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ERIE & AT TR TR, Bk
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ke 5 % AE fi (Oreochromis mossambicus)-5 HAh Fh
B, e ¥ B AL (Oreochromis niloticus), 7%
22, 22 AT MR BTS2 B Rt f
NP ER R, TR PR AE @ TR 4 R A
58 R ILL K AE Al BA B R T 32 v, HemT
A Sy i 5 08 €0 S8 S DR B R AR E M R, SR
1M 2C L0580 FER RS PR T A TR 32 3 7 AL i)
B HRGE . I, A 5T SR 3% s 40 07 42
ARFNAEDAT B2 o A A2 48 212 A £ )17 18 18007 5
o K HEEL RS 5 i, JT 45 B 22 Mg R
HSE A, LA h ) B 21 %5 S| £ 60 20 58 66l 2 17
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1 #R5EFEZ%

1.1 SEIe#t

ARSI T 4L % E fa (1R (73.43+1.62) g, 1K
+(13.68+0.14) em]ik [ H EIK = RH2E A B iR K
WOl A i b S, SEE0 fa AR IR 25~26 C,
WA >6.0 mg/L WY IR MR, 5% A A
K 8:00 Fl 17:00 BEMERETML 77 MR R 1 32%,
HLE T 5%), &M &2 R E R 3%,
1.2 IWiEIHEHERRE

SEEGAE 6 DN YRRFEAR [ B AR>S 0.8 mx1 m,
KT 0.75 m]NHEAT, HRPEFRAEK IR W] BEIE AT S
Bl AP RN AR B T A2 25 SR> B8 NaHCO;
RS B ZH[CA, B (35.51+0.17) mmol/L]HI% 7k
X} HEZH [Con, ) (1.75+0.08) mmol/L], %2H &
3ANEAT, BTG Z AR 20 B. N T
Do BRI 2R N, CA 41K H NaHCO,
(53 M &) B sl A L B A K A4, LAER 7 mmol/L

(R b T 80 VR 5 O G e 3 S, S
Wyt R H oK 173, SR PR RE Bk A
i ER 1R AT W, I AAH R BT 5 ) NaHCO,
o AR AR B 2 R A R (L S e e v At 77
FAF, AL KRR M A A 5 R R — 3

iR SEERHFEE 40 d, FESCREEFIZEE 24 h,
KFERF N EEAFATRENLIE 3 Bk,
100 mg/L MS-222 #EATRRBEAL I, i kR 42 i
W, IMEEZ 4 °C, 5000 g &0 15 min J5 I LT,
—20 CHRAF, HF MG LS ERM . R, FHIE
iEHARLEMIBENEYE, WARKHEET
—80 CUKFIRAE, T B RNA $2H, [ %A
FEo 934, MAERAR R 5 B 1 Rt U i B, R
AT A% 2R R, HTHLY) g,
1.3 MFEENXSHEHBNE

M3 # SOD., CAT. EHiELHE S (TAOC),
P (MDA) ., Il Z AR R 2 (BUN)ZK - 9 5
R B o A R A B 2 R G BB A T
1.4 HE £ailFEH &

W2 2 4% 2 P [ 5 24 h, LRI
K, ZHIGE, A S EE S YA BLY) AR
4 pm JEWMHLY) R, S8l AR L (HE) e (4,
B A E DG BB W EE . ] Image-Pro
Plus 6.0 FA4 X5 1B 286 & B L 906 58 FIILZ IS
JE AT
1.5 RNAREREHZJANF

i | TRIzol i&3](Invitrogen, USA)$EHU74H
215 RNA, I RHZHER 2100 A9 5 B AR
Nano Drop 543G EE TR B RNA ¥ BE f 584K
PEATYEE o BRI AT 3 REA A 4R U
RNA JE4, 4% CA_1.CA 2.CA 3.Con_1.Con 2
1l Con_3 3t 6 AMEESHFTFIF . 31 Oligo (AT
PR AR/ B EAZ mRNA, I ] mRNA-Seq 3C
W45 ) & (lumina, USA)KEI T SRR,
SCPEE B A A )E, 1 NovaseqTM 6000 -
BT LT
1.6 HIEHESHEEERE

#iFH cutadapt 1.9 F/FP2AbBE 44 R HLEIRE,
AR EBR S N IR T 5% AH reads, k75
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YLy reads FIME BT & reads (i E(H Q<10 A9 HlFL
TR AL 20%). {8 HISAT2 #2306 v
3211 clean reads X} 2% FLH YL (O. niloticus
ASM185804v2) P S IR 1G T E RS KL
1.7 EREREMFEAMEESF

FIH StringTie #9144 FPKM {8, R H
DEseq2 % {2 1 CA 20 F1 Con 20 ] 1 25 5 6 3k
JE X (DEGs), i % B {H 4 22 55 %5 %8 logo(FC)| =1
H P=<0.05. X} i 675 2| ) DEGs #£47 GO DifgiE

B . KEGG i % & H 5 fil GSEA 40, W&
EFRIESN P<0.05,
1.8 SERTHEEE PCR

4% PrimeScrip™ RT Master Mix (Takara)iz;
FI G LA WS 54 i cDNA, 38 SYBR® Premix
Ex Taq'™ II (TaKaRa)if 7| & 7E ABI Q5 #)G5E
{1 qRT-PCR JZ i, B MHFEFER 3 IR, f-actin
FENZB I, R 27 5 kP38 3 1 5 48
XFRIBIK- o BIIFIanER 1 s .

*®1 FTF qRT-PCR HI5I¥1F 3
Tab.1 Primer sequences for qRT-PCR

EIR7 B2 IEm 597553 B 5 97 51(5'-3")
primer name forward primer sequences (5'-3") reverse primer sequences (5'-3")
assl CAAGATCATCGCACCCTGGA TGCGAGCTTACCTTGGGATT
sams TGTTCACGTCCGAGTCTGTC GGTCTACCGTGGCTTTGGAT
tpi GCTTCGCAAGTTCTTCGTGG TTGGATCGGGCAAAGTCCAG
1dIr TTCCAGCCACACTCTTTTAGGT AACGTAGCAGCTTTGGTGATTT
snx4 GACCAAACGGGAGCGGATG GCATTTTTGCCGCTCCTCTTC
snx6 AATAGCAGTGGCCTGTGGAC GCCCAGTCCAAGAGTGTTCA
ccr9 GGGGTTTAACATTCAGGGGCT CTCGTCTCTGGTGCGTCTTG
cxcrd CTTGGCAGTTGTACGGGCTA CCGTGTCCTCGCTTTCTTCT
tnfsf13b ACGCTTTCCGTTTCCAGAGA TGCACCGACACATATTATCCCA
nlrplb TCTACAAACTGTCCCACTGCC TGTTCTCAGTGACGGCAAGTT
nampt GGACTAGGGGTGAGGACCG CAAAGTCTCCGCTCTGGGTC
il1p TGAACTACAAGTTTCAACAGCAGA AGTGCTGGTCATTAACCCGT
B-action GTACCACCATGTACCCTGGC TGAAGTTGTTGGGCGTTTGG

1.9 it

AR S AL ] SPSS22.0 B A AT gt oA, 4
LT bR (X £SE) &R o ST AE
A ¢ KIS CA 1A Con A I TEAML . BB TE
A% F qRT-PCR K45 3 2 [a] ¢ 22 5, P<0.05 &
IRERBE

2 HRESW

21 MiFE£EHSH

BREE G 40 d 5, CA L% IRt CAT
M5 TAOC., MDA, 12 #1 BUN /K- 3 5 T
Con #1(P<0.05).CA 411 % AR fa ifiL 3% SOD i &
FTHE, B5 Con 417018 3 25 5 (P>0.05)(# 2).
2.2 MBEHARFIFI

BTG 40 d J5, Con 441 %0 HEfa i 4141
iR SEHE, AR SE AR T (B 1b), 1 CA 4%

x2 WEBENAFEEMFELSHAZM
Tab. 2 Effects of slkalinity stress on serum
biochemical indexes of red tilapia

n=9; x +£SE
F8 45 index Wg%: ngifliﬂ Uféf:};iiiﬂ
TAOC/(U/mL) 2.95+0.19 2.13+0.13
SOD/(U/mL) 55.71+4.37 44.70+3.83
CAT/(U/mL) 132.91£5.92"  99.91+6.48
MDA/(nmol/mL) 6.58+0.31" 5.08+0.25

1. %&/(umol/L) serum ammonia 338.8£20.52° 181.16+17.14
BUN/(mmol/L) 3.56+0.31" 1.90+0.21
FE: * R P77 7E B35 25 5 (P<0.05).

Note: * indicates a significant difference between two groups (P<0.05).

A E L I v 1 4 (K] 1a) . Image-Pro
Plus 6.0 B Hras B R, CA HAHiENTKE
KL B 2% T Con 2H(P<0.05), ik 485
JEE 7E W A1 0] AR A7 AE 35 22 5 (P>0.05) (3% 3).
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Fig. 1 Effects of NaHCOj alkalinity stress on intestinal histological structure of red tilapia
a. CA group; b. Con group; black arrow: intestinal villous epithelium was partially exfoliated and broken.
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Tab. 3 Changes in intestinal hlstologlcal parameters
of red tilapia under NaHCOj alkalinity stress

R4 NaHCO; HEMETAFT &R
HRANFBERIT
Tab. 4 Summary of sequencing data in intestinal
transcriptome of red tilapia under alkalinity stress

BREEMROA] oKX IR

~/um ind
R /um index CA group Con group

=} L33 B 5 ¢ s L 23
Reah JREAEEEL BB (LR /%) Q20/% Q30/% GC/%
sample raw reads clean reads (ratio/%)

HERKSE fluff length 314.86+14.86" 430.38+24.95
WETEE fluff width 93.25+4.43 96.61+3.28

WUZJEJE muscle layer thickness ~ 56.42+4.46"  74.21+5.68

T * RN PIALAT £E 3% 22 5% (P<0.05).
Note: * indicates a significant difference between two groups (P<0.05).
2.3 PRiE R 4 RAEA

6 L1% 3 £ i 18 i S5 4 S 28 R A )T
FASHY raw reads 7E 41953000~44929544 2 Ja] , %
Pt JE )5, clean reads (5 H 96.19%~96.89%, Q20
{Ejﬂﬁ 99%, Q30 KT 95%, GC & it (5 L 47%~
48%, IXHEZE LR A YO T T R, TR S
LT MR (GR 4).

a o 5 0 b
Can 2. - Cofi 3> 2000

~ 03F Con
E 1500
8 s+l
2 0F e Con 1000t
8 o CA

031 D) 00

“CA_1 o~
€A 3 0
| . (a\éﬁ 52 — CA vs Con

033 039 040 041 042
PCA1 (86.95%)

CA_1 44929544 43335426 (96.45) 99.73 9791 48.0
CA_2 41953000 40466838 (96.46) 99.73 97.88 475
CA_3 42874320 41510656 (96.82)  99.54 95.63 48.0
Con_1 42239830 40924300 (96.89) 99.73 97.76 48.0
Con_2 44043406 42363164 (96.19) 99.73 97.84 47.0
Con_3 42647680 41246250 (96.71)  99.52 95.68 48.0

24 ERRFEEGIE

F R AT (PCAYEE R BoR, w1 P4 £ 57
(PCA1 F1 PCA2)53 Bllf ke T F L3 o3 M A Bl v
86.95%F1 7.27%M )7 2%, H CA 41 Con dIFEAR
Z AL B A s, X e B AR 3 i 41 P R fa
a2l 2 b PR ek =& AR T BH AR Ak (8] 2a) .

C

150
T; 100 B i%’ﬁ
N o Py up
%TJ e i down
T 50
0

0
log,(FC)

2 £r%9E i NaHCO; B8 By 2 AR KRS B 20 i 3l 22 S e 3k B A i i
a. FWAFAHTIEL b 285 KRR FEFRHARIE; ¢ 22 5 RIKFET Sl .
Fig. 2 Detection of differentially expressed genes in the gut of red tilapia between CA group and Con group
a. Principal component analysis plot; b. Histogram of differentially expressed genes;
c. Volcano plot of differentially expressed genes.
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FEWME )G, CA vs Con 41345 3] 2853 4~22 5 3Rk
B, Hrh s 1674 A~ LIHRBEEE A 1179 4~
TR FEF (B 20, ¢).
2.5 GO 5 KEGG E&EH#

GO HEMNMEERERN, ERFRBLHA B
wHE(P<0.05)F 234 4 GO & H b, HrP4lH5 109
YR H . 24 M4 4B A 101 A4

FH F 2 ETE(E 5 F(GO0: 0007165) . E iz
Hi(GO: 0055085)F1 G0 £ 1 Jif (GO:  0006955)55 ¥
BT ERMA s H T, BE(GO: 0016020)F1
2 43 (GO: 0016021)F 4% H & 1) 25 57 Rk i
Wik 2, 5 FORERH D, 25 Rk H F 2
B EETE K S BT P (GO: 0016787) . HEALTE 1 (GO:
0003824)F1 GTP £54(GO: 0005525)%5 14 H

ATUIReAH. EAEYFESREABE Y, Z2REE (K 3).
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o Q 17} o S & o
e £ g g 3 B s
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=] E=] m
5 . S
3 3 &
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<
&
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Fig. 3 GO enrichment analysis of differentially expressed genes in the gut of red tilapia under NaHCOs alkalinity stress
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WEAA (0nl04145); S AF 5 F 28 M Ry AH O3 [ 4 i
PRl =44t it PN - 32 A4 A0 A FH (0nl04060) Fll IgA A
JRAH O 1 18 Hr 25 ) 2% (onl04672) 1 Az FEAC A 56
B PPAR {55 18 #% (onl03320) M SEME A% 1
R B 1R 81 (0n100520)

2.6 MEYREHERECEBBRNTL

B85 360 %) fi 1 40 I 3 5 A A DG A

SO R, A NAYE (B Sa, P<0.001)F12 2

R4 (R 5e, P<0.001), 16 NEEHE S
o, B AGE 14 R BRI, 6 R
TR (A Sa). TERIELIRA WA NSk,
BREE e fif 6 NER AR IA(E 5¢). GSEA &
RO BT 45 5 W R B i 2515 5 N 1 R R 24 0
R A AR 3 % IR Rk (& 5b, d).o
27 BERERNSRENEXEBRANTL
i 82 JBip 360 X6) B T % i S N7 5 B 95 g 28 A A
S Y R, SRR ERE A A PR
g% W 2% (18] 6a, P<0.001)F1 Nod-like 3Z A5 518
% 6¢, P<0.001), 7ERIEKEN A = HiE
B 4838 B, B A i 14 S SE R0
Fik, 2 NN M FRIR(E 6a). fF Nod-like 3714
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Fig. 4 KEGG enrichment analysis of differentially expressed genes in the gut of red tilapia under NaHCOj alkalinity stress

g, PR AEE 7 A RS, 2
ST HRIE (B 6c). GSEA &ML R BoR
Bl A 2515 TgA A JURH G M 3 f 22 I 45 il
Nod-like 52 /45 538 # L J8K3K (& 6b, 6d).

2.8 qRT-PCR IiE
PRBE YA VR FH A B OGBS Y s e
4 F[H (sorting nexin-4, snx4). snx6. L% ENRE

1 3Z /A %L [H (low-density lipoprotein receptor, /dlr);
AR AW 6 BGE ORI K AR BE R &
B 1 FE A (argininosuccinate synthase 1, ass/).S—
i BB R & BN B 3 A (S-adenosylmethionine
synthetase, sams) . T f2 D3 A 5 14 fiff & [ (triosepho-
sphate isomerase, #pi); IgA A= BAH 51718 G 12 R 4%
I OCHE FE N AR LN Tz ik 9 A
(C-C chemokine receptor type 9, ccr9). #afLH -+
C-X-C-3EICZ AR 4 [ (C-X-C motif chemokine

receptor 4, cxcrd) . R YRFE K - B A8 58 175 m 51
13b K (tumor necrosis factor ligand superfamily
member 13b, nfsf13b)F NOD-like 2 {4 {5 51 %
RHEEEIN : BT IRES & SE RALAE M R 214 10 5
(NACHT, LRR and PYD domains-containing
protein 1b, nlrplb). HHPE R w8 A% 0 35 7 g 55
[Al (nicotinamide phosphoribosyltransferase, nampt) .

F 20/ % 1B FE [ (interleukin 1B, il1f)#E1T qRT-
PCR Hiiill, HiiF4s R 5% 4 i i’ —8(R=
0.880; ¥l 7a, 7b).

3 it

3.1 NaHCO; & EMEXTL F 3E & 1M i 4 L B R0
028 1E B A BRI A S 7= Ak — E TG T 4R

H B FE(ROS), LA AT A& T S L EE(SOD

CAT). Btk FEHEAER BN T sh A5 BR,
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Fig. 5 Effect of NaHCO; alkalinity stress on key pathways of intestinal material transport and metabolism in red tilapia
a. Heat map of differentially expressed genes in the endocytosis pathways; b. GSEA for the endocytosis pathways;
c. Heat map of differentially expressed genes in the pathways of biosynthesis of amino acids;
d. GSEA for the pathways of biosynthesis of amino acids.
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Fig. 6 Effect of NaHCOj; alkalinity stress on key pathways of intestinal inflammation and immune response in red tilapia
a. Heat map of differentially expressed genes in the intestinal immune network for IgA production; b. GSEA for the intestinal

immune network for IgA production; c. Heat map of differentially expressed genes in the NOD-like receptor signaling
pathway; d. GSEA for the NOD-like receptor signaling pathway.
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Transcriptomic analysis of stress response and tolerance mechanisms in
the intestine of red tilapia (Oreochromis spp.) during NaHCQ; exposure
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Abstract: The diminishing availability of freshwater resources in recent years has led to a decrease in suitable
areas for freshwater aquaculture, which in turn has prompted the use of saline-alkaline water to meet the growing
demands. However, the limited application of saline-alkaline water, threatened by the presence of a single species
in saline-alkaline aquaculture, notably impedes the development of saline-alkaline aquaculture. A comprehensive
understanding of their physiological and molecular mechanisms of salt-alkaline tolerance is essential to cultivate
species suitable for saline-alkaline aquaculture. Red tilapia (Oreochromis spp.) has good salinity tolerance;
however, the metabolic response of red tilapia under an alkaline environment remains largely unclear. In this study,
we compared serum physiological parameters, intestinal histology, and transcriptome in red tilapia between an
alkalinity stress group [CA, (35.51£0.17) mmol/L] and a freshwater control group [Con, (1.75+£0.08) mmol/L].
Exposure to the alkalinity condition for 40 d resulted in increased serum catalase (CAT) activity, total antioxidant
capacity (TAOC), malondialdehyde (MDA), ammonia, and urea nitrogen (BUN) levels (P<0.05), indicating an
imbalance in ammonia excretion and antioxidant defense occurred in red tilapia under alkalinity stress; notable
damage to intestinal fluff, thinning of the intestinal muscle layer, and damage to intestinal epithelial cells were
also observed in the CA group, suggesting that alkalinity stress may disrupt normal gut physiological function. To
investigate potential regulatory mechanisms associated with the observed biochemical and morphological
alterations, we conducted a transcriptome analysis. Principal component analysis (PCA) revealed a clear
separation of the samples from each group, suggesting high-quality data. Based on a log, (fold change)of =1 or<<
—1 and P < 0.05, we identified a total of 2853 differentially expressed genes (CA vs. Con), including 1674
upregulated and 1179 downregulated genes. A total of 234 Gene Ontology (GO) items were found to be
significantly enriched, such as signal transduction, transmembrane transport, and membrane. Kyoto Encyclopedia
of Genes and Genomes (KEGQG) analysis revealed 112 key pathways in the intestine of red tilapia in response to
alkaline stress, including endocytosis, biosynthesis of amino acids, intestinal immune network for IgA production,
and NOD-like receptor signaling pathway. Gene Set Enrichment Analysis (GSEA) confirmed the activation of
these four pathways under alkalinity stress. To verify the accuracy and reliability of the RNA-Seq data, a subset of
12 differentially expressed genes was chosen for qRT-PCR analysis. Correlation analysis revealed a strong linear
relationship (R* = 0.880) between the gene transcript level data obtained using the two methodologies, thereby
validating the reliability of the transcriptome sequencing data. Overall, our results suggest that alkalinity stress
may damage the intestinal structure of red tilapia and induce oxidative stress. The changes in the expression of key
genes involved in intestinal transport, metabolism, and immune response are crucial strategies for red tilapia to
tolerate high alkaline conditions. Our study provides essential insights into the effects of alkaline water on the
health and adaptive functions of red tilapia. Furthermore, it sets a crucial basis for future research on the molecular
mechanisms that govern stress responses and tolerance to saline-alkaline exposure in fish.
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