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Abstract: To investigate the effects of different starter cultures on the quality of fermented mustard, Brassica juncea was used as the raw
material, and three inoculated fermentation groups were established: LPMA (comprising Lactiplantibacillus plantarum, Enterococcus faecium,
and Lactobacillus pentosus), LPA (L. plantarum, and L. pentosus), and LP (L. plantarum alone), with a natural fermentation group (NF) serving
as the control. Non-volatile metabolites were analyzed using liquid chromatography—tandem mass spectrometry (LC-MS/MS). The LPMA
group had achieved the highest sensory score (82.86). Atotal of 257 compounds were identified across the four groups, encompassing 11 major
categories such as organic acids, flavonoids, and vitamins. Principal component analysis revealed a clear metabolic distinction between the
inoculated groups (LPMA, LPA, LP) and the NF. Sixty-seven key differential metabolites were identified. Organic acids (e.g., succinic acid),
umami amino acids (L-glutamic acid), esters (e.g., phenylacetic acid ethyl ester), and bioactive compounds (e.g., chlorogenic acid) were
significantly enriched in the inoculated groups. In contrast, the NF exhibited higher levels of bitter compounds (4-oxoproline), biogenic amines
(phenylethylamine), and potentially harmful substances (phytanic acid). Among the inoculated groups, the LPMA demonstrated the most
favorable metabolic profile, with significantly higher levels of daidzein, hesperetin, S-carotene, and vitamin B2, while effectively suppressing the
accumulation of phytanic acid. These findings confirm that the application of compound starter cultures can enhance the flavor, functional
activity, and food safety of fermented mustard, providing theoretical support for the development of fermentation agents with improved stability
and flavor harmony.
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Table 1 Sensory scoring criteria for fermented mustard

TE44RAT WPoAFAE Al
EEHE. AAE TAE 20~25

&F (254) EFRK, TAEF 10~20
EFELERLA 0~10

RAEFAR, BHORFEREBEEAR  20~25

HA(259) R F B KB ABK 10~20
Kok, HZBEEA 0~10

FARIER, THRAAH, TREARRKIK  20~25

Jid (254) RN, WRE AR 10~20
FARGER, B2 0FFE OB 0~10

BARET, Wer#tk, LERRA%R  20~25

ek (25 4°) BREF, BEABERA 10~20
B2 0K A R 0~10

1.3.3  FRAEL MRk R 6 M) 2

A5 R AU YRR AR (- BRI B 2248 (LC-MSIMS) #HATAERE A 04T, FESHTSACER I R . B
15 d (I RREVEE A 1.0 g, IO 5 mL A K 80% (AR 4L, FIRD HEKIER, vk 213 2 min,
FREAEI L h J5EOHEIER, 2 022 pm AHLRIERGSSE, B 100 pL i385 FIE0, M S uL AR, 757
TRSIEHERS R LC BERE/INIARN . (iS4 MR 40 °C, W& 0.25 mL min™, #HREE 2 b, IEE TR SRS
AN 0.1%H IR NG (B2) F10.1%H K (A2), BEFEMEBIAEF A 0~1 min (2% B2). 1-9 min (2%~50% B2).
9~12 min (50%~98% B2). 12~13.5min (98% B2). 13.5~14 min (98%~2% B2). 14~20 min (2% B2); i 1%
N TR ZHE (B3) F15 mmol L HEREK (A3), SRR SIEE TN 8. Filksgkt: e s
LR S3008 3.50 KV A1-2.50 KV, #5530 mL min™, #HBIS 10 mL min™, BANEIEE 325 C; —ZAefiinyex
70 000 (JFifarbt m/z 100~1 000), —ZRZ4fEKH HCD (hiffERE S 30 eV, 43#E%K 17 500), Zh&EHEBRTTA MS/MS
55 NG RE AR EE M, SRR A R IEIURR & H & BUfE (QC) Fdh, Eid iz QC
i AR RFAE B T a0 () R B I TR VSR R s BE AR O A 22 (RSD%) SKIFAh RGifa e M
1.34 4B Mdx

BEATWERTIN . VYR WX SRALEE, 1SR ERAIR, SEREHR bw=2, ppm=15, peakwidth=c(5,30),
mzwid=0.015, mzdiff=0.01, method=centWave. XA L% % HMDB. massbank. LipidMaps. mzcloud. KEGG
SEFATYIRINS R, SR E Y ppm<30 ppmt™, (i) —1k, BISETREA ot B S Frf A
VI LA LIRS, SeBla—4, HHMTEdRRIE, WRARGIRE.

14 BiFEaHr

RS EE 3 UCPAT, BTl 2B AR S E AT EARE A, (8 SIMCA-P 14.1 i AT ks /N —3fe
SI5153 4 (Partial Least Squares Discriminant Analysis, PLS-DA). 321434347 (Principal Component Analysis, PCA) .
JEIREEZE 73 H (Hierarchical Cluster Analysis, HCA) | A8 F 552 #2114 7341 (Variable Importance in Projection, VIP),
{81 1BM SPSS Statistics 26 #4777 2= 73 #r Al 5041, OriginPro 2021 #47 4ttt 3 A E AL

2 HR50H

21 FREEAEMEZBAE LY BT TN LR
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Fig.1 Effect of different strains of bacteria on sensory scores of finished fermented mustard
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Fig.3 Comparison of Total Metabolites in Fermented Mustard Inoculated with Different Microbial Strains
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Fig.4 Multivariate Statistical Analysis of Metabolites in Fermented Mustard Inoculated with Different Microbial Strains
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Fig.5 Clustering Heatmap of Differential Metabolites in Fermented Mustard Inoculated with Different Microbial Strains
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AR L-mRNER) . KA b (MEIOKER Y b2, AIIKR Q-2 5E-3-FEERTR. Atk T
MR, 4-CBEFE TR H IR AHATAEY) (SHE . UE. IR 78 LP HEl LP 5 LPMA A & B80S . 1
FRIVA, HAEHER (BHHMO. IREMEEST (AR, N-11,14- 1 IR Bk @-RETRC
MEfE) 4F7E LPA & Eim. fEREVH, BREIER (L-AEIR). oAk Q-aRC =K. T k. m
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Table 2 Identified Differential Compounds in Fermented Mustard Inoculated with Different Microbial Strains

GiES Rift miz RT/sT VIP{E P&
2-5-3-FRMRTFH 1680652 4565 1.29812 <0.001
2-FRT =B 1589761 1714 128973 <001
T8 1180212 761 1.26333 <0.01
o+ 4412497 8122 120066 <0.05
FEB 1730445 817 119567 <001
P D-(+)-3- % A 5LEL 165.0531 3487 115627 <0.01
2-INER IR A BR 174955  129.2 112623 <0.001
34-—#AFE A 1810486 1608 1.09884  <0.05
HRETER 1910551 817 106524 <0.05
2-FR T B 101.0229 939 102667 <0.05
4-TBLRA TR 145.0313 1913 1.02209 <0.01
BATALER 207.0522 4518 101626 <0.05
N,N-=F S H 2B 1020546 805 106756 <0.01
L-5 2R 1280345 2319 118415 <0.05
ERRALST A 5- L-%‘\%ﬁﬁi—bil‘—%ﬁﬁi 250.1438 8964 1.18248 <0.001
L-& R A& 179.0915 802 115075 <0.01
PN N 307.0792 3849 11197 <0.001
4-F AR R 130.0478 7144 107123 <0.05
APZ R 366.3578 9055 1.35582 <0.01
B 2692112 6509 131706 <0.01
T ER 280.2355 7962 129444 <001
+ =B 2291438 4701 1.23964 <0.001
T-BLEAE & B2 3833136 7294 118339 <001
R A=K Re T - K -+A\MBk 2822624 7772 115224 <001
16-#2 HATAER 2722297 9289 11151 <0.001
MA-11,14-—+8 — 48 3082781 916  1.10667 <0.001
T R 3102945 9226 1.04114 <0.001
- ER 1710052 772 103795 <0.05
P85 B 397.3674 890.6 1.01552 <0.01
P REEAEE 567.4035 9033 1.31646 <0.05
& 5684121 8188 1.29007 <0.001



MR EmEHL Modern Food Science and Technology

2026, Vol.42, No.8

GiES Riftdh m/z RT/s' VIP{E P
R 600.4108 8372 126199 <0.01

pA¥ Mk 536.1768 9663 114068 <0.05

FREE 315.048 7458 155939 <0.05
FAARE 270.0485 680.8 1.24501 <0.001
Y 269.0456 680.7 1.24277 <0.001

AERF 2850403 6287 122467 <0.05

KB A& 319.0545 159 122394 <001
et ARE 299.0558 6934 121561 <0.01

XA FHE-3-0-FF4EF 4490962 4053 115838 <0.05

AL EE 4310961 4892 114485 <0.05

HHE 3731174 8744 114129 <0.05
D-Rt% 163.0589 7291 1.35853 <0.001

BEREAE 503.1662 101.9 1.26166 <0.01

sk L-A% BRI 133.0433 861 11646 <0.05
D-K 4% 6652191 147.1 114967 <0.001

D-AutE 151.0945 349 113047 <0.05

FFUAEnE 1820738 916 112147 <0.05

B3 2820842 2884 12157 <001

L 268.088 2467 120614 <0.05
. FaFF 223.0278 7457 119274 <0.001

BB AT A

Jifoeoh 1340466 337.3 116939 <0.01

KRR 135.0297 1575 1.16924 <0.01
Fi 2430606 176.6 110244 <0.001
Yk F B2 3751303 448 126188 <0.001

A FRALTEN _

A F AR 299.1394 6376 121206 <0.01

ZRFRMRB 306206 8173 1.38119 <0.01

7S R 3530944 411 125403 <0.01
IR 2230605 3585 116915 <0.01

SRR AT 39|k LB 174055 6293 130575 <0.01
LER B 1350434 6136 126916 <0.05

RS 4-#2 K T B8R TBkES 1040562 905 117513 <0.05
AEAREL T By 2702637 752.6 105256 <0.01
R E 5 ABER 3123101 9483 126008 <0.001
BEER 2 H K AE-6-FEER 261.042 1037 1.23944 <0.05
Tk Rk 1209949 3985 1.21677 <0.05
FBABRET A 4-$E R LB 1360449 3248 101109 <0.05

E R PAEA 4 tBAE KB Ie 6 R MA.

24 R ZE I RAE M KEGG K ## #2047

K 67 Fpocst 2= AU\ MetaboAnalyst 6.0 HHiEATACSHERE & 0, ZiRWE 6 Frx, MR
HT IR (Pathway Impact, PD UK (AR, BUEUBIRR R P M/ CEED D, 128N E %
FERGUR 2. SRR, 3 ALRFIHEMURIRAN H AR R A T S b 10 B 222 A 32 280 SRR g e, 47
P ACEg e, MR, RRATH SRR R, e Uhate, AR, REARME A
B FNERNREHEE, 5 Xiao S E RIS RIATE BOREAR L. WA R 7P R B 75
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