517% 3 1 4 i A A Vol. 17 No.3
2026 4E2 H Journal of Food Safety & Quality Feb. , 2026

DOI: 10.19812/j.cnki.jfsql1-5956/ts.20250923002

SR Ty, L, 58, & ETEARAFEHR KA RN EE . RS S REHEREILEII]. &7
AR, 2026, 17(3): 165-175.

YU XQ, JIL, LU J, et al. Proteomics-based investigation into the mechanisms of mercury enrichment, speciation transformation

and depuration in Magallana gigas [J]. Journal of Food Safety & Quality, 2026, 17(3): 165-175. (in Chinese with English
abstract).

He RO AR Kok E 4. B
SR s B

Tk, & %' F B, AWHL LR kERY R &1
2 #ML axra”, 2 om"”
(1. IR R EIR B E R M SRR, F 5 266000; 2. o EEFE =R MBS S LR,
H  266404; 3. LRI RSN R 2 EEASRE, [E 200241)

5

W OE: BRY WROHWERRE R R AR AL, ] MeHg (BB SIERRE 1% B R
FHRURE sl F1 2 RS R AR Lt oy 1) R F b 515k ad B2, R Label-free EARic 2 & A F#H AR
Xof v Tl P oK 2 5% AH (Hg-H) AL Wi 14 AL B A7 2 1 B 5 22 e 3k A i, TR E o . SR B . KA
A Ak (gene ontology, GO)ZfE M HLHRHE K 5 £ [N 4 H Al 4> 45 (kyoto encyclopedia of genes and genomes, KEGG)
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ABSTRACT: Objective

metabolic

To investigate the mechanisms of mercury accumulation, speciation transformation and

depuration in Magallana gigas, clarify the kinetics of methylmercury formation and

elimination. Methods A two-compartment kinetic model was employed to simulate the accumulation,
transformation, and depuration processes of mercury in Magallana gigas. Label-free quantitative proteomics
technology combined with MaxQuant software was used to identify and analyze differentially expressed proteins
in the digestive gland of oysters from the high-concentration mercury exposure group (Hg-H). Analyses included
subcellular localization prediction, domain prediction, gene ontology (GO) Functional enrichment analysis and kyoto
encyclopedia of genes and genomes (KEGG) Database Pathway enrichment analysis. The expression dynamics of
metallothionein (M7) and heat shock protein 70 (Hsp70) genes in the digestive gland over 0—60 d were detected using
quantitative real-time polymerase chain reaction (qQPCR). Results The results of mercury accumulation and
depuration experiments indicated that the content of mercury and methylmercury in the digestive gland of oysters
were positively proportional to the stress concentration, and a lag effect occurred in the peak content of
methylmercury. qPCR results showed temporally coordinated changes in Hsp70 and MT gene expression: Hsp70 was
rapidly up-regulated (7.15-fold) on 5 d of stress and peaked (32.09-fold) on 40 d of depuration; MT expression
showed a bimodal pattern (5.81-fold on 10 d of stress and 3.55-fold on 40 d of depuration), consistent with proteomic
findings. Proteomic analysis identified 5487 proteins, and differentially expressed proteins were significantly
enriched in subcellular locations such as the nucleus, extracellular region, and plasma membrane, and were associated
with domains including heat shock proteins (Hsp20/Hsp70), C-type lectins, catalase, and Clq. GO and KEGG
analyses indicated that these proteins were primarily involved in biological processes such as stress response, immune
response, antioxidant processes, amino acid metabolism and signal transduction (e.g., PI3K-Akt and MAPK
pathways). The arachidonic acid metabolism pathway might be closely associated with mercury elimination.
Conclusion Mercury stress significantly alters the protein expression profile in oyster digestive glands, triggering a
coordinated response involving molecular chaperones, immune factors, and metabolic enzymes, which is closely
related to the accumulation, transformation, and elimination of mercury/methylmercury. Through integrated analysis
of proteomics, qPCR, as well as mercury bioaccumulation and depuration processes, this study systematically
elucidated the molecular mechanisms by which oysters cope with mercury stress, providing a theoretical foundation
for toxicological studies on shellfish contamination and safety surveillance of aquatic products.

KEY WORDS: Magallana gigas; mercury; proteomics; biomarkers; molecular mechanisms
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K05 (Magallana gigas, M. gigas)iHALIE A+ Hg & MeHg &
AR, SRR A A A, 20 R Label-Free
FEFRICAE f A T EBOR, R AR, He Mhia Y
HEBERIKTE, LU L OG22 SRk 1, A S
FE 1 B A B 85 20 )X B (quantitative real-time polymerase
chain reaction, qPCR)iARTER sAKEIAE HSP70, MT 55
R FEIN, SCEUEE S5 B2 S I IE . ASIESE & 7R B
WAL T A e 1. He 38 B 2038 B S L], LA
KIAF Hg WAL MeHg 55kt T BEE 1
FEDR, RS HERRPEAL DU 0 Hg T XU . GBI PR5E He
15 YL LB TR AE 1) v R S R A b R O A B AR i g 3
TR A S

1 MR5ERE

1.1 #MR5E

KA (53.2145.32) mm, 555 (78.66£5.31) mm,
72J5(39.46+4.89) mm, 1A JFiHE(87.10£8.32) g, 2024 4 4 A%
BIIAREHSH A XM EERES] Bk
(Platymonas spp.YE(RIE S 4x10" cell/g, 1T T HEDCAHE
WA BRZA AL, HegCl (OrHT4t, iR b2z iR A B )
HEZ A EY) T GBW10029 £ P (h R 2= 052 be); +
TRESERER AN . R LSS H bR IR AR | R
£, M0 Z, 1% (ethylenediaminetetraacetic acid, EDTA)(43#7
afi, FEZPERERGA PR F); LR eaR . s 20K
R (T AE, 22 e A AR I A BRA |1, bl
R (ribonucleic acid, RNA)$RHAF] £ [TaKaRa MiniBEST
universal rna extraction kit, FAY) THE(CKE)H RAF];
J2 5% 58057 £ (HiScript IV RT SuperMix for gPCR) . %6 E
# PCR i3] £ (ChamQ Universal SYBR gqPCR Master
Mix) (1 5% T MEE A TR B0 A BN )
1.2 UE5EE

CR-6 T THA#AY (3E [ CEM 2 wl); Lab-24 AR AL
TORMAZRHMUER B A BR A ), U3000-ICPQ RAH 3 -H
TG A 1 A BT I AN (36 BB R B 2 | );
SCIENTZ-30F/A A& AR THRHLCT 8 2 A MR IRy
[\ ]); CFX96 Real-Time System 32 3% %52 5 PCR Y ({f1
TRAERRIEIIGE A T]); Centrifuge 5430 R 5V RO HL
A (A A BRAA 7] ; TP-313 B F~KAE(dt 0.01 mg, b
HHZHIWHER R G A PR ]); Dionex Tonpac™ AS7 Cig

A 75FE (4.6 pmx12.5 mm, 5 pm, 3% EFB CH/RBHE A F);

Empore™ SPE Cartridges Cg (2 B 72 A 7)o
1.3 W&
1.3.1 AW Hg Wil 5 540 52 36
FARD UG K R BR AT Wa s R P v, WK M E Y,
FIRFRIK SL 56 % (KR 16~18 °C ., pH 7.90~8.20 . 5 BE 28%o .

VS 7~8 g/L)BTFR 7 d[ I A R A MR/ N R g (R R
JEH 4x10° cell/mL)H B fe—Fifg K, JET-RIET 5%], Z
JEBENLAY4H, 2 50 H/100 L K /AR, % 3 HFAT7925
S G e BRI TR AT I A S, 4 oR AR He WA
(Hg-L, SZE0 K FEHE THg =0.065 ug/L), " Hg HeJEF
2 (Hg-M, F2HHEK T THeyw=0.245 ng/L) . = Heg ik
FEAT(He-H, S230igsK i i B THgu=2.045 pg/L). HARME
KNS, KA E Hg THg,,=0.045 pg/L), #4525
MK ARK H MeHg, R “B #5092 560 50, Mha
B BT Ae N TR Hg e B2 e BR958 T 2R 5% 30 d(SEB05
0~30 d); HHLBTEL: 30 d J5 568 E AW uEA G KT 30 d
FAB(CERES 30~60 d). AEPMABYEL, B K 17T 8:30 #H4E
TR 0E TR B B (WS L K G ASREIA G, $EME/ ek
B, 2 h JE AT, AR IR S INE R He
BE . ST BE, BRAUIN He #h, HAbAL PR |, Foems
FFEE 0. 5. 10, 15, 20, 25, 30, 35, 40, 45, 50, 55,
60 d BUHALHR, FTF LA HERRAI0E o
1.3.2 Hg 5 MeHg # M|

S 0 T A BR B TR A VR TR ML LS v R T
72 h, BFEERKE, 4 GB 5009.268—2025 (£ 2 42 [H
FhiE AR 20 RN ) Bk, R
AR, R, E% 50 mL, iR SR ik
JFE I E B Heg & i, K46 GB 5009.17—2021 (&H%
SEFE B EOR A VLREME ) 5 mE Ik,
SR FHVRORH €8, 1% - FRL IR 5 55 B8 - PR B 1S I06 A DU 8- MeHg
Erit . NEZFREY BT GBW10029 4[4 [MeHg b {E
(0.82+0.03) mg/kg]H MeHg I £ {8 >4 (0.81+£0.04) mg/kg,
5K 95%, SLU B Al FE
1.3.3  4E35 4Rz £ 42 A W £ iA 49 qPCR # )

B2 20 mg A5 ALARAR D 2 1.5 mL JORE O R,
F I RNA $2IGRAR) & SR IUE. RNA, RFL AR
qPCR K| &4 MT. Hsp70 FXTFRB&, S1985HE0
# 1, NS HIEMA T 1-a FLH (CgEF, LOC105338957), %
F 2788 i R R A A Fak i, B RRSR I E 3 A
FEREAT, 6 MR

# 1 ZAf-qPCR LIS
Table 1 Primers used in real time-qPCR experiments

ElE /B2 JF51(5" to 3)
F: AGTCACCAAGGCTGCACAGAAAG
Cerr R: TCCGACGTATTTCTTTGCGATGT
F: ATGTGTCTGCTCTGATTCGTGT
Mr R: GCCTGAACATTTACACCCGT
F: CCCATCTACGAAGGTTACGC
Hsp70

R: GTTCTCGGCGATGGTGGTA
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134 H¥EHAKREGEFN T

I Hg-H 41/ 0, 30. 60 d {HfLARZ 0.1 g, >R SDT
[4% (m/V) T+ ZHE LR ER S, 100 mmol/L = 35 F KL 47 2 H 5
hEREL pH7.6, 0.1 mol/L Wi IR WHEE 2 fif ik SR BUE 19 R,
) FH 3L 8 55 B 5 1 4% (filter aided proteome preparation,
FASP)J7 ik 1T 28 LT W7, R Cig Cartridge FEXTK
BEUEATIEER, BRBEE TR A 40 uL 0.1%H BRIE R E %
FEML 2 (13 8 5 ] Q-Exactive JRIBANHEAT FRIG0HT . 46
Wy =2ChEEF, B HMEE 300~1800 m/z, 2434
TEFRATEE 200 ALR43HEFA 70000, H 2h6 354 B ARE
H1x10°%, KB RN 50 ms, shAHERRE Y
60.0 s 22 KA Z BRI R 1% 5 55t F T b e B 80 R 4
BREERHERE 20 A B (CHETEER), %R
i 2y Ok R AR R A B, BT RRE R R 2 T L,
THSTRE S HERAE 200 Fifi AR 17500, ARl TE A
K30 eV, HAE AL KR 01% . = FH &N
NCBI_Crassostrea_gigas 65823 20231121.fasta,

1.4 HIEAIE

B R A Eabr R 22 3R, R SPSS 26.0 i
AT, BN IER S AIEOLT, 415 iR
FHRREE T 2050, RZRAESERR, LL P<0.05 i
I 7K i, 5% OriginPro 2021 .GraphPad Prism 8.0 {4 1E &,
K F LR AR K (gene ontology, GO) . HUARKER 5 3L 4 5 Rk
445 (kyoto encyclopedia of genes and genomes, KEGG)i# it
B X R R bR

2 HREHR

2.1 HUREWERD He 5 MeHg 777

ME 1 ATLIEH, Wb B BE He-H 2H7E 0~20 d 281
B LTS, 20~30 d LIFHESGE TSI A G,
5530 d A FIIE(E(23.05 ng/g), HEAEILIIESE 35d MOE
Hg TR, HEBHEWiE A B ARIEKIG, TR 240
Hg Pl fEH, Mzl T 40 d J5 WS BTt B ke
LT R R, 35 S A O B DR A A I 25 SR A HL)
Hg-M 4 1E 0~25 d S IFFLEE Ay #a#e, 55 25 d F130 d Hg
B .3 (P>0.05); Hg-L 2178 Hg 0 JE HA P 2 5L 31
B LIS, A ARG E 2R T A,
5% 60 d B, Hg & A/ TS (E, FHXT T4 MeHg & 5t
BRI 2); kB BE, He-H 2 FI3EAR 2 H 2R
TREMREEY, 45 60 d I Hg-H 2] Hg & & 22 5 (a1 74 1%
J& He-M AR 7.93 %5, /R He 5 S0IIR R
WREE SR IEAH K R He-L 41 T P& 0.04 pg/(100 g +d), 5
60 d i} Hg it R IAEN 3 f, RIKERE T gL
BORAINTA R, MeHg &2k nE 2 fis, FEia b Bt
WiTH AR MeHg 198 i 5 8 FElB/K b He & i UEAG,

TERRA BB I (30 d), He-H 415 (1,89 pg/100 g),
FEUCh He-L 41 #EASHERTBER, Hg-M 4171 Hg-H 41 MeHg
FRIEBUE ETHE TR, 51T 35 d (1.05 png/g)
FIEE 40 d (6.80 pg/g)AFIEAL, TifikHe 41 He-L 411 MeHg
T B B B R AT A B Mg, 5 He-M 41958 35 d
AT, 5 B A AR ),

25 . 3 B B BT B
20} -e~Hg-NS

-m-Hg-L
15t  —a=Hg-M

-»Hg-H

A

KA G A IR Hg &/ (ug/100 g)

0 5 10 15 20 25 30 35 40 45 50 55 60
A al/d

P A5 S g AT AL IR P S He SR (n=3)

Fig.1 Total mercury content in the digestive gland of M. gigas by
different group (n=3)
JBa B LB B
-8-Hg-NS
-=-Heg-L
—4—Hg-M
=¥-Hg-H

)’~4—-v/‘ N

—_ = N W A N3
T T T T T T T

KA AL R MeHg & 2/(ng/100 g)

0 5 10 15 20 25 30 35 40 45 50 55 60
) /d

K2 &senad KA AL IR o MeHg & (n=3)
Fig.2 Methylmercury content in the digestive gland of M. gigas
by different group (n=3)
2.2 KHEFHERXBERRILR qPCR LR
M 2.1 9845350 He-H 4 Hg 5 MeHg 58 HA U i
(0 E TR R R, W5 2928 K e G 4T AR kA 7 52
Koo Hoh MTIEH | Hsp70 FkfEBLANIE 3~4 B
MT FYIF5 AL R S 5 10 %o o 455 J Mofh i g — o o
fEEE LI, sl 3 FER, R AL R T MT 3R AE He By
8 R el R rp BB AL, IS E AR R AR IR
— B, TEWEPING d), MT 3Rk i 5% B e JC i %78
f(P>0.05), SR, FEMRIA % 10 d BF, MT ik B2 R,
BFIRIGFELEN 5.81 £5(P<0.01), #&/R Hg BEHESFT
MT B 55 I35 30 d, ki BART 10 d AYIEAE, EA)
NI IR R 2.01 5(P<0.05), TEdE AL BER, MT
FIRETE S dMHE TREZE 1.26, [HMEEAE, EHLE
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40 d, MTFEHMI T B F 0 RSO RIAFR B R 3.55

%, P<0.05), X-SRTHISCER & B He & e R B4 H )
FHEIE . B AL B 45 (60 d), HFkRIAL S THIth
B X 5EARA AP LA MT & AR —3, %
W] MT (A AN He> . BRI AE W sl R #5 T #%
OAERL.

§r IS 1ER I 2t ' HALB B
H
)
d H
)
'
g ° :
[ IR J H
* 4 H
P *+
> e H
® &
+= e H
= & 4 '
m 4+ C !
= o%e! H
I X
2 K%
* 4 ' ’000
§ "‘4 ' LK,
2+ 2 1984
X '000
> &
CC * 4
'S > &
* 4 * 4
...... ’ * . } . -
“‘4 '0.‘
L
0 “A‘ _ > &
0 5 10 30 35 40 60

)/
e R E RN 4 ) HAT 8 28 1 25 57 (P<0.05). 1 4 A,
Bl 3 Heg-H AL MT 2 RN A R (n=6)

Fig.3 Relative expression level of the MT gene in the digestive
gland of the Hg-H group (n=6)

40 - SHR ' Y4 )EIK/\EIL
i i Be : BB
)
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'
H T
30+ ' el
i 23
: FEE
'
:“Sj H rfr (&
H rir
V FEF Trr
'
' : s
rrr rir
z : [ I
20 - FrEd pEEE
I e rere
H rEr rfr
3 ' rrr rrr
b : reed  pEEE
S ! d Ferd EREE
~ rEr rer
) ) rerdl ErCE
2 G FEF rrr Frr
T rrer rrr rfr
10} b rer rfr rrr
C rfr (ot rfr
b rrr rEr rfr
rir| [ rEr
rrr rCr rer rrrC
FEr Frr FEF FEr e
rer rir s rfr rir
rir| rEr rir| [ rfr
Frr e T Fer e
rfr rer rfr e rrr
a rrr! rrr rrr! rEr rfr
rfr rrre rfr rEr rfr
Ol-perem- Freed FOrld- rerd- Frecd - FOFC
0 5 10 35 40 60

A /d

& 4 He-H 4R Hsp70 3 PIAR X 3255 (n=6)

Fig.4 Relative expression level of the Hsp70 gene in the digestive
gland of the Hg-H group (n=6)

& 4 W, Hg WhiE B 2555 T HE LR T Hsp70 (1)
FERFRIK(P<0.01), SEAAEPWMENR Hsp FKIE
MR IR —3 A EIN (0~30 d), Hsp70 H3REE
LEPUAFRMK A T, 85 S d P IR E 71545, 5 30d
BRI BEZL0 ) 10.3 15(P<0.01), TTESLHEL,
Hsp70 MIFEAKEFESR 40 d RPN ECERIBERIEN
32.09 i, P<0.01), BJ5 HA P MR, 25ALE5 R GE 60 d)
HEFFE 24.8 f5(P<0.01)WR/KTF, W& XA, %#®
KA RS MT ) IRiEFHE—E.

23 EHEZFER
231 HREABFELRTEORET L ZF RGO KL
$ He-H 21 /9 8 A 5% 3% 2 8 R 46 508 ok A
MaxQuant 3/ (MASS 1.5.3.17) 3472 i 4 58 F o BT,
e 2 iR, HuniE A iR 4 2 5 e IS R 660682 A,
YTEMREE 49984 % AETEERF 5487 1.
F2 HIFGBHURFERLEELER(=6)

Table 2 Protein identification results from the digestive
gland of M. gigas (n=6)

B A Jk A~ EAML
B MoEigle SkB e BkB BEMECEMEEN
2812560 660682 58910 49984 5697 5487

PI«P<0.05, 5% (fold change, FC)>2.0"%} 4K [ %
FELE R T 22 R LA AL ) HoA Rk 22 R R AR,
W 3 iR,

®3 HIFBEUBREAREEBERLER(N=6)

Table 3 Differential protein expression results in the digestive
gland of M. gigas (n=6)

2051 FRER TREA AEA
Hg-H-30 d vs Hg-H-0d 158 81 239
Hg-H-60 d vs Hg-H-30d 55 189 244
Hg-H-60 d vs Hg-H-0 d 71 131 202

mE 3 Pw, HUEHE RPN E B B A AT (30 d)H
BFLIBWIRO d), 4 1584~ LilEA, M 81 4AEA
T, BEABLEBUR (60 d), ETRE A B E 71 4,
T R I E 131 4S5 60 d BTG LET B 30 d
JEVE LR RIIRET (O O HIEEARSE 71 A4S, WA T
FEAH 81 NN 131 4y, RR&E LW, fFEWan,
BI 0~30 d BE#HMAEEF Hg &M 1T, I AR m, #2
TR T R TE S A DGR RIS L X He A s
FH.30~60 d % A B8R KIG, BEFS RN Hg & RIMT R, b
WE A EEE IR, B S5 Hg b a3 He #%4k
2 52 5 He AP 2R Ak 9 4 A fURk
232 R REZOIESMH

(1) 22 525 11 30200 g s o Tt

A RELAS 2 AT P B — TR A T BE M s B (a0
E5 AL NN W s - = e N T ) s 3 O 871 L
NG 1 Tok e e S 7 N B i B = 0 T e = N
LN B T i — SRR AR R R R ER . —
T, H B AN A0 B E 7 4o 11 25 A E 4L . i
) N 7 I N A N1 B N 1N = /1 B NS YA N
UM% . LR A . A . el

SR FH 0 440 45 # T 442k CELLOM X i 22 53 23k
(82 1 B T 20 E AT (] 5) 0 S5 RBOR, 22 RN
FEA T UM 2L AR R M A R B, Nkl
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78.07%~83.04%, HARHE 1504 TANME . Zomrid . ik %1k
IR S AN . FaRgs R W], 4Lire Hg Whia Kig ik
TR PR R AR AL R AR R eSS S P DR
AN WK SEBATT, AT BE-S5 AN R O 0 . AR AR
T St mp e AR S A O

140 = Hg-H-30 d vs Hg-H-0 d = Hg-H-60 d vs Hg-H-30 d
Hé 120 = Hg-H-60 d vs Hg-H-0 d
e
=
B
=
F
E I & & F &F &
DR a /\ﬁ :/\\ X \1\
AR
S R
RI&Z ) R
B S 4% LA 0070 A BRI 200 M B Hh 2 1 SR B o A

Fig.5 Distribution of proteins in subcellular fractions of M. gigas
digestive gland among different groups

()& 1R EE ) 5Hr

EA RSO R EATSTH, T2k
Bl AR A A R B R, YA 2 AT S ]
AT S D R R DR — g A A L &
JUBE AN ZBIERRFRILA AL, &AM 23 450, JFRMEA
el A2 aet™ . — ok ut, S EHAL N )
AR AR AR R LASS RS0 B, 25 S N G S R A8 T
AERE, RIRES R AR OGS AR I U, USSR SRR

a EEUALL VAN
C-TUBEH

ClqHE 155

Hsp20

EFFIEIR 14548

T 118 2 RV

S B U

JEESRGEE

von Willebrand [H AR Z5 Ko 3,
il 4 3R ifFP4S0

Hsp70

PR

WDZE Iy F A

von Willebrand [H DRI ZE Koy,
R AL

ML# [

JUT R4S 4 e
TG

e P AT T4l
AJAIRRE NG 11 S ARLE Ry dak
YN

SERIE AL FR(1T20)

10.0

5.0 7.5

AR

RAZDIRETI W LI S5 . IR, S5 04 3 500 X FiF
R RN RE KIS R I RV e LB = R

T R SE MM %K1 interproscan® % 25 R B E A
AT T S5 R 5 & R . SRR, AW S b
ERFREAW REZAEHIRAILE 6), Hrbar 20 ME4E
SN E R E O BEE AR B % . i —2 R Fisher i
KA T & AT, R T ERENTERE A L E
SRR X LB ZE ARIR, WA AR % He Jihif K i fb i A v,
B4 BRI AT REAE AL 2R I DR S AN AR S T R 44 TR
ZAEA

MK 6a i, Hg-H 40 1€ A B BE 45 3RS (30 d) S WA
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