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Abstract: [Objective] This study aims to explore the impacts of single strain fermentation and mixed
fermentation on the flavor, composition, and antioxidant activity of soybean whey. [Method] Gas
chromatography-ion mobility spectrometry (GC-IMS) was coupled with E-nose and high-performance liquid
chromatography (HPLC) to analyze the flavor and function of soybean whey fermented by the single and mixed strains.
[Result] Compared with single-strain fermentation by Limosilactobacillus fermentum HJS-1 or Kluyveromyces
marxianus HIS-2, mixed fermentation (Limosilactobacillus fermentum HIS-1 + Kluyveromyces marxianus HIJS-2)
effectively improved the levels of functional substances and antioxidant activity of soybean whey. Compared with
non-fermented soybean whey, mixed fermentation increased the mass concentrations of soy isoflavones and

organic acids in soybean whey by 65.53% and 182.39%, respectively. Moreover, mixed fermentation increased
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the proportions of sweet-taste amino acids and aromatic amino acids by 49% and 9%, while reducing the

proportions of umami/sour-taste amino acids and bitter-taste amino acids by 16% and 42%, respectively. The

ABTS", hydroxyl, and DPPH free radical clearance rates of the soybean whey after 36 h of mixed fermentation
reached (20.954+0.07)%, (9.08+0.07)%, and (37.62+0.21)%, respectively. A total of 53 volatile flavor compounds

in the fermented soybean whey were identified by GC-IMS, mainly including esters, aldehydes, alcohols, and acids.

Large amounts of esters such as isobutyl acetate and ethyl acetate existed in the soybean whey after mixed

fermentation, which removed the beany flavor of soybean whey. [Conclusion] Mixed fermentation can effectively

improve the flavor quality and antioxidant activity of soybean whey.
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5 IR KR R AR P AR HE O B R
KU ESERARGEEESZMERFMRY . B
J&§ 38 2K N T HETBCE B AR R B A, A AL TR
FREFRRSRE, HHETHE S KESRD
L4 AR TR AR AR T AR AR INE T
W g, Ik TS KM IFRA AR T
[ P AMIE 9T IR T

SR E KK ER 2 PR, Y R
R AR B G R, BR L R A%, H R R A A G
I FR #EST R SR R AR T SR E K
KHIRLH . BRKBEN G E KPR T &6 A
W B A, 38 B KB AL A . Wang SR
TN R R & T RO R IR A, R I I
WA R Z S 75 ) pH AT R HE AR AN EREE I AR K
HAKEBL T BG-118 555 M5 H &
2= W 7L S AT B S W R L AT R A R B L R
KA B T R ORI IR S, o T 5
WK G R 5 R T LS 3R TS T R BT
AT IR S5 RO 1 B L SR T T B R OK ) T R B
TOE , AT A R R B 2R K 3R B T RE M 4 B
F o £ A ot B AL 7 B AR

AW TR N B SR ORI I SR B K R i
O3 B A5 B 1 Ak B LT B HIS-1 A0 D 5y 37 on 4 4k
BE HIS-2 % & J& 8 KoK 47 &K %, FH GC-IMS. Hi
T £ VHPLC A H g b A3 55 0T B0 B8 /R 7T K T 1) &2
J§ B H K ¥R RV R P S Th RE HEAT AR DI 5 oy
BT 5 R 70 B0 T TR TR R T 6 T I B S K R I XU R
YR 5 T Re R O R B 2R K 1T R R A 4R

HEAR i -
1tk 57k
1.1 ##

FRAEEK M ERRARAF, T 4°C

UK FH ¥ B A& F s R B FLOA B OHIS-1: IR S N
CCTCC M 20232566, H{FE# BT 75 8 20 M H R K
T2 11 &85 3 K R o B A B s B e v B 4
% BF HIS-2: ffj& 5 4 CCTCC M 20232567, H {E
T AE VR RN B AR R I ) S B IR K i A% )
BB A oK ) R IR A S ROR A BR A A
DPPH H Hi 275 Br 68 /7 k6 Wi 71 & ABTS [ B &
T % B8 0 R I A R R el 2 R AE AR
Al AL REEREARAA

12 UFESRE

H f & : PEN3 &Y , 8 [§] AIRSENSE 2 A ;
GC-IMS Bk 43 #7 1% : FlavourSpec” % , f# [§ G.A.S
AT EEFRX : ZDM-1101 B, 514 38 3546 C L)
B MR 2 &) s & 0 Hl : Heraeus Frescol7 M, 58
Thermo Fisher Scientific 24 & ; HPLC 1 : Agilent
1260 74, & & Agilent A 7] .

1.3 FHik
1.3.1 KB 2 F K H &7 &

B R K KT 115 °C K 10 min, 2R J5 £
TG B FR 55 R a3 Sl e A AR B 2% B2 BRI A I R
I 7L AT B HIS-1 5 5 o 7 oo & 4E 8% £ HIS-2 M1
W, T 37 °CHE 5 5 % .

WAL 4 AN B KB JE % 3 2 =R R
R T KA 4O KA s % B R kT FL AT
B OHIS-1 1 S B K i 4 A R4 s ¥ 42 Fh 1 o0
i v & 4k T BE HIS-2 [ TR B R K a2 o T4 8
B Bk B AL B OHIS-1 5 5 oa My w8 4k
BEHIS-2 (1 5 38 28 /K fim 44 O H 40, 2 B R 1) 2
FhREL A1,

132 ®©F 254

PEN3 M i 1 & RG R H 1041 & 8 S 1%

TR AR AE AR RS B A, A RS RN R TR <D s, I



Vol. 44 No. 12

1o WE B AR FE & 10 mL B T 30 mL FF &
A, IR (25 °C) # B 40 min J5 #EAT AN, A 41
FEf AT 3P AT R B . R ACER B W
WinMuster 4 4 , 1% HURs 52 B 14 4% 8645 5 20 AT 24l
Gt M.
e ) 2% A4« B i TOURS I BF TR) S s, 00328 ) 17) 90 s,
RS E] S s, 35 P i IA) 120 s, #0300 iR o 98 T

HR A0 AR AR 5 3R IR B 200 mL/min.
*x1 BTEMEEFHEEMRE
Table 1 E-nose sensor performance
Frs R 2 44 TR AR TPLN
1 wiC Xof 55 4 1y RGP R
2 AN R EA ) R
3 w3cC X 95 L VBB A R
4 W6S XS R A
5 wsC X L Joe et O A 4T R
6 wis X LR AL 5 ) R A
7 WIW X AL A R B
8 w2s o B T R 2 R A
9 W2w XF A AL AL R 5
10 W3S oK A bt e R

1.3.3 GC-IMS %47

RS I 77 3 = e FRBLRE 5 2 g, BT 20 mL
T2 9, 60 °CHY & 15 min Jg #F £, & A4S 5P
AT %€ 3K .

20 T2 b FE 4% 1R - % AL IR B 60 °C , % 44 B[R]
15 min, 3k FE 4R L 500 uL, 5% 4k %% 3% 500 r/min, i
FEER IR 85 °C o

3DGC &M ik 60 °C, H A N E4i A<
(41]%>99.999%) , 3247 N [A] 30 min, #EFE 15 80 °C.

AIMS A« FLES YR A R (3HD L VH“M”
53 mm, 1758 JF 500 Viem, iR E I JE 45 °C, E %
SONE AR (A E299.999%) , i & 150 mL/min.
134 HHALBRBRERAHNZ

F HPLC A3 I 72 i 725 28 5= R I &9k B, 4 it
AN s A R O B R A A R R 4 AT AR (3 pmix
4.6 mmx=100 mm) , i ) A Ay & BB B W, R
IR A e = A U A DU K 43 i A 570,440 nm,
it /2 180~250 pL/min, 8 3% #: F i3 40~70 °C , JE#f
RFL20 Lo
135 XKEFFHEAHF TR = KREGNE

Z {8 3 g iR e K T

?+\

REFE: PRRELABYERARKRK RS RS LN

HIRE .
1.3.6 A HUBR R = K E M

225 HE ) T 000 8 A LR R R
1.3.7 AR Z

AR 6 7 A 1 B, B BE 12 ol E R A

E AL, E S0 E 48 ho
1.4 HUEIEAIE

BT A R 56 28 7 A7 %2 3 WK, K Excel 2021 %
B4 24T 40 M, 4l Origin 2021 #4724 |, 16
SIMCA-14.1 X £ 8% 3247 1F 22 i 5 /s = 3 ) 53 4%
Hr COPLS-DA) K &4 43 #7
2 #iRkS5ihe
20 AEBEBEARKNBETENR

TIEEKAKM BT SR ILE 1. 445
a0 L SR R N R AR R E R K,
H 4 1) f£ B 3% WSS WIS\ W2S. WIW.W3S.W2W
M J7 AF 4 S B3 K, 33K A A JR 48 o Tt A A T2 2% B TS
FEEEW T N R A . AE 4 ZLRE S R A RS WIW
I AF 72 5 B, U A RE o T 1 2 B 2 SRR E AL
2 W2W . W3S . W1C.W3C.W6S.W5C i i {H
FEARL, 6 BH AR it v (9 05 2 B oy AR B G S5 10 &
BERB/N. AN HAS T A R3S i B A 22
SN EIX2H 5 KA R A AR KESR.

it — 25 A ] Winmuster 3% 14F XF 4 48 5 3F 47
F R o BT (PCAY o W 2 fir s , 28 — = oy
(PCIWI 7 Z DTk %N 97.14% , 55 — F 43 (PC2)

(77 Z TR N 1.75%, 2 77 2Z 5Tk % 4 98.89%,
20 B 2 N 3 A4 BE 8 AR RR TR 4 B 4 O 4y
WIC —a— HZ{
6 i
W3S 5 Ww5S o RYl
4
3
2

w2zw W3C

W2s W6S

WIwW W5sC
WIS

Bl FH/RAAHLERXFKGET E5H0
Fig. 1 E-nose analysis of soybean whey samples fermented by

single and mixed strains
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Fig. 4 GC-IMS profiles of volatile flavor compounds in soybean whey fermented by single and mixed strains
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25 BR/BREAMEBARARKNERSH

BT VR BRI LI B R K I 22 e A A L 6
N HTRE S A 2, 8 R4 VT4 VH A 4T
OPLS-DA. 341K OPLS-DA #5343 I L 6(a),
Forh i A b S T E N 15 00, R R A TR A 22
T PN AR R IR A 15 o M, Ron AN B 2
ST, RRUTR VR T R T SRS B IR KRR B A E
P RHAJH HAFMSEHREAN K, ZHX3
SR 2 TR ) KU 22 R . i L, GC-IMS 43 AT
R A 2050 e ) 1) B R /R TR R TR LT B K (RS
JH HH) . 1AW 5T & 7. 1) OPLS-DA #L A
R3=0.992, R3=1.000, 0*=0.987 , % W 1% #& %4 %} & %01
HOHE FL A A AR R 2, TR B 7 i

A g ¥ E OE M (variable importance in
projection, VIP) {8 & H T VF i & ™ & & £
OPLS-DA B vp o # ity 73 28 X 73 2 1) &AL 46 #5

VIP fE>1 148 & B W& B AT T X 7 A R A 28
BEAE R E ST WE 6 FiR 17T ML &
() VIP A >1, A48 & % X 73 AN [F] FF i 43 28 1) 57 Bk 4K
KR G N EE> 08 5 )% B (D) > IR > L TR 4T >
AR L BE> 4R C g (D)>3-38 56 -2- T B> 57 [k 5>
LT E>R T E>AE>CE>HE>CR 2
Bigs (MD>WNIF R L. B> 1F Sl (M)>1E & R 4B,
o TR TN R AN 4R S R R (D) 2 N KR K
DT R I 4 R R ) 5T

N TSR N B HE X 4y 5B R B K T LR R
K R R R ) R A T e ER
53 Fh R M RCIR W BT, B Bk SR E IROSE KR A
(hierarchical cluster analysis, HCA) % & # [&] ¥
BRI /R TR R T IR B R K S 53 Bl M XU ) Jiit
(R AH O 1 AT T RRAL o W 6 Co) B s 5 25 2H R IR
MBRAFE R K E SR . 456 VIPE ol 71, K4



MEES: PEMEBERENERARKRNIK LS RAELENZNE

Vol. 44 No. 12

Jua|
o
o
~@ i
oz
H.H =
) @-
=t ] i
J
L 1 1 1 1 1 1 1
[=3 (=1 [=1 (=3 (=] (=3 [=1 (=1 [=3
(=3 vy (=] vy wy (=] vy (=3
a = = boroo7 «
[211490 000°T

0 200 400 600
1#[1]
(a) OPLS-DA%H/r

-200

=400

(@vyd-T-(7)
(@z2

WL

(W giwf4-c(@)
e
P-T- o1 -€- 0
(R =
Bi3d-C
RN
EUESEIE

G2 --()
AT
ikl
(Rl
(-1
(- 1-Freh-¢
(@1
BT H-F 2T
RS e ]
il¥-T

sk

B AT
S 32
(@I
WOHE13E 2
21-c
(N1 32
[l [ -
(Q@y1-1
S22 81
(NDE-€- 201
LA

(A& (-1
(@132
il 2@ dr
(WD I

S 2 i
(VAL =E i
i £

W7

Sl

=g

HH [
WA

b [ -C-FFod€
((QF =k
28
282

7
(@137
S B2

3.0

25F
201
1.0F
051

f=1

FE RN KR 5t

(b) VIP/E

0.5
0
0.5
-1.0

= = ~ A s o
SE o = a2 =2 F
)ME”H 8 Wu wwlnu @ \)\(MMEH \D)mm EMWM %«? om— gz —

PRI
Skant & F EEse wENeRs o 805 2800 2
@ =0 QR

IS R IOIENE . EAS PR
- S R A SIS e e
EINEERONEIS SN NN NN S i e e R ki

K41

=
i
B
=
&
ESS
B
=
#
Y
T
©

JE S K BG4 KRR R E AT

a
Ry

Bo6 HH/LE AR

Fig. 6 Analysis of volatile flavor compound differences in soybean whey fermented by single and mixed strains
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B8\ O T R VR IR L T R IR, T B R FE 4 il N
(1.44+0.17) - (1.25+0.06) - (0.96+0.13) . (0.57+0.08) .
(0.10£0.01) » (0.06£0.00) . (0.03+£0.01) mg/mL. ¥
HIBR AT S = B2 BRAE 34 1 0o AU 72 1, 6k N A4 if
PER T RE R MR EAE EREHEEMNAE
M. 5 KAME, R G WL R &K E Y
T 7042%, HohoB% R & R o 3
(9.56+0.23) mg/mL;J 4 & A WL R =ik 1 7
65.38% , H H BE FA R Ji7 =A< B IA $1)(9.2440.47) mg/mL;
H 20 A AL R ot =2 9K B2 386 i 1 182.39% , & H 3% H1
TR &k A 3 (12.23+0.07) mg/mL. X 7] fig 2
DR SR A BT B TR R B TR R K B R T SR
I KA WL (1 52400
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Fig. 7 Changes in levels of free amino acids, soybean isoflavones, and organic acids in soybean whey before and after fermentation
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2.7.1 ABTS A @A FRk)

M2 AT S0, AT K 4L, T M R 41/ ABTS”
H RS BR e 13 A BT g 5, ifi H 4189 ABTS'H
HE T PR e 13 FH R B . HALE H A 46
) ABTS H HI BB bR RE N AEE B % 7, HAEK
M It AR v BE B B TA) ) AE K, B A AL T B B 5 B
HOTE36 hivh, % 4 ABTS H HH 2835 b R 1918 3 i
KE, Hhmmf 2 A, KOER4Y.

&2 ABTS'HHREEMAE
Table 2 ABTS’ free radical scavenging ability

ABTS"H 1 375 bk % /%

B[] /h
K4 T R4 HH
0 11.58+0.74  13.72+0.30  12.54£0.69  12.99+0.58
12 12.1440.50  14.07£0.37  14.64£0.45  19.51+0.36
24 13.59+0.37  14.40£0.27  16.97£0.44  20.30+0.43
36 14.1940.13  14.87£0.35  17.51£0.25  20.95+0.07
48 14.0140.38  14.74£0.26  17.33£0.38  20.79+0.14

272 #awAFnmEN

HR3A AL MHETKA JHMRAMZEEHH
SRR Ae ) A P, T H AL R FR B R R
REMHRE A oM S . HA S H AR 5 2 ) 1 2
HHEERENGAEWEZER, BfE R RS
B 5 B[R] () A8, H P A e B s, 7E 36 h
B, % 152 H IS R R IR B & KME, e
M2 HA, KX ZERA.

x3 gEBEBREEBRE
Table 3 Hydroxyl free radical scavenging ability

B2 RS B/ %

I K4 A R4 H 41
0 0.46+0.16 2.2440.29 3.77+0.00 2.76+0.17
12 0.83+0.16 2.50+0.36 5.21+0.17 3.15+0.00
24 1.16+0.16 4.11+0.01 7.01+£0.00 8.98+0.19
36 1.56+0.32 5.47+0.39 8.11+0.12 9.08+0.07
48 1.48+0.33 5.35+0.09 7.76£0.56 8.73+0.29

2.73 DPPH A @ AFHRED

B3R 4] J, AT K41, T4 R 4117 DPPH
B H1 5 3 BR B8 ) 26 B, T H 41 9 DPPH H
HI 3G R Be s m o B . H4H 5 HoAh 4R
Z IA ) DPPH H =G R ae WA R Z 7, H
FE R T 3 72 v B A I [R) 1 S G, L Bt A A M
SR, E 36 hiF, T4 R 41 A1 H 41 DPPH [ 3%
T ER AR A BEAE, A s T KA, K e i 2
HA, HkERA.

i bwran, gt 5o e & 4E B BE HIS-2. K
1% U AF B HIS-1 B T8 K I A /0 i 338 o 526 3 9 K
() DPPH H H % . #2 H 3 \ABTS ' H H &G b fig
77, T VR B R T T S 35 Y 0 TR B 2R K 1 B Ak
Pho XA B v K B, 5 ) 2 L TR
L, 2 —MAEBIHEANL FREENZWH LS
Yol B B B S LR B 6 K 5 B R el R )
TG IR % Ak A 3R A T i YR B R T 1) W I A
BB R T IX AL R R XS RN 1 BT 5
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#*4 DPPHEHMEBIREN
Table 4 DPPH free radical scavenging ability

DPPH H i 5 15 K& % /%

IR K4 T4 R4 H41
0 21.78+0.04 29.194+0.36 24.76+0.16 27.64+0.73
12 21.82+0.47 32.0740.35 28.68+0.00 30.03+0.00
24 22.04+0.36 32.81+0.47 32.29+0.36 33.41+0.50
36 24.24+0.36 34.84+0.96 35.67+0.24 37.62+0.21
48 26.19+0.25 34.3440.33 35.2240.11 37.4340.16

3 45
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(9.08+0.07)%+(37.62+0.21)%.
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