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al, 2020a), (Asplund et al, 2014; Cao 2022),
et al, 2018), (Melzner et al,
2009), (Zhao et al, 2017) ,
(Chandra et al, 2021) s s
Goncalves  (2017) ,
(Saccostrea glomerata) ,
Carroll  (2021)
(Haliotis midae) ,
1
, 1.1
( 22 °C, 25)
: (pH 8.1) ,
(pH 7.3)
, (Yarra et al, 2021), , 2h
( ) , pH, 7.3
R (Tan
et al, 2020a), 48 h
1.2
; pH ;
(Wei et =20 °C
al, 2015) R (L-2- , 0.06 mg/mL; )
, - ( 411 , (60 Hz, 2 min)
, (10 000%g, 4 °C, 10 min),
, - ( 1:4) ,—20°C
(Timmins- 2 h, (10 000xg, 4 °C, 10 min) ,
Schiffman et al, 2014; Wang et al, 2018; Jiang et al, 0.22 pm , -
2019) , (ACQUITY UPLC I-Class plus, )
(Liu et al, 2020), , 6 ,
1.3 - (UPLC-MS/MS)
(Mytilus coruscus) HSS T3 (100x2.1 mm, 1.8 pm)
, , A ( 0.1%
, ) B ( 0.1% );
CO, (Sunday et al, 2011; 12 min B 5% 100%;
Thomsen et al, 2013, 2017; Sui et al, 2017), 0.35 mL/min, 45 °C
) UPLC-MS/MS,
i 13e
, Be/te ( , (MSE) ; (m/z)
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100~1 200; (Ce, 4 eV)
(CE-ramp, 20~45 eV)
(99.999%)
0.2s; 0.02 s; 2.5 kV; 40 V;
320 °C; 350 °C;
900 L/h
(QO)
Progenesis QI v2.3
(Nonlinear Dynamics, Newcastle, )

R The Human
Metabolome Database (HMDB) Lipid maps (v2.3)
METLIN

(fold-change) T P-value (n=6)

>1.20 <0.83
P-value<0.05, s
KEGG
14
( 150 W,
3s, 10 s, 5 min), (4 000xg,
4 °C, 10 min) 3K
) , 0.02 mol/L
, 0.22 pm ,
(LASOSOA, ),
(Wang et al, 2021)
( , 4.6 mmx60.0 mm) ;
4.6 mmx(42.5 mm+
42.5 mm); 50 °C,
135 °C; 0.4 mL/min;
0.35 mL/min 570 nm, 150 min
(B
AN-II )
1.5

(superoxide dismutase, SOD),
(catalase, CAT), (glutathione, GSH), 5'-
(5'-nucleotidase, 5'-NT), (total
antioxidant capacity, T-AOC), (total
antioxidant capacity, T-NOS) (

)
Bicinchoninic Acid (BCA)
1.6
Progenesis QI (version 2.2, Waters, UK)
R meta X
Wilcoxon T
(Pareto scaling) log,
, (principal component
analysis, PCA) -

squares discrimination analysis, PLS-DA)

(partial least

- (orthogonal partial least squares
discrimination analysis, OPLS-DA)

IBM SPSS Statistics 26
(One-way ANOVA)

. P<0.05
2
2.1
UPLC-MS/MS , 6

>

(relative standard deviation, RSD)>0.3 ,
17366
10 587
3398

6779
7 882
4 484
Metabolights ,
MTBLS5530
PCA

: PLS-DA OPLS-DA

>

( la), 95%

, PLS-DA
OPLS-DA ( lc) R2X (X
) R2Y( Y )
0.747  0.992; PLS-DA  OPLS-DA Q2
( ) 0.936 0.859( 1d)

( 1b)

B
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SIRER Tab.2 Enzymatic activity of M. coruscus mantle from the
Tab.l Free amino acids in the mantle of M. coruscus treated control group and the experimental group
with acidified seawater
1% 1%
1.125+0.763" 1.224+0.531° 0.121 6£0.009 25*  0.124 0£0.006 30°
4.76+0.183" 5.58+0.131° /(Ulmg)
a b
1.62+0.112 1.85£0.031 ATP 2.003 6+0.115 02* 1.965 1+0.375 4°
0.13+0.045° 0.15+0.044° /(U/mg)
0-18+0.063° 0.23+0.047 49.557 9+2.303 61°  71.894 510.052 53
. +2. ? . +10.
0.54+0.013° 0.69+0.051° /(U/mg)
1.04+0.112° 1.57+0.055°
a a 0.036 0+0.001 40° 0.047 7+0.006 21°
0.42:0.140 0.5120.065 /(mg/me)
0.08+0.032° 0.1+0.050*
0.12+0.023* 0.12+0.022° 19.165 2+5.252 35  20.323 2+11.662 82°
/(U/mg)
0.05+0.016° 0.08+0.049°
0.05+0.011* 0.06+0.009° 7.677 6+1.057 83° 8.612 4+2.878 84
. \ /(U/mg)
0.05+£0.01° 0.06+0.015%
0.10.022° 0.1£0.027* : (P<0.05)
0.12+0.003° 0.11+0.061*
0.12+0.017% 0.14+0.019° ,
0.11+0.043 0.11+£0.0005*
. (P<0.05);
0.74+0.063* 0.92+0.037
ATP

(P<0.05.) (P>0.05)
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3
, (Wang et al, 2016; Zhao 43 h
et al, 2018) (Fitzer et al, 2014; Chandra
Rajan et al, 2021; Wang et al, 2022) (Zhao et ’
al, 2017; Zhao et al, 2020)
(Jiang et al, 2019; ’
Pousse et al, 2020) (Wei et al, 2015)
(Cao et al,2018)
(Tan et al, 2020b) ) , ATP
(Thomsen et al, 2013, , ADP AMP
2017; Fitzer et al, 2019; Tan et al, 2020b), R (P<0.05) ( 3); s
*3 XEEFRHUBBREEEHNEFREDER
Tab.3 The key differential metabolic pathways and their differential metabolites
( ) P
myi04080 (1.978)L- 0.000 3 6.75
(0.360) <0.000 1 1.25
(3.181) c4 0.016 7 2.79
myi00230 (0.625) 0.0157 1.85
(1.627)3°- 0.000 3 15.60
(0.150) 0.000 8 1.07
(0.338) <0.000 1 1.65
(1.460) 0.001 3 1.43
(0.464) <0.000 1 1.63
(0.451) <0.000 1 4.84
(1.290) 0.000 4 2.80
(0.519) 0.032 0 3.33
(1.598) 0.000 8 2.32
(1.651) 0.004 0 7.82
(0.445) 0.001 0 13.31
(2.068)  3,5- 0.002 1 1.07
tRNA myi00970 (1.404)L- 0.008 6 2.17
(1.423) L- 0.007 8 1.26
(1.599)L 0.003 7 7.82
(1.978) L- 0.000 3 6.75
(1.570) L- 0.028 4 1.55
(1.339) L- 0.002 2 4.59
D- D- myi00472 (1.562) D- 0.008 5 1.44
(1.507) D- 0.007 3 1.62
myi00590 (0.697) 0.001 4 1.73
(1.367) 8- F2a 0.034 2 1.41
(4.156)20- E4 0.001 6 1.79
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( ) P

myi00590 (4.578) E4 0.002 1 1.08

(10.762) ( / ) <0.000 1 1.65

(2.980 ( / 0.000 3 2.17

(6.786) ( / ) <0.000 1 7.87

(6.850) / ) <0.000 1 2.99

(0.610) ( / ) 0.000 8 1.52

myi00730 (1.570) L- 0.028 3 1.55

(4.908 0.006 5 1.52

(0.310) 5'- 0.003 5 1.01

A myi00770 (1.978)L- 0.000 3 6.75

(2.068) 3,5- 0.002 1 1.07

(1.621) 0.020 6 1.81

myi00220 (1.599) L- 0.003 7 7.82

(1.978) L- 0.000 3 6.75

(1.432) N-a- -L- 0.0311 1.26

myi00600 (1.595) 0.007 7 1.34

(2.381) 0.020 1 3.48

(3.565) <0.000 1 1.37

myi00564 (10.762) ( / ) <0.000 1 1.65

(2.980) ( / ) 0.000 3 2.17

(6.786) ( / ) <0.000 1 7.87

(6.850) ( / ) <0.000 1 2.99

(0.610) ( / ) 0.000 8 1.52

(2.242) ( ) 0.0419 6.48

(1.940) ( ) 0.044 3 5.04

(1.576) ( ) 0.008 2 1.03

(1.764) ( ) 0.027 6 2.62

(1.998) ( ) 0.036 3 433

(2.194) ( ) 0.049 7 225

(1.702) ( ) 0.0100 1.38

(2.938) ( / ) 0.005 4 1.46

(0.498) ( / ) 0.019 2 111

Exp /Ctrl ,P T , OPLS-DA
NAD (nicotinamide adenine dinucleotide, , (P<
) 0.05) ,
(P<0.05), NADH - )
(nicotinamide adenine dinucleotide reduced, NAD NADH (Boland et al, 1977)
) NAD ,
)
NAD

(Thomsen et
al, 2013; Ventura et al, 2016)

>

(Gobler et al, 2016);

>

>

(Carey et al,
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2016) , ,

(P<0.05) ( 3)

(Mytilus edulis)

(Ellis et al, 2014)

SDMs s

( , 2003);

(P>0.05) ( 2),

>

(de Muynck et al, 2010; Krajewska, 2018)

(P<0.05) (1)

( , 2022),

( , 2022) ; ,

B B

(Artemia sinica)

(eicosapentaenoic acid)
(Docosahexaenoic acid) (Gao et al, 2018);
, 6.85
1.98
(Calder, 2017); ) ,

(phosphatidylcholine, PC)
PC
(Zheng

>

( 3) PC
et al, 2017),

(Zhang et al, 2020), ,

(Camus et al,
2000); )

(Bennett et al,
2018) ,

> >

(Sezer et al, 2020),

NMDA (N-methyl-d-aspartic acid, N- -D- )
5 6_

(Wright et al, 1992),
(Zhao et al, 2018)

> >

(De
Vooys et al, 2002; Liang et al, 2020) ,

(P<0.05),

E
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, CAT SOD (Wang et al, 2016);
pH NMDA D- , ( )
, NMDA GSH ,SOD CAT
, NMDA (Khan et al, 2021)
(Korde et al, 2016) NMDA
4
, NMDA
(Crassostrea gigas) , ,
(Vogeler et al, 2021)
(Zhao et al, 2018), NMDA D- ABC
, NMDA
NMDA , ,
, DNA
(Seley-Radtke e al, 2018) , 6- : S me -
’ g , 38(5): 638-647.
(Wertz et al, , , , 2003.
1990) [J]. , 38(6): 97-103.
5 , , ., 2017.
’ [7. , 48(2): 398-405.

>

(Asplund ef al, 2014; Hernroth
et al, 2016); (M. galloprovincalis)
s (Hernroth
et al, 2016) s

(P<0.05) CAT
(P<0.05) ( 2)

>

(Wang et al, 2016; Sun ef al, 2017), ,

>

, CAT SOD
, GSH (Xu et al, 2021);
, GSH ,
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EFFECTS OF ACUTE SEAWATER ACIDIFICATION ON METABOLISM OF MANTLE
IN MYTILUS CORUSCUS

FAN Xiao-Jun, WANG Ying, CAI Lyu-Ping, HUANG Jian-Feng, LIU Fei, LI Ying-Ao, ZHANG
Xiao-Lin, YAN Xiao-Jun, LIAO Zhi

(Laboratory of Marine Biology Resource and Molecular Engineering, Marine Science and Technical College, Zhejiang Ocean
University, Zhoushan 316022, China)

Abstract Ocean acidification is one of the most urgent environmental problems over the world and has shown serious
impacts on the species with biomineralization process. Mytilus is one of the important economic shellfish in China.
However, there is a lack of studies on molecular response of Mytilus coruscus under ocean acidification. Therefore,
metabolomics analysis of the mantle tissues of M. coruscus was performed to understand the changes in metabolite
composition and content of the mantle tissues of the mussels under acute acidification conditions. Using LC-MS/MS
technology, combined with metabolite database search and identification, a total of 7 882 metabolites from the mantle of M.
coruscus were identified. Compared with the control group, a total of 497 metabolites were significantly changed in the
acidification treatment group (P<0.05), of which 320 metabolites were significantly up-regulated and 177 metabolites were
significantly down-regulated. Functional enrichment analysis of differential metabolites revealed that the metabolites were
enriched in different biofunctions, including lipid metabolism, signal transduction, vitamin metabolism, nucleic acid
metabolism, amino acid metabolism, and ABC transporters. Combined with the analysis of free amino acid composition
and antioxidant activity of the mantle, it was speculated that the mussels responded to the threat of ocean acidification by
activating urea synthesis, enhancing cell membrane fluidity, and enhancing osmotic pressure regulation and calcium ion
transport. These results lay the foundation for further understanding the molecular strategies of mussels to cope with ocean
acidification, and for the healthy cultivation of mussels in the context of ocean acidification.

Key words Mpytilus coruscus; mantle; ocean acidification; metabolomics



