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Abstract: This study aimed to screen lactic acid bacteria (LAB) starters with high exopolysaccharides (EPS) production and
to analyze their metabolic mechanisms. By assessing the EPS content in fermented skim milk co-cultured with nine
laboratory-isolated EPS-producing LAB strains and commercial strains, the optimal starter (designated as the SW group)
was identified as a composite of the laboratory-isolated Lactobacillus pentosus strain 15 and commercial strains. The EPS
content and viscosity of skim milk fermented by the SW group were significantly (P<0.05) higher than those observed in

Wi AHEE: 2025-06-01
HETE: #1247 d%Em g 445 L0198 (2024DB013,2024AB050 ) 5 B R A KA A4 (32560567 ) 5 JF FAHE XA A (2024SP06) ;
FHAEA LHFHREFRE
EERET: ey (2001-) , F, MEAR A, FIRH @) R &F 5 142, E-mail: 2052163651 @qq.com.
*BIEEE: Fth (1980-) %, W, #3%, HFRF7 @ 7~ e THAK, E-mail: xugiantaru@126.com,,
M (1989-) , B, W4, 8130, BT 07 @ RIFRIG A4 F 5 B AR R, E-mail: x912439359@163.com.


https://doi.org/10.13386/j.issn1002-0306.2025050314
https://doi.org/10.13386/j.issn1002-0306.2025050314
https://doi.org/10.13386/j.issn1002-0306.2025050314
mailto:2052163651@qq.com
mailto:xuqiantaru@126.com
mailto:x912439359@163.com

£ 204 -

B Tl B

the control group (S group). Through the integration of physicochemical analysis and LC-MS-based untargeted
metabolomics, a total of 67 differential metabolites were identified, comprising 40 upregulated and 27 downregulated
metabolites. Metabolic analysis indicated activation of the arginine biosynthesis pathway, as demonstrated by the
upregulation of arginine and its precursor N-acetylglutamate-5-semialdehyde (NAGSA), alongside the downregulation of
ornithine. Concurrently, the essential amino acid L-leucine was significantly upregulated. Organic acids, including 2-
hydroxyhexanoic acid and hydrocinnamic acid, were found to modulate acidity, while the accumulation of benzoic acid
contributed positively to shelf life extension. Furthermore, the upregulation of EPS synthesis precursors, specifically UDP-
glucose and glucuronic acid, indicated that EPS synthesis predominantly involved glycosidic bond linkages among UDP-
glucose, UDP-glucuronic acid, and GDP-mannose. Pathway enrichment analysis demonstrated that the cofactor
biosynthesis pathway was the primary driver of the metabolic flux of EPS, with phenylalanine metabolism supplying
essential nutrients and arginine biosynthesis facilitating the accumulation of functional components. Collectively, this study

elucidated that the SW group enhanced nutritional value, antibacterial efficacy, and EPS production through multi-pathway
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metabolic regulation, thereby improving product texture and nutritional fortification. These findings offer a theoretical

foundation for optimizing the quality of fermented foods.
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Table 1 Code names of strains
173 &5
[ NAEE7S S

Tl AR+ 50 % 15 1 (L. plantarum-1) S+1

D A +5296 % 35 14 (L. paraplantarum-3) S+3

TV I RR+SE6 Z 4°5 1 (L. pentosus-4) S+4

TV B RR+52 5628 65 T (L. faecium-6) S+6

T b FIRR+3E55: %8 85 1 (L. pentosus-8) S+8

Tl RS2 5628 105 16 (L. plantarum-10) S+10

L FERR+32 6% 115 (L. pentosus-11) S+11
BV FE RS2 50 1555 (L. pentosus-15) S+15(SW)

TV FERR+3256 % 185 1 (L. paracasei-18) S+18
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PEREARCR 10 pL #47 HPLC 5347,

1.2.5.5 ZHEEAYMIE  SRADRE BE TR 2 22 & B 1
R,

1.2.6 AR dr  FUFHARE mfRighg 24000 i3
722 AR A4 T 28 AT Y S B A AT ATt
FE— AR S 2 S 56 S PR AR T R PR A 15T
FERI AN

1.2.6.1 LC-MS Wz ¥R i sk &b 1o )5 53
BT AR AR R L5, 37 °C A1 2 Bk [ B A Qi
ZHAE il A U R, BB SR FH TG PR, -5 31 ) 174
KRR T4 Y BTIR AT, P JC PR RS W B I B HR
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Table 2 Mobile phase gradient conditions on T3 column

58] (min) A(%) B(%)
0.0 95 5
2.0 80 20
5.0 40 60
6.0 1 99
75 1 99
7.6 95 5
10.0 95 5

1.2.6.2 #das53HT  SRAH Excel 2021 #EH%dE . IBM
SPSS Statistics 26 #£47 Wk ZFPES3 T . Origin 2021 F
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Fig.1 Growth curves of different strains
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Fig.2 Content of exopolysaccharides in different strains
during single fermentation and mixed fermentation

TR #8252 T 1 3 (P<0.001), *Fon 22 5 9 3 (P<0.05),
ns TR EFAEE(P>0.05), NEV/NG FEEFRTER —F8 5
T, AN 22 5 15 3 (P<0.05) .

S8 HAZ O AR FE AR (TR TREL . pH., T FRBE . EPS &

e FLER S M), A S EPS AR & 17
FLE R EIEEEEN, g5 RN 3 s, i 3 I,
SW 4H K MR LAE 2T A OBk ds b L W ELT S A
(P<0.05) . SW ZH 1 B %X ik 2.7+0.4x10° CFU/mL,
WERET S 4H(1.3£0.1x10° CFU/mL), #EM 15 S 1%
WEZLAF B 5 w0 PR AT M R B R AU, SRy R IR

5 A PR M A AR e AR B R B LR B . SW 4l
pH(4.46+0.04) WEET S 2H(4.65+0.02), i E ML B
(104°T+1°T) BEETF S 41(93°T+1°T) (P<0.05), %
TG AL ECE #2325, RRIm T I pH A

ALK, AR EME . SWH EPS & &

(2.564+0.052 mg/mL) 5 %5 (1342411 mPa-s) ¥ i

TS 48 (EPS: 2.071+0.077 mg/mL; 2B : 1078+
17 mPa-s) (P<0.05), EPS 1E M3k 431 28, 7l
T E R ST LS ST = 4R S5 44, $RFHA R

ZhE SRR PR, [RRHE & L st s 5 S AR ik, T~

FE A BT T ERRA . SWOH FLAR & i (33.92+
2.73 pg/mL) & B F LT S 4H (61.69+1.24 ug/mL)
(P<0.05) , {H 570 a2 B2 BEATS PR FFOE A, SW 2 n figid

TR 2- B O R . SRR SR A PLAR (I
2.4.4 7)) VEEEEARTR BE, kit ip— LR S B R
24 KREFEFAMONERS S

2.4.1 QPR REIEE  EIES T T

MRS TT, AE A HE R RSORAE f  JBT 5 I FH B R

®3 SWHYH S AULREFLAERILTEIRXT L

Table 3 Comparison of physicochemical indices of fermented milk between group SW and group S

HiH W EH(CFU/mL) pH AR (°T) EPS(mg/mL) L (ng/mL) B/ (mPas)
SWZH 2.7+0.4x10% 4.46+0.04° 104+1° 2.564+0.052° 33.92+2.73° 1342+11°
SZH 1.3+0.1x10% 4.65+0.02° 93+1° 2.071£0.077° 61.69+1.24° 1078+17°

T ANJF) T RER TR PALRE i ) 4775 1 25 2253 (P<0.05)
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Table 4 Statistical results of the number of identified metabolites

B All T3_positive T3_negative
R E 4444 2992 1452
e AR R R 3678 2292 1386

AR b, BB TR (TIC) 2—Fh E 2211
IR T, TR S P T A 2 i B il ] i
TR E AR A, HREAS BV Sz B ity A i
HOAFTERIARRS S AR 24 PZHAEAIE S LC-MS
WAE 53 B, 1435 QC FHEARIE | T8 T#y TIC &
(& 3) o g5 oS, Jm b A QRS I P ZH AR AR 19
TIC fHEREE B TER, HAS IS5 S A gy
a5 —2, Fe 2 BAT B i RS P, 16 s
CUETETR EEs

SHRIE (cps)

f#

I 2 3 4 5 6 7 8 9

HiF[A] (min)
B 1.7
1.6¢8
1.5¢8
1.4¢8
13e8
D 12e8
S 11es
=~ 1.0¢8
X 9.0e7
o 8.0e7
EE 7.0¢7 0w
6.0¢7
A 50e7 \
4.0¢7
3.0e7 620
2.0e7 J W ss0 P2 (um .
1067 26z 24 2
0.0e0 L*”A ”‘“"wm"“—/” Wl
1 2 3 4 5 6 7 8 9

HF[A] (min)
K3 QC KA IE S ES T TIC [&]
Fig.3 TIC chromatograms of QC samples in positive
and negative ion modes

H: A IEE AR TIC F, B: L TIC A,
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Gt oI ik, il LM R I R AR N
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AL G, J7 22 ORI 181 (PCL) 8 — Tk

4y, PC2 AEE T F 47, AEHE, AT I egds Py st
R R EEZLEEAS Y PCA WA 4 Jir7s, PC1. PC2,
PC3 IBTHREST DN 41.17%. 11.4%. 10.91%, it
TTHRE N 63.48%, fefE—ERE PR FEEE;
&l 4 5 SW 0N S 4H AYLH IR AR Y BE S U SR 2k, 3%
B W] —2H P9 R LA R A AR, ELPIZAE
Ay B R A, I e SW 4H S S 4HAEAE I WY
ARIHRFIE2E 5

Group
ASW
.S
40 . .
A
A L ]
201,
~_~ A
S a »
= 0
=
& —20
= 30
20
—40 r 10
o o[
_ 20 O
60 ' T30 O
40 20 0 20 40 60 <

PCI1 (41.17%)

Kl 4 PCA 4
Fig.4 PCA analysis chart
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W ReEAE, R e S KMk as ), BER B 2L
AR, MBBIX AT AN[FEIZE R, T ST B E A A A 2
AARIERE S . PLS-DA it T g/ IMEARE R, nf
24 5 AR B AR AR DG TS 2l 145
53, RE LR /R AS FEAR I T (1 434 Je 2H [a] . 2H PN
2= FRo

XF SW ZH N S ZH L AE AR IEST PLS-DA
SrH7, & 5 B9 PLS-DA 154 K ] & HY, SW 4H Fil
S ZH FYLH PIREAS BERCUT- b SR — e, FR A [R]— 7K
T ARG EFE ARl . SW ZHFT S 4 HUREAS B
Sy B AN, EL3C R 2 P oAek i 2E TR i
FEXTREIL, FE W PRLHAEASAE B o S R 3, AT

Scores PLS-DA Plot

< Group
RN
= 40 S
~
g
8
g 0
g
3
£ 40
Q
R=
&
-20 0 20 40

Principal component 1 (53%)
K5 PLS-DA 184
Fig.5 PLS-DA score graph
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2 U0IE; [RIAT U HH I PR ZH A T 22 (B AE o 2
5, BPEREH SW 415 S ¢4 REzi R LA G = H
HiREES.

PLS-DA HHB {1 #2060 45 R2X . RPY Fll Q2
Horp RPXCFI RPY 43 3 3R T A AU % XY 6 4
FIRRESR, O FRARI TN GE ), X = Dbk
T 1 FORBAES E TTHE, 24 07>0.9 Bl H
AREACA S Pz AR BT B A5, B 6 45 R BN,
RY 1 O 1 PAEHI/NTF 0.05, H R*Y=0.999. O*=
0.99, #RKTF 0.9, UL JFAR I EGE 124 T i &L TR
AU, AR RT3 BEA =, NTEAEad BERL A B, T
LU R AE LA R 22 57, ek G 22 73Rk
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Table 5 Main differential metabolites between the SW group and the S group

A= LS LYl VIP FCH log,FC
1 GBI B PR R VAT - Bk 2 -1 2R 1.46 14.13 3.82
2 IR B L-F AR -L- 5 2R 1.55 13.56 3.76
3 IR B S R-TN R IR R K 12 R 1.53 12.81 3.68
4 IR B 2GR - H 2 R -1 2 R - 4 A - AR 1.49 12.62 3.66
5 SR B L5444 1.48 11.41 3.51
6 IR B L 52 -L- I 2 W2 -L- 24 1.47 8.04 3.01
7 SR B N2-(1-$2 .38 -LAE & iR 1.52 7.49 2.90
8 IR B L-RA S E-L- 2 e 2 - L- (0 22 1.52 6.85 2.78
9 AR B N-Z kR4 SR 1.53 6.77 2.76
10 GAHERR KA LML~ S B 1.30 6.10 2.61
11 SR B D-Z 4 1.42 0.19 2.42
12 SRR KA LA Sk -L- R A BRI - L- 5752 2R 1.50 0.18 -2.49
13 SRR KA L- =5 e iR 1.53 0.16 2.63
14 SR KA FH it 2 - € 2 - 4 2 @ 1.45 0.16 -2.68
15 SR B 2R - 1 - 1.37 0.13 -2.89
16 SR B LA L-%%M—L-W’E{Lﬁﬁ 1.48 0.13 -2.90
17 SR S LA L-H A W-L-4i i 1.40 0.12 -3.00
18 SR ML) PR H =R - K A& 2R -4 A -5 2 TR 1.56 0.12 -3.02
19 AR S L-Fs 2R 1.56 0.12 -3.07
20 AR S N-PA Bt H &= /% 1.52 0.09 -3.41
21 SR B Lot AM-L-A AR 1.52 0.07 -3.85
22 SR B R AN ERR-TN AR 1.43 0.07 -3.88
23 IR KA DL-4BME& 2 1.43 0.07 -3.91
24 IR KA XAV Rl EAN 1.52 0.06 -4.04
25 FILR BRI L3RR 1.55 0.06 -4.15
26 PR KA 2-FR B 2-HBE TR 1.57 61.70 5.95
27 AR BT A= ) kR 1.52 32.11 5.00
28 FWLIR B A EY) AL RH:RR 1.57 13.79 3.79
29 WL B HAGEY) JWH 018 N-(5-F2 5L 038 ) B-D- i 1R 1.46 11.96 3.58
30 HHLRR XA (-)-9,10- —E AR 1.56 8.58 3.10
31 HHLR B HAEY) 2- I -A-HIRL R 1.57 7.31 2.87
32 HHLR B HAEY) 2- BRI R 1.57 7.11 2.83
33 AR BT A= ) 2[4 LRUIEBHATE )g}gﬂ'é'ﬁﬁ'l'%dg'l’4':% 1.49 6.08 261
34 R KX I 2- 2 I TR 1.57 5.56 2.48
35 AR XA NHE IR P e 1.56 0.15 2.71
36 H LIRS HATA Y SRR e 1.32 0.11 -3.25
37 AR S IAT A=) 3-O-PI#R it TR 1.46 0.10 -3.26
38 AR S ILAT A T 28 1.53 0.08 -3.66
39 AR KA A=) AR AR 1.56 0.07 -3.77
40 RRHATEY) RHR 1.56 33.02 5.05
41 R HATEY) 1-(Z8-2-3) -2-[(6-AH 3~ 1,3- 2RI EME-2- 5L ) Bt 2L ] £ Tl 1.52 17.68 4.14
42 R HATEY) K FER 1.57 7.73 2.95
43 RRHEATEY) ZRERR 1.50 7.17 2.84
44 B HATEY) LR R TR 1.53 7.09 2.83
45 IR 4-[[4-(4-FIEHE ) -2-BEMR L 0 I | A 1.55 5.82 2.54
46 AT AT A ) 4-F LR 1.41 0.15 2.72
47 AT AT A ) 2B R R 1.55 0.14 -2.84
48 R AT 2'[(1'{3'[4'(ﬁﬁg@fﬁ%ﬁégg_%ﬁﬁﬁgg}'1’2’3 A 1.42 0.14 -2.86
49 R B IAT A 4-FEHIR 1.56 0.13 2.92
50 R I SRR R 5 TR 1.24 0.06 -3.97
51 KR REY 5-(3-FRIEAH BESE ) -2-((6-(4-F FIERIE) -5- T 3L ) E L)

KR 1.53 0.05 -4.37
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52 Z=AEY CTREA S 1.54 19.59 429
53 HAEY 2-C3%-4- 2 A FEIU S kg 1.55 7.68 2.94
54 G 2-(1H-Pj[WE-3-38) 2540 £ 1 1.50 5.73 2.52
55 G 5-51-3-(4-H BLR I BRI ) -2-NE g -3- B nk e 1.55 5.63 2.49
56 G = LI 1.47 5.50 2.46
57 G ng|ie-3- 2 Pkt 1.41 0.08 -3.58
58 [N NS N-Zk-L- B2 R-5- 1 1.52 18.15 4.18
59 (NN DL-H 2 R M it 1.50 6.07 2.60
60 (NN B2 TR H TR 1.51 5.97 2.58
61 AR S A ) UDP-N-Z B & 5 BR iR 1.55 10.71 3.42
62 W R S AR ) JRATS'- =R 1.50 7.58 2.92
63 WA R S AR ) R RIS — A T R IR 1.47 5.52 2.47
64 WA R S AR ) UDP-#j 4t 1.55 5.34 242
65 kA A Y AR R R TIR 1.50 12.50 3.64
66 WK A B LAY PiNiiaiiaits 1.51 5.72 2.52
67 fist | e 1,5-c " 1.56 7.79 2.96
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Fig.9 Contamination situation of SW group and S group

after fermentation and exposure for 5 d
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