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Abstract: To improve mulberry vinegar flavor, single-strain (SS) fermentation using Acetobacter pasteurianus HN 1.01 was
combined with mixed-strain (MS) fermentation using Acetobacter pasteurianus HN 1.01 and Torulaspora delbrueckii NJSYGA
2021. The physicochemical properties, organic acid composition, and volatile flavor compounds of SS and MS fermented mulberry
vinegar were systematically analyzed. The results showed that MS exhibited a higher total acid content and a more rapid reduction
in residual sugars than SS. Compared with SS, MS exhibited significantly increased concentrations of L-malic (9.73%), L-lactic

(11.80%), acetic (22.58%), citric (8.70%), and succinic (31.18%) acids. In total, 87 volatile flavor compounds were detected across
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samples, with MS exhibiting superior diversity and relative abundances, particularly of alcohols and esters. A total of 15 differential

volatile flavor compounds were identified, including phenylethyl alcohol, isobutanol, ethyl caprate, and ethyl laurate. Co-occurrence

network analysis revealed that correlations among volatile compounds were stronger in MS than in SS, especially among phenylethyl

alcohol, 2-nonanol, isobutanol, and 3-furfuryl alcohol. Differential metabolites were enriched in the glyoxylate and dicarboxylate

metabolism, propionate metabolism, pyruvate metabolism, glycolysis/gluconeogenesis, and phenylalanine metabolism pathways.

Overall, MS fermentation significantly improved mulberry vinegar flavor, providing a basis for further optimization of mulberry

vinegar production.
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Fig.1 Changes in the contents of total acid and reducing sugar

during the acetic acid fermentation stage of mulberry vinegar
Era: RRAE; b: LRESE. MS: RALMELH,;
SS: $ KB LE.
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Fig.2 Synthesis of organic acids during the acetic acid
fermentation stage of mulberry vinegar
E:a: ANERASET/RE; b: ANBRESESTLALKA.
MS: REABAEER; SS: FHARALR, 1-8: ABRHK,
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Fig.3 Synthesis of volatile flavor compounds during the acetic acid fermentation stage of mulberry vinegar
E: a: BEAMWRAMTATERE EZF Venn B; b: MS L HERAMR R EMNE; ¢ SSELMRNAM R IELE KA, MS: BB K HE

EB%; SS: RHA AL, 1~8: AMRIL.
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Table 1 Content table of volatile flavor compounds
B 4% REEA/min If 4 4% CAS % AFR &gl )
MS SS
1 39.06 ENa: 1960-12-8 CgH,,0 48.10 38.14
2 32.97 WA AR B2 1066-42-8 C,H0,Si 16.31 13.90
3 11.27 T 8% 78-83-1 C,H,,0 5.38 2.18
4 15.14 R 123-51-3 CsH,,0 4.51 11.90
5 25.63 S B3 111-70-6 C.H,0 3.51 3.24
6 28.93 23-T =B 123513-85-9 C,H,,0, 3.28 222
7 28.02 2-F B 628-99-9 CyH,,0 2.63 1.20
8 33.56 3-vkvif ¥ B 4412-91-3 Cs;H(O, 0.40 0.33
9 29.57 -8 111-87-5 CHys0 0.23 0.10
10 L. 35.47 3- WA A A B 505-10-2 C,H,,08 0.21 0.16
11 o 12.87 ETHE 71-36-3 C,H,,0 0.15 0.05
12 26.96 2-TIH TR 104-76-7 CgH ;O 0.07 0.04
13 36.61 -+ )82 36653-82-4 C,H,,0 0.06 —
14 38.53 F B 100-51-6 C,H{O 0.04 0.04
15 32.39 1-t+wEz 112-72-1 C,.H,,0 0.02 —
16 38.02 1-R3K-1,2- —B8% 1855-09-0 C,H,,0, 0.01 0.01
17 31.31 12-2 =8 107-21-1 C,H,0, 0.01 —
18 26.29 3-F A -2-FEF 27644-49-1 CoH,,0 0.01 —
19 7.19 B2 67-56-1 CH,O — 2.35
B 84.93 75.86
1 7.01 FHER T By 598-58-3 CH,NO, 10.90 —
2 32.70 RER LB 110-38-3 C,H,,0, 4.82 2.90
3 37.56 LR LB 103-45-7 C,oH,,0, 2.36 226
4 25.08 F B LB 106-32-1 CoHx0, 1.44 1.41
5 37.91 F A% B4 T8 106-33-2 C,:H,40, 1.47 1.02
6 25.13 S+ 5 T BR 624-83-9 C,H;NO 0.51 —
7 11.79 LB F s B 123-92-2 C,H,,0, 0.48 0.30
8 6.34 LB LA 141-78-6 C,H;0, 0.29 0.25
9 EES 17.74 o) R =By 3K F BR A 136-36-7 C:H,,0; 0.29 0.01
10 7.02 St R B 75-13-8 CHNO 0.22 0.74
11 30.77 4- I T B LBLES 591-81-1 C,H,0, 0.14 0.01
12 7.82 TR T W B 108-05-4 C,H,0, 0.12 —
13 34.14 TR =B 123-25-1 C,H,,0, 0.09 0.08
14 29.65 ZATERFES 2561-21-9 CyoH,,F;0, 0.08 —
15 28.68 T8 LB 123-29-5 C,,H,,0, 0.06 0.04
16 33.96 K B L Ag 93-89-0 CoH,,0, 0.08 0.06
17 29.59 W B 5 g 112-32-3 CoH, 0, 0.03 0.16
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A% 4% R@/min 0 JF 245 CAS ¥ T &gl )
MS SS
18 33.40 532-55-8 CH;NOS R B AR AR B 0.01 —
19 32.59 96-48-0 C,H,0, gamma- T P B 0.01 —
20 32.07 53800-02-5 C,sH,,F;0, ZRCBRIE+ Z kA 0.01 —
21 33.78 76649-16-6 C,,H,,0, B R -4- M BR B 0.01 0.01
22 fig £ 40.65 1000452-00-8 C,H,,0, 8- 3L LB T — 0.12
23 33.50 2035-99-6 C;H,0, 3-F A FBR T s — 0.04
24 36.87 119-36-8 CH;0; KA R F B — 0.01
25 32.14 614-98-2 C,H;0;, 3-vk v F B s — 0.01
e 23.42 9.41
1 6.99 64-18-6 CH,0, Lk 469 3.29
2 25.46 64-19-7 C,H,0, 3 2.38 1.92
S
3 33.09 18294-04-7 CH,0,Si, 38 2TMS #7244 0.01 —
e 7.08 521
1 28.34 100-52-7 CHO EN 167 1.58
2 6.46 105-57-7 C¢H,,0, Y S 0.73 —
3 i3 25.74 498-60-2 CsH,0, 3- RS 0.41 0.26
4 30.25 620-02-0 C¢H,0, 5- 1 Jh ek v B 0.06 0.07
e 2.86 1.91
1 18.34 111-13-7 CH,0 A ¥ B 15.29 12.79
2 17.71 55153-12-3 C,H;0; 2-( FEERIL )-1-RH-TFR 0.66 —
3 22.53 821-55-6 CoH,;0 2- 1 0.61 0.39
4 o 9.75 600-14-6 CsH;0, 2,3- R =FA 0.09 0.08
5 nx 6.23 1449-49-6 CH,,0 2,23-= W A - THA 0.07 —
6 22.72 67801-33-6 C,oH,00, 3-(£F I )-2-E — 0.18
7 33.39 1009-14-9 C,H,,0 1- 3R -1- R FR — 0.01
B Hm 16.73 13.45
1 17.02 100-42-5 C4Hy ES o 11.50 10.61
2 23.73 538-68-1 C,H AR 5.88 3.43
3 40.19 108-95-2 CeHO EX7 2.58 2.00
4 29.76 1126-79-0 C,H,.0 TaRHAR 2.71 2.49
5 43.96 96-76-4 C,.H,,0 2,4- — T A KB 2.23 4.12
6 27.62 27831-13-6 CioH,, 4-THHR-12-ZF K 0.35 0.29
7 23.21 1595-16-0 C,H, 1-F 3k 4(1-F Ak R 0.28 0.84
8 26.15 54410-74-1 CHq 1-F 3L 2(1- 2 Ak - R 0.17 0.19
9 25.20 2719-52-0 C,H 2-F AR 0.10 0.17
10 42.20 621-58-9 C,H,,0, 5- TH R -2-F AR By 0.03 0.02
11 42.72 7786-61-0 C,H,40, 4- T AR -2-F B Ky — 0.07
12 39.15 644-08-6 C:H, 4- 9 1 1-BER 0.01 —
13 30.75 447-53-0 CioH,o 12-— 8% 0.01 0.02
e 25.85 24.26
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A% 4% R@/min 0 JF 245 CAS ¥ T &gl )
MS SS
1 15.10 10317-17-6 CH,0  3-(1- FATHE)-ALHKTHR 23.70 7.28
2 6.96 115-10-6 C,H0 — ¥ Ek 10.45 15.19
3 15.17 123-62-6 C4H,,0; 7 B BT 5.15 0.94
4 31.20 4265-25-2 C,H,0 2- 9 A K Fekmh 0.89 0.78
5 19.23 629-50-5 CysHy Et = 0.52 0.45
6 31.00 629-78-7 C,Hs +Lxz 0.60 0.52
7 31.64 544-76-3 CysH, + k% 0.47 0.11
8 14.15 112-40-3 C,Hyg + = 0.33 0.31
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Fig.4 Variations in volatile flavor compounds during acetic acid fermentation of mulberry vinegar
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Fig.5 Co-occurrence network analysis of volatile flavor
compounds during the acetic acid fermentation stage
of mulberry vinegar
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