AEY A4l

Acta Microbiologica Sinica

2021, 61(9): 2749-2764
http://journals.im.ac.cn/actamicrocn
DOI: 10.13343/j.cnki.wsxb.20200683

Research Article RIS =

BRI EMEY R R AR E S NEREITIGES T
B oA, AE Y, xR, T4, g

WLR KA TR B, TV EYE AR E T E MRS, V195 B8 214122
PYLR AR TR R, WORRb S TP E, IR T 214122

WE: [ B9 ] Wb b AL 58 SOl kW A P A Sl Wiy 2 LA A A G i e Ak, SRA
[7) Kz e 9 B2 W) 2 XU A2 o S RE Sl A= o [ D3 | SR D el 00 g A 2 i 4 T el 7 o 9
AR G MR, R BRERAS I K W R b A B A I o, SR 3 AR R A AL A I o
AR Z A BAH O L o AR AP I B O A W 9 e LT RER P EA T R E . [ 4528 1 40 o1 AN FL TR VR
SERTE T A AR, FRAE R BB TR e o I FAH TR 32 2 Staphylococcus . Bacillus il
Weisiella, H:H StaphylococcusTEFEA KRS F I, 1 Bacillus M Weisiella5: T [ H . B
TEVR S BN B HASSE , Hoh AspergillusTE R K W B vp 0735 F B8 o5 S0 TR SRR 1997 % LA |,
Zygosaccharomyces*2 56 I G T RERI . AN ARSI BEIRUE R BH , ThRERE Y (Aspergillus
oryzae . Bacillus subtilis . Staphylococcus gallinarum . Weisiella confusaf Zygosaccharomyces rouxii)fE /A~
W) & e Bt R A B AR S E . [ 4518 ] ZE Rl il Ak BERTH Aspergillus oryzae. Bacillus subtilis’5yWh
BB IER KA T W R, Aspergillus oryzae . Staphylococcus gallinarumFl Weisiella confusa S50 | F1:1)
PRAL N FERR A A, TN ER A Zygosaccharomyces rouxiite Jx 1A J5 X XU W) o (14 T e o A FH o

REIR: PRELSECHRE, SEENE, MAEREsS, ShaERvEY)

SRBEBR M E—MEA TR ENES —BORAZEMRG S LRI, B%
KB, WA GRARE R B . B AR A A R R e N Y
THE. s, T RS KRS E F, RESRETUH, RIGHRN A oryzae K
LR O T EEORL , ORI (Aspergillus oryzae) — 2-3 do 520w, ARl 5 M R RE IR G
AR LB N . RN EIREEA = T2 JREUCREE, 1525 E DL N IR 3-6 1A .

EE&ME: EZRELSMEIRIFIE55(2018YFD0400403)
“BIEEE. Tel: +86-510-85918176; Fax: +86-510-85805219; E-mail: ligi@jiangnan.edu.cn
Wi BHA: 2020-11-05; fEEIAHA: 2021-01-15; MLGHIRHEH: 2021-05-21



2750

Yun Jia et al. | Acta Microbiologica Sinica, 2021, 61(9)

1 A% 58 S 19 A2 77 8 T T ik =X A [ 2
R, HAR G Gl rY A2 7 v e Z R R
Py AR P P AR AR o R AR J5T 2 A AT
TRy A T BT . SER . i 5 S5 0 L T A A
VR T B RO A6 &8, JEpiiE— 224
AT G, S ZTE LT s IR (Y
R FINRE . G, (Y Z 8] 5 A A BAE
DL R i A 5 A 7 ) 22 1) R DG o [ ke
Tﬁﬁ?@tﬁ:ﬂ’]?%%iﬁ\ R BT R 5T A
HReRA S B, TR R A 7 SR SRRk
%i?&ﬁ,ﬁ%%?%Tr$T%Tfﬁﬁﬁ
PR E WY TR, BL G A7 70 HE SV e A 5 e
ity e Al s B N A AR A e R S A
b K I VR PR o R AR E A Tk — o
I, B IRIE B DB DD RE LA . FF B Y
KERABEAEZEE L, XA THRRERT
M R el e L

VAR, miE s F AR ZHAEARE A
Z AT 20 WA YA SRR DR st . AR
AW ST AR B T a5 S5 78 P R O K R YK
(PCR-DGGE) il =y i 1l J5° 55 F- B, I MEAT T
SRR A R R S5 R L
Yan 552K 1 38T FIAl B 35 00 5 5T 1 st /e
IR AR, FE0hE T 3R A T L
WAEYI R Weissella, Staphylococcus . Aspergillus
M Candida', T 5 A7 % K FH 1 18 1 00 e 3 R ot
AR T T2 R AR TR W R A AT AR AT
KIME EE N Staphylococcus . Enterobacter .
Chromohalobacter Hll
HFEEEN Zygosaccharomyces |
Aspergillus . Gibberella. Mucor F Penicillium™,
SR, FR 523 & e e v 52 2 i A= e s 1)
ek k= REERIWTTT . ARk, MHRMERISETT

Leuconostoc . Bacillus .

Lactobacillus,

actamicro@im.ac.cn

FOT R AT R E I RESR AL T AL, N
YRGS R G R A RRI R IR R 2 ] Y 2 R
PEAET I RN A SR A I REE
SRR MEAL G YR8 B SR M i 2 T I R B
R AR KR A I RE AR W AR T H Y
A5 T 108 5 i A o I A G e Ok e A P B L
A R A TR AR A Y s A LA, W
P T o T TP R ) S XU A A0 ) RE ok
AW, XL PR TR SN BRI RE SR IE .

| e & S

1.1 HEARE

A ST rp (5 Y S 24 H R S PR
ABRTAEA A AT Ry TR RA R
S RS T 0 ok e BBORE AP, BT A S i 3%
g 7 d R REIRMBIEL 1 R, Z)55ER 7 d JEF Tl
BT 1o PrATE R BIRG S , IR KRS 0. 1. 2,
3.4.5,6, 13,20, 27, 34, 41, 48 1 55 K[
— R R BERLAY )2 R FUR)ZE & — D F R
5], IFRE 3 AAEYFEES . FEIRE TR
W, T80 °C A7, RIGHEATHE—2L 037 .
1.2 ALIERFIRER Y B 43 BT

5 g FEA S 45 mL Z518/KIR A, 100 r/min,
30°C ¥JJfi 1 h, #RJ5 4 °C. 5000% g &5.0» 10 min,
BEFS, WO BIEWOF R uE, WE PR E R . A
FERRAR T . RS R L B S RN A
E R S M PR R i Y AR R
S A B (VLR T H A IR S A s w1
SR JRVAR PR 32000 52 K 11 I 5 2 (DA P 2 R 1)
R 3,5- il F K 4 R (DNS )i I 5 3 A 5 1t
RIS 255 W A0 S M (AR A R A A b e
3 BTG T B — A BT (U B U AE 40 °C Y%



o | MUES, 2021, 61(9)

2751

PFF, 1 min P9 ATER ORI 1 mg 4 20 4 1 1 114
Fit o I = BORAR EREENE T 7 AE PLIR (BT
M. WAKR. NER. LR, CR. IriER. 3%
FABR )M 17 AP 2 A 3R (Glu, Arg. Lys. Leu,
Val, Phe. Asp. Tyr. Ile, Ala, Thr, His. Pro,
Gly. Met, Ser, Cys-s)!'%,

SR UM €35 - 5 335 356 P T 2 ] A o 2 BB
AR (HS-SPME/GC-MS) I 5 5 i v (14 72 & M Rk
B Y. WERRFREL 2 g AR5, W0 2 g NaCl,
A 62.5 ng/kg 1) 2-=FEEE R INAR , B e T .
SPHTHT, AESHAE 55 °C KR HiIEL 30 min, SPME
CF Y S AU KM RLAY 40 min, XS AU 7EH
AL C# 5 min (Trace GC-1310-ISQ
LT, £H), #AMIEYR B &7 DB-WAX
BAEH_EHEFTHY(30 mx0.25 mmx0.25 mm), F2
FETHR AT - WIHATEEE 40 °C %45 2 min, S5 LI
5 °C/min J+# 230 °C, fieJ5 £ 230 °C {#4F 8 min.
LSS ERA, FE R 1.2 mL/min, & FIHEE
260 °C, R FELEDE, BBl
70 eV, B TR 25-500 amu, AHH#E R
0.2 scan/s, HRIE Wiley Fl NIST B e kA7 1b &
WA E , IR R E LAY I TR S AR
2-E FEVE TR HLE AL B i
1.3 DNA RV #¥FF

= S o B N AR i N N =l L L
Powersoil DNA $& B il 7] & $2 it DNA . H
Nanodrop 2000 F1 55 s 5 B e L VKR I 45 B DNA
(2 B2 AN S8 B o FEBE— 2543 BT Z HiT, DNA %
fE1E-80 °C. 435+ A ¢ 7 7 51 i 51 9
338-F/806-R Al ITS1-f/ITS2-R M4 41 16S rRNA
FEHR V3-v4 XFIEFEPR ITS1 X, A5
[lumina HiSeq 2500 ~F & XF SCRESEA T . i FH

QIIME ¥4 % 5142 97% B AR DL E 8 pl 45/ 432
MLIG(OTUs), M| F Greengenes 4 7 £ 45 J& il
UNITE H i % 23 BAT R OTU F 51 it
FrERE . Alpha ZHETESE B beta ZAEIELE
QIIME i3,
L4 YRS B MR IE

KT B EY K 10 g S 90 mL TG
A FER 7K (0.85%) TR A, T 200 r/min 30 °C NI H
1 h, SRJGTETCRR AR B K P S FERR R, R
100 uL Fi B 54 T LB, MRS, YAP #1 PDA ¢
W, o BRI SRR A& F B T 30 °C 837 °C
Bige 3 do wJa, MRUESCHEITOTIE AR B 7 AR
G B ) ) SR VR R T R e

K RSN & B B uE T AE P (A, oryzae
Z. rouxii, S. gallinarum . B. subtilis Fl W. confusa)
APRI R . H 10 g BRELHY . 2.5 g /MK, 50 ¢
FEEMA 1L KB 5K 30 min, 1385 i s
PORMAEEFRIL SR K FIAR 5 BREEHEFP B AR E: 77
FErh, BN SRR B R IR, W) HR A e R R
7 1x10° CFU/g. BT A LEES7E 30 °C F AT 3 do
DAPRFERN BRI 1 0 Py R L, X T R e e R )
A RRB I EA TG o BT A S 1 — =4 o
1.5 HmabE 5504

A RIE T 410 aded Fil ggplot2 HEAT 3 A4
3 #T (principal co-ordinates analysis, PCoA). M
SIMCA-14.1 BAFEA 7 i e/ — I 1 51 73 Hr (partial
least squares discriminant analysis, PLS—DA)@ﬂ‘ﬁ R
He B AR e L 8 52 (variable importance in the
projection, VIP), J:F VIP>0.7 BE£EH| 512 55
R Sy T 5E B AT AT BEAR RN [ A e RT3 2
) 22 5 B A o AV EL TR 20 268, {] LEfSe (LDA
Effect Size)2: 7 Mk Z MM Z A2 7

http://journals.im.ac.cn/actamicrocn



2752

Yun Jia et al. | Acta Microbiologica Sinica, 2021, 61(9)

Fir, JFK LDA RfiEE I E S 47 i R 5
H AL psych Al corrtest PRE R 2 IR B
(Spearman) i W4 AH 5 1 I 43 B AH 5G4 S 35 0k
i1 Cytoscape FAKs i %14 P {H<0.05 HAH X R
#(r(>0.6 [ FEAROCHERTA0AL . fdi ] Excel 2017
A GraphPad Prism 8.0 X F kAT iE— L 58
Tt Fn DR b 2

(A)

6 === Amino acid nitrogen 25
=e- Titratable acid ' S
< s 120 &
S &
3} 1.5 £
5 4 <
3 10 '3
]
E 3 g
= 0.5 g
<
1 1 1 1 1 1 1 00
2K 6 13 20 27 34 41 48 55
t/d
© -
2500 1 == protease activity 400 0
) =% Glucoamylase activity =)
\\:_;/ 2000 300 5
2 =
£ 1500 5
5 200 §
S 1000 &
3 g
£ 500 100 £
& 38
0 1 1 1 1 1 1 1 O 2
K 6 13 20 27 34 41 48 55 ©
) t/d
120 - s Acetic acid -
sLactic acid

100 |- ]

[els)
(e}
T

[\ P
(e (e}
T

mull AR

0 KO12345 613202734414855
t/d

Non-volatile organic acids/(g/kg)
[N
(e
T
[

~

2 HRAAT

2.1 XUBRIEALY R I

it & 2L R TR AR S AT A R . SRS
AL KR BRI S S B AR AR AT T R RS
2 BT Vi A R R S R S L R AR K A AR o
BAENE BT FENEEE 1-A). ATEER

30 -
§
& 20
2
o0
g
Q
3 10+
[P
o~
O 1 1 1 1 1 1 1 J
K 6 13 20 27 34 41 48 55
t/d
(D) 100 8 Cys-s
—_ o Ser
= = = Met
g% L
N —] — o
."?) 60 F - o= g Thr
3 EI = 7] = o Tyr
2 40} sl=|sl= o Ala
g Hiimin o Phe
< L o Val
8 20 F =1 | o Asp
kS % L o Lys
o Leu
0 o Arg
KO12345613202734414855 =Gl
) t/d
60
)
%n 50 _ = oth
= o0 Others
E ol = @ Acids
§ 2 Phenols
s 30+t H || =Ketones
2 o Aldehydes
Z 20k o Esters
) o Alcohols
E 10
S
2 | —mmEmEfd
KOT123 45 613202734414855
t/d

1. EREMEREBIREPRIREBLHNTEN

Figure 1.

Temporal changes of physicochemical parameters and flavor metabolites during the broad bean paste

fermentation. A: titratable acid and amino acid nitrogen content; B: reducing sugar content; C: protease activity

and glucoamylase activity; D: free amino acids; E: non-volatile organic acids; F: volatile flavor compounds;

K: koji.
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Figure 2.

showing the succession of volatile flavor compounds. The peak area of each volatile flavor compound was

normalized using Z-score. The color intensity is proportional to the relative abundance of volatile compounds. B:

PLS-DA VIP plot for volatile compounds. K represents koji.
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Sample ID Shannon  Chaol Observed OTUs Goods Shannon Chaol Observed OTUs Goods
coverage/% coverage/%
koji 2.96 180.63 157 100 0.11 20.40 18 100
0 3.34 233.45 199 100 0.21 55.90 40 100
1 3.34 264.71 218 100 0.16 58.23 40 100
2 3.27 262.50 213 100 0.15 38.42 32 100
3 2.51 244.11 200 100 0.10 28.33 24 100
4 2.45 221.91 186 100 0.12 48.33 34 100
5 2.43 248.67 204 100 0.22 70.48 48 100
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13 1.92 218.54 175 100 0.36 67.16 59 100
20 2.04 224.58 184 100 0.22 51.33 44 100
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34 1.88 245.50 181 100 0.38 66.15 54 100
41 1.99 246.20 191 100 0.21 58.95 43 100
48 1.82 234.98 184 100 0.17 47.87 37 100
55 1.77 231.02 177 100 0.12 34.10 28 100
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Table 3. Microbial biomarkers during the different fermentation stages
Fermentation stage Kingdom Class Family Genus
Koji stage (koji) Bacteria Bacilli Bacillaceae Bacillus
Fungi Eurotiomycetes Trichocomaceae Aspergillus
Itial stage (0-5 d) Bacteria Bacilli Leuconostocaceae Weissella
Fungi Saccharomycetes Pichiaceae Pichia
Mid-late stage (655 d)  Bacteria Bacilli Staphylococcaceae Staphylococcus
Fungi Saccharomycetes Saccharomycetaceae Zygosaccharomyces
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Figure 5. Spearman correlation between dominant genera and physicochemical metabolites during the
fermentation process. The correlation coefficient is represented by the color and size of the circles. Dark blue
indicates positive correlation and dark red indicates negative correlation. P values were calculated using

Spearman’s rank correlation test, *: P<0.05; **: P<0.01; ***. P<0.001.
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Figure 6.

Correlation network between microbial genera and volatile flavor compounds analyzed by

Spearman’s correlation rank test. The size of the nodes indicates the degree of connections. Blue, orange, and

yellow nodes indicate bacteria, fungi, and volatile flavor compounds, respectively. Edge thickness represents the

proportional to the value of Spearman’s correlation.
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Table 4.

L EDR D E

Isolation of core microbes”’

Relative abundance of dominant

Dominant genera Dominant OTUs OTU in related genus/% Isolates Similarity/%
Staphylococcus 0TU432 84.2 S. gallinarum 100
Bacillus 0TU401 67.0 B. subtilis 100
Weissella OTU1 81.9 W. confusa 100
Aspergillus OTU140 99.1 A. oryzae 100
Zygosaccharomyces OTU1 71.7 Z. rouxii 100

“: sequence similarity between the isolate and dominant OTU in each corresponding genus was compared by NCBI Blast.
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Functions of core species in liquid simulation fermentation. A: enzyme activity; B: non-volatile

organic acid; C: free amino acid; D: volatile substance. The capital letters represent abbreviations for dominant
species. A: 4. oryzae; B: B. subtilis; S: S. gallinarum; W: W. confusa; Z: Z. rouxii; CK: control.
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Succession and function analysis of microbial community
during traditional broad bean paste fermentation

Yun Jia"?, Chengtuo Niu'?, Feiyun Zheng'?, Chunfeng Liu'?, Jinjing Wang'?, Qi Li"*’

' Key Laboratory of Industrial Biotechnology, Ministry of Education, School of Biotechnology, Jiangnan University,

Wuxi 214122, Jiangsu Province, China
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Abstract: [Objective] This study aimed to analyze the succession of the microbial community and the changes of
physicochemical metabolites during the fermentation of Chinese traditional broad bean paste, moreover, to explore
the core functional microbiota that affects the flavor. [Methods] We used high-throughput sequencing to analyze
the microbial community structure and succession, together, detected the physicochemical metabolites during the
fermentation process. The correlations between the microbial community and physicochemical metabolites were
also analyzed. Finally, core species were isolated from broad bean paste with clearly evaluated functional
characteristics. [Results] The community structure changed significantly in the early stage of fermentation, and
gradually stabilized in the mid-late stage. The dominant bacteria were Staphylococcus, Bacillus and Weisiella,
among which Staphylococcus showed an upward trend during the whole fermentation, while Bacillus and Weisiella
both showed a downward trend. The fungal community structure was relatively simple and stable, with average
abundance of Aspergillus accounted for more than 97% of the total fungal community, and Zygosaccharomyces
increased during the mid-late stage and then declined. Correlation analysis and in vitro functional validation
showed that functional microbes (Aspergillus oryzae, Bacillus subtilis, Staphylococcus gallinarum, Weisiella
confusa and Zygosaccharomyces rouxii) played different key roles in different fermentation stages. [Conclusion] In
the early stage of fermentation, Aspergillus oryzae and Bacillus subtilis secreted enzymes to degrade
macromolecular substances. Aspergillus oryzae, Staphylococcus gallinarum and Weisiella confusa resulted in
acidification and amino acid production of broad bean paste, while salt-tolerant Zygosaccharomyces rouxii were
essential for the formation of flavor substances in mid-late stage of fermentation.

Keywords: Chinese traditional broad bean paste, high-throughput sequencing, microbial community structure,

functional microbiota
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