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Fig.1 Domain structure of the AMP-activated protein kinase (AMPK) trimer

AID. auto-inhibitory domain, a-CTD. a-subunit carboxy-terminal domain, CBM. carbohydrate-binding module, 3-CTD. B-subunit carboxy-terminal

domain, CBS. cystathionine -synthase.
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AR S %
1 MESTHE

1.1 AMPK EAFRENHESLEE

TE NCBI (https://www.ncbi.nlm.nih.gov/) %% $i&
J# F1 Uniprot (https://www.uniprot.org/) 54 & b
HACEMBEHESN Y [ N (Homo sapiens). AEPHTUHE
(Xenopus laevis). BTy th (Danio rerio)] F1JCH HE
sh¥y [ K445 (Crassostrea gigas)] B AMPK FEH %
BREKEAFI G 1. [ tblastn K LI A
J¥ 50 55 R 5 b DL (%) 55 DA 2 RN e S 2H AT EOGT LS
FE AMPK FIFEHA (e<1x107), A A HMMER
B AR AT B 5 510 48 A N 1) AMPK 5 R 58 %
hmm A, FRRBEITIE . BT 3] AMPK 3£
KGR IE R A

1.2 F3554h

¥ AMPK JE H X 15 )7 51 4 2¢ & ORF Finder
(https://www.ncbi.nlm.nih.gov/orffinder/) L1 Tl il {5
39 I PR B Tk ) 12 HE (ORF) LA M & FE iRy 51 o
' SMART™(http://smart.embl-heidelberg.de/) I %]
AMPK FHHPRSF A5, FIH Compute Pi/Mw™”
(https://web.expasy.org/compute_pi/) THi15E AMPK
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x1 SMAZEBFIERS

Tab.1 Accession numbers of proteins used for analysis

Wb S BT Yifh HEH By
species gene accession number species gene accession number
A AMPK-al Q13131 E AMPK-a XP_035698911.1
H. sapiens Branchiostoma floridae
AMPK-a2 P54646 AMPK-p XP_035671484.1
AMPK-p1 Q9Y478 AMPK-y XP_035688372.1
AMPK-2 043741 FrifL s I AMPK-a. AOAS5P8NF96
Chlamys farreri
AMPK-y1 P54619 AMPK-f AOASP8NFK1
AMPK-y2 Q9UGIO AMPK-y QFR39802.1
AMPK-y3 QYUGI9 K AMPK-o XP_011446080.1
) C. gigas
ANER AMPK-a1 QSEG47 AMPK-f XP_011450447.2
Mus musculus
AMPK-02 Q8BRKS8 AMPK-y XP_034310778.1
AMPK-p1 QIYR078 B I AMPK-a. CAC5367534.1
Mpytilus coruscus
AMPK-p2 Q6PAMO AMPK-f CAC5380486.1
AMPK-y1 054950 AMPK-y CAC5394159.1
AMPK-y2 Q91WG5 A IR AMPK-o XP_025110617.1
Pomacea canaliculata
AMPK-y3 Q8BGM7 AMPK-f XP_025106003.1
EIEAVIIN AMPK-al Q5USE3 AMPK-y XP_025093941.1
X laevis
AMPK-02 AOAILSGFI4 XU AMPK-a XP_014778886.1
Octopus bimaculoides
AMPK-B1 AOA1LSI0OA7 AMPK-B XP_014774820.1
AMPK-p2 Q75297 AMPK-y XP_014770238.1
AMPK-y1 AOA1L8HON3 SRR AMPK-a RUS81351.1
Elysia chlorotica
AMPK-y2 B2GU31 AMPK-f RUS79873.1
AMPK-y3 A9JS54 AMPK-y RUS91803.1
Dty AMPK-01 ASWUMO G XU R AMPK-a XP_013096901.1
D. rerio Biomphalaria glabrata
AMPK-02 E7F9C4 AMPK-f XP_013086198.1
AMPK-p1 Q6NY31 AMPK-y XP_013080698.1
AMPK-p2 B3DLH3 FEARIN 3 AMPK-a. PFX20537.1
Stylophora pistillata
AMPK-y1 Q6PCS7 AMPK-f XP_022785483.1
AMPK-y2 F1QRT4 AMPK-y PFX28666.1
AMPK-y3 FIQK10 PN ] AMPK-a. XP_003382582.1
Amphimedon
)E’?Ejnj’;@ AMPK-al NP7001306797.1 queenslandica AMPK-,E XP7003386563.1
Oreochromis
niloticus AMPK-a2 NP_001306798.1 AMPK-y XP_011407664.2
AMPK-p1 XP_003440152.1
AMPK-f2 XP_005476249.1
AMPK-y2 XP_005460990.1
AMPK-y3 XP_025755940.1

ARSI F TR, [/ SOAPMA (http:/
www.prabi.fr/) 7F 26 T HiF 47 Z 94518 Tiiil 3ffd FH
geneious primer #174:1i], SWISS-MODEL (https:/
swissmodel.expasy.org) 7E £& T- H #i il &5 1 i) = 2%
Zh 0 . f#i H 1BS1.0.3%"(http://ibs.biocuckoo.org/) J&&
78 R G5 AR VAR 1 B4 ) o

R E K7 2: 2 E /) sponsored by China Society of Fisheries

1.3 RGREME

7E NCBI %4 5 #1 Uniprot B4 e h F 2k AL
INER (Mus musculus) . JEPNTEE | BEE 0 JEP S
efa . SCEM ., WBERE . U BURT IR | Skt ifg i
4. fRIFNEA L RSALRE DL KARlE . JRSER DL A
DR IH B R K % A 3 4 3L 15 R W B9 AMPK 2K 1
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SRFH) (R 1), 5%E B IFF R I AMPK &
HAEKFILRE T RE L ER B, 1
MEGA 14 B AES Hrfy Clustal W 736> #1472 551
Fext, fH NJ 7% AMPKa, AMPKB., AMPKy
AT R G R A A, Bootstrap WEHE TR E KL,
A 1000 K, {fi ] iTOL FEATHALS R .

1.4 EBN AMPK EESRERSRIEDT

B K F IR B DLAS A B ) (B2 RS 19
2~8 ML . MR L R AR P A A
D Alghduly] . FeTigh A . g i o
Tigh s ). M s HEDD) K45 A Bk 4
ZLOMERE, BOERE. 2. R MEMEERR . HENE
PERR . IR . BESUIL. P AIL) B 5E sk 2 BE™
TR A B AMPK 5L A 1) 3235 5 TPM (tran-
script per million), i R BT AT MALIEE,
PL 3k B AMPK 8 5 4 I 01 1 I 28 R A B,

1.5 SiRM8asLiy

FI G B 1Y 40 2 S HF 32 3 LAMA HE T
T EE B E SE S . SEERHT, KA MABEDLT 7 2
2/~ 0.6 mx0.4 mx0.4 m FEFE /KA H TR 55 3 d,
T HGE N S S SR, ARDKRZEREAE 10 °C,
RERHK 172, $W 5 R B, BiE Rl 5%
10* A~/mL. SEEGEF, ¥ 2 A FPATAAAH 10 °C
BT F7 K AR 4 ) ) s T B B 2 2 A4S 23 °C Ak ik
GRS BEA T EE MR OK , R TE EA4R) . 7E
IRFEBRAS IS 0. 3. 6. 12 F1 24 h 43 B 2
FTEL P AL 3 FUBR 2R B DL, R i ) 9 i I
8. BNE, ALV E RS A AR R, 80 °C
PRAF, LAAS I RNA B4R, SCad R rp e fE A B
PR ST R RS BT, I R [ A
PER AR HRZS 2548 2 I BT il B FRA T o
1.6 RNA ZEUFISCETE = PCR (qPCR) 7471

FR A5 52 56 2= Hir ) A R A0 B RNA R U 57,
PR T B DUBE BRI S RNAL (3% )2 B
1ML 7 2 (MMLV) 38 5% S i 5 55 — 4% cDNA
fEA qPCR M R NiEA , Bl EF1A FENF 3 55 D145 41
YU RIARAE , BT EF14 1R RN S E AP
A 514 8 F] Primer Premier 5.0 %k {4 g 17 % it
(3 2). Fritiys1 ¥ H BLASTN (1x107'°) 5H#F
20 DL HE PR A AT HE X DS He A Sk

¥ cDNA ¥ FE 2 10 ng/ul, B2 uL 7EH
S B H, A A 10 uL SYBY Green I Real-time

https://www.china-fishery.cn

*2 UFREN AMPK £E KR AL EESIHF5
Tab.2 Sequences of primers for AMPK genes and

internal reference genes of P. yessoensis

HR 2R SIMIFH(5'-3")

gene ID primer sequences (5'-3")
PyAMPKa-F AGAGCCCAAAGTCAGCTA
PyAMPKo-R CAAGTTAAAGGAGCCAGAA
PyAMPKp-F CCGCTCGCCAAAAGCCAT
PyAMPKpS-R CTCACCGCCGTGTATCCA
PyAMPKy-F ACCGATCATCACAAGTTACTGAAC
PyAMPKy-R AGATTAAGCAGGGTATCAAAGATG
EF14-R GTTCACGTTCAGCCTTCAGT
EF14-F GCGGTGGTATTGACAAGAGA

PCR Master Mix, I, TFU#5 4 (2 umol/L) 45 4 uL,
e 49 8] 20 uL 19 I AR & o f# A LightCycler
480 S} %E H PCR 1Y (Roche) BEAT§™ 48 . = 1o F&
J¥: 95°C 10 min; 95°C 15s, 53°C 60s, 40
i ; 95°C 15s, | AMEIR . i — 2538 i I ik it
L E S W R S, 2788 [ g ik T A
AMPK FER R R Ik o T 4% SE IR A A X 2
KAKSE, fdFH SPSS B R HEAT E 4 St o,
RS R B P GE TR, BT £ AMPK 3%
R ZRIA A

2 4ER

2.1 HFREIN AMPK EREREFE RG-S

R TR e DURER A L35 3 A AMPK P,
4y WA PyAMPKa. PyAMPKp. PyAMPKy (3 3),
R ZH % AMPK Fr 75 14 3 A S 356 JU7 %o I 1) 32 A
LT3 ) SEHE R BE 43930 R 1689, 777 F1 1 911 bp,
PyAMPKo.. PyAMPKf. PyAMPKy ¥:[H 535147 19
7R 16 NAME T, 43 daAS 562, 258 Fil 636 N
HR (B2, #£3), LEE3R 31 AMPK EHY
a7 22 A, WA 43 3R 63.75. 28.80
A 72.22 ku, S HL A5 (PT) /Y 1000 4 43 3 A 6.21
7.17 F18.98, “LEFHFINELE R B, XL
FAr 3 & A 24, 5 H31A4 ad8E, 20, 12 Fi1 17
NBITE, 16, 40 140 B LI F 36, 16 Fll
46 AN TEHM i, H = Eh R an & 3 BiR .
3/~ AMPK £ [ 430 B A HOW R A 1 2 IR SF
S5F3: AMPKo HAT —/MEEFES I S_TKe, —
A BRI 254838 o-AID Fl— ALK o-CTD,
AMPKB BA — /Kb & W4 & X 8 CBM Fl—

HPE K FE2:2: 3290 sponsored by China Society of Fisheries
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&3 INERMEN AMPK EEFKRFFE R4

Tab.3 Summary of characteristics of AMPK family genes in P. yessoensis

FRZFE gene ID

S5
parameter PyAMPKa PyAMPKB PyAMPKy
MK /bp  total length 33943 24 564 331224
SUTR¥[E/bp  5'UTR length 242 393 1135
IUTRKE/bp  3'UTR length 5289 1293 581
ORFKE/bp ORF length 1689 777 1911
BEERFFIKEE  amino acid length 562 258 636
A FFif/ku  molecular weight 63.75 28.80 72.22
FBPIH  theoretical PI 6.21 7.17 8.98
ANEFHUR/AS number of exons 19 7 16
W& THE/A  number of introns 18 6 16
o2 JiE%0U/ 4 o number of alpha helix 24 5 31
B &HUA B number of beta strand 20 12 17
TERNE %/ number of random coil 36 16 46
BHFE U4 number of B turn 16 4 14
12422563 3961 7459 11 858 19428 23122 28 655 33943
PyvAMPKa, '
S"UTR 2704 4105 7564 11914 19527 23287 UTR
111351808 10 534 17 524 19961 23270 24 564
PyAMPKR .
S"UTR 1704 10 627 17641 20094 UTR °
1 603 18453 167 663 203081 230350 233 965
PyAMPKy ' | ,

UTR 19 149

168 226 203 214 230528 UTR

2 EFREN AMPK RigEE %
LEELRINE T, BOERLRRINET, EOHERREMIFEX (UTRs).
Fig.2 Structure of AMPK family genes in P. yessoensis

Red boxes indicate exons, solid black lines indicate introns, blue boxes indicate untranslated regions (UTRs).

ANEEREGEN B, B-CTD, AMPKy EAT 4 A SR IEAY G
Tilt-p-5 i (CBS) HEE TS (K 4).

22 HFERBN AMPK EEMRZ LS SR

RGER MR BN, AMPK 3£ F 1)L
K Z W (K] 5)o AMPK FERZE 3 AT 353 5]
TR AR S, A S, B ThE HES)
Y15 TCEHES I 430 7 A T W S AR S R S
Hrh, HHEZWI AMPKo W AETE 2 DAY (al
02), AMPKBAFHE 2 AW A (B1. B2), AMPKy {7
TE 3 AR (vl y2. y3), #RHRIEN R PR AE—
o TCHEMES S WEE HA 1R, ok
S R T AR SE B A S, ERFE R DL 3 A4
AMPK 2 555 R 55 A5 FL bt DL AMPK 505 55 A
BARIEWEG KRR, JF S5 KHY . ek 5
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W5E4 (Bivalvia ) DISBAFLEARNIBGE IISEL R
2.3 AMPK ERE R FRIESH

FEF U 3 DR G % 1 N3 0 7 S Al i 4y
Brigss, 3 AR 73 5178 D B4 s i) & 2z
i 2 B FK - ik, Hid AMPKo 55K 3
BEAE 4 WUk B AR i ARGk, S A2 DA
W3 D A gy HUHY 2 R O R R G
o, T B A A T Ay B A 2 i 3 R i T B
(&l 6-a), AMPKp 3 H W2 7EZ K5 B8 2= D B4 1t
A A B i ik i, P ofE R A R B B L
FIREIRF T Ik, [RRE R A 52 TH %) HU 5
Je, BB TR, AMPKy 3R 78 3K 50 A
2~8 A ek R B R K, 2R RAH
o4l OB B B A A BT BT, FLA R 2k
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Fig.3 Secondary and tertiary structure prediction of AMPK proteins in P. yessoensis

Pink cylinders represent alpha helices, yellow arrows represent beta strands, blue curved arrows represent beta turns, gray wavy lines represent random

coils.
1 562
S TKc a-AID a-CTD

PyAMPKo N J H C

1 258

CBM p-CTD

PyAMPKfS N C

1 636

CBS CBS CBS CBS |

FyAMPKy N ﬁ u u u u ¢

E 4 4FERN AMPK &A1

S_TKec. L2ZIR/75 AIRE I MAHEA SR, o-AID. o- H 14

AR

Fig. 4 Structure of the P. yessoensis AMPK proteins

S TKec. serine/threonine protein kinases catalytic domain, a-AID. a-auto-inhibitory domain.

TAAXT R
X AMPK 2% 1 5 P AE 5 Jad D1 10 F 2 21

(2 RNE BLIEAT 408, 3 AL FE AR L2 3y
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R 20 23R A 0 5 oAt 2 AN R B e 22 5
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FEPR IR AR T YRR

24 EEMMBEHT AMPK ERERIESH
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Fig. 5 Phylogenetic tree of AMPK in 16 species

Red range represents AMPKa subsets, yellow range represents AMPKf subsets, blue range represents AMPKy subsets; Hs. H. sapiens, Mm. M. musculus,
Xl. X. laevis, On. O. niloticus, Dr. D. rerio, Bf. B. floridae, Cf. C. farreri, Py. P. yessoensis, Cg. C. gigas, Mc. M. coruscus, Ec. E. chlorotica, Bg. B.

glabrata, Ob. O. bimaculoides, Sp. S. pistillata, Aq. A. queenslandica.
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Fig. 6 Spatiotemporal expression profiles of AMPK family genes in P. yessoensis

(a) AMPK gene expression profiles of P. yessoensis in different developmental stages, 1. fertilized egg, 2. 2-8 cell stage, 3. blastocyst stage, 4. gastrula

stage, 5. trochanter stage, 6. D-shaped larval stage, 7. early-umbo larval stage, 8. middle-umbo larval stage, 9. late-umbo larval stage, 10. pediveliger lar-

val stage, 11. juvenile scallop; (b) AMPK gene expression profile in adult tissues of P. yessoensis, 1. mantle, 2. gill, 3. kidney, 4. foot, 5. eye, 6. male-

gland. 7. female-gland, 8. hepatopancreas, 9. striated muscle, 10. smooth muscle.
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Fig.7 Gene expression profiling of AMPK genes after heat stress treatment

(a) kidney, (b) gill. * means significant difference (P<0.05), ** means extremely significant difference (P<0.01).

Jopa B AR B . A5 AR ROR, 7E D ALY dupt i
ZHT, RS DRRG T AMPKoa, AMPKS F1 AMPKy
BE A AT A TR R B 1 s 2R3k . HoTh AMPKa Fl
AMPKP #RTEZHG O v S B0 ek B, ARG nf
AERIH T REJEME mRNA . Guévélou 2 &8, K
5 BT 440 L 2 P %) K A A 54 0T BB A% B AMPK
B FIHFRIKA Y, X AMPK 5 R AR
A ATREIE S B RIS A B R AMPKp B RTE 5
o VR Bl 3 0 3R 08 A T ORI L, AR X — B 4
BEJEPE mRNA BEACTHAE, BRIy bR 3R3A8 N %02
IR TIG SRS BT = 2R Y o TR, S X s
¥ ST AL B VEAT A3 Tt K B AMPKB 7 7 i I 3
BERENFBRERS, FHRERRASRE
FEA AR O HERT, A0MEE ShiG R, BN HE

https://www.china-fishery.cn

KA ATPET, HEN AMPK 2 D9 75 3 — i 399 1) 25
KEFREEZNPMIR LB AL, M
AMPKP WV 54 ] Hg 15 AMPK. = B AR A 45 A 1% 0>
FAR B FR IR HEHS: AMPK 36 PR S T Se5E MY,
PHEWGEFEY, AMPKP W AR = RGPy
bS] T HEEMER, HAEE IR K s R
IEATREENIE T LA B ikt

TERARLH L o, AMPKa 3 [ Fl AMPKS £ [H
TE B W 26 B i i A JE P R aR KO, RO
L, XTHR TR DAY B R 2 53 Marker 3k Rt
1T KEGG & 8445 e R, i & Ak o il (A AH
I IR B AR B TR i B At
W RE I AR AR OCIE B A, X
SU I PRI EARAZ B AMPK S THA R,

FRE K7 2E 4 E 7/ sponsored by China Society of Fisheries



=V S
B2, %%

I 244, 2024, 48(10): 109103

T 5% W LA 1) B8 & /K F™ . Lian 5507 72 ALk D1
DL ATP 45 fig i A Ul AH SR AR TP A A o 2
B, KIMEMEHASUE R AARERNRE, X8
BB E S AR R AR AR S S A oG . T
AMPK TEUF 5 b DU I 1) 155 2% 35 FHAE DG A Q15 38 3%
() J 35 R RIS R T IR AR 3 B DL ML fi 1
MR AR E .

AMPK T S A7 45 3R I ik i . Wang
GUEI, FEAEFEEEIGT (Ruditapes philippinarum)
Wi, AMPKB 1 AMPKy 1€ 88 H 1) 3¢ 3k 5 & 7 H
gl 2, HEJE AR b DI IP I RNER B ) E 2N E
X P i A B ) R 23 B KB K B 1Y BE B T AR AN A
M AMPK VRSN R IR T A E IR, R
Hh ) R R IR R IE S A ST Y AR BT RR A UIAE G
[F) s L I 7 AMPK 5 DR (e 415 8 2 AU RE AR 2
KIETHEWEN . 75, AFEHGE AMPK %
R 5 DR ()50 A A M RS N ZE LA i fE A
HVER A, AMPK S R 5 S S5HRN &
B . A T dL R B AMPK S 5 1
PR AR h 2 AR R kR

A AU IR 2 T T A 7 O R B 5 3 s
MU ma R 5 7 N — 5 MRAEZ B aa A
SXAE N = REA S B [ A, 9 AR K T T B RE
THAE, LAPRBEAILIAR R S 9 e i 7 ok ™, XBAH
RIAE S RO ST, 288 W 4 (Scaphesthes
macrolepis) - HEFTHLIA H AMPK & R 23k 1,
HoR TRRNTER Y B AL . IR T IR 1Y & L L 2
g st . Lian %% & AL DUAE SR 251 T
FeE AU pgbE e S e TR, DUIERR R IEAL
IR . EASR Y, ZRERaE, Bk
FEE T AMPK Z8 IR PUAR ™ A2 T A R R2 BE 1Y Rk
T, 2P & BT Il B AT £k B (Caenorhab-
ditis elegans) T2 B FiRMMESS , 27425 AMPK
H A D) $E 5 v L 52 B8 )7 o Frederich 4617 #f
G KL EE (Cancer irroratus) 5% 3| WV 2L 5L 1Y) = 1R
MBS, O MET AMPK 33k i o PR BT DL 2
BUIAR I g 75 5K o SCHE I A AR 58 B DL 3 3 1 38 1Y)
RET, HUA ATP BYTHAE NG K, AMPK 3 9L
WO DAAERF UL 1) R 5 -, 3 AT RE X T IR 3
DA v it PPt 38 B o S TSR 1Y v e
WOAT e BOIR 5 B DL A1 BF R G2 RO I R 58 1Y) 5
iy, A5 4 A AR AR A B BIRYY, AMPK A
R RTF R TR, DL EZ5RER T AMPK fE K
FFrHARE RIS E LN, 25 TR L

R E K7 2: 2 E /) sponsored by China Society of Fisheries

s ==Y ST OV VA € AR
4 g5

BT AR R 2R B DL e 858 Hh AMPK BE[A
K 34 WK B [N PyAMPKa. PyAMPKS.
PyAMPKy, It RSG50 H0 T HEE R S50 | Rr4iiy
. EARHERRG R AR, B A s
Fl qPCR 7347 T B 28 B AR B 45 1F T i A M
Ho B5iREH, AMPK SEH VeSS T R 3 b DL
UG K ok R P R RE S LR T . AMPK
PRL7E ' P R G e B 0 AR R B, A LA 4R
B8 SRR R HE T AR, RIS THE
5% 5 DU B U LA R P R Y R
25 1, AMPK R DUAE MR 5 DUSP-fiig e A X
AEFFHUATRAS . A 2R AEIE SRR B 1 &
BIVER

(4 7 A AU S P B & i Al 22k &)

SE 3k (References):

[1] Herzig S, Shaw R J. AMPK: guardian of metabolism and
mitochondrial homeostasis[J]. Nature Reviews Molecu-
lar Cell Biology, 2018, 19(2): 121-135.

[2] Hardie D G, Ross F A, Hawley S A. AMPK: a nutrient
and energy sensor that maintains energy homeostasis[J].
Nature Reviews Molecular Cell Biology, 2012, 13(4):
251-262.

[3] Carling D, Zammit V A, Hardie D G. A common bicyc-
lic protein kinase cascade inactivates the regulatory
enzymes of fatty acid and cholesterol biosynthesis[J].
FEBS Letters, 1987, 223(2): 217-222.

[4] Munday M R, Campbell D G, Carling D, et al. Identific-
ation by amino acid sequencing of three major regulat-
ory phosphorylation sites on rat acetyl-CoA
carboxylase[J]. European Journal of Biochemistry, 1988,
175(2): 331-338.

[5] Bultot L, Guigas B, Von Wilamowitz-Moellendorff A, et
al. AMP-activated protein kinase phosphorylates and
inactivates liver glycogen synthase[J]. Biochemical
Journal, 2012, 443(1): 193-203.

[6] Inoki K, Zhu T Q, Guan K L. TSC2 mediates cellular
energy response to control cell growth and survival[J].
Cell, 2003, 115(5): 577-590.

[7]1 Gwinn D M, Shackelford D B, Egan D F, et al. AMPK

https://www.china-fishery.cn


http://dx.doi.org/10.1038/nrm.2017.95
http://dx.doi.org/10.1038/nrm.2017.95
http://dx.doi.org/10.1038/nrm.2017.95
http://dx.doi.org/10.1038/nrm3311
http://dx.doi.org/10.1016/0014-5793(87)80292-2
http://dx.doi.org/10.1111/j.1432-1033.1988.tb14201.x
http://dx.doi.org/10.1042/BJ20112026
http://dx.doi.org/10.1042/BJ20112026
http://dx.doi.org/10.1016/S0092-8674(03)00929-2

0o
&

Mo S

48

s

I 244, 2024, 48(10): 109103

[8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

phosphorylation of raptor mediates a metabolic check-
point[J]. Molecular Cell, 2008, 30(2): 214-226.

Wu N, Zheng B, Shaywitz A, et al. AMPK-dependent
degradation of TXNIP upon energy stress leads to
enhanced glucose uptake via GLUT1[J]. Molecular Cell,
2013, 49(6): 1167-1175.

Kim J H, Park J M, Yea K, et al. Phospholipase D1
mediates AMP-activated protein kinase signaling for
glucose uptake[J]. PLoS One, 2010, 5(3): €9600.
Ahmadian M, Abbott M J, Tang T Y,
Desnutrin/ATGL is regulated by AMPK and is required

et al

for a brown adipose phenotype[J]. Cell Metabolism,
2011, 13(6): 739-748.

Bento C F, Renna M, Ghislat G, et a/. Mammalian auto-
phagy: how does it work?[J]. Annual Review of Bio-
chemistry, 2016, 85: 685-713.

McGarry J D, Leatherman G F, Foster D F. Carnitine
palmitoyltransferase 1. The site of inhibition of hepatic
fatty acid oxidation by malonyl-CoA[J]. The Journal of
Biological Chemistry, 1978, 253(12): 4128-4136.
Saggerson D. Malonyl-CoA, a key signaling molecule in
mammalian cells[J]. Annual Review of Nutrition, 2008,
28:253-272.

Bergeron R, Ren J M, Cadman K S, ef al. Chronic activ-
ation of AMP kinase results in NRF-1 activation and
American Journal of

2001,

mitochondrial biogenesis[J].

Physiology-Endocrinology and Metabolism,
281(6): E1340-E1346.

Toyama E Q, Herzig S, Courchet J, et al. AMP-activ-
ated protein kinase mediates mitochondrial fission in
response to energy stress[J]. Science, 2016, 351(6270):
275-281.

Egan D F, Shackelford D B, Mihaylova M M, et al.
Phosphorylation of ULK1 (hATG1) by AMP-activated
protein kinase connects energy sensing to mitophagy[J].
Science, 2011, 331(6016): 456-461.

Carling D, Mayer F V, Sanders M J, et al. AMP-activ-
ated protein kinase: nature's energy sensor[J]. Nature
Chemical Biology, 2011, 7(8): 512-518.

Hudson E R, Pan D A, James J, et al. A novel domain in
AMP-activated protein kinase causes glycogen storage
bodies similar to those seen in hereditary cardiac
arrhythmias[J]. Current Biology, 2003, 13(10): 861-866.
Xiao B, Heath R, Saiu P, et al. Structural basis for AMP

binding to mammalian AMP-activated protein kinase[J].

https://www.china-fishery.cn

10

[20]

(21]

(22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Nature, 2007, 449(7161): 496-500.

Zeng L, Liu B, Wu C W, ef al. Molecular characteriza-
tion and expression analysis of AMPK o subunit iso-
form genes from Scophthalmus maximus responding to
salinity stress[J]. Fish Physiology and Biochemistry,
2016, 42(6): 1595-1607.

Dong Y W, Han G D, Huang X W. Stress modulation of
cellular metabolic sensors: interaction of stress from
temperature and rainfall on the intertidal limpet Cellana
toreumal[J]. Molecular Ecology, 2014, 23(18): 4541-
4554.

Jost J A, Keshwani S S, Abou-Hanna J J. Activation of
AMP-activated protein kinase in response to temperat-
ure elevation shows seasonal variation in the zebra mus-
sel, Dreissena polymorpha[J]. Comparative Biochem-
istry and Physiology-Part A: Molecular & Integrative
Physiology, 2015, 182: 75-83.

Jiang W W, LiJ Q, Gao Y P, et al. Effects of temperat-
ure change on physiological and biochemical responses
of Yesso scallop, Patinopecten yessoensis[J]. Aquacul-
ture, 2016, 451: 463-472.

Altschul S F, Gish W, Miller W, et al. Basic local align-
ment search tool[J]. Journal of Molecular Biology, 1990,
215(3): 403-410.

Letunic I, Khedkar S, Bork P. SMART: recent updates,
new developments and status in 2020[J]. Nucleic Acids
Research, 2021, 49(D1): D458-D460.

Bjellqvist B, Hughes G J, Pasquali C, et al. The focus-
ing positions of polypeptides in immobilized pH gradi-
ents can be predicted from their amino acid sequences[J].
Electrophoresis, 1993, 14(1): 1023-1031.

LiuW Z, Xie Y B,MaJ Y, et al. IBS: an illustrator for
the
sequences[J]. Bioinformatics, 2015, 31(20): 3359-3361.
Kumar S, Stecher G, Tamura K. MEGA7: molecular

presentation and visualization of biological

evolutionary genetics analysis version 7.0 for bigger
datasets[J]. Molecular Biology and Evolution, 2016,
33(7): 1870-1874.

Larkin M A, Blackshields G, Brown N P, et al. Clustal
W and clustal X version 2.0[J]. Bioinformatics, 2007,
23(21): 2947-2948.

Wang S, Zhang J B, Jiao W Q, et al. Scallop genome
provides insights into evolution of bilaterian karyotype
and development[J]. Nature Ecology & Evolution, 2017,
1(5): 0120.

HPE K FE2:2: 3290 sponsored by China Society of Fisheries


http://dx.doi.org/10.1016/j.molcel.2008.03.003
http://dx.doi.org/10.1016/j.molcel.2013.01.035
http://dx.doi.org/10.1371/journal.pone.0009600
http://dx.doi.org/10.1016/j.cmet.2011.05.002
http://dx.doi.org/10.1146/annurev-biochem-060815-014556
http://dx.doi.org/10.1146/annurev-biochem-060815-014556
http://dx.doi.org/10.1146/annurev-biochem-060815-014556
http://dx.doi.org/10.1016/S0021-9258(17)34693-8
http://dx.doi.org/10.1016/S0021-9258(17)34693-8
http://dx.doi.org/10.1146/annurev.nutr.28.061807.155434
http://dx.doi.org/10.1152/ajpendo.2001.281.6.E1340
http://dx.doi.org/10.1152/ajpendo.2001.281.6.E1340
http://dx.doi.org/10.1126/science.aab4138
http://dx.doi.org/10.1126/science.1196371
http://dx.doi.org/10.1038/nchembio.610
http://dx.doi.org/10.1038/nchembio.610
http://dx.doi.org/10.1016/S0960-9822(03)00249-5
http://dx.doi.org/10.1038/nature06161
http://dx.doi.org/10.1007/s10695-016-0243-1
http://dx.doi.org/10.1111/mec.12882
http://dx.doi.org/10.1016/j.aquaculture.2015.10.012
http://dx.doi.org/10.1016/j.aquaculture.2015.10.012
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1093/nar/gkaa937
http://dx.doi.org/10.1093/nar/gkaa937
http://dx.doi.org/10.1002/elps.11501401163
http://dx.doi.org/10.1093/bioinformatics/btv362
http://dx.doi.org/10.1093/molbev/msw054
http://dx.doi.org/10.1093/bioinformatics/btm404

>

BBAL, % K 24, 2024, 48(10): 109103
(317 sk, 26T SO uF 58 B DL SR R AR 0], K [41]  Trevisan R, Mello D F, Delapedra G, et al. Gills as a

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

B2, 1999, 18(3): 46.

Zhang J S. Study on improving the culture technology of
Patinopecten yessoensis[J]. Fisheries Science, 1999,
18(3): 46 (in Chinese).

Hu X L, Bao Z M, Hu ] J, et al. Cloning and characteriz-
ation of tryptophan 2, 3-dioxygenase gene of Zhikong
scallop Chlamys farreri (Jones and Preston 1904)[J].
Aquaculture Research, 2006, 37(12): 1187-1194.
Santerre C, Sourdaine P, Marc N, er al. Oyster sex
determination is influenced by temperature-first clues in
spat during first gonadic differentiation and gametogen-
esis[J]. Comparative Biochemistry and Physiology-Part
A: Molecular & Integrative Physiology, 2013, 165(1): 61-
69.

LiY P, Zhang L L, Sun Y, ef al. Transcriptome sequen-
cing and comparative analysis of ovary and testis identi-
fies potential key sex-related genes and pathways in scal-
lop Patinopecten yessoensis[J]. Marine Biotechnology,
2016, 18(4): 453-465.

Guévélou E, Huvet A, Galindo-Sanchez C E, et al. Sex-
specific regulation of AMP-activated protein kinase
(AMPK) in the Pacific oyster Crassostrea gigas[J]. Bio-
logy of Reproduction, 2013, 89(4): 100.

Zhang G F, Fang X D, Guo X M, ef al. The oyster gen-
ome reveals stress adaptation and complexity of shell
formation[J]. Nature, 2012, 490(7418): 49-54.

Kimelman D, Griffin K J P. Mesoderm induction: a post-
modern view[J]. Cell, 1998, 94(4): 419-421.

Sanz P, Rubio T, Garcia-Gimeno M A. AMPKbeta sub-
units: more than just a scaffold in the formation of
AMPK complex[J]. FEBS Journal, 2013, 280(16): 3723-
3733.

Lian S S, Wang J, Zhang L L, et al. Integration of bio-
chemical, cellular, and genetic indicators for understand-
ing the aging process in a bivalve mollusk Chlamys far-
reri[J]. Marine Biotechnology, 2019, 21(5): 718-730.
Wang J T, Fang L, Wu Q D, et al. Genome-wide identi-
fication and characterization of the AMPK genes and
their distinct expression patterns in response to air
exposure  in Manila
philippinarum)[J]. Genes & Genomics, 2020, 42(1): 1-
12.

the clam  (Ruditapes

R E K7 2: 2 E /) sponsored by China Society of Fisheries

11

[42]

[43]

[44]

[43]

[46]

[47]

[48]

glutathione-dependent metabolic barrier in Pacific
oysters Crassostrea gigas: Absorption, metabolism and
excretion of a model electrophile[J]. Aquatic Toxico-
logy, 2016, 173: 105-119.

Roepstorff C, Thiele M, Hillig T, et al. Higher skeletal
muscle 0,AMPK activation and lower energy charge and
fat oxidation in men than in women during submaximal
exercise[J]. The Journal of Physiology, 2006, 574(1):
125-138.

S L. iR A R SR DU GSK-3B 1 RE AR R4
R T DI REBE AT [D]. KIE: KRR, 2022,
Zhou K. Study on the function of GSK-3f in regulating
glucose metabolism and apoptosis under high temperat-
ure stress in Yesso scallop (Patinopecten yessoensis)[D].
Dalian: Dalian Ocean University, 2022 (in Chinese).
Adamo S A. How should behavioural ecologists inter-
pret measurements of immunity?[J]. Animal Behaviour,
2004, 68(6): 1443-1449.

XEA6. I EE i X £ 85 1 R 0 AMPK /3 I BE R RS
J g D AR IO 52 R [D]. A P ACRAMRF R,
2019.

Deng W. Influence of temperature stress on the AMPK-
mediated energy homeostasis and fatty acid metabolism
in Onychostoma macrolepis[D]. Xianyang: Northwest
A&F University, 2019 (in Chinese).

APt FHUNBR AT LE R 14-3-3 B [ FTT-2 & AMPK
B H AAK-2 X AR AR 85T (D] KT 2
TR, 2014,

Li Y D. The study of C. elegans 14-3-3 protein FTT-2
and AMPK protein AAK-2 function in heat stress resist-
ance[D]. Xiamen: Xiamen University, 2014 (in Chinese).
Frederich M, O'Rourke M R, Furey N B, et al. AMP-
activated protein kinase (AMPK) in the rock crab, Can-
cer irroratus: an early indicator of temperature stress[J].
Journal of Experimental Biology, 2009, 212(Pt 5): 722-
730.

HHR, SRE A, MEAE, S IR S BT e DS
TR R BIR T[], W FRHE, 2016, 40(11): 91-98.

Liu C, Wu F C, Lin S H, et al. Pilot study on reasons for
yesso scallop’s (Patinopecten yessoensis) survival after
heat shock[J]. Marine Sciences, 2016, 40(11): 91-98 (in
Chinese).

https://www.china-fishery.cn


http://dx.doi.org/10.16378/j.cnki.1003-1111.1999.03.014
http://dx.doi.org/10.16378/j.cnki.1003-1111.1999.03.014
http://dx.doi.org/10.16378/j.cnki.1003-1111.1999.03.014
http://dx.doi.org/10.1111/j.1365-2109.2006.01546.x
http://dx.doi.org/10.1007/s10126-016-9706-8
http://dx.doi.org/10.1038/nature11413
http://dx.doi.org/10.1016/S0092-8674(00)81582-2
http://dx.doi.org/10.1111/febs.12364
http://dx.doi.org/10.1007/s10126-019-09917-7
http://dx.doi.org/10.1016/j.aquatox.2016.01.008
http://dx.doi.org/10.1016/j.aquatox.2016.01.008
http://dx.doi.org/10.1016/j.aquatox.2016.01.008
http://dx.doi.org/10.1113/jphysiol.2006.108720
http://dx.doi.org/10.1016/j.anbehav.2004.05.005
http://dx.doi.org/10.11759/hykx20151008001
http://dx.doi.org/10.11759/hykx20151008001

0o
&
=
4

|

I 244, 2024, 48(10): 109103

Genome-wide identification and expression profiling of
the AMPK gene family in Patinopecten yessoensis

LU Zhenli ', HUANG Xiaowen', SUN Fengzhi', XING Qiang', WANG Jing "**,
LIU Pingping '*, AN Xingjian*, LU Jia "**
(1. Key Laboratory of Marine Genetics and Breeding, Ministry of Education,
Ocean University of China, Qingdao 266003, China,
2. Fang Zongxi Center for Marine Evo-Devo, Ocean University of China, Qingdao 266003, China;
3. Laboratory for Marine Biology and Biotechnology,
Pilot National Laboratory for Marine Science and Technology (Qingdao), Qingdao 266237, China;
4. Center for Experimental Marine Biology Education, Ocean University of China, Qingdao 266003, China)

Abstract: As the center of cellular energy regulation in eukaryotic cells, AMPK senses and maintains energy bal-
ance in peripheral tissues by modulating various metabolic pathways. It plays a vital role in regulating the body's
physiological activities and maintaining the body's homeostasis. Although the AMPK gene family has been extens-
ively studied, systematic identification and analysis of the AMPK gene family in Patinopecten yessoensis are still
lacking. In order to understand the characteristics, evolution and biological function of the AMPK gene family in P.
yessoensis, we conducted genome-wide identification and functional and evolutionary analysis of the AMPK gene
family in P. yessoensis. We also investigated the expression profiling of the AMPK gene family under heat stress.
The results showed that three AMPK genes were identified in the genome of P. yessoensis including PyAMPKa.,
PyAMPKp and PyAMPKy, which were necessary subunits to form the AMPK complex. Spatiotemporal expression
profiling suggested that three AMPK genes have relatively high expression level before the D-shaped larval stage.
The PyAMPKa, PyAMPKfS and PyAMPKy genes exhibited the highest expression level at the fertilized egg stage,
blastocyst stage, and the fertilized egg and 2-8 cell stage, respectively. PyvAMPK had distinct expression patterns in
various adult tissues with the highest expression in kidney, followed by gill. Furthermore, we found the expression
levels of all three AMPK genes in the kidney and gill increased first and then decreased over time in the group
under the heat stress. Our study results showed that the AMPK genes not only regulated energy balance at early
embryo development in scallops, but also participated in the response to heat stress. This study would benefit for
understanding the function and evolution of AMPK gene in molluscs, and laid the foundation for further research

on the regulation mechanism in response to heat stress in molluscs.
Key words: Patinopecten yessoensis; AMPK gene family; gene identification; expression analysis; heat stress
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