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Abstract: [Background] Traditional Shanxi mature vinegar is produced by solid-state
fermentation with multiple strains in an open environment. Revealing the composition,
interaction network, and source of microbial community facilitates the understanding and
regulation of the vinegar fermentation process. [Objective] To reveal the composition,
succession, interaction network, and source of microbial community in Shanxi mature vinegar
during the fermentation process. [Methods] High-throughput DNA sequencing was performed
to reveal the composition, succession, and diversity of the microbial community. SPSS was
employed to calculate the Spearman correlation coefficient between species and Gephi was used
for the visual analysis of the microbial interaction network. Fast expectation-maximization
microbial source tracking (FEAST) was employed to analyze the origin of the microorganisms.
[Results] Six bacterial genera and five fungal genera (average relative abundance greater than
1%) were dominant in the fermentation process of Shanxi mature vinegar. The average relative
abundance of Acetobacter, Lactobacillus, and Saccharomycopsis were 20.76%, 30.38%, and
46.24%, respectively. The relative abundance of Acetobacter increased gradually during acetic
acid fermentation, while the opposite trend was observed for Lactobacillus. The microbial
community interaction network showed that Weissella, Lactococcus, Meyerozyma,
Loigolactobacillus, Schleiferilactobacillus, and Geobacter had high connectivity (=7). In
addition,  Acetobacter =~ demonstrated  significant  antagonism  with Weissella,
Schleiferilactobacillus, Loigolactobacillus, Lactococcus, and Meyerozyma. The results of
source tracking showed that 1.02% of bacteria and 77.04% of fungi were derived from Dagu on
the second day of saccharification. On the first day of acetic acid fermentation, 0.93% of
bacteria and 52.82% of fungi were derived from fermented grains. [Conclusion] This study
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provided important theoretical data for understanding the composition, succession, and
interaction network of microbial community and tracking the source of microorganisms during

the fermentation process of Shanxi mature vinegar.
Keywords: high-throughput sequencing; microbial community; co-occurrence network; source

tracking; Shanxi mature vinegar
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Figure 1

Shanxi mature vinegar brewing process by liquid-solid fermentation craftsmanship.
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FER T 0.5% 0 20 B Jeg F1 L 1 J& 2047 07 B ZK 2 A
* Z ¥ (Spearman’s correlation coefficient, SCC)
T, BB RBUERE S, RE IR
Jp: WEVEEER 0.05; fuEdT A &R £
R AH Gk R AL X (/N T 0.8 &4, FIH]
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cozygene/FEAST) LAY R i 5 7E RStudio
BT o AT PSS AT 0 (1) DLk
PSR RS AR D R R R AE D (SR BN HL
T, FEAMbIE . T HREDFEE N IR . L&
WS 2 RUUAE RN Ry 4 52 o 6 A T W0 50T 5
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A DS WA it v A R v 1 AP R T
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OTUs, fEE VLHE S BB AEAS (Bl iU PRV 24
PR 255 .
2.1.1 BEESMAEMIEEENFERANFIIRERIE
ANESEEREA LT 375 965 AANBEARUT
FI M 365 428 SR EH A BF I (£ Do
Goods-coverage 1§ #( H F & AE M )7 19 K &,
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5o b R 2 nT DA HE S e S A B
P, R AR SR R R R bk
TOEHEE, U A A R, 2
I B e H 2 D BB OTU ;. [ 2 W
SRR Z AR AR 2 AR
K 2 g, g 1 RIE 2 BrR, 4 AT
B AR VR IO I P R BE AR 2] 99% LA |, FF AP
BTG ES i a5 B3 B D R ] WD
TET A S5 AL AR T R 3 Ao 2 A W s 5 4
A

2.1.2 BEESHEDIEEE o ZHEM ST
Shannon #5441 Chaol 8 %543 51| T R AE 5%

A WIRETE VRN A3 A0 (0 Z REE R = 5 )
BEIE ZAE TR, YR o043 4], Shannon 45
BOK; AR, F & R, Chaol f84GH
Ko W 1w, U A Shannon 45 %(F
Chaol ¥/ AifE 2.649-4.081 Al
345.725-566.510, H.E#FT&) Shannon F5 %1
Chaol ¥/ AifE 1.180-3.256 Al
92.333-222.909. £5 1> A& I [ B Tt 5 240 o A v

x 1 BRESEFEmAVIFFFIE R o ZHMIER
Table 1 Sequencing sequence information and alpha diversity index of vinegar Pei samples
Class Samples Effective tags OTU Shannon index Chaol index Goods-coverage
Bacteria Sac2 51 889 442 4.081 443.494 0.998
AF12 61269 392 2.774 423.750 0.998
AAF1 63 975 576 3.852 566.510 0.997
AAF3 63 159 513 3.860 520.966 0.997
AAF7 66 562 329 2.868 345.725 0.998
AAF10 69 111 411 2.649 392.288 0.998
Fungi Sac2 66 244 98 1.183 146.000 0.999
AF12 64 197 94 1.180 92.333 0.999
AAF1 67 628 197 3.256 205.517 0.999
AAF3 43 785 152 2.754 171.528 0.999
AAF7 63 034 230 2.747 222.909 0.999
AAF10 60 540 199 2.921 198.636 1.000
A . B -
500 200 - s .
L R
4
400 - “
& | 2 @ 150 + a
I 5 - ® B
O 300 ‘ g & ° o
G ol ® =
s i 1 S 100 |
2 200f Y 3 2 R
£ I 3 Sac2 = ’ . Sac2
Z o AFI12 Z 50 + @ e AFI12
100 AAF1 ’ AAF1
3 AAF3 v— AAF3
ol +« AAF7 o AAF7
—<— AAF10 « AAF10

0 10 000 20 000 30 000 40 000 50 000
Number of sequences

&2 WEREEEZA)MEREZB)NFERZ

0 10000 20000 30000 40000 50000
Number of sequences

Figure 2 Rarefaction curves of bacterial community (A) and fungal community (B).
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2.1.3 BEESTIEIEETE OTU LA 34
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MR ZHErEm THEHRER, X5 o 20
B SR —B R T v B R
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Bl 3 i, 6 M ESEEFE S A 99 A~ 4 E OTU
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B iR A eSS 10 RFFA W OTU /&£, Ha
OTU 4 18.02%.
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3 ET OTU 4Lk El(A) M E E LA E (B)
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LA, {#FH Mothur Jr7%Y5 SSURNA %idi )
AT AR BT, BT A R A T 8 2 R
33171 67 140 144 4~H 222 1~FF 409 Mg s H
BLAST 5 Unite (V8.2)5# FE b1 19 FhE R4
Mr, IPAREETFINEER 7 1T 25 N
47 A~ H 98 DB 161 AMm . Ml OTU 732871k
BRE L F BRI ACOE R AKCE 43 50 R U 514
SIFTHE S YA AT B, (R Eag BCE- 4
XA BE 1% 0 4 Fh 22 i W Ff AR X = B2 AR [
(K4, K 5).
221 [TKEREDE RS AR

L1 PG AR TS PR 3 2ol e v A D A VR S A T T
AR oA AL UL 4, FIE 4A AT, JERETS
I'1(Firmicutes) . "SR] (Proteobacteria) i 4
W 1(Cyanobacteria) & EE P ARH 128, “F-IIHH
Xt EEAY RN 58.71% . 33.01%H1 5.78%. TERLHR
KR ER, JEEER ] (Firmicutes) AT 3 &
WA, MASTE ] (Proteobacteria) AR XS
BN, K 4B BoR, FHE 1 (4scomycota)
JEEERERIE, HAPFARXTEE Y 86.27%,
TER TSR G AL TERRIR A TEA I, +
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Figure 3 Flower diagram of bacteria (A) and fungi (B) based on OTU.
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Figure 4 The bar graph of bacterial community (A) and fungal community (B) relative abundance at phylum
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Figure 5 The bar graph of bacterial community (A) and fungal community (B) relative abundance at genus

level.
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(Meyerozyma) & EH & , XA =F B 7 3]
1 46.24% . 17.41%., 12.07%., 2.49%#1 2.47% (&
5B). X SEAL I LR o TERE IR & WE 2R 10 K AYAH RS
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A 207 [C 1 8 (Weissella) . FLERE & (Lactococcus)
MZA SR EEERE B (Meyerozyma) , 3+ HiX 3 P HEZ
BIPPEIERIDCR R . MDA, F 71%
H AR B BERRAT IR & (Acetobacter) . HIFFTRE
(Geobacter)FIFREE I J& (Gibberella) , i A 1 &
(Geobacter) 5 A 2 MRJBEIEMIKR, ik
2 A EFURIVER RIS S E R TR Z 0] 2 A
KRR FLERFTF RS (Lactobacillus)5 52 FEAR L
J& (Saccharomycopsis) %2 . 3 IE M L K R, M5
Bipolaris 2 W 3% A C X R . BEBR AT W )&
(Acetobacter) 1 R Wi K W& J& (Weissella) .

Schleiferilactobacillus . Loigolactobacillus . F|BKF
J&(Lactococcus) . ZEMSEEREE (Meyerozyma) HA
025 A PTVE FH o 78 1L P AR T TR 3 o o v P B AT

Figure 6 Correlation network analysis of microbial community at genus level.
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J& (Saccharomyces) 5 HAW T J& Z [0 i HAE R R A
B,
2.4 EEEEGLE IR S

AT T FEAST Jr ks bt 7 & B Al
IR E YRR R BESR 2 RIMZE DI REE 1 o
ik, DLRE RS 12 RAGTIES . Bk . RES
(DGR IDREION Y4 AW N - GeL /311
k(B 7). RN, TERHME RS 2 KA
PR I 2 R A R 2k U T b T HR
A, HTTER AR5 6.79% . 3.16%F
1.02%; LR TR FEORIET R . 2 S,
HTTHR L ERAY HR 77.04% . 2.49%F1 0.98% (&
TA). TERSRR &S | K, BEES P AOA0 R % 3
FORVEF T HRMW . RS RRES 12 KA Al
AR, HTTER L E 5 15.76% . 15.08%
1.68%, KX BSTR R IESS 1 RN TR HEVE 1) DTk
A 0.92%. FERFE ELoRIE T KB . THE
AR, HTTER LRS00 52.82%. 38.63%
F14.55% (K1 7B), KGR IESS 12 2R AT 15 o) I
MR RIS 1 R ELBEREVR 1Y STER (A 0.04% .
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Wk BURE JUEMEME N . HAT, a4
R Z 2 8 TP A Py v B A6+ A2
BT, ABESE T, dE BRI TR T
LIV AR TR o5 Tl A Ty B R s 2R, HE B 6 M
Hea @M s A0 IR 8 CF A X
FE>1%)o SRR . U H ST 7 7T BB
LA YIEED PO, BERR AT I8 (A cetobacter)
FFLBR AT B8 (Lactobacillus )t S L1 74 B i R i
B TR 2 e B E 2 AR R, IF HILRAT R
(Lactobacillus)TE IR /2 I F Be 5199 o5 D 34 g
PR T 18 J& (Acetobacter)TEJG 1 5 £, Zheng %5
TEME ST Bl B AT 18 )& (Acetobacter) I FLER FT 1 J&
(Lactobacillus)) & Wesh 177k LB, 1L oG BRI
[ 25 A P i B2 R S BR AT T (A cetobacter) FIFLER
FF & (Lactobacillus) i A K 5 A e 56 2121

AT LR B s BERR AT 7R & (Acetobacter) LR
¥ & (Lactobacillus) 5 HUAE AN B2, RS
PR FT B J& (Acetobacter) 1 Schleiferilactobacillus .

Loigolactobacillus JA7 B3 B HU/ER , A58
AN E 518 5 A BT 58 o R T 09 2L R AT s
(Lactobacillus)5y 2 7 i B YIAHSCP 42 o

B 100 -

80 | Unknown
o N AAF3
= " ﬁFlZ
o 60 ran
g&h B Out ground
= r In ground
8 40+ I Tools
5  — Air
o, B

20

. .
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7 PEUREESE 2 R(AFBEERAEEE 1 RB)MEMEZOWIR I

Figure 7

Source tracking analysis of microbial communities on the second day of saccharification

fermentation (A) and first day of acetic acid fermentation (B).
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+} J& (Saccharomycopsis) f&= AW 57 W e £ EH) H
PR R, 5 A S L T S R R A
Mt HERE 2NN RER
(Saccharomyces), VA K it FE Fi U £ 35 B 1 i
NEERSAL)E (Alternaria) T AN, %222 R AT HEE
PR IE PRI . JEURERN I T 248 P SR A K

TERUAE YRR HAE 285 v &2 B, LLPe R
SRS AE IR P 67 %M IEAH S Rk BBl
W7 FC T 8 (Weissella) . FLEK T & (Lactococcus) Fl
W SR WL B (Meyerozyma), T1%MITAFEE R
>k B & MR AT I & (Acetobacter) . M FT 1 &
(Geobacter)F 5% i J& (Gibberella) , X LETE H AE
Do) 4% H G 2R KR T R B T AR A R T A
EAFHE— B RABGE, XF N T A R s B
MAESRG U EA R,

FETFRER B AR A A 11 PO R A TR L R
AR HEY AT eSS, R T BRI
[A], A5 PR FEAST J ikt 7 B BE i
TR SRR . WFSE B, WA B S R I
WIS 53 EL B VR SR U T i, (RS 2038 02
PRREVR R IR AT AB 3 . Rl ARl (& 2R ik
Py FEGES )2 3 0 LU PG BRI A IR, AR G
CERHI S L2 rp HAs & 235 25%H 20%,
R STV INNDOE i K a1 AP NN £ 331
Bk LE 23 (77.04%) I T % 4 1 RE 7% 7Y 57k L R
(1.02%) . X—E#HE EHILNFER B X Mg
DX 98 A 2 R T & e 2 900 D 0 i 2 SR 2
— B, BRI &) X R BE 0 d TS
TR HE S RN LR VR O DTk LL 32 o 27.39%
1 80.00%, FHIXSHT) XA 0 d 7 240
T 7% R EC T B 95 00 Dk LG 600 0l 9.10% il
61.06% . X & WP A S X AN UE Y HA
TEFRNE , ELRTETE S S TEME A A WSR2 R I K I
T AL A7, AT RE- LAE X 25088 ) A L BE S5 R AT
Ko BT R R A 2 B B i A WDk IR A 9T 25 2R 1

K T B IR R R TS 1 RFE b B L VR A
DURR , TEA R T B R W R 5 i I T
[R5 | AR R 28 1 & ) S I i b e
PIRIFN RO, pbah, MILLBEE AR RESE 2 K, T
LR A YT SR L 55 1 RESEE UEY)
P TTHRBI G 2, WIZ0= T 7E R R R B B B
il T2 A7 Rk AR VRl 5 R B A
R . BERR A BESS 1 K4 o B 75 AU A
15.08%F F W9 & BESS 12 K ATRES , 1 EC IR AT
HAUH 0.04%% BRS LTSS 12 RIGTHE:, Jf
H o ZFEEFR B B RS R A 12 K IKTF TR
WY TR TR ) 2R R KT R REE

X 2 B RORS & 1 o B A B B3R 1Y) 2 T 4 TR
VR AR I AT RE/N T EL R BV o B IR & 8%
81 REYEEERRAE R TR KR B 5 A BT
YA, BT R A THEEE 15.76%,

FLIE 38.63%). 2 (HMIE 1.68%, HIE 4.55%)
FILK G (AT 0.93%, ELTA 52.82%)%5 F 45 Y ik
AW, RIS A RS TP ACA 1.09%K 5 T4k
e (VAARDE TS, &k B2 o)l i 20 181 7% o1
BN 0,

A5 A Tllumina NovaSeq Il - 4 fi
VR[] T L R R e R S A
Yrie v 0 S, IR AR Gephi 3 FFI
FEAST Jy:R5E 1 B WAk D Ae v T AR I 2% %
i S A P SR TR, ISR T A LUV R TR e
TF AR TR A WA O R A | A AT R T ok
TR 1) R AR TR i T 81 97 G s S 0 EL AT EE S Y 5
BB o A5 ARG 2 s ] | AR A 55
T35 MR AN [R] D3 AN R B A 7 o R i
A YRR R SR A LA Rl L ety
T W 2SR 1 M 55 AR B R Ao R ) 5 3
— A5 A A 8 R R KT Al B i 1 iR A 1
FH R e 28 e 7 it Jo S ) A e 5 T I
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