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Tab.1 Primers for qRT-PCR
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T T 2H R B 2H 430 F- 1 77 4 46.61 M Al
45.44 M 4% raw reads. i 385 0 BIPE3 A 43.24 M
F 42.67M 4% clean reads. iFJEJ5MU%RE Q20
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Tab.2 Quality statistics of transcriptome sequencing
for the heat-hardening group and the control group
of Mytilus galloprovincialis gills

JEU i B AR D R
=1
s ™ M IGb 009 Q30/%  GC/%
sample raw clean clean

reads reads bases

H1 47.19 43.09 6.46 96.75  90.88  37.95
H2 47.19 43.35 6.50 97.04 9148 37.88
H3 45.44 43.29 6.49 97.00 90.98  37.01
N1 45.44 42.65 6.40 97.15 9147 3754
N2 45.44 42.33 6.35 97.42  92.14  35.61
N3 45.44 43.11 6.47 97.12 9136  37.66

LA gene B4 primer JF%1)(5'-3") sequence (5'-3")

aPKC aPKC-F CTCCCTGTGGTTCGATGGCTAT

aPKC-P TCTTGACTGCTGTAGGCTCTCC
ECM ECM-F AACCGCAGCAAGATGGCAGATT
ECM-P GGCTCCTGTATGCTCACCACTC
Caveolin  Caveolin-F  TTGTGGACGAGATTGCTGCTAC
Caveolin-P TCGACGAGCAGTCTGACCCTAA
RTK RTK-F CCGTCCGTTCGTTCCTTCCTTC
RTK-P TGCGGTATGGGCTTTGCTCATT
casp3 casp3-F GCGTGAGTGAGGGCTGAACTAA
casp3-P ATCGCATTGCCAGTCGTTTGTT
GPCR CPCR-F CAGCCATAAGCAACCAATC
GPCR-P CTTCCGTCGTCGTTACTT
NMDAR NMDAR-F GCCTATGCTTCTGCTGTT
NMDAR-P CGGACACCAATGACAACT
p-actin p-actin-F GTGTGATGTCATATCCGTAAGGA

p-actin-P GCTTGGAGCAAGTGCTGTGA
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Fig. 1 Gene expression results of the gills transcriptome of heat-hardening group and control group of Mytilus galloprovincialis

a. Volcano plot of differentially expressed genes between groups; b. heatmap of gene expression between groups.
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Fig. 2 Bar chart of GO classification for differentially expressed genes in the gills transcriptome
of heat-hardening group and control group of Mytilus galloprovincialis
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Fig. 3 Bubble chart of GO enrichment for differentially expressed genes in the gills transcriptome
of the heat-hardening group and control group of Mytilus galloprovincialis
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Fig. 4 GSEA analysis results based on GO analysis
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Fig. 5 KEGG pathway classification diagram of differentially expressed genes in the transcriptomes
of the heat-hardening group and the control group of gills of Mytilus galloprovincialis
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Fig. 6 KEGG enrichment analysis results of the transcriptome of Mytilus galloprovincialis gills in
the heat-hardening group and the control group
a. KEGG enrichment bubble chart; b. differentially expressed gene analysis of KEGG key pathways.
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Fig. 7 The results of RNA-Seq verified by RT-qPCR

|
N

275 8og,fE log, (fold change)
|
~

ECM 5 2253 R IRFEN ) iRk, NMDAR .
GPCR YR EZRIE, Ju0as R 50 ah B A —
B, UERH TR S AL A R i vER 1

3 itig

il JEE 2 R I K A A ) A A R 3 AT R S B A 2
WER, T DS J0A e sh ) BoA R = 2 5
g 032 SRRl 30 X TR A A B 4 R B
WU LI 3 AR P2, TR 25 R A
F) A 2RS4 e AR LI LA B i 120,

VLR BAEDT R B A T, JEL5E 0 DL 4k
MG, T HE R AR N DL A A an e i
fry 22 PR R S, A e LA R, RS DL
i P L B AR 4R A AR S o S8R HEME
5B LRI (Y DI RE, K S AR R 5
e . X T XGERPARZ D), A oA e B A~
27, MK EER, 2 A S sE B R T, X
oft A W A e A ) R 5 8 TR G A o 5% 7 IO [
T, AT AE 2 e R A AR S L 55
HAEAFRES . GSEA Z5Ah ZA Ko TRl
PP LR, SRR AL nl g 5 05 i DL A AU
WS, R A S AR R R
Je 300 v LA e AR A PR S o B R s A
ARE S A N A B T O A R ER
T, AN AN B TR AT RS R R AR AL, T
151 i 10 B 1) R T RE A B T A P R Y
AP,

IR AL ) 5 5e i DL el i 4 AR i -2
Py . HIF-1 55 {5558 i L3R i A sz e

A5 38 2o 0 A AL 55 06 DL i 22 S 2R R L R A T
KEGG 73#r, KM ERRIKIEN B EFET
Rapl. ZHEHFT-ZHF . MAPK S5 540HHH Y |
BETTACHE S g . AR TR — R A
FRORP AL, T LATEAS 45105 J] [ 4 2R 240 L ) 1
LR B EREAC DT SZ 4 M, DL4E SR AR ER
B g ZBKE H PR casp3
casp7. casp8. casp9 SN BE LI, JHT-VER
—Fh Z B A I B L R, WM p38MAPK .
Bcl-2 Fi% . INKcaspase Kk . R p53 &3k
L Horh ) caspase FIBNEN—2 A TR E
FIBGAE T R v R AR O AR o R o Rk
MR AN, IR caspase 145 caspase-2,
-8,-9,-10,-11 F-12, SR TR T REME, BIH
Jei, X LRSS E I ROE TRV 4L caspase,
% casp-3,-6,-7. casp3 F casp7 L _LUEE 81
casp8 1 casp9 Wik, vEfilk 40z, X —id
FEARMA T I TR 42 1 AR 22 219 Dong
U3 b e S 2 A0 M e B, 5 AR A AL JRE 5 0 D
L, PEELLJEFENG D caspase FIEILH T3 I
PFRIE . XA AT REAT B T 4R R DA PN 41 it
IFRAS . RIS IR DU RGN Rk i 2
P, ST I TR B AR A RN AR A R T R
PR o U BHERAE AL s T 450 DL e BR Az i sl
LML RE ] - Rapl 7 5@ BEAEIE T 2 BN
Yft R, Bk S m AR . IR BT
iR 5% 2R 0 DA 55 22 G B ) R A T 3 PR R DG
PAEAL S5 2R DL, 120 B Y Rac . aPKC TIA™
eI re RN 2 B . WA B L Va2 BOE
% Racl &M, SRIG WL 40 Mo 22
B3 LA R 1S 5 Z RO A 1 T A A T
Racl TEVERY AR 5 98 0E OB 9 H 15 A ¢ . Mao
2198 9 IR 45 WE (Sinonovacula constricta) T Bl ¥ I
PR PE T, H Rapl {5 5@ Vav2 Rac .
aPKC 3 8% 8. aPKC 1 Par3 VL J aPKC
F Pare AT L {m) b e A5 190 - JEE A A DA SE i A~ B
A AT Ak 00 A A DL S 3ok 0 B A
ARG, TE T 912 3 R 28 S AT [ A e
B ARAE SN, DT i B A A2 P X s
PRl o3 A AR iz i 42 1 0 A0 Ui, 190 A2 I AT fig



%128

SRTT 5255 58 M UL ERAE P o 8 i AR G A My 2 o R B 11 5 S 2H 20 A

1429

A Ao A R AR 1 T 3 A SR A DL R g AT 52
P ZE A RE I M B

4 it

ARSI 6 300 3 B S 2 I R R T 4R i DL 1 $AE Ak
PETTHLE, AAT T I AL R 5C Y 43 R 4 3 Ik %
e R, AR, 1R R R
A UL, AAEE L2 S ECH P I RIS, T AR 2R
WP AR 37 2 B, A6 DR O B8 AN R 4% o 2 4 T 2L
YEH . AP GO & H B EEIN LR KIS T
R AR, #—25 GSEA BT ERD, %A
ik AR R B A, E A SARE Lk I D 3E i 2 i 2
KA FARI SR 20 2L T BE 2 7, M 5 300 v iR
AR T R A R T RGE M Y . KEGG 43
Fra B, i LT DLE o B R T -2
o3 5, i 608 26 2 = Bl R 0405 40 e DA B 4
SUSE PR R e 1, SACHHE Y A E A9 Rapl |
MAPK (5 S gt K 800 8, 005 Ul Al b
P 3 R 45 3 I A T A A R 4 i e, DR
iy 4 M AE S IR PR TR AR RIBE T TR R . AR
Shy gt BT 58 s DL AE S Ak T ] R %o v R 2
THRFE A, R 48 R G DLSE N 5 TR E 2 5
P RACHE AR R T A RuR

5% 3 k:
[1]  Frolicher T L, Fischer E M, Gruber N. Marine heatwaves

under global warming[J]. Nature, 2018, 560(7718): 360-364.
[2] TanHJ, Cai R S, DuJ G, et al. Climate change and marine
Impacts, adaptation,

ecosystems: and vulnerability[J].

Transactions of Atmospheric Sciences, 2022, 45(4): 489-501.

[RZLEE, SRR, R, 45 SR Sl SR
0, &R AETS E——IPCC AR6 WG I1 45 2 i [J].
KAFFF2EIR, 2022, 45(4): 489-501.]

[3] Wang J, Ma L X, Dong Y W. Coping with harsh heat
environments: Molecular adaptation of metabolic depression
in the intertidal snail Echinolittorina radiata[J]. Cell Stress
& Chaperones, 2023, 28(5): 477-491.

[4] Pasparakis C, Davis B E, Todgham A E. Role of sequential
low-tide-period conditions on the thermal physiology of
summer and winter laboratory-acclimated fingered limpets,
Lottia digitalis[J]. Marine Biology, 2016, 163(2): 23.

[5] Sorte CJ B, Davidson V E, Franklin M C, et al. Long-term
declines in an intertidal foundation species parallel shifts in
community composition[J]. Global Change Biology, 2017,
23(1): 341-352.

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

Wang Y X, Lin S R, Xu L Z, et al. Comparative transcri-
ptomic analysis revealed changes in multiple signaling
pathways involved in protein degradation in the digestive
gland of Mytilus coruscus during high-temperatures[J]. Com-
parative Biochemistry and Physiology Part D: Genomics and
Proteomics, 2023, 46: 101060.

Dominguez R, Olabarria C, Woodin S A, et al. Contrasting
responsiveness of four ecologically and economically impor-
tant bivalves to simulated heat waves[J]. Marine Environme-
ntal Research, 2021, 164: 105229.

Fuentes K, Brante A. Megadisturbances and ecological reco-
very in the intertidal zone: The role of interspecific compe-
tition between bioengineer mussel species[J]. Marine Eco-
logy Progress Series, 2014, 515: 161-172.

Zhang W Y, Storey K B, Dong Y W. Synchronization of
seasonal acclimatization and short-term heat hardening imp-
roves physiological resilience in a changing climate[J]. Func-
tional Ecology, 2021, 35(3): 686-695.

Georgoulis I, Bock C, Lannig G, et al. Metabolic remodeling
caused by heat hardening in the Mediterranean mussel
Mytilus galloprovincialis[J]. Journal of Experimental Biology,
2022, 225(24): jeb244795.

Dong Z Y, Li HF, Wang Y J, et al. Transcriptome profiling
reveals the strategy of thermal tolerance enhancement caused
by heat-hardening in Mytilus coruscus[J]. Science of the
Total Environment, 2023, 903: 165785.

Bilyk K T, Evans C W, DeVries A L. Heat hardening in
Antarctic notothenioid fishes[J]. Polar Biology, 2012, 35(9):
1447-1451.

Bowler K. Acclimation, heat shock and hardening[J]. Journal
of Thermal Biology, 2005, 30(2): 125-130.

Willot Q, Gueydan C, Aron S. Proteome stability, heat
hardening and heat-shock protein expression profiles in
Cataglyphis desert ants[J]. Journal of Experimental Biology,
2017, 220(Pt 9): 1721-1728.

Moghadam N N, Ketola T, Pertoldi C, et al. Heat hardening
capacity in Drosophila melanogaster is life stage-specific
and juveniles show the highest plasticity[J]. Biology Letters,
2019, 15(2): 20180628.

Stazione L, Norry F M, Sambucetti P. Heat-hardening effects
on mating success at high temperature in Drosophila mela-
nogaster[J]. Journal of Thermal Biology, 2019, 80: 172-177.
Gleason G S, Starr K, Sanger T J, et al. Rapid heat hardening
in embryos of the lizard Anolis sagrei[J]. Biology Letters,
2023, 19(7): 20230174.

Moyen N E, Crane R L, Somero G N, et al. A single heat-
stress bout induces rapid and prolonged heat acclimation in
the California mussel, Mytilus californianus[J]. Proceedings
Biological Sciences, 2020, 287(1940): 20202561.

Georgoulis 1, Feidantsis K, Giantsis I A, et al. Heat harde-

ning enhances mitochondrial potential for respiration and



1430

o il K B 2

%31 %

[20]

[21]

[22]

(23]

[24]

(25]

(26]

[27]

(28]

(29]

[30]

[31]

[32]

oxidative defence capacity in the mantle of thermally stre-
ssed Mytilus galloprovincialis[J]. Scientific Reports, 2021,
11(1): 17098.

Dunphy B J, Ruggiero K, Zamora L N, et al. Metabolomic
analysis of heat-hardening in adult green-lipped mussel
(Perna canaliculus): A key role for succinic acid and the
GABAergic synapse pathway[J]. Journal of Thermal Biology,
2018, 74: 37-46.

Zhang H, Jia H X, Xiong P P, et al. Transcriptome and
enzyme activity analyses of tolerance mechanisms in pearl
oyster (Pinctada fucata) under high-temperature stress[J].
Aquaculture, 2022, 550: 737888.

Jesus T F, Grosso A R, Almeida-Val V M F, et al. Transc-
riptome profiling of two Iberian freshwater fish exposed to
thermal stress[J]. Journal of Thermal Biology, 2016, 55:
54-61.

Yang SY, Xu W Q, Tan C L, et al. Heat stress weakens the
skin barrier function in sturgeon by decreasing mucus
secretion and disrupting the mucosal microbiota[J]. Frontiers
in Microbiology, 2022, 13: 860079.

Liu M K, Que HY, Zhang G F, et al. The current standing of
the Mediterranean mussel industry, the obstacles posed and
its potential restoration[J]. Marine Sciences, 2022, 46(3):
135-144. [XIBHH, BRA4EEE, SRS, 5. SRIRDIFRA =)
RYBLIR . RS XESR[I]. IR, 2022, 46(3): 135-144.]

Cannuel R, Beninger P G, McCombie H, et al. Gill
development and its functional and evolutionary implications
in the blue mussel Mytilus edulis (Bivalvia: Mytilidae)[J].
Biological Bulletin, 2009, 217(2): 173-188.

de Oliveira David J A, Salaroli R B, Fontanetti C S. Fine
structure of Mytella falcata (Bivalvia) gill filaments[J]. Mic-
ron, 2008, 39(3): 329-336.

Kim D, Langmead B, Salzberg S L. HISAT: A fast spliced
aligner with low memory requirements[J]. Nature Methods,
2015, 12(4): 357-360.

Langmead B, Salzberg S L. Fast gapped-read alignment with
bowtie 2[J]. Nature Methods, 2012, 9(4): 357-359.

Love M I, Huber W, Anders S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2[J].
Genome Biology, 2014, 15(12): 550.

Khan F U, Hu M H, Kong H, et al. Ocean acidification,
hypoxia and warming impair digestive parameters of marine
mussels[J]. Chemosphere, 2020, 256: 127096.

Nie H T, Jiang K Y, Li N, et al. Transcriptomic analysis of
Ruditapes philippinarum under aerial exposure and reimmer-
sion reveals genes involved in stress response and recovery
capacity of the Manila clam[J]. Aquaculture, 2020, 524:
735271.

Xu C X, Li Q, Chong J D. Combined effect of temperature,
salinity, and rearing density on the larval growth of the black

shell strain and wild population of the Pacific oyster Cras-

(33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

sostrea gigas[J]. Aquaculture International, 2020, 28(1):
335-347.

Roychowdhury P, Aftabuddin M, Pati M K. Thermal stress-
induced oxidative damages in the liver and associated death
in fish, Labeo rohita[J]. Fish Physiology and Biochemistry,
2021, 47(1): 21-32.

Wang J, Dong B, Yu Z X, et al. The impact of acute thermal
stress on green mussel Perna viridis: Oxidative damage and
responses[J]. Comparative Biochemistry and Physiology Part
A: Molecular & Integrative Physiology, 2018, 222: 7-15.

Liu X X, Zhang X M, Wang Y H. Effects of temperature on
the respiratory metabolism, feeding and expression of three
heat shock protein genes in Anadara broughtonii[J]. Journal
of Oceanology and Limnology, 2021, 39(2): 755-769.

Wu L L, Chen Y S, Li S H. Effects on the filtration rate of
Pinctada martensii with the algae concentration, weight and
temperature[J]. Guangxi Sciences, 2010, 17(3): 267-270. [%
BB, BRIUHS, 2RI THRRREE | R AR B X 1) [RBR
BEUUIE/KZRIREMALT]. T PERR, 2010, 17(3): 267-270.]
Jiang T Q, Zhang Y, Jiang Y Z, et al. Effects of heat stress
on feeding, metabolism and related enzyme activities of
Mytilus coruscus[J]. Chinese Journal of Ecology, 2020, 39(9):
3048-3056. [V RAHL, 5k47, LW, 5. widPhax]Ese
TG DB AR FNA G IE PER S M 0], AR u AR,
2020, 39(9): 3048-3056.]

Yang J, Wei W, Tang B J. Effects of temperature stress on
oxygen consumption rate and ammonia excretion rate of
Meretrix meretrix[J]. Fishery Information & Strategy, 2018,
33(4): 279-283. [H5fe, BiAR, FEORZE. WREEMA X SCIRFE
FCRMHEE R T]. ol (s 85 R, 2018, 33(4):
279-283.]

Gao W, Shang Z L. Role of cytosolic ions in stomatal move-
ment[J]. Chinese Bulletin of Botany, 2010, 45(5): 632-639.
[, WAk, A B FES LB g b A
PR, 2010, 45(5): 632-639.]

Singh R, Letai A, Sarosick K. Regulation of apoptosis in
health and disease: The balancing act of BCL-2 family
proteins[J]. Nature Reviews Molecular Cell Biology, 2019,
20(3): 175-193.

Witkop E M, Proestou D A, Gomez-Chiarri M. The expan-
ded inhibitor of apoptosis gene family in oysters possesses
novel domain architectures and may play diverse roles in
apoptosis following immune challenge[J]. BMC Genomics,
2022, 23(1): 201.

Fang F, Chen X C, Zhu Y G, et al. The activation of JNK
may be a signal transduction pathway in MPP*-induced apo-
ptosis[J]. Chinese Journal of Pathophysiology, 2003, 19(2):
198-202. [J575, WRIEE, RITHt, 45 INK B3#IG 7E MPP”
V55 SHSYSY NI T-iIfE S 4 T rERI]. P
FRAEFIZUAR, 2003, 19(2): 198-202.]

Moosavi M A, Yazdanparast R, Lotfi A. ERK1/2 inactiva-



5512 ) SRTT 5255 58 M UL ERAE P o 8 i AR G A My 2 o R B 11 5 S 2H 20 A 1431

tion and p38 MAPK-dependent caspase activation during the world of cytoskeleton organization[J]. Cellular Signalling,
guanosine 5’-triphosphate-mediated terminal erythroid diffe- 2004, 16(1): 1-11.
rentiation of K562 cells[J]. The International Journal of Bio- [48] Mao Y, Wang J P, Shi X Z, et al. Energy metabolism path-
chemistry & Cell Biology, 2007, 39(9): 1685-1697. ways control the fate of Sinonovacula constricta and induc-
[44] Newhouse K, Hsuan S L, Chang S H, et al. Rotenone- tion of immune response under Vibrio parahaemolyticus
induced apoptosis is mediated by p38 and JINK MAP kinases challenge[J]. Aquaculture, 2023, 569: 739364.
in human dopaminergic SH-SY5Y cells[J]. Toxicological [49] Tep C, Kim M L, Opincariu L I, et al. Brain-derived neuro-
Sciences, 2004, 79(1): 137-146. trophic factor (BDNF) induces polarized signaling of small
[45] Matsumoto N, Imamura R, Suda T. Caspase-8-and JNK- GTPase (Racl) protein at the onset of Schwann cell myelina-
dependent AP-1 activation is required for Fas ligand-induced tion through partitioning-defective 3 (Par3) protein[J].
IL-8 production[J]. The FEBS Journal, 2007, 274(9): 2376-2384. Journal of Biological Chemistry, 2012, 287(2): 1600-1608.
[46] Thornberry N A, Lazebnik Y. Caspases: Enemies within[J]. [50] Chen J, Zhang M J. The Par3/Par6/aPKC complex and
Science, 1998, 281(5381): 1312-1316. epithelial cell polarity[J]. Experimental Cell Research, 2013,
[47] Hornstein I, Alcover A, Katzav S. Vav proteins, Masters of 319(10): 1357-1364.

Transcriptome analysis of heat tolerance-related biological processes
and pathways during heat-hardening in Mytilus galloprovincialis
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Abstract: Heat hardening in Mytilus galloprovincialis is a survival strategy for enhancing thermal tolerance in
response to extreme low tides during consecutive low-tide periods in spring. Transcriptome sequencing was used
to analyze the gill tissues of mussels in the heat-hardening (H) and control (N) groups to uncover the mechanisms
of thermal tolerance enhancement under heat hardening. The results showed that, compared to the control group,
the heat-hardening group had 651 differentially expressed genes, including 159 significantly upregulated and 492
significantly downregulated genes. Gene ontology (GO) analysis revealed significant enrichment of differentially
expressed genes in biological processes such as metabolism, substance transport, and signal transduction. Gene set
enrichment analysis (GSEA) of significantly enriched items in the GO analysis revealed the upregulation of
biological processes related to macromolecule metabolism, nucleic acid metabolism, and metabolism of
compounds containing nuclear bases, which are associated with macromolecule metabolism, substance metabolism,
and energy metabolism. Kyoto encyclopedia of genes and genomes (KEGG) analysis revealed that differentially
expressed genes were significantly enriched in signaling pathways related to metabolic regulation, such as Rapl,
apoptosis-multiple species, and MAPK. These findings indicate that thermal hardening in Mytilus galloprovincialis
may enhance tissue functional capacity by activating various macromolecular metabolic processes while also
strengthening the ability of gill tissues to actively remove damaged cells, thus enabling early physiological
regulation and adaptive responses to subsequent high-temperature stress, leading to better functional performance.
This study explored the biological processes and metabolic pathways associated with thermal hardening in Mytilus
galloprovincialis, providing a foundation for investigating the molecular mechanisms underlying heat-hardening
in this species.
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