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B, L# T I M=WPL [ J5 P& 1 LA 3 &
P 7L 1) & WEPEBE A B bt Sk e 7, IF R FH AR
ZH 243 AT S I M=W P 5 ORI ) I & 1 FL A e AiE
25 AR Y R DG AT I8 | A AT A DA
5 R WEFL XU PUELREME M OC R DU R L
P T R AR DL K M=WPL f4 #E — 45 07 ] 32 44t
HitS%

1 #MEFE
1.1 B

o LR DT BR R Y 2L & E o (M-WPL, 25
Tt 73% , N8 W& 8 15% , Bl % & 6.6% , 7B &
it 4%) , 32 [E Hilmar 22 ] 5 3L & H kB (WPC-80,
HHE 5 80%, 5 & & 7%, Wils & & 2.0%, 3.
Wi 6%) , PHEZ BT £ JEORH BR 23 | 5 i 2Lk
(RS i 34% BRI & 1 6% , Wi PE & it 1.5% , 3L
Wi 43%) , 9% [ E1Fh 21 B 15 A ) 5 IR 7Lk (B
H& i 33%, B & 1%) , #7522 Anchor 23 #]
1.2 HE#SiKH

PRI A ZLFF B (Lactobacillus bulgaricus)
GYX-4, TRAF T R 5 K27 [ R FL A i TH R
WE 53 vty s 18558 SRR A= 0%, V5 S e FL W (P D A
FRA W] s MRS 555735 3 5w BHR ol e v A )
RGBT 1, 1= -2 AR (1,1-
Dipheny1-2-picryl-hydrazyl, DPPH) 3% [ Hi &l
e8| R S I 2R AT A RIL DA W i g o B =9 R
Y TR BT 5 o3 Hr i 9 P S e R R 6 a3 it
BE (=99.9% ), 3% [H Sigma—Aldrich 23 7] ;N,0- X
(=W AL ) =98 & Bt e (BSTFA) , 42 =] 3R v A=
Rt ARG R AT,

1.3 U#F5E&

Spectra MAX M5 [if #5 1X , 3£ [ Molecular
Devices; EL25 & 7R T ML, 28 R (P ED A RAH
GC-MS SAHBTIS B AL, R A PR A A
DB-5MS (A3 4 (42 30 mmx0.32 mmx0.25 pm,
J&W Scientific), 35 B Z R A R Al A1k
A, D bE R S AR A PR A F]

1.4 FHik

L4 LRINFDEFLAE B GYX-4 Br 3% K idifb
AT INA W FLFT 1 GYX—4 76 K MRS [ 14
M bR £k 43 B 4lifk 37 °CHE 1H IR 1 37 48 15 9% 24~

48 h, PRHU G I 2 KRR MRS B 37 2 b i ik
2 W BT AT 1 PR R S LT TR B R T 2% 4%
B 3 A K TE VAR MRS B % 3 v 8% 9% 2 0 4L
1
1.42 M-WPI WPC-80, P& ZL#:F1i g Lk X £
IR ZLATF B R T 06 S 52 R AS W] 9 7L B
BL(M-WPL WPC-80 ., Fi& .4 F1 I g Lok ) 4% 18 10
of L 1A 2 I3 i Y B3 43 i s n T I B L b TR AT )
170 RHOR AL Ve ] 2 = R4 R R
FLAT TR DL 5%4% B ik 43 01l 42 80 T 0 FC A 181 2L Rt
JAEFLEE IR A rh 37 CHE 3% 283 AL 5 4718
T, RS B TE 00 2 ¥ VR T 8 R FL R
(4 3% TR A, e 2 (1) T 5 ORI A I L AT TR B

¥ M-WPI 4% B2 B it ¥ 224 0,5,10, 15,20
/L 4 s i F W Rg FL b TR 50 )5 2R 7 B IR ARR T
AFR Ve A A ] . ORI A I FLAT L 5%
PP 4 ) AT ICOR B B A 3 M-WPT i i
PEFLIG SR 37 CHiFR 2 BEAL , W b5 ki A7
R,

135 % (%) =18V 100 (1)

gy

A N— I 2L D R 55 3R 5 0T TR
Ny AU LR 75 I B 17 TR
1.4.3 U hn M=WPL L& hn F 0 2L AT & A& e FL 61 &
LR BRI LA
1431 KEEFLEI# B 5% 0% 0 R ZLAT 3 45
FER T 54 10 /L M=WPL B i g 7L K 5 85 97
FE (RS 4 AT R TS i M=WPL 19 i B 3L 2K 1 8%
FrHE O IR ) BRI R B 3 AT B A
SRR BERL 2 5 HE AT IR P A B A,
H pH (BT 4.6 HLWH E R EETE 70 °T LA EEp AT )
Wiy Sy 45 L 26 10T
1432 BCEWE SH5 RSN IRE T E
PR, FEE A R EFL ARG O, 12 AR
FE /N R Y HEAT P E XA BUIRAS | R A
KR AT
1433 FUMmME 2% ke sk i
JEAGACI A2 I 3k TA-4 BIHIE kL e 2
B 1.0 mm/s; H FRE 30 mm; filh % 45 52
a5e,
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1.4.4  M-WPI {240 R0 ZL AT # & 1 2L e A A T
PRI

1.44.1 FiALEE 1 mol/L HCI ¥ W& 45 ke i 4
5%} pH [HIH 7 & 3.4~3.6, T 4 °C,8 000xg
B0 15 min B ETEW; PR 1 mol/L. NaOH ¥
W pH (M 2 8.3, A Il &5 85 0 W4 L W
PR U i, D FL e e Ak fig

1.4.42 DPPH H H3iEBRRE e &% Li
()7 35 IR VRIS Mttt . LATE/K S BEN R, Bl
0.1 mmol/L. DPPH % ¥, 4378 2 mL 19 0,1.5,3,
4.5,6 h FE 54 L R G R 2H K LT BE 10
5 MR, LA 0.5 mg/mL VC & W AE K BH A 4T
M &N OB E RV 30 min, T 517 nm
bW OB T R BR R, AR T A T I A
3 WHCEME , DPPH H 363 B R 1153 07 =X X
(2),

DPPH Ha%?%ﬁf%%(%):[l—%%xmo

(2)
AP A—=2mL FHER S 2 mL DPPH ¥# )
WG ;A ——2 mL B B S 2 mLL oK 2 B
HAH ;A—2 mL JG/K L B2 2 mL DPPH %Y
WA
1443 FHMBENE $ZEZE A b 30 )
UL B TR, LL 0.5 mg/mL VC % W AE N BH
PEXTHE
1.4.4.4 BEIREALGE S (T-AOC)PE  FIE T
AT PR R U Y A P SRR AT, Ho
Trolox J& 0.5 mg/mL. VE [ —Fh 219y, HA #H i
AT E AL BE ) B AR TR R 1, 45 R 3R0R
4 1 mmol/mlL,
1.4.5  W-MPL 700 T 08 i R LT 3 & BE 2L S
FR AR5 20 20 B
1.4.5.1 AR i SR H K4 5 0 R4 R
FL 4 8 000xg B 0> 15 min B L 1 & 200 mL & T
EP & A 800 pL FHEEAT 10 wL AR (- K
R R ) IR HEIR 21,11 000xg £5 0> 10 min, B - 7
WIEATH W, I 20 WL 4 4L Eh R ML e I 8, T
WEPRT 10 s FLAMIRE), F 37 °C .1 200xg )4 & %
O E 90 ming SRJEMA 40 pL BSTFA R iR
5) 8T 70 CHEFE L E 60 min HE4T A7 AR fb Ab

M,
1452 GC-MS 43 #7

1) GC ZfFP ffi ] DB-5MS 34, 73 i
PERE  BAVERER BN 1 L (FTH 99.9996%
G . HERE LR 280 °C, R P THR S 14 2l
HR 70 °C, 4EFF 3 min, 1% J5 DA 4 °C/min T+ £ 280
C,4E+E 7 min, #FEE 1 pL SRR 1001,

2) MS MR g B IR (R, BT

TEHLIE N 70 eV, &4 221 5 280 °C, B 1 I il [
230 °C, AR 44 07 25 B A T F 33~600 miz,
VSR AE IR N E] 2 5 min,
1.4.6 Fdab s 5531508 A Origin 2019
ARG S B O B PR ME 22 (as )RR, B4
3 ~F-17 , Graphpad prism 442 &, >k H Fiehn
ST PR XA ) BT R AT M€ 7R SPSS statis-
tics 11 i 47 B 90 4 it 43 #7 ,Abf converter 45 &
MS -DIAL %K 4 (http ://prime.psc.riken.jp/compms/
msdial/main.html ) X} £ 4 2517 A0 4 25 0 B>, A
A1 PCA Hl PLS-DA #5783t 47 22 53 X8 7= 1 119 B
7 , Multiexperiment Viewer 4.9.1 Z: il A&

2 ZBR55W
2.1 M-WPI 3R i IE 2L+ & % T EiE EH0

W la firzs, fEBAEFLEE R AP A M-
WP & 2 4 i 1 O/ in 1 2L FF B 0 A7 76 g, B
PETFE M WPC-80 | it LA LG #L Ky . M—WPI
e E AR R G, X ELER T A B
wAMER, HATW— e fF el SR e SR 5 b iR
B MEGM mT L = 2L 1% A A 12 W 360 R 358 F 19 47
T BRI BN M=WPT (450 A1) 57 FLAT B % T+
W B A R BRI R R e . 5 S HOGH O i A1)
FF TR A7 36 3R 520, 24 M=WPL s i i 2 e
10 g/L B, R T J LR 11 1 A7 176 2 1k 3] 84.5% , &
Z5 LA 17 i 5 RV JE R 20 o/L B, 7730 %
EEHAN 1465, SWIMBTEERE SN 10 gL 1Y
M-WPI X B 1 5% i G 58 3% 14 22 5 (B 1b)
22 M-WPIXERMAMITATFEABEZ &RH
=AU

R PEIFE] Ry 6 h I 50 10 o/ M=WPT (1) {&
TANFUAT 1 & BEFL pH (B0 4.49+0.03, & 2R}
[i] P B R S BOFL WG AT e, e T L A S R R TR
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e
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T AN B RoR B 35 28 57 (P<0.05) 5
B 1 M-WPI 336 F I ZL AT E 7 & 2 %00
Fig.1 Effects of M=WPI on the survival rate of Lactobacillus bulgaricus

WYER TR (R 1), A Bl b iR 1
TE 70~110 °T 35 Bl FBE 424 i ah |5 i J8E 1F

W A3 AR K 6 h I B8 i M—WPL A9 £ i 1) 7 7L
FF IR A LA TR AT, KUK BIM A (35 2) .

R 1 KRB EX R B REES N

Table 1 Effects of fermentation time on texture of fermented milk
. W g F5 M /Pa-s L2 ik e
KB B 1A /h - - - -
e 2l x} P40 e 2l X} P40 e 2l X} P40 e 21 X PR 20
2 1.78£0.50 1.72+031 1.11+£0.19 1.15£023 2.09+042 154+023 098+028 1.02+0.09
4 598 +1.23 421+098 0.76+081 081+0.06 2.17+0.66 1.78+0.11 236+032 242+0.21
6 793+0.13 6.83+0.27 0.11+£0.05 0.23+0.07 2.61+0.31 2.09+0.21 558+0.21 5.37+0.33
8 6.52+£0.16 623+0.07 028+0.12 035+0.04 198+028 1.68+0.18 3.09+037 3.01+025
F2 HMM-WPIHERMATATFEAEILBRE TS R
Table 2 Sensory scale of Lactobacillus bulgaricus fermented milk with M-WPI additive
. TS
R H oAk
e 21 xR 4
820k & (30 %) B UG RAE, R B, R ENAT G 29 29
o A (30 &) BB, 0 R e R 28 24
&% (20 o) EFEHY AR ENLGE 19 17
Rk (20 27) TSk, ok AR A R R A Aok ek R, B 18 15

A S 4 AT 8 ok

2.3 M-WPIXEmMFATAFELXEILR
30

SRR, RESL LR A RS R AE S T
T T 44.48 UmL (K 2a),DPPH H i 27 4 fig
FHE T 7.89% (K 2b), ByrAEE hfE T
0.0208 mmol/L (&l 2¢), % it M=WPI 2 & T ££1n
FINEZLFF P & 1 AL T A AT P
2.4 M-WPI 34 R0 F) I 2L #F & & B K5 H=E
S
2.4.1

fIiE

F 538 (PCA)  E 3 1 PCA 2K 154y

N T1.4% , £ 4050 N REA BB BT 1) R — e, 3%
B ] — 7K P G ) S L AT B8 & 1 2L AR R AE AR
L, PRALREAAE B b oy B R B 4, R M=-WPL
XoF GR 0 I S FLAT B & T 2L A BH A AR R AE 22

EO
2.42 At/ Z3RAGN M K da FHH A Z
] 52 B — 5 B A B AR W M=WPT X4 hn ]

WFLFF P R BEFL ™ A T s, Q& 4b fir
N, B IR 15 ) R2Y =0.949, (%Y =0.887 {5 4 K
T 0.5 RWNZAMACHFIEA B EM2ZS, H R
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Fig.2 Effects of M=WPI on antioxidant capacity of fermented milk
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Fig.3  Principal component analysis
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25 E=ERREHLH

i 1 2 S A BT (FC) Akl 8 3 AR
W (P<0.05)3L4 77 F (Kl 5a), log,(FC)>1 5%
H<—1 AR P RE S AL T A B E R N-
LB -DL-22 5% 6-F MR SE ;  EIRA Y
LR R AR VB R H [ B R i 4y &
iR R B 91 /BRI TR 1-2 328 3- AL
2 %5 (# 5b), EHCZE RAEE>1.5 5<0.5,P<0.05,
H VIPfE>1 11 33 Fh i 2 22 AR i an 4 3,
W KR K ACE W) IR | N 1D R AT LR 2
Yy, 3R 22 AR A 6,
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J& M=WPI R NI L AT T 1 2L 7 R A8 1 DI
s RARR N TR A & TR L, FLIR W 2R AR
&P g FLIG A PP A &R RN AR A
i, KA AR G R R 5 i A T o R R L
PR A A B BRI, DT i o 1 S 9 £ 308 521 R
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PRSP D RERS, T LA g (i ) S 7L AT T
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Fig.5 Differential metabolite screening
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Fig.6  Abundance changes of some differential metabolites

AT 8 v 70N BV 38 1 G 32 T ‘*b[”]-M—WPI T i B PR BT A A — o A B 5 i 2 R 1 o 15, LA
SRR ARG RARPUEAN BATReE  hEEMERE EREAETR, WTLUERNER
%tﬂ%‘ﬂﬂﬁzLﬁIﬂkﬁ%%ﬁ%ﬂkﬂﬁi71[]7%3%-3— HNFEFRNG 2, B R AR Y B i —
ARBEFLIR ST — PP RARPUE Y L, % T 2B R [ FL RIS fE
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Table 3  Differential metabolites screening

R4 2 Ak log,(FC) —lgP VIP 14 L EE

1,3-= %4 @ 8 = % 1k 0.4395 3.1631 1.3748 e

—P R I kg ~0.5311 2.6807 1.4477 K M W R
& A 0.3093 1.7051 1.0828 Aok m R
L2 19111 7.3806 1.5151 FES E3
-E AT ~0.1969 3.3855 1.4847 w2 (HALER)
6- 5k B B ~0.3658 4.0576 1.5411 E S
FLEE ¥ SLHE 3 = K &M 0.0718 2.4390 13176 KA 4 %
T 3% 4 +H 5 48 0.1247 2.9520 1.3349 KA
S §-] 3.1865 3.6762 1.4663 FES
B-D-R 4 0.4092 6.8175 1.5917 A Ao M
Rl [ &% 2.1189 7.2632 1.6284 e %
I k8L T 1.8930 8.8494 1.5805 rE
D-T H s 0.4117 2.3648 1.1882 ke nE
D-3 45 B 0.2664 2.6818 1.3185 Bk %
D-A % 0.3221 2.4196 1.2806 KA
9—+ A\ M Bk 1.6907 11.1172 1.6171 4 i By B2
* LR B A 0.0735 2.8591 1.4087 Ao
+ & Bk 0.3698 2.9337 1.3571 K 4 1% By 2
e ~0.6294 2.4646 1.4637 e Ak m (HAUE)
# B ~0.4448 2.5280 1.3592 LE FLBENSY
¥RB® ~0.7822 2.9134 1.5152 T kB (AR
E 4 2.5181 5.3767 1.4302 KA 4 %

N-ZTBe & -DL- % &% -1.3762 6.1912 1.6236 ALK
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(8% 3)
R AR log, (FC) -lgP VIP 14 R £ A

N-T Btk -5 28R 0.3737 5.5030 1.5478 Ak %
FER -0.3188 3.4147 1.5028 P4k AR b BR
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Table 4 Metabolic pathway enrichment results
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Effects of Adding Whey Protein Powder Rich in Milk Fat Globule Membrane
on the Metabolomics of Fermented Milk

Liu Feifan'?, Tuo Mengfan', Zhao Jiayuan', Zhao Xuan', Kong Weimei', Wang Xiaozhi', Tan Donghu',
Yang Jingpeng', Su Ya', Luo Haibo', Guo Yuxing"
(‘Nanjing Normal University, Nanjing 210000
2Jiangsu Agri—animal Husbandry Vocational College, Taizhou 225300, Jiangsu)

Abstract Objective: To study the survival of Lactobacillus bulgaricus in Lactobacillus fermented milk before and after
the addition of milk fat globule membrane (MFGM) enriched whey protein powder (M-WPI), the flavour of the ferment-
ed milk and the antioxidant capacity of the fermented milk. Metabolomics was used to analyse significantly different
metabolic markers and their pathways of action in Lactobacillus bulgaricus fermented milks before and after addition of
M-WPI. Methods: Differential metabolites in the metabolism of fermented milk before and after the addition of M—WPI
were identified by means of principal component analysis of the samples, partial least squares discriminant analysis,
heatmap analysis and KEGG enrichment analysis, and in this way the effects produced by M=WPI on the fermented milk
were analysed. The results showed that the addition of M=WPI to skim milk increased the survival rate of Lactobacillus

bulgaricus and increased the flavor and antioxidant activity of fermented milk. Principal component analysis (PCA) and
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partial least squares discriminant analysis (PLS-DA) were used to determine a total of 77 significantly different metabo-
lites, involving 19 major metabolic pathways. Among them, glucose, galactose, and other metabolites were up-regulated,
which improved the survival rate of Lactobacillus bulgaricus; capric acid and malic acid could effectively improve the
taste and flavor of fermented milk. Alanine, aspartic acid and pantothenic acid were involved in B-alanine metabolism,
which was related to the increase of antioxidant activity of fermented milk. This study provides a reference for the nutri-
tional evaluation of the inclusion of M=WPI fermented milk as well as the development of related processing technologies
and products.

Keywords milk fat globule membrane enriched whey protein concentrate; Lactobacillus bulgaricus; metabolomics; an-

tioxidant; fermented milk



