TR Ay SR IR May 20, 2025, 52(5): 2189-2202

Microbiology China CSTR: 32113.14.j.MC.240768
tongbao@im.ac.cn DOI: 10.13344/j.microbiol.china.240768
http://journals.im.ac.cn/wswxtbcn Copyright ©2025 Microbiology China All Rights Reserved

SR AP ARHREEFRTENSEEESHFE
o Hh

X412, BERASTN, KRR 2, RWAR Y, EARE S, KR, A,
ZHML, EHM Y, HFIEES

1 VLR R A TR 2= T A AT ESLRE, Ly L8 214122
2 VLM R2E WERBSE M EDTEEZ TR PO, L9 8% 214122

3 FEREAERE TR PG, W Il 646000

4 VTRRE AfaRlr SR TR B, L9 8 214122

5 mJiRAE S ERE R A L BURE S ER RS, W AR 610065

XLk, BFENG, SKIGEMS, SennlR, EANE, oA X, WAk, RENNS, SRENRS, VRIESR. il Rl o O N A 2 A R A 0
e SRR ALY, SIS, 2025, 52(5): 2189-2202.
LIU Xu, LU Zhenming, ZHANG Xiaojuan, CHAI Lijuan, WANG Songtao, ZHANG Suyi, SHEN Caihong, GONG Jinsong, SHI

Jinsong, XU Zhenghong. Isolation and characterization of Lentibacillus daqui from high-temperature Daqu[J]. Microbiology
China, 2025, 52(5): 2189-2202.

i E: (FF) MA@ RA WA R LIRE, R AMIER A M F04FH (Mirgibacillus sp.) 9 &8 K
WAL H 16S IRNA A B 5 5140 F 47 )2 £ K12 4 3F 7847 & (Lentibacillus daqui), {23tz 441 4 4] ¥
WA PR ER RS RS AT B [869] AR KR A FIOTE £ ZHE Kb F 695 R AE.
A KFe Rt 1L ik DRA G 205 BOR ST K R A FRATH A= X GE KW T 6945 HAE;
R UIERBAR Y B R RAFOMNE, AREAKGRE. pH. NaCl REFEH,; fANLEAL
KR, ARKEERAF AT AERFREQBO. 45. 60 °C)4Y FBafa A4/, [45R]1 K48 45
BRBELFRFERT 3 LBETRAGEAFRAFFY 16S rRNA ARy 3 -F /5 7] & 4k (amplicon
sequence variant, ASV)F 7, F¥ARFFEZAH 21.4%, ¥ HET KGIZLEF RAFEH 251105217
ERREE, 8 6 NERHEN ., Bk ZS110521T A K a9 ZTEE 10-55 °C, pH 5.5-10.0, NaCl
RETEE 0-20%. Atk ZS110521T A = A MeibBe. F 4 RBaL B OB, /£ 45 CLI B
FR S . MR T 30°CEIL, 45°CH 60 °CR B KInnegrba k. Bk, BRE. AKX, BEELS
MEEHNREI G, MEELEHAEERFEIK(P<0.05). Ak ZS110521T L8 A F 44T
180 ng/g H9 R HAF L AL S A 10 A7, 4EN Bk, 2,3,5-Z F AR, 2,5- = F hwk. 2-C
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Abstract: [Background] With the update of the database, the dominant 16S rRNA gene
sequence in high-temperature Daqu that was originally annotated as Virgibacillus sp. has been
reclassified as Lentibacillus daqui. However, the fermentation characteristics and metabolic
functions of this species in the process of Daqu production remain unknown. [Objective] To
study the distribution, growth, and metabolic characteristics of L. daqui in high-temperature
Daqu. [Methods] High-throughput sequencing was used to analyze the distribution of L. daqui
in three types of high-temperature Daqu. L. daqui was isolated by pure culture and its growth
conditions including temperature, pH, and NaCl concentration were studied. A wheat solid-state
fermentation experiment was then carried out to study the enzyme production and aroma
production characteristics of L. daqui at different temperatures (30 °C, 45 °C, and 60 °C).
[Results] Three distinct amplicon sequence variants (ASVs) from 16S rRNA gene sequences,
obtained from 48 high-temperature Daqu samples, were annotated as L. daqui and constituted
21.4% of the total relative abundance. All the three ASVs were presented in the genome of L. daqui
ZS1105217, comprising a total of six gene copies. The strain ZS110521T could grow at
10-55 °C, pH 5.5-10.0, and the NaCl concentrations of 0-20%. ZS110521" could produce
glucoamylase, cellulase, and protease, with the highest enzyme activity at 45 °C. Compared with
the fermentation at 30 °C, the fermentation at 45 °C and 60 °C showed increased content of
pyrazines, phenols, acids, ketones, and esters and decreased content of alcohols (P<0.05). Ten
dominant volatile compounds with the content exceeding 180 ng/g were detected in
7ZS1105217-fermented  wheat, including tetramethylpyrazine, 2,3,5-trimethylpyrazine,
2,5-dimethylpyrazine, 2-ethyl-3,5,6-trimethylpyrazine, 4-ethyl-2-methoxyphenol, guaiacol,
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phenethyl alcohol, benzaldehyde, isovaleric acid, and acetoin. Moreover, their content
significantly increased with the rise in temperature. [Conclusion] L. daqui is the dominant
bacterium in high-temperature Daqu, and it demonstrates high production of pyrazines and
guaiacols at 45-60 °C. The results provide a basis for understanding the function and
application potential of L. daqui.

Keywords: high-temperature Daqu; Lentibacillus daqui; growth characteristics; solid-state

fermentation; volatile compounds

Kl FLLUNE | KR 5T 50 kHE
1o KR ] A Ay AR, 2 P R 3 AR 7 2o
i v EE R S ke I R R Y
EErdFE v, TR AT LU 60 °C, A F#
TR A . SRR R T EE 2,
FEAFEEE TSI . EiR AR S 2 K Eh S
e, KEREY LR 40 d, BEJS TR
WAE 3-6 A~ H, T a2 a i (i AP,
=N NP A YA i e iV S R
TR R RFAE X 8 B 7= R AL A A
BB, e AR, 5 S R A R
. BESERENTNES, SBOLBERN.
C ST RN G ST TN

18 A= ZE 0 13 )& (Lentibacil lus) 3 @ T & BE
P ] (Firmicutes) 2 ff1 F1 & 2 (Bacilli) 2F /8 FF B
Fl(Bacillaceae), T 2002 4E4% & W ARkE . HAl
JE = W fiw 44 44 5% (List of Prokaryotic Names
with Standing in Nomenclature, LPSN)3tig 5% T
12 A TR R B N 23 DR X8 R R R
2ERPEYE, B A AR ER R R, R i
S 101 Ay g DRI 3 U146 25 28 R I £
rh Hr R e AR ZE AT (Lentibacillus daqui)
ZS110521" J2& 2023 49l IWAE s i K il & i
B apta,

TERTADE S, BRI 8 (Mirgibacillus)
B R A AN R e, A TR
K 10.18%—74.53%517, 55 Z2 R gE U5 XU
W RUOSCI . SR, 3 A A AT R R v )
ARAT 1 Kl OB ZE SR T B 8 T 91 AR A
(amplicon sequence variant, ASV)F 4515 K il 12
A E IR ZS1105217 ) 16S rRNA KL %1

AL A 100%14,

Skt — 25 B R 12 AR ZE AR TR R SRR
WA DL B, [R) BB 28 Rl A 2R AT B Y
Az KR B LA R R R i % A R b A )
e, ANSZEGXTER . B, (3 RPEIE R SRl
YN REE A TP 3 FIF , AT L3 ASV P
GRS R A e AR AT R Ok, Ak
FERAR Ay B 5 Kl 18 AL R AT W bk, JIfiE
IR AR R R A KR &5, #l/hE
(] 285 & e B F 5% A i 0 A 28 F0 AT 8 6 A [
JE(30. 45, 60 °C)y" Mg 5 kAL P Be
J1, DA R il A O e AR 2R AT R A2
SRR S IRE R

1 #HHE5FZE

1.1 #MH

DN IR =TI N K N T E A R S
SRR HFEA, G M . Bl F AR
%16 3o KR RMFEA TG 40 Hif, %%
ATCH A B4R T-80 °C, FF @ i
FFs BBUESHEA 200 g BRAFFE 4 °C, FFHUE
Wi oy B S

SEHG/NFERE S . BUE BN AT
A, B E AT B T R A T Nz
1.2 EFE. TERFIFNEE

2216E BifgH% 3 M 2216E WA I; 355
H S m A Tk A R A BRA AL R
R K SN i (trypticase soy broth, TSB)H; 73
J(g/L): BREAME 17.0, KEEAM 3.0, Hik
B 5.0, BEERE 4 2.5, HATHE 2.5, FEE T
1E NaCl ¥R JE L1k 525 s AR F5 AN [A] NaCl ik i 28
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K, VA% TSB B5 3R A NaCl ik i ; /NEBS L
Teds g gk 4% 30 g b EAY /NS A 250 mL
=S, 121 °CKH 45 min J5 TGS FIIA
15 mL JCHE K.

FAbah . ol REAK. ROEA.
BEER A A . BEER EE . WA . MER .
FEEEIRAN . BRIREEN . IRIREN . A fbEN . 2-2F
. 3,5- RS FHKAG IR . ARARE R . R vE
. RHIEAgE R, TREMN-HACm, B
HELFIH FIBERAR; HEMEYD
DNA #REGAH & . AMEIEE 4] DNA F2EUAH
&, FRUMERE A RN R A PR A F . AOM
% - B e L . B E A A AR
(solid-phase microextraction, SPME) H sl i #£ &R
o, RHERPIEARAR; EAMEERCL,
NanoDrop 2000 43 %)% 31, Thermo Fisher
Scientific A Fl; Wi HM 7 B M,
HITACHI A+,

1.3 KpiEFE4H DNA B9i2 B

B 0.5 g mild Kl , $% B8 L IEERUE Y DNA
PRGN S UL PO R RN AH . R
NanoDrop 2000 43066 4 & DNA WAL, LA
Asso/Poso FEH DNA 4L, WG 451 DNA FEAS
A ARAT T —80 °CUkAf -

1.4 KphEFEHE 16S rRNA HFENF X
EYEEFEDT

i 3@ 514 338F (5-ACTCCTACGGG
AGGCAGCA-3")5 806R (5'-GGACTACHVGG
GTWTCTAAT-3")4 ¥ 41 & 16S rRNA KE[H ()
V3-V4 X3 TR AR I R IR 45 A BR
ANEIE . f#FH QIIME 2 2= B %A 1A R o
79 JE HEA TN B 3 A . 8 DADA2 K
454y N ASTE] ASV 41, i Silva v132
(https://www.arb-silva.de) . EzBioCloud . NCBI
SRR XS ASV REFR TN T AR,
1.5 BEHRMFERSHESENER

¥ 10 g R K HR I A 90 mL T AR
FRERIK A 250 mL =S, 50 °C. 200 t/min

SRR 30 min B 1 mL B, FIUHELHE
A PRERKIEAT 10 EREERRRE, BORIRIFR B 5L
MR A 0.1 mL, ¥RATT 2216E BiigkEFREE L,
SAPIET 30 °CHI 37 °CIH IR % F- 46 31 B 5%
1-5d. BREBURFIER BRI, FH7E2216E 31
NER: TR Rk atifh 3 WA b BTSRRI
5% T EEIR R E E . PBS RMIRTEYE . O
VRN . Wi SHEEMES, ARG
B IUBE LR TR AR 20 R 2

1.6 E#HBSFEIZFELERE

A AN LR 20 DNA $2BGR 7] & 32 By
SR E DNA. A 59 27F (5'-AGAGT
TTGATCMTGGCTCAG-3")F1 1492R (5'-GGTTA
CCTTGTTACGACTT-3")¥ M4 [F 1Y 16S rRNA Jt
PR B2, 26 TR TR ) e BR A
HIHEAT 16S rRNA K2 [ 5 5110 72 .

1.7 ERBVEKEM

PRHL 2216E AR K 3= I o 1Y B VR R T
2216E Wik Ri 3R, 30 °C . 200 r/min B53% 24 h,
i 1R A% AR i 1 BN R 451459 100 mL TSB
WSS, 200 r/min 3555, I AR AE K
36 h 5 REEW AT 600 nm Y625 {15 (ODsoo) o X 15
FREAMEH ) NaCl VR | TR . pH & &R T
R

NaCl ¥Rtk . 76 TSB Ei 33k, Ji %%
NaCl ¥l 0-25% (WJERIRR 1%), M5 E
T 30 °CH; 5%,

BERIRERIE . 1E36 4% NaCl TSB K%
FEELM PP A S, B 5-60 °C ([EIFE 5 °C)
AN [R) R 355 SR A R A T R

Re i3k pH 0941k . 7€ 4% NaCl TSB K5 3%
b, AR 1 FORAEY pH Pk R P
Rk pH {H R TE 5.0-11.0 ([alp& 0.5), $%A/h
JE BT 30 °CHi %

AR MR ST A FKMFNINE: A
4% NaCl TSB ¥i LRI R 5, BRIk
BT 37 cCIHIR IR AA B 37 °ClE B 74 Hh ks
F2d, WdE:FEEFR D R ODeoo HIZAEAL .
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#*1 pHZEMKER

Table 1 pH buffer system

pH Buffer system
4.0-6.0 0.1 mol/L citric acid/0.1 mol/L sodium citrate
6.0-8.0 0.1 mol/L KH2PO4/0.1 mol/L NaOH
8.0-10.0 0.1 mol/L NaHCO3/0.1 mol/L Na2COs3

10.0-12.0 0.2 mol/L K2HPO4/0.1 mol/L NaOH

1.8 E#HHESELZEAR

B RR ZS1105217 #:F F 4% NaCl TSB
KIEFR e, 7630 °C. 200 r/min 5500 F 1555
24 h, ¥ RBERAETHEEAMT 4 000 r/min &0
3 min, AR EARFLAY IR A R K A
A, SRIGHE 10% 1 H it i 1 28 /N2 [ 38 & i
Bigedk, WrERSE. WE 3 MABIRBA, o
Bk 30 °CHEFE 7 d. 45 °CHiF: 7d. 30 °CHigs
4 d R R 60 °CHEFE 3 do X MRZH A RER Kt 18
A ZEAF R, RN 10%2E BEER K, Hoft 45
S aGfAHE . AR 3 A FAT
1.9 ERAYFEREFME 24

K 3,5- KR (3,5-dinitrosalicylic
acid, DNS)Jl 7 K& /N Az (R0 AL i A 2F 4 %
R SR PR30 2 b B 1 g s P
PEALEREPE(O A 1 g MR BEYAE 35 °Chi/h
B WH AL JE # 7 A A A 0 T £ (me) R o 4T 4
KW EUH 1 g B EBEYAE 50 °CHE/N
KA 27 4 25 77 A ) A A T i (mg) Ron o«
EABHE MO 1 g B EBEYITE 40 °CoK I
EHEEHE 1 pg BERER
1.10 ESABEZELMHEHEIRNE

PRI 1 g WK BE/NZ A 15 mL S AHE
TERESL, A S mL 208K f1 3 g NaCl, L&
10 pL 2-2FfE(20 mg/LWERNR, FHRR Iz
F 1 28 0k 5 2 3t I EA T TS TR 2 -0 AR
@i%}iﬁi%(headspaoe—solid phase microextraction-gas

chromatography-mass spectrometry, HS-SPME-
GC-MS)J3#r. Kl 451 2 BESCRR[25]

1.11 BEESABIELXMHEEDTH
FCH e A ZE AR 2S1105217 ZEAS ) R

AT 2 A /N2 BB R AR ) 4 Sk i R
e, Wp2e ., M. MRS, MR2E. P, MRS
HAZEAL A W4T 20 R AS [/ 2800 R VA5 )
X EE A B o 2R FH A d5e /1N =3 #4151 43 BT (partial
least squares-discrimination analysis, PLS-DA)ik
Xif B i 18 AE ZEFAF B ZS 1105217 7E AR Rl 4%
PFF TS A T/ N 22 W R A S ) R 2 7
112 #HESHRZE

{#i i Microsoft Excel 2016 X J5t 45 558 vk 47
AbFR; fdi FH SnapGene 4.3.6 #E47 5& K 81 FL X 5
i/l GraphPad Prism 9 #E17 26K . H2IRIE .
Y2 s fd FH SPSS Statistics 27.0.1 #E47
223 #T (analysis of variance, ANOVA); f{#i Ff
SIMCA 14.0 X ¥ & 1AL & Wy JE 47 i foe /> —5fe
5534

2 ERE54M

2.1 SR AKHIMEE RSB

KB E T 48 AN i HRE S e
FEHAS 1 800 54178 ASV ¥4, 7E Silva i
PE R R 343 A&, PR FEREE> 1%
PIEA 10 4, FEEEFHIFT# & (Mrgibacillus) |
75 % 3 W 1 1R & (Kroppenstedtia) . A £1 4 1t
¥ % J& (Scopulibacillus) . K V¢ ZF 11 #F 16 /&
(Oceanobacillus) . Z {14 I« & (Bacillus) . #% 21
H JB (Saccharopolyspora) . 7 %4 Bk @ )&
(Saphylococcus) . iZ %)@ (Pantoea) . #4 5T [C1#)&
(Wi ssella) il =5 3L 14 & (Ther moacti nomyces) .
A7 6 45 ASV FEHILE Silva B 2 ol i BN AL
AR, Hih ASV408. ASV647 FI ASV1340
FL R ZEHIAT T ASY B4, TEANE VR
SERRNT FEEE BN 14.5% . 5.5%F1 1.4%,
SR LN 1 iR . F34b 3 4% ASV RS F
BIAExTF BN T 0.01%,

¥ ASV408. ASV647 Fll ASV1340 J¥5143
S JHL Ath A 2 40 B B PR B PR AT E R . TE
EzBioCloud ¥ EH, 1EBLE 0 3818 4

ZEfFT I (Lentibacillus massiliensis) Marseille-
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P3089, FEHIAIEE /K 99.52% . 99.28%F1 M A FHAS [a] X a4 7 51 HEA T 9™ 385 I ) 2 1
99.28%; fE NCBI F#ig e, {ERELE N K R[EIFLEE i ZREPE A 20,

A2 AR ZEFAT B ZS1105217, J7 41 AH 8L 35 Zi b, WEIEHRRE T RIS AR 25 AT B R
M 100%. TR R LR, e B APPSR T R

PE—2 4B & B, ASV408. ASV647 Fl  (29.41%), 3T H K 3 5403 ASV e K
ASVI1340 J¥ ) g 40 T R Ml 12 A ZF AT I AR ZEEATEE ZS110521T SRR AL E L 3 6 N DL
ZS110521" HEAMAFME B, 40H 4.1 2.2 KHIELE FHITEI TS 4ST
FLAFEDL, AL A 58 G 2R (K 2). 16S KM AR ZE AT 281105217 £E 2216E
rRNA B PR [] DX SalA 7R AN R 32 1 S B 1k PREE IR 3 B B VE TR S A e B b R 3

80
! ] ASV408
Sl / ASV647
3 n /2 Bl ASV1340
_§ ; ; ; Others
=] I/ V1 V]
ERG I 4
<
z
S 50 7 o
& ﬂ ﬁ ﬂ ﬂ ﬂ ﬂ - ﬂ
0 ﬁl 1 1 1 HL 1 ﬁ 1 ﬁﬁﬁ*l 1 ﬁl 1 ﬁﬂ 1 ﬁ 1 ﬁl 1 ﬁl 1 1 1 1 1 1 —ﬁﬁ 1 ﬁﬂﬁl 1 ﬁ—ﬁﬁ

Black daqu Yellow daqu White daqu

1 ETF Silva IEEIBRNSERHPRFANERYT B FFITHMBENFEE
Figure 1 Relative abundance of amplicon sequence variants for Virgibacillus in high-temperature Daqu
base on Silva database annotation.

The position The position
in the genome in the genome
Copy 1

T > U ODY D
155 864 bp G A 157393 b
595 492 bp G A 579 021 b
1366 556 bp G G 1368 085 bp
_> CODV 6

o »

-G— ASV1340
A A

2 16S rRNA E R 8 F FFE A5 K18 %E F A E 251105217 £ 2 EHA 16S rRNA £ F L X
Figure 2 Comparison of 16S rRNA gene amplicon sequence variants and 16S rRNA gene within the
genome of Lentibacillus daqui ZS1105217.
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&3 AMEAEFETE 281105217 PETESA)MIE B FEHEERB)

Figure 3
electron micrograph (B).

Fii7R. 7E 2216E [{AEEFEIE I 30 °CHi%% 5 d
&, WiEEA 1l mm, 2RE, %78, HiHE
WSO, REDOLHE, BROKE A, ANiEW
(B 3A). A FRHEES REN, M
R, Wiy, hEpERE, K 1.5-2.5 pum,
$% 0.8—1.0 um (& 3B).
2.3 KA FEFEAE KT

£ TSB ¥igp e, Kl 18 A4 28 B4 &
ZS110521" #£ 5 °CH&MFF WL T ALK,
10 CEMHTMEAR, 55 C&MH T I4A
K, B A KR N 3040 °C (& 4A); £ pH
AT 5.5 & T 105 AT EIALK, &
WK pH {EN 6.5-9.0 (] 4B); NaCl JFizik
ER 0%-20%M 55 T A K, RiGEK
NaCl T E N 3%-7% (K 4C), L) 4%3EHp
H, 37 °CHiFF 14 h Jeib AXTEUEKY), K
32 h Bt ODeoo iKFIF K, FETCEM KM T A M
55 £ 1K (Bl 4D),
24 KHIEBEFRAEERBSLXE "
i

TE/INZE [ 25 P 1 73 5 vh g A 7 AN ] iR 3 B
R R T, HmEE A 5 R, 7E 3 Fh
TR R AR 2RI ZS 1105217 3 A
B HEALEE . 2F 48 = B vk O Y RE

Morphological characteristics of Lentibacillus daqui ZS110521T colonies (A) and scanning

J1o TE 45 °CHZG 4 R P e v MBS M, OF
VIS ) . AR YRR B O 5 b
1039k F) 106.8, 12.8 F161.3 U, ZERFHI K
i Az ZE AT R 281105217 ek il % 1 T F
A0 oy e aE A TR R, LTS ) A6 S 2 R
B 25F T A8 BT d b, O T o g i K i 2 e ad
PR AR AT
25 AKHEBEFHEAREBSAE~E
A M ETHh
251 EAMUEYERK

K T2 [ AR G AR - S BT s, 430
K 30, 45, 60 °CEMF T K18 A= ZF T i
ZS110521T A R e/ NZ RE G, 3 ARl 3t
KO FhuLEEEYI I . 4 PRI . 11 FhEE
Wi, S ARSI . S AERISY )R . 8 R
Ky, 7 FERRYIE . 6 P ALY, 7E
30, 45, 60 °CEZElsrlket 42, 55, 49 Ff
Y, FREAATRNERRE R ™ W 0P RO A e 2=
5, BERERYRA RN —NHEE, WE 6
JIi7s, FEEF 30 °CSLE 4, 45 °CHl 60 °CELE
MRS RIS, 2. Bk B & ay
& THR (P<0.05), TEERILG Y& BB AR
fik(P<0.05). MEMEIE 5 WIIAE 45 °C3L
5 2R A o 1
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OD 600

0.5

0.0

10 15 20 25 30 35 40 45 50 55 60
Temperature (°C)

0

e e T PG N RO

5 10 15 20
NaCl concentration (%)

25

0.5

0.0

7.0

8.0
pH

9.0 100 11.0

" —o-37 °C aerobic

~0-37 °C anaerobic
8030

¥ OO0
Nl il vl il il il Y
0 4 8 12 16 20 24 28 32 36 40
Time (h)

SRS AR
Figure 4 The growth characteristics of Lentibacillus daqui ZS110521". A: Temperature; B: pH; C: NaCl
concentration; D: 37 °C aerobic and anaerobic growth curves.
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Figure 5 Enzyme characteristics of Lentibacillus daqui ZS1105217 in solid-state fermentation. A: Glucoamylase;
B: Cellulase; C: Neutral proteinase. *: P<0.05; **: P<0.01; ***: P<0.001; ns: P>0.05.
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6 AEIBERKHEEFEFRE ZSHR2TESAB N EZPERELHLEVEE

A IR,

B: MiZ; C: M2k D: MEZK; E: BRJE; F: MZE; G: BRJE; H: HABZL,

Figure 6 Content of volatile compounds across various categories in solid-state fermented wheat by
Lentibacillus daqui ZS110521T at different temperatures. A: Pyrazines; B: Phenols; C: Alcohols; D:
Aldehydes; E: Acids; F: Ketones; G: Esters; H: Others. *: P<0.05; **: P<0.01; ***: P<0.001; ****: P<0.000 1;

ns: P>0.05.
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