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WE TIHASMMTEARESFE, TPUATAK, £FWEENERERTZ—, KES

Tl A AIRSEAEE LI 3T IT A B B (K B L . N B8 AR T8 A At JL 4k 3T 5T (Penaeus
vannamei) St & 8 % v BB B ALEL, AFFE K 3 AT A QK E K (4.35+1.07) mg/L 8y FL445 at oF 35 5
s FEHUIRRE 72 MR (CH) 3 24 B 41, A 5B 40 3 AN TR A8 SORE 4 (21.05+0.84) mg/L 8 x4 4F 378 st o FRUAE
7 MF(NH)Fn 2k 72 SR (NS)PE 4 SE 30 41, xT AP iR 4 L b AT 3% e 4L DA RO BB A8 An Il 2 0 A, B S
ZRET, NSANTREHERGEAEIANEIARTEE LHE, TMILTRAK. 74 R TR UK
AFEEOARREPHXRBERNKAKTEETH, £ EHTERD T, NS 41T A, B-N-
LB AKX A A BT BRELEZFH T NH 470 CH 4(P<0.05), CH 41 % B iE ¥/ T NS 41,
Ca’"-ATPase Wj7E % B 2% T NH 41(P<0.05), NH 4+ Ca® 4B R %% T NS 441 CH 4

(P<0.05), U EHZERET, KETHRENTHALTRALFEER/ILT A E.

WG fa iR A &

DL 7 4 JiT 6 YL AR R v L4 3k ST B S B B R o AR 58 Ot — B IR T T A xS A AT b F g B

B Rt T Ak A
ES

FESES S9174  XEkFRIRED A

JLAAXT R (Penaeus vannamei) A AR | FR
BEiE W RE S0 . DR AR SR A, R R
ZLRK IR 2 — (R0 A8, 2024) HESETE,
2022 A LG IR R A s B T 680 T t (FAO,
2024), FLYN XTI AR 244k 55 5 10 [R] 7 A R o 10 5 1H 28
i, (KA FUE ) o i AN T, AT R S kA
AR 5 WA A R GELL A SF, 2014) AN
RANE R SR G o vh E SR BB 0 P, i 295 X i
FRFEN 1 R o BEoE R B, A AR R VR B Bl R 7 5
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F (] R 14 I i B4, A2 SR 5E S 1, KR A A R
We W] 15 5] 20 mg/L (Tacon et al, 2002), K& m ik
FE R WA AS A 2 R AR R R | PR e fE 2
FAEFIIRE, SEOLTHTIE(H BAE, 2020,

H e sy R A E s X A A R CHE, B
THEHW, BT ST R, JF B TR ARG R R
IS SE — B BRRRE , LA 555 YW L R I A4 i 15
it (Fabritius et al, 2011). 4032 & ¢ ¥F (Homarus
americanus) MM e MR (H. gammarus) b8 % 3 1 5
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E VRS TR TR S AT R M A S A EOLG RS R S R LR 25

HEH5EME AR, FHEIET-F T (Davies et al,
2014), HhE-HE a3 2 e T AR 2= U S A
XTURAME % EE ML T 2. M2 E AU LT Y
JRUTEU 41 B (Shaked et al, 2020)  XF iR M-8 b i iR
B JLT BT AR o e s i A B, A7 B
TR 2L, Oy HAR i S T {3 (Weerathunga
etal,2023),

X R SRR % () B A7 25 PP RS IR R 2w, AR
BET5 9 . KR pH FIE 1) Bk B2 (Oliver ez al, 2004)
WS R BN, IR RE S I il PLAA X MR st Rz s 2 v %) 5 70
W, dEmis SR Ak, BRI B (Tong et al,
2024); R LAY AT e 23 BHAS #5 8 (Callinectes sapidus)
HMB BRSPS R UTRR, S LA B (Han er al, 2017),
A SRy X MR 5 2o A v S T A PR e PR, KR R
VA AS O B 2 T BT RS B AR AL (G B 1 &
Hz(Lemos et al, 2021; A%, 2024), 11 H:A HI/E L
il AW, B, ABFSERIH RNA-Seq AR H
e Vi 2 05 | RS A9 2 e R R i R AT A S 4 2 4y
B, F ELI A JFF JR i v 65 10 i A7 s i BE 1 DA S LT
Y B R A DG AR B A, LU 7R =5 A A AR
TR AR AL R VE FIBILD , Sl PLAA XTI Y ft B
FRIH PR RS S

1 #MP5F*E
1.1 HmXE
ARSI AR R AE B L AR AR E T B = A

VR AT B BT A SRE 4 0], LA HR 5 5 it
AN 35 m?, FRIHEE N 470 B /m?, JIRXHEF0IHR
R HE A(1.68+0.62) g, & KAE 01:00.05:00.09:00., 13:00.,
17:00. 21:00 HLiE4T 6 AW, H B AH 0 X IR AR E
1 8%~12%.

FE AR AR R —H LA IR 6 AN FR58E I, BURE R
[ 7E SR A5 35 Ko el 3 N0l 25 UM M (4.35+
1.07) mg/L FRFEAE A X R4, B4 h e B 20
SHHR(CH) . 53 AP HLE R 3 S0 fil 25 U BE M (21.05+
0.84) mg/L FREHMAE N WA g, MhasEse 10d, &4
FEFH ML E 20 FAEFE AR (NH)FI 20 FREKFEHF(NS), H:
PR FEMT AL T8 R (B4, LA FR R A A R T
SR, mE 1 WR . BOHERAFER , 280 A DU A A
JETA-80 CHREARIR VKA IR AT o B FRFHMB 10 X IF
(4 JFF B AR P 2 RS AR I A2, 10 JR X R AT R AR 2R 1 7
BRI . SRARWIN], X R 41 325 1 A i 8 (DO)
$1(7.9240.97) mg/L, pH A 7.50+0.26, XIUFAKE K
(10.59+£0.31) g. Mrif 4137 58 3t 15 fift S(DO) 7 (8.05+
0.98) mg/L, pH Ny 7.57+£0.20, XfFiA&dE 4 (10.17+
0.55) g, PIZH/KIRZEFAE(28.5+1.0) 'C, #hE K 33.0+
0.5, BRIAYZSE RSN, 41758 it Ho At R AL 38 b
TCH I 25 5 o PR30 28 1 SRR T AR S S A L B S 3 v TR
MREH, FRFHMD 28 R BIXTIF R PR T84, Ba )
AF Al i BT X R A

1.2 HBIEFRUE
BEHFREL 0.5 g FFIRARFES:, % 1 : 9 AU LI (5

_=

P S 60 X R AR

Fig.1 The shrimp samples used in the experiment

A: f5EHR; B: 7R,
A: Hard-shell shrimp; B: Soft-shell shrimp.
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BRFEIMA 4.5 mL T a4 BER K, vk EFE02)
I 5 850 20 min (4 °C, 12 000 r/min), B 3BT
AAa bR E o AR T LT B (Chitinase) . B-N-
2 T 8 3 A % B W (NAG) | U 3 B i (THL) |
Ca’"-ATP %1 | Ca® S LA L M E A SRR M
TR Y TR ST BT A 7 B AT I A, 4R
BRI A5 T8

1.3 RNAZEX lllumina |l

i Trizol 357 (Qiagen, 72 &) M T B Jif v $i2 Hit
&RNA. FIRHAEYI A HHL 5300 R4t(Agilent, )
X RNA SERPEHAT Y SR IG 43 5d 2ok 1% 35 B b e
Jist B,k #1 NanoDrop 2000 (Thermo Fisher Scientific,
2 EHRI RNA (1265 KR FE . ffi ] TruSeq™ 5=
mRNA # 5 il &85 & (Mumina, FEE)EH cDNA
SCHE, FER R B A A% )5, fdTH NovaSeq X Plus I 74X
(Illumina, 3¢ [E)5¢ B Y, I8 R G 8 A%
% NCBI (%% : PRINA1233453),

1.4 BREZFHERFIILEX

i | Fastq (https://github.com/OpenGene/fastp) X}
Ji B I P S R A s s, AT 381 v Jo ) e i af
(clean data), XJJoids 5 M ACHE EAT BRSP4l . SR 5
HiSat2 (Kim et al, 2015) (http://ccb.jhu.edu/software/
hisat2/index.shtml) & {4 X} 57 4% J5 69 J5L 46 Bt 5 = %
FEH AT HT . %I FARA : GCF_003789085.1;
FLA ST RS2 FE R 4R YR . https://www.ncbi.nlm.nih.

gov/genome/10710?genome_assembly _id=422001,
15 ERZERRESWTURINGEE

R T B E R Z B 25 S A B (DEGs) , 48
TPM (the transcripts per million reads)i5 &~ %k A
HF IR KF . i RSEM (Li et al, 2011) (http://dewey
lab.github.io/RSEM/) 8 4 X 5 A (1) 22 38 7K ~F i 47
AT 1 DESeq2 #EATAEAS [H] 3 DA Y R34 22 5 43
Mr, fikksiE FDR<0.05 H|log,FoldChange|=1.

AR, 4 Ml FH A4 Goatools (https:/github.com/
tanghaibao/GOatools) fil Python scipy #X{4fd (https://
scipy.org/install)#17 GO ThRELL & KEGG i & 4
I3
1.6 SERRHEERE PCR WIE

J T B UE RNA-Seq Y5 AL, BEMLIEE 13 A~FE
PEATSEI 9 | PCR AT (-5 I 3 45 SR A [
1 RNA #£4<, >k ] HiScriptlll RT SuperMix for gPCR
(+gDNA wiper)(I#MERE, h DR &, 4% UL 454
RNA J 5% 5% 5 cDNA . 4% 8 ChamQ SYBR Color qPCR
Master Mix (High ROX Premixed)#2 67 I8 4E
Jrik, i F{¢E StepOne Plus Real-Time PCR system
(Applied Biosystems)#F17 SX 0} 2t € it PCR, 51#))F
SNz 1 s, RWEF: 95 °C 30s; 95°C 10 s,
56 C 30s, 40 MEH, LI p-actin HNSEEH, ff
FH 27845 i A X 3 R 638 7K - (Livak et al, 2001),

®1 LWERAEE PCRIIMFT
Tab.1 Real-time quantitative PCR primer sequences

FH NAGEIEY B 514y K ED SIS

Gene Forward primer Reverse primer Length/bp T./C
CYP TGAGAGAGGGAGAGGGTTGT GTGTAAGCGACGTTCGAGGA 293 60.0
ALP CAGAAGGAAGGATGGGCGAG ACCAGCAAGAAGAAGCCGTT 270 60.1
MR CACCCAAGCTCCAGAAGAGG GCCCTTCAGTGGAATCGGAA 263 60.0
CRT CAGAAGCCAAGAAGCCCGA GTCTGTGCTCTTGGTTTGGAT 224 59.8
GP ACATTCTCCCAAGGCATCTCC TTCACCACACTCTTCCACCAG 128 59.8
VLCAD TGGTCAGCCTCTCCTCAACA AGGTCCCGGTAGAAACGACT 255 60.3
sialin GGACGAACGCACGCAATAAG AACTGCGTCAGGAAGGGAAG 208 60.1
POLI ACAGGCAGTTTTCAACGGAGA TGACTGCCTGCCGTTAATCT 232 59.7
CHSTI AAGAAACTCCACGATAAGCGG GGGAGCGTCTTACACTGACT 246 58.8
ATPIB CGACTGGGTTCCTGATGTGT ACTTTGCCCTGGTTTTCGTC 108 59.4
TS AGCAGCATACCATTACATGAGC ATCTTCTCCCTTCTTCATCCACA 175 58.9
TYMK GCCTTTTCTGGTGTTGCCTT CCACGAGTCATCCTTCAGCAA 222 59.8
GPAT3 TGGGTGACTGCCTGGACTA AAGATGGTGAGCCGAACACT 154 59.5
S-actin ACCACCGCTGCTTCCTCCTC CGGATGTCCACGTCGCACTTC 188 64.0




1MW T PR ST ST KUK T T S S BN X R A B AL AL 27
404 803 278 /> raw reads, ZRJ51E = BRAK T & 5 Al

1.7 HIESH

X AN TR A 8 £ 22 18 43 Rl 3 1 47 B PR 2 T
2 H1(one-way ANOVA)FI Tukey K5 56 4 % 72 £ s
EWAKF- . AT ZEr, 5l Shapiro-Wilk test Fl
Levene’s test £ 5 &0 B B A 2551, iAo
BrasR Al SPSS 26.0 FAF AT . P<0.05 FRNFFAE 3%
2R

2 #R

21 HRANMNFS5AHE

1E Tllumina Novaseq 6000 & #E47 3Lk

3k 5 #R45 400 197 920 /> clean reads, H:H' CH 4 .
NS 2 . NH 4153 F- 13k 15% 45 457 339,43 648 589,
44 293 378 I clean reads (3% 2). CH 41F£ 51 GC &
LN 48.29%~51.07%, Q20 KT 97.5%, Q30 K
T 93%; NS AL 1) GC Vi il 44.09%~46.69%,
Q20 KT 97.2%, Q30 KT 92.4%; NH HE:H ) GC
SRR 46.55%~47.17%, Q20 KT 97.3, Q30 Kk
T 92.6, ItAh, CHZHL. NS . NH ZHAEMHE & (i ) 3
[RIZH I clean reads ~“F-¥ 7351 A 89.93% (65.2% unique
mapped). 89.39% (72.50% unique mapped). 90.21%
(67.10% unique mapped),

x2 NWFHBEHRETME

Tab.2 Quality assessment of the sequencing data

Samples Raw Reads Clean Reads GC/% Q20/% Q30/% Total Unique Multiple
mapped mapped mapped

CHI1 49 799 274 49 209 006 51.07 97.69 93.47 44106 122 31591 288 12514 834
(89.63%) (64.20%) (25.43%)

CH2 43 744 944 43 249 244 48.29 97.60 93.26 39081636 28876471 10 205 165
(90.36%) (66.77%) (23.60%)

CH3 44 422 806 43913 768 49.89 97.55 93.10 39435295 28412496 11022799
(89.80%) (64.70%) (25.10%)

NS1 43743 422 43196 762 46.69 97.32 92.55 38272399 31026053 7246 346
(88.60%)  (71.82%)  (16.78%)

NS2 47939902 47320 686 44.09 97.26 92.41 42586745 34550216 8036529
(90.00%) (73.01%) (16.98%)

NS3 40 881 032 40428 320 44.96 97.31 92.53 36207102 29383304 6 823 798
(89.56%) (72.68%) (16.88%)

NH1 45062 430 44 607 110 46.55 97.47 92.82 39843753 31386520 8457233
(89.32%) (70.36%) (18.96%)

NH2 45539 842 45002 846 47.17 97.36 92.66 40488100 30470742 10017358
(89.97%) (67.71%) (22.26%)

NH3 43 669 626 43270178 46.94 97.60 93.05 39528678 27354 868 12173 810
(91.35%) (63.22%) (28.13%)

22 EEMIIEETRE

B A I R 5 4 508 2 (NR | Swiss-Prot, Pfam
EggNOG., GO il KEGG)# T LT, Z5HIL#E 3,
R 7E NR B8 3 7R B 4 22.(92.83%), HAKJE: EggNOG
B PR (58.58%) . Pfam #(HEF(57.39%). Swiss-Prot
B8 1 (53.82%) . GO $4#5%.(52.49%) . KEGG %4 1%
(43.22%), MR, 30 746 N IEH R4 28 878 (5
ME 93.92%) B TE | ANEIEE AT T IERS .

23 ERREERSH

FIJH DESeq2 B4 T 25 5 HE N B 2 01 i 1,

®3 EEEBRMINE

Tab.3  Success rate of gene annotation

Kt P 44 B R 3k R L 51l
DB name Number of unigenes  Percentage/%

GO 16 138 52.49
KEGG 13 287 43.22
EggNOG 18011 58.58
NR 28 849 93.83
Swiss-Prot 16 547 53.82
Pfam 17 644 57.39
Total annotation 28 878 93.92
Total unigenes 30 746 100
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A
s

JEFRME K |logoroldChange)[>1 F1 FDR<0.05, A [a]ZH FL
YRFIRRE S 3 4 P 3 284 4 DEGs (B 2A), Hif, NS
vs CH 411 DEGs ${itfic 2, h 2924 4>, Hr LM
FERA 13754, TIHFEER R 1549 4~(&] 2C); NH vs
CH 41 DEGs W%t i/, 4 479 4>, Horp BRI A
A 3134, TUEFEE K 166 4~(F 2D); NS vs NH 4H
DEGs (&~ 837 4>, LMIER 588 4>, TFFEH
249 1~(/# 2B),

24 E=REEW GO hEEH K KEGGC EERHT

PG GO HHEMEE R B/, NS vs NHHER
FIRFERTE 40 DNUIRE R B E W, TSR
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IR (GO: 0005777) & & 4 AWt B2,
2 FRIRFENERRAE YA BUIFR(GO: 0046394), H
MLERAE W 45 it #2(GO: 0016053) . A8 [ BR A i i 72
(GO: 000663 1) H i it & & FE (1K 3A).

TE NS vs CH 4, 22 7R FHTE 45 41> GO e
NRBEFE, SO TR 2R RAR N £ 2
S 5K, KiE O-HiIEILILA¥1(GO: 0004553),
HRRIK A B, 15 T L5 (GO: 0016798) . A fLif
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Fig.2 Volcano map of DEGs

A: ZRFIEINEGE; B: NSvsNH; C: NSvwsCH; D: NHvs CH,
A: Number of differentially expressed genes; B: NS vs NH; C: NS vs CH; D: NH vs CH.
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Fig.3 GO functional enrichment analysis of DEGs

A: NS vs NH; B: NS vs CH; C: NH vs CH.
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B 1 AT A (GO: 0030684), HK EH{-(GO:
0005730); TEA Wit R, 25 5 ek 3k B 7 40 il
B4 i FE R G 2 (GO: 0006575) . rRNA L3
F2(GO: 0016072) . rRNA Jiil T332 F2£(GO: 0006364
w4 (K 3B),

M7E NH vs CH 4, 25 RBFEPFULE 71 GO
e KM BB E =L, fFE TR, BEE
B B (0 K 4545 (GO: 0031409) . 4: )& 55 45 4 (GO:
0051540); FEAYd R, &AL R R 1 il 5t
AR i B2 (GO: 0051189) . 4 4# K T 4% i8f 1 #2 (GO:
0043545) (& 3C).

R KEGG & #4558 R (F 4), NS vs NH 41
TR Y 2 5 2k 3k PR R A B AR 18T (ko 00830) 41 Jif (5
2 P450 XHAMNEY) TR (ko00980)H i i & & 4 . NS
vs CH 4 T 1] B i 35 (403 [ N2 M (0 28 P450 X
AR BT I8 B (ko00980) , T FL7E F A 4 285 WH v 1R
T 43 [ (ko00040) . BRI 73 1438 % (ko04972) . 1L
P A5 38 % (ko00830) 75 . 3% & % . NH vs CH 41,
TEEE [ ) 314] 15 4P IR S % (k0 04960) 27 I 43 1) B B
21 it 1 G % (ko049 14) I 35 & 4 . LA, 7 NS vs NH
ZHF1 NS vs CH 21 PPAR 15 518 #(ko03320) . M
TR ¥4 it 188 1% (k00007 1) 44] H 300 48 28 i 4

R T T AN S R AN S B AL Xt
ZFRRFEHIAT RAIER 4), G5RER, 5
JUT JFK A AR 5 il 35 R 7 NS 21 4 HAth 93 201 1 R 2%
LTF, N YDLT B b a-BETRESE, S5 ILT
JE A A DG B LR I AE NS H B S T, AN A b
-6-T R S #4 i (GOPT) . UDP-N-Z. Mot i 58 i 5 s i b
5 Bboh, SHAPAAL, S5 RIS s
AHIEIE R A 2k 7E NS 4L B [A) A A0 R 3

25 BIMHEASREINEIRTE IR IEIR 00

NOZ-N r3d X FLgh X 7 4/ 8 B J32 A 56 AL 3
FREGFZIE WL 5, NS 400 NH 00T BSR4 W
FHET CH4L, H NS 413 & T NH 41(P<0.05); 1fij
H NS 41 NAG {6 1 . 3 & F NH 41F1 CH 41(P<0.05)
iM% F THL #4935 P, NH 20 & 28 5 F NS 2H(P<0.05).
CH 4] Ca*'-ATPase MUIG A, HEEEHT NH 4
(P<0.05), AR SR & NH AR Em T NS
24 F0 CH 4 (P<0.05),

2.6 BITERHNEEE PCR WiFE:FHFEHIE

N T IR S BE, BEE 13 AN ERE
SR HEAT S 9O E B PCR MSE, 45 R W85
RNA-seq £ FLA Zek #a#(F 6).

3 itig

Xof M R B (14 A1 e R 2 2R, TR 2
B RILT Bio JLT B —Mas it 2 hE, h N-
O BE-D-Z B A M R I B-1,4-BE A Y
(Gao et al, 2017), JLT JE A R 2 5] — R 5 1)
P, F4E THL. CHHM(HK). G6P1. UDP-N-Z
T 2, o 8 46 W AR ol R b i RN UL T T 5 G 45 (Zhang
et al,2022), ZRHFFTH, NS 41 THL 75 M W &K T NH
R CHY, HEAEALE R, SlE TSR
AN TR A -o- IR A . TR s R
UDP-N- [l 22 5 5 % Wl AR s IR AL Il . 45 Ik e 75 A
il 55 5 LT B BUAH G Y DGR BE IR 1 R GA K, iX 3R
A g 0 B A S R S AR IR L T R A i 7 WP
KB, JUT A BOAH & FE A T 8 1T e 2 F BUME %
RLT & E AR (Tong et al, 2024), X5 SCHf
TR BRILZAN, RIFFREIM, ENSHILT
Jo A A R OL T S0 . B-N- £ b 2 5 76 280 b 1 1)
TR T NH 4180 CH 41, M B3 4l 45 1 WoR
NS @ 5 LT [ R ik AH O 1 Jk PR R 3k K- (JL T i
WU . 52 =W . e o B AT RE ) W T,
IEAh, RIE GO BHEMMIEE R BR, 78S A0
T, NS 4] O-BEFAb AW /K ff i 1 (GO: 0004553) | B
LB K A B 1 PE(GO: 0016798)4H & 5L H 1y e ik & 2
R, TRt — S R EUR TR LT S A IR

MBEE SR RILT AR E Y, b
i A X AR A R TR RS AL 4 TR R R A AL
PRI, ) 02 2 1Y) P o T — o R e A/ 1 T
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Fig.4 KEGG pathway enrichment analysis of DEGs

A: NS vs NH; B: NS vs CH; C: NH vs CH.
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Tab.4 Analysis of DEGs related to the hardness of exoskeletons
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Fig.5 The effects of nitrite stress on exoskeleton-related physiological indices in the Penaeus vannamei
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There was significant difference between means with different letters (P<0.05).
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Analysis of the Mechanism of Exoskeleton Softening I nduced by
High Nitrite Concentration in Water Based on
Transcriptome Sequencing in Penaeus vannamel

WANG Yang, SHAN Hongwei", CHEN Chaotong, WANG Fang
(Key Laboratory of Mariculture, Ministry of Education, Ocean University of China, Qingdao 266003, China)

Abstract Nitrite is strongly toxic to shrimp, and is one of the main environmental stress factors
affecting the growth and survival of shrimp. High nitrite levels in aquaculture systems are often associated
with the phenomenon of shrimp exoskeleton softening (soft-shell), and the mechanism underlying this
must be further studied. In order to reveal the mechanism of nitrite resulting in the exoskeleton softening
of Penaeus vannamei, this study chosen shrimp from three distinct groups: hard-shell shrimp (CH)
randomly sampled from three ponds with nitrite concentration of (4.35+£1.07) mg/L as the control group,
and both hard-shell shrimp (NH) and soft-shell shrimp (NS) collected from three other ponds with nitrite
concentration of (21.05+0.84) mg/L, as experimental groups. The physiological indexes of the
hepatopancreas were determined, and transcriptomic analysis was performed. An average of 45,457,339,
43,648,589, and 44,293,378 clean reads were obtained in the CH, NS, and NH groups, respectively. The
obtained unigenes were annotated in the NR (NCBI non-redundant protein sequences), NT (NCBI
nucleotide sequences), PFAM (protein family), KOG (euKaryotic Ortholog Groups), SwissProt (a
manually annotated and reviewed protein sequence database), GO (Gene Ontology), and KO (KEGG
Orthology) databases. The majority of the genes were annotated in the NR database (92.83%), followed
by the EggNOG (58.58%), Pfam (57.39%), Swiss-Prot (53.82%), GO (52.49%), and KEGG (43.22%)
databases. Overall, 28,878 out of 30,746 genes (accounting for 93.92% of the total) were annotated in at
least one database. The transcriptomic results showed that a total of 3,284 differentially expressed genes
(DEGs) were identified across different groups. Among these, the NS vs. CH group had the highest
number of DEGs, at 2,924, including 1,375 up-regulated genes and 1,549 down-regulated genes. The NH
vs. CH group had the fewest DEGs, with 479, including 313 up-regulated genes and 166 down-regulated
genes. In the NS vs. NH group, 837 DEGs were identified, with 588 up-regulated genes and 249
down-regulated genes. According to the KEGG enrichment results, the down-regulated differentially
expressed genes in the NS vs. NH group were significantly enriched in the retinol metabolism pathway
(ko00830) and the cytochrome P450 metabolism of xenobiotics pathway (ko00980). In the NS vs. CH
group, the most significantly down-regulated pathway was also the cytochrome P450 metabolism of
xenobiotics pathway (ko00980), with significant enrichment observed in the pentose and glucuronate
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interconversions pathway (ko00040), pancreatic secretion pathway (ko04972), and retinol metabolism
pathway (ko00830). In the NH vs. CH group, the aldosterone-regulated sodium reabsorption pathway
(ko04960) and the progesterone-mediated oocyte maturation pathway (ko04914) were significantly
enriched. Additionally, the PPAR signaling pathway (ko03320) and the fatty acid degradation pathway
(ko00071) were significantly enriched in both the NS vs. NH group and the NS vs. CH group. The results
showed that high nitrite concentrations significantly inhibited the expression levels of
glucose-6-phosphate isomerase, trehalose transporter, UDP-N-acetylglucosamine pyrophosphorylase,
glutamine synthetase, and other key genes related to chitin synthesis. In addition, the expression levels of
genes related to chitin degradation (chitinase, chitotriase, neutral a-glucosidase) in the NS group were
significantly increased. According to the results of GO enrichment analysis, under nitrite stress, hydrolase
in the NS group, hydrolyzed O-glycosylated compounds (GO: 0004553), hydrolase, acting on
glycosylated bond (GO: 0016798) related gene expression were upregulated, which may lead to a
decrease in cuticle chitin content. In addition, GO enrichment analysis showed that, compared with the
CH group, NS differentially expressed genes in pre-ribosomes (GO: 0030684), nucleolus (GO: 0005730),
cell modification of amino acid metabolism (GO: 0006575), rRNA metabolism (GO: 0016072), and rRNA
processing (GO: 0016072). Significant enrichment, such as that observed for long alcohol diphosphate
oligosaccharide glycosyltransferase (RPN), translation initiation factor 2 (EIF2), may lead to stratum
corneum disorganization. In addition, genes related to mineral absorption (calintegrin binding protein,
high affinity copper uptake protein, ferritin, etc.) and calreticulin genes were significantly down-regulated
in the NS group, which may directly affect exoskeleton sclerosis. KEGG enrichment analysis showed that,
compared with the other two groups, the differentially expressed genes in the NS group were significantly
enriched in the PPAR signaling pathway (ko03320) and the fatty acid degradation pathway (ko00071).
Specifically, the genes related to lipid metabolism were down-regulated in the NS group, which may lead
to the absence of extra energy for exoskeleton hardening. Physiological indexes demonstrated that the
activities of chitinase and B-N-acetylglucosaminase in the NS group were significantly higher than those
in the NH group and the CH group (P<0.05). Conversely, trehalase activity in the CH group surpassed
that of the NS group, while Ca**-ATPase activity was notably higher in the CH group compared to the NH
group (P<0.05). The content of Ca>" in the hepatopancreas in the NH group was significantly higher than
that in the NS and CH groups (P<0.05). These results indicate that high nitrite levels in water may affect
exoskeleton hardness of P. vannamei through a comprehensive mechanism, including reduction of chitin
content, damaging cuticle conformation, and reducing mineral deposition. This study provides a
theoretical basis for further exploring the effect of nitrite on shrimp exoskeleton.
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