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ZEIL R, B R Eh 0 2 B ] T EN AR R | R A KR DL DR R A R, [ A 4R TR AL A ) Ak T
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ARz o B LA SCE AR PR A ARISEDL R, Xiel ™45
i BT S Ak 00 6 K AR AR W Ad R I 2 e, R
UPLC-QTOF/MS I ] A 21 27 FOR PRI T $7
HARE L5, KO RBE5(Micropterus salmoides)
A PN B 17 PR A Rl 5 A RE 2 N 2[RI AR FE DG R o L AR,
FE A0 ) AR A 2 HR AR Bz T o B AR R N
NG AR R B i AR Ak, DR PR 38 X £ 2
A AR R R M FR T O, RIS 2R R R B
BRI AR A A SRS oy 1) R T Bz —

#fl(Carassius auratus)/&=3% F E B [ L THIR K
Kz —, BAREEIE N . A R PR B S
W S, AU AN BT AR R —
(2-2.HL 0 ) EEIS) 3, 6- AR L K A g O iR
S5 Z P IR W30 DR 5 7 B A HIL R 9 ] S8 AR AR
JH 2 £ AR A AN P B ) S AR, TR
BB BE . RERE A S LN L BT R LA S R A
fift 5 22 b B B R R R HE AR OO R,
IR FOIR O 5 2R A K A B B EAME ., HHTR
O A FRA AT e T A S ERTBR 8 XK AR A A K
PERE BT, (HABR TRk B (0 SR Ak BA B2 222, i
XF T VR BE T KA A ) 0 A K RE DL B AR DG AR )
Y ZZ ARAREAE T 1 AT 7 o

AHIESE LIS A B B A, R K S48
s fAEAb iR bR M, 454 UPLC-QTOF/MS JEH#E
] A ZH 2 AR, e T itk TR ok 2 o 88 A4 4 e g
A FRAC L PR 1 B S ML o 7624 R IRAK B IR
Af RIS [ Z R KT 5T, AF5E B 78 Eh oK
B IR f0 S ARG SR GG SR R 2= BRI AR A

1 #HEITE

1.1 KA

e Ak i P L AR 3 Ak A B ] T R Ak
Bl Akt kAR s 2 BR T S22
1.2 HF5ERE

AT AR B0 17 i [ K 7 Rk 2 Bt 58 e VK 7 Y
B 22 g5 (h ], AR o T AT SE G A AE R AT
H K = NAPEER (200 L, 100 cm x 50 cm X
40 cm) T IIFE 2 JHJE, AR/ —2 @RI
Sy, PRADIERT A ANA, BEBLO 3 S Ab PR, FA
B 3 AERE, BAEE 15 B, 43 Hhx A
(R 7K, Con)#1# 4~ NaHCO; % #% 41 (20 mmol/L

NaHCOs3, T; 40 mmol/L NaHCOs, F), Z&#8 5250 4R
MR, WERI ) AR AR T R AR o Ry ik e 2
7 S 0 e R R A RN, e R R R R R LA
5 mmol/L )32 B T 58 S 58 Jir 7 o i ), AR S 88 T i
B NaHCO; Wk B2 5 TRATZAix K AEES RS
50 B K SRS 1 S 58 e

TR ER IR IR A5 R 58 0], (RFFK IR AE(24+1.0) C,
WA >7.5 mg/L, @A <1.0 mg/L, Con 4l pH %K
7.2, TH pHZI N 8.4, F4L pHZ 9.1, ALK 1/3,
[vi] FH e FH R B 72 B € NaHCO; W, AR
S AR R o RER PN YR (8:30, 17:30), H M
AR 3%, WEAF =8 =& A 57 R e
Ao 7 S AR L rh A ), R 30 min J5, &
IF I A% B PEORL R AR SIS S0, SR SR K BT A2 B BRI TS
Yoo PERCRERIZEE 24 ho BEE 8 G, St
T-RA, AR P REHLIEI 20 B A, A%
Y B LA AR T AR AR, T 100 mg/L [] 20 S
H R 2 i HP it 15 b 9% T (MIS-222) s SRR 1 i,
2 mL JCTRE 0 A R Dk AL R 4 4 il T 54 4% 2
LR, T4°C #EVIE2 LG, B0 3000 r/min
B0 10 min, BEVEW RIS, fRAFF-80 Cuk
R o B AR UK 1 A A ) LR R, % O R -
Wok)E, BB RHAEN, CAIE TRA TR,
FFERMELS G 24 h PRERE VG RS 2280 CrkAa
PRAFE o b 15 0 FIEAREAS F AR 4245317, 8
O3 FERE A 8 403 ILTE FEAS T AR AR 43 # -
1.3 £ HIEHRNE

FEASAL PR BEALEL 8 4y ML & FEAS, I il i b
Iz (blood ammonia) . FR R & (BUN). & [EEE(TC)
AH 0 = BR (TG & i; BABLIEEI 8 1y I AEREAH]
T E PR AR A, B AL W AL i (SOD); i 4
L Z B (CAT) A3 e H kit S8 AL ) i (G SH-Px) Y 17 4
FITN (MDA & &, LB 5] £ 29 1 1 g 5L
A TARRWEFE T, A A AR A A 0 22 e et
& UL T .
1.4 UPLC-QTOF/MS 4#f
1.4.1 HMETAE N EFATE-80 C KA FEHL
B 15 (R FHEUREARTE-4 C A FIfTR . HERFR
B 100 mg #E5 T 1.5 mL B0, SR T
A HIINA 3 FANERFN 600 wL Fil ¥4 1Y 80% H /K 15 Wk
(FBE : JK=4 : 1, v/v), 7620 C5&MEF 60 Hz i i)
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Jit 3 min, VKKV 15 min 5, 76-20 C F#HE DL
% 1 h, FJGTE 4 °C, 13000 r/min 24 F B0 15 min
] 1.0 mL JCRR S G B IE W, 48 0.22 pm A HL
AREE T B A U8 2 A ShaE AR P R . S
HCAE T IERE S ARG R, He IR LR FEA T g 1
AL B 77 0k ) 4 e P 1) (QO)RE i, T 1A s
B 1) 7R R AR T

1.4.2 UPLC-QTOF/MS#:ill UPLC-QTOF/MS £
WA S5, ST AL £,

1.5 ERKEaERTEAR:

S ISR ITIEDT, I S R R,
PR E A AR R R R R AL
LB . A AT

14 % (weight gain rate, WGR, %) = 100% x (K
Yyd—p) ¥ / w)

e K F (specific growth rate, SGR, %/d) =
100% x (In K ¥JH~In FJFE) / 1755 KL

15 (survival rate, SR, %) = 1005 x LK EH /
Wk AL

1A B} Z2# (feed conversion ratio, FCR) = & 1H
BT E J(ERIEE-WIHERE);

P [t (hepatosomatic index, HIS, %) = 100% x
HRMIAE /| HREHEAIRE;

HE 35 B2 (condition factor, CF, g/cm’) = 100% x
KIRE / Rk,

1.6 HiELESHH

%] GraphPad Prism 9.5 (GraphPad Software

Inc., San Diego, CA, USA)K{FH1 SPSS 27 X4 fk48

i A A HHE E 4T B IR 3R 07 22 93 T (ANOVA), il i€
K Z A 25 5 o SR T S B hr o 22
(X £SD)FE /R .

e Ae I TRy TR SRR B IR B, S A
Progenesis QI #X{F(ZE[E Waters /A F]), X0k it
AT L SREBURIN 5 SR AL BRERAE . A P AR
2 K P2 (HMDB) Fl it #5 56 [H 5 6 4 A FF 42 4
(KEGG)% 2~ Il FE XA i AT 1 R, 2Bl
AR R . FEAZFR 5T b A T AR ) HCHe
o K BRI T A Ir B E SIMCA 14,1 (G it
Umetrics 2y &) #E4T F 445343 H7 (principal component
analysis, PCA)FIIEZ /)N — 3 A 53] 53#7 (orthogonal
partial least squares discriminant analysis, OPLS-DA),
DL A 2% ZH 18] A B AR 281k . B 7E Student's ¢ 46
B rp L VIP>1 il P<0.05 Sy §if 16 4% 11 126 I 45 21 1 £
B R 22 528191 (DEMs), MetaboAnalyst 5.0 %(
ffa FEXT DEMs JEAT A58 3% 5 42 70 A7 o

2 ERESW

2.1 FRER ER AR X 8 A K MR B9 B2 0m

W& 1 FiR, Con, T Al F 4y R | Mkl &
ORI AR R A I 25 AR 0(P<0.05) Bl 45 kTR
AR B Y T, TS 2 R 2 v B 1 i SRR R
AR BZE TR, Hd, 5 Con 4L, T 4 F 41
(G TR T 14.48%F1 39.83%, H¢EEK
RPN FFE 0.12%/d F1 0.35%/d, ¥J7E F 40P i 1%
F Con 4(P<0.05). Tl 22555 f g SR mdi v BE il 1
e, Hod, T4 F 41439 b Con 2T+ 0.15 F

R RENRE ERRER 2 560 BB Xt 6 A 4K 1 BE B 2 M

Tab.1 Effects of different concentrations of carbonate alkaline exposure on the growth performance of Carassius auratus

70 5 NaHCO; ¢ & /mmol/L NaHCO; concentration

group 0 mmol/L 20 mmol/L 40 mmol/L
WIHH A /g initial body weight 62.42+1.49° 62.32+£1.59° 61.72+2.02°
LR AR H /g final body weight 138.93+3.31° 129.69+3.31° 112.83+3.70°
4T 2R /% weight gain rate 122.56+1.14* 108.08+0.08° 82.73+0.12°
5 5E HE K % /(%/d) specific growth rate 1.43+0.01* 1.31£0.001° 1.08+0.001°
1715 % /% survival rate 100.0+0.0* 100.0+0.0° 100.0+0.0*
1A 22 %0 feed conversion ratio 1.11+0.03¢ 1.26+0.03° 1.67+0.06*
JF4& /% hepatosomatic index 2.16+0.14° 2.03+0.03° 2.010.02°
A3 ¥ /(g/cm®) condition factor 2.55+0.65" 2.69+0.40° 2.62+0.52*

T AT EAR/NG - BEAN ] 227 20 18] A5 0 35 25 53 (P<0.05).

Note: Different lowercase letters indicate significant differences between groups (P<0.05).
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0.55, H F 41kl 2500 % T Con 4180 T 41(P<
0.05), X 15 W] e i 2 AR B Jpih 38 T, 880 ) Aol 2 1 32
FFTREAK. 5 Con dLAHL, S AR LU 70k R 55 Bk
TR A TP S A, I AR P 2R R AL ) O e
5E(P<0.05), DLk, S A B 76 kR R ik a8 T
RIS 25 M 22 7 (P<0.05).
2.2 BEBHEESEENHEECSHNEME
BRERERBNG 56 d IS, T 40M F 4 & & &

HAn(& 1a), F 41+ BUN & 5 T Con 4 (P<
0.05), 1Mi7E T 45 Con 42 [H] I JCHA b 22 5 (14 1b).
i lc~e 78, SOD. CAT i PEH MDA & #7581k
P 5 R R vk B S IE AR OGS, H T 41H1 F 413y
5 Con 4778 b M2 5 (P<0.05) WA 1f TR, 5
Con I T AHAHH, GSH-Px W ifE F 20+ W 425
(P<0.05). i/ 1 g~h fii7R, F 41 TC M TG &&=
WFEE T Con 4H(P<0.05),

HBE YL B PE/(U/mgprot)

y 300, ¥y *
~ O
g E % - 6 r
S 8 200} il Il EE
LE | St
=2 w2
41 E 100} Né%
M"G %m 2F
=% ¥
- 0
Con T Con T F
434 group = 534 group
skeskok ok ‘%
,g 5 5 150 *Kokkk
) <
R ££
38 $2°E 100
£83 )
: £
2 N
a g gg 0
B! 2°
= o 0
Con T F = Con T F
4341 group & 434 group

150 ‘é‘
)
£
2 100 2
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8 i
=
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! Coo T F
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Con T F
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1 AN TRI R BB 18 B 12 e il 25 3 o B0 2 A 1 s 1) 52 i
a. Il1%; b. BUN; c. SOD; d. CAT; e. MDA; f. GSH-Px; g. TG; h. TC.
Con AIR/KITHRLL, T 2 20 mmol/L NaHCO; Eh s #E 4, F & 40 mmol/L NaHCO; £hhsi 2 72 4,
*P <0.05, **P <0.01, *** P<0.001, ****P < 0.0001.
Fig. 1 Effects of different concentrations of carbonate saline-alkaline exposure on liver biochemical indices of Carassius auratus
a. Blood ammonia; b. BUN; ¢. SOD; d. CAT; e. MDA; f. GSH-Px; g. TG; h. TC.

Con is freshwater control group, T is 20 mmol/L NaHCOj saline-alkaline exposure group, F is 40 mmol/L NaHCOj saline-alkaline
exposure group, *P < 0.05, **P < (0.01, *** P <0.001, ****P < (0.0001.
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2.3.1 PCA.OPLS-DA 53#7 PCA4rEl IR, QC
FEARTER /NI X B R s ZU R R AR, RIS
B 8w B E PR S e g s B AT S, 3 Ak
FHZH PN A i A TE BB T o Rl
T 2L (R AR it A FROSR A A ZE AN [R) B D3R, (R A /N
Gy S, RUITEA [FVER B Ok R Sh ool 2 85 T, 8
AR A AE R 2 (] 2a~b), A T #E—20HrA
[] Ab 38 20 ] FF BEAQ S 1Y 25 =, SRR MBI
OPLS-DA /r#ri#l, Eth PCA /A ik A HH
B AT IERE T, RS I AT B AR 3R 0 M 7S v A 4 AR

e B WA 2 c~d izn, IEAEFREUT, Con 4 .
T 4R F LA 2 0] B0 8 A 4, 45 4L
AL ARTEAR R XN . £ %) OPLS-DA
RIHEAT 200 R E WAL S (E 2e~D), EEFHIXT
R2Y F1 OF WM 431K 0.949 1 0.920, i T
RY R O BYMH4r 90 0.963 F1 0.863, %% M
OPLS-DA fAIZEIE i 8 F A0 N A T A, B
A AR R T, & A R S A AT

232 ERREWFIE 0 TG TR R
BB FR SR TR R T, ST A AR ) R A 22 R
#, LA VIP>1, P<0.05 fE Rk 5 F, fidifs %] DEMs,
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Bl 2 SRR 41%% PCA Al OPLS-DA 43 #r
a-b. 1. M FHRF PCA K, c-d. IE. HE T OPLS-DA 1347 &l;
e-f. 1. FEFHIUT OPLS-DA HRLH He 3k [
Con JRKXTIELL, T 5 20 mmol/L NaHCO; £ 4% 5 41, F 24 40 mmol/L NaHCO; £ # # 2,
R* 327K OPLS-DA R (B )5 22, 0" F7 OPLS-DA B! T3 fiE
Fig.2 Metabolomic PCA and OPLS-DA analysis of Carassius auratus liver
a-b. The PCA score plots in positive and negative ion modes; c-d. The OPLS-DA score plots in positive and negative ion modes;

e-f. The OPLS-DA permutation test in positive and negative ion modes.

Con is freshwater control, T is 20 mmol/L NaHCOj; saline-alkaline exposure group, F is 40 mmol/L NaHCOj saline-alkaline exposure
group, R? is the explained variance of the OPLS-DA model, and Q” is the predictive ability of the OPLS-DA model.

WM& 3a~c fr7n, 7E Con vs. T H AL Es) 17 fpE
At Y DEMs, 4% 12 4 Bl 5 TR,
7E Con vs. F 41 LG5 5] 100 FEA GE 125 LW
DEMs, fiff 35 /4~ i, 65 4~ T ¥, il M4k i) 4k B &
HWLHYJE7R T DEMs Z [i] 1 2 o P A S R (] 3d),
HHTE Convs. T, Con vs. F BANX 4 Hh i 2] 12
MAHFE B DEMs. JZKEE TR, 4541 DEMs
Z I AT B AR 0 25 (K] 4a). RS, SR
MetaboAnalyst 5.0 X} DEMs #4718 i} 18 % & 42 0 #r,
ER IR, TE Convs. T4, JLE R 27 K0 HHE
B, HrP ORI RS BT RR B A . R
T AR FC I A I A A 10 f 2 B d 2
Ml 4b). P NaHCOs; M EEAWIFH 5y, 32520 i
AR A . 7E Con vs. F 4y, JLs
2| 35 ZACHHE R, PSR IR A AE A
EERSARIS . U BEAR R e ARAC S . KR
AR TEM REEREACE . S RERR TR A PR PR IR
A . A= 0 TR A A A5 A 55 22 2% AT %
W e R 2 (B 4c),

3 itig

3.1 HEIRFEEBENEAEKEENIIT

e A KA B, A R R E
BV Z —, MR N & A A A RT3 )
JB RS B A f 2 0 E 2 TG Sh PR L RE B R
Horp, TEAUARAE K T &5 075 MR, K =R 2
BUEN R —Fh ZINRETE AR, BEANS 505
N, 3R AR R A KR, TE4E Tt e R 4F
(10 A K e R gk v A R AR Y E A
M R 1A A= KA ] & e 2R B vh il ) T2 4,
WBE 5 05 (Lateolabrax maculatus)P . 43 Hifa
(Pelteobagrus fulvidraco)™", WA Culter alburnus)>
S, MY AT I Ab SR A I, RS R 2
PFEMNIRER . BEmR . DR, KA., A= .
BRBEMAFY B, Hob, LR SCPR N-FI BT £ FR sk
BERLONIR, JB T —MAEERITT Y, 2 WIENA
PLG Y KARE SR B, HoaT L i S A s iR Al it
FEA RO T 21 2 b = BRI R 1 (ATP) 5 — W2 i
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&3 ST 22 S AR 4 e
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Con AIR/KZTHRLL, T 24 20 mmol/L NaHCO; Ehisi &4, F & 40 mmol/L NaHCO; £hhsi 2 72 4,
FC M2 755, DEMs MR 2= 579

Fig. 3 Identification of liver differential metabolites in Carassius auratus

a-b. Volcano plot of differential metabolites; c. Number of differential metabolites; d. Venn diagram of differential metabolites.

Con is freshwater control group, T is 20 mmol/L NaHCOj saline-alkaline exposure group, F is 40 mmol/L NaHCOj saline-alkaline

exposure group, FC means fold change, DEMs means differential metabolites.

H(ADP)IAH EReAL . FAT, A 058 BB AR =
00248 G 2 5 A R A K M R D T A A S B T
ABEFE AL 2 45 R R, B B R A ik B2 Y
This, SPRT AL G E R LA ATP (455 3 1
SunY4E % B, A AR P KA B A LR 2 i 5
JE B BT Na/C1™ i i ik 21 B8 1 75 K B KRG,
i PR 2 AN SRR ) B AL IR AL E 1§25 ATP
5 G e, e FEDLAR B RE R, R I o AR
KAERE . Burns> S 75 B LR XHIER BE FRIE T 2458
Aoty 0 (HBS) A= K AR REAY R R IE A B, & 3% A9
JILRR X 2% 5 25 3 iy s 1oy % PR35 1 38 HAT B S 00
i LIRBTIEAE IR, AT K BB B R R B 1Y
Thiss, i AR 2 A LR M T 1 B B e i A

B R, T I e TR e e T BT I A e AR R
oK o AERBE W, RIRERBIA BT 258 T, B3
R AR R AL R W A, SR AT
R AENTC 22 5, 1K Ul WIS B R 8 PR B8 AT
A5 AR I o BV A s A EE B T £ Tl
e, DUARTE ZLWAE I RO RE W BT, 36 AUHC T 12 1
A H S AR T RRERTOR DI S 250 5 ek
%, HABTERY, SNRHGAA S E AR N B E
A e, AT 1T A R A RE d 4 ok o ),
XSG HATBTLEE—E
3.2 ERERERFINGE R A& ) SE AL B IS R BT AR AR
Br 7R PERERASN, 2800 A IR St 2 H AT
AT A R R 2 —, BT R A RE R S
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AHFAE IR AR5 biosynthesis of unsaturated fatty acids [ [ ]
11434 purine metabolism |- [ ]
At BRI glutathione metabolism | @
R4t nitrogen metabolism - 0.20
BB i glycerophospholipid metabolism
A FERRANR AR A1 taurine and hypotaurine metabolism | 0.15
a-iF BRAR{ 15t alpha-Linolenic acid metabolim -
KEEMRA: YA IR, arginine biosynthesis [ 0.10
TR butanoate metabolism
ZHEFRIRIT histidine metabolism |- 0.05
BEAR R ether lipid metabolism [ * | |
ZEREEAEIEEAL: Y14 R pantothenate and CoA biosynthesis [

i v |rr
- A
i : = g 0 2 4 6 8
- . - ¢ FHIFIERBR biosynthesis of unsaturated fatty acids [ [ )
@ X 3 - KR BRAEY) A ), arginine biosynthesis |-

P value

o Pval
IE4 X purine metabolism [ o value
- R4 nitrogen metabolism [ ° 0.15
—_— FEMYFIREREC starch and sucrose metabolism |- L
M H BRI glutathione metabolism [ °
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Abstract: Saline-alkaline water resources are widely distributed in China. However, their imbalanced ionic
composition, high pH, and elevated carbonate alkalinity significantly impair normal growth and reproduction of
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fish. Although previous studies have explored the effects of saline-alkaline stress on the growth performance of
aquatic organisms, these investigations have largely focused on low-concentration environments, leaving the impacts
of high-concentration conditions on growth performance and associated metabolic changes insufficiently understood.

This study aimed to elucidate the mechanisms by which carbonate-alkaline environments affect the growth
performance and physiological metabolism of crucian carp (Carassius auratus). Experimental fish were randomly
assigned to three groups: a freshwater control group (Con), a 20 mmol/L NaHCOj; exposure group (T), and a 40
mmol/L NaHCO; exposure group (F), subjected to carbonate-alkaline exposure for 56 days. Through the
application of growth indices, biochemical assays, and non-targeted metabolomics analysis using
ultra-performance liquid chromatography-quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF/MS)
coupled with multivariate techniques such as principal component analysis (PCA), orthogonal partial least
squares-discriminant analysis (OPLS-DA), and pathway enrichment tools like MetaboAnalyst 5.0 and KEGG
database, the study systematically examined the effects of carbonate-alkaline exposure on the growth, oxidative
defense, and metabolomics profile of crucian carp.

The results revealed that carbonate-alkaline exposure significantly suppressed growth indices, including
weight gain rate, specific growth rate, and feed conversion -efficiency. Moreover, with increasing
carbonate-alkaline concentrations, antioxidant enzyme activities in the liver—such as superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GSH-Px)—and blood biochemical parameters, including blood
ammonia, blood urea nitrogen (BUN), total cholesterol (TC), and triglycerides (TG), underwent notable alterations.
Pathway enrichment analysis identified 17 statistically significant differential metabolites (DEMs) in the Con vs. T
group, enriched in 27 metabolic pathways, including unsaturated fatty acid biosynthesis, purine metabolism,
glycerophospholipid metabolism, and glutathione metabolism. In contrast, the Con vs. F group identified 100
DEMs enriched in 35 pathways, encompassing additional processes such as arginine biosynthesis, starch and sucrose
metabolism, glyoxylate and dicarboxylate metabolism, arachidonic acid metabolism, and sphingolipid metabolism.

The findings indicate that carbonate-alkaline exposure imposes a substantial energetic burden on crucian carp,
undermining the energy availability for growth and thereby significantly inhibiting growth rates. This condition
induces oxidative stress by disrupting the balance between reactive oxygen species (ROS) and the oxidative
defense system, leading to severe hepatic tissue damage. As carbonate-alkaline concentration increases, critical
metabolic pathways associated with growth, immune defense, and fatty acid metabolism—such as arginine
biosynthesis, unsaturated fatty acid biosynthesis, purine metabolism, glycerophospholipid metabolism, sphingolipid
metabolism, and glutathione metabolism—experience pronounced disruption. This exacerbates hepatic damage,
compromises immune defense, destabilizes cellular membrane integrity and function, and suppresses cellular
proliferation, ultimately impairing normal growth.

By integrating growth performance, biochemical analysis, and metabolomics, this study provides a
comprehensive understanding of the adverse effects of carbonate-alkaline environments on the growth and hepatic
metabolism of crucian carp. The findings offer critical insights for optimizing aquaculture practices involving
freshwater bony fish in saline-alkaline waters, contributing to the sustainable utilization of saline-alkaline water
resources with significant ecological, economic, and societal benefits.
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