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E: AT LGNS IR (Litopenaeus vannamed)HEATHIIRER G, LA ITHT IR 58 /K B i G HE SR B 25 1 SOF %
FUYR T AR AL 25 . e e Ty . PUAALRE S M FREZRE I IS8 . 1 Se il P BT R B S 1 T B R ER X
FLENTERTEER 96 h LCso A 54.71 mmol/L, $RJ5 % B % EZH (10 mmol/L SO3 )FI52H:2H (60 mmol/L SO3 )G 96 h, HL
AR JHF i i R 58 4 2 A7 2 20 5 B T 2 R RS D B A BRAR AR I 5 o S5 SR s (1) FLANTEE X B JHF g e R 8 4 20 27 4t
A 5 8 o M 30 ST ) 0% 386 52 S50 S0 (2) B 2 B (R B8, R A 2 b G il R P B R T (ACP) . B B R g
(AKP)IE M FEE A 21 AKP 36 M3 R 2 TS R S R = AR a3 S8 ACP i P2 “Fhm P k-
FhE AR (3) Bifi b B IDBE i, JHF AR 4 bR Ak ) B AL i (SOD) L ik Ak S (CAT) AR e H K it 4
AL (GPX) M 52 T i B AT i BRI i AR ka3, T B (MDA) & & e T Ja FRAIS; #8414 SOD i 14
MDA it 2 “THE R TH = AR L i 3, CAT 3 M 2 <BRAR-—TH R AR 1 A8 Ak B 34, GPX I 1 2 PR AT 1= %
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vannamei)%[ﬁ'lo], FEAS T — AR . H L
YN IENT IR M2 R IR HARTER . ROEEE AR, SRR
T3] (Arthropoda) . H 72 44 (Crustacea) .
1 J& H (Decapoda) ., X} #F#l(Penaeidae) . EXTHF &
(Penaeus), HA T EhME . AR HEEEN J15%
Spantl, R 3 Ravh R P gy
TEXTHRXT 25 pH I A R 6 i FR 3 L0 5 s 1y Tif A2
PEM B FR 0 Bl K ST R R A SR T B T
R ke Y DR I R4 T X B 35 B A R Ak 3t
b J B R R o B AT SE T ER IR LN
EXTER S0 A5, FLEE T TR A, 4E
B R R B0 i 2B K A e U e )
o2 w2, B K TR R AR
Tl e L4 ¥ Xt M 52 i P 50 4

TN ER IV E N W) S e A ETE N T W N B g
—, TEPGIC PN Bt X o0 AR A8, 2 R S Y
AN Az 7 ) R ) R — P AR A TR R R
B, BRBRER AR Bl P G HEER BB T SO5 .
Na', H SO #ifEpei), P oti AR 4k 2 £ 5k
H Y SO T R 23 Xt K A 2 0 2B KA A s i —
FESC o O WS 2 BB IR 3 2 Eh ik K AT LA
FHF FLah e aF 3558 Y, i e 80 56 K 9% 7 A
TR 7K FRFE I FLGA 6 R UL LS 35 i T I8 22
S, G SE TR L A A, T R Eh B R B K 57 5 L
GREXTIFALA Y Na & & 3 m T KSR 58 LN
XTI, H Zn/Fe B4 PR 0 H i AR A BT
ER UER T AKX LA S X iR 2H 243405 A A= 3R D fig s
e AR AT FEHE o A BT 5 380 4o 0 5 At PR 3 %t ML
YA WA [ B ] 9 2 BOOE R B, 43 AT B R 6

TE X LA 5 %ok SR 2H 2R 0 B R S 2R BRI s 1 520

DASYI PR 5 LA 5 X8 0 o i PR 0 P30 A A L e 17 AL
i, TR BRER B A OT R FL4A 15 Xof R4k e 7 5
A FE RIS o

1 #R5EFEZ%

1.1 SEIe#ty

1.1.1 SEEEAK  EFELduE . VUM mEs
FR) 4li 76 7K [ 36 B (25+0.5), X4 Y195 4% i i
AR ELAR VPR, WA 2023 4F 10—11 H 1R A 2RK IR
A DAHC ) S8 FH K, ER B (10.5+0.5), i (24.0+

0.5) C, pH (8.0+0.5)
1.1.2 SEISANEITER  BH TR K
F5E 9T A 2R g /K MR 2 75 4 S Sl Bl ML 3G L
Hh gt R G0 0 1 PLAA T RFIF, 4K (9.2+0.2) cm,
{REE(4.540.3) g, THRAHM LI HKE R 7 d,
FReE 7S, 4EFFUA RS K T 8.00 mg/L, B 77 ],
BRI 1/3 5236 1K, EBE(7:00.12:00 F1 19:00)
5 W HC A Rt (g TV R A R A IR |, fF
HRFE 48 B I S RHE BRACAR . BRIH AN AH
1.2 XIgit
1.21 FREBREKEFESFUE RAGERN
U VE T 22 TR A K A P B R AR Mk B, DAY R AT E
AR RN PY; B (e i s K AR R B Na R e
A JY/T 0575-2020); R G 5 ik U 5E K A4
CO; Fl HCO; % (GB 8538-2022); HiJ&HE A 45
B R R BHEE  ACP) I 2 kAR KL Ca® Al
Mg
1.2.2 FHEIEKERXE KA 75 LM PVCH
FREAT SC 00, MR 4 T2 56 405 1 LA S 56 FH /K Ry o) R
41(SOF ¥ & 4 10 mmol/L), F:3 3 7] 52 56 FH 7K v
TR IN43 T 2 FR 4 (Na SO, [E 24) AT 1 40, 80,
120, 160 1200 mmol/L SO ¥kEF4], #aiE 24 h
JETFEE, MRS 3 4717, &4 10 B
IR, Wi 96 h, HA] 5K B4 1/3 X o it R R vk B
TR, HABAE 58 W —8 e s R
FRERVBE TG 0, 24, 48, 72 1 96 h 40 N4
WEXTER BRI AE TR, TR TR, If KBRS AE
IR, MR Bk B 5% [C ¥k (Kéber), 181t SPSS 27.0 #%
T, (8 FAASE R A3 AT T3 L 49 o W i 4 i £ %) 2
BRI E (LCso)o RIS E 3 44l K4
(25+0.5) 1R E 55 /K 28 [$R B (10+0.5) ] Wi 45 48 i AR
i@ opeanESi- AN
123 HALARBREWTHHRE WRiE 1.2.2 F
SR, S K AN NaySO, LA HIFS & T
96 h LCso FIBRBREL Y JE (SO; He 60 mmol/L),
FasE 24 h JE TS5, XA RN NaySO,
(RS2 6 K o SEERTE 500 L [ €5, PVC (B4R N 31T,
STYG A A BRLH AU 3 4P AT, BEASEATHLR
XTHF 200 B, Biid 96 he IR HEE 1.2.2.
ST 0, 24, 48, 72 1196 h M 4% 44 i E
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BILE B0 Y %o MR V6 B, U IR AR A gl 20,
10% H VA W T 2, TEA T8 R A A JEE R 9 AR -
AL (HE) Y o, 2k iU 52 4 21 4 25 4 A
16 o FH 2.5%H 554 b 18 1 XoF BT e o i 2 4
FE, BRRREEVE 3 K, 1%MIRAE 4 CTEE 2 h,
ddH,0 ¥k 3 Ik, ZBE(30%. 50%. 70%. 80%.
95%. 100%)FFEELK 2 R, HEUK 15 min; AN
el I, 812 MARKR BB S, 60 CRA, H
Leica UC7 H4Y) F #L2f: 38 e AU WD) |, BS AR
LAl T AGE TR BT WU £, 35 S5 Pl B L 28 R Tl 45
Ak

1.2.4 HEBIEFRUE 25T 0.6. 12,24, 48,
72 #1196 h A ZAR TP FEALBEHL 5 R TR AR, B %
IR AR AL LU A 2.0 mL A7 S E N 1 AN
HE, ZWABEIGFEA-80 CUkKA & H . BUGE H
JHF g i B 8 A1 VIR ST AR S, A 9 A R
(m: V=1:9)1) 0.86%4= BiEh /K (4 ‘CHIE), WIS
F| 10%4H415)3¢, 802000 r/min, 4 °C) 15 min,
B o R A e ot R A R 2 R 8 A 7 1 57

&% ACP, AKP, SOD, GPX, CAT ¥ . MDA
FrE LR NKA HEPE, R DR YR
A B w1 G B NHE % 5 .
1.3 BIESH

fiH] GraphPad Prism 8.0.2. Excel 2015 il
SPSS 27.0 Bt S g K m AT et Ao o 45 R
DI S5 (B 47 U 22 (v SD) e w, n=3 . 7 225 Hr R H
SPSS 27.0 {1 T A Z ANOVA fa 5 F1 LSD
ZHE L, BEMNKFH 95% (P<0.05).

2 HRESH

21 AEWRERIBRIREKES pH, BERFES
FELER

AN [} B R 6 T BE K AA b pHL AF1ER B2 1) S I i
mE 1 PR, SRR EKET LS 2T B
F(P<0.05), XJEH T NaySOy4 A 1k h
ARk pH A 3 22 57(P>0.05), {HER R pH 2
b F FLARE R R A A7 AR KB BVE L N . SRR
PR ER v B KR R P AN LN R 2 PR,

R 1 AEFMBEREKES pH ML EZHFR

Tab.1 Changes in water pH and salinity at different sulfate concentrations

n=3; x£SD
TR AR L BE/(mmol/L)  Na,SO4 A EE/(g/L) BRARER Mk BETHAE/(mmol/L) it AR £k ¥ B 92 {/(mmol/L) oH HhEE
sulfate concentration Na,SO, addition  calculated sulfate concentration measured sulfate concentration salinity
i BB 4
10k f2H) 0 10.00 10 7.95£0.04*  10.92+0.02°
control group
40 5 45.20 40 7.97+0.03*  13.96+0.03°
80 10 80.40 80 8.03+0.09*  16.87+0.04¢
120 15 115.60 120 8.04+0.02*  19.50+0.14°
160 20 150.81 160 8.02+0.06*  22.43+0.25°
200 25 186.01 200 8.04+0.06"  25.20+0.10°
T RSB bR N 6 3R 4] (R d 3 25 5 (P<0.05).
Note: Values in each column with different superscripts are significantly different (P<0.05).
x2 AEWMEBHRIREKEPIIEZFETLERL
Tab. 2 Changes in the concentration of major ions in waters with different sulfate concentrations
n=3; xtSD
TR R Ve B /(mmol/L) B 5B FE/(mg/L) ion mass concentration
sulfate concentration K Na* Ca*" Mg* Cl cot HCO3
S
10 (*_EJFH’M 91.50+4.95°  3615.32+46.14° 101.00+4.24° 268.50+21.92° 5927.48+11.24°  2.58+0.00° 125.94+2.62°
experimental water
200 97.00+2.83% 11784.92+£57.11*  103.50+0.71° 284.50+4.95°  5869.99+129.81° 2.58+0.00° 128.56+0.00°
41 Vg
30 (47K 296.00+£8.49*  8063.73+107.03% 348.50+£12.02° 979.50+6.36* 14138.39+55.96° 13.76+2.98" 145.18+3.03°

pure seawater

T [FFVEE b AR [ 2R 41 R AE7E 35 22 57 (P<0.05).

Note: Values in each column with different superscripts are significantly different (P<0.05).
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MoK PR ERER M N 10 mmol/L (X BRZH )4
#| 200 mmol/L B}, 7k K. Ca**. Mg*". CI'.
CO3 Fl HCO; & 7% A .32 5 (P>0.05); Na &
I E RN (P<0.05)
2.2 TRERERXT FLANEITERAY F BIE K E

AN TR AR BE b PN X 0 G B RE T R A
2 3 PR, FLANEXTERZEER BE (10.5+0.5) A9 5L 56
JKFIER FE (25.0£0.5) i 2liikE 7k 1, 96 h (IFET %
0o FLYNEE X IRFEAS [F) v BE A e 6 i 24 | 48,
72 #1196 h 1 RIFFET-FANE 4 Fios, JHHE 24 h
BF, 4% B IR h TR A B G X IR BE TS R K T
50%, FiFRELHEE J 10 mmol/L i, 72 h i Hirp
2 A 1 BRTME, HEET R 6.67%,
1 96 h B} BRIFFET- R N, e o] g2 i F
X URTERE RS o FE i Hop R R 5, e 3 4 X6
M & IE R, BIRERVEE R 40 mmol/L K,
AR R ZE, 96 h RITFET-HR A 33.33%;
RlREh v 5 80 mmol/L B, /D IR FT 3R 2%,

ASBIRFER AN, 72~96 h I ELKEIET:, 96 h FE
TR E] 70%; HRFRERMRE A 120 mmol/L B}, £
B IR TSR 2%, DEFERARES), 96 h FET-%
iK% 83.33%; FilRERMCE A 160 mmol/L i}, 48 h X}
RFET R KT 50%, 96 h FET-HiKF] 100%; FifRLh
el 200 mmol/L B, 72 h FET-RE 53] 100%.

*3 AEHEMETAMENRARITIETE
Tab.3 The cumulative mortality rates of Litopenaeus
vannamei under different salinity stresses

n=10; xxSD
Hhpr Z91 LT % /% cumulative mortality rate
salinity 24h 48 h 72h 96 h
10.5+£0.5  0.00+£0.00  0.00+£0.00  0.00+0.00  0.00+0.00
25.0+0.5 0.00+£0.00 0.00+0.00 0.00+0.00 0.00+0.00

WRRRER X LN TEEXTAF 24 48, 72 F1 96 h ()
LCso 8 DA K B A5 X [6](95%) A% 5 Fron o FLAN X}
IR 96 h EEIEHRIE (96 h LCso)A 54.71 mmol/L,
BAE X H(95%) K 26.46~76.49 mmol/L .,

R4 FEEEEKENE T AR RITETER

Tab. 4 The cumulative mortality rates of Litopenaeus vannamei under different sulfate concentrations stresses

n=10; xxSD
B ER W /(mmol/L) ZIFET- % /% cumulative mortality rate
sulfate concentration 24 h 48 h 72 h 96 h
10 0.00£0.00 0.00+0.00 6.67+5.77 6.67+£5.77
40 3.33+5.77 6.67+5.77 16.67+5.77 33.33+£5.77
80 13.3£5.77 23.3345.77 46.67+5.77 70.00+10.00
120 23.33+£5.77 33.33+£5.77 67.67£15.28 83.33+15.28
160 26.67+£5.77 60.00+£0.00 96.67+5.77 100.00+0.00
200 46.67+5.77 86.67+£15.28 100.00+0.00 100.00+0.00
x5 BEIERSHEITARMNRIIE 24 h, 48 h, 2.3 HLARBHERTL

72 h 1 96 h MEE F HHIEKER BRFXE
Tab.5 The 24 h, 48 h, 72 h, and, 96 h LCs, of sulfate
and confidence interval of Litopenaeus vannamei by
probabilistic analysis

B R £ W08 T LA e XoF BRI ok i 2L 2 265 4y A
el 1 TR . BREREL G 48 h 5, FLEAEEXT IR
JFRERR /N h B 4 AN R AN g3 £, #r

A5 DX 1) (95%)

confidence interval (95%)

JF /NS LR IR 24 (] 1e) ARERER MG 72 h e, T
NIRRT, FE R AR B SRR I, R4

WHE gk
A [E]/h (mmol/L)

~ LCso THR 95% EBR 95%
tme ’ lower bound 95%  upper bound 95% /NG B IB AR GERIY 2, S IEA/NS B A1
24 234.78 199.39 306.12 ANAR TG BREH 25 4 R (B 1d). BER AR A 96 h
48 129.79 90.91 192.03 = S

! 5 ITFARHES 5L, A Ik A R 4 L 345 i B,
72 78.44 31.54 115.86

FR LA R, F AR (B 1e)o X HERZH AT e i

96 54.71 26.46 76.49
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B 1 BRERER G T FLAH e X R JFF o A 2 2 25 4 i AR £k
a. HERERMMNA 0 h, B: B 41, R: R A0S, F: F 41, C: LEIE, E: B ESEMH, AR SkoR 15 W& KN, 400305 i
LR IEH B AN/, b, BREREL MG 24 h, B: B 40, R: R 401, c. BRFRELING 48 h, R: R 40, BE(5%5 kR 2L IR AL 243240 . d.
TRERERIGA 72 h, C: FENEME, AT R IR IR 2B, B FF SRR INER, A aX S R B /N E K

e. BLMRELIE 96 h, F: F 4, M€ H Sk /s JL I Bk 2 3z 451

Fig. 1 Changes in histological structure in the hepatopancreas of Litopenaeus vannamei under sulfate stress
a. Sulfate stress 0 h, B: B cell, R: R cell, F: F cell, C: basement membrane, E: star-shaped lumen structure, black two-way arrow

shows normal lumen size, red two-way arrow shows normal B cell size. b. Sulfate stress 24 h, B: B cell, R: R cell. c. Sulfate stress 48
h, R: R cell, black arrows show rupture of the basement membrane is damaged. d. Sulfate stress 72 h, C: basement membrane, black

arrows show basement membrane rupture is damaged, black two-way arrow shows lumen size becomes larger, red two-way arrow
shows B cell size enlarged; e. Sulfate stress 96 h, F: F cell, black arrows show basement membrane rupture damaged.

INE LR BE MW C R, FEE R, B/ANEHE
B, HAFEEN B 40ME . F 41 R 4iE(A 1a),

T R 3 JM 300 T L 5 o A Pt A e R 235 ) 72
AP 2 B o BERER MG 24 h J5 TF4R B A v
P4 2b). BRRERMIG 48 h )5, TMAEHES 5
PAREJE 5 [ W AR B B, T AR K 2 v (R
2¢). BRFRERIMG 72 h )5, MUEHSI BN ERES
R BN, SRR MK, A3 U A5 AL T R
P gy 2 (K 2d). BRERERMMIA 96 h )5, U
EHANEFIEER, AR NS, 22
(B 2e)o X R/ NE A0 2509 5058 3%, /DN
ENGHATCH ST B, M. &
TEIE MR UL, N, 400 TS0, Zkik
gitgoeak, BRI SURRE, SMEFH, P ERig
HEZ R 55 (K] 2a).

T PR 3 J 30 T L4 3 o W A8 4 20 468 g 78 e
Kl 3 BT, MERER A 24 h J5, B2 R )B4 /N (F
3b), GRfRELPNA 48 h )5, K2 T RIBRAZE /N B N
(K 3¢). BRERERMNA 72 h 5, He T alBRIEAS T 2k,

BB 22 =i AT (K] 3d). BifREh e 96 h )5, BE4
LUEEF I 0 2 P, BR 22 A TR Wi LT, L 3E
AL REEENE, BN AR E (A 3e). XTI
o 822 ff S5 J2 RN L R 25 R R T ) B T B AT
L(&l 3a),

TR RER P38 T L4 I8 o] 8 A 55 g 725 4
K 4 FIf 7R o BRBR R 30 24~48 h I, ZkE A2 7 i
MK (& 4b, & 4c). BRERELIMNE 72 h 5, SRR
KRR RE e, WS gk R R AL, M ERER, JF
IR IR (R 4d). BRIRERIVNA 96 h 5, Zokifk
i Bk SR B, U S5 A T R, AR o2 R AR R N R,
P K (F] 4e), X HRALfA FRZ 6N, AR 5E
B, SRR TTEUE, SRR R % HES (K 4a).
2.4 REREEXT N 4NIEXT 4R SR % B8 1 U320

Bt B £ ol 38 R L 494 V5 X B - R R AN B b
ACP iEPEAE AL 20 W& Sa. & 6a FiR . SEEG4
(60 mmol/L)Hr, J R FNEEH ACP & 47 0~12 h
BRI SETEE TR RIS, 96 h Y5 3575 T 0 h (P<0.05),

BRARER W30 T LA Y5 X)W JFF g it Fn i AP



58 JO R A5 L R R Mol 3 Xof LA U5 % 2 458 A9 R A L e 11 5 Tl 915

S 2um
B 2 BRERER NG T FLAN X U T A e 25 4 1 A 1k
a. BRERELIA 0 h, Mv: 4k T, LD: 57, M: Zkifk, ER: R, Nu: B{7, N: Z0004%. b. BRRELMrA 24 h, Mv:
MEE, Au: AME c. GERRERMIA 48 h, Mv: BT, Au: AN, V: P83, d. BRARERIMA 72 h, Mv: THOEE, Au: AME, Vi HEi0.
M: ki, e: BRERERIIIG 96 h, Mv: ThERTE, Au: AME, V: 23,
Fig. 2 Ultrastructural changes in the hepatopancreas of Litopenaeus vannamei under sulfate stress
a. Sulfate stress 0 h, Mv: microvilli, LD: lipid droplets, M: mitochondria, ER: endoplasmic reticulum, Nu: nucleolus, N: nucleus. b.

Sulfate stress 24 h, Mv: microvilli, Au: autophagy. c. Sulfate stress 48 h, Mv: microvilli, Au: autophagy, V: vesicles. d. Sulfate stress
72 h, Mv: microvilli, Au: autophagy, V: vesicles; M: mitochondria. e: Sulfate stress 96 h, Mv: microvilli, Au: autophagy, V: vesicles.

7 (‘ :
S (o '
L ® d 10_p.m' ! i ‘lo_um

B3 GRERER A T FLANTE XTI 8 2H 24544 i A2 4k
a. GRFRERMNE 0 h, A: LJZ, B: FZTIAIBR, C: M2 b, SRERELINA 24 h, BAH KRR TIPS/,

c. WRAREIMMA 48 h, MMEAF KRR L T EBL/D; d. BRERELNNE 72 h, FEAHT IR R I T RIBRAE /N, L0 kR il 22
FHBIY; e, WERERIGA 96 h, BOFIIRMTUZRMA, AOIIRMLEHTE, HOHIORERKETI.
Fig. 3 Changes in histological structure in gills of Litopenaeus vannamei under sulfate stress
a. Sulfate stress 0 h, A: epithelium, B: subcuticular space, C: cuticle. b. Sulfate stress 24 h, black arrows show subcuticular
space shrinks. c. Sulfate stress 48 h, black arrows show subcuticular space shrinks. d. Sulfate stress 72 h, black arrows show

subcuticular space shrinks, red arrows show gill filaments shrink and distortion. e. Sulfate stress 96 h, black arrows show cuticle
detachment, red arrows show gill filaments atrophy and deformation, blue arrows show formation of large number of vacuoles.
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R R A

%314

2000 x
80 kV

2000 x
80 kV

a. BiFRERMMNE 0 h, C: MATUZE, M: ZhI1KR, N: 4UiA%. b, GRERELNIE 24 h, M: ZRRI{K. c. BiFRERMHE 48 h, M: ZAifk.
d. BRERERMME 72 h, M: ZRRIR, Vi BN, EC: MRZREE. e BRERERMIG 96 h, M: kiR, Vi 3, EC: )2,
Fig. 4 Ultrastructural changes in gills of Litopenaeus vannamei under sulfate stress
a. Sulfate stress 0 h, C: cuticle, M: mitochondria, N: nucleus. b. Sulfate stress 24 h, M: mitochondria. c. Sulfate stress 48 h,
M: mitochondria. d. Sulfate stress 72 h, M: mitochondria, V: vesicles, EC: elevated cuticle. e. Sulfate stress 96 h,

M: mitochondria, V: vesicles, EC: elevated cuticle.

[ a n=5; x£SD
o control
4 =60 mmol/L

ACP/(U/gprot)

0 6 12 24

48
5} &) /h time

72 96

K 5

AKP/(U/gprot)

n=5; x+SD
400 b =control "
= 60 mmol/L * F
0
0 6 12 24 48 72 96
fi}[E]/h time

TR ER il N ML BT IR T R v ACP i1 (a)Fl AKP 1% 1 (b) 9 22 1k

[iE]— B (B A A s AN ] J 30 3 2 [ 25 5 J 3 (P<<0.05),  [R)— it ¥ B 4l /NS - B [R) 7 AN [l B 7] 4 25 7 8 3 (P<0.05).
Fig. 5 Changes in ACP activity (a) and AKP activity (b) in the hepatopancreas of Litopenaeus vannamei under sulfate stress
Columns labeled with * in the same time group indicate significant differences between different stress concentrations (P<0.05), and

different lowercase letters in the same stress concentration group indicate significant differences between different time groups (P<0.05).
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Fig. 6 Changes in ACP activity (a) and AKP activity (b) in gills of Litopenaeus vannamei under sulfate stress
Columns labeled with * in the same time group indicate significant differences between different stress concentrations
(P<0.05), and different lowercase letters in the same stress concentration group indicate significant
differences between different time groups (P<0.05).
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Fig. 7 Changes in SOD activity (a), CAT activity (b), GPX activity (c) and MDA content (d) in the hepatopancreas
of Litopenaeus vannamei under sulfate stress
Columns labeled with * in the same time group indicate significant differences between different stress concentrations
(P<0.05), and different lowercase letters in the same stress concentration group indicate significant

differences between different time groups (P<0.05).
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Fig. 8 Changes in SOD activity (a), CAT activity (b), GPX activity (c¢) and MDA content (d) in gills
of Litopenaeus vannamei under sulfate stress
Columns labeled with * in the same time group indicate significant differences between different stress concentrations
(P<0.05), and different lowercase letters in the same stress concentration group indicate significant differences
between different time groups (P<0.05).
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Fig. 9 Changes in NKA activity (a) and NHE content (b) in gills of Litopenaeus vannamei under sulfate stress
Columns labeled with * in the same time group indicate significant differences between different stress concentrations (£<0.05),
and different lowercase letters in the same stress concentration group indicate significant
differences between different time groups (P<0.05).
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Effects of sulfate stress on tissue damage and physiological function of
Litopenaeus vannamei
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Abstract: Saline-alkaline waters in China are widely distributed and are of various types, primarily carbonate and
sulfate. Due to the high alkalinity of saline-alkaline waters, only a few low saline-alkaline waters can be used for
freshwater fish farming. However, the area of saline-alkaline waters in China has been increasing annualy;
therefore, an urgent need to take measures for the ecological treatment of soil salinization, exists. Lifopenaeus
vannamei has been widely chosen as a research object in recent years owing to its advantages, such as fast growth
and strong environmental adaptability and research has been conducted on its tolerance to carbonate alkalinity.
However, research lacks on the impact of sulfate-type water on Litopenaeus vannamei. Therefore, the present
experiment was designed to investigate the effects of SO , a key saline ion in sulfate-type waters, on histological
structure, immunity, antioxidant capacity, and ion transport capacity of Litopenaeus vannamei. First, the 96 h LCs,
of sulfate on Litopenaeus vannamei was determined to be 54.71 mmol/L by LCs, experiment. Further, a control
group (10 mmol/L SO3") and an experimental group (60 mmol/L SO} ) were established and exposed for 96 h. At 0,
24,48, 72, and 96 h of exposure, the shrimp hepatopancreas and gills were collected for pathological studies. At 0,
6, 12, 24, 48, 72, and 96 h of exposure, the hepatopancreas and gill tissues of Litopenaeus vannamei were
collected for the determination of physiological indicators (ACP, AKP, SOD, GPX, CAT, MDA, NKA, and NHE).
The results showed that: (1) The degree of damage to the hepatopancreas and gill of Litopenaeus vannamei
increased gradually with the increase of stress time; (2) The activity of immunoenzymes (ACP and AKP) in
hepatopancreas and AKP in gill showed an overall trend of “increase-decrease-increase-decrease-increase” with
the increase of stress time; the activity of ACP in gill showed an overall trend of “increase-decrease-increase”; (3) With
the increase of stress time, SOD, GPX and CAT in hepatopancreas showed an overall trend of “increase-decrease-
increase-decrease” and the MDA content first increased and then decreased. In gill, SOD activity and MDA
content showed the “increase-decrease-increase” trend, CAT activity showed the “decrease-incerase-decrease”
trend, and GPX activity showed the “decrease-increase-decrease-increase” trend; (4) the activities of ion
transporting enzymes (NKA and NHE) in gill showed the trends of “increase-decrease-increase” and
“decrease-increase-decrease-increase” respectively, with the increase of stress time. These results indicate that
Litopenaeus vannamei has a certain tolerance to sulfate and can adapt to the sulfate environment by regulating its
own immune, antioxidant, and ion transport capacities. However, prolonged exposure would exceed the regulatory
range of these physiological functions and cause severe damage to the hepatopancreas and gills of Litopenaeus
vannamei, affecting its normal functions and eventually leading to mortality.

Key words: Litopenaeus vannamei; sulfate; tissue damage; immunity; antioxidant capacity; ion transport capacity;
saline alkali water
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