AR
PSR Gl

TEABEGE T, pH X HRUEFETE R MeHg WREE T
16 pH 8.10 /K F FAALFE, MeHg X B 20 J& 48 76 54>
pH 7K T e A (FF E) AL HE Y MeHg AbFRAT . #54:
VbR 2 18] 25 5P LA A8 IR — MeHg W EE R SA
A5 pH X FRAH Z Al oA, 8fml— pH /K-
MeHg 4b B4 5 MeHg X FRA1 2 [B] /YLLK
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Giit2s 7 W E MR E A P<0.05 KF 1. gty
HT7E Excel(office 2019, USA), SPSS(IBM Statistics
SPSS 26 for Windows, USA)FI R 3.6.2(R Foundation,
Vienna, Austria) [ #47 .

2 &R

2.1 FERKARGEILSK

SCR AR R, bR E pH AL FRL Y ST K pH {E
XA RIR 8.06+£0.02, 7.72+0.03 Fl 7.29+0.02, X )i
pCO, Hy 492.4+23.1,1165.3+48.3 1 3267.1+131.7 patm.
FHIE] pH (EALBKF b4 /KA IR K 52 pH (B AE
MeHg 4b ¥ 20 Z [A] ¢ & % 25 5 (one-way ANOVA,
P>0.05),

S AR, AT SRR AR K P S G A

OXF B8 O¥EFISTIE 20.1 ug/L 81 pg/L. W5 pg/L

MmAmUE

R R 16.2+1.5(12.9~18.8°C)Fil 32.84+0.2(32.4~33.1),
FEAN R KA s b 3 ey, KRR B 35 O I 3 25 S (P>
0.05).

2.2 RREALRF % &R EBERT KB F
W R Bk 38 & el L
221 WERA

H1 3Ok (MeHg) 5 ¥ /K B2 1k (SA) 38 ¥4 1 2 5%
DAL AT 20 2 e B 2 A G A= ) b 3 0 7 1 2 (ACP
AKP 1 LZM 75 P HSP 70 ik, PR SE AY
22 HAE Y 0 3 5 e TR M Bl 3K Gk it
ANOVA P<0.05),

2% pH AL A I 4 A AE Wb i W 7 ¥ 71 240 55 40
N X R 2 2 [8) 3 6 i 2% P4 2% 5% (Duncan test, P<
0.05, K 1),

(two-way

OX AR O FIXE 0.1 ng/L 81 pg/L w5 pg/L

250 ¢ 200
ACP AKP
A B C A B B
2001 1 f | f—\ 160} \ f 1 T |
f‘é\ % g g aa a *
& 150} . 5 1200 FTE
= -
£ £ ;
2 = e
# 100} Hogot | |
501 a0 | |
pH 7.70 pl-l 7.30 pH 8.10 pH 7.30
600 10
LZM HSP 70
A B C A B C
480+ l I 1 f | 8 \ f | f |
C\ %\
e . . &
& 360} Yo 2 6r
%‘) bebe 5
S TR £
I L - it L
£ 240 - 504
Fiem :_ _H};
120} 2 2t
pH 8.10 pH 7.70 pH730 pH 8.10 pH 7.70 pH 7.30
1 g KR Ak RN Y SR 3 5%k Sy PR 1T A 4 8 7 8¢ A 0 s o 0 1 5 Tl

Fig. 1
the clam

e RN

Effects of seawater acidification and methylmercury exposure on immune response biomarkers in the visceral mass of

J BRI R [ — pH /KR, MeHg B i A PRZH 5 MeHg X IRZ 2 (8] 25 5 i 3 (P<0.05); ARIKE FHRRIIAE MeHg W E

T, AIF] pH ALBEALZ [6] 22 5 B3 (P<0.05); *. [6]— MeHg BUREE T, MKMRILAL RS pH X IRZH 22 W) 25 53 8 3% (P<0.05), [ 2, & 4 [
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KF KR (pH 8.10)FIH EE SA(7.70) & 14 F,
AXFTF MeHg X HRZH(0 pg/L), K= E MeHg
(0.1 pg/LYZRFELLH ACP G PEpl W E Mk, & SA
K- (pH 7.30) |, 5 MeHg %f BAZHAH [1, ACP i PEAE
# MeHg Wl B E T, 7645 MeHg W4,
FHELT pH XS RREH, | mEE SA R EHEm ACP G
H:(P<0.05, & 1),

RUFKIRASFMET, K. B MeHg Fuitik 4
(1 pg/L) i AKP 6 P I 2 FEAIK, {H = MeHg & ik
(5 ng/L)Xt AKP 15 PETC B 3550 mifedh . &
BT, AKP 16764 MeHg 5 B vk 41 vh 1 i 2%
FEfR. #E45 MeHg FUiykEAIT, BREETE SA-K
MeHg Jﬁi‘?ﬁ&)@ifiéﬂ%, . B SA R EmH
AKP J5 1 (P<0.05, & 1),

RUFKIRASFAET, TR E MeHg &
il LZM W& . . SRR E MeHg AbHLE 215 S
LZM Gt 764 MeHg W EA S, . & SA
Y PR LZM 15 PE(P<0.05, & 1),

KRHFKRIE 5T, HSP 70 &ik

DX B B0 B B0.1 pg/L B1 pg/l W5 pg/l
ACP

eIk MeHg

200

160 [ 1 [ 1 [ 1

120+

80

IG4E/(U/mg prot)

40t

pH 7.70 pH 7.30

160

120 1 [ 1 [ 1

80

15 4%E/(U/mg prot)

40}

pH 8.10 pH 7.70 pH 7.30

H@A RTICLE

o e P 2 b B BEAR, BT MeHg W E{E
#EHSP 70 7745, P SA K b, ., m R
MeHg &5 S HSP 70 Kk &, & E SA KF L,
K. R EWRE MeHg B & #H HSP 70 F#ik&, 1M

i BT W B2 MeHg T 5 25 $2 % HSP 70 Rik. £
MeHg s iR E 1, & SA W35S HSP 70 ;=4
(P<0.05, K 1),

P 25 5 T 7K TR Ak XoF oA JIFE AT v i 2 1y 257 A G Tl
AIAVE RIS T — 38 W R 8 AKF o BRI &, KRk
1% S ACP Hl LZM &4 DL & HSP 70 Eikf, H
WEIH AKP WEEE 1),

222

TEK IR AL 0 & 5 i B ZH 2R rh ACP . AKP il LZM
T S HSP 70 F ik, B BRI 3 521 ACP fil AKP
GPE, MR EAEA R E R ACP. AKP Al LZM
15 (two-way ANOVA, P<0.05),

% pH AbHKE | 4 NERR WA S
AH I B % AR 20 2 18] 34T B 35 P 2% 5% (Duncan test, P<
0.05, & 2).

OX[ 8 OFIX B 30.1 pg/L B1 pg/L W5 pg/L
AKP

120

ook 1 [ 1 [ 1

60

15 1E/(U/mg prot)

30F

pH 7.70 pH 7.30

35/ (ng/mg prot)

pH 7.30

pH 7.70

P2 K R A P o A 300 X S B DAY B 5 IO 25 2 O s RS 0 ) 5 e

Fig. 2 Effects of seawater acidification and methylmercury exposure on immune response biomarkers in the gill of the clam
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R KRS, ACP WG 4 MeHg 5L &40
SA T, RJEHEWEE MeHg 1315 SH & i ik
MeHg W EME ACP ik, K. THEWKE MeHg
g, R SA BEIE S ACP IEHE(P<0.05, K 2).

KGRI, K. = TR E MeHg B %
WS AKP J5PE; JE SA K B, AKP JEPEZEAR
MeHg J5i 5 ¢ B 4143 0 9 0 35 T A, = SA
Kb, h R MeHg B 15 S AKP &M, 78
R RS MeHg A, . i SA 5 EFEAK
AKP {5 (P<0.05, & 2).,

KWK EE SA &M F, Hma ik E
MeHg &5 'F LZM & 1 .4 MeHg BTk EH, h
B SA B EHES LZM 15 (P<0.05, F 2).

HSP 70 KiKHEAEE SA-i MeHg Jit ot ¥ i

‘M@AWME

A 38 20 gk R 5 (P<0.05), 4% MeHg Jii ik Ji
T, WKLY HSP 70 323K 2 52 W A i 2 (P>0.05,
Al 2).

SRR, KR 2755 ACP F1 HSP 70 3
ki, (HEEME AKP WA 2).
2.2.3  GUREAH A YA AR Mk S [ Fae e R B A S

FEOR AR O R B BT R W, R, KRRk
WK SAE T, ACP i 15 HSP 70 61k LZM 3%
UM, LZM i6 M5 AKP 3 PEFI HSP 70 63k &
WEIEASC(E 3 A); HEE SA i ACP i51E5 AKP
T 3 IR AR G, T LZM T 1 5335 340 56 (8 3 B);
FE SA &M F, ACP GRS LZM 4 35 IEAH G,
15 HSP 70 ik & 1 3% 1 AH 5 (Pearson’s correlation
coefficient, P<0.05, ¥ 3 C).

ACP ACP ACP
AKP| —0.19 AKP| 0.58 AKP| 0.2
PR * * * *
LZM| —0.52 | 0.56 LZM| =0.71 | —0.41 LZM| 0.56 | 0.11
3
HSP 70 —0.66,k 0.47 0.64,k HSP 70| 0.17 | 0.11 0.09 HSP 70| —0.54 | 024 | 0.07
ACP  AKP LZM HSP70 ACP AKP LZM HSP70 ACP AKP LZM HSP70
A B C
ACP ACP ACP
AKP| -0.42 AKP| 0.38 AKP| 0.39
LZM| -045 | 024 LZM| —0.08 | —0.46 LZM| -0.34 | —-0.57
*
HSP70| -0.22 | 035 | -0.23 HSP 70| —0.11 | -0.22 | 0.32 HSP 70| -0.13 | 0.51 | —0.24
ACP  AKP LZM HSP70 ACP  AKP LZM HSP70 ACP  AKP LZM HSP70
ERCYN e KR I BERE K BRAK
D E F

K3 KRR AL AN BRI 3E  XF s MIERT (AL B C)FIBR(D . E. F)P G52 24 AH G A Wb 3400 [ 19 A ¢ 2 58
Fig. 3 Correlation coefficient maps of immune response biomarkers to methylmercury in the visceral mass (A, B, and C) and
gill (D, E, and F) of the clam under seawater acidification conditions

I VRSP Z AR R RIBKIRILA, D). HEEKIRL®B. EYIREZEKIR(C, F); IERMSEREC @AM EIE,

MR R AR ) Z 1] AR AR S .35 (P<0.05), &1 5[]

fHrh, RIFKIBRACFIEE SA ZMF T, &R
KAYFrEY) Z [\ T & A 3 D, E); mfE
SA £ F, AKP MR LZM WM B AR C, TS
HSP 70 23k & i 3 1F A X (P<0.05, Kl 3 F).

2.3 BAKERAE FRARMEA B EYE
ALH8 K & Wy A7 & Ak R

P A

7K W AL R KL SR 38 % Na'/K*-ATPase Fl

2.3.1
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Ca**-ATPase [ E4A B E MM, CA KiAH{U3Z SA
K5, 3 A A Y bR R X 52 PR AR e 22 AR Y
i (two-way ANOVA, P<0.05).

OXBE AN BE @ 0.1 ug/L 81 pg/L W5 pg/l

5.0r
CA
A B A
40r ) T } T )
g * %
(=%
on 3.0F aga %
% [ Tabpe
= = c
i 2.0} :
|
&
1.0}
00 L L c. 1 .
pH 8.10 pH 7.70 pH 7.30
501
Na'/K*-ATPase
A B C

401 ) M ) I |

3.0F

5/ (umolpi/mg prot/hour)

00 - - -
pH 8.10 pH 7.70 pH 7.30

500
Ca*-ATPase

A AB B
T 40 ) f | I )
]
=
e
= 3.0
on
£ .
Z
g 20F x5 *
S ababab a b
il
Eoror

0.0 - . L -
pH 8.10 pH 7.70 pH 7.30
AEE AT

P 4 9EE K TR PRI F SR R T JE X S A Ak A

H@A RTICLE

% pH ALK & 3 MR E RS R4S
AH N G AR 2H 2 (] 35 6 4 3% P 2% 5 (Duncan test, P>
0.05, I 4),

O X B8 O iEFIXG IR 0.1 pg/l 81 ug/L w5 pg/L
CA

501

40r

FikHt/(ng/mg prot)

0.0

pH 8.10 pH 7.70 pH 7.30
50r
Na'/K*-ATPase

A B B

3.0F

20F

5 1/ (umolpi/mg prot/hour)

0.0

pH 8.10 pH 7.70 pH 7.30

500 .
Ca"-ATPase
A AB B

T 40 | M | M )
=}
=
=
g
S 3.0F
o
£
= a a a . bc *
gz_o_a.ababb . b aaa*
32 - . b
5 ;
oot

0.0 - : - : -

pH 8.10 pH 7.70 pH 7.30

I PN Ay AL E MR S 52

Fig. 4 Effects of seawater acidification and methylmercury exposure on biomineralization biomarkers in the visceral mass and

gill of the clam

RIS, Tk MeHg 35485
CA FRikdr; B SAKF- I, 4 MeHg it ik B4 [A]
) CA RILFTC W E 1L, W SAKF- I, mfiEik
i MeHg . EF#AIK CA ki, 4 MeHg B ik E 4]
TR R A B RN CA FRIE 5 (P<0.05, K 4),

KRIFKRRACSAE T, SakE MeHg W35S
Na*/K*-ATPase itE; & SA K I, (KmEkE
MeHg & ZF#AK Na*/K -ATPase 11, fEH . mfiE
MeHg ¥, . = SA B E &K Na'/K*-ATPase
T HE(P<0.05, & 4).
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RIFRKIAZT, BT MeHg i 3
il Ca?*-ATPase HUIGTE; T =B SA K |, 4%
MeHg JFEMREFH A Ca2-ATPase I%VEIC W &1k
(P>0.05). ik MeHg By A, B, m ik
i AR Ca2-ATPase 151 (P<0.05, [ 4).

FH 5 O I 7K TR Ak XoF oA I AT v 26 1 A A O il
AV R T — 8 B B KT B b, KRRk
M Na*/K*-ATPase 15 P (&l 4).

2.3.2

Vi 7K TR Ak T HE SR I 25 5% e B 41 2P Na/K-
ATPase Fl1 Ca?*-ATPase R, &I HAE{L
F CA £k (two-way ANOVA, P<0.05),

% pH AbHUK- I 3 MR SRR F4LS
AH N B % AR 21 2 18] 34 76 B 35 P 2% 5% (Duncan test, P<
0.05, &l 4),

KRUFKIRACSAFT, MR E MeHg I e
B CA Fikt; T SA KF L, (R REEE MeHg
BRI, S ERAK b, BT E MeHg 2 3%
JEE CA FikHE . & MeHg Bk EH h, m SA

' H@ART/CLE

i FEIR CA Rik & (P<0.05, & 4),

KWK A SA &M, H sk E
MeHg M Na*/K -ATPase 75 14; B SA /KF
b, R IRE MeHg B340 Na'/K*-ATPase {if
PE K MeHg A, 1. & SA K1 i 4
il Na*/K*-ATPase 1% (P< 0.05, & 4),

% pH AKF I, mBiiE MeHg &
Ca®"-ATPase 1 P . bR 1 7EAR BT i M & MeHg 414k,
FF SA L E R Ca2t-ATPase T 14 (P< 0.05, [ 4),

M L, M KERAL R B ] Nat/K* -ATPase
TR 4).

2.3.3 AWy h A Yrbn kPt S [E b wa R A AE DG

FHEZ IR AMHIE ZR 00 P IE RS A= A A
YR EYI S ECZ A TEMEAR DT, FRATT AR 2L
A A E R TR K R AL AT SRR R i ™ (A Rz

WHER Y, JERRIE IR SA Z&0FF, BBt
YR EY Z EJC W E (B SA, B); B SA
KAETE CA FihEE Ca?-ATPase 1 & iM%

(Pearson’s correlation coefficient, P<0.05, &l 5C),

CA CA
MR Na'/K™-ATPase| 017 Na'/K'-ATPase
Ca**-ATPase 0.21 —0.27 Ca™*-ATPase
CA  Na'K'-  Ca™-
ATPase ATPase
A
CA CA
fi1 Na'/K'-ATPase| —0.28 Na'/K*-ATPase
*
Ca’*-ATPase| —0.61 0.38 Ca**-ATPase
CA Na'’/K*-  Ca*-
ATPase ATPase
AR
D

K 5

CA
0.07 Na'”/K*-ATPase | —0.15
*
-0.37 | —0.09 Ca**-ATPase | 0.07 -0.56
CA  Na'/K'- Ca*- CA  Na'/K'- Ca*-
ATPase ATPase ATPase ATPase
B C
CA
0.12 Na'/K*-ATPase| —0.34
*
-0.13 | 0.52 Ca’-ATPase| 0.16 | 023
CA  Na’/K'- (Ca*- CA  Na'/K'- (Ca”-
ATPase ATPase ATPase ATPase
FP IR K AL o R K R AL
E F

TR IR AL AN SR B3 B 3 ST W BEAT (AL B COYMIER(D . E. F)PN AR LA 5 A Wb 75 900 1] 9 # 56 22 X0

Fig. 5 Pearson correlation coefficient maps of biomineralization to methylmercury in the visceral mass (A, B, and C) and gill
(D, E, and F) of the clam under seawater acidification conditions

gErp, B KRR T, CA RikEYg Ca¥'-
ATPase 14 # A (E SD); HE SA KM F,
Nat/K*-ATPase i M4l Ca?*-ATPase J5& 14 i 3 1F 45 &

(Kl SE); W SA &N, 0k EWIREY Z
[&] JC ik # #H &M (Pearson’s correlation coefficient, P<
0.05, & 5F).

28 TEPERL 1 2023 4F /56 47 4 1 55 7 1)



Bt

2.4 KB EEAe A AL B a2 R B i 6 B
B-vf) L
3990 X5F A I AT R v £ 28 ) 8 RN AR 0 A A DG
)BT AT A W s AR D AT A3 5 B, f AT T e 4 4
(Y PR 1> A5 3 ) BE XTIRE 7K PR 1k (SA) AT 2Ok (MeHg) 2
(] A3 18 25 i
WHEE ) 3 4~ PCs fFRET 86.55%Y B 25

pH 8.10 - MeHg 0.1

[] pH8.10 - MeHg 0
/\ pH7.70 - MeHg 0
<> pH 7.30 - MeHg 0

pH 7.70 - MeHg 0.1
pH 7.30 - MeHg 0.1

PC2 (23.22%)

2+ A |
5 Ca” -ATPase AA:A
|
A A:
-2 0 2
PC1 (52.45%)

PC2 (25.68%)

PC1 (26.87%)

‘m@mARm1E

PC1-52.45%, PC2-23.22%, PC3-10.88%. PC1 fl PC2
A R 3 4> pH 4153 25 (18l 6A), PC1 Fil PC3 #475 JiE
SA 5RMKMALA D TF(E 6B), Bm T AW &Y
HAR LXK R AL BB . PCT Bl B £ B
ACP. LZM. HSP 70, Na'/K*-ATPase ik iE; PC2
BhrEg EE i AKP. Ca2t-ATPase A E; PC3 #il
Iy EEH CA RiKPLE (Bl 6A, B)o

M pH8.10 - MeHg 1 B pHS8.10-MeHg5

A pH7.70 - MeHg 1
Q} pH 7.30 - MeHg 1

A pH7.70 -MeHg 5
Q pH 7.30 - MeHg 5

A LZM
A

T
|
|
|
IAKP 3,
I
|

PC3 (10.88%)
(=}

PC3 (15.65%)
o

|
[}

|
|
CA “acp
|
|

-2 0 2
PC1 (26.87%)

K6 /K RRACH LR e R SClg N IIERT (A L BYFIER(C . D) S 24 A W AR G A W s s ) 1) o 45 i i

Fig. 6

Integrative responses of immune and biomineralization related biomarkers to the co-exposure of seawater acidification

and MeHg in the visceral mass (A, B) and gill (C, D) of the clam
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Abstract: The toxic effects of heavy metals on marine organisms are an important topic within the field of ecotoxicology.
Ocean acidification affects physiological processes, such as the formation of the calcium carbonate shell of marine
shellfish and the form and bioavailability of pollutants, particularly heavy metals, and thus their biological toxicity.
Marine shellfish have an open circulatory system, so their physiology is vulnerable to environmental change. To
investigate the toxic effects of methylmercury (MeHg) on the immune response and biomineralization of marine bivalves
under seawater acidification (SA) conditions, wild-caught clams (Meretrix petechialis) were exposed to seawater of
different pH levels (CO, partial pressure; pH 8.10/no SA, 7.70/moderate SA, and 7.30/extreme SA) and MeHg
concentrations (control, solvent and control: 0.1, 1, and 5 pg/L, respectively) for 21 days. The responses of biomarkers
related to immune function and biomineralization in the visceral mass and gill tissues of the clam to the combined stress
were bioassayed after the exposure. The immune-related biomarkers included lysozyme (LZM), acid phosphatase (ACP),
alkaline phosphatase (AKP), and heat shock protein 70 (HSP70). The biomineralization-related biomarkers included
Na'/K*-ATPase, Ca>*-ATPase, and carbonic anhydrase. Principal component analysis (PCA) and correlation coefficient
analysis were employed to evaluate the collective effects of the combined stressors on the two physiological processes.
The results showed that SA and MeHg significantly affected the immune response, and various biomarkers exhibited
tissue-specific responses to different levels of stress. Specifically, MeHg exposure induced AKP and LZM activities in
the visceral mass, indicating that MeHg stimulated immune detoxification mechanisms and enhanced the immune
response. SA inhibited AKP activity in the gill and visceral mass, thus suppressing the immune response. Ca*"-ATPase
activity decreased significantly under the combined SA and MeHg stress, which disrupted ion balance and
biomineralization. SA exacerbated the toxic effects of MeHg on the immune response and biomineralization. Correlation
analysis and PCA indicated that these biomarkers worked together to defend against the toxic effects of co-occurring
environmental stressors on the immune response and biomineralization strategy. ACP, LZM, HSP70, Na"/K*-ATPase,
and AKP were sensitive to MeHg exposure under SA conditions and could be potential biomarkers of SA and MeHg
co-exposure. The present study provides new insights into the effects of ocean acidification and heavy metal stress on the
physiology of bivalves and offers a scientific basis for evaluating changes in bivalve populations and resource

management under ocean acidification scenarios.
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