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= foxod £ F 5 2 K H X E# E B RE FF I RI M K

1,2 sl 1 . 1 oy — 1 <1 SN o1
AT, FRA, ERR, A, £2%W, WEE, KY9F, ERA,
N SR 1,2 - 1
EEMN, W%, TEF
1. KPR A S52e TR2EBE, KAEDWERSHREEME S ESLRE, HE K1Y 410022;

2. WIEIME K A Bl i B, WRAK MR E FAY R R E S LRE, W K1 410081

WE: AR EL O (Ctenopharyngodon idella) foxo4 W43 FEAE S X RUEHE 118 SRR ER N 1) 5C R, 8 [R5
FEARAS H A foxo4 FERFF, HIFHEIEHE SR 1875 bp, il 624 NMEILIR; REIM Hr RIHE A foxod4 FH 5
ML A (Pimephales promelas) 2 R . X foxod SEATHRF IR T, KL foxo4 FLK mRNA 78 B A LA A
FIKKF-I R (P<0.05), HUKGZOHEFNT, Ffm @M. . MFE . o, BT #aNr R, foxod 15 18:00 £ik
AR, MR 24:00 ikt Rl AROFFHE— LRI T3 . HOB I ERE R RDRHE FIX foxod BT, S
EIRRW], TEFRGE 14d.21 d FI 35 dJ5, BAGIE Y foxod K 7ESERIZH FO 8y 4HAHRXT T SOMIZH 34 3 90 8y 19
(P<0.05), XFKIIFLM foxo4 HEIH 3k 5k IRFN UM C . AN B -2 BE-L- 2 2 Btk — k(N %
TR IR SIS R R, TR 0.5%~2% SIS N, BEE DR A RS LBl En, FEAmIE T foxo4 Kk
B 5k Bl R RS, i EXRARB R, 7 LS%AA IR IMAREERM. & Lk, 54 foxod
B RIKBA MLV e, HAZ BV PRHE FHRA ZROK-F YIRS 0 ABESE 7R foxo4 FERITE Y 4 T
TIE B X 2 P T3 7 4 1 o 7 B Bt T RE Rl R aR

KR B foxod; KR ERE; UM, AT WA K

FE %S 917 MERFRARAD: A

X3k AE (forkhead box, Fox)#E H FK k& —2K
DNA %6 X HA SRR e S5 1 158 sk X7, HT™
Z oA T B REE B ZLR M A W 2688 . Fox
HEAFRBIL AN A F S 3L 19 A%, Hd, B
TN TRAN R Xk & 5% 5% HF O (forkhead box
0, FoxO) %!, Forkhead box 04 (FoxO4)&
FoxO WM BG, 760 FL 3 H iz 5K ik ik
f14% FoxOl. FoxO3 Hl Fox06, TANIFELEM . T
BE A 45 07 T HL A o BEAH LMD FE A fa 2k,
FoxO WEGA 71 RIEME S LG, B FoxOla,
FoxOlb, FoxO3a., FoxO3b. FoxO4. FoxO6a #l

s HER: 2023-11-09; fEITHHE: 2023-12-24.

XEHE: 1005-8737—(2024)01-0014—15

FoxO6b"!, Huang 2511 Carter ZEPEXS FoxO M
HAREALR 5 rh R B, FoxO Al 2 51845 ZF
ATRTNRE, BLASANME . A0gE T . DNA i
B, FALN . Aok . A A A T
AR, HHEEZHRL . Bz Rk
ZRHLEIE S, RS RN, HRINTF FoxO
TE 22 % R | 7 % W2 14 i (serine/threonine kinases,
Akt) , c-Jun ZFEAK Ui B (c-Jun N-terminal kinase,
INK)A Z i G /R TR R 2B B Ak, 2k
P H T T R Ry kT

ARk, EIWNAMFEEXT FoxO Yifgedt 1t

HL2WB: EHEHRFERESTH (32102813); WiRgA HARBIAIL ST H (20211740627); RKESHEYHRBER EHALEE
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5%, Galan ZUV5E & BN FL3hY STE20 FEEE
P 1 (mammalian sterile20-like kinase 1, Mst1)Fl
Akt B BERR L FoxO1 5 FoxO3, il H 5 1
M 14-3-3 4545, MWL foxol 5 foxo3 #A
ANMUAZ A TG S, S B DGR 3635 . Barthel %)
W52 R B FoxO1 £ I FEbH S A8 AR D7 R 10 W it
FErp R E B, T RE R A R s 1 =X R PR
R (PEPCK) | 7 %5 1 -6- B BRI (G-6-Pase) % ¢
FEEE Y RK DL AR RE iR % iz B CD36 M 4H
R AR . Kim 2500/ N E ORFSE &
B FoxO6 [AlFFRERIHONE 574, T 1R 12 2R W) sl aok
HM AR A ALH]E S FoxO6 MR 1k I8 HA% S 1k
e AT A B4 O S AR R . DL s 4G

7~ FoxO XI ¥k i gy B B & 2
FHEM . Liu 2058 R R, foxo4 A58 #IFS
et LA e 55 HAth 25 11 5T A AE EA R X D B kA 7
P o XL T REALEE A T AR R I | A 2 4 A O
2. 25 DNA BREFAMNFE . N foxo4 i I
il J) 3 AR RO e B R R R p27kipl,
S FE B A . DNA B JeRslind B, F i fi
KABEFET:, KL foxo4 I HELE A AL N HORIFE T
VR A0 AE T ANAE 3% =22 18] B JF 61 Chuang 251
WH5E RN, BRI BF foxod LTRALHIZLAE
TR T, T foxo4 LA RIS AT FH
TR B PR SR M R o A, F%sk P FoxO
T i WA M OCHESE, WSk 8 (Megalobrama
amblycephala)®' . 1 [E KB (Andrias davidianus)'
s 4 i) 89 (Gobiocypris  rarus)!' . K 3E 6
(Scophthalmus maximus)'™™' . 5t fti(Danio rerio)!'*""
FBE 5 SR A (Ietalurus punctatus)'™%5 , 1EHE L
iR Th LB, foxo3b it Wnt/b-catenin
T TR LRI T v e R A U
WU foxo4 KPR HE M o B £0 0] G SR P 5 1Y) i
ZREINT AR B ARG, B R
& VAR foxo FEN K LI R H e e o figl®)
Wei Z515IH Zhao 25 MSE K IR foxol F foxo3a
HE DA R 400 ) £ 28 B % UL v 2 1 o ) 0 e DA T AR
WLR A AR A iR . DL 253 R W, FoxO
FE S WA ) 25 T A B R v oA AR . SR,
£ BiR FoxO TSP 9 &, A K FoxO

i sp R T e v R 1 B E SR AR Y S e H R
i i ARARGE

¥t (Ctenopharyngodon idella) } 1 F}
(Cyprinidae), B faJg, J&—MAIA R pEME,
TR VR K SR f0 2 b B A K 2R B 40 2510
AWFFE L RS, ik FoxO ZKIRA
TR foxod S CDS X, HEAT2EYIE B 25007
ST R foxo4 BEPRITER LUK RIK I3 1 L LA
KR AR AT AN [ IR AR [ L) L-
PN - L- 45 Z It e — IR (A IO A8 3R AR 5K
5, AR R X R iE T foxoq B
KR IEAEH, H7R foxod FEFTEMIEHH 5
TR LA R AR 1 508 77 I e o O R S pHE e
At

1 #MHERE

1.1 Rl

ACHIFSE it FH B0 40y 160 F 8 R 44 K™ B2
FERT IR U)o FE RS SRR 2 J8, # A e
FF 3 PNIELLEGET(1500 L)ZH R % NG
IKFEI R G AT, ISR R: KR (24.5+
1.0) C, A SEN 6.5 mg/L iifi, BAWE
<0.5 mg/kg, pH 4EFF7E 6.5~7.0, 12 h SEREHEIRCOE
HEM 8:00 % 20:00), FFT & H 8:00 Fl 14:00 Xf %L
0 4 WS 06 2 T A R SR AR RF R A 1 5T 31%, #H
REHWE 5.5%, K41 10%, At~ 19 Ml/kg) 2 1K,
12 HmXE&E

FEARTESE T, BT 19 S5 56 FH 0 7 i 0 iR 1
TE MS-222 (60 mg/L, |84 R 218 H etk
MREh, 5 Sigma-Aldrich 23 5 HEFT BRI . LA TG
PRBRE T3 B SR S T e I 52 1) B A L R 0 L L I
. B AL, AR BRAE VK B AT
HRURE J5 TR R 5 2 VRTE R A - IR A, AR
B E-80 CHRAFEZENH.
13 Hfafoxod AR ERRIERBERTRERIE

N T R HEU foxo4 FEH BRI IA
THoL, Yk FAESE 24 h )5, FEHLIEE 6 &
R/NAHIE . BIE A (11.7240.16) g B VLR HE Y 75
fayk Lfgsl, RE 7T AHLERGD . B L BN,
B AL, K foxo4 HILHZIFRIER,



16 Hh K R #5318

WIS, AMIZER K 8 AR (3:00. 6:00.
9:00, 12:00, 15:00, 18:00, 21:00, 24:00)%3 5| i
ML 4 R RENIAML, it a2t E &
PCR # K (quantitative real-time PCR, qRT-PCR)%}
Br foxo4 FERIZRRAERTHE, EERT AL
AT, SZuG A e (3
1.4 AEZEREIESA foxod BEERIEM N
B AR . R, SRR EEE
HIRBEIT T 3 MRS IR LR mEIGR 1), 4
R SOkFIZH (soybean meal group, SM). ZEkIZH

*k 1 AEZEAFEXRARMES(%THER)
Tab.1 Experimental feed formula of different
dietary protein sources (% dry matter)

4l FM SEHI4] RM EHI4H FM

4 composition

faf} fish meal 42.00 0.00 0.00
Tk soybean meal 0.00 0.00 59.80
A rapeseed meal 0.00 65.50 0.00
T4 wheat flour 15.00 15.00 15.00
13l fish oil 1.40 4.10 5.00
FKFEH corn starch 14.00 1.50 4.00
o-JEH a-starch 14.00 1.50 4.00
JIHAK choline 0.11 0.11 0.11
ZY 2 R ' premix’ 1.50 1.50 1.50
R ST A R4 CMC 3.00 3.00 3.00
214k cellulose 8.99 7.79 7.59
231 total 100.00 100.00 100.00
T ZH AL approximate composition
MM crude protein 31.05 31.08 31.08
HLIEWT crude lipid 6.01 6.03 6.05
MfE/(MI/kg) gross energy 17.21 17.69 17.68
JK 43 moisture 10.78 10.70 10.05

w1 2425 R (me/ke fkL: 4i42 B, 20; 4iA4E B,, 20;
Y & By, 20; 42 By, 0.02; MR, 5; 2RSS, 50; HLEE, 100;
MR, 100; AEMZ, 0.1; 4eE2 A, 11; 4K D, 2; g4 KE,
50; 4EEFE K, 10; 4i4EE C, 100; 448K, 3412; NaCl, 500.0;
MgS047H,0, 8155.6; NaH,P04+2H,0, 12500.0; KH,PO,, 16000.0;

Ca(H,P04),°2H,0, 7650.6; FeSO4+7H,0, 2286.2; C¢H,¢CaO4*5H,0,

1750.0; ZnSO4+7H,0, 178.0; MnSO4H,0, 61.4; CuSO4*5H,0, 15.5;
C0S04+7H,0, 0.91; KI, 1.5; Na,SeOs, 0.60; T KIEH, 899.7.

Note: 1. Premix (mg/kg diet): Vitamin B;, 20; Vitamin B,, 20;
Vitamin B, 20; Vitamin Bj,, 0.02; Folic acid, 5; Calcium
pantothenate, 50; Inositol, 100; Niacin, 100; Biotin, 0.1; Vitamin A,
11; Vitamin D, 2; Vitamin E, 50; Vitamin K, 10; Vitamin C, 100;

Cellulose, 3412; NaCl, 500.0; MgSO,4 7H,0, 8155.6; NaH,P0O4+2H,0,

12500.0; KH,PO4, 16000.0; Ca(H,PO4),°2H,0, 7650.6; FeSO,4
7H20, 22862, C5H10C306'5H20, 17500, ZHSO4'7H20, 1780,
MnSO,*H,0, 61.4; CuS0O4+5H,0, 15.5; CoSO4*7H,0, 0.91; KI, 1.5;
Na,Se0;, 0.60; Corn starch, 899.7.

(rapeseed meal group, RM) I k52 (fishmeal group,
FM), SC56FH A8 [4) 8 4 (11.72+0.16) gl F: T+ 9 4~
100 L MIBEESLF2EfT, 4l 3 DMEERL, REL 30
B, RHENIEHRKIEITIRIE, #4505 T 5
H 8:00 Fll 14:00 M E R E . RFEARM: K
4(24.5+1.0) C, HFA S EIRREAE 6.5 mg/L LA
b, EAME<0.5 mg/kg, pH [# 47 7E 6.5~7.0 ZJil,
SZE GRS 120 ¢ 12D CEHR M 8:00 F 20:00).
I NAE SR LI PR S 14 d, 21d, 28 d A1 35 d,
BEETHL 2 BfCRER AlpiE 42!, Wit qRT-PCR
SHT foxod HIEE K,
15 ARHAE L-HEE-L-SeBE KT
& foxod EFERIEHIZ N

A WF 9 7E Ll DR 2 S 0.00%
0.50% . 1.00% . 1.50%F 2.00% Lt {91 il P 45 — Bk (L-
N E-L-A 2 Wk, Wt Ay, L)AL 5 Fhas
Yo falk, EAKEC S Ik 2 B, SRR 3 A

®2 WAEIKEREABES (% THR)
Tab.2 Experimental feed formula of dietary
Ala-GlIn level (% dry matter)
TaRE T A ZRES IR T/ %
dietary Ala-Gln level
0.0 0.5 1.0 1.5 2.0

Ji& 4> component

WA ZHK Ala-Gln 0.00 0.50 1.00 1.50 2.00
10} fish meal 6.00 6.00 6.00 6.00 6.00
FH1 soybean meal 20.00 20.00 20.00 20.00 20.00
HAKFHA cottonseed meal 24.00 24.00 24.00 24.00 24.00
KK rapeseed meal 10.00 10.00 10.00 10.00 10.00
KAl rice bran 12.00 12.00 12.00 12.00 12.00
K H middling 21.80 21.30 20.80 20.30 19.80
©3ill soybean oil 2.00 2.00 200 2.00 2.00
fi%{;if? 100 1.00 1.00 1.00 1.00
L4 L2 IR ' premix! 1.00 100 1.00 1.00 1.00
JIH#% choline 020 020 020 020 0.20

RIPELTHER M CMC 2.00 200 200 2.00 2.00
ST total 100.00 100.00 100.00 100.00 100.00
JTUZH Y, approximate composition

H#E 1 crude protein 31.10 3230 31.60 31.60 32.15

HLIE W crude lipid 546 529 545 561 554
WAy ash 11.68 1148 11.39 11.34 11.44
7K 43 moisture 11.12 11.04 10.80 12.01 11.24

T 1. 2428 BURF R 1.

Note: 1. Premix is the same as tab.1.
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AT, FAEAT 15 BSLIRA[(11.72+0.16) g], R
FHE NG K HATIREE, S ER RN 9:00 F
15:00 45 M 2 Wk, FRAEJEIN 5 8, SEde Ak
1324 h, FELFEHLEE 2 BB, 46 R, vk Lf#
HIREH B AL, @it qRT-PCR 74T foxo4 3
YA XS FRIR K
1.6 RNA REXS cDNA &5

B 1 3R B T 20 2T A D e,
Trizol (Takara, Kusatsu, Japan)#£ JUE RNA, $2H
JE U3 pL A RNA AL i 3 1% B0 i W B I P, Dk A
N FC o o R0 e HE P, 4k 4K 340 (Thermo
Fisher Scientific Inc, USA) I RNA ¥ & 14l &
(% FAXTHEH DEPC /K). Bl 54% () RNA #
2 B8 PrimeScript’™ 11 1st Strand cDNA Synthesis
Kit S % 5% 107 £ (TaKaRa, Kusatsu, Japan)iji B 45
A 1 4 cDNA,
1.7 Efa foxo4 HEEWEE

PRFEAaC M WLA . IR & 4141 ¢cDNA
R TERE foxo4 HEIH . 7E NCBI M3l A 48 foxo4
) TR) U 3 PR, AR B 4 P 2 5 G 2R 30 D) L[] 9 5
[i) AR RN R — 350 R R P — e AR A, R R
foxo4 Fe[H ¥ IVE R H A foxo4 v T | 9RO
Meo 1P FANZR 3 P, Bt n sekEs |
JEONFEW B R E YRR AR A R EE, )
HATSIYIE . L DNA B4 i(Tag B§)% cDNA
B EFT PCR §74 . PCR MR ZR (25 uL)N:
1.0 uL. cDNA, 12.5 pL Premix Ex Hot short Version,
9.5 uL ddH,0, 1.0 pL IE M A A5 #) . PCR &4
Hg: 94 CHIAEME 2 min; 94 CAEME 30 s, 53 CiB
&k 30s,72 ‘CHEf 2 min 30 s, 34 DMEH; 72 Cla

&3 HT foxod RIEFILEE PCR G MER
Tab.3 Primer information for foxo4 cloning and
fluorescent quantitative PCR

GIEE S SIYFF(5'-3") ik
primer name primer sequence (5'-3") purpose
foxo4-F ATGGAGGAAGAAAACGTACCCC #:[H 7ok

foxo4-R  TTAGCTGGGCACCCAGTTG gene cloning

fox04-RT-F GCTCCAATGCCAGCACACT
foxo4-RT-R  AGCCCGTCAATCAAATCCA
P-actin-RT-F GAACACTGTGCTGTCTGGAGGTA %7 & PCR
p-actin-RT-R CTTGGGTTGGTCGTTTGAATC ~ dRT-PCR

I PCR
gqRT-PCR

FEAH 10 min; 4 CHRAF. PCR =W 1%5UAE Wl 5
S HL Dk AT AN, P o e 4 BBl R & (R AR, b
7, HEHENLHE) PCR 7=¥), ##%F] pMDI19-T
7 /& (TaKaRa, Kusatsu, Japan), ¥ 1t KT &
DH50 RS20, 07 e 45 30 A4 BH M v I 1 181
PR A I HORA BRZA 7 58 0
1.8 Ef foxo4 EERIEHH

WA F . cDNA FPFlBt foxo4 FEHHYT1H)
J¥ 51, {#i FH Primer Premier 5 5313 PR 4 S 1 G o
SIMI(ER 3). e B-actin VEN NS, Sk HISEHT
PG E i PCR J5 LA B A1 foxo4 FEIAEL i
JE G, B AL A2 R Rk B AR
T PR AR R RO, DA RS T e £ 3 3 A A ()
R AUR ] e B 28— BK B A K 5256 v il v
foxod FE [ FRIBEM . %L B Bio-Rad
CFX96™3LHEf PCR #; & 4t (Bio-Rad, Hercules,
USA)BEATRI

qRT-PCR JZ W #& & (16 puL)4l F: 2xSYBR"
Green ProTaq HS Premix (i#lrd X RHmAY) THA
BT, IR TD) 8 ul, IERSIWE 0.64 pL,
cDNA 54 1 uL, ROX Reference Dye (20 pmol/L)
0.32 pL, ddH,0 5.4 pL, ¥ #FEF: 95 CHiAEM:
10 min; 95 C 15 s, 60 C 1 min, #4740 M
W BAREAERIEIT 3 W, [ 27Tkl
THEFES T foxo4 FEIAAXT RN & o
19 ZEfa foxod FEHHHr

i | NCBI #£ £k #2 /5 ORF Finder (http://www.
ncbi.nlm. nih.gov/gorf/orfig.cgi) il & Kz ¥ 41
i FH ExPASy (http://www.expasy.org/tools)Fiiill 53
FE A% 5 L F] SMART (http://smart.embl-hei-
delberg.de/) Fil il & 1 25/ 3k . {1 MatGAT2.02
B R0 FoxO4 IR 7 4 43 i) 5 HA Y Fh iy
AR TR P9 Z H LA, &Y foxod BY
GenBank &3¢ 5 UN15% 4 i7x . FIH CodonW Fif4:
X} foxoq AT EERG TR AFPE ST o Horh, AHXTR] S
25151 FH J# (relative synonymous codon usage,
RSCU) 5 1 Ji % 4 [7) 2 5L R 19 ] SO A5 1, 2
— R R ARG T A ] SRR AT e P RE R
A 5B T8 (effective number of codon, ENC)H
TR S A S BE LIS BRI, B fE



18 Hh [ K R A

%31 %

e ] S5 0 5 7 5 B G MR Tl A 44 P 1 s
g ORI A MEGA 11 % {F i i 48 3%
(neighbour-joining, NI)EMEH LK, 1000 K H
2 (bootstrap) = & o o it AL AR ) B A5 B

F4 14N foxod FIIERS

Tab. 4 Accession number of foxo4 of 14 species

Yrkh BT
species accession number

OM867542
XP_016366703.1
XP_026136730.1
XP_043113405.1
XP_042626248.1
XP_009289443.1
XP_039521621.1
XP_026868778.2
XP_030621714.1
XP_044885796.1
NP_061259.1

NP_005929.2

NP_001094747.1
XP_003135220.1

¥4l Ctenopharyngodon idella
PRI 4488 Sinocyclocheilus rhinocerous
Wl Carassius auratus

& i A1 Puntigrus tetrazona

# Cyprinus carpio

Bttt Danio rerio

MRt Pimephales promelas
HL#8 Electrophorus electricus
i H A Chanos chanos
WIERIK L Mauremys mutica
/NEL Mus musculus

N Homo sapiens

T4 Bos taurus

W% Sus scrofa

1.10 Zitsr#n

i SPSS 19.0 X} fi SL gk AT s A &=
J5 247 M (one-way ANOVA), LA EL AN [R] 2H 4L
s [A]—HEURNRIA BT foxod FERFAXT Fik
WER, M P<0.05 A NEAREEZER ., LR
RIGLAF B EAPRER (X £SE)RIR .

2 HRE5HH

21 Ef foxod BEZERFSISH

A foxo4 FER ) ORF X 1875 bp (NCBI
GenBank &35 : OM867542), HAEH; 51 4 hs
A TF R UEA T BIVE, % RE P AR IR S TR ATG,
TESS 1923 ASEEEANE 1E B, HZA EBW 12
TAA, #EMiZ cDNA R Bl 4fith 624 A2 L (K]
1), FHX>FHEN 65354.46 Da, S5 5K 5.13,
i SMART %1144} foxo4 KR FELE T /3 Hr, &%

R, foxo4 FEH 437 FH Pfam (FOXO_KIX_

bdg) il Pfam (FOXO_TAD) 3 I figlei2H it (14 2).
FE A FoxO4 & EMRIT 540 35 B8 5 fi | N (Homo

sapiens) . /N (Mus musculus) 82 (Electrophorus
electricus) W) A N & FE 1R 7 H 47 1 [) P51 EE X
30T, AR R B AR AR AN [ W A R) 2 LA
A RIIEE (K 3).

A foxod WEETE T IR b1 S HAB Y F 2 (8]
FEAEZES, K 4 Fros. AR R SR FH
(RSCU) T 7, foxo4 TEFTA Y% CUG Fi
AGC Z5 A% T 8¢ BL H A v A0 D -1, X A1 25
T gt se @R 22 2 1R . Ab, B fi R Sk
i (Pimephales promelas)%} CUG, GUG, ACA .
CAC. CAG Fl AAC iX 6 5515 T iy i i M 3495
s H AL, mFBARYS UUA, CUA, AUA,
GUU %5 19 MM mbrreiess, Xiriay
TS R A TR BB T 0 O S PR B — s AR AL,
TESAL T PR RS OCR T, KAk, ENC-plot &l
(Ph GC3s 78 &, ENC [R5 &)(#] 5) R Fr 5 4
FhAY foxo4 sy AitEARMEMZE T 7, JF H.92PR ENC
H 5#8 ENC HAA, HKE > B brii ez,
UL RER RN foxod BERGT-IRAFPEIE BLAZ A 2K
TP TR

W 6 iR, Hfh foxod BHEAL H AN 2 2L
SR, R SRRy — 3, HAbY R
YR —3, Hh 55 foxo4 R R
B AR A SR, IS B K B (Mauremys
mutica). B4 (Bos taurus). B (Sus scrofa).
/NN B IO 2 Bl )5 5% Ok R B
22 REfoxo4HAZERRERERTERESH

FA foxo4 HAMAMEERWE 7 FiR, foxod
mRNA fE&E MG . L B B AL
B RIR, foxod TE45 LR Y HRIB RAFAE & 22
S, TENLA B R GE K P B 3 T OH 20
(P<0.05), ARG HIm BURARUCHIIF, Oy B, L
i, 7 b s AR

FA NI foxo4 mRNA AR T F K WA
8 Fin. E4F 3:00~9:00, foxo4 PR 7r Hith iz vp
IR B T, SRIEdeieteae, B 12:00 B
) 55 3 A AR 2 A KK 05 (P<0.05); M 12:00~18:00,
foxod B FEIKE B F L FH#HE(P<0.05), HTE
18:00 A 1K 3 — K KM 18:00 ), foxod 3R
IR S AR 2 B RS (P<0.05)
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il M E E E
1 gggtacgacggcgtgattcgagctcggtacccggggatcecctctagagattATGGAGGAAG
5 N V P P I D P DVF E P Q S R P R S C T W
61 ARAAACGTACCCCCGATTGACCCAGATTTTGAGCCGCAGAGCAGACCGAGGTCATGTACAT
29 P L PR P DI S A V KA G G P D G S E S
121 GGCCGTTGCCTAGACCCGACATCTCAGCTGTCAAAGCAGGGGGGCCAGACGGCTCAGAGT
45 A A G T P P A E DD K HE P Q P I I S E
181 CTGCTGCTGGAACCCCGCCCGCCGAAGATGATAARACACGAGCCTCAGCCAATCATATCCG
65 P E K VAL S E G GV VA GV G G T T P
241 AGCCTGAGAAAGTAGCGCTCTCGGAGGGCGGGGTTGTCGCTGGAGTGGGCGGGACCACAC
85 R K G T S R RDNAWGNOQ S Y A D UL I S
301 CTCGAAAAGGCACTTCCCGGCGTAATGCCTGGGGTAATCAGTCCTACGCAGATCTGATCA
105 Q A I E N S P E KR L T L A Q I Y D W M
361 GCCAGGCGATTGAAAACTCGCCAGAAARAACGACTTACTCTGGCGCAGATCTATGATTGGA
125 vV K T v P Y F K D K G D S N S S A G W K
421 TGGTAAAAACGGTGCCGTATTTTAAGGACAAAGGAGACAGTAACAGTTCTGCTGGGTGGA
145 N S I R H N L S L H N K F L R V H N E S
481 AGAACTCCATTCGCCACAATTTATCGCTCCACAACAAGTTCCTGCGAGTGCACAATGAGT
165 T G K S S wWwwMUL N P E G G K T G K A P
541 CCACAGGAAAGAGCTCTTGGTGGATGCTCAACCCTGAGGGTGGCAAGACCGGCAAAGCCC
185 R R R AA S MDNDNS S KL L K S R MR A
601 CTCGCCGCCGCGCCGCCTCCATGGACAACAGCAGCARACTGCTTARAAGTCGTATGCGAG
205 K Q T K K Q A G A T G I G S S G G A L Q
661 CAAAGCAGACTAAAAAGCAAGCTGGAGCAACTGGGATTGGAAGCTCTGGAGGTGCCCTGC
225 G E G A S G T S G A D S P G P P G Q F G
721 AGGGTGAGGGTGCTTCCGGCACCAGTGGTGCGGACAGTCCCGGGCCTCCGGGTCAGTTTG
245 K W G Vv N S S S P S S R G N L D D P D M
781 GAAAGTGGGGAGTGAACAGCAGCAGCCCTTCCTCTCGTGGCAACCTGGATGACCCTGACA
265 W T SsS F R P R TS SN ASTUL S G R L S
841 TGTGGACGAGTTTCAGGCCACGCACAAGCTCCAATGCCAGCACACTGAGCGGTAGGCTTT
285 p I A T G Q E D E D DL P E D G L L G G
901 CTCCCATTGCCACGGGGCAGGAGGATGAGGATGACCTACCTGAGGACGGCCTTCTTGGTG
305 Yy s T G N L P P T UL TE T L M E E L D L
961 GCTATTCTACAGGGAATCTTCCCCCARACACTAACTGAGACCCTCATGGAAGAACTGGATT
325 I b G L T L M TGP Q G G A S P S T A P
1021 TGATTGACGGGCTCACTTTAATGACGGGTCCGCAAGGGGGTGCGAGCCCAAGCACAGCTC
345 P A P P Q P L P S A S TULUL PR G S S F
1081 CCCCTGCCCCGCCTCARACCGCTGCCTTCTGCATCCACTCTGCTGCCTCGAGGGTCCAGCT
365 S S F R QL Q P T KA AS QG S T P P G P
1141 TTTCCTCCTTCAGGCAGCTGCAGCCAACGAAGGCTTCACAGGGATCCACTCCACCAGGTC
385 Q S s v.Q P S G G S S T s P S S F G N S
1201 CGCAGAGCTCGGTTCAACCCAGCGGCGGATCCAGCACAAGCCCTTCAAGCTTCGGAAACT
405 L ¥ S P L P G P GH S G F S TR V P S S
1261 CCCTCTTCAGCCCTCTGCCCGGTCCTGGTCACAGTGGTTTCAGTACTCGCGTGCCCTCCA
425 L EA L L T S D S P P P S D VMMT Q M
1321 GCCTCGAAGCTCTCCTTACCTCCGATTCTCCCCCACCCAGCGATGTCATGATGACCCAGA
445 D P L M P S Q G GG S L L GLAG S M s
1381 TGGATCCTCTCATGCCGAGCCAAGGAGGTGGCAGCCTTTTGGGGCTTGCGGGATCTATGT
465 s S Q A X A G QM ML S K G I DT S T V
1441 CCAGCAGCCAAGCTARAGCAGGTCAGATGATGTTGAGCAAAGGCATTGACACAAGCACGG
485 G Q M s L Q P Q T Q L Q L S Q M G Y G M
1501 TGGGGCAGATGAGCCTCCAACCTCAAACCCAACTCCAGCTTTCACAGATGGGCTATGGAA
505 M H S S M N Q E P P Q L A T V K T R H Q
1561 TGATGCACTCATCCATGAACCAGGAACCACCTCAGCTCGCAACAGTAAAGACCCGGCATC
525 vV P G A G L Q H GA I P S P G G N G G L
1621 AGGTGCCAGGCGCTGGGCTGCAGCATGGAGCTATCCCGTCACCCGGTGGGAACGGAGGCC
545 Q G L G Q FA T AUPTCU FMZPS QDI RL P
1681 TGCAAGGTCTAGGCCAGTTTGCGACAGCGCCCTGCTTCATGCCCTCCCAGGACCGTCTGC
565 T b L b I EMU FTENTZLUDTCUDV E Y I I
1741 CTACAGACTTGGATATTGAGATGTTCACTGAAAACCTGGACTGTGATGTGGAATATATTA
585 N S DL MDGDUL V D F NF D P I I Q G
1801 TCAACAGTGATCTTATGGATGGAGACTTGGTTGACTTCAACTTTGACCCCATCATACAGG
605 G Q S Y P G P A ST Q S S S HNWV P S
lgg% GTGGACAGAGCTATCCTGGGCCAGCGTCCACACAGAGCTCCTCCCACAACTGGGTGCCCA
*
1921 GCTAAaatcatcgacctdacagacatgcaaactagacgaatcatataatcac

K1 HAl foxod4 FF mRNA J751
*FRIRL LR T
Fig. 1 foxo4 gene mRNA sequence in Ctenopharyngodon idella
* represents termination codon.
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Fig. 2 Prediction of conserved domain in FoxO4 protein of Ctenopharyngodon idella
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Wt Lt Danio rerio JI! SAVKAGGTDG 65
N Homo sapiens ANQPUEE‘PE— 74
/N, Mus mnusculus (IATEPHEPSE - 74
Hi#8 Electrophorus ele ctricus EIISISAVKAEGTDG! 65
Biffi Ctenopharyngodon idella E§ISAVKAGGPDG 65
PEL 1 Danio rerio 140
N Homo sapiens 147
N Mus mnusculus 147
HL48 Electrophorus ele ctricus 140
Hiffli Ctenopharyngodon idella 140
BEL 1 Danio rerio KQAGRAG : 215
N Homo sapiens PSVLPA- : 221
J/INB Mus mnusculus PSVLPA- : 221
HL48 Electrophorus ele ctricus E ! S KQAGAG- : 214
Eiff Ctenopharyngodon idella SIRENLSLERXELEVEN : ficxp S : KQAGATG : 215
ﬁfgﬁ Danio rerio IGGTGGGLQ BGTGNADSP : 290
N Homo sapiens 1 278
/INEL Mus mnusculus 1 278
H#8 Electrophorus ele ctricus : 284
ith Ctenopharyngodon idella : 290
PEE 8 Danio rerio DEDDLPEDGEES NLPS SFP : 365
N Homo sapiens VLA-EEIPASHSS —— GLS : 325
/NE, Mus mnusculus VLAEEEMPASAS SHAGE-——- GLS : 326
Eﬁﬁﬁ Electrophorus ele ctricus DEDDLPEDG}EES SLPPT] AQQGGASPSTAPQAPPTPLPSA NEP : 359
4t Ctenopharyngodon idella DEDDLPEDGLG NLPP GPQGGASPSTAPPAPPQPLPSA SFS : 365

FOXO KIX bdg domain
%gﬁ Danio rerio ROLOETKASQEST EG-HSGESTHVP SR nnEI Sl 1 438
N Homo sapiens SLOHE--GVTE—— TS S AHEELSAGEGCFSSSQAIREINNIEIRN PA| : 379
JNE Mus mnusculus SLOHE--GLAE-- iDfé d LSAGEGCF SSSQE Ry AN sy PA| : 380
Hi@@lﬂecﬂvphorwgek(jﬁcus ROIOEVKGPOEPTORGSONSVQOGGSANTS-PS SGSRSGETTHVPSENaynniEIk -N| : 432
it Ctenopharyngodon idella ROLOE TKASOEST EGPQSSVQPSGGSSTS-PS SLEALLTSES 22 i SRy
PS4 Danio rerio DTST 1 509
N Homo sapiens EAP- 1 429
/NE Mus mnusculus EGP- T 430
Hi#8 Electrophorus ele ctricus > ﬁ(' EPSP QSQLOPQOOHSQMGEGMLLSG : 507
A Ctenopharyngodon idella DTST QTQLQ----LSQMGYGMMHSS : 508
BE L8 Danio rerio BESGLLHHGVIESP. NGGLQGLGQF ECr TR T : 584
N Homo sapiens ASAP——————JREKALfE—————— T- PV & TEAAE N ) : 485
JINBR, Mus mnusculus : AP-—————MEKVIfE-—————— T-PVLASETEDSRHES 1 486
Hi#8 Electrophorus ele ctricus  : MGQEPP EGLLQHGS SE NGGLQGI_;Qfﬁ T 582
it Ctenopharyngodon idella : MNQEPP AG-LOHG NGGLOGLGQF A AfEC FM Pl [P TIARRI FJ : 582

PE D, f4 Danio rerio

N Homo sapiens

N, Mus mnusculus

F#8 Electrophorus ele ctricus
Hifh Ctenopharyngodon idella

RO

Fig. 3 Multiple sequence alignment analysis of Ctenopharyngodon idella FoxO4 and other known FoxO4 sequences

ATTQSSSHNWVPS : 628
- : 505
- : 505
STPQSSSHNWVPS : 624
ASTQSSSHNRVPS : 624

K3 Hff FoxO4 FLHABLC P FoxO4 JF 91 i 2 17 51 LS 53 B
Gy TR SE A IR &L IR R AL, W7 HEFR R FH 25430, SEHHERR
FOXO KIX bdg 25443, £ (4 )57 HEF R FOXO-TAD 2543,

The black shaded part indicates the completely matched amino acid residues, the blue box indicates the FH domain,
the green box indicates the FOXO KIX bdg domain, and the red box indicates the FOXO-TAD domain.
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K4 14 49Fh foxo4 H) RSCU #E
Lo 2. BRARGLRERS 3. B4 PRAGf S, 6. BETHM 7. MO 8. HuB; . ik H g
10, WMEIIK A 11, /NEL 120 A 13, @4, 14, B754.

Fig. 4 Heat map of RSCU values of foxo4 from 14 species
1. Ctenopharyngodon idella; 2. Sinocyclocheilus rhinocerous; 3. Carassius auratus; 4. Pimephales promelas;
5. Cyprinus carpio; 6. Danio rerio; 7. Pimephales promelas; 8. Electrophorus electricus; 9. Chanos chanos;
10. Mauremys mutica; 11. Mus musculus; 12. Homo sapiens; 13. Bos taurus; 14. Sus scrofa.
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effective number of codon (ENC)
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GC content of 3rd site (GC3s)
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o fi#l C. carpio o BIIfh D. rerio

o LR fh P. promelas o Wit E. electricus
o B C. chanos o EIERIKE M mutica
o /MNE M. musculus ® A H. sapiens

W4 B. taurus B3 S. scrofa

K5 AFEPIF foxo4 3K ENC-plot 43 Hr
Fig. 5 Analysis of ENC-plot of foxo4 of different species
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FRA 428K Sinocyclocheilus rhinocerous XP_016366703.1
# Carassius auratus XP 026136730.1

R 1 Puntigrus tetrazona XP_043113405.1

## Cyprinus carpio XP_ 042626248.1

Bt Danio rerio XP009289443.1

it Ctenopharyngodon idella

B 48 Pimephales promelas XP_ 039521621.1
3 H 1t Chanos chanos XP030621714.1

88 Electrophorus electricus XP 026868778.2
BMEAL K f, Mauremys mutica XP_ 044885796.1
/INE Mus musculus NP_061259.1

N Homo sapiens NP_005929.2

FE 4 Bos taurus NP_001094747.1

B¥%% Sus scrofa XP_003135220.1

B 6 T ARRYF FoxO4 HER)T I N RGE AR (NT %)
W AT R 1000 K F 2K 56 BAF B
Fig. 6 Phylogenetic tree of different species based on FoxO4 amino acid sequence by NJ method
Figures on the nodes represent percentage frequencies for tree topology after 1000 interations.
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K7 foxo4 1EF 25 AU I AR X KK
AR FRE R IR AN [ 21 R] 2 57 1. 35 (P<0.05).
Fig. 7 Relative expression levels of foxo4 in various
tissues of Ctenopharyngodon idella

Different letters indicate significant differences
among different tissues (£<0.05).
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Kl 8 Hifh foxod KR BB AR AL T AL
AN [ SBR[ I 1] 46 ] 22 5 {35 (P<<0.05).
Fig. 8 The circadian rhythm of foxo4 gene of
Ctenopharyngodon idella
Different letters indicate significant differences
between different time points (P<0.05).
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23 AREZEBHEXESE foxod B FERIEREME
mE 9 Fios, kS [F 8 I R
foxod Feik ELAT R AEFRAE)G 14d 1 35d,
i foxod 18 MM FRIEKT- 8 ET Ak
HASMLH (P<0.05); TEFRFHIG 21 d A1 28 d I,
foxo4 TE TR IRV B L T30 41(P<0.05)

107
8 b
28l ¢ T
% L ab 7n=6; ¥+SE
2 6f
= b 2
8,
I b
£ a
® 2| a
= (LI ilm . re
a
£ . N -
14 21 28 35

FEFE AT E]/d feeding time

Bl 9 AN[EE RN R 7 E foxod B FRIB R
FM: f¥y2; RM: M4, SM: SOMI4A. AR FERR
[F] — B} i) ACA ) 25 1 P 4 ) 2% 5 B 3 (P<0.05).

Fig. 9 Effect of different protein sources on the expression of
foxo4 gene in intestine of Ctenopharyngodon idella
FM: fish meal group; RM: rapeseed meal group; SM: soybean
meal group. Different letters indicate significant differences
among different protein source groups (£<0.05).

24 ARERIMAE =K E & foxod BRI FRIARI R
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TERITRA KGNk /% dietary Ala-Gln level

10 AN[F] K P A RO i gy 1
Jfoxo4 H R 1k 14 5% i
AR B F R AN R TN AT R A KA 41 [R) 25 57 8. 3% (P<0.05).
Fig. 10 Effects of different levels of Ala-Gln on the
expression of foxo4 gene in intestine of
Ctenopharyngodon idella

Different letters indicate significant differences between
groups with different levels of Ala-Gln (P<0.05).
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3.1 Efa foxod B4

AW LE R, H A foxo4 FEH ) ORF X
£ 1875 bp, 4ifih 624 MR, H FoxO4 1 3
DIIRES, FH 258506 T 92~182 P JE PR IR I,
FOXO KIX_ bdg &5 7 T 413~467 5 FFR 5
3, FOXO-TAD ZE#I 7 T 560~601 42 HL R %
%, FoxO4 fE28 FoxO HH RGN R, SHRGH
HoAth %, 55 (2 FoxO1 ,FoxO3 . FoxO6)45 AR 1L, #P
HA FoxO M HZKGRA 1 FH, FOXO_KIX_bdg
1 FOXO-TAD #5745 #412*) . 45 Expasy i, i%
E5r T8N 65354.46 Da, %55l 5.13,
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M BRI R S8 K B X &R, RSCU 1 ENC 54X
JE A B L PR 27 ) 2 0 O R E O B Y e,
RSCU fHRTF 1 Fom Ik A e 205 7 1 (8 FH A5
R THUEP), ENc-plot [ H 4% 55 55 17 22 i 2%
A DA B 28l e T T s P T 2 AR
WS AR AT A T A A b B
[1) foxo4 ) RSCUAH, & I £ 1R SR a5 4 A
XFZ . mAr R A A B ST, XR
B4 11 foxod FEDEAL TR G R %Y . [RAT,
foxod FRGEVEALM AT WR, Bfad R EL R
RN —/NT, H foxo4 7350 5 ISR AH
PR R, RGBT, S HA Y R 3 i AE AL
M EAIK, R, X5 7Sk o5 FR A )
foxo 5Bt AR R D P O IF ST 4 R — L
4, ENc-plot Bl iR, i H i (Chanos chanos) .
& {2 . (Puntigrus tetrazona) . 6% 1 2L R 13X 4
AP F Al S B, BRI 4 DI Y
foxod FEHG Tt P TR 1 32 B2 37 B 28 A8 52 A
M, #(Cyprinus carpio). HEMERIKE . /ML,
AL AR IX 6 NI FR oA T 4k
BN E, Ha 4 MRt R E, i
LTI foxod RS TIRMEFIIE AR KA L2
H1 SR BB B Al R R B, i G+C P
RNA P R (RPN, midlkh sass i,
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32 E&foxod BEEERKRIERERTRERIESW

foxo4 TEZFNBNYIRN & LA LU G 55
Ao ARMFFREE R LM, FEFLa Py 7 A
BRI E] foxo4 HER M54, HAENL AL
HARIR KPR B e vy, TR B I rp 65 A0 T i
IR 5 R B2, 7 Sk i rh I A B,
Soxod FEIFENF. WG, M. 8RO ML E L LA
M 9 Fhdl b ¥ 3k HAE U b 2Rk i i
B0 T foxod DR BRI EL S G BORT L il
OMEL WL BRI . RN . KL 9 Fpedgirh
A7 %3k, (B Ak K B BRI 41 210
Ak, Furuyama ZECOBIFSE 45 AR 7R foxod LA
TE/NRE B A h R B R, TEHIEHR
Rk AR, X AR FAE b KL foxod
EHETENAAL PRI EREIGER -3, H
SRR RN T RSy 8 M IVESE 7 N [ P~ e g D
g g R, Ui foxo4 TEAN[RIM AP AEAE LA
RikZFME, XTREY foxod TEAIRZNPIRRIA
[F) & & B B R AR DI REAN R A G, & A BFFEIER,
foxol F foxo3a MR MENANERKRET
FHEEEEEH., ERZEET, 24 foxro]l mRNA
e 2 IRIKOE I, LA A R, gk i
R K S) Zhao V9 K W foxo3a BEW
il ik N SR e S D5 S N R il 3 e = Do iR
AR AR . TEARBESE TR I 22, foxo4
ENLA T 2R RIS, XPIR foxod HRZH
T ERANNNERK S AT, HEHPEE X
HEPEVE

AW R TR R BN, WM foxod
SR ZRIBZKE A 3:00 2 9:00. 12:00 £ 18:00 ¥
B LA, IFE 18:00 AE— KKk
IKIKSE; M 18:00 & 24:00 R FE#HE, H foxo4
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W5 B A7 peptl (oligopeptide transporter 1,
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AT b T Xiao 4 PUALE B 58 M & Y
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Z RN, JF R B B AR A . i
Hb, A v AL R A SRR A X T R
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TRk f S ISR s B e L 3 v AR 1 B G KCF
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2. State Key Laboratory of Freshwater Fish Developmental Biology, School of Life Sciences, Hunan Normal University,
Changsha 410081, China

Abstract: The Forkhead box (Fox) protein family is a family of transcription factors with wing-like helical
structured DN A-binding region and is widely distributed in biological groups ranging from yeast to mammals. The
Fox protein family is divided into 19 subfamilies, A to S, among which the forkhead box O (FoxO) subfamily is
the most intensively studied. Forkhead box O4 (FoxO4) is a member of the FoxO subfamily, which includes
FoxO1, Fox03, and FoxO6 in mammals. These members share structural and functional similarities as well as
regulations. In certain fish species, seven highly homologous members of the FoxO subfamily exist: FoxOla,
FoxOlb, FoxO3a, FoxO3b, Fox04, FoxO6a, and Fox06b. The involvement of FoxO in the regulation of various
physiological functions, including the cell cycle, apoptosis, DNA damage repair, oxidative stress, cell
differentiation, and glucose metabolism, has been demonstrated in multiple studies. Furthermore, its activity is
modulated through diverse mechanisms such as phosphorylation, acetylation, and ubiquitination. To explore the
molecular characteristics of foxo4 in grass carp (Ctenopharyngodon idella) and its relationship with the nutritional
regulation of dietary proteins, we obtained the grass carp foxo4 sequence through homologous cloning. Its open
reading frame is 1875 bp, encoding 624 amino acids, and it consists of three functional domains: FH, Pfam
(FOXO_KIX bdg), and Pfam (FOXO_TAD). Amino acid sequence alignment analysis showed that the foxo4 gene
in C. idella is highly homologous to that in Danio rerio, Homo sapiens, Mus musculus, and Electrophorus
electricus. Analysis of codon usage bias revealed that foxo4 exhibited a strong preference for CUG and AGC
codons across all examined species, whereas C. idella and Pimephales promelas shared certain similarities in their
codon preferences, suggesting a close evolutionary relationship between them. Phylogenetic tree analysis showed
that the foxo4 gene of grass carp has the highest homology to that of Pimephales promelas. Tissue expression
analysis of foxo4 revealed that the mRNA expression level of foxo4 was most significant in grass carp muscle
(P<0.05), followed by the heart, liver, intestine, brain, spleen, and kidney. In addition, circadian rhythm analysis
showed that the expression of foxo4 was the highest at 18:00 and lowest at 24:00. This study also explored the
effects of dietary protein on the expression of foxo4. The results of different protein source experiments showed
that after 14, 21, and 35 days of the feeding trial, the expression of the foxo4 gene in the intestinal tissue of grass
carp was significantly upregulated in both the rapeseed meal and fish meal groups compared with that in the
soybean meal group (P<0.05). These findings suggest a close association between the expression of foxo4 gene in
grass carp and dietary protein sources. A feeding trial with different levels of l-alanyl-l-glutamine dipeptide
(Ala-Gln) showed a gradual decrease in the expression of foxo4 in the intestines of grass carp as the ratio of
Ala-Gln in the feed increased. The control group showed the highest expression level, whereas the 1.5% addition
group displayed the lowest expression level. In summary, the expression of foxo4 in grass carp exhibits tissue
specificity and is regulated by dietary protein sources and dipeptide levels. This study establishes a foundation for
revealing the molecular characteristics of foxo4 in fish and its protein nutritional response and provides basic data
for subsequent studies on the molecular mechanism of foxo4 gene regulation in fish protein metabolism in teleosts.
Key words: Ctenopharyngodon idella; foxo4; gene cloning; tissue distribution; protein source; Ala-Gln
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