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IR AN R R B R R . ANEANTE AKG J5, 80538 9T LB AN (B T A5 2] T BEWKE, A . EE(MDA)
SEDFERIC, 5 CHMIL, TAHM F AL R (Proteobacteria) - B i E WA, Wi B BE I | ] (Firmicutes) i) 5
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R IABE Mmook B E B, BB R sRAEER Q10
A R 1 B B (Micropterus salmoides) % 3%
SEAR AT 5 S 0 R T, T 4 A R A S 5
ok 7 e 1 i 5 4 £6.(Oreochromis mossambicus)
(G2 I R Ak Be 1), oA KM RE, S h
s S 7 RS AR e, M 785 715 2% Meng 2501
WEFE R B, A= 22 22 M R0 0 0 68 408 9% 1 i 2 55 1 Joly
18 T #il(Carassius auratus) i) 4 U HE F i B B RE,
M B8 Z8 ff BE IS N o A R — JR R (TCA) g 35
o) DG B TR AR, o- B I 2 (a-ketoglutarate,
AKG) B A P AL FIPT 2 R, (5] B 7 i AR
AR = R RN e A B
K AMIEE RN 8 AKG %8R (Cyprinus carpio)'*!?)
1% 71 (Ctenopharyngodon idellus)!™ [ A4 K- 4 fig
A B G 5 I g AR SHEAE Y, A HC A e 2 6 Bl A 5
W S K AR AR R B S A 1 DL S i 1 TR
BRI B =

fili(Carassius auratus)ff: & [E & 2 1k K 2
CrARa A, BT A M SRR A, T
205 4 U £ ke 364 o (PFAS)! ) R4
% BE(DE)' | AR TR T (2- £ 2 ) IR
(DEHP)! 745 3R 55 35 Y ) 3of HL A 35 7 52 i WL AR
A BRI SR 7K AR B I L Y BRARAR R
AR R 5 A0 SR fol AR K A%, et
e o AR EE R 0, JFAEIH AW . fe 5 B AR A5 5 T
A AR U™ f0 2t e M VR AE A R 1
FERE AR EE AR T mAEAEEEL, X
SET A WIRE TR 2 18 it IR A A R 15
iU X AN 7 AR R | R A R R,
2 I Pt T S AL IE 3 (9 2 BEMLAERY) . AR50
A TS A IR UE AR, T AME
#FE AKG XA R £ B v B iz 18 B A Ak
fiftg AL 1 LA 38 B DR T AL, N T
AR ST I Bk R R B R B BT R 1 18 S
T Refa R AL B S FUBOE 5

1 #RETE

1.1 SEImEE
S Al ) Ak 3 FH B A TS Rk, T Ll AR
BRI R A F . BARS 7 Fl AKG it b S RE2E

HZHT S g P,
1.2 W 5XWzHY

S B FHAA VAR B [(1305.2) @] H v [ K 7
BFAF 5T BE 22 Ip VT AK 7= B 5 r I 2 S8 sl B A3
TESZYSTFIRTT, A 5246 fh 34 78 S A 0 fif Ji sl K
()% INFEFR (200 L, 100 cmx50 cmx40 cm)HiE
NEAREEW A o e ARRE . RIAR IS S) L AR R AF
MK, BEOLAY R 5 ANAEFEZ: 1 NIRRT IR4(C
2H), 2 4~ 20 mmol/L NaHCO; % #Z 4 (T 41 . TA 41),
2 > 40 mmol/L NaHCO; Z&#2 41 (F 41 . FA 41).
KPR 3 AFATH, BT 20 B
i, NaHCO; A B 1% IR U 28 i W52 40 01 2
5 op EDK A A S R G R R K S R R
SIS TR R, A DN A A S I AR 1 ) e A
KW UR AR TE . Ay obk G 7 5 58 S0 6 e o s 3R
AR R N, NaHCO; #¢ B M IR 7K ke DL 4
K 5 mmol/L 1Y 38 B 74 F+ 28 5L 4R B 20 mmol/L
1 40 mmol/L.,

2ot 7 dAE NS, FFAR A S S Ab B S0
RN [FVR B 1) AKG i3 iRk}, H¢2E 30 do HLik
S 2H hy FREIER AR IR K 3 E N C 4
PR ILRIAERLA 20 mmol/L NaHCO; % 52 2H % &
JT #H; M 1.0% AKG fERA 20 mmol/L
NaHCO; ZFEH I N TA 4; R ILRFE R Y
40 mmol/L NaHCO; i E N F 41;
1.0% AKG T} 40 mmol/L NaHCO, £ 75 2H 15
 FA . & H R EDRL R AR E 1) 3%, 761
FEEI R, PRGN GERE L A2 AT
FE R, ForpgiAr), A H 8:30 A1 17:00 435l
WL 1 YR, FRRIENE 30 min S5 FRARH AIZEAE,
WARK FUANZ 5 Y o SEI T IR], 7K TR 3 i 76 (24+
1) C, WA AE>6.5 mg/L, 2 A MEEHI1E
<0.6 mg/L, C 41/ pH 24k 7.3, T 4181 TA 41 pH
250 8.6, F 411 FA 4 pH 24 9.2, F 2 Kk
1/3 o fiff FH R B 72 725 W I NaHCOs ¥, #fi {7
20 mmol/L ) NaHCO; % §& 2H i J& 4k 7 75 (20+
1) mmol/L, 40 mmol/L ) NaHCO3 % &% 2 il & 4
FFTE(40+2) mmol/L . RFEHT 24 h 28 ¢, WA~
PRI REHLAMIEL 8 F2 A, {1 100 mg/L B & 3R H
ik 2, T8 P PR VA T (MES-222) 44 B % 3 R T JFR
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B, ERTEUK FoRAE R IGIEREA, JFT UG
HNHNEY, A 2 mL RS, MENFERE
BWA TR IRIRAE, P FE R e R 58 LR
24 h WAFIT-80 CUkFaH, TRIEEL T,
1.3 SRIENES5IKF

il AR R AR 20 Hr KF-(XS205DY,
Mettler Toledo A H]); 5B O HL(Allegra X-30R,
Beckman /4 Al); 42U K B bR (SpectraMax Plus
384, Molecular Devices 2 )); ¥ %Y 5518 & 2H 2R
fF )5 2% (SCIENTZ-48L, SCIENTZ Awl); &4
Y6 1 (NanoDrop 2000, Thermo 23 #)); o-Hi %
T MR(AKG, HPLC=98%, i A4 #Ht A B
N, ) Z 2R R 2R O R A (MS-222,
Sigma-Aldrich 2\ H]); Bkl Z 8N (o Hral, K
RN X R KA 2= ).
1.4 AKIEHRNE

TR TR 5 45 R B 145 41 S 3 A AR B,
I g B A AR EE AR, TR LR R R
FrEd K&, HHEAXT R

G K (survival rate, SR, %)=2&KEE/HI IR
FEEx100%;

14T % (weight gain rate, WGR, %)=(CKI¥J -
K H )/ 1 HE % 100%;

e A4 K K (specific growth rate, SGR, %/d)=
(In RIJHE~In W)/ T2 RE<100%
1.5 MENESEKEIERNE

80 CHRAFMImEHALENET 4 Chit
PRI, FREL100 mg B L, MIA 900 pL A 3 ER
JK, £ 4 °C.2500 r/min F &[> 10 min, X4 FiFE
WG R T A OGBS PR R AR I A2 o BT B A A
it 40 45 - 8 A Ak ) B AL I (SOD) . it A Ak A g
(CAT) . T4 -5 (MDA); 71k B 10 35 3€ #) i
(AMS). JBEEHABHCHY). AgWHEFDLPS). KL EoN
Flkig il a0 34 ok R o A ) TR
FEIT, R Ty A R & U B AT
1.6 BAEREWSH

¥ E.Z.N.A.Soil Kit (Omega U.S.)it | &Hh
R TERE S A A AL DNA, 1% 09 B8 AR EE I Ha, Tk 4G
D4 42 i f . DNA - ¥k B A2 )i i iF NanoDrop
2000 JE . A MGI4Y 338F (5'-ACTCCTACGGG

AGGCAGCAGCAG-3")#l 806R (5-GGACTACH
VGGGTWTCTAAT-3)H FH 4 faift 16S rRNA
FERY V3~V4 DX SC R A8 R s 3 7 /1
MR EY R PR R AR S, WF)E, (HH
UPARSE # % B 97% AR X BT 13 81 2R T 3R 2
AT, R4S 45 AE 73 25 BT (operational  taxonomic
unit, OTU), Alpha Z A48 510G i3 mothur FXf411
., KEGG YJRETMI# ] PICRUSt #XF5E . R
H LEfSe (Linear discriminant analysis Effect Size)
AT TR, B GE AN R IR T 2 8 K =
255 0 S BN 2
1.7 HEHH

BE 43448 F GraphPad Prism 9.0 1 SPSS 27
B, KRBT 2Z 001 (ANOVA) Al C 41,
T4 . TA 4. F ZHF FA 222 [a) i 25 5 i &1
5 R L S HAARE 22 (X £SD) KRR, B 5 (*)FR
FALHRA R B AT B R, Bk O 2RO
P<0.05, **E /R P<0.01, ***F/R8 P<0.001, ****3
7~ P<0.0001,

2 HBRE5HW

2.1 HKIEHRTH

R, SCH T E AR R R
B, PG DRSS AT, I AR
AR R R B RO T, PR IS A TG R R
100%. FE 1 Al 5 C ML, 4 mi iR
KA B E R A(P<0.05) o Bl A Ak TR SR vk B 1) T
PR 22 5 4 e 3 R R R AR ORI R
TR, Hor, 5 C 4IAiLE, T 41/ F 4L &
BT RET 27.72%F1 38.46%, J5E A=K 4%
BIRFET 0.62%/d F1 0.90%/d (P<0.05). %Mt AKG
Jei, B BE EE RNRR AR KOR I B S HE n(P<
0.05): 5 THAHEL, TAZLAYIE B RHEE T 18.63%,
FrEE KRILE T 0.43%/d; 5 F4IAHL, FA 20y
TR T 21.21%, Freb KR35 T 0.53%/d.,
22 MEWEEETK

Wi 1a A1 1b fi7s, SOD Hl CAT 3 4 5 5k iR
ER R B R B S S C A EE, T 414 SOD
TETERRAR T 21.8%, CAT iGPERER T 18.8%; F 4
) SOD THEYEREIE T 29.4%, CAT THEPEREME T
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27.7%. ANEANTE AKG Ji, T H IS YA i
Tt 5 TAM L, TA 41/ SOD TR T 11.4%,
CAT KT E T 14.8%; 5 F 4iAHEL, FA 410
SOD W METHE T 21.5%, CAT WEMTHE T 27.2%,
TA 401 CAT F1 AMS {54 LA X MDA &5 C 4l
H 3% F5(P<0.05), FA 411 SOD Fl CAT % #: L)
K MDA &t C 44 B 3% 2 5 (P<0.05), bifi

F TR PR ER Bl BE B T 5, T 41 H1 F 200 MDA & &
WEWAN, 5 T M, TA 4/ MDA &1 3%
FER T 13.6%; 5 F 4IAfLL, FA 41/ MDA & &
WERILT 8.2% (K 1c).
2.3 HWEEEMERE

TERRRER IR EE T, BAILL(T 4. F 4D
AMS 35 M5 T R 2 A L AR, a0 AR T

R1 AR ZEBAKG)XT 8 £ KR ME

Tab.1 Effects of a-ketoglutarate (AKG) on growth indicators of Carassius auratus

45 VIR A /g LR /g HE A% R R R(%/d)
group initial weight final weight weight growing rate, WGR specific growth rate, SGR
C 63.17+0.06" 103.55+0.05° 63.92+0.26" 1.65£0.03°

T 62.99+0.12° 85.79+0.10¢ 36.20+0.12¢ 1.03+0.00¢

TA 62.87+0.05° 96.00+1.61° 54.83+0.05" 1.46+0.07°

F 62.94+0.05° 78.98+0.13° 25.46+0.25° 0.75+0.03°

FA 62.92+0.04" 92.28+0.21° 46.67+0.08° 1.2840.09°¢

e FATEAE B AR/ NG SRR RAR AN [ 20 (8] i 35 2% 5 (P<0.05).

Note: Different lowercase letters indicate significant differences between groups (P<0.05).
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TA F FA

Bl 1 o B R (AKG) X iz 18 A Ak 48 B 10 52 i)
a. BEAYBALEE; b, W EAWEE; c. W d. €M e. SRR £ ABIIEE. *: P<0.05, **: P<0.01, ***: P<0.001,
#Hxk: P<0.0001. C HIR/KAL; T o~ 20 mmol/L NaHCO; Z #2640 ; TA & 20 mmol/L NaHCO; 5 # AKG WM 4H;
F ¥ 40 mmol/L NaHCOs; % #& 4l ; FA 2y 40 mmol/L NaHCO; %2 AKG 4.

Fig. 1

Effects of a-ketoglutarate (AKG) on intestinal biochemical indicators of Carassius auratus

a. Superoxide dismutase; b. Catalase; c. Malondialdehyde; d. Amylase; e. Chymotrypsin; f. Lipase.
*: P<0.05, **: P<0.01, ***: P<0.001, ****: P<0.0001. C is freshwater group; T is 20 mmol/L NaHCO3 exposure group;
TA is 20 mmol/L NaHCO3-AKG regulatory group; F is 40 mmol/L NaHCOs exposure group;
FA is 40 mmol/L NaHCO3-AKG regulatory group.
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21.2%F1 31.8%. 5 F 4IAH L, FA 4119 AMS 5 14
BEIET 41.6% (8 1d), CHY iEMEYS AMS
(728 ALk SRR L, (H 4% 40 1a) G S 35 2% 5 (P>0.05,
Kl le). LPS IS S, Bl A b FR £ 6
WETE, T AMF 410 LPS IGtE B Wik, 5
C @A Ll, F 419 LPS 3Pk AN T 42.6%.

5 T M F HAMLL, WA AKG L4 (TA 4
FA 41)iY LPS i&MEYA i g, Havdlil =z |7
i #E 2 F(P>0.05, A 1f),

24 BEMEYVTAR

241 MEREVHNESEMSHEYE MM
P V2%, RN 50 e UE1 T )5 22 ks
Y2 RV R R (K] 22) B-ZREMES P T
A b5 HT (principal coordinates analysis, PCoA)
52 4% 41 1) Jog 38 G A= W BE VR I L 22 55 . PCoA

SRR, TERRMRERDRER T, BAIZ(T 4. F
AR FEZH(F 40 . FA 4H)R9REAS 5 X) BRZH B i 4y
B, XRY -2 T BEEm(E 2b). o
Z RV T ACE . Shannon 1 Sobs 8 50kK /i e i
R FEE ERMEZEE, 450 ER(E 2c~2e), BRR
%% )5, ACE. Shannon F1 Sobs 54534 F %,
HAiRRMA: 5 C Uik, T4 ACE F850 T F%
82.8%, Shannon $§%{ N 21.8%, Sobs F5% T K
77.9%; F 411 ACE 4844 T F% 67.9%, Shannon $5 %X
T K% 16.9%, Sobs 844 T % 61.6% .M £k 72 AKG
Ja, X 3 MEESSA T LT 5 T 4, TA 4
#) ACE #8%( I Jt 521.0%, Shannon 5%k I~ 7t
45.8%, Sobs 5%k I T+ 480.9%; 5 F 414H [k, FA 4
i) ACE #5 %1 I 71 38.1%, Shannon 5% T [ 28.9%,
Sobs F5 % I Tt 23.8%.

& 1300 W Bk rarefaction curves b OTUKYH T As4R404 pCoA on OTU level
0.6
1200 —g oC
1100F — a 0'4_.¥A
51000} _F F %
5 900 FA oA
£S5 so0l - 02
H =]
85 700} & gy
= E 600 g 0 {
B g soor g \'\_/
NE 400} A& —02L
2z 300}
% 200 A (
100
R S T T T T T T o 06— —
S LS L LS $ P ~0.8-0.7-06-0504-03-02-0.1 0 0.1 02 03 04
T S A O S o
FEAS FEEE E numbers of reads sampled PC1(32.69%)
1500 [ ¢ 6r d 1500 - €
1000 - 34— & 1000 -
3z = ’¥E
23] = %
@) g 2
< = wn)
500 “af s00 |
0 1 1 1 1 1 0 1 1 1 1 1 0 L 1 1 1 1
C T TA F FA C T TA F FA C T TA F FA

Bl 2 AKG X iz B A Y 2 RE v 5
a. FiBEHiZk; b. PCoA 43#)T; c. ACE F5%; d. Shannon $5%¥; e. Sobs #5%4X.
C AHRK4L; T 2 20 mmol/L NaHCO; 2 #241; TA & 20 mmol/L NaHCOs 258 AKG P41,
F 2} 40 mmol/L NaHCO; % #41; FA &7 40 mmol/L NaHCO; % # AKG J#541.
Fig. 2 Effects of AKG on intestinal microbial diversity of Carassius auratus
a. Rarefaction curve; b. PCoA analysis; c. ACE index; d. Shannon index; e. Sobs index.

C is freshwater group; T is 20 mmol/L NaHCO; exposure group; TA is 20 mmol/L NaHCO;-AKG regulatory group;
F is 40 mmol/L NaHCOj; exposure group; FA is 40 mmol/L NaHCO;-AKG regulatory group.
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242 BFEMEVHNEHRFIAR K 3a BRT
IS HEA B i E R o TETTKOF |,
AN TR Ak B 2H 1 iz T AR I RE TR S5 R AR AR, (B 3
WITFEEAR, C A EEHITOREEILET]
(39.3%) . JEBEGE1(24.3%) . PEMEETT(11.7%) A
BT IT1(6.3%) T HLIRE BT &, FEHET
90%; F 41/ R T ARTE W 11(76.4%) AT I
I 1(7.0%) FI LT 171(6.7%) . TA 2H £ % i 2 I 14
I7(34%) . JEBEET(18.6%) FIHT L H11(15.2%) 1
Ji; FA 20 32 AR TR BT 1(70%) JEBETR 1] (12.1%)
FRRFFE1(10.0%) 4%, 5 T 41M F ALk, sk
JEANFE AKG I REAR T Bk R 5R 0 5 5% I I 1
AP AL T TR FBE(F 4. FA ).
TEJE K I, C IR BAFERE (8.9%);
T 21 A0 3 T4 8 2 i 5 71 (13.3%); TA 21
P 8 R 2E AT (9.3%); F 4H.(23.7%) 1 FA 41

HiAth others
0.2+

S
¥}

2 1.0 '- = — b 1.0
E [ — W AFFEH ] Proteobacteria <
2 08} . B o ] Firmicutes 3 08
g ’ W R ] Actinobacteriota g .
‘m‘;’ W HERE ] Verrucomicrobiota i g
-H-]-Fg-' HATHII] Fusobacteriota 4t ;‘)
r 5 0.6¢ W 5[] Chloroflexi =9 0.
Zy Dependentiae = 3
by B A Patescibacteria -3
®g04f  GEHIERT ] Nivospirota % 5 0.4
=% o
o
2 2
2 i
:

[=)}

Nl

(26.2%) I 4T T8 & Ay LG T 8 (] 3b), 75 F 4
1 FA A, SRR B 3R (7.0%, 10.9%),
F 440 FA it & S MU & (9.8%, 12.6%)

Wit LEfSe BAEXT 5 4 miB EBEREAR T4
0 5143 H7 (linear discriminant analysis, LDA)(/&]
4a), SLPUNH 35 A YIRS AR A U Z [ AE A
BEXES, C AARIAKREAR, ZATHEHE . 204
FRL . ZEREFTREE S 10 258, THALIEHET.
BRI H . OB 4 2B, TA 48 2
FFRERN . R . TR, R E
0 NEBE, FAAMCRGHIE 1 25, FA4A
SN . mILIREIE ., CBFRMEE ., e
FITE 10 2EHE, {81 ] PICRUS2 T )7 38 B8 3 114
Uife(& 4b), EZW RAeRACH . ZIERACHT
ARG AR . AR AR . AR BTG fa e
UIfeSF 2 A M

C TTAF FA

B % FLRHER Shewanella B REAFER Shinella
K KPR deromonas W 533AF R Mycobacterium
W BRI R Sphingomonas ™ EWIERHR Perlucidibaca
B GHFEJE Cetobacterium B {52 /REEME)R Burkholderia
AEFFEIR Acinetobacter W SFHLIE)E Pelomonas
. = W [BEHEE)E Pseudomonas M ASLEARIRE)E Bradyrhizobium

%355 Wi )& Neisseria M unclassified_f Neisseriaceae
. . B Tardiphaga unclassified_f Erysipelotrichaceae
B X E{KJE Neochlamydia W ZEHAFFEEJR Bacillus
ZOR0006 THALIRNER R Nitrospira
M norank_f Babeliaceae B HAth others

W HATH )& Phyllobacterium

M unclassified_c__Bacilli

M norank f JG30-KF-CM45

W RIERIFFI)E Paenibacillus
B HB Vagococcus

M norank f 67-14

K3 BB R KPR
a. [IKTPARXT 1 b @RI F . C IRK4L T 5 20 mmol/L NaHCOs 27 41; TA &7 20 mmol/L NaHCO;
4 AKG JH#£41; F i 40 mmol/L NaHCO; % #401; FA Jy 40 mmol/L NaHCOs ##% AKG i #x41.
Fig. 3 Relative abundance of intestinal microbiota of Carassius auratus at phylum and genus level
a. Relative abundance on phylum level; b. Relative abundance on genus level. C is freshwater group; T is 20 mmol/L

NaHCOj3 exposure group; TA is 20 mmol/L NaHCO;-AKG regulatory group; F is 40 mmol/L NaHCO; exposure group;
FA is 40 mmol/L NaHCOs;-AKG regulatory group.

3 it
Bifi 5 4 BRK = i 75 2R 1 (A 38 5 3R 2K 9% TR )
H 2 Ak b, Rk 08 2 i o i o8 i A 5, 8k

B /K 18 % B A DR I B A 4% LR 9 3 H 25 O A TR
BN AR Ry = IRIRAE IR R B S ) 28, AKG
AR AWM . KEARSWHTARYIR, £ 2

Z 5 R R AR ETRNZUE R AR A5 A B N P gk g
SMANIE AKG R R #h A% B T IRK 128 il
SR RN A 43 1) A S A P B B 3 A A A 1 A
AIBIFFE B i . AT SESS & L2 A8 AR A 3
AW, XHRKAL . NaHCO; % 85 41 fl AKG 4%
HPATXE oA, S5REM, fER T AKG AT
DA 55 2 ffe 00 DR P A ol e 8 5 | ) i S AL
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CAT 15, FERAT B DI LA
3.1 AKG ZBHBEBRIEIEZESHNHGESK
v €l b

IREE I8 T 75 3K AR S W A T M E(ROS),
SR IV E=RIAIA 8 AR Sy £ =R AR GOE ]
FRm, YRS R BT ER N R, Hop
SOD-CAT Bjj 1A 2 J2& o vy 1) SC S 28 i 43, 2
A LB 155 —TE B2k, 5 4 FRRpLIAE AL
W JFOF-A, RPN A S A7 AR B 5 E P T
PR ETIR, RIREATE F(0y), HEiEsT SOD
Ak Ry it AL A (H00)70, BiiS Hi CAT 4Mif = A
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TA is 20 mmol/L NaHCO;-AKG regulatory group; F is the 40 mmol/L NaHCOs3 exposure group;
FA is 40 mmol/L NaHCOs;-AKG regulatory group.
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Abstract: The roles of a-ketoglutarate (AKG) as a supplementary additive have been proved in improving the
growth performance and immune response of several carps, while its effects are rarely studied on repairing
oxidative damage in target organs of aquatic organisms in carbonate-alkaline environments, as well as the
regulation of intestinal microbiota. As a prominent freshwater economic aquaculture species within the Chinese
fishery industry, crucian carp (Carassius auratus) has good attributes of swift growth and robust adaptability,
making it an ideal model for probing into the saline-alkaline adaptation mechanism of freshwater fishes. This
study explored the mechanisms by which AKG modulates antioxidant enzymes, digestive enzymes, and intestinal
microbiota in crucian carp under carbonate-alkaline stress. Using biochemical analysis and 16S rRNA sequencing,
five experimental groups were established: a freshwater control group (group C), two carbonate-alkaline exposure
groups (20 mmol/L NaHCOs;, group T; 40 mmol/L NaHCO3;, group F), and two AKG supplementation groups (20
mmol/L NaHCOs;, group TA; 40 mmol/L NaHCOs3, group FA). The experimental crucian carp were exposed to 20
and 40 mmol/L NaHCO; for a period of 30 days. Finally, six biochemical indicators and intestinal microbiota of
the experimental carps were measured and then analyzed with GraphPad Prism 9.0, principal co-ordinates analysis
(PCoA), and linear discriminant analysis (LDA). The results showed that with increasing carbonate-alkaline
concentration, the activities of superoxide dismutase (SOD) and catalase (CAT) significantly decreased, while
malondialdehyde (MDA) content increased. Moreover, the activities of digestive enzymes (amylase, AMS; trypsin,
CHY; lipase, LPS) in the intestine were also significantly declined. However, after the exogenous addition of AKG,
both antioxidant and digestive enzyme activities were notably restored, and MDA content significantly decreased.
As shown in PCoA, there were some differences in clustering degree between carbonate-alkaline exposure groups
(groups T and F), AKG supplementation groups (groups F and FA) and control group (C). Compared with the
group C, the abundance of Proteobacteria increased significantly in the groups T and F, while the abundance of
Firmicutes decreased. The dominant genera in the groups T and F were Sphingomonas and Shewanellaceae,
respectively. In contrast, in the AKG-supplemented groups (groups TA and FA), the abundance of Proteobacteria
decreased substantially, and Firmicutes considerably increased. The dominant genus in the group TA shifted to
Bacillus, while Shewanellaceae remained dominant in the group FA. According to KEGG function prediction, the
functions of the intestinal microbiota were mainly involved in multiple physiological processes such as energy
metabolism, amino acid metabolism, carbohydrate metabolism, nucleotide metabolism, signal transduction, lipid
metabolism, replication and repair, immune system and immune disease. In summary, this study demonstrated that
carbonate-alkaline exposure destroyed the antioxidant defense system in the intestine of crucian carp, leading to
oxidative stress, while reducing the abundance of beneficial intestinal microbiota. AKG can enhance the
antioxidant enzymes of crucian carp by neutralizing excess oxygen radicals and inhibiting lipid peroxidation.
Owing to the improvement of the absorption and transport of nutrients, the digestive enzyme activity of crucian
carp was intensified. Furthermore, AKG regulates the composition of beneficial intestinal flora by means of
providing energy support. In conclusion, supplementing with AKG effectively alleviates the toxic effects of
carbonate-alkaline environment.
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