: % K. FHEHERRARE IR
: 20222011007 BARAG: 10759

AATFKE
M+ % ﬁ @ X

o R R g & B 1 i‘zﬂlﬂﬂﬂﬂifﬂﬁlﬁT%T%E’Jﬁﬁﬁi

2. H LA AL fE

¥ % & JF BRLSHUK

W AE AL ] K A I¥ME
FA. T Z K RRBFESIE
i W S R Hm L

ST 7E PR I £ F

HE - HIE - AT
2025 % 5 A



& . FEHEARREHR
#

: 20222011007 L R&: 10759

AMFKRE
Rx &R ®X

o 55 R B AR o MU R TS (L BT 52

¥ L ¥ 1F A AparfE

¥ 5 # A BERLHK
o iF L] KA T¥M+
FH. Tl 4K faMESIE
LI R M 1 R T
i & ¥ It B &

HE . HE - AT
2025 F 5 A



Research on flavor and metabolite changes during fermentation of

black mulberry vinegar

A Dissertation Submitted to
Shihezi University
In Partial Fulfillment of the Requirements
for the Degree of

Master of Engineering

By

Shao Liheng
(Food Science and Engineering)

Dissertation Supervisor:Prof. Shan Chun-hui(3g 5 #ui)

May, 2025






AT REE AL SO B 1 7 B 2 A5 P 1R AL B

AL SO B 1 5 1]

A NP A AR SORAE I I G T N 2EAT 70 A AR RO TERER - 38
WHTEN, BROCh CEN S A RSN, AR SOV & AR N C 4 Rk R B S i it
TR o XA ST FUM S B STk A S NAERAR, 38 CAE SO AR 1 B I i IR o

N =
W

WAL Apsova.  WEE: 2025 4E 5 H 24 H

(RORECZ YOl

ANGEE T EA T RAAT KRR L A AR SO e, AR BUR B A AR S
I 160 [ 2 A P8 D s S WLAADE A28 SR LT RRORAR it o A3 UK A7 18 SCAE 22 A 1R S
TEORAF T SCVFRCE I o A A B AT BOVF AT AR AR 22 18 ST N SR B B R IR S5
ABURE ALV S b R I G tH R ORI 22 AR SR A S e @ A RILE

=2
cH
HE
@3
X
N

Ap3 e, . 2025 % 5 H 24 H

F4

4m
=
R
Ny

B) 1] - 2025 £ 5 H 24 H

)






e

WiaE R S AR Z B AW, YRS 9 . F iR B R E X,
PR R R, R, BRI RRE LN R, RN T SR> IR
AFgr. Bk, FRERSFIHBREGRE, e mMmE. AT B R EO R R R R
B, ESCIRE RS A TR R R TR BRI T A, AR BRI L Z, SRR T R S R
REES AT FERIEA IS AEAE R A AT L, TR 3 — R R
VAR BRANE L BRI . AR EL R

(1) B R R ATV R R I BB SRR 1Y) VOCs MRl 22 St ik B el K. 25K, MR
TR R B RES, JREREERERN VOCs & & (17390.63 pg/L) BERTF. VOCs #13 (34
) &%, B FRERRE B R . AR b, i SRR R B R R
REEBAE T ZRNKIFRIE 30.7°Cy WIHETREE 8 vol%. ¥R 0.27%F 48R Befh 14% IR A Fh1i
K 12d, 193 B IRE SR & #95 66.51 g/L.

(2) JE I BORAR LI o S S R R I R P MU A 2 LB 1. S5 R, B
REERB R AR S & (52455.02mg/L) #EE 4.09 {5, LAESER (45551.76 mg/L) NE, HUKEI
FRFIATAR B 5 s FEA B 14 P 2 b &4, BRERREESREER (17.13 mg/L) % & 71 (1.76 mg/L).
NEERR (1.38 mg/L) FILZEE) (6.16 mg/L) FZMUEMN & RK BRI BER S, ZMUEY
i (270.00 mg/L) BCEBFRIRE T 1.3 5. i bk R R R BEE R AR B
1B, G REH], BERB R G R B HIERE (86.85%) REHIEm: ERRAKMN B ABTS H
HI LI BR A ) A DPPH [ RIS FRAE ) 200 FoHE .

(3) JEIEAH RS RS A I e SRR R FE P Y VOCs 1k, 25K, LA 61 Fh
VOCs, i 14 FifE2E VOCs. 10 33 VOCs. 14 MR VOCs. 21 Fhis2k vOCs Ml 2 FhlL e
VOCs, HH1 20 Ff VOCs J5 T BRI, HAR 41 B VOCs 1ERKBEIFE 7242 . T S S A9 i (1) I
25 VOCs & EMAESE VOCs S BN HI R T 75.04%FH1 78.95%, #i3E VOCs S EIRTF 36.10%, R
VOCs & #E#-FF 13.46 fi, & VOCs [NE BT T 29.75%; PCA BB /R B, BRFWAE
FRBERIREAR SOMSL A AEA R X ], R =351 VOCs FIERE Z 7. OAV T RIL, BRI
(TR EH A SR A B (R 5 R . 2R CBEA -3 0-3-B %5 10 FRFIE S MR, 8 S RIS R I o AR
BT RN, RS, 7 T HIRHIER SR (2288.65 pg/L) FIZEFR 4B (560.58 pg/L) .

(4) 3@ 1 AR [ AR B2 2B A o B ST 2 S TR S 3 SR o (AR R VA kAT %
W REARR Y 3222 BRI EAT 22 AU b, G5 SRR RS R RS AR T i 22 AR (151
o) RO IR R R v 1 22 AR (119 Pl 32 B GBI AN TN . 422 AR IEAT KEGG &
EE 5 HT LAFS IR 28 S L R I A v ) S R, S5 R LR A IR I 0 1 A O T e 1% it
AT, PRAERR . MG y A TR, s R RN R AR AR AR S E L-RANAR
T IR P SRR AR IR R B TR I A ) G BRI SR, PR AR R R R R SRR, R R

P



RS R YIS BT B P R R W R e A A B R SR B I RHE B O, I AR

2, 3-T M. LIRSS VOCs; SCHER LIRS I Z AL M Al A A ot LA i e, B 1A IR e i

AR T SR R PR A P AR D SR P Al A RO LG, A0 A 3 R P UK AR
REEE: FE, R ERMEEIUEEY: Xk sy



Abstract

Xinjiang black mulberry, rich in sugars, organic acids, and polyphenols, faces underutilization
despite being a major high-yield, high-quality producer. This study develops black mulberry fruit
vinegar through optimized fermentation to enhance resource value. By first identifying the optimal
fermentation method and optimizing parameters, we then analyzed dynamics of key components
(quality indicators, volatile organic compounds, and non-volatile metabolites) during fermentation. The
resulting product achieved balanced sweet-sour flavor with enhanced fruity characteristics. Key
findings are presented as follows:

(1) The optimal inoculation method was selected by the difference in the composition of VOCs
between single- and mixed-bacteria fermented black mulberry fruit vinegar. Comparative VOC analysis
between single- and mixed-bacteria fermentation identified co-culture as superior, yielding higher VOC
content (17,390.63 pg/L) and diversity (34 species). Process optimization based on total acidity
established optimal parameters: 30.5 °C, 8% vol initial alcohol, 0.27% citric acid, 14% inoculum dose,
and 12-day fermentation, achieving 66.51 g/L total acidity.

(2) HPLC analysis revealed 4.09-fold organic acid accumulation (52,455.02 mg/L) dominated by
acetic acid (45,551.76 mg/L), alongside 1.3-fold polyphenol enrichment (270.00 mg/L) featuring
chlorogenic(17.13 mg/L), gallic(1.76 mg/L), and caffeic acids(1.38 mg/L) with kaempferol(6.16 mg/L).
Colorimetric assays demonstrated enhanced radical scavenging: hydroxyl radical inhibition reached
86.85%, while ABTS and DPPH capacities increased during acetic acid fermentation.

(3) GC-MS analysis tracked VOC dynamics during black mulberry vinegar fermentation, detecting
61 VOCs (14 alcohols, 10 carbonyls, 14 acids, 21 esters, 2 others) with 41 newly formed during
fermentation. Post-fermentation, alcohols and esters decreased by 75.04% and 78.95%, respectively,
while carbonyls increased 36.10%, acids surged 13.46-fold, and total VOCs rose 29.75%. PCA model
revealed distinct clustering of juice, wine, and vinegar samples, confirming VOC profile divergence.
OAV identified 10 floral-fruity aroma markers (e.g., linalool, phenylethanol) in juice. Vinegar retained
key markers while generating new signatures: ethyl diphthong (2,288.65 ng/L) and ethyl caprylate
(560.58 pg/L).

(4) Untargeted metabolomics identified 3,222 non-volatile metabolites across black mulberry
fermentation stages. Differential analysis revealed alcoholic fermentation upregulated 137 and
downregulated 14 metabolites, while acetic acid fermentation upregulated 79 and downregulated 40.
KEGG enrichment highlighted the TCA cycle as central, supplying intermediates for amino acid
metabolism and bioactive synthesis (VOCs, polyphenols). Key mechanisms: L-aspartic acid enhanced

vitamin content via nicotinate/nicotinamide metabolism; L-phenylalanine boosted flavonoids



(naringenin, felicinin) through phenylpropanoid pathways; pyruvate generated characteristic aromas
via glycolysis (2,3-butanediol, acetic acid); branched-chain amino acids (valine to isobutanol, leucine
to isoamyl alcohol, phenylalanine to phenylethanol) enriched flavor profiles.

Key words: black mulberry; fruit vinegar; volatile organic compounds; metabolomics
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1.1 ERENHEHMRHE

1.1.1 ZREHN

HEZERRBRBRIARESR (Morus nigrall.) NEIER, EENEI NESZ &I
FEY. BRERIETHT SR, 2916 a5 k20 mih XU, B2 E w5
PR A I X SRR R B 2 KA B AR AR R S A N TR, B
SR L DX TR 1 AR Ll A 5 1R TR S AR X o 4 S UL WA 1) SRpes A Jog 1 V50 B 955 R SR

(Morus nigralL.)~ H3& (Morus albaL.) F#5#15% (M.alba L.var. Tatarica.) Bl. FrgEHh
DX FEE I ) (AN IR 22 KR [ AR SF A R T B IO Cn2 ik &)
ORI R, kT e R SRR R [FRE, SR ZE R SRR RE TPC. TFC
MEREREN SR TR FEE S, DL ERE R B R BN 24 [FR T mE iR
NS

1.1.2 BEREREF R AIIETE

BEFEREKE KT 80%, SHEEEKRT 15%, HEREEL 0.7%10. HEFHF M
HEE, BHSEL 028%, EASEL 1.05%, SAHER. WAR. SERER. ALBRA
FBREZFMANR, LSRR, AR, LEmEZMHZmeam. BRI
Z kA S 24 FAN B IRV - ARSI FCIE W, 2L &0 mT LIAT R3] o- e A
o7 40 WE B BN R IG T B A E v, IR BT SR EBUEALRE JT, AT G A S £ A
TR0, JE A AEYEE RS R T REZMAEER, RS ANaE. i
B O I A 70 RNk /> A E S5, TERTHE b, SRREH YIEY A T IE ANE T I
kR g . WEMERE . TR

1.1.3 BREMITINK

WAL= R E L, ARERT 223 (Pestil) i 3L (kome) « i 5645 24 (pekmez)
Eﬁ%\ %%\ %‘{Iiﬁ\ %%?@\ @iﬁt\ ﬁ@\ /[jfl::i:\ EJ%%/[B# (parathaS) /:Tﬁ‘éo ,fE%EIj\]’ g\é
FEINTTAN A 3 Al aon T ESR ARS8k, (HE A H H TR TG
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G R RLAE S N AN IR O B R E R RBOR Y, SECERREERIUAD. WG
A EE R, ISR I RN IR T AN T L

RERSKENGTHRER, BTIPRERARTIRS, EHA 6 A NIRI Hitilriz
KA, UL LRJRRSEOCREARIN TR WM E G R 0, BRIt SrxbErss R R EE
IR AT RERFIE L LA IR %09 H IS e AN R] 2o 9B bR 2 A1 B S 1 R
SMEMI IR, REERESOATHIN TR AR R g 5058 {8 i e
FERRE TR IRARFUHRI SR, &8 BA 25 et JF B se M R T 007, id
AR AP A, AT LS 2 ABRAN T BEAS R ) 6 SR A B i o

14, FUIRR 1A PR R 0 358 T ) DAEE S 392 SRR - L R e A LA /DA LR P k. 5%
BLM M AANTH KT 36 h JE AR S & (19.7 mg/mL) ¥INZy 10 508, thst, Z
RN B IR R BRGSO T (RAR . Z2MUEMZ i) 8, & T8
RINRER, FHEE TR AR RER R KA ARG, FURMER & & R &
B0, JEAETRANER (IETRR. RRIRAE) PO BF Al 7 O SRR R
R EERRATIRAIRE B S Mo, RBA S ERERIR A G 1. &t [Fnf, SESHE
i, AR OL R B . (E R SR T IR I B, R RE ™ AR 0 3 Bk
JaSkw A, X5 R ER SRR DR S EAKR SR A S, W pH<4.
BRI FE<20°C S5 0] LA/ 20— - 1 iR g K 7 2R . gedh, e Uk A= AT DU AL
FETHP= il R R 7R RS R R R AL | R T T Rl ) B SR R S R IR B R
IR JZ AL 5, 8 SR R TR LR (8 U AT = & A 2 Ry (BRIt &
PIRIAEE R) &2 R0, POE SCONDIRetE il

1.2 REEREMRER

1.2.1 BEES B B 1T

MEFRTE (acetic acid bacteria, AAB) & — UK NIEE S A RO B R S8 A0 = P ) B
2 IRBTEH R S FR . AAB AEBET 72, ARIETEMEER AAB Z 7K, S8 EA™
FERRI) AAB, VAR BEA 4R, (R, Wk CERPTIA M ER A E DI Re ) AABROL, &
RER AA 3£ 16 NE, 84 AR, FE Tk E, RESERE 1R A — M fd FH B TR
(Acetobacter)

B AT AAB BEFUAH MR, KAV C 28T, B CREMERE (ADH) 28
it B (ALDH) AL O BEFAGN 1R - B CRES G BE AR T AAB BIAEKARH, S8
VR OB A R EAK. B0, LBRIREIE 7-8% I 245 2 BE B AT 04 & B ik
(28, 2 T FE v o A A G PR o P 2R K o AR R IR AT G = B v A 72 AR L 3 0 XU
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532, A, F—EMARLEE AR, ENESKE LZ5EMES KL ZESS
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b TE R E AR AT EAORAIE ™ i (4 SR AR RE » (HEL IR BE 7 TR EDRS HE A XUR J2 A5 AT k20

2% [a] 1291,
1.2.2 REGHIIN TAATHRE4F 14

—BORYE, SRR LUK RO ERE, BB R BT 30, e IR e AN IR I A 75
IV, 2 5 E N 32 AR R i AT D REVE £ fh D00, RIS K B R rh ™ A KA
PUBRM A K pH PR32, R DA AL S (8 A, s 2R 5 Tt A7 Az . WG [ ¢
CZ DA A DUR &« S92 RS AR O JEURH I BE NGB A I < =5 ) B AT S SR S S
SR o B, rb AT LA A0 i e ] 285 B RO A G o 15 2 SR R 0 R AR AU
RBEEAE LA OIS S0y, T 2l B AT B SR I R KU T 205 1 X Th e o G F) A I
HAEAGE MRS A, tBARTIRPER D M R RE . A, [ YA 50 5% i i
IR S AR R A o3 S T RESS T T AR KR AR, e ) 0 SR Fn AR PR A 2
fbo BTEZ, BEORE TORERERE TR, A8 A e R o A S X AR IS )
SRR 73> 32X 2 SR i IR AT R i Ak (R R o BRI 22 (VI F FEIE I 17 SR 1) it R 2
Kb, EEARTRBTAERE. O A ZE AL AER 15,

1.22.1 REEHFIMIITZE

LT E AN BRI B AR T RS AR 77, R AT 1k 22 AR 5 ). T2
AT DL — 8 A2 B MO RS IR = i D R BRI ). b4, @ AR RROK R R AR R AR
J5a, AT DR B O 2 RS S SRR I RE RS . Ak A SRR P 2 5 B BRI AT B R I
ZEIREE, ARMMRELMT GEE 32.5C. ZFEE 7.5%.. HME 10%. Hi# 160
r/min), FRFEVIIAE] 5.85 g/100 mLP> . SRESTE K I 4 TR J 8 o 2 B4 Ko gk AT PR
Ferl I R TR g O SR (8 AN KU 2 N T AR R ] A 2K B 7 PO
WRAR 22 0 1 3 i R Al o, I8k A5 A B P DA 2R SCR . ilan, Zid kg
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REEAEAERF NARMERRE . W1 NAARU S T R B . B, e — AR R i
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