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Abstract

To elucidate the molecular mechanisms underlying color differentiation between black and white
shell regions within the same shell of the Manila clam (Ruditapes philippinarum), this study employed
data-independent acquisition (DIA) proteomics to identify and functionally characterize differen-
tially expressed proteins in mantle tissues corresponding to black (B group) and white (W group)
shell areas. Sample reproducibility was validated by principal component analysis (PCA). Significantly
differentially expressed proteins were screened using a P value (<0.05) combined with fold-change
criteria (FC 2 1.5 or <1/1.5), followed by Gene Ontology (GO) functional enrichment and KEGG path-
way enrichment analyses. The results identified a total of 1,500 significantly differentially expressed
proteins were identified, among which downregulated proteins (1117) were approximately 2.9 times
more abundant than upregulated proteins (383), indicating that suppression of protein expression
plays a dominantrole in shell color differentiation. KEGG enrichment analysis revealed that these pro-
teins were significantly enriched in three core pathways: lysosome, SNARE, and spliceosome. In the
lysosome pathway, downregulation of CTSL and CTSS inhibited shell matrix turnover; in the SNARE
pathway, reduced expression of proteins such as syntaxin and SNAP-25 impeded vesicle transport and
pigment secretion; and in the spliceosome pathway, downregulation of the SF3B/U2 complex and
PRPF/SF proteins affected the efficiency of post-transcriptional RNA processing. These three path-
ways act synergistically with energy metabolism pathways to form an integrated regulatory network
of “energy metabolism - material secretion - post-transcriptional processing”, collectively mediating
shell color differences in the Manila clam. At the proteomic level, this study reveals a multi-pathway
coordinated regulatory mechanism underlying shell color differentiation, fills a knowledge gap re-
garding RNA-processing-level regulation in molluscan shell coloration, and provides a theoretical ba-
sis for molecular breeding of shell color traits in clams.
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1. 518§

VLA S R LI RN IR B A% 0 B4 BRI, YRS SR E ity . 212 b 1 AR 0
S TG, HMER TS 5 R R BOAIR A S . A ARE S B A B IR ik
B BGHR[1]. R TERE — AN 24 1 2 BB A A2, AOURI T4 & (R Rk 5
S, B ST S B RRR AR A, ISR ORI BRIR S A TR A LR RS v
Pe, DUREESTHAR. G SRS IR 2]. DAPIFIES:, K5 e M % 2 4R
B E ST ES, MRFIERE N B Al AU 4 R 1 2 I B i 42 22 IR 26 S [ 16 F 1 45
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R TBRCT 2RI T IRPEM 4 (3]

A TG 1T (Ruditapes philippinarum), TEFRESAT, AR 3R EVEHEMERRF= 5 W (0 SRR 22 5% LK,
TEMIIE . RGN R E T 2o, BAEKEER, ENEEMm. FREA G B EERS . 2D
o o5 0 i 52 30 R A TA) L S PRI I A M 2R R, ELIA) — e R X AL 1 e — 3, A
M VRS T B 4 LR 7 3R RARWT SR (4], HAT, A a7t 2 RAE T A Kt
REVR T2 PAEEMME M B (An#h B2 IRE . 4 W) R AL 2 FE SR, R R RO FE AL
W, AR R S AR EE O X o K E R, U EAE N RS LR AR =,
29 1 3 H A R HLE IR AT [S] -

DUZRFEAR AL A A R AR IR S i R N 3, DA B LR BT (b HLE B A 2 5%), REA LA & &
UG, EEAEAT T RRR 0 FRAR ", FEBRIRES db iR B A% . A KB s . g S DR R
S E SaE T RIEEA T BRI SCEIER 6], Hr, SRR A BRI & E RS AR5
TAE SRR RS S A, IR TSRS SRR, S e (R A 7).
WAk, E A RS TR R & P A AR PR AS I 42, JUHE Re AU B 1) 54 oA Sa AL
TR IR T AT D 200 i e A PRI, DR SE BRI B I R i s I 3 7 T I AR R SR ik e S
1M mTOR 15 518 2% D) 388 A A I A 4 e IR 578 98 K1, W SR TR BORH SC B DR I 08 il 4 it
FEBHAT BR8] [9].

B mpE R A HOR R R, E s E AL OO DR TR AR T i S a2 4% 71 B 1Y)
D HARTFB e FBCT e S 2 AN e S B DR S KSR 22 e, 8 1 0 4 2 T LT L Dl g 43 1 (R 3R
FRE BIIRES LA EAEH KRR, BERERX — 3 S EHIRE O RR, RS ES 570k
gitg g, R AT IRE NS E S DReRR XA R R A[10]. BT, 78K
(Crassostrea gigas)~ FifLFs Ul(Chlamys nobilis) 5 [REkBE VL (Pinctada fucata)S: V15, COF 25584k
WAl BV ST G A G I D Re B A P 48, odaos DR Fe (R U 7 7R mlide it 7 B 25
F[11][12]0 SRT, &Rt [E]— VISR FEAAAS [F] 50 6 X 3k i) 2 40 5 R G LU A BN A B, R B 4%
Al — SR BB AL FIZ O B B K oy TiE R, ST (Meretrix meretrix) ARSI 7R BAE W K, 1BE WG HY
LI FRAIAFAE S E[13].

FEk, AT LAGAT R — 5o R 0 B A0 5 A B XN 755 %2, K DIA (Data independent acquisition)
EREARAEHA, REHBAFEFOXIBRKEAFREEZR. Bl GO M KEGG Mg &£, =
MUEREAALBERR A . VARG A0 R4S AR FLAE FH BN R S WE AR & 5 5 e AR A B B 3 TR
DIAHSC AR RS, 5 76 1 S A1 50 (0 R A 22 R AR O 40 RIS, 0% 42 5 B TR UK G B D) e 2R
H. ARBFFE RAMEGES £ 5 VRO R0 TSI B 2R, Ao DU 5 2 AR ) i 2
MU BEAA,  [R]EH A] s AT A0 R 52 Ea IR 1) 5E 1) 201 B by FRE il 2R o R AP 5 B U 61 B2 (it 3 22 1)
MRS SRS E(14],

2. RS H*E
2.1. FMmRESAE

SES AR B I T B B NG X, (R ROIRGL R4, 78K 3.0+0.5 cm, JEH 200 Mg fF,
BT S0 L ARNPRIRGA T, 20°C R KT RIFRME, FrafrERIEE . BRI E S, ERTR
FAMIE JE O SR50 . BRI R 12 h SEHe— Uik, FFBOE/NEREETERL . SEEG A /K R B % T A
WX, WKEREN 31 £1.0, pHE N 8.15+£0.10, HEEN18°C £0.5C, KPLiE. WIEEIF&H.

Pk 5 R RERIA AL SRR IORE, AR T AR, BURFE(B) S H 7S (W)R R X s 5 A
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Figure 1. Sampling diagram

E 1. BErEE

2.2. BaAHIE

2.2.1. ERREWN

UG e fh Ba . (X RSN E A SR T 4% 50~100 mg, Gl B T HA TSR, I E ERE T
SRS B SRR, BATRRSR AN R VR A AR RIS, b7 Ih 8 S AR . KR S (R RE ok R P
A 1.5mL LE EP &, ERHREE 1:5~1:10 (mV)IIATRA ) SDT 2R (& 4% SDS+ 100 mmol/L
Tris-HCl. 1 mmol/L DTT, pH 7.6), &HENR 30 s MEE 5 52 MR T RS

¥ EP & E TubKkisarh, MEEF KIS 3 min, (A 70 B4 IR B ARG, BUB S
SERPE TOKH R A IR SR . B S R P DR AT AL B, e 2 H0h: ThE 200~300 W, ik
WERGE R 3 s, IS5 s), ERUKIBAIE T 2 min, B DRSS, (EHEE AR 780 B
T G P P IS B A R

EAEAHEE, B EP BN EEAEE O, T 4°C. 16,000 g 2505 F B0 20 min, B0 BT HH AL
P DA S B0 R AT BSOS, F TR AR Sk R IR B T TS BP B, BRI
VECHRRRY o JR B R RARA L) & BIEWAAEEVEM, ) B SO — IR AR S i i 2

K BCA & € s &l B b & B R S, DA LI 8 L (BSA) bR i 2 il Ak il 25
AR v fh 26 1 S SR I B DR, A DR 1 AR B A2 S5 R S0 7R SR (— MR HIAE 1~5 pg/ul). X
EREEARES, N Sx EFFZEME, WK 5 min BT PEAREE, @it 12% SDS-PAGE #E i FL ik 3k &
PR SRR e B b Al , vk s R R 4% T W 5 R-250 Jeth, Mifn, WL (A 46 T i 5 0 A i 1,
HRFEME T-80CUKE P RE& M, M TE8EmEAAEI .

2.2.2. BAREGR

FEBIRE S UE B8 B2 BliE T FASP BEf#, PIRWIT: BREIFESH 505000 DTT 2 100 mM, /K
5min, AHEEER. A 200 pL UA buffer (8M Urea, 150 mM Tris-HCI, pH 8.0)78%], # A\ 10 KD g
OF, B0 12,000 g 15 min. A 200 uL UA buffer &0 12,000 g 15 min, FFJ¥E#. I 100 uL IAA (50
mM IAA in UA), 600 rpm #E¥% 1 min, &% 30 min, &0 12,000 g 10 min. S 100 uL UA buffer,
20> 12,000 g 10 min EE 2 . JIA 100 uL NHHCO; buffer, &0 14,000 g 10 min EE 2 /K. JIA 40
uL Trypsin buffer (6 ug Trypsin in 40 uL NHsHCOj5 buffer), 600 rpm #%% 1 min, 37°C 16~18 h., #ilisE
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B, B0 12,000 g 10 min, WCEETEWR, EEARSSRIIKEEH C18 Cartridge idh, BEZGT. BEhERIIKE
TG 0.1% FA 2%, R RRBORERATIE, L& LC-MS 74T,

2.3. DIA RiE¥IES 4T

2.3.1. DIA RIEHIERE

B BUE R KB, f£H Vanquish Neo UHPLC system, operated Neo UHPLC {4 R 4t(Thermo
Scientific)i#AT LIS B . St A N 0.1% T RKIE, B AN 0.1% TR LIEKIEB(ZHE N 80%)-.
EIEFELL 96%I1) A P17 . FF b 1 ek N 454 (Trap Column, PepMap Neo 5 um C18, 300 um x 5 mm,
Thermo Scientific)i AT Mt h 5 & 4, Bl J5 #5552 73 B #E(WPAC™ Neo High-Throughput A1 4+, Thermo Sci-
entific)BEHATHERE /0 B0 o WOHHBEEE W BN : 0min~0.1 min, B MRS M 4%~6%; 0.1 min~1.2 min, B
TRAMERE LN 6%~12%; 1.2 min~3 min, B ZMBEEEI 12%~22.5%; 3 min~5 min, B JRZMEAREE
22.5%~45%; 5min~5.2 min, B IRZEIHERSE M 45%~99%; 5.2 min~6 min, B IRYEFRFTE 99%. MKB &5
FH Orbitrap Astral Jifi i#4% (Thermo Scientific)#E1T DIA (Bt MK 4 ) Fi it M7 15]. A B KA 6 min,
R 2 LT 2.2k, Rl IEET, BHE T 380~980 m/z, —Zikr#i%: 240,000, AGC
target: 500%, —Z¢ Maximum IT: 3 ms. —ZGi5#52: 80,000, AGC target: 500%, —Z¢ Maximum
IT: 3ms, RF-lens: 40%, MS2 Activation Type: HCD, Isolation window: 2 Th, Normalized collision energy:
25%, cycle time: 0.6 [15][16].

2.3.2. DIA RiEHER R

BT DIA-NN & H-FTE RS, 528 DIA FSE0E i 5dE 16 R & E DIA B2 17].
045 % 5 NCBI-Ruditapes philippinarum [129788]-78947-251118 fasta, KI5 TRk
https://www.ncbi.nlm.nih.gov/taxonomy/129788 [18],

24. BESMREMEEFESH

2.4.1. BHKFE

N T RAIE GBS S G0 W 0 R R ARS8 U, BT S R A S R
HAR 65 5 (10 B 0T IO FARE ot 2 531 25 /R B 50% B e 2 (A, SR JE R A O S R T HR I 7S, R
JEIEATGE T, A RIBZEREHAT 1.5 5L T ) H P-value /T 0.05 e br v i) 8 (A AL N
BEMZERFIEEAR.

24.2. REEHSEMS FH(PCA)

PR 5T T A S e B B 4 R AT SEME, SR G F 0T B ER HEAT R R iR #H(QC), b
WARUTR : SERE SRS R S R PO COR R, P KB 0 &R 22 BI{E 9+10 ppm; KA
%5 H Proteome Discoverer %1444 /%, € Peptide FDR < 0.01. Protein FDR < 0.01 PListyE A FH 45 &,
i PR E B AERATE[19].

[FII it S e IR B . RO KB f5 5 . R MR VPAl SR O D7 2 THEE R AR ) 8 1 i ik
FAH G R B bR e 22 (RSD) 7 AT I, [FIB @t 3 s 43 M (PCA)E— P I8, R R BAEXT
5 AT PCA B&4E. 2 FRWAEIRIL S e P ESdE, H TR E A iREZE R Ol E £ 0.

2.4.3. ERERAMIE
A PR E P2 R BL P A (P.value) 45 & % 5 {5 B (FC, Fold Change)ft Jy i brite. e i ik B A
N P.value < 0.05, H FC>1.58FC<1/1.5, #Eukimksiss 852 REA20].
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2.4.4. BEDR

kR REEREA, KA R AT GO Thig & H£0 0 I KEGG i@ & £, IWAEFE
FI A% D Re & 2 5 % AR T8 %

GO Ihfit & Bk 2 R E A IARES THEEMF). 4iiZl 7 (CO) LAY FEBP) =N, K H
FDR R IEiEESIMEFATE, € FDR <0.05 ABME, fEBEAgi5 8 L EEE%E GO % H([21].

KEGG & E 0 AF R iR e 2%, ez R E A S 50E 5@l A RuhiEe, Rt
KF FDR /Z1E, UL FDR<0.05 Jybnifk, 0k i35 & L Mmes, 456 mmIhaeieRe, 1298 5ia i 72
AHIR AZ Cr B R [22]

3. &R
3. EHREESER

DIA FEHAFEMEEEEREIAR T, HIH RSB TR 2%, & AR B S 2 EAL
HEAT DIA il FTfS A DIA B4R BE S0, S\ DIA-NN #H7 DIA 4347, f#i ] Qvalue < 0.01 Hfii
ESHL, ARUCEER AR EAMKBSHE BEWLE 1.

Table 1. DIA protein identification results summary

% 1.DIA EAREEERSIT

P AL RS E{=HikgE! M1 ik B
Bl 8067 45,656
B2 8289 46,366
B3 8508 48,723
. B4 8094 45,700
BS 8258 46,929
B-Total 9564 58,345
Wi 8698 48,283
w2 8744 49,806
w3 8635 48,909
w
w4 8665 49,525
W5 8568 47,612
W-Total 9726 59,291
Total 9876 60,677

3.2. ERARBYIERE

JVTAT EE 5T ZH B ) B A 5 B S AL, AN TR IR B BE 20 AT B N B Y unique BKEBCE B
HHSTE SR SN LEAE ST T8 (& 2(a)~(d), ERBRITEEERERR, v
JRJFEEHTRE R Ho, KRB MEE BRI, REHCEEIRBAKEEPLE 8~16 MR 7], IE{H
7T 10~12 MEEEBR(E 2(a)), 76 HRE BT & LC-MS/MS 734 i SR IR B FERFE, 327D 2L
R H SRR E, MK KB(>20 aa) 2 5/b, dE— B EE 1 FE G AL PR S HoE R A2 R 1 m S 1k
EASTESFHASRIES R DR, SEEASTFEIFELPLE 10~100kDa JEHEIA, FH L. pl 5~9 X
A FE AT Z(E 2(b), FEEAX N unique EBEE DA BN, KB 8 A H 1~3 2% unique BEBE
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Frdoe, H 2 2 KULLE unique BRBCS @& A AL R (K 2(0), BERPIEAS SR EER, KR
WA FN A E S FES S MENKFEEED, AESEEREQSIEE | RIFHEGM: /46 IEEH
ZVE A B — LA, IS E B A S MR S Oh6ERM, LU BRI, BOESE S
MR, #) 38%HIE AT 10%~30%[X (8], 11%E AEEEIE 30%~50%, AAE/CEERAE
WIEH 50% (K 2(d), B EAEGEWRIK, (EBAS A, RERREVEREARASITT
W ARHE, PRI T B R AR S R R

(a) Identifed Peptide Length Distribution (b) coveage B 8325 v B 8280 B 208000 ) 8000
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Figure 2. Quality assessment and identification feature distribution of proteomic data (a) Peptide length distribution; (b) Pro-

tein molecular weight versus isoelectric point distribution; (c) Unique peptide count distribution; (d) Protein coverage distri-
bution

E 2. ERFAFRERETHESEEHEDI T OM(2) RERKEDHE; (b) EBFTESFRLADMES (c) unique
REHENHE; (1) EREEESHE

BT R AR RB SRS 10 E A AT (PCAY G W 3 fiw, 1EWiHE/R T B 415 W 4LREAR a] ) %244
HEFREIAZE T H N EEWRAE . 5— F RN PC AT AREE 26.10% M08 A8 5, J2 X 40 PR REAR 1IR% O 4
By BB PCOMRE T 14.26% 11848 R, FE R NFEARMN RS . W PCA —4E155r B~
[ ARG, PR SO0 25 (M 2E IR 73 B9 5 R AP A 9 SR A F I . B AR ARl )& 434 T PCI
A X IR, W AR (L) NIRRT PCL HEE X3, WA EEMIELE PCL i FEES, K BAH
5w HAEEAFRREE AR RGNEZE R TS HAFEAE 427 A SRR s, H B 4
KROMEREE, RRHNEYFEE SRR, LR e 5.

3.3. ERFIEABEARDH

AT AR X (B 2H) 5 A 5T X (W )5 B B R 2H 23 5 A R H B #EAT 2 R JEk 8T, 4546kl
Eal b 2H(E 4), FEIFIERTE 1500 MEEERREEH. AKLERTL, ZREAEREGEEHE
W BANKI IR A, Hp 383 NN EZE LIHE B AEUR), SRR AE 250 X N ANE EH 2 i ik
KPFEZEEHTAHRXE; 1117 PARZE T HEAMGEERUS), SNEAERERX BN ERHATRRIE
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KPR ZFEMRTATRXE. BT ER, B T HEAREL OV EFEARN 2.9 1%, f&nFE SRR
O XS E AU B ARIBE RS , B ARIA I S ERIA BRI R O, X — Rk E 57
RFAE 7T AE A2 SRS H Fe 4k 8 DX (i 20 A X B 2 7)1 R i

PC2(14.26%)

-150 -100 -50 0 50 100 150
PC1(26.10%)

Figure 3. Principal component analysis (PCA) reveals global protein expression differences and intra-group reproducibility
between mantle samples of black shell (B) and white shell (W)
3. ERSHI(PCARRER(B)SEFR(WIIMNEBEHARBREFERRFTIAER NERNES HHHE

XP_060570505.1®
XP_0605964¥B_060597165.XP_060571819.1
_ S :

XP_060558459.1 P_060607124.1

2
S 4 ° @ Down(1117)
(@)} °
9 o NoSig(7642)
[ ]
I ® Up(383)
24 o ..o
,,,,,, -9--0
0 . . r

10 5 0 5 10
Log,(Fold Change)

Figure 4. Volcano plot of differentially expressed proteins between the B and W groups. Compared with the white shell (W),
1117 proteins were significantly downregulated (blue) and 383 proteins were significantly upregulated (red) in the black shell
(B) samples, while 7642 proteins showed no significant change (gray)

E4.Bvs. W LEMBZ RFAZAXLE. BHER, SERWHEL, BEBHAS 1117 M EEEETRER),
3BAFEARELRAAUR), FHETNR MEAREEEETHIRE)
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3.4. HEEESR T

3.4.1. GO Thge BE D HT

WG AT IRl — 52 R R 52 X (B 4H) 5 B 52 XKW AN E A 2 23 22 7 B HE T GO e s &1,
S5 R SR AL 7 T DhRE A A o> = RA4E LI AAAE W R DI Re ok, ZREADIREE &) 2,
RN TR AL 4 FHLEI R AL T SRR (4] 5). 1EAEY)ILFE(Biological Process, BP))ZH, ZRFHEAE
BE TR 2 (metabolic process) ZiJifd ik #2(cellular process) &7 i #2(localization) & & & i #£(devel-
opmental process) 1% 0 AE VG2, [RIR7EIZ 30 F2(locomotion) £ 41l M4 F£ (multicellular organismal
process). fa#vid i (homeostatic process) T A R E F 4R, Hb KAV R IE R 55 £ 0] 7425 (positive/neg-
ative regulation of biological process). Xi Hl {111 I (response to stimulus). fi#t #5172 (detoxification) & %1%
A 4L 2 (immune system process) <545 S5 A K H, FRNFE B 2Z TR -5 A B2 2 A
VAT PRI R L AR FRAR S AR R R VIA OC . 1E 3 T T RE(Molecular Function, MF)Z [, 72 85 L4567
P (binding activity ) FIE AL 75 1 (catalytic activity) A% 0o & SE5HY,  [A] I 76 512 2 A 35 1 (transporter activ-
ity). ATP S 7% M:(ATP-dependent activity). i, 7% 3% ¥ (electron transfer activity) A 471 484475 £ (anti-
oxidant activity) GRSV LS HIGENE,  HLANEPE K A0 M 28 5 ik 75 1% (cytoskeletal motor activ-
ity). AR E 3T S5 P (protein folding chaperone activity), A& 5% 5612 7% 1 (transcription regulator
activity) HHiF 142 % M (translation regulator activity), M2 78 @ Z T IhRES SR A S
KPR A B feEfteh LA R RIE WS . 7EA1M02H 53 (Cellular Component, CC)JZ1Hl, Z& 58 A T E 2 AL
T4 ffu 45 #) SI2AR (cellular anatomical entity) & 2 A il 5 & 1 (protein-containing complex), #/RiXeZEREH
2SR B G EEH TR st KIERS 52 0RBHAY ¥ 6. SMEH S, GO &4
SERFH], MREFXIEZE R E A IR PAT . AOBHE SRR S A L ST T 22 DI Re o A
FHIE, HI)REZAEME T RE R IR SR AT 7o A JE 1 DX 3 6 338 43 A 1) B 32 40 kAl

BP cc MF
- 60
8
750- K’
< o
@
W -408
3 500 2
8 Z
@
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~ L o~
250 2 20
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04 © - - - o
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& g P GT Y ° F @0 & A B e &
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Figure 5. GO annotation enrichment map of differentially expressed genes
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3.4.2. KEGG IR E&E S

IR ANE MR LA 2 3 72 e B AT KEGG Il s S0, SR EREREA 2252 MihaE
P 5T KRR, BT A TR A SR T O KR 6). Hidr, REEARE S
JREIZ AN RIE S U N R Y, A3 E AL R 1k (Oxidative phosphorylation) FEF& X (Purine metabolism)+
2 e H AR AR (Glutathione metabolism) . B i 5 b % fi# (Glycosaminoglycan degradation) & . th 5 4 B it
(Other glycan degradation), $&7~Ae&fhas X% 5P A 2 7 vl e R IS e (o LI B LR 36 A%
18 55 i A S 96 75 BEVIZ Hi - SNARE #H B/ H (SNARE interactions in vesicular transport). N &1
(Endocytosis). 7rMifk(Phagosome). VAR (Lysosome) % P it W &5 [l L (Protein processing in endoplasmic
reticulum), JBRPGZHSMENRH L e . M SN AR 7 THAAAE 38 22 7, AlRER MR SR i R
& ST 155 s A A I IE B HE mTOR {5 5 @ B (mTOR signaling pathway). 4l #h i 57
440 B4 F (ECM-receptor interaction) i 1% S AE W& il - BER X 22/ B2 S Ik 3 (Glycosaminoglycan
biosynthesis - chondroitin sulfate/dermatan sulfate). $5¥# /544 & % - #1475 H 15 5 41(Glycosphingolipid bi-
osynthesis - ganglio series), XLLiHEK EHZ HFILHAHKINE TS EEY R T8, PRl
FeEE AR e (R AL AL, 2 R I E S T B (Ribosome) . B4 (Spliceosome). 2 &/ F
) 55 F1 7K i (Ubiquitin mediated proteolysis). mRNA i i 2 (mRNA surveillance pathway) % 3£ R K k5 5 &
iR E RS, DL 23 R0 - 400 (2 3 P450 (Drug metabolism - cytochrome P450). Z#) %t - HABEE(Drug
metabolism - other enzymes) 55 fif 25 fCUTE RS, R BH 72072 7 1R AU 28 [F RIS 25 3, W KR E it
%, MIRA R E51%F TS 2 A Z MR R EAER.

Spliceosomeﬁi
SNARE interactions in vesicular transport {@———
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Motor proteins 4
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Glycosaminoglycan degradation
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Oxidative phosphorylation 4
Protein processing in endoplasmic reticulum q
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Purine metabolism
Glutathione metabolism
Drug metabolism - other enzymes 4
mRNA surveillance pathway
Basal transcription factors q
Glycosphingolipid biosynthesis - ganglio series 4
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Nucleotide metabolism
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Figure 6. KEGG annotation enrichment map of differentially expressed genes

6. ZRRILEH R KEGG TREEE
4. THig
4.1. FRFERXBEREOMNIRFREEBRMNIEE
TSI 14 (Lysosome) it i H1 4. 25 & AR (1) 0B 22 S B 1 259 CTSL (AHZREE % L, cathepsin )45 CTSS

DOI: 10.12677/0jfr.2026.131009 76 K= I


https://doi.org/10.12677/ojfr.2026.131009

eSS

(HLVEEEE S, cathepsin S), —FH & T Dt 2 M2 = FBE 2% (Cathepsins) 8 H . XK E H/ELIM AN &
I RAAE 5 0 B T R v 5 ) T DR R R PEAZ O R I [23] [24] VBB RSB S 5 AN D)5 1)
MR SRR FRI A, L IDhRRRASIE 5 VU7 3 i AR 25 UIAE oG, T Se 28 0 B A B A T I 2 7%
Y ) B AT [25] . FEARFETCEE AR, BSEX AT B X, CTSL H BE Mk
AU FC = —4.20), CTSS AN ZI—CRE FHFC = —1.51), TR IME B S A B RS B
PEREORIRTS . S5 ARV A 2 22 S HE I, A A A I 4% 1% A R 55 T R 5 B AR TR 1 P PR A R PR A
BEMI s AR AL HERR 7 DX 3 A0 2 I 2H 3 7 il A T i M AR X v, S R R 1 B S R,
TR TG, POE R AT AT R e T R T, I SR AG LI R L i T
XA RGBT TS24, SRR R O PR E, SECEERTGEE TR, T id R R TR
IR FEREE D, FUATE R R R DU, M e SR S M S R R BIACE, &5
FER .

CERFFIUESE, CTSL EEEZ MDAV (b BA EZER. i, 755 KEREEDL(P.
fucata)H, CTSL £ H KRB K5 5o ZA HUHE T 8 58 R RS i B K UIAH OC[26],
TR B BN AS AR T B R A A R e B O AR N AR S S A i . 2R, CTSS & AR IE
52 5 DUASEARTY s 72 v WL 0T %) o e S T A, ot 790 35 A W IO 4% 199 S B T e B I (27 8 S
AT R R b, TATEAACE X AH 5 Cathepsin 5% 8 [1(CTSL, CTSS)IFKIE R, 7l 68T 852 i
ST A g, T R R 2K 4G B A R T BUBCRE B AR 25 A RO B R, e %06 R 1 e X
MEFEER.

Ib4h, CTSL & A5 fig B ACHHE AR T R . B FE K, CTSL & H 13RI K B E TEAE A AL
R N G 52 PR AEPRAS (R 28], TIAE L, BhifhN-F i) REEAR T FE 55210 J 7o ik
JRAEBEVIMED, "AEAG K. BRIIPIRMEREESCI¥#29]. Fik, AWFF+ CTSL HAMEE T,
A S B 1 5 o 4 A S % () T REA, I8 0T B RE AR AT RIS U RIAE A, 3R [R5 58 61 B
AL .

4.2. SNARE B ¥ 0 EREB MR FREHRAEE

SNARE (W] ¥4 N- 22 2 SR Bk W i AU [ -7 [ 55 22 1 %244, soluble N-ethylmaleimide-sensitive factor
attachment protein receptor)i % H £ FiiZ O ) L IR 2 FIH#Y, A4 Syntaxin & H(K08513, #ik
{5 % FC = —4.10). SNAP-25 Z52E 1 (K08490, FC = —2.24) )2 VAMP & [ (K08495, FC = —1.85), X%
7% B Qa-SNARE. Qb/Qc-SNARE 5 R-SNARE F IR I, /24 540 A FE30 55 HE AL & (%0 Dh g
JCHF[30] [31]. EAETENIZ H 5 Rl G R, I8 20 36 0 Al DU s e 245 A S BTG (7] B 4 . S i o 02
G, X R R R A M 2 A D e % R I i A 8 B O BRI, B4R AR K R S AR
[32]. PFlit, SNARE EERIZOEERK RGN TR, RoRisfr B e sX 8o EBA LR KRz 5 E A
Ir WA B AT BESZ B W A

TE VRO R, B R RGURIEZ OISR, Fork i mE A . BERYR
SRy TG HES B 22 58 TE BRI SR AN E RSN, D 5EARa 4 S By TR S e L Rtk [25] . AT BIF SR
52, AMEREANM AT IE I mAA0Y SNARE E AR Sl R, PR 5 BN TR S LA e LAE 5
MEEHI IR [27]. G5 E HidZ 2 74T, H5eX I SNARE MBS G AR Bos, $aiRistn S5 & E 7
R, RIS R A B AL A, SCHE TR, PR T B TE L 54 T 55 £
201, BIE R WXk SNARE I8 DIRESZH0, 6301 M e ik ot 41 73 1 i A HEWA 28056 2 2
T, FECLENEERE, GRS TIRETEN AR, 15 e IR B, i
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MshFe R A E R R[33]. JEHZ Syntaxin & 2% FH(FC=—-4.10), =% Qa-SNARE /%
(PR R ok R A2 BB ZU N, 7T REIE (R BRI AE AN N 3 B BN HEAE IR . BRI — D AR, A
A e 2R BV TE 40 M PN A R R S SRR, R TR AR VIR TR EBB 1SR AR A R
B R AR R ORI B SRS, &S 5EARERMERE.

SNARE H AR AN G RIESRERARU . BRGUIREZEDVIMIC. T KY, SNARE EAE A
FRI2H 2 5 AR B I FE AR A ATP e R4 [ Ca2 {5 Sl g%, G MR A 2 4 e it A QK 7 (1 B B R i
[34]0 THAEDIZErR, SEAA T R FE £k B i B VR R 1 e ARG B, 2R R AL R 1L 1 5 s Hind A2 77
ERE NG RR, "ATIEH . &gt 2R ER29]. KL, Ao H g3 1) SNARE i #%
RO EA RGN T, AR REE QUK T B AR A A B 148 2% 2 4R B RIVE T, L [R] S e H BE 5% X 3
HME JEAN 536 TH RE -5 0 T 2 3 v 1 (A B AR 5, 1K — AL VR AR A AT B 1 T X SRR A RIS 2 5 52 iR
DURR 5 TH] 5302 S5 () S L 001 B Al

4.3. Spliceosome HIFERERAMIRFREBERNERFRIZER

BY 4 (Spliceosome) it ¥ H1 & 4L [ 22 S B (1 L P A ¥ I a3, HOX SR (o 32 B b T BT H2 4k
FRIAZ O R A AR B, A% SF3B/U2 H &1K(K 11097, FiEM54 FC = —2.51). PRPF/SF & (K 12858,
FC=-2.80). SF3A B A1K(K12870,FC=-1.60)%F, A& AL NETEARSERL. BIRAL 2 R0 R AL SN
MREETRER T, JLRIF AL mRNA BTRBT B 10R% 0 720, HE R G RNA I TSR 5K E
[35][36]. Bk, XEEAMRGME T, FoREA R, ARXIESMER AT 55 RNA TR R
KPP R Th R 2 5, 12 R BN R AR ML R RIS

FZAEN) mRNA BYH @ R SR A e 55 5 AP AL BR 1T, BT 1k vk RO N & T a7 51,
SERRN T RS ANE T, B R ThRETE M 1 P mRNA, 45 2R AR B PR A EAR [37]. X
—EZFEH, UL, U2, U4/U6. US S/ IMEAZHIIL B (5 A 1R (snRNPs) B FL TP 2 19 4RI 2385 T 0
RINRE R 4[38]. HH, SF3B HEAR(H SF3B1-6 & FH4LM)EA U2 snRNP (%045, Ale %R )
RNA 7332 s 750, St BI85 (RS B e AL B 06 28, BT mRNA By BRI PE[39]. AHF 7 SF3B
SERIT I, FTRESE mRNA BYHE B PR, 51 RES BB AR By He il 2, b Im oo oSG R 7 2L i 2
IR L b, A S SR B R .

O AR, BB LE] S DR O R B UM G . TERCP LW (C. gigas) 5 5 IRERBE DL(P.
fucata)r, I FAHRE TR MBI HAA A A EAN B S 52T X B3 B, TR AE 40 i vl d i v Bk 1)
RNA BJHENLH], S8BT & R E DR & R LR IR 25] [27]. S5 AN TR RHEN, dafr B E
FeIX 3 Spliceosome JE 1% 0 E ARG T, WEEFEIM BT mRNA BIER0% N, HEmibe
& RS R R BRIIBHERE A FIRRRCE, BA W70z R K.

IeAh, BIEARE O REMERS S A REE R (5 5% Sl R E . AT ITIESE,
mTOR 15 510 1% A A TR AL R R 5 A8 4k, W@ P85 SF3B1. PRPF 28 BYELARZ OV I IR 1h /K
T, RN B BRI AL RS R I RE R AE[40] [41]. S5 A AT I REEMRUHEBANCE AR N,
AP F P AT REAEAE “RERARM . BYRERThARE. B ABNE” IPh R R K Z IR
13 B AR R A ARSI RCR T B S B AEE mRNA B A 3k 1T 6 78 Gkl S Th BB B 1 A B 2E i &%
B, HAAER ALK LK) B AT X IR R A 1

Spliceosome i # 1% 02 A R G PE R AR, s 78 AR BRI AU R 3 5 R TR B
s, 2R )5 RNA INLRE ) Z2 R IR Z 520 . %45 RN RNA LRI A, AT ke
TE R 2 00 T IS T B ORIE 78 7 1), sk —2D EIAIE 7 Fe e b 2 2 8. 2 2 [F I 45 58 .
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5. &

AHIE TR iR AT 7 X AN E I 23 DIA B B 2204, R0 1500 M2 2% 22 RRiAE A,
Ho MRl LREE, RUEAREMERZOMUNESES . ZREAEEEETHE
K. SNARE ANBTHAA = 2530 #%, EA170 il fomi 2 57 8 (A R . (3R 70 WA RNA BT RS2 (U
o BTN T BEAOE AR VR O Rh IR ZAE I, JF e T H SRR IR SRR M 2%,
POl AN SR i S bR IBE Y ST

E&WE

R8BSR ROl B R TR (2023LZGCQY001); FE 5 NP\ H Rk %4 Ti(CARS-49); 1L
TR R KB T R B3 TR (2024TH1/11700010); 37 748 ol AN 4 1512024, 2025); I T A RHL T,
LT ARG RIS THRIEAR IS THRIITUH ) (20247H2/102600078) -
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