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3. PG KA B AR SRS L KD E KA R I SRS SEE S I 200092)

HE 1% %8 #(microplastics, MPs)-Z % W 6975 42 4, T 5 B 40 (CuSOy) 2 K F= I= 78 % JH 1Y &
A, KEFEHETF(C)TH MPs R, HIEKX MPs fr Cu™ 3 — KA R T at P45 58
(Eriocheir sinensis)Jfi 3 41 A & HLE), ABF 545 0.4 mg/L MPs 7 0.1 mg/L Cu™ 4 L 36 K %
WE 4 ANIE4: 04 mg/LMPs £ F 4 (M 4). 0.1 mg/L Cu®" £ % 4(C 40). 0.4 mg/L MPs + 0.1 mg/L
Cu™ & B EAMC 4)Fa % a3t B4 (D 4), % MPs fn Cu” % — R A E 21d ja xt Aok %
B R e . R F RNA-Seq AR M 38 7T & 4 4Ll 7, 6 % ¢ % 3k 2L B (DEGs) # 1T KEGG
BEEAYERFELSN, HERET, SHEBHMAL, M AHEHE 1650 L DEGs 2 1874 4~ T
DEGs;C 4% %% 3 797 /> L8 DEGs #7 1 073 A~ T DEGs; MC 41 % 1492 /> _+ 3 DEGs £# 1 305 />
T DEGs., 5448, %z frek B XU A X% 1) DEGs, @45t SN EAE (car). = 4 HHE G (rim).
Toll # % K (¢lr) . 4048 % P450 (cyp450). BB B B (ca)% £ MvsD, Cvs D, MCvs D # L L B3,
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R, TV X B O RS B 32 1) )12 & (Truchet
et al, 2023; Vo et al, 2021), W55 R, 7EXKH . FEH
13 N7 I 7 2 S W 2 B 1 O @20 719
2 B T (Zhang ef al, 2021), KT 1 2 v [F i
RGP AL, 28w 5E0R K28 M, A&
B4 2R (IR, 2023), BUE 2014 4F, KT O
K P R 4 137 fioki/m® (Zhao et al,
2014), KILHBTR ROERE 3 E B (121
9) fki/kg (Peng et al, 2017), KHEEH, I RH) K
ANSEEZAML, B, ROBRLS s e AEK
He AR (Li et al, 2021)0 FEA K A A A N 1 1 98
RSP EAN B TRt | A s AR A 2wt
LI (Wed et al, 2023; K284, 2024),

T 98 ) Y < B8 S0 N > 32 B Ok B 2 ) O
(Magara et al, 2018), WF5ERW, FOIRREAT LAWK f 6
IR Y (Vo et al, 2021) FHRERHI(CuSO ) TEIK =
FERPAT T Z AR, TR A A R SR 5 R
BEI , LA SR IR 7K ) i 5 7K 4¢ (Tavares-Dias,
2021; Zhang et al, 2016), 2003 4&, (il A= 2530
BEARBL R ) #8 H LL Cu® Mk BE R i 0.01 mg/L MAx
AT K I, Cu™ Ve i 53k 0.07 mg/L (B %55,
2006), 2006—2017 4, KITHidK A 1) Cu® e JE
K 0.19 mg/L (125, 2019) w3 FE AR AL £
TG YK AR IREE , XK AR sh ) HAT W e 7% (Zhang
et al, 2022). Lauer Z(2012)WF5T KB, i & A4
il B 5228 2h W) 2 55 Wi e A 2 e AR R 8, DATT 5 i)
AT RE R G . K Cu™ B 5% 2 % B EE X oF
(Penaeus indicus)H 4 W H KR Ge i A i (Paila et al,
2012),

WFFE R, TR 5 Al TS Ye ik & 5 88 XK A=
AR, BOBRIR R ER IR A B 14d )5,
WK T FLAA X HF (Penaeus vannamei) i 38 104 90 B BE
AT, SEEALRIIE(Xing et al, 2024), IR
e [F| B EE 5 EUBMN(Carassius carassius)TFHi405, It
R R SN A S 1 R i Sk (W et al, 2023), H
A, J&F MPs Fll Cu® BRA R @R XK A ) i 21 2
RIS E A iE, 4 M (Carassius auratus)i B 1E
MPs Ml Cu™ Bt 45 2 55 T & A R RE F- 40 i 40 i 94 7=
(Zhang et al, 2022)., MPs Fl Cu* BEA 5 SR BE T
fti(Danio rerio)lif 8 4 M i 2RI 255152 1w iz 18 TR
BE 45 #49 (Rong et al, 2024), M4, EZ P M
(Oreochromis niloticus )BT YITE (1) Z2 REPE 25 44
7£ MPs il Cu”™ BEA 28 F th & /E T 28k (Zhang et al,
2022) . FHOCHEIE R B, 08 RS X v AR ol B

(Eriocheir sinensis)iti it E 3175 & B AL N I (Yu et al,
2018).

Hp A O B K YT Sl e b 9 IR 1) T B
a2 [ K P SR B 2R (R A v A TR K 2R
(Chen et al, 2007), RFAFEA K 2 BUAR ARG 3 %
W 22 K VT AT A B A P (k7 1145, 2024),
THRMA G 2TV, P ARG B BB A K AE G T 5 %
F IR E 4R W (Yang et al, 2022), HAESE
BRAASESRETY, Wil i SE Ry, R
552 L 2 B (Xue et al, 2021), 4 B X} rhAe g5k
o SR T P At s R ZHL 2240 40 L I 05 S T IR AR 19 &)
W H & (Yang et al, 2007), 2RI, T X 2 fi5
YL W 106 £ F i R A I T gy 3 2L 20 1Y 5 i B
E B SIENS

AHFFE R F RNA-Seq % s 417 52 R X MPs 5
Cu B — L BR A B2 T v AR I B 18 figp 38 1 2 TR 2 58
2T, BRI EEMCIRE MPs 5 Cu> %R
IKAEW I 25 A5 S AL, DIBERIRKAE R R G h
TR 4 V5 Ge B 4 R e 22 3 4, DL R K 7 4
(IR 2 PP R LR 2 A

1 #wREFE
1.1 FEHEMmEAIE

111 ExHA SIS FHEE R (O T 355 U | F
PR H(92.27£10.34) g, T 2023 4F 11 Ais 255
%, BTAEMERME SRR P E R 2 8, &
FEWIE], W N(13+3) C, pH N 7.0~7.5, AfHE>
6 mg/L. B H 18:00 HMIRDR} H M K AE P ia) kG R
Nl H MR AR B R 1%, S PR Ay
Tk

B RO RH(100.040.4) nm]Ig [ K H A
SRBFSEHL . CuSO4-5H,0(=99.0%), W [ [ 24 4 4]
fE2E R F A BRA F, FChl 1 g/L (04 R T4
R R A o
112 REEE HR 8 PR 5% v ik SR i B IR 25
B DX h AR 0 2 B ) s MR 9T, e}
W I E N 0.4 mg/L (Liu et al, 2019), HIEFREEF
B e FBE - 45 45 Wi AT S o R AR 8 BB Y PRI 9T
B S FEBE R 0.1 mg/L (Ren et al, 2011).

BFRGRE, SHUEK RO RS T s T
(70 cmx43 cmx50 cm) P HATLE, Dk ugfE Y Aok
KN D AR, L 3 AAbEd] . M AL(FE R
REEH) . C AR MC 4 (W 8RR A 2 7]
IR, WAL 3 AT, BAEATAIE RS 20 2
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SRR ), IR WImI RS A, H R e
WEELDHEEN 1%, MENEEFERER, &7 46
—WK, &% Yang %(2022)H1 Pan %5 (2023) I HF5T
RSB B R 21 do

113 #H&HX% 5521 RoRHE, SRAEHT 24 h 4510
IR, R AL 3 Hrh AR g B AR A )
5, RAERTE VK DRREE, PRt Bg ol , A 7k
J& B T80 CrkAHIRAE, FT a8kl v .

1.2 R RNARE. XEHERNF

fdi ] TRIzol (Aidlab, b 50) 7 k42 U 1 240
IRy & RNA, i#id NanoDrop 2000 436 it
(Thermo Fisher Scientific, 3% [E)FNEAGHEEE S HL K AS:
DS RNA BYURJEE 408 T8 8 P G 354 119 RNA
FES A SCPE o A A48 I SO NovaSeqX
Plus “F- &5 #E17F .

1.3 NEFEHIERE. AEMINEETRE

% H Fastqc (Chen et al, 2018)4K % i 44 I J3 %k
i B Bt (raw reads)iE A7 m g, LBREFHELN

reads . J¥AI AR (BT (E/D T 20055 . % N
R 10%0) reads. #RJ5 K H HiSat2 #A4-6 Fifs
i 5SH A X, 7 E800r, I T Hx)
a5 R P A .

14 EREREKFEMEREEDHT

i1} DESeq KX} 2 53Kk 5 K (DEG) AT AR
HEAL S 22 S RS AG I L T (BN Pagi<0.05 Al
llogoFC| >1 (FC, fold change). R Goatools #f¥:
Python scipy K 4 XF 2 55 5 K # 17 GO (gene
ontology)#ll KEGG (kyoto encyclopedia of genes and
genomes) B P & 18 5 5 £E 7 1 (Ashburner et al, 2000;
Kanehisa et al, 2004),

1.5 SER*RHEEE PCR IIE

X ) 9 A OCHE 2 TR IA N AT qRT-
PCR K:E, #if# RNA-Seq #0255 emf . AT
FEIEHL B-actin AF A N2 I, F| H Primer Premier 5.0
TR T Y A5 B SR LA AT 3 1k
AT, SRA 2 M s A AT R A

&£ 1 gRT-PCRI#1F5I
Tab.l Primer sequences used in qRT-PCR

FEH Gene 1E M54 Forward primer (5'~3") JZ 5|4 Reverse primer (5'~3")
p-actin GGCATCCACGAGACCACTT CTCCTGCTTGCTGATCCACAT
cat CCTCTTCCCTTCCTTTATC CCTGGTCGGTCTTGTAAT
cox GATGAAGACTTTCCAGGTTCCC TGGACGCATTCGACGAGGC
nd TACGAGGACCACCCAGAC ATCCATAGATCCCACCAG
idh TTCGCTCACTCGTCCTTCC AGTTCTTGCACGCCCACA
cyp450 CACCACGACTCCCGCTACT CCTCCATCAGGGCAAACC
abc AGAATGGCAGTGCTAATGG AGTTGTCAATCTTAATGTCCC
v-atpase GAGGAGCACTACGACGCAAAC TCACAATCTGGCGGGACA
ctl TTACTGGCGAGCCTATGA ACCGACTCCTTTCCCTTC
gst CTCCTCTGCTTGGCTACT TCTTCTCCTCGTCTGTCTT

2 HR 22 ERREERNHF

21 HFRANFINALE

38 33 Hlumina X 5 452 AR XS B AL B 21 d JF HY
A Ol B T T TR AT R S LD R, Ak
197 908 972 4~ raw reads. i JEMCFREHEG, D 4.
M 20 .C 411 MC 253 513k 51 911 548 .42 924 544,
57 484 980 1 43 429 502 4~ clean reads, H: GC & &
YN 42.47% . 39.29%. 42.59%F1 42.58%, Q30 N
94.71%~95.48% (3 2) F:3k15 109 644 NG 5EAC, H
> 1 800 IVFL sk ABIH £ , A 68 005 1~(% 3).

WE 1R, 72888 21 d e s A b,
XA, M a4 1650 4 L DEGs Al
1 874 4~ T DEGs; C 41f1$5 3 797 4~ [ DEGs FI
1073 4~ Fi# DEGs; MC 2HA4% 1 492 4~ | DEGs
11305 T DEGs., 5 MC ditftb, M HETE
1 136 /4~ i DEGs #i1 1 633 /> F il DEGs; C ZHfuf5
3505 4~ L3 DEGs il 1 093 4~ T DEGs.

HHE RS . s b7 AR B AR O
DEGs £ 5 M HRAZ M B EZERRKE, FEMvs D,
Cvs D. MC vs D "', B fb RGe i A e B AL
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Tab.2 Quality and sequence alignment of transcriptomics sequencing
R4 GURSGE R ERRGE  BhmE UDHR gy gy OC T
Sample Rawreads Rawbases Cleanreads Cleanbases LU0l 3¢ jog 1% GC
1% content/%
o BB 4 52479128 7924348328 51911548 7702 188 470 0.0124 98.45 95.48 42.47
Control group
ezp Syt 43376482 6549848782 42924544 6426908 088 0.0128 98.15 94.71 39.29
Microplastic exposure group
il 7 S 2H 58129800 8777599 800 57484980 8468277 808 0.0123 98.46 95.52 42.59
Copper exposure group
s Rl 5 4 e [R] R ER 4H 43923562 6632457862 43429502 6475778953 0.0125 98.34 9531 42.58

Microplastics and copper
co-exposure group

e Q20. Q30 435 F s B IE D)3 i it (H R F 20 F1 30 AOAKIE i B AR OREE 1 B 43 H

Notes: Q20 and Q30 represent the percentage of bases with mass values greater than 20 and 30 in the total bases.

®3 BREAKESH
Tab.3 Transcript length distribution

K 0~ 201~ 401~ 601~ 801~ 1001~ 1201~ 1401~ 1601~
Length 200 400 600 00 1000 1200 1400 1600 1800 1 °00  Total
.
HH 1501 5278 4374 5324 4967 5353 5195 4915 4732 68005 109 644
Number

(sod)1 52 LR, it EALE W (car) . AR R
(prdx) ¥4 & T S B 1H & 42 b =45 R A
(trim) . Toll FEZAR(elr) . #MAES 1 oM (e DR B
I, LR P450(cyp450) 4 W& TR REE MR
G R R I (ca) ¥ W 35 1, $EE AR — wh IR il
(v-atpase)¥J .3 T

23 ERREEFR GO BEELH

Z5HEH GO BHEMMEI R TR, TEMvsD b,
DEGs 3% w4/ GO Tt EE 4% ATP fUilfid 2
RS R
(monocarboxylic acid metabolic process). MM #% 12
H IR #2 (purine ribonucleotide metabolic process)
4 fE Cvs D, DEGs B E & 4N GO Ui E2 A
H& RNA 3" % il T.(RNA 3'-end processing). tRNA 1Y
3 B2 ((RNA metabolic process) . rRNA X i i 72
(rRNA metabolic process)%; 7E MC vs D H', DEGs
BEFEMN GO Tfe I %A 45 B 18 mi L (defense
response). I N % (immune response). 2 fifd 7 X Ja
(extracellular region)%¥ (1&] 2).

24 ERRIEEFM KEGG EESDH

fEMvs D, 118 1594 4 DEGs H43] 333 4>

(ATP metabolic process) .

W, o, B E RS 34 8 H(P,g<0.05), FE
A Gk 2A 808 — T4 % (chemical carcinogenesis-reactive
oxygen species) . A LR {L(oxidative phosphorylation) .
2 e H R8T (glutathione metabolism)&§ ., 7E C vs D
Wi, BB 2 445 4 DEGs w43 340 -, Hep, &
TR 9 AR (P,<0.05), EE4UEE DNA & iil(DNA
replication) . PLI R (antifolate resistance), ABC F4izfAk
(ABC transporters)~5 . 7 MC vs D /1, iif 1 198 /1> DEGs
WA 326 NPk, Hr, WEEET 14 GE K
(Pagi<0.05), FEAIFEAMATNEE M 24K (complement and
coagulation cascades). ZffIfa 2R P450 XF5AE R AL
(metabolism of xenobiotics by cytochrome P450), ABC
35K (ABC transporters)25 (& 3).

XA R G . G B A RS A I A G A 38 i
AT M. A BRI (glutathione metabolism)iH
H1, Mvs D 240 DEGs B3 N, ARG E#H-6-1F
1% 11t & i (glucose-6-phosphate dehydrogenase, gbpd) . 4%
JieH Ik S AL ¥ (glutathione peroxidase, gsh-px) . 4%
e H RK S-F% % it (glutathione S-transferase, gst)3 ; MC
vs D W gbpd ik W E T, gsh-px Fl gst 7£ C vs D
1 MC vs D ¥ 2R, 1 gsh-px 7£ M vs MC, C
vs MC H34 i 25

iR P450 X 52k R B9 ACHHE FH (metabolism
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Fig.1 Analysis of differentially expressed genes

A~E: ZESRIKBENKINE; Fo 225 %A N 55 B IA
A~E: Volcano map of DEGs; F: Venn diagram of DEGs
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GO enrichment analysis (MC vs D)

Defense response - C ()
Immune response — [

Extracellular region -

Serine-type endopeptidase activity —
Chitin binding [ )
Serine-type peptidase activity

Serine hydrolase activity —
Immune system process ([
Glutathione metabolic process — ® P

Defense response to bacterium [} 0.025

GO term

Response to bacterium [~ ° 0.020
0.015

0.010
0.005
0

Response to other organism -

Biological process involved in interspecies |
interaction between organisms

Defense response to other organism |-

Response to biotic stimulus — Number

®5

® 36
@67

Receptor ligand activity [ ] . 99

Response to external biotic stimulus -

Peptidase inhibitor activity — @

Peptidoglycan muralytic activity — °

Lysozyme activity | | | | | | | | | 1*

0.20 0.25 0.30 035 040 045 050 0.55 0.60 0.65 0.70 0.75
Rich factor

GO enrichment analysis (M vs MC)

Immune system process - D

Immune response

Mrna cleavage stimulating factor complex |-
Mrmna 3'-end processing |-

Small molecule metabolic process
Defense response -

Defense response to bacterium

Response to bacterium -

Response to external biotic stimulus |- Pigust
Response to other organism - 0.06

Biological process involved in interspecies 0.05

interaction between organisms 0.04
Defense response to other organism - 0.03

GO term

Response to biotic stimulus ggf
Mrna cleavage factor complex - 0.

Organic acid metabolic process |-
PY Number

® 9
Rna 3'-end processing - ° 0 ;;

Small molecule catabolic process -

Oxoacid metabolic process 5

® 6
Carboxylic acid metabolic process - o . 89
o

Lipid metabolic process -

I 1 1 1 1 I ! I ! ! ]
0.10 0.15 020 025 030 035 040 045 050 0.55 0.60 0.65
Rich factor




180 ook B

546 &

mRNA cleavage stimulating factor complex
Purine nucleotide binding |-
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Purine ribonucleoside triphosphate binding -

Hydrolase activity

Purine ribonucleotide binding

Ribonucleotide binding |-
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Adenyl nucleotide binding
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GO enrichment analysis (C vs MC)
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e 11
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@314

@0
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12 DEGs Ity GO & 81T (& S HE 2 1T 20)
Fig.2 GO enrichment analysis of DEGs (top20)

of xenobiotics by cytochrome P450)i JH, i 25 B
PR %% #4 it (UDP-glycosyltransferase, ugt) &K 7E M vs
D. Cvs DH &% Fi#, MCvs D P RZETH, ME
Mvs MC, Cvs MC H it 3 1., gst 7 Mvs D, Cvs
D. MC vs D H ¥4  2 F i,

TEAMAFNEE 1 208 B, B+ B (clotting
factor B)FEE7E M vs D, C vs D 1 MC vs D H115 ig 2
TV, ML F G (clotting factor G)FEKFE M vs D,
MC vs D i T, 7 Cvs D, C vs MC H i35 i,

e AL BE R fL3E %, M vs D Hh 241 DEGs i 3
T, fu$5 NADH i S i (NADH dehydrogenase, nd) .
ATP 4§ (ATP synthase, atpase). 20 {7 K & 1k
(cytochrome c oxidase subunit, cox)% ; 1fif C vs D /1 cox
Rk EBE L, MCvs D cox Rk BE T,

25 QRT-PCR iE% R

PEH 9 N CHE2E 3L ST qRT-PCR Biik, 4%
WHIR, 94255 N FRIALEH 55 LA 7 3451
FER R BB —E(E 4). Hik, gRT-PCR ikEgs
UESE T RNA-seq B4 0 AT S 0 FnvfEaf 14 o

3.1 mELERE

AR L PO TR LA AR W R i e IO OR R
() F ZEHL I (Magni et al, 2018). TERIRIIAE T, H
HEY BRI N & & SR TOBRL, 38 IS PEA(ROS) KR,
TS 40 BT A Ak B AR R Se ARG AR 4 1R Y T
(Sarasamma et al, 2020), Cu* %85 4315 KK LS
AL, B, RET Cu® SR LY ER(Qian
et al, 2020)F1#%: & (Callinectes sapidus)(Brouwer et al,
1998) AT JE i vh SOD 1 GSH-Px 25471 E AL B O 35 1

KEGG BHEMPr /R, A 25, 27 f 15 540k
T A IHE B AH 219 DEGs 73037 M vs D.C vs D #1
MC vs D 4R o A e H BRACIEHR BT A 10 i i B 22
PrEAL R G Z —, TRV AL N TS 2 H 2R
(Wu et al, 2004), 2t H i 4k P K (gsh-px)
%wh%h GSH-Px W, WEALAIEH IR(GSH) At AL A
(H200) 4= BUA B H K — 8t Fik (GS-SG) FIZK (H0), IT: B
1k AR O O AL B A R B2 0 (Liang et al, 2022).
g6pd W EE I 4 NADPH, NADPH ZXHi &
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Oxidative phosphorylation

Platinum drug resistance

Thermogenesis

Chemical carcinogenesis - DNA adducts
Glutathione metabolism

Drug metabolism - other enzymes

Metabolism of xenobiotics by cytochrome P450
Drug metabolism - cytochrome P450
Non-alcoholic fatty liver disease

Peroxisome

KEGG pathway

Huntington disease

Complement and coagulation cascades
Lysine degradation

Diabetic cardiomyopathy

Fatty acid elongation

Parkinson disease

Tryptophan metabolism

Folate biosynthesis

Butanoate metabolism

KEGG enrichment analysis (M vs D)

P, adjust

°® 0.006
0.005
® 0.004
0.003
0.002
0.001

[ J 0

. Number
PS e 10
® 29
@ 48
° Qs

[ ]
| | | | | | | | | | | |

020 0.22 024 026 0.28 0.30 0.32 0.34 036 0.38 0.40 042 0.44 0.46

DNA replication

Antifolate resistance
Aminoacyl-tRNA biosynthesis
ABC transporters

Base excision repair

Apoptosis - multiple species
NF-kappa B signaling pathway
Glutathione metabolism
Nucleotide excision repair

Mismatch repair

KEGG pathway

Platinum drug resistance

Toll and Imd signaling pathway
Apoptosis-fly

SNARE interactions in vesicular transport
Small cell lung cancer

Fanconi anemia pathway

Cell cycle

Bile secretion

p53 signaling pathway

NOD-like receptor signaling pathway

0.25

Rich Factor

KEGG enrichment analysis (C vs D)

Pgiust
@ 0.15
) 0.10

® 0.05

Number
. e 11
o ® 19

@ 238
® @36

| . | | | 1 | | |

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65
Rich Factor

0.70



182 ok

oo # R

546 &

Pathogenic Escherichia coli infection
Salmonella infection

Hypertrophic cardiomyopathy

Fluid shear stress and atherosclerosis
Complement and coagulation cascades
Bile secretion

Dilated cardiomyopathy

Chemical carcinogenesis - DNA adducts

2 Metabolism of xenobiotics by cytochrome P450
% Viral myocarditis
8 Renin secretion
a Histidine metabolism

ABC transporters

Drug metabolism - cytochrome P450
Glutathione metabolism

Apoptosis

Platinum drug resistance

Pertussis

Tyrosine metabolism

Arrhythmogenic right ventricular cardiomyopathy

0.18

beta-Alanine metabolism

Ras signaling pathway

Ether lipid metabolism

Arginine and proline metabolism
Pyrimidine metabolism
Tryptophan metabolism
Peroxisome

Drug metabolism - other enzymes
Lysine degradation

Pathways in cancer

Propanoate metabolism

KEGG pathway

Valine, leucine and isoleucine degradation
Amino sugar and nucleotide sugar metabolism
Glycolysis / Gluconeogenesis

Pantothenate and CoA biosynthesis

Fatty acid degradation

Glutathione metabolism

Platinum drug resistance

C-type lectin receptor signaling pathway

Renin secretion

0.10

KEGG enrichment analysis (MC vs D)

Pad'us
°  0.08

o 0.06
0.04
0.02

Number
o 7
® ®
° @ 3
o ® 2

020 022 024 026 028

030 032 034 036

0.38

Rich Factor
KEGG enrichment analysis (M vs MC)
- [
- ®
o [ ]
o [ ]
o o Pogust
0.14
i ® 0.12
L 0.10
o 0.08
- o 0.06
0.04
- [ ] 0.02
S ) "
B ® Number
- ) e 38
® 25
i e | Q%]
- ° Qs
- °
- °
= [ J
o [ ]
o o
o (]
! ! ! ! ! ! ]
0.15 0.20 0.25 0.30 0.35 0.40 0.45

Rich Factor



%2 &

AR T SRR IR i B g ) v A G5BT N T R R 3R TR R ) 183

KEGG enrichment analysis (C vs MC)

ABC transporters
Antifolate resistance -

E

DNA replication |-
Aminoacyl-tRNA biosynthesis
Salmonella infection

Glutathione metabolism

One carbon pool by folate
Toll and Imd signaling pathway -

Apoptosis - multiple species

NF-kappa B signaling pathway +
MicroRNAs in cancer - [ )

mRNA surveillance pathway - o

Pertussis |-

Apoptosis-fly - [ )

KEGG pathway

Sulfur relay system -
Epstein-Barr virus infection |- o
Platinum drug resistance |- ()
Nucleotide excision repair - )
Pathogenic Escherichia coli infection - @
Fluid shear stress and atherosclerosis - @

 J Pgiust
0.25
0.20
0.15

0.05

Number

o5
® 23

® 5

0.25 0.30 0.35

0.40 0.45 0.50 0.55 0.60 0.65
Rich Factor

3 DEGs ) KEGG & 443 H7 (55 B4 44 i 20)
Fig.3 KEGG enrichment analysis of DEGs (top20)

log, (Fold change)

I a9t i PCR qRT-PCR
r PP RNA-seq
_5 L
N
4@ @ ~1§ @ @ qso q@ @Q é\o
\z kQ @ @4 \Q & @@ é\ﬂs o@
o
& o & o & &\ @&k

X
3 A Gene

K4 22RFIKILFEN qRT-PCR FE UL A it
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AN SR L A, gse TTBR I 40 i B 52 S AL N
Y0 FE T %552 (Saetan et al, 2020), gbpd 7E M vs
D. MCvs D H B & T, gsh-px il gst #E Mvs D, C
vs D fl MC vs D F 0% T, gsh-px £ M vs MC,

C vs MC H ¥ 1 25 ] X W RER A TGI8 & MPs i &
Cu™ B — ml IR A 2 55 249 06 23 I T R A Qo i 7= A T
M, M MPs 5 Cu* BRA R EEXT gsh-px W01
P

CAT 3l B 76 75 A W W L 2L i v 2B 2 A3 )
H,0,, MW E (k#1147 (Olsvik et al, 2005; Wang
et al,2018), FEARMIFLH, M 41, C 41H MC 411 cat
T 0 AN ACOY, ATRE S80S &Y ROS 74
ROS 55 Fiad Ak, BRI ko FZR R AR D) B
FEAIG ATP K, DA B Sk i i i I i 120 5
(20 L )8 T (Zhang et al, 2023), MPs 5 Cu® Iy 5. —F
WA 7R 8 R BT AR G G AE AL B R G R
i . X5 Corbicula fluminea) N, X} U8 B 75
TR RHEIE B )5 B A L(Zhang et al, 2023).

32 GERf

i 18 S 45 B B W 5 E K A sl A D ) B L
@12 (Maharajan et al, 2016), MPs Fll Cu*' I [R] 2 7% &
5 & i AR AR AE , E 5 S S N (Zhang
etal, 2022), CYP450 J2EZS 524, WEE. 37
B8 15 Y A ANIE I B 5 R TR AR B Bl R
h2g =/ 2 —1 CYP450 5 4MNE MY B4 it
2, Al TR M 8875 Y4 (Guengerich et al, 2013;
Zhang et al, 2012), KEGG &£ R EW, 25
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R -4 R P450 38 % LU A0 (5 25 P450 X 52
ZHCEHEIE M vs D, MC vs D FH B EEE,
CYP450 i i 4ifih UGT MFENFEM vs D, C vs D
i E BV, MCvs D T, M7 M vs MC.
C vs MC H i3 B8, #EM T HESE MPs 5 Cu™ Bt A
B LA — B X ugr ROIHRIVE TSR, ugr FERF
BT, A GST WFEFETE Mvs D, Cvs D, MC vs
D ¥ T, B gsr S RIETE 3 AL A P
¥z 2 El . CYP4S0 J& TA WAL 1 A0S0,
1M GST 1 UGT J& T T AHf# 8 B (PRI% 55, 2024), 54
FIU . AR A B HE S R 0T A 4 BB,
GST M UGT @1t 5 25 ¥ B (DMEs) /3 19 A W %
RS — B B AR = a &, By k3SR, T &
VEfRTEVE FH (Bsteves er al, 2021), 1125 1 o 7 25 b s
AR AR A AN 0T, T OR-AP I B (Wang et al,
2014), fE/DEURIZRER LS, MraJEr) GST Rk
% I 1#(Zhang et al, 2012), ARWFIEH, cyp450 7E M vs
D. Cvs D FIMCvs D ¥ E T, cyp450 TEKAE
A S e SN R R AR I 2 b TS Y
YIvi5ER cyp450 157 M5 (Burkina et al, 2015), %
7% T 1% 98 B A HE (phenanthrene) S — KK A HrE 24 d
J B ERH cyp450 FE IR B E FI(Xu et al,
2021),

T 1L 2R 40 S — P 3 LAY I R B P K A K
WML o 8 0 R IS, 22 Z R A T —
ZIN 50 S R Bl 2 R T o SR i it D 05 1f g S
PSS, AL R ANRE, B IE AR AR
AL AR A, TR B #E 3 (Felisbino
etal, 2021), KEGG & &g RRW], FMAFNEE M
PRIEEWPEAE Mvs D, MC vs D i & 42, BEIfLIH T
B RHEYEMvs D, CvsD fl MC vs D 4 i 2 T,
BEIMLN 7 G HENAE M vs D, MC vs D 55 FiM,
E Cvs D.Cvs MC i & 1., N MPs — 7 7% |
MPs 5 Cu” A RBEXTEEMEF G AMEI/EA
Cu™ B —Z Wk, BEILNF B Al G 7522k sy
MBEIN R G0 B CHEVE R, MR IEAR AR, B 52
ESTIL7ETRUR: WL /S TR ARA TN 1R 52 N E7
LR T BE 11 (Shen er al, 2023).

i, i E A R RGN — AR 2, b
FEVAH SR 38 % I FE R (cyp450 . ugt. gst. BEINLAT B Al
G #)FER kAT, MRESmiEREEE . RIEX
I JE T ZE AR e WL A & (Dalmo et al, 1997; Giinther
et al,2018), MPs fil Cu* Bi—n A B EE 0| T
RO TR () P DT R 5

33 #EENH

KA SR E MR S E R TP, AMUE
RELAS £ 0 %) 1E B W i, 38 4% S B0RE & AIE AT 2k
VA, I A R Y B T AR 1 20 (R A e AT L B
Fa 25 (Cedervall et al, 2012; Dong et al, 2016; Jost et al,
2015; Sarasamma et al, 2020), 738 /27K 4= sh ¥ & E 1
THALARE , MPs Fil Cu® I ] 2 58 2 U028 i 8 T R A 245
}, T B ZE FL A% & 42 (Rong et al, 2024; Zhang
et al,2022), AACTEIR LR AP IR BERACI Y H 2L
AR, FELORLR N I L AT, S8 A A Lok R EL A
AL ATP FFERShEORiAR AU i e is , 1
e cRe) A R fb (i e ) I FE — 2 C0 LR, 2020),
KEGG &£ s R iR, 7EMvsD 1, 41 5%
AT R AL 6 M 5 1Y DEGs 450 Fifl, MifE C s
D 1 MC vs D H1, 3 34 7 A5 58 AL 0l R A8 [ AH ¢
i) DEGs & 4E .cox 7 M vs D Fl MC vs D P55,
TE Cvs D W1 3&35 B, atpase fNTE M vs D HERIA R
FE WM. cox HRTHLRLIARIT WA Hh ) 2 i il —— 21 g
ERAE, B N AR ER R A, B
R AR P S 1 R AR B, e ORI R P
(Galati et al, 2009), cox F2ikFEAR AT HEXT Lo RL AT 1
BTG S AR AR A FE A B R B2 (Zhang et al, 2023),
atpase FEHwS ATP A it 36 D4, 12l 38 3 e e 1k 1o 72
A ATP, LG PUIARE R . BN E AL IR fhiR 12 W] fig
SRR AR FLA FF 3 i ROS M7=, SRR )
AEST W 2k /> ATP 7= 4 (Fan et al, 2019).

GO /iR M, S S ACHIAH A ATP AR 72 |
KA AP FE . RIS R SEAE M vs D TR
BEESE, MAE Cvs DFIMC vs DH, HagmiH
A 2 AR A D . WFR S 3R, MPs 2285
X AR A R Ak B B IR D OF B 2 R g 1R
WERS, 1M Cu™ %5 M MPs 5 Cu®' S BEEXThERE
R RGN

4 #ig

MPs 5 Cu* Bi— J Ik & 5 8 Xt ip AR O i i
HA W R, £ M, CHIMC A, miEdH
SV A e T PRI B . e 928 977 0 4 O 3R JE R B P
(cyp450. ugt. BEIMLNF B Ml G )22k, 78
M vs D 1, S AL BERR T % 5 42 1) DEGs ik 41 14,
MPs 5 8 % 23 6 A HiVE IS8 T Cu® 8% [ MPs
5 Ccu™ L [F B . BFRAERER T MPs Fl Cu® Xt o
TGN E BT . S B A R A A% S e AL
N ARG B B SR B A I BRI S AR AL T EIR S
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Abstract

Over 80% of marine litter is composed of plastic waste, which reaches the oceans via

atmospheric transport, surface runoff, and human activities such as shipping and fishing. These plastics
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degrade into microplastics (MPs)—prevalent environmental pollutants <5 mm, which possess a “carrier
effect”, enabling them to adsorb contaminants such as heavy metals. CuSO,—frequently used in
aquaculture to manage diseases and cyanobacterial blooms—can introduce excess Cu’’ into aquatic
environments, adversely affecting water quality and aquatic life. The Chinese mitten crab (Eriocheir
sinensis) is vital to freshwater aquaculture in China. Mature E. sinensis migrate to the Yangtze River
estuary annually for reproduction; however, estuarine ecosystems are becoming increasingly disturbed,
making mitten crabs vulnerable to MPs and heavy metal contamination. The intestinal tract, which
directly interacts with ingested pollutants, is particularly susceptible. Previous studies have examined MP
or Cu®” effects on E. sinensis independently, however, their combined effects remain underexplored. Here,
MPs (0.4 mg/L.) and cu* (0.1 mg/L) were selected as the experimental concentrations with four treatment
groups: Group M (0.4 mg/L MP-exposed); Group C (0.1 mg/L Cu*"-exposed); Group MC (0.4 mg/L MP +
0.1 mg/L Cu®" combined-exposed; and Group D (blank control group) to investigate the effects of MPs
and Cu’" on the intestinal tract of E. sinensis after 21 days of single and combined exposure.
Transcriptome sequencing of the intestinal tissues was conducted using Illumina's high-throughput
platform, generating 197,908,972 raw reads. Post-quality filtering yielded clean reads across the four
groups, with 94.71%-95.48% Q30 scores. In total, 109,644 transcripts were identified, with 68,005
exceeding 1800 bp in length. Differential expression analysis revealed 1,650 and 1,874, 3,797 and 1,073,
and 1,492 and 1,305 upregulated and downregulated differentially expressed genes (DEGs) in Groups M,
C, MC, respectively. Notably, DEGs associated with antioxidant defense, immune response, and energy
metabolism differed significantly among the comparison groups. Catalase (cat) and peroxiredoxin (prdx)
were downregulated, whereas trim, toll-like receptor (¢#/r) and complement component 1 (c/) were
upregulated in the immune system. Cytochrome P450 (cyp450) was significantly downregulated across
the treatment groups. Energy metabolism DEGs also varied, with carbonic anhydrase (ca) up-regulated
and vesicular adenosine triphosphatase (v-atpase) down-regulated. KEGG pathway enrichment analysis
indicated that in Groups M vs D, 1,594 DEGs in the intestine were mapped to 333 pathways. Among these,
34 pathways were significantly enriched, including oxidative phosphorylation and glutathione metabolism.
In Groups C vs D, 2,445 DEGs in the intestine were mapped to 340 pathways. Among these, nine
pathways were significantly enriched, primarily involving DNA replication and ABC transporters. In
Groups MC vs D, 1,198 DEGs in the intestine were mapped to 326 pathways. Among these, 14 pathways
were significantly enriched, including the complement and coagulation cascades and metabolism of
xenobiotics by cytochrome P450. The DEGs were predominantly enriched in pathways related to
oxidative phosphorylation, glutathione metabolism, xenobiotic metabolism by cytochrome P450, and
ABC transporters. These findings indicate that both individual and combined exposure to MPs and Cu®*
disrupts the antioxidant, immune, and energy metabolic systems of E. sinensis. The glutathione metabolic
pathway was particularly inhibited in Groups M, C, and MC. MPs and Cu®" may affect the expression of
cyp450 and related genes (ugf), potentially compromising the immune function of E. sinensis. Notably,
ugt was significantly upregulated in Groups M vs D and downregulated in Groups MC vs D. The number
of DEGs linked to the oxidative phosphorylation pathway varied across comparisons, with 41 DEGs in
Groups M vs D and seven in Groups C vs D and MC vs D being enriched in this pathway. MPs may affect
the oxidative phosphorylation pathway by inhibiting the expression of cox and atpase genes. In contrast,
exposure to Cu" alone and co-exposure to MPs had comparatively smaller impacts on this pathway. The
mechanisms underlying the stress response of E. sinensis to MPs and Cu*" exposure were further
elucidated in this study. The results of this study revealed the mechanisms of MPs and Cu®"'s effects on
the antioxidant, immune defence, and energy metabolism of Eriocheir sinensis, which provides an
important theoretical basis for the study of E. sinensis culture and environmental toxicity.
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