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DORR, ikl e 2 AR, TRl Ish il i A ARG A
PR s s B AN SO A, 3R] RE S B
KA EEFART, HRR P hnwsaT LLJE Y g it A
BUAH G B R B ia 35 T Rk, 48 S IR 3
T W5 SUAR 7 Bl (Takifugu obscurus) WANIEIE 71 . L
AALBET) . BB AR RUFIE BT ™ fe kAt
0TI G 105 & BRI HERE W7 5 iz, /b h AR R
118 (Eriocheir sinensis) I3 i i IR i B 2200, BfF
TRV, vt akmERELT, BEA 5%
PRERVECE., T BB A A, R 16 fid
FREUO, 35 EH R TCHL#E KT AT LLSE i 2 W SR
J7 Sl i JEFRE A B TEAS  HEB T DO N
THALRE ) R i A= Y

i\ P AR (GIFT Oreochromis niloticus) J2: 4%
BRI REW SR, BAAERKR | gt
UG ST . PR ST R S R B I AR, Bl
WO E D AR SR R R, TP AR
RS E R ORC A B Z W sT, 6 AN R
Yao Z¢ A3 4R IE T w2 A O R SO Y
7 2R A2 R 0.85% A 0.86%;  Ribeiro: ' Al
Boscolo 48" 43 il 4B T Je % % k44 (O. niloticus)
2yt 0 R E R I SR BN 1.10% F100.74%. 5
H AR A AT X 22 B A0 38 5 AR g 1 1R
Y52 e A BT HRGE . AR SIS LA B A AR R
FEXFGE, SR HEACHI A 2 F 16S rRNA 1538 5 )
PR NE 77 20 27 10 #R B 2R et 5 il b il s =
B A A s SR AN A R S, DL
P X B A B R TR A

1 MRS

1.1 SCIgARt

DA T 25 1R BH e o 2 DR, Al AN T AE R
REMGIR, WOREAE MR, BERR — 285 (—K) 1ENR
WV, WA 3 A iERE, LIRS A R R
WL 1, WIEE NI ARG R, Py
TR S 1038 FLK SN 0.74%~1.10%. 15 I LAk
e DR B TS Y E A 0%, 0.5% F
1.25%, 55 BBE K531 R 0.26% (NI 2) |
0.81%(ifi B 2H ) 1 1.51%(mi 4o A5 TP kL
BHEYRRE I 40 Hf, &R0 (& 1) HLBIFRBUR R},
T OB IR APLBERE 10 min 5, 221200 A faih
G Ak S P 5 0 W B IR OB, A 45% 7%
TR AR LB P 5 min, FH/NRIZ AL | mm G5
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JERLEOIR, FIMETHUEE TG, K &R 2 0L
fAi PR B S ek 20 H O, 0 _E90°E T 20 °C vKEE
AFEH .

®1 KEEREEREETRS
Tab.1 Ingredients and proximate chemical composition of

the experimental diets

0% groups
R T

ingredient fRmEE &R ik
LP MP HP
B& /%  casein 36.00  36.00  36.00
HiMZ/%  gelatin 9.00 9.00 9.00
BIKE/%  dextrin 3200  32.00  32.00
f13H1/%  fish oil 3.50 3.50 3.50
/%  soybean oil 3.50 3.50 3.50
AR FRAELY/%  vitamin premix 1.00 1.00 1.00
TR FIREP/%  mineral premix 2.00 2.00 2.00
SALHERR/%  choline chloride 0.10 0.10 0.10
ZEAER%  TiO, 0.40 0.40 0.40
R S5 7K)/%  Ca(HoPOL), H,0 0.0 197 492
FALEE/%  CaCl, 2.17 1.30 0.00
ST 4E /%  micro-cellulose 10.33 9.23 7.58
Mt total 100 100 100
EFEB4 proximate composition
JK%3/% moisture 6.86 5.90 6.09
Y H/%  crude protein 36.85 3648  36.81
HLIRWI/%  crude lipid 7.40 7.09 7.93
K43/% ash 3.46 4.05 4.77
S BE/(kI/g)  gross energy 19.49 2037  21.32
JAT#%/%  total phosphorus 0.26 0.81 1.51

e 1) GEAE R BURE T SRR AEVA 5000 TU, VD5 2 000
IU, VE 60 mg, VB, 5mg, VB,20mg, VB;10mg, VC 120 mg,
VK; 5mg, UL 400 mg, MAZ120 mg, 245 10 mg, HAZ 1 mg,
MR 0. mg; 2) BRI AT 9 RET S Fl R L Ca(CH;CHOHCOO),
6 540 mg, FeSO,42.5mg, MgSO, 1340 mg, NaH,PO, 1 744 mg,
NaCl 870 mg, AICIl;3 3 mg, KIO;2.5mg, KCl1 500 mg, CuCl,2
mg, MnSO, 16 mg, CoCl,20 mg, ZnSO, 60 mg.

Notes: 1) The vitamin premix provides the following per kg of diets
contain vitamin A 5 000 IU, vitamin D3 2 000 IU; vitamin E 60 mg;
vitamin B; 5 mg; vitamin B, 20 mg; vitamin B4 10 mg; vitamin C 120
mg; vitamin K3 5 mg; inositol 400 mg; nicotinic acid 120 mg; calcium
pantothenate 10 mg; folic acid 1 mg; biotin 0.1 mg; 2) The minerals
premix provides the following per kg of diet contain Ca(CH;CHOHCOO),
6 540 mg; FeSO, 42.5 mg; MgSO, 1 340 mg; NaH,PO, 1 744 mg; NaCl
870 mg; AICI; 3 mg; KIO; 2.5 mg; KCI 1 500 mg; CuCl, 2 mg; MnSO,
16 mg; CoCl, 20 mg; ZnSO, 60 mg.

1.2 S &EMREFEE

SIS B P AR SRR T T E R R R
HFlg, Sl Mm s 2R 0UE, ERITK
FERR T E WG KSR RGN IIAL 4 J5, Y4k
WIlE) B HOFSERE R SRR 3 0k 1B SE T,
156 36 h, BEEUEEERTG L . MRS — B0 S & P Ak
1360 J&, BEMLIMTE 12 N FRFEM (R=0.82 m, 7K
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=075 m) b, A 30 B, 0 3R,
H4NEE, MR 3K (8:30. 12:30 F116:30),
H MR IR T 1 3%~5%, B RIEME 1 B AT H
WA E Rk, 2 AR 1k, AR AR E AR L
AR, FRFHSCI AL 8 AL SIS I KR 4R RE
28 °C, FRICHFELE MFEEFILTIEN . B H
i B A3 DR AT GT  B 2R 1) 3o B VD TR AT R vk
[F] A FE 2 10% #ioK o BRI KRS580 1k,
SEE IR FE K RSB . R E>5 mg/L, pH:
6.5~7.0, M A <02 mgL, WA4IREL<0.05 mg/L,
ARG R JE 0

1.3 HEXESAIE

FEAE LI ZE AR 2 IR SR A, R
FH T W 3k 76 35 & B AR HE A o 04 5 R) BE (20
00~21: 00) YAk . Brie (Kl 5L 21
FEMEHATR IR TS, WAETE—40 °C R vkA IR
17, AT RUWHEARGNE, FRELBEERG,
24 h, VAR HEAT IR EOMBRE, T
SRR AR AR TR 3 R A i I
HpRK . fRE, RGN, BONIE . T
FRILT R, FH PR L o RS L R0 A W R 4
f6 b5 TEAE 3 B A GRS IFNE . i 43 A
g, MABRA L, T-80 °C vKAf h - A7 4%
F, T AR 5 20~ Rl i A= il 52 o 4
A 3 8 0 5 BR800 R i il

SRR PR E B RSESE S sh )
ARBFFEAAT T v B K= B2 5 B K VLK = i 5
JUT S ) A BN B AR B ZS 51 2L (YFI-2021-
IMOS), SE5G It R VRN A ST v R K R
SEWFFE B K VLK =BG T AR BRI, I B
IKFERF A ST BE K VLK =I5 BT A BE 22 51 23
PRI 1 B PRAT

14 MESE

& KM gE T R4 23 20t 5 R
(WGR). $#EH K% (SGR). Tk &%k (FCR). T
fKLE (HST). HEfAR EE (VST) MR (CF).

B R (WGR, %)=(W,~Wy)/Wx100%

FiE 4K (SGR, %/ )=(InW ~InW,)/tx100%

Tkt 2B (FCRY=F/(W ~W,)

FFAREE (HST, %)=W,/Wx100%

WEM L (VSI, %)=W,/Wx100%

AESF EE (CF, g/em®)=W/L*x100

R E K7 2: 2 E /) sponsored by China Society of Fisheries

X, W AERRIRE (9), W) IUERVIIRE (g),
t W FRREL (d), FORBRRERY ST (g), W),
HEARIFIER R (2), W, A AN IERTR (), W
JEARTE (g), L oAfaREK (cm),

BA A BB R R ME 7% R
P UR TR RN GE 7K 435 >R FHEIL TG 00 I ML
M SRR BRI E BRI 05 2 i 0l R
FHBEEHIRIE .

FHE AR E o T TiO, F8 7R 71 5E |
TiO, & it I R A G BT o

T 2 I AR E SR (R . H
BRIV . ) TR A

T REMIE LS (ADC, %)=(1-4" ¥} TiO,
BB/ TiO, & H)x100%:;

B FINILE (ADC, %)=[1-(f7k} TiO,
BRI E IR O E)/GRE TiO, & I RHE 77
Ea)]x100%.

FERRZB R0 F 69 %I4E O R L i A
AT RS . BK . AIEEIE . PIR . RAKS -
Zryefs (H.E Jeta), JKEF .

FEREAR A AR B ERE AT UK A
o PREE 50 mg BEAS, ST 1000 pL i ¥4 4 BT
FUNER, 21 3 min, HBCHBIER, #HE 1 min, 7K
15 min, ZJS7E 4 °C FLL 12000 r/min B0
10 min, B EERBEFSRNFE S, T LC-MS/
MS 58 FIFHAAPE Analyst 1.6.3 &b BR TR .

M Bk A BRI AT BREGE
w2 AR R B ) DNA J5, LA 16S #RNA 1]
AR X V3~V4 KR IH# 514 : 338F(5'-ACTCC
TACGGGAGGCAGCA-3")/806R(5'-GGACTACHV
GGGTWTCTAAT-3"). ¥ & ¥ Lt i ny
Pk R LS AW A R A R AT -
mina Miseq /&l 7 o 2 5 X 97% FHAIK 1Y
] #EE4r 2 HAIT (operational taxonomic units, OTU)
BTN AT RIS, WIER LR IEAT Alpha £
BEMES M, FEAETT . JBAKOE X i B R A 4k
HATGEH T
1.5 B AIE

K SPSS20.0 Xif FIr -5 B Xdla A7 A N R 7
#4381 (One-Way ANOVA), /] Duncan [RZ [t
BOOPATAL IR 22 5 WM, T BB S R LI
WEPRE 2 (meantSD, n=4) KK/, P<0.05 %
INERDE

https://www.china-fishery.cn



D e, &

IKFA 2R, 2023, 47(12): 129607

2 4

21 EREKENEEFTEEE KMERERNZNT

M2 75 B 2 Al e B B ARG 2B KPR
HOHG d AR AR ORI R AR, R & Y R
1 (0 1 RRIVRE A A 3 B 2 o T IRl 2 v
41 (P<0.05), 5250 £ 1) fa) Rk 2R 500 3 ol 2 3R 1% o
PR LE A L R RE ol B2 8 s B T ekl 7K SF- 1
1 3 TR (P<0.05)(% 2).

x2 ARBKENEETEEEKETNZD
Tab.2 Effects of dietary phosphorus levels on growth
indicators of GIFT O. niloticus

b L[ 22E) IEA it

items LP MP HP
VIR E/g 1BW 8.420.08 8.38+0.06 8.48+0.11
KRR HIg FBW 51.03+1.22°  79.00+£1.12°  66.70+£0.94°

WHEK/% WGR 506.49+20.26° 843.36+14.92° 687.21+18.69°

FREAEKH(%/d) SGR 3224006  4.01£0.03°  3.69+0.04°
Tk R% FCR 1.46+0.04°  1.00£0.02°  1.19x0.03"
AR EL/%  VSI 9.81+0.90° 8.02£0.45"  7.330.54°
JiFALL/%  HSI 1.77£0.04° 1.24£0.08°  1.06+0.06"
BB /(g/em®)  CF 4.04+0.21° 3.81£0.37° 3.6240.32°

Ee AT EARFEEARIRE R EEZE R (P<0.05); .
Notes: Values with different superscript letters within the same row are
different significantly (P<0.05); the same below.

22 ERESENEETIEERIELERNZM

EA N R YA AT HEH . 5
I R 114 2 LT T 30 3 10 2 e ATl 2 A v Wl
(P<0.05)( 3)
23 ARBKEXNEE T IEARFATE RSN

el

WS AR R AT A R e, HESIE

xR3 ARBIKENEESEERIELENZIT
Tab.3 Effects of dietary phosphorus levels on apparent

digestibility of GIFT O. niloticus %
izt {iq7z2:N G [ 2t
items (LP) (MP) (HP)
TP dry matter 70.49+2.18"  78.62+1.37°  67.40+1.78"
HMEE  crude protein 85.57+2.44"  90.46x+1.36°  84.83+2.88"
MMM crude lipid 75.38+3.34°  80.04+1.31°  77.51+2.17°
f  phosphorus 56.3443.15°  70.55+2.17°  63.27+3.06°

W, RS o R R e 2L U 200 M o B
A T R 2 ) 4R A B R L 00 s Y A R R 4
Eli®s R A (KIh).

24 EREBKENEESEEFEIEREAS
LA

IE AR N =R H)H 0 # (OPLS-DA 4#7)

VRl 2 R Wi 2, Wl RO A 2 T Y
RY HHKTF 0.9, QY HIIKTF 0.7, BiHAMLHE
YURGEREAL, A AE A 2 | w2 AR A
JHHEREAS SRAT T AT RER 432, ERREBAR LAY X 4,
HAERHBH2ZS (& 1),

EZARMimik T OPLS-DA 4 #7,
PRI VIP {E>1 (AR 22 AR . ZEARw
20 55 38 Wi 6T L LR R 200 22 SR
HrAp RN A 174 80, BRI XY
(L-J3 AR . L-RNEM . Ala-Gln, Val-Glu 55).
AR S HATAY PR . RArER); HIEm
A 260, FEZIGNIWESE AFEBNIR . AR
). H e IS 28 (LPE(20:4/0:0), LPA(18:1/0:0))
2 (1 2). FBRA S E w g S 0R vk s 87 22 AR
W, HARREEA 75 Fl, BRI E IR A
WY (Val-Gly. Asp-Leu. Asp-lle, Val-Thr, Val-
Glu %F); LA 12 Fh, FZRA IR KT E

ElhR ARk T EE TR AR SR

L AREEA, 2. 3&WELH, 3. miBEdH: AT (V), W M), 40 (N).

Plate Effects of dietary phosphorus levels on histological section of liver in GIFT O. niloticus

1. low P treatment, 2. moderate P treatment, 3. high P treatment; vacuolar degeneration (V), Nuclear Migration (NM), nucleus (N) .

https://www.china-fishery.cn
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(@) (b)
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0.530.9880.821 0.07 2
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LP,
P-1
2 [ \f-3
IRl N>
r\ A\\P4
»Xz

60 -20 20 60

B FE Y 12 (15%)

e second principal component

0 05101520

0 510152025

IEEEE
orthogonal distance
—60—20 0 20 40

370 BEES k=
score distance the first prmmpal component
© (d)

1 OPLS-DA
(a) (b) (c) (d) 1RBELL 5iEBELL OPLS-DA 4341, (e) () (2) (h) =il
Wi, (d) (h) PLS-DA 154,

TRt (38%)

o PRY=03,pQ=0.1 1
= L
< d
N > - O
2t : :Q n .g g
=<
+ < .
St §& =
N (=]
st 2c
"0 0204060810 = pl p2
RN EAS 4 9)
similarity (y, yperm) orthogonal component
(e) ®
S5
©° g o Ry O
3 S B _oswmmisom s
e = 87
el B b A
SEMI R ST AN &
&5 S I 8.8 e
Q[ sﬁﬁ = (I\l S
ég ol 2t
0 05101520 8! 40
CINEE & a% Eiiﬁfcﬁz\tl (30%)
score distance the first principal component
(& (h)

B E RERTENE
5i&WE4H OPLS-DA 77415 (a) (e) BEALIGIIE, (b) () BEAMEIA, (o) (g) M

Fig.1 OPLS-DA score chart and model evaluation chart

(a) (b) (c) (d) OPLS-DA analysis for low vs. moderate phosphorus treatment, (e) (f) (g) (h) OPLS-DA analysis for high vs. moderate phosphorus treat-
ment; (a) (¢) model validation, (b) (f) model overview, (c) (g) observation diagnostics, (d) (h) PLS-DA scores.

8

S 140
= "cEs 120 b O IEE-FHEL positive ion mode
= Qé W 71 negative ion mode
5@ = 100 ¢
§ § 80 |
E &o 60
T © 40 +

,_d.é 0 L 1 -

= 1 2

72 AR B

type of differential metabolites
B2 REAMEBRENREEFRKHIKE
1. T, 2. B TS
Fig. 2 Number of hepatic differential metabolites in the
low and moderate phosphorus treatments

1. down, 2. up; the same below.

Y Q-FF-4-(PHRFL) TR . o-f L IR5%) . &I
AT e (CBEH &R . 1,3- T LRER . 3-N-F
He-L-HAFRS)(E 3),

£ F Rt KEGG i % o #7 I H
KEGG % ¥ JE , X i i %) E’J%#ﬁﬁi%ﬁﬁ

[ K 722 2: 32 /5 sponsored by China Society of Fisheries

8
S 70 ¢
ig 60 + EES T3 positive ion mode
~ f4 BT
ﬂgjg 50 | IJ\ FAE5  negative ion mode
=® .8
§ § 40
E B2 30 +
T 20
IE o
Stil e
—°‘é 0 - | .
2 1 2
e AR

type of differential metabolites

3 SERAMEBEBERRERCHIRE
Fig.3 Number of hepatic differential metabolites in the

high and moderate phosphorus treatments
KEGG B M E £ 00, 71522 £1%
22 (WA [ o ARl A RN Bl 1) 22 S =
B Jg i AR 3 . SRR AR (cyanoamino acid
metabolism) . i 25 #l B2 ik 19 4= ¥ & W (glucosino-
late biosynthesis) . NZ R . K4 &R M4 & R
i (alanine, aspartate and glutamate metabolism) F1fi§
i B2 A B (fatty acid biosynthesis)([%] 4). 1= 8 21 A1
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T M, 25
é 10 ¢
2
2 gl —
g £
®HE o6t
R §
=5
3
g 0 - - -
! 1 2 3 4
KEGG i
KEGG pathway
4 REBAFERHEESREY KEGG
BERSGHESLITE

L FUEIRAW, 2. M s BRI A S B 3. A
MB R, 4. TR S K.
Fig. 4 Statistics of the number of KEGG pathway dis-
tribution of

. REAR

differential metabolites in the low and
moderate phosphorus treatments

1. cyanoamino acid metabolism, b. glucosinolate biosynthesis, c. alanine,

aspartate and glutamate metabolism, d. fatty acid biosynthesis.
TE WA ) 22 AR 2R A E . A
1% 1 i 2 2 1.8} (arginine and proline metabolism) .
KN R 1) 4 9 & WL (phenylpropanoid biosynthesis)
g O FNAZ T R B 1 AX i (amino sugar and nuc-
leotide sugar metabolism)(|%] 5).

4 .

Z AU A
number of differential metabolites
[\S]

1 2 3
KEGG it #%
KEGG pathway

El5 S#EMEREERKHY KEGG B

NHBESRITE
LR R A AR A 2. KRR &

ERWEACH o
Fig. 5 Statistics of the number of KEGG pathway

distribution of differential metabolites in the high and

3. B AP

moderate phosphorus treatments

1. arginine and proline metabolism, 2. phenylpropanoid biosynthesis, 3.

amino sugar and nucleotide sugar metabolism.
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25 ERENEETIFEREREYRNFE

P8 Ak A LB 2 R AT RS R
mn L 1782 4~ OTU, HipINHEdl . & w4l
LT3 OTU B3 ioh 966, 1157 A1 1352 4,
T OTU B HE 7 - /o Wl 4 > i 4 > I % 4
(& 6). P, fRDEHEE & B m e T E P HE
fapiE AR . 3 AN OTU AE N
546 4>, Horp IR B 4 RN 3 B 41 35 1 OTU £k
584, IR AIE BEALILA 1) OTU £k 336 4>,
IR . & W 4L A R AL A 1Y OTU B 40 il
9151, 221 F1263 4>,

LP

HP
6 =A4IBAEERF OTUR%EEE

Fig. 6 Venn diagram for the three treatments with a

common OTU

EmARENFEEAZ AL Ak
ﬁﬂtF' Ace F8EUFN Chaol $5%0 1 2 v T3 i 20 AN
K 41 (P<0.05), 1= 41 /) Shannon 8 %0 % K .
T A AR 10 T8 TR Y S B R 2 R R O v
>R (55 5),

®5 HAMERFOFEMSHEMEGIT

Tab.5 Abundance and diversity statistics of intestinal flora

in each treatment

i AcetBH Chaol &% Shannon#§ %
groups Ace index Chaol index Shannon index
K4 LP  387.30+47.25°  385.37+37.27° 2.44+0.15"
EBEAL MP 732.09+49.05°  742.39+54.73° 3.93+0.09°
FfE4l HP  898.03+67.63°  898.62+61.36° 4.16+0.28"

5 T AF &8 | AR K 00 LA R A AT
FETTAKF b, JEBER ] (Firmicutes), Jill 4K & 1]
(Actinobacteria), ZFJE ] (Proteobacteria) F LT

W 1] (Bacteroidota) 4 7 & %7 I £ Ji7 1 W B H 09400

HFEKFA 222 0 sponsored by China Society of Fisheries



D e, &

K= 2R, 2023, 47(12): 129607

W (B 7)o 16 3 REA R RER ] A7 YA X
FIEH 38.49% . ELF TN 10.30%., ZTE R
N 14.04% . SFFIETTN 12.09%,  H T DLJREBE B
I FE S &S e alpiEh A gax i, &
o, JEEETR TRV TR B 1] 0 3 B B A e R i
(3 N L B T R TR T RAUAT
I TR = B Bt R i 3 0 2 LSS RIS
B
B K b, B AT KR & (Romboutsia) |

S K AT B 8 (Mycobacterium) . UL FF B J& (Bac-

= JELEEFS | ] Firmicutes ﬁiﬁil] Fusobacteriota
= JNZE 1K [ ] Actinobacteriota = J/L{#1# | ] Verrucomicrobiota
= WIZ 1 ] Proteobacteria = BT[] Cyanobacteria
AT B[] Bacteroidota = 2435 B | ] Chloroflexi
= {## 1] Planctomycetota = 7&% others
1.0 ¢

o
0

PO ES:3
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Effects of dietary phosphorus levels on nutrient metabolism and intestinal
microbiome in GIFT tilapia (GIFT Oreochromis niloticus)

LUO Yajing ?, DONG Lixue', TIANJuan', LU Xing', GUO Zhongbao °,
LUO Yongju®, WENHua", JIANG Ming "
(1. Yangtze River Fisheries Research Institute, Chinese Academy of Fishery Sciences, Wuhan 430223, China;

2. College of Fisheries and Life Science, Shanghai Ocean University, Shanghai 201306, China;
3. Guangxi Fisheries Research Institute, Nanning 530021, China)

Abstract: The present study was conducted to investigate the effects of dietary phosphorus levels on the nutri-
tional metabolism and intestinal microbiome of the GIFT tilapia (GIFT Oreochromis niloticus). Three isonitrogen-
ous and isoenergetic diets with total phosphorus (P) content of 0.26% (low P treatment), 0.81% (moderate P treat-
ment) and 1.51% (high P treatment) were prepared by using calcium dihydrogen phosphate as phosphorus source.
Each diet was assigned to one treatment with four replicates and 30 fish per replicate. The fish with initial weight
(8.42+0.09 g) were fed with the test diets for 8 weeks in an indoor recirculating aquaculture system (RAS). The
results showed as follows: weight gain rate (WGR) and specific growth rate (SGR) of tilapia in moderate P treat-
ment were significantly higher than those in low and high P treatments (P<0.05), and feed conversion ratio (FCR)
of tilapia in moderate P treatment was the lowest. The hepatosomatic ratio, viscerosomatic ratio and condition
factor showed a gradual decrease with the increase of dietary phosphorus level. Dietary phosphorus level had a sig-
nificant effect (P<0.05) on the apparent digestibility of dry matter, crude protein, crude lipid and phosphorus in
GIFT O. niloticus and they showed a trend of increasing and then decreasing with increasing dietary phosphorus
level. KEGG annotation and enrichment analysis of differential metabolites showed that the main metabolic path-
ways of down-regulated differential metabolites were cyanuric acid metabolism, biosynthesis of gluconate ester,
alanine, aspartic acid and glutamate metabolism, and most of the upregulated differential metabolites were mainly
enriched in the metabolic pathway of fatty acid synthesis in the fish in low P treatment compared with those in
moderate P treatment; most down-regulated differential metabolites were mainly enriched in the following meta-
bolic pathways: arginine and proline metabolism, phenylpropionic acid biosynthesis and most up-regulated differ-
ential metabolites were mainly enriched in the metabolic pathways of amino sugars and nucleotide sugars in the
fish in high P treatment compared with those in moderate P treatment. Ace, Chaol and Shannon indices showed
that the abundance and diversity of GIFT O. niloticus intestinal flora tended to increase with increasing levels of
dietary phosphorus. Firmicutes, Actinobacteria, Proteobacteria and Bacteroidota were the dominant phyla in the
intestinal flora of GIFT O. niloticus. The abundance of beneficial genera such as Romboutsia and Cetobacterium
was the highest in the moderate P treatment while the abundance of Mycobacterium and Bacteroides showed a
decreasing trend with increasing phosphorus content in the feed. In conclusion, moderate phosphorus in diet could
improve the apparent digestibility of feed for GIFT O. niloticus, and phosphorus deficiency or excess in diet would
inhibit amino acid metabolism. Phosphorus deficiency would accelerate the process of fatty acid synthesis. Appro-
priate phosphorus in diets could improve the abundance and diversity of bacterial flora, which may be beneficial to
intestinal health.
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