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Abstract: To investigate the digestive characteristics of milk and soybean powders from different sources in the infant gas-
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trointestinal tract and their effects on gut microbiota, this study compared cow milk powder (CM), goat milk powder (GM),

sheep milk powder (SM), and soybean powder (SB). An in vitro continuous infant gastrointestinal digestion model com-

bined with fecal fermentation was established to evaluate protein hydrolysis, short-chain fatty acid (SCFA) production, and

gut microbial composition. Results showed GM and CM exhibited significantly higher in vitro protein hydrolysis rates than

SM and SB (P<0.05). During in vitro fecal fermentation, the three animal milk powders increased butyric acid and valeric

acid concentrations by 4~7 times and 1~2 times, respectively. Microbiota analysis revealed that CM and SM generated gut

microbial profiles more similar to those of breastfed infants, significantly increasing the abundance of Anaerococcus

(P<0.05), which was associated with butyrate production. In contrast, SB showed lower protein digestibility, significantly

elevated acetic acid levels and disrupted microbial homeostasis. It was characterized by a marked reduction in the abun-

dance of beneficial genera such as Bifidobacterium and Clostridium_sensu_stricto 1. Correlation analysis further

confirmed a strong negative correlation between acetic acid concentration and Bifidobacterium abundance (P<0.01). In

summary, goat-milk powder and sheep-milk powder were more suitable raw materials for infant formula, offering scientific

evidence to inform the rational selection of base powders in infant formula development.

Key words: milk powder; soybean powder; in vitro simulated gastrointestinal digestion; protein digestion; short-chain fatty

acids; gut microbiota
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SCFAs) 55 iz B AU 20 A= i, 520 22 ) LI 18 fdt il
PRSP, HAET, F T AR 2R A BiE AR X i 1
A RGBS RS, RASHE T 4
T A 53T i — 24 s AL -
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PO Ah AL JLC Tk ROk, m A S MELIEE it 2 B
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JRF R 25%) PIEE T BRI S AR 2Lt A FR A F
GMUIBT & 1 26%, i/KAbG 10 & it 39%, FREIT &
T’ 26%) . SMOHE Wi & & 32%, kKb &9 & &
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50 °C ZEME/K R4 (15 /100 mL), 3+F 37 °C 7K
W 10 min, X 5 mL FL T 50 mL 2.0,
A 2.94 mL BHLE W (% 24.1 mg/mL & 2 HEEM
1.7 mg/mL KARASWiE) , IRER 21, 1464 1 mol/L
HCl F W H%E pH 2 5.3, MEIRGWET 37 C
TE#RHE PR (50 r/min) 754k 60 min, AL 32 )L 3B L
HARE. 7EH WAL 0 min(CA 1) Al 60 min 4351 B
FE, 12~ GO F1 G60, 37 BN /K # KB 5 min 28112
N o VAL BE)SAE 4 °C LA 4700%xg BS.0> 20 min, _F
T RATRY I 53 HIAE S5 , #-20 °C LREERRI .
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T, OBREL 3 g FESh, F08 1.2.1.1 9 BTk 7 i gt 1744
S B i 1L 60 min J&, JH NaOH % ¥ (1 mol/L)
FBrisAe i pH P95 = 7.0, FIA 4.87 mL B35
(¥ 1.9 mg/mL JEABINE . 0.17 mg/mL JBE 2 g F
3.1 mmol/L §HER), IRiEIRA) . Bf5 H NaOH %
(1 molV/L)FHREIAR R pH JETT = 6.6, T 37 C 1EiR
FER (50 r/min) {1k 60 min, LIS ER I LB IEHE AL
. TEHTHEALBEAT 60 min J5BUEE, iC N G60+160,
THGH T K S R K 5 min 2V o BE )RR

TEHAE 4 °C 548 F LA 4700%g B0 20 min, 53511k
5 FISWAIBNE, T—20 °C ARAE, Fr/a el .
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G60 Tl G60-+160) A & H - ¥ MR Ui i a3 1R & 1)

Bl E3SWARES 20 pL, 5 OPA iR57] 200 pL FE43
RA NG, RSN G THE 340 nm P14
M H G EERL . DA H 2 I An ) o2 il bn i ith
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2 C HARETHE A BORE S IS i s e ik
1% ¥ &, mmol/mL; V AR [EITH AL MY BERE i iE WY
AL (GO Fl G60 [ Bty 7.94 mL, G60+160 [ Bt Ay
12.81 mL), mL; M, & G60 1% G60+160 [ B¢ 5
TR I B A R 1Y S i, mmol; M S GO B BeAt:
A VB RS A R 1 BV, mmol.
1.2.1.4 HHEBHTPT 275 Ren 5P Y5k, R
JH 1 ko 5 1 152 9 - 2R TR s Tk e 5 e HL Tk ( SDS-
PAGE) /A JE AR Sl _ L3 Ak v it 3 2 1
BT B, XFIHAR)S I IS W, 7 56 oR H Bradford 74
P 00 3 T A A B BT HR SR
I AR B I WO B 2 5 i T A o B L WA
IR B e . BRI 09 W8 MRRR i 2 pl, JIA

NuPAGE LDS #£ /522 % 5 pL. NuPAGE ¢ i if
JEF2 pL M FEETIK 13 pL IRE45), F 70 °C inFk
ALFH10 min, B 10 pL ZbFH S AORE S PEFTERIK . B
AL S BB ¥ R T4 48 h, BR 0.3 mg BESLITA
25 pL NuPAGE LDS F 522 9P . 10 pL NuPAGE
FEEIEIFFRIFT 65 uL 257K, 2k T A 2000 r/min
E5.001 min, T 70 °C N 10 min, B 10 pL 7S W HE
ATEHIKSI AT o

FELIK > B S U EE Sl 12%, R4 ISR N 5%, HE
PKEAMBEE SN 120 V B R, HELPKETE] 90 min, ALk
LS, K EERS BT S s i PaE e kb e
30 min, BifiJi5 FHZEIR /K FE53 0k (0, S5 Jie ) FHEE R A%
ST RGEBATHA RO IO SR A R .
1.2.1.5 MEMHONEH S Grasso 61 19777
R TIE ML, SR O R AR AT (CLSMD) WL
RS OIS 8, T 2 A1 I FARIE IR, B4R+
FRIEEE T, CLSM WEEHT, 1 10 mL Je & L1
TR BESN 0.01%, #Eff T S P9 BEH ) Fl 30 mL
LRI BT MRS N 0.01%, it T 288K ) IR-&14
5o K4 50 pL VRS YL N TS A R e 2R
BB, PEIRSA FEE Y 15 mineg @588,
i FHZE /KR 3 IR, KRyt Je & 4 fifaE
4553 BITE 488 nm Fl 633 nm 7K F 5T AL FFE R
15 SRH 20x<¥ 85X 8 St 547 028, FHFIH Imaris
Viewer EUZ 5 HTHR 14 (9.5.1, Bitplane AG 23 H)) XT3k
Wy BRI 745+ 53 AT o
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S A S 2 1 v I R A B AE D) (46 B A A A UE S
HF20240501) . FrfEASEREARTEHEH J5 57 B PR A1
R A, IR FLRL 5 9050 2 80 °C UK AR ¥ R AR
ffo AT SRMEAEARTE =R T RS, % 3:10
(W/V) Ee 81 A TG B8 B 12 £k 2% v % (0.1 mol/mL,
pH7.4), Fe4rR A m i ad DU )2 Kb A i 3%, WA uk
WABLAAR SN K e 92 56 FH o Bk it 1% 5% BLC ] = 2%
Yao S5V TR T . BIESHARSN B I TE S A
IRT 48 h, BL 0.1 g #7&, IIAZE 50 mL KB ES O
B, EARRIINAS mL FeahA: K 55375/ 1 mL 2§
IKUEW, IREIRSD 15 s JAiB AR 30 s AT IR AL,
HEE BT 37 °C. 125 r/min [BIRFE K P 3T IRA
KEEE SR 4T BIFE 0. 6. 12 Fll 24 h BUFE, ST EIF
4 °C 4T LL12000 r/min 2.0 5 min, Y8 ISR
JHTF pH A 4% NS 2 (SCFAs) M AE . BUARSN % i
24 h MUTIEY CE A IE R LA E T80 °C Bk
b, T 542 16S rtDNA JF5347 .
1.2.3 SCFAs lxE 3% Zhao 45 {77 5 3F- FE 1
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ek, X &I M SCFAs BEATIIAE, (aiiéAt h CP-
FFAP-CB, #:ll#5 FIBERE L #R EE 5 BN 240 °C, &
AR EARW TR E ST 20, 30, 300 mL/min,
PERER N 5 uL, IRbRENE, APIARIE (2-Z L T 1) &
i, FHEBRFWNFE 1 iR,

1 AR DITRIE 1) A TR AR F
Table 1 Gas chromatography temperature program
for short-chain fatty acid determination

THE I (°C/min) AR EG I [E] (min) )
- 1 50
15 - 150
5 - 170
15 - 240
- 11.67 240

T =" RN TR

1.2.4 WAEMZFHMST (41 BE.ZZN.A.TMMag-
Bind soil DNA 7l & M 1.2.2 75 P & 24 h k45
B B 18 B REDLHE PR DNA. SRJHS % 338F(5'-
ACTCCTACGGGAGGCAGCAG-3') 1 806R(5'-GG
ACTACHVGGGT-WTCTAAT-3)¥" 1% 16S rRNA H
V3~V4 X A8 52X . PCR §71 £544F: 95 C
WiAs P 3 min, 95 °C 281 305,55 °C iRk 30,72 C
FIEfH 30 s, 27 DEER, SR J5 72 °C FAELEMH 10 min,
G TE 4 °C PEATRAT . PCR VAR F . 54k DNA
10 ng, 5xTransStart FastPfu Z% o} 4 puL, 2.5mM
dNTPs 2 pL, . T #F514 4 0.8 pL, TransStart
FastPfu DNA F47# 0.4 uL, JE#MNEZE 20 uL, JIrh
Pyt e A B 2R A BRA w1 4T,
FAEHAYE BAF & LT Illumina Miseq PE300
PR AT S5 34T o o A BR AR B0 S A4 RN AR X
=B AT E 43 AT, IR QIIME 2 "1 ) Naive
Bayes 7725 25 X K151 ASVs PEFT 4 Fh 4325 22 4y
o BEAE, FIH Mothur(REAS 1.30.2) 4x 44504
) o-Z k¢ PE 8 %, 145 Shannon. Simpson. Ace.
Chaol F11 Sobs #5%(. p-ZFEMFELT Binary-Euclidean
e e X LY v n VW 1 B 5y e 2 1 i o Vs VAP
(LEfSe, LDA=3.0), £ 5 41 7 i B £ v 07 ok
27 DESFWE IR
1.3 HIEAIE

% 17 18 Al B A3 T A1, B R 8 32 R o <SP
{HEAREZE” (n=3), 35045 53358 A Origin 8.0 F1

SPSS 27.0 &A%t #ATEHRAC TR0 . SRR R
J7 2243 H7 A1 Duncan’s multiple-range 46 46 X A [] 2
(1Y a-ZFEVEFE % . SCFAs 4T W P22 B 41t
FIH Spearman MJAHIEH: 5387 27 DR ASV 5
KA SE Z A A . P<0.05 I 2ZER R
2, P<0.01 2= 7 W3
2 RS9
2.1 AIMERIZE) LB RIiE RSP ERRUKRIZEERN
S

B ATAEARS N A2 B W T AL R P A K iR
3 A Y S A e B i A A A T VAR R 2 T
75, RANE AL 60 min J5(G60), GM Fll CM TIF 5
SRR B R B 3EE T SM Il SB(P<0.05), # 1
GM 1 CM 2R s e 22 L BB H A B s i Ak
RO, IRANESEE B L 120 min J5 (G60+160),
CM F1 GM YIS & LR B i R o i 3 22 5, (HY
WS T SM Hl SB(P<0.05), Hirh SM X B 35T
SB(P<0.05), X 1] G5 FESH7E B FRMIK pH FREE e
FLAT A VIA S BEER ITERR TSR T BB iER
URAH | FEEE EEE, AT S IR AAE A,
FLIG AT AL AR TR SO BEZLES M AN TR, HL
A B TEARTT XN AT CM AT GM, SM
Pt 25 P FNZLIE 25 P & et s, TTRBFE— S B IR
HAR USRI TE AR RS i B8 S SE R B ik
TR, HTH AR AZ BR 4 L 8 o BB P 7 Tl — &K
SEASIIYFEOEL PR RS, TR
LER TP ST T 2 UK S, S R, BRIL T HR
BRI S VI HIRR — R KOG Hh R SR AE P
PR~ Chn R 2 1 e 1 7910 460 ) AT BE 24l AH DG Ak il
TP, DT AR BT T AR R BE D>
22 IMEIZE) LB B R EBRES ST

Bl 1 JRIR T A5 e IR MELEL B2 L S s 1k
ANEI B, T A 38 WA 14 8 B 4 4y 25 5%
RETHALAL PR IEW (A~D) ARy (E~H) , 25 1 5
HNAFAE 225 . CM S AR I R 2L a -
(a -CN) Fl p-EEFE 1 (B-CN) R F5 GM 1 -CN LA
H O SM R E & a-CN 5 -CN. Kk
MR =R pEREEREAWN =T 3. o
(76 kDa) ., a'(72 kDa) . B(53 kDa) D4 it 2 ik &t
(31~45 kDa) Flis 422 iks%E (18~20 kDa) . 60 min 42

2 RONESE H AT S R e B EE IR B SRR

Table 2 Changes of the total amount and release rate of free amino acids during continuous in vitro digestion

e GOViF B 2 AR G607 88 2 FER #4h Fé"ii*l'ﬂt‘fﬁ?%ﬁ%ﬁﬁ G60+16077 83 S KR 1¢9l‘i’£ﬁ§ﬂ??‘ﬁ%ﬁﬁ%ﬁ%@§
it (mmol) it (mmol) PR (%) St (mmol) BECRE (%)
CM 109.68+2.85° 214.63+7.04° 95.66+2.19° 313.94+17.84" 186.08+9.05*
GM 99.48+5.07¢ 205.88+4.96° 107.14+6.10* 306.39+9.56° 208.33+13.34"
SM 145.39+7.39* 259.59+7.41° 78.79+8.67° 336.80+20.30" 131.58+2.74°
SB 93.49+4.64¢ 158.94+7.70¢ 70.27+11.02° 197.43+12.90° 111.074+3.48°

H: AFNG AR RN FRE S A B 22 7 (P<0.05) .
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K1 SN AR SDS-PAGE
Fig.1 SDS-PAGE of the in vitro digested products
#: A: CM _F35WE; B: GM IS C: SM_F 5 D: SB [I5 ¥ ; E: CM B3 ; F: GM #iif; G: SM #yif; H: SB Bii; o -CN: o -fi%
HEH; f-CN: S-F&HE ;5 1-CN: k-BE 25 [ f-LG: f-FLERE H; a-LA: a-FLHEH; oz o WIE; of: ' WIE; B2 B W35 acidic: FRTE L AkEE;

basic: 2 ikEE .

ShE IS (G60), ik I (3 4E o,-CN., B-CN Fl «-
CN) FEARYE SE /KM, 257 LTI R, X R S s 2
PO B AR T v R AUER, 7R T T AR Bl R
R, M, a-FLIEE A (e-LA) 5 g-FLERE H (8-
LG) ZARA5 M 7, R IHERIRAG S AZLIE HE X
A B EAT R AT U SRS A S B
b5 (G60+160), CM ., GM Fll SM P FLiE & A HISHT
o B HE— 2 U 55, 2% B AR g 1 B BE RS2 9 K i o
K 1D F1& 1H #7~, SB FE4Hr—p-FPE R T 3RkE
A R LR PR/ IV 3 AE 5 W T A it b iy st B
W,
2.3 MNERIRLER

&l 2 R T A PR AEARSMELL B i I Ak 25 B B
FITAR S BT E A AR b . RGP aR e R RAG I, 41
EARRE AR, FEIARSNE HEALRT(GO), FEfh P
ST SRR SRR, A IR SRR i . &
i 60 min B & HEEHE (G60), CM 5 GM H1i1y
EAN R S =R RAs A0 M S)E NG 570 = = i W e 2 = |
ko AHHZ R, SM 5 SB A/ a] gL 21 K 28 1 5T
FREH . FERBR T 1E, CM. GM. SM 5 SB H g &
R A RSNESL S B THAR S (G60+160), BR
KGHh, HAy =FiRE s b R A O G E S L8
AEO, BRI AR e e, R

IR 6 S Div 2 42 R me S TR NI RG (S R I NEN
IMEFUTH A ZR AR R BE e IR, T AR i 2z 1
REEIRE 2.1 79 iy 2 G SR FRRE R T S L) R
Bl

GO G60 G60+160

S
i EE%ﬂJﬁ [ S Aﬂ/ﬁ HAR 5

JE
qol. 1 L [ [ ][]
- (2 I I B
~ ] I N I
ol | L]

Bl 2 RINH AR B RO ZE A

Fig.2 Microstructure of the in vitro digested residue
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24 {KINAEETTZD pH F1 SCFAs HIZZ1E

& 3A F1E 3B A %0, SB 7E A% 24 h J5r=4
T REMNLER, FEUREIAR pH 4K, WFSTIER,
SB & F KSR B UNARERRR . K 5B R s AT 2 A K
117, B W i B R PR T, R A RN, s
st i 2R TR BUR M I AT B I BE B 512 3h
T, RSO T, FIRT RS- AR e Bk A, AR
HXT R E AU SR, PTRETPRimiE st ayZH
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i
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S ' 3
3 04 g
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E 0.3 ;;
02 o 11 5
= T 2 | 2]
01r = - 2o 20 pel
NE - W = TE = llINZE
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