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TR, ARk IR DIFRFE N il R R SR ER I S
AW A, DU XK AR AR AR
BAREEAE —Em, JURS5ERKAEAEDT
G £ RIS 1 R R, ™ S e MR Y R E R
B, W H A KM (Haliotis gigantea) 1£ 3% £ 7K F
BARMNEOL T, Bl MR R AT, B0 4
Hi 2 i THEY, Mtk Bt i (Danio rerio) HIYE
PR R ZERTE IR0 B E 2, KR e
BEL, OHG Dot 4t B RO B8 20 L LU 38 fin 8 - L
B3 E BEARS Ak, YURL S FE S ALY
A LIRS W A, S R S8 (Spinibarbus hol-
landi) TEVLVER A T 20 73 2440 T 58 245 oIRAS
JA] BE M ZE 4 2 R AR T D i 2 1Y RE B i
FEP ., WLHE (Oncorhynchus mykiss) FFIE A0 A4 © Bl
BTG PEAE LR 14 d J5 B BEARUY, H AL (Creno-
pharyngodon idella) 74 YU T H: DA R 152 34 1
A TR SR 1) 3 M R B 2 R RN, RER
) (Carassius auratus gibelio) TR 0] 15 %) 28 b
S XA B (PEPCK, FBPase fil G6Pase) ) &
kg B H RO T ULER M a X K A A Y
AT e S R R o TP O = W SRC T 2500 & 1
H IR R s = o R, IREYUERMNA T G
DL PR ARG AR T 6T T ik BT D1 28 25 A0 4k 2 L ol
TE A A S ) 7 A 3R 4 AL TR LA B i S T
PERR LU TR D AT kB o CEE AR E
A J2 T DU P 5 K0 T 2 IR 4, e e g IS
HEXRBTR A S BMES . G0 LR T
(R AR AR A0 RN 27 B A BT . AR S 56 5 i
W 2, T e YU T EoemadiHAE B B
A M PR AR AR B, SRS BT 20 B R AR
e g 0 [MISCRE J7, DU B 8 ik DL 4R Py Y- F
FeoE s KU 8 T 0 A A AN o 1 4%
BLHI R ANTERE o Bt 3RS LR M 38 X7 0t DL
AR R 35 D] 3 TR R 42 1 52 il A ) T 4 7R LR
W FE LR, DL R X IR R
W, DA e U6 D7 it 1) ot o R 2 B M
AR LIEFEIG D %, L =R T
AT RR 90 d IOYLERAL PR, AbHRZE WS H e STt
JEFENG DUAE LR 90 d BIAFETR 2, SR 5 BUHA: 2
LU AT RE R A QAR OC I [ O BHIEE (HK) . BERR R
B (PFK) . BEIHRR N ZUG (SDH) . PRI
ity (MDH) 71 4 2 Jis 1 X0 74 ] PR #2291 (PEPCK)
A TIEMERIAE , LA YUERIR S T o RE i A
ROZARAk, F 53 Tllumina Hiseq X10 =5 &0 7
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A RE Bt 2 AL 5 28 B SR B AL 2B Hd, )iy
oA A A SO R i DL SR AR R L AR i DL
olb 8 e o e SR AR
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1.1 HARESHIE

B 2 RS2 DR A S 1L 77 ey B A AT
BT EEN, AK (10£2) em, TRMBSAANT
MK TSR LR, IR D (1842) °C, #HhE
28+1, BERIAK 1K, WRULFEAL T P4 . PLEk
AN IRZE, Bl 200 H o X REZH B H OEH R IR
BENEHE 2 K, oK 1R, WUk L AR S0 R A E
AR, (U oK 1 iRY, LK 90d 5 S
% Liu 551 SR HTRAE (0 7 5 T B AR 1] 114 22 5 3
FPHURE , DU RO BRZH 25 B 6 PR AR ZHZURE
B2 MREREREIRA N, WAEEG E T80
°C UKFFIRTF A, BHeH 3 ANMEWIE B . AW
AT T WHLIGTE R 2E S Y P DS GRALS
2023030), 55503 FE AR N GRS S S W VL
FERFSNYMCPEZE SO, JF 4 I
PERF B W 22 51 23 1l 7 (R 3 1 BE AT
1.2 FEENITE

WEL MG DL DL e A ke IT 45 & B DL S 5K T
FH 48 filo il i DL IC A & OB, e A B AAET
SRR T S S 6 5 AR R Lk 2 ANk E 4 0 DL A A
TR, AW HFEAR B 4 200 H o 42 0t
BRI R (R, %):

Rs = (n1 —ny) /n; X 100% )
A, ny ARG DI (R, ny LT (D).
1.3 EEIEMENE

HULAR 2H ANt BE 20 I DU R4 20, i A Tie
) PBS 22 th ¥k (0.01 mol/L, pH 7.4), Zvkins)H
&, 4°C 1000xg 2.0 10 min, M 15 TR
PRGN, {HFH BCA i#5f& (TaKaRa, 25 : T9300A)
e P E AW E ., HK, SDH, PFK, MDH
F1 PEPCK 17 P4 35 R FH e st 2 B A6 4 T RREA0T 5 ik
G, FARDE 7k S I & e Btk AT .
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1.4 2 RNA BE. XEMEMNF

=80 °C [ UKAR U PRI PERRZHZY, 59
WE, WFEREERT IS, AR A RN 22— It I A
AR . M4 Total RNA Extractor (Trizol) it 5 &
(i T A TR A FR 2 A UL, XF
JIr B BRAE f B AT 5 RNA 3, B TE R R
F e ORI RNA VR BE B0 BB A I RNA
SEREME DL SR TS Qe ol . Jf Hol it Agilent
2100 bioanalyzer X} RNA #f i 17 it 45, 46 I
RNA e84k

b 50 R BOR BB A R 2 A o2 K
cDNA SR LS, 8 2 TR 64 NEB-
Next” Ultra™ RNA Library Prep Kit for Illumina®.
R SERE , e Qubit 2.0 Fluorometer 4K
TP e, MBESCE R 1.5 ng/ul, FfJEff
FH Agilent 2100 bioanalyzer ¥ 3 J& i) insert size #f
TR, insert size 55 WG, qRT-PCR X 3CFE
A RO B HEAT WE E B CUEA UK E & T 2
nmol/L), PAMFIESCEiE ., FERAHE, AR
SCE i BRAR 80 3 S B AR T ML 1 19 75 5K pool-
ing J& ¥E47 Mlumina 1 77 . 0 7 4 f# A 1llumina
Hiseq x10 (Illumina, 3E[E), S4 EHHM. MWFH
B e e o 00 A5G A ) PR B 282 CASAVA
FARANFEAL R P HNV B (reads), XA fastq #53K,
o BT R B F 50 S DL ST B 1)
D BT A5 2

1.5 FHFREHEFIBIERF

I PP 3375 D e 50 25 Bt e Sk A . JC 1
FEBRAE AR S LA R AR5 & 9 reads,  DLPRIIERE 73
A 0 BT FRT SE R o ] HISAT2 2K AR K clean
reads 5 JE 72 D1 225 JE DR 4 9F 4 7 R SHORS B EL X
L Reads FES HHFA L ENFE . %5
TEE PR AH 3 B SO TR 28 1 NCBI M 3 (https://
www.ncbi.nlm.nih.gov/assembly/GCA 011752425.2/),
It 4R #5 1) clean reads F StringTie X /4 # 17 2H 2& Bf
o 406 2% 5L K 1 5% AR T 5 43 515 GO
KEGG. KO il PPI A58 dla FE A7 LU X RE, AT
L APAHERAE R
1.6 ERFRILEE

{ii F subread X4 7 ) Feature Counts . EL %
FER AT AT o ARYE IR L 7E S % 5L R 4
L EE R, GRS (B4 B ) g
PRT) DA iy 1) 2% 0 Y T N B 55 1Y) reads 2. 43l
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TERE LA R (E K T 10 A9 reads, JERXT X |
A9 reads, FbXF 2 H 4 24 XA reads, T
DESeq2 # 4 #£ P<0.05 H. |log,(Fold Change)|=>1.
Pog;=<0.05 Z A N #EAT YLk B 30 1 25 5 b 35 1k
Brt', >k H Cluster Profiler X} 22 57 3 K 45 i
17 GO ThRE = £/ #r Ml KEGG 18 #% & 4081, LU
Padj<0.05 1F 0 W PR B A0

1.7 SRR EE PCR WHE

BEALBEI 14 A 035 25 57k i S R HEA 798
FEf PCRIRIE, {45 54 LM 9 A T IE3EA
P i PCR 51 i A& 34 i L2k T24EY)
TR A RN AT FH BTG 51 0
# 1, pactinfERNSIEH, MAFEEIETT 3K
SEATSZEG, SR FH 270 AN R e SR D (R A
Kk,

1.8 HIFES

JIT A S 6 B A 35 LAY 34 {8 67 E 2% (meant
SD) %7~ . di 1] SPSS 22.0 #4758 iy Ge i 2#
38T, R R 7 2293041 (One-Way ANOVA)
W1 Duncan K47 2 LR, P<0.05 £REH
Bt L,

2 HEiR

21 KHEAYUBRTIRNMEER

S5 BB A LG, DUEREE G DL A 7735 SR B LAk
B[R] (R S SR B B R a3 FESCRY 0~8 d,
A MFEE RN 100%, YUHRH N SLIGEE 9 KIT
TR INAET, HSZEH 9~35 RYLHKLLIG D FEE R
TR (P<0.05), =AMEILF] 87%, TR
36~90 K, WUHkAG DA RN B3 (P>0.05),
55 60 KRBT YL AAF 16 35 B AL 86%, BSR4
A B LE R X IR A7 R T R,
H2E 53 A3 (P>0.05), 7K 60 KEF, 771G
FIKFFARAE 96% Jo fHetasE (K 1).

22 HREBEENGITRSEERFALX

A0 o X et R ZE R Lk 2 1 SR i DL iR 2 4
HEAT i S 200, A 0 - ¥ 4R A 46 519 559 FiI
46 310 607 7% IR Un Bt o B o 1 S A 0 A
R, GC &N 36.49%~37.45%, 4FEH Q20
B 1T 0 L YR I 97.6%, Q30 B3 1 43 MR it
92.76% XtIFLGEELUE, B RBRE AL .
BT, niPE430E 43 496 069 F1146310607
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M. coruscus_chr8_1745

B-actin B-actin

glucose-6-phosphatase

TGGACATAAGTCTGTGGAAGTCTGC
TTCACCCAACAAACGCACAAACAAG
ACATTTGCCCTGCCCGTTCTTC

FhE G, & K772 AR, 2024, 48(4): 049612
%1 qRT-PCR 3|15
Tab.1 Primer sequences used in qRT-PCR
5 R i HR 2R A (5-3")
gene ID gene name primer sequence
M. coruscus_chrll 2647 Serpin F: TGCCAAATGCTGGTGATGGACTC
R: TGTGTCTTCAGACCGCTTACAAGTG
M. coruscus_chr5_2607 F5 F8 type C F: TGTCTGTCAACTCACTGCGTCAAC
R: GTTGTCGTTGTGGTGGTGGTAGTAG
M. coruscus_chr10_0674 CUB F: CGAGAAGGAGATGTGGCGATGC
R: TTCGTTTCACTCATGTCCCCTTTGG
M. coruscus_chr2 2711 Unknown F: ACTTTGAAGGGGATGGCAGTAAACC
R: CGGCAACAAGAATGGCGATGATTG
M. coruscus_chr2_0359 I-set F: GGTCAAGACTGCCTCCAGATGTG
R: TCTTCATCACCACGCTGACAACTG
M. coruscus_chrd_0952 HSP70 F: GTCTCCACCGCCGTACACATTAC
R: GCCCATCATTGTCCCTTCCTCTTC
M. coruscus_chrll 2374 Lectin_C F: ACAGGAAGAAGTGGACACCGTAAAC
R: CATCACTCGGCGGCAGATTCAG
M. coruscus_chr10_1607 Unknown F: GATGTGCTGTATCGGTGTGTAGGAG
R: AGGTCGGGTCATCTGTATCACTCAG
M. coruscus_chrl3_1607 Lectin C F: GTCACGATCCAATGGGTGTCCTG
R: TTCGCTTCCTTCCACGATTTCTCAG
M. coruscus_chr13_1410 Unknown F: TCGATGGACTGCCAGGAGTTACG
R: TCTGTCTGATCCACGCAGTACCTC
M. coruscus_chrl 1650 MES 1 F: GGCAGGATTTCAGTACAGTGGATGG
R: CTGTCGTAGACGCCAGAGAATTCG
M. coruscus_chr3_0740 Mcm5 F: AGGGAAGTAGTGCTGCTGGTCTC
R: ACACCTCCGTCTGCTAGAACCATAG
M. coruscus_chr4 1819 RPA3 F: GGTCAGGTGGATGGACAGAACAAC
R:
F:
R:
F:
R:

25 W clean reads, ¥f clean reads 52 % 3L R 4 WEAT
FEBALEXT, FREX reads 7625 B4 I E MR B
Ja, X AL A A% 2R AT F 0 26 810 506 Fl
31596 762 fRE— XS AR (% 2). I REA
e ST 1 S L6 ARHE € 1A% % NCBI 1) SRA 440
Y& (https://submit.ncbi.nlm.nih.gov/subs/sra), %3
5 PRINA930147,

23 EFRREERSH

il 7f DESeq2 3k 4 7£ P<0.05 H. |logy(Fold
Change)| =1, P,g;<<0.05 55F T A7 HL A Y 22 7 3k
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ATGAAACCACCTACAACAGT
TAGACCCACCAATCCAGACG
KGRI, YU R BRATAR L, S 4 130 4
BEZERFRIKIEN, HPh R FHRER A2

082 />, 3% T I3 Iﬁ20484\(l’§‘1 2),
IAFRIR A AT C BIBEER . A ALY
PARTEE 70, B R A e =X DN IR PR R TR e A %
wat 5§ o B E T VR A IE N 3 B FE TN YL o R 4
B 11 (mem) K% . DNA 30 . 6-BEMR 7 48
i . mtorcl VIS BRI E A %,

24 EBFIAEE GO MR IRBRMEEDH
GO UJfeiE g R, g 13 383 3L
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Fig. 1 Survival rate of M. coruscus in starvation and

control group at different starvation times

HEREH] 847 4 GO term 1, Hfudh . AWt
481 4. 425 98 4~ s LIfe 268 1~
ZRHEHNWEES, ZRENEEEESEN
GO ViR EEMWIGE A E AW . IR HB57 .
SRR N AR R AR TR A . AEBEVEAN MRS . A0 P AR A
AUNEAS . FRETAKSRBEIGPE . KA ETE . AR
BB TR L R . ANHI AR 412 . N i g 4F
(0 3),

25 ERRIEEFAM KEGG REEIBRMESE
S

KEGG 1} 8 6 3 B A s, b 45 8 119
A2 IR YL 40255 128 2k KEGG 1R 14} 18
o, A SZIG VR T ORT 20 4N 3 R AR AR
KUz ZN- R A BE . TR . DNA &l
SRR . SRR B . Fanconi 77 111
. EABHA ., ZHRUIRBRE . BN
WA AR, BB E . AR YA,
FVR 2 . H 2 BR 22 &R LA S R . %
JEVIBREE | 2FFLBHRIST . AGE-RAGE {5 518 i |
HIMBEICH . &R . KRR M 2 BRI
- 1R 25 BRI 1R B T A B (I 4). ZEDILIR

F, DNA &4, 48hiEE . WEIRBESES
Y A 248 S A E B i S AR, MR
KrERE T,

2.6 WHEE PCRIIE

MR 3 2 5 R L R P AL PR BE 14 AR T
qRT-PCR Bl (& 5), 455 Won, Bl 3 R g %
IRARAL 5 e S 2 P 25 R — B, R S A A
SIHT R BRI
2.7 TADUMEBRLBLN e = X1 X ERIEM

LR My 30 A 36T TR 5 0l DL 1 AR 4 2 rf HKC
PFK. SDH. MDH Hl PEPCK 4 P25 4k WL 14 6.,
SRR, SxTREAML, YUEkbbE o0d s, B
FEMG DUPE AR 20 44% HK . PFK, MDH Fl SDH 3% ¥
¥ i WK (P<0.05), 1fii 7PEPCK i M i & T
(P<0.05).

3 g

JESE MG UL R E FR O B FREEE I . BT
o FIE 0 5 T R A [ Y T e DX T R 2 P DL 2R 2
—, RIS TR LA R L, DL SRAE R i
M IX 28 B A R A8 STAE L™ bl TR DU F R DL
BT A s A AR AR T Sl ) R AR PR AR 1, A
I, SRR 8 23 A1 AN RV T I RS
FE R T DL B AR AR T R OE TR
30 %6 T DS B BT T % i DL LI 52
T3V R AL IE AN TEAE o T DL A PN A 1 2 e
REGAI Y, e B A AT B4 Jn AU o S i
A2, YURMRA T 1 i Y Az PR A 5 3 42
HAEZ B IR IR . HATE A PT5ERM, 18
SRR 25T T DUl o 0 1 e kA DA S R
AR 75 T 4 8 4 ok 3 4 AR 2K P A RE R i,
DL IV B ) JL e S BILAAR S AR B o AR 35T I DA

*2 EHREBBHITER

Tab. 2 Data statistics of transcriptome

A SRR CleanZj(#i . GCE#E/%
samples raw reads Clean reads total map unique map GC content
Pkl 46 346 068 43 854 810 31816716 29 784 429 36.77
PUEkH2 47 174 704 44757772 32276 963 30313 500 36.49
PUk3 45411048 43562 532 30 696 606 28 680 840 37.08
pagihan| 45400 312 42993 324 27108 186 25340 174 37.45
X HRZH 2 48 900 244 45089 842 26 782 786 25105 701 36.77
X HEZH3 45258 122 42 405 040 26 540 545 25050 605 37.09
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Fig. 2 Volcano plot of differentially expressed genes
between starvation and control groups

Each dot in the volcano plot represents a gene, where red dots represent
up-regulated differentially expressed genes, green dots represent down-
regulated differentially expressed genes, and blue dots represent non-dif-

ferentially expressed genes.

FEM DU BT 4, RFTHARINYLE T 97T AR
BT AT R B LA U S S G b, 255 T R
R B A AE GRS PR ARk, AT AT IR S R
DUFER YU 09 A= 47 5w LA K RE 12t 1 455 A A X
e W2 AL
AWFERIEER TR, JEFEIRIAE 90 d ALK
Jop 38R ARG N 86%, AR T SR A AR 4 5y
YkmE, IR ABRYLVR Z M, g A
W2 (Hemi fusus tuba) TEYUH 40 d JGAETHF R 100%™,
A BE A DU [ A RE K, AR 16 R 5 N R IF IR
AW ZZ 55 . iR 3 (4postichopus japonicus)
TEVLK 40 RIG AR R TR Z 32%", H [REREEDN
(Pinctada martensi) 76 YL #& 12 dJg F i X R
89.9%"", I & (Chinopecetes opilio) 7t Lk 119 d
B A7 16 SR AR 40% ., F b el 0L, G DUAE R4 3
Yot KAV A — o B 32 07, X AL
2T 5 W SRAFAE— 1) AE 3 1 A oF- IR AL o
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L KRG 1E, 2. DNA BEALIER . 3. RRIE /K A BEIT 1, 4. ATP 1K
YRR 230G S, S, 6 ME BN IETE, 7. 283, 8.
JHREIRZER T2 44, 9. IR FE IR 7324 85, 10 4R IR T2 4
it L AIMA NI SRS, 12. EARE A, 13 A8,
14 EAMAEZOEEY, 15 AN RS S EE, 16, JRIEME4N
Mods, 17. Betufkiisy, 18 WIKBEE &4, 19. RARMKE &Y,
20. Jetafk, 21 BAURBERZ IR R, 22 RO R, 23, T
R, 24 ARASALR, 25 B IEE), 26, 4 LB AL ) IS
3y, 27 Yt R, 28. G R, 29. DNA S, 30. #ujk R4
Fig. 3 GO functional enrichment statistics chart of
differentially expressed genes of gonad tissue

1. hydrolase activity, 2. catalytic activity, acting on DNA, 3. hydrolase
activity, acting on acid anhydrides, 4. ATP-dependent microtubule motor
activity, 5. microtubule, 6. microtubule motor activity, 7. motor activity,
8. tumor necrosis factor receptor, 9. tumor necrosis factor receptor bind-
ing, 10. cytokine receptor binding, 11. intracellular organelle part, 12.
protein-containing complex, 13. organelle part, 14. proteasome core
complex, 15. intracellular non-membrane-bounded organelle, 16. non-
membrane-bounded organelle, 17. chromosomal part, 18. endopeptidase
complex, 19. proteasome complex, 20. chromosome, 21. DNA meta-
bolic process, 22. response to stress, 23. microtubule-based process, 24.
organelle organization, 25. microtubule-based movement, 26. movement
of cell or subcellular component, 27. chromosome organization, 28.

immune response, 29. DNA replication, 30. immune system process.
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Fig. 4 KEGG functional annotation statistics of
differentially expressed genes of gonad tissue

1. spliceosome, 2. folate biosynthesis, 3. amino sugar and nucleotide
sugar metabolism, 4. glycolipid metabolism, 5. alanine, aspartate and
glutamate metabolism, 6. AGE-RAGE signaling pathway, 7. glycine,
serine and threonine metabolism, 8. biosynthesis of amino acids, 9. pha-
gosome, 10. homologous recombination, 11. ribosome biogenesis in euk-
aryotes, 12. galactose metabolism, 13. ubiquitin mediated proteolysis,
14. base excision repair, 15. one carbon pool by folate, 16. nucleotide
excision repair, 17. Fanconi anemia pathway, 18. mismatch repair, 19.

proteasome, 20. DNA replication.
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dehydrogenase, the same below. "*" represents significant difference,

P<0.05; "**" represents very significant difference, P<0.01.
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Physiological and biochemical responses and gonad transcriptome analysis of
Mytilus coruscus under long-term starvation

SUN Wenjing ', CHEN Chuanyue '?, LIANG Zewei', LIAO Zhi',
YAN Xiaojun ?, ZHANG Xiaolin

(1. College of Marine Science and Technology, Zhejiang Ocean University, Zhoushan 316022, China;
2. College of Oceanology, Ningbo University, Ningbo 315211, China)

Abstract: Food is the main source of energy for animals, and food abundance affects animal bioenergetics in terms
of how energy is allocated among growth, maturation, and reproduction. However, food resources are sometimes
insufficient for mussel because of weather conditions, specific periods of their reproductive cycles and food restric-
tion. Marine mussels are one of the most important marine genera globally and are widely distributed in estuarine
and marine environments, as well as in the subtidal and intertidal zones, and are commercially important. In order
to explore the physiological and biochemical responses and molecular adaptation mechanism of mussels under
starvation stress, the survival rate statistics, energy metabolism related enzyme activity determination and gonad
transcriptome sequencing and analysis were carried out on two-year Mytilus coruscus under normal feeding (con-
trol group) and starvation treatment (starvation group). The results showed that the survival rate of M. coruscus
reached 86% after 90 days of starvation. Under starvation stress, the activities of phosphoenolpyruvate carboxyk-
inase (PEPCK) were significantly increased, but the activities of hexokinase (HK), phosphofructokinase (PFK),
succinate dehydrogenase (SDH) and malate dehydrogenase (MDH) were significantly decreased (P<0.05). By Illu-
mina Hiseq X10 high-throughput sequencing platform, 31 596 762 and 26 810 506 effective data with unique
annotation on the genome of the control group and the starvation group were obtained, and 4 130 differentially
expressed genes were screened. There were 2 082 up-regulated and 2 048 down-regulated genes. GO functional
analysis showed that differential genes were mainly enriched in metabolic process, organelle tissue and enzyme
activity. KEGG enrichment analysis showed that differential genes were significantly enriched in metabolic path-
ways related to cell division, such as DNA replication, mismatch repair and base excision repair. The results of this
experiment showed that mussels could maintain their survival under starvation stress by reducing energy metabol-
ism and slowing down cell division. This study preliminarily reveals the physiological and biochemical responses
and molecular regulation mechanism of M. coruscus under starvation stress, which provides important theoretical
basis for further analysis of the molecular strategies of mussels in response to starvation stress, and also provides
new ideas for revealing their energy utilization and redistribution and physiological countermeasures to adapt to
starvation stress.

Key words: Mytilus coruscus; long-term starvation; survival rate; energy metabolism enzyme activity; gonad tran-

scriptome
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