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The accumulation of PSTs and its ultrastructural damage in C. farreri

a: PSTs ZEMETAUF RIS & b XML o X-641; d: X-14 41, NU: 4ifi%; M: ZoRifk; MI: %40 BM: B
s MF: WLEF4E; LD: . 1. J0MR B4 . Q@B 2. AMssiatl, J0MBE . Zorbiihssan i dein 2k .
a: Accumulation of PSTs in viscera; b: Normal scallops; c: C. farreri exposed for 6 days; d: C. farreri exposed for 14 days; NU:
Nucleus; M: Mitochondria; MI: Microvilli; BM: Basement membrane; MF: Muscle fiber; LD: Lipid droplets. 1: Cytoplasmic
pyknosis, chromatin condensation; 2: Cell vacuoles and the cell membrane, mitochondria and other organelles disappeared.
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Fig.2 Changes of MDA content and GSH-Px, POD, SOD enzyme activities in visceral mass of C. farreri

C ONMHIRGL, % FoR 53] REALAH HL 22 5 10 35 (P<0.05), *+* R 5 Xt FR41 M L 22 4% 1 3% (P<0.01), R,
C is the control group, “*” means significant difference compared with the control group (P<0.05), “**” means extremely
significant difference compared with the control group (P<0.01), the same below.
MDA: Malondialdehyde; GSH-Px: Glutathione peroxidase; POD: Peroxidase; SOD: Superoxide dismutase.
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Fig.3 Number of differentially expressed genes in visceral mass of C. farreri and KEGG annotation
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FHEAE AT, RIA 242 ANHHIEFEAMEAER, B
[ i PSTs B, Horb 4 A i 4 2% S5 3 R 78 0 3
b AR R AR O E A F (B 4c)

iR 4 A RSP AR A A g
ALOXS5 . AfGST3-1. caspase-8 N Bax4. 43 3¥HAE
ANV ] 25 ) FPKM B AR BRI (B 5), 25 R 3%
B, SXTHRAIAILL, 4 FhIEDR A0k R 177 i 5 22
5(P<0.05), H, ALOX5. AfGST3-1 A ML 5
RS, Feik it Bl SC B I B] A 2E K 2 e THE R, 7E
SLERHE 3 RRIA R, AR 6 KA RIA A Pk

%, 145 #5251 3R 3K (P<0.01), caspase-8 Fl Bax
FEIRBLACARALL, 220 o e S 56 e ] 198 B 4 T 28 3 T

B, LIRS 6 KRB, WO EEN R
(P<0.01),
3 i

A WTFERY], FifL e D585 PSTs Y 322 NIY
FAEPUAAL . A AR R SR RN . B IR BT AR
AUV 7T 3 2 AT R T PSTs 2 88 i Y i S Ak #1405
(Oyaneder-Terrazas et al, 2022) . A<HF7E WAL ] FFL



% 6 3

AR AL B DL BRI P UL SR 2 A A B 5 % e SR 2 S0 M 171

DU MU AEAE S 8 1 S A 7 93552 1 AT o g o ik 4R Ak
T K PrALEE SOD ., POD 4l 7S804 1. 3 Kit
i 2 N (P<0.05) . [HTERE R 5tk i oy N Bie AL T I
TERAG], ALY ER . SABFAELL, Oyaneder-
Terrazas 55 (2022)F 5 B, IR U1 (Mytilus chilensis)
WA R (Ameghinomya antiqua)=57E D SR N i S 1L T
TG PE PSTs ZR @80 10 & Thim, 283 R W PR AT E
AALBINEE . X FEUEN B DX PSTs IEA
A i Az R A2 1Y HF S (Oshima er al, 1982;
Escobedo-Lozano et al, 2012), FiFL 5 U4 P9 5 5% 88 19
PSTs 175 & W 45 ¢ P g ot 3 42 fL 51 405 (Choi et al,
2006), HE M RCH PSR T AIB IR Z —

EAEK, M PSTs 288175 & M40 A T- I R AE 4t
1i(Medhioub et al, 2013) . 54|, N5 I (Sokolova et al,

a 10

2004a; Mat et al, 2013a; Rolland et al, 2014)2: 32 4
H ., AR WL E] T PSTs WFAFL kR DL PN I P 41 210
TSI, TR LR AR S A AR O L A
K224 55, R] B WL 28] G (2 [ 356 3R RN 0 2K (45400 )
o, oo o B 2R I BP0 N R A 0 L R T A s
(Snigirevskaya et al, 2019). IAN, A7 WL 5] PSTs
A g F T E MDA & 5(P<0.05), fER R &8 E R
=, MDA F sl e & i (P<0.01), BLH] PSTs 2%
FERTFLES DL PN R 1A Hh i 2 B it S A S g, HLJR Bt
ARREETTRES PSTs & & 1EA X . MDA 1% #7421k
SERLA NG T SR A K B BB RAE , AR T = R R
XF D2 3 B A Bl B ok AT 00 0 DU 2 ik 4 L 0 T 1Y
H 5 [H 22 —(Ricevuto et al, 2016; De et al, 2017),
JrE I e WGCNA K KEGG T B4 5 14 3¢ I 41 fifg

04 -

B
Module

PSTs

iEPS

Relevance

VARHA Lysosome
WK Phagosome |

~
o3

YRI5 1= Apoptosis | Y 0.2

FEHE PSR ERA it

Arachidonic acid metabolism
ABC##jz ABC transit |- @

Fe R Hk

e 25

M#FEH Endocytosis - @ : g(s)

AR R PASORTINRAL S AR © 40
Metabolism of exogenous [ @ 045

compounds by cytochrome P450
BREHMACH - @

Glutathione metabolism

0 0.05 0.10 0.15
BHFT Rich factor

& 4

Gene number

ZRILNTTHE S WGCNA 7 Hrds i

Fig.4 Differential gene enrichment and WGCNA analysis result
a: WGCNA 734722 5 25 5 PSTs & BUHICHE : be IEARSCRIHIE R B 420045 o IEAH SCREHEE DA AR 43 #

a: WGCNA analysis of PSTs exposure correlation; b: Gene enrichment analysis of positive correlation module;
c: Gene interaction analysis of positive correlation module.



g3
N
|

a4t

172 oo A
ALOXS
751 —_ % o
T i 1
E 50
&
S 9
25+
X-C X-3 X-6
FEfH 4341 Sample grouping
caspase-8

60 -

FPKM

X-C X-3 X-6
£ 44 Sample grouping

AfGST-011
60 r kK
sk
5 40
Ay
=)
20
0
X-C X-3 X-6
K& 54340 Sample grouping
Bax

300 s

X-C X-3 X-6
#EAh4r4H Sample grouping

B s SRR AR AN [ Y A 2k A8

Fig.5 Expression changes of key regulatory genes in different periods

TS5 PSTs MEMR S ERE D EIEMIL, &R,
PSTs % 5% it MU AL 5175 A AT FL s DL 2B 1=

2 e 2 R K A E R B B (caspase) 3 R K5 J&:
Sl RAMEIHT ) FZATH, Abi-Khalil 4£(2017)E1
UER PSTs it caspase FERFK AN FHIEAE K
Hs A &k AT . AR, caspase P KK
TEAN [R) S 56 B (] 0 A7 7E 22 5 380K, 45 IR T2 )7 A OC
[ caspse-2/9 1 caspase-8/10 VI I T-HATH A
caspase-3/7, HH caspase-8 Fik NN BE, TEAFE
S B[R] () R A R AEAE 3 22 7 (P<0.01). caspase-8
7 40 P8 1 5 A v R 8 23 5 T G 1 4 T (Calderén-
Garciduefias et al, 2008), HWFFLEY, $ GTX2/3 &
T VLS, caspase-8 )& LI AN (Estrada et al, 2014).
HAEK caspase-8 AU Fsi DL A4 TH A B R0 EE e v iy
Fih(Wei et al, 2022), HHILIE—HEWT, W15 3h3E
caspase-8 11 F 3k ik & 09 P8 ToAIL ] 2R BAFE AL
Jd DUV % PSTs Z% 88 (RHE S i L] o 5 b ml s,
Bax TEFE R M0 T2 i R b R RS EAE T, vl
I 1 R LR A RS M, IR AR YR T B R
(Bock et al, 2019), Medhioub %(2013)#F5% KL, %
#& T PSTs my4tWim 40 il b B Bax 1304 Kk
(P<0.01), 7EAMIFEH, PSTs i 1 #15L 53 U1 Py i ]
ML P LN Bax B RK(P<0.05), HZGHE
SR TR R B BRI I (X-6 A1) Rk m il i T
(P<0.01)., FHAFIEN Bax "WHES S PSTs 5l &K HifLAH

DU Py A P 40 0 T A R P AL

AL B DL P E fore s AL ] LA s 2 A 5
DU f B AL 2225 R 3 AP B o S — B Box)
SR A TRHEM , O B RS R E R PST Ik
HH:AL N ROS, 4 (7K P450 161X — [ Bt k3% 5
fEHI(Rolland et al, 2014); 45 BB iy ¥ i 542
845 T BKAE N AR R AL A W 19 25 4 (Fabioux et al,
2015); 55 = BB A 2 8 (LA S B R M,
fU45 2 25T 25 45 11 (MRP) Il ATP 45542 E M A%
% A 51 (ABC)(Wang et al, 2021) ., Freitas 55 (2020)ff 5%
LKW, Z&EE T PSTs BYIR DL . 505 (Galbuliformes) . 7
¢ (Solen strictus) ™43 BEH BRAC 8 B A0S A5
(TG 25 S 7R, PSTs 28 /5 GSH-Px 1 J1 B & THm
(P<0.05), 5625 R, A M A G ot
FEAE. WA, WGONA SRR, @R P4s0
XFAMEAL A PRI . A R & ABC #5428
HY1 5 PSTs 2258 I 3% IE A, W PSTs (M558 £ 3%
AL DL Y45 IOk R B R B2 8. B PH PSTs %
TR DU R AL . Hlaing %5 (2020)8F 58 %
B, PSTs 1] 5 EHIFLES DL CAGST3 AHIEIE A (1 45 5+
PEFRIE, W GG AL SR B F A0 405 1 1T Rk 4% 2 )
e (HAWIFE R, FRak = vk B 1 B R 28 58 1 K6 38 A
ARG, tnT s, AL RS DAL B S Ak B i B
FRE S A R, T AR A R DML 52 A ot it 4
45



ZEEERIAE: ML B DU JRROBE DL S35 3R A A B B % S 2L oA 173

4 HRE5RE

PSTs FEMIFLIE DURN HA R &R, =5k B i
HE, 75 & MEFL R D0 WA 22 () Bt S8 AL 7 384 5 4 4 4
i ANMLYR T RT RESEHIFL G DU 3 PSTs %88 11 Bl 1
FBZ—. FifLE N ZREET PSTs S8 ATS-3 )5,
MU Z B g it A AL 515 & B caspase-8 FRIETE
Ja S AR TR Y, AR HE T MIFL RS DUBLIR X PSTs
AR, AGED B B EREE- A R IR A B
ML B3 D1 LA 30 B A I 22 58 M e 25 A C A WL He s 17
W, (HRURAIR, TCIETHBRE SR PSTs 5 & MHEs:
PEST 0 X N UG BB AR A MBI SE PSTs XFAFL IR I
VR R LA A FL RS DL ) S8 o F-HIL $ 04 T A

2 % X #

ABI-KHALIL C, FINKELSTEIN D S, CONEJERO G, et al. The
paralytic shellfish toxin, saxitoxin, enters the cytoplasm and
induces apoptosis of oyster immune cells through a caspase-
dependent pathway. Aquatic Toxicology, 2017, 190(1):
133-141

BOCK F J, TAIT SWG. Mitochondria as multifaceted regulators
of cell death. Nature Reviews Molecular Cell Biology, 2020,
21(2): 85-100

BRICELJ V M, SHUMWAY S E. Paralytic shellfish toxins in
bivalve molluscs: Occurrence, transfer Kkinetics, and
biotransformation. Reviews in Fisheries Science, 1998, 6(4):
315-383

CALDERON-GARCIDUENAS L, SOLT A C, CARLOS HR, ez al.
Apoptosis: A review of programmed cell death. Toxicologic
Pathology, 2008, 36(2): 289-310

CHOI N M , YEUNG L W, SIU W H, et al. Relationships
between tissue concentrations of paralytic shellfish toxins
and antioxidative responses of clams, Ruditapes philippinarum.
Marine Pollution Bulletin, 2006, 52(5): 572-578

DOU Y, GAO J W, SHI X T, et al. Outbreak frequency and
factors influencing red tides in nearshore waters of the South
China Sea from 2000 to 2013. Journal of Hydroecology, 2015,
36(3): 31-37 [5:55, mi&th, BIbelE, 5. 2000—2013 4
] g S S0 A T A A KL B PR R K AR A
2R3, 2015, 36(3): 31-37]

DU K M, LEI F, WU N, et al. The pattern of paralytic shellfish
poisoning in shellfish cultured in East China Sea and South
China Sea. Journal of Jinan University (Natural Science &
Medicine Edition), 2013, 34(3): 343-346 [FL:7iif, EHIY,
Rba, A TR AR A R I R VSRR R DL 2R3 3R
JORBL. B R AR (A ARBLSA S5 ERAERR), 2013, 34(3):

343-346]
ESCOBEDO-LOZANO A 'Y, ESTRADA N, ASCENCIO F, et al.
Accumulation,  biotransformation,  histopathology  and

paralysis in the Pacific Calico Scallop Argopecten ventricosus
by the paralyzing toxins of the dinoflagellate Gymnodinium
catenatum. Marine Drugs, 2012, 10(4): 1044-1065

ESTRADA N A, LAGOS N, GARCIA C, et al. Effects of the
toxic dinoflagellate Gymnodinium catenatum on uptake and
fate of paralytic shellfish poisons in the Pacific giant
lions-paw scallop Nodipecten subnodosus. Marine Biology,
2007a, 151(4): 1205-1214

ESTRADA N, ASCENCIO F, SHOSHANI L, ef al. Apoptosis of
hemocytes from lions-paw scallop Nodipecten subnodosus
induced with paralyzing shellfish poison from Gymnodinium
catenatum. Immunobiology, 2014, 219(12): 964-974

ESTRADA N, DE JESUS REMERO M, CAMPA-CORDOVA A,
et al. Effects of the toxic dinoflagellate, Gymnodinium
catenatum on hydrolytic and antioxidant enzymes, in tissues
of the giant lions-paw scallop Nodipecten subnodosus.
Comparative Biochemistry and Physiology, Part C, 2007b,
146(4): 502-510

ETHERIDGE S M. Paralytic shellfish poisoning: Seafood safety
and human health perspectives. Toxicon, 2010, 56(2): 108—
122

FABIOUX C, SULISTIYANI Y, HABERKORN H, et al
Exposure to toxic Alexandrium minutum activates the
detoxifying and antioxidant systems in gills of the oyster
Crassostrea gigas. Harmful Algae, 2015, 48(9): 55-62

FERNANDEZ-REIRIZ M J, NAVARRO J M, CONTRERAS A
M, et al. Trophic interactions between the toxic dinoflagellate
Alexandrium catenella and Mytilus chilensis: Feeding and
digestive behaviour to long-term exposure. Aquatic Toxicology,
2008, 87(4): 245-251

FREITAS J S, TERESA F B, DE ALMEDIA E A, et al.
Influence of temperature on the antioxidant responses and
lipid peroxidation of two species of tadpoles (Rhinella
schneideri and Physalaemus nattereri) exposed to the
herbicide sulfentrazone (Boral 500SC®™). Comparative
Biochemistry and Physiology Toxicology and Pharmacology:
CBP, 2017, 197: 3244

FREITAS R, MARQUES F, MARCHI L D, ef al. Biochemical
performance of mussels, cockles and razor shells contaminated
by paralytic shellfish toxins. Environmental Research, 2020,
188: 109846

GUO F, CUL Y, CHEN B J, et al. Analysis of toxic and harmful
substances in shellfish of Jiaozhou Bay. Progress in Fishery
Sciences, 2011, 32(6): 115-120 [d4%, 5, BRERY, 4.
JEEIH S DLAR A T WS GOR O A, ol By
HERE, 2011, 32(6): 115-120]

HLAING S M M, LOU J, CHENG J, et al. Tissue-biased and
species-specific regulation of glutathione peroxidase (GPx)
genes in scallops exposed to toxic dinoflagellates. Toxins
(Basel), 2020, 13(1): 21

HU B, LI M, YU X, et al. Diverse expression regulation of
Hsp70 genes in scallops after exposure to toxic Alexandrium



174 ook B

5 44 4

dinoflagellates. Chemosphere, 2019, 234: 62-69

LI D, GENG H X, YU R C, et al. Distribution of Alexandrium
pacificum cysts in the area adjacent to the Changjiang River
estuary, China. Marine Pollution Bulletin, 2020b, 156:
111206

LID, YU R C, GENG H X, et al. Resting cysts of Alexandrium
catenella and A. pacificum (Dinophyceae) in the Bohai and
Yellow Seas, China: Abundance, distribution and implications
for toxic algal blooms-ScienceDirect. Harmful Algae, 2020a,
93(2): 101794

LIAN S S, ZHAO L, XUN X G, et al. Genome-wide
identification and characterization of SODs in Zhikong
scallop reveals gene expansion and regulation divergence
after toxic dinoflagellate exposure. Marine Drugs, 2019,
17(12): 700

LIANG Z X, LI J, REN H, et al. Toxic dinoflagellate
Alexandrium tamarense induces oxidative stress and
up-regulae Caspase gene (FcCasp) expression in gills of
Chinese shrimp, Fenneropenaeus chinensis. Journal of
Fishery Sciences of China, 2014, 21(1): 8 [R5, 251,
(SR N SR N SORREEEPOE N e e
I AN Caspase K (FeCasp) IR, =K =)
2%,2014, 21(1): 8]

LILLY E L, HALANYCH K M, ANDERSON D M. Species
boundaries and global biogeography of the Alexandrium
tamarense complex (Dinophyceae). Journal of Phycology,
2010, 43(6): 1329-1338

LIU B, ZHAO H Q, LIU B, et al. Investigation and analysis of
paralytic shellfish poison pollution in retail shellfish in
Hebei province from 2018 to 2020. Journal of Food Safety
and Quality, 2021, 12(5): 7 [XUxk, B35, Xk, %
2018—2020 ATy b4 T A7 DL S R D1 g R TG ek
DUIRAL T, B Al 2 BRI~ 4R, 2021, 12(5): 7]

LIU Z Y, JI R. Comparison of criteria for paralytic shellfish
poisons in shellfish aquatic products in various countries.
China Tropical Medicine, 2006, 6(1): 3 [XI& 5B, i+#l. 4%
] DL K™ it e R D g R BR AR AR A LU XS o [
PHFE, 2006, 6(1): 3]

MAT A M, HABERKORN H, BOURDINEAUD 1J P, et al.
Genetic and genotoxic impacts in the oyster Crassostrea
gigas exposed to the harmful alga Alexandrium minutum.
Aquatic Toxicology, 2013, 140/141: 458465

MEDHIOUB W, RAMONDENC S, VANHOVE A S, et al.
Exposure to the neurotoxic dinoflagellate, Alexandrium
catenella, induces apoptosis of the hemocytes of the oyster,
Crassostrea gigas. Marine Drugs, 2013, 11(12): 4799-4814

OSHIMA Y, YASUMOTOR T, KODAMA M, et al. Features of
paralytic shellfish poison occurring in Tohoku District.
Nsugaf, 1982, 48(4): 525-530

OYANEDER-TERRAZAS J, FIGUEROA D, ARANEDA O F, et
al. Saxitoxin group toxins accumulation induces antioxidant
responses in tissues of Mytilus chilensis, Ameghinomya

antiqua, and Concholepas concholepas during a bloom of
Alexandrium pacificum. Antioxidants (Basel), 2022, 11(2):
392

QIAN B L, XU J, WANG Y, et al. Investigation and evaluation
of paralytic shellfish poison in shellfish collected from
aquatic product wholesale market in Shanghai. Journal of
Food Safety and Quality, 2012(2): 89-92 [Ekf&75, 14t
BSOS st I E S E S R CIE S S TR N
O A K PR, B R e T A A= R, 2012(2):
89-92]

QIU J B, MA F F, FAN H, et al. Effects of feeding Alexandrium
tamarense, a paralytic shellfish toxin producer, on
antioxidant enzymes in scallops (Patinopecten yessoensis)
and mussels (Mytilus galloprovincialis). Aquaculture, 2013,
396

RICEVUTO E, LANZONI I, FATTORINI D, et al. Arsenic
speciation and susceptibility to oxidative stress in the
fanworm Sabella spallanzanii (Gmelin) (Annelida, Sabellidae)
under naturally acidified conditions: An in situ transplant
experiment in a Mediterranean CO, vent system. Science of
the Total Environment, 2016, 544: 765-773

ROLLAND J L, MEDHIOU B, VERGNES A, et al. A Feedback
mechanism to control apoptosis occurs in the digestive
gland of the oyster Crassostrea gigas exposed to the
paralytic shellfish toxins producer Alexandrium catenella.
Marine Drugs, 2014, 12(9): 5035-5054

SEBASTIAN S E, BRENA B M, LUQUET C M, et al
Microcystin accumulation and antioxidant responses in the
freshwater clam Diplodon chilensis patagonicus upon subchronic
exposure to toxic Microcystis aeruginosa. Ecotoxicology and
Environmental Safety, 2011, 74(5): 1188-1194

SNIGIREVSKAYA E S, KOMISSARCHIKY Y. Ultrastructural
traits of apoptosis. Cell Biology International, 2019, 43(7):
728-738

SOKOLOVA T M, EVANS S, HUGHES F M. Cadmium-induced
apoptosis in oyster hemocytes involves disturbance of
cellular energy balance but no mitochondrial permeability
transition. Journal of Experimental Biology, 2004a, 207(19):
3369-3380

SOKOLOVA I M. Apoptosis in molluscan immune defense.
Invertebrate Survival Journal, 2009b, 6(1): 49-58

TSIKAS D. Assessment of lipid peroxidation by measuring
malondialdehyde (MDA) and relatives in biological samples:
Analytical and biological challenges. Analytical Biochemistry,
2017, 524: 13-30

WANG H, LIU S, XUN X, et al. Toxin- and species-dependent
regulation of ATP-binding cassette (ABC) transporters in
scallops after exposure to paralytic shellfish toxin-producing
dinoflagellates. Aquatic Toxicology, 2021, 230: 105697

WEI Z C, DING W, LI M, et al. The caspase homologues in
scallop Chlamys farreri and their expression responses to
toxic dinoflagellates exposure. Toxins (Basel), 2022, 14(2):



% 6 9 ZEEERIAE: ML B DU JRROBE DL S35 3R A A B B % S 2L oA 175

108 S, FBOCH, AE. BRI IR ER T 06 DA N
WIESE M, D'AGOSTINO P M, MIHALI T K, et al. Neurotoxic PRI DL B B AL AL A, b Bl bR, 2023, 44(1):

alkaloids: Saxitoxin and its analogs. Marine Drugs, 2010, 181-190]

8(7): 2185-2211 ZHEN J J, YE F Y, WANG D, et al. Effect of cadmium on
ZHANG H T, WU H Y, ZHENG G C, et al. Accumulation and ultrastructure of gill epithelial cells in clam Meretrix

transformation of paralytic shellfish toxin in mussel Mytilus meretrix. Fisheries Science, 2018, 37(4): 469-474 [T F#H,

galloprovincialis  exposed to Alexandrium catenella. R, R, SF. BRSO SCIR AR R AR A F

Progress in Fishery Sciences, 2023, 44(1): 181-190 [#KifFi%, B, JKFERRE, 2018, 37(4): 469-474]

(3 H %)

Transcriptomic Analysis and Stress Response of Chlamys farreri
to Paralytic Shellfish Toxins

LI Jinzhen"?, DONG Chenfan?, WU Haiyan?, BING Xiaofei?, FENG Zhihua'”, TAN Zhijun**"

(1. Provincial Key Laboratory of Marine Biological Resources and Environment, Jiangsu Ocean University, Lianyungang
222000, China; 2. Yellow Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences, National Key Laboratory of
Testing and Evaluation for Aquatic Product Safety and Quality, Ministry of Agriculture and Rural Affairs, Qingdao 266071,

China; 3. Pilot National Laboratory for Marine Science and Technology (Qingdao), Qingdao 266071, China)

Abstract Paralytic shellfish toxins (PSTs) are some of the most harmful algal neurotoxins in the
world. They easily accumulate in bivalve shellfish and are transmitted through the food chain, causing
symptoms such as nausea and vomiting, muscle paralysis, dyspnea and even asphyxiation in consumers,
leading to food poisoning in humans. Therefore, a widely accepted limit standard of 800 pg STXeq/kg has
been established as a safe limit for PSTs. PSTs are produced by some microalgae, among which
Alexandrium tamarense is one of the predominant toxic algae found along the coast of China. It was
found that the detection rate and over-standard rate of Chlamys farreri in bivalve shellfish sold in China
are relatively high. PSTs are mainly stored in visceral masses and are characterized by their fast
accumulation and slow metabolism.

PSTs are neurotoxins that exert their toxic effects by blocking sodium channels and inhibiting nerve
conduction. Studies have shown that PSTs can cause stress responses in bivalves, including production of
a large amount of reactive oxygen species (ROS), antioxidant stress (including enzymatic and
non-enzymatic defense), imbalance of intracellular redox homeostasis, and cell damage (i.e., lipid
peroxidation). As one of the main products of lipid peroxidation, the content of malondialdehyde (MDA)
can directly reflect tissue and cell membrane damage caused by PSTs. In addition, superoxide dismutase
(SOD) and peroxidase (POD) are often used as indicators to evaluate the level of antioxidation, and
glutathione peroxidase (GSH-Px) plays a key role in antioxidant defense. The changes in lipid
peroxidation and antioxidant enzymes are commonly used in existing studies to reflect the injury and
degree of stress in organisms. Some studies have also shown that PSTs can cause tissue damage and
induce abnormal gene expression in C. farreri, but research on the changes of gene expression and
regulatory mechanism of PST-induced tissue damage in C. farreri is still lacking. This information is
important for establishing and perfecting food safety risk assessment technology.

In this study, C. farreri was exposed to a strain of A. tamarense (AT5-3). We measured the toxin
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accumulation, oxidative stress kinase activity, and its transcriptional regulation in the visceral mass of C.
farreri in control and experimental groups. Further, the ultrastructure of the visceral mass in the control
group and the experimental group was observed to explore the initial stress response mechanism of C.
farreri exposed to PSTs.

The 2-year-old scallop C. farreri was selected as the experimental animal. AT5-3 was cultured in L1
medium at temperatures of (20+1) °C, light intensity of 54 WEm®'s, and a light-dark ratio of 12 h:12 h in
the laboratory, and Chlorella vulgaris was cultured simultaneously. The experimental group was fed with
algal solution in the exponential growth period and the cell density was 4x10*-4.2x10* cells/mL. The
control group was fed with the same amount of C. vulgaris. The experiment lasted 20 days, of which the
first six (days 0—6) were the exposure stage and the remaining 14 days (days 7-20) were the metabolic
stage. During the exposure stage, C. farreri were fed regularly with the AT5-3 strain in exponential growth
period twice a day with a feeding dose of 8x10° cells/items/day. The same amount of C. vulgaris was fed
in the metabolic stage.

The results of toxin accumulation showed that paralytic shellfish toxins could accumulate rapidly in
the visceral mass of C. farreri, but the metabolic rate was slow. The toxin content was highest on day 6 of
the experiment, and the maximum accumulated content was approximately 15 times higher than the limit
standard. The toxin residue reached its highest level (62.4%) on 20™ day of the experiment.

The results of enzyme activity tests showed that the stress due to MDA, GSH-Px, and POD in the
visceral mass was significantly increase (P<0.05), and the SOD activity was significantly inhibited
(P<0.05) after a brief increase. The results also showed that PSTs could induce lipid peroxidation in
C. farreri, and POD, SOD, and GSH-Px were significantly stressed to eliminate the adverse effects of
PSTs.

The pathological changes in the visceral mass were observed under a transmission electron
microscope and included vacuolation, chromatin aggregation, and nucleoplasmic pyknosis. Tissue damage
worsened as the exposure time increased and although the toxin content in C. farreri decreased after the
exposure period, the tissue damage was further aggravated. The results of transcriptome analysis showed
that 933 differentially expressed genes (DEGs) were screened from the visceral mass of C. farreri after
PST exposure. The results of KEGG and GO annotations showed that DEGs were mainly annotated in
amino acid metabolism, energy metabolism, and other metabolic processes. Weighted gene co-expression
network analysis showed that apoptosis and the glutathione metabolic detoxification pathway were
significantly up-regulated, mapping ALOXS, AfGST-011, caspase-8 and Bax4 key transcription factors. In
the experimental group, the expression of ALOX5 and AfGST-cll increased significantly when the
accumulation rate was highest (P<0.05). The expression of caspase-8 and Bax4 was highest when toxin
accumulation was high, which was significantly higher than that in the control group (P<0.05).

In summary, PSTs can cause lipid peroxidation stress and cell damage to C. farreri. In addition to
antioxidant stress, C. farreri can activate characteristic apoptosis and resist PSTs toxicity by glutathione
detoxification metabolism. However, this effect is limited and the persistent damage caused by high
residual PSTs cannot be eliminated. This study provides a basis for further study on the potential toxicity
of PSTs to the scallop C. farreri and its immunomolecular mechanisms.
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