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Abstract: [Objective] To elucidate the enzymatic-producing properties and environmental
tolerance of culturable microorganisms from medium-high temperature Daqu, as well as their
regulatory effects on the solid-state fermentation system of Baijiu, to investigate the differences of
functional microorganism distribution across different Daqgu grades, and to provide a theoretical
basis for the development of fortified microbial starters and the optimization of brewing processes.
[Methods] The isolation of functional microorganisms, along with the evaluation of enzyme-
producing characteristics, growth properties, and environmental tolerance, was conducted on post-
fermentation medium-high temperature Daqu of superior-grade and premium-grade used in the
production of Nongjiangjianxiangxing Baijiu (strong-sauce aroma-type Baijiu). Moreover, solid-
state simulated fermentation experiments were conducted to investigate the regulatory effects of
four dominant strains on the physicochemical properties and volatile flavor compounds of the
fermented grains. [Results] In this study, a total of 44 strains were isolated from Daqu of premium-
grade and superior-grade used in the production of Nongjiangjianxiangxing Baijiu (29 from
premium-grade Daqgu and 15 from superior-grade Daqu), belonging to 5 phyla and 8 genera, with
Bacillus being the dominant genus (accounting for 43.2%). A total of 28 amylase-producing strains
(20 from premium-grade, 8 from superior-grade) and 4 cellulase-producing strains (3 from
premium-grade, 1 from superior-grade) were primarily screened. Although the premium-grade
Dagqu contained a higher number of enzyme-producing strains, the strains from the superior-grade
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Daqu exhibited greater average enzyme production capacity. After secondary screening, strains
T41, Y46, and T47 were identified as high-yield amylase-producing functional microorganisms,
and strain Y22 as a high-yield cellulose-producing functional microorganism. The tolerance assays
revealed that Y46 exhibited the strongest adaptability to high temperature, ethanol stress, and lactic
acid stress, and Y22 exhibited the strongest acid tolerance whereas T41 showed the best
performance under glucose stress. The results from the solid-state simulated fermentation indicated
that all four tested strains contributed to maintaining fermentation ecosystem stability. The strains
significantly enhanced starch degradation, achieving reduction rates (from 7.0% to 9.5%), with Y22
exhibiting the most pronounced degradation efficiency. The differential regulatory effects were
observed on reducing sugar utilization and volatile flavor compound synthesis, particularly esters.
Notably, T4l showed the most pronounced enhancement in flavor compound accumulation.
[Conclusion] Post-fermentation medium-high temperature Dagu harbors abundant enzyme-
producing functional microorganisms. Significant differences were observed in the quantity and
enzyme-producing performance of functional strains across Daqu of different grades, with amylase-
producing strains exhibiting a higher isolation rate than cellulase-producing strains. The four
screened functional strains possess excellent enzymatic properties and environmental adaptability.
In the simulated Baijiu fermentation system, these strains maintained acidity stability, enhanced
starch utilization efficiency, and promoted the formation of flavor compounds. Among them, strains
T41 and T47 exhibited superior overall fermentation performance and demonstrated considerable
potential for practical application. These findings provide valuable microbial resources and a
scientific basis for the development of functional microbial starters and the operation of Baijiu
brewing processes.

Keywords: medium-high temperature Daqu; culturable microorganisms; enzyme-producing
functional strains; environmental tolerance; solid-state fermentation; physicochemical properties;
volatile flavor compounds

A AR T T Rl A T A 2 A DA A A
S AT BB A T A, T TSk e R RO Al R
WA, A s R R S A AL,
it BT e JEE AORR Bl X — R KB . R
i R PR 2 o e PR AN AU DA A e e B 31
R, W ek A AR Sl WA AU T T
A A DXUR RIS o Kt e o e b A8 AN ] B B
Yo R A A W e v e AR T 2R -t B4
WA A B e, BiJR #EAARIR ) 1A A A
WEBr B, 7 ih Dy gl AN BESL BV T, a2 22 i
— B (A 3-4 A RINAT, KB B
A e R A S T AR A, T
i B U3 3 T A O A T AR TR T R,

I W A 1 e i BRIV 2 AR B — S B
[EIREDEN D PN R T oW - E N 190 i i 71 1
T2 58 KB BL o —FOT R, H
2R A 2 BORR TS AL W A v ALl A B AL
FEAES A, X AR SR L R R
Mirf 52 R AR ATF S S R o DR I gk B X — B
18 7T 355 3% DI BEAUAE 0 9 50T T SR Rt i A
HEL E AR s EAT R S

R AR 73 22 T R I PP — A% HAR 58
B P Sk, KRS 2 e S
AR R AR R BEAT ARG o, PEAS LA AN (E S
PRI ) o JTAFSR, B B ITA6H R 55 5%
55 O A S R AR DGR R 1T, B ST SR T

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



4874

TIAN Lei et al. | Acta Microbiologica Sinica, 2026, 66(10)

A T 28 G v e R A Y R A2 A S T RE AR A
TERBIE 25 5, RIS BF T T i a7 ) XL
] 5 T2t E Y iR Y £ 2R H e i
WP AR B R A B R WU RP AL, A
PAZJEAS AL Jm 252 13 A5 BT 5 0 5 5 TR
DIRE TR 170 8 55 37 5 R e o0 R 1 R S W
AL GG TR SRR CHT R . WTSRY,
R RS SRR . R AT R
O TR A S 12 A ) O LA R
AR DI RECUN = 7 TR | 2T 24 2R il e o PR T 1)
(B ARE2T, T L I S 0 AR s e
i JOUAE 1) P47 B BT IR

DIy RE TR F i il K A TR I R RE S A BUE
IEA LT, AU Z AR ) 5
A SCBRE A 7, e d AT B e e e il R
i BB TE bR . T A I R G KR R R
AT D RERF M T P iR 010 PRER R 2
PR . IR . i CBE . Tif min! 29 L Bk
P REP2AE Ty 1] o AR R K T RE A 0 3R
PRS2 e OB TR h AOMIEAL . R A
JBRIE BCEAT e VAR - S0 Al RS 5 4 7K
i h P AR, ELRESRHROMEAL 1 SRR £F
24 2 T 308 3 V3 ik P 200 B R T 2 ) SR
WoJst, e i SO 23 04 () s i SRR i A
RO 10202T DRI, T 3 e 7 TE A
YRR NRER , X T AR T2 2T
B W e AR B~ T A XK B AT T B
100 N X S N = RTAD 2 e AR o €y
ISR T R S R B s S8k, AR, &
MRAFAPIRAW R | LB EZE LT & K
R JEFFEN ) . BEEAW S, ZEPE
W HAE A, LR R T 52 2% H™ w7 A A i
WEE . WA AR PR EsRe 1 . ARHE
Pe AL . R AL, B E RO T
HOX Z B ERE R 32 R Sl W e R,
FGUVTAL K I D) RE R bR T 22 M E [R5 A iR 52
REST, RFTFUmIE R A= A BA S

BUAT 5 TRl Al 55 SR B W R B AT A

P4 actamicro@im.ac.cn, 7 010-64807516

Z IR, Bt 2 R A T B — BRI (A
PR R AT TR R I 5 B B 1) R A 2
PIBE TR D X AN [R] 45 2 r i il K it o S A T
(19 3 A1 5 5 S iR ) 2 S e A R 104
PG, AT ST LK I 58 )0 1R e 7 B R 2
L G SR N RN g S LB b i
oy Bl A = P Y R W RE S A E— B AR
0 B2 BRI B AR T R AR AR | Bl
T L PRI SCHE PR 0 1 32 BE T 1) 22 R PEAY
7 Fsf 308 [ AL A e A A o A 0 1 2R 3
PR 5 KURAE S R TR, A2
TR A P o IR RS AR L O AL
PRI 7R B KLl ] I D A [ A5 4 b gl o it
(22 5L T 2 A e ek .

1 MR5rZE

1.1 #8
1.1.1 #mERE

RAFFEETHE 5N 1A H LB, fMATEA
A7 B B A G . AR e 5 e A A b s R R
SR E A ST o R PRI BURE (R 27 K 4
—E, PR 3 AT B R EREA, SR RS
HURE T A A1 1 2 4 0 A R R O 7 B e BSOS [
E ONII: R % VNSO L T e N1 B
T RCE A PO B AS TR 45 K il B o 40 331
BT I R AL B O R, AR A A
20 H i f3 BIREIIAR &, /3 F IO R AR LS,
BT 4 °CRM T EAL, RIS RISL K= FF R
HEW) oy B B R LR IR AR T
1.1.2 EHE

e B AR 7R3 . R PDA. MRS
F1YPD 55323k (5 B A Y H AR A BR A A

TEMTBE I RS SR L (e/L): IR TETERY 10.0,
EANE 2.0, BEREE 5.0, EALEN 5.0, BEfRA —
B 3.0, BIER 20.0, JE3Y pH{EZ 7.0

2 2k 25 WIS 2 85 SR LB U7 (g/L): i PR 4N
1.0, BEMRE 4N 1.2, BEIRE ZFF 0.9, BilREE



M 4 | BUEPAER, 2026, 66(10)

4875

0.5, S LHF 0.5, FELER R 0.5, BR K fif i 2R
F10.5, WISL 0.2, 4R K 5.0, 38 15.0,
P pH {HZE 7.0+£0.2,

B IR N NB) BRI T (g/L): & A
10.0, 4 WH 3.0, #A e 50, 877 pHEHE
7.0£0.1,

1.2 KEFHEINDE

A3AAREL 1 g RPN RE &, A
ALRKTHE LET, ToRGIES, il
RCRIUAE B . RS UEA TR EE AR RS, 4538 107,
107, 107, 107° RIIFRBR . 40 HL 0.1 mL 4%
T BE M BEAE i B IR AT T PDA. YPD. MRS 5
FRHELR M . K PDA £33 YPD Hi g3 B T
28 °CF R 1595, MRS BEFE5ELE T 37 °)C 444
TR, Wi 24 h 5, VIR IR ISR A5
MR &SI . Bk IEIEA . £
S B A TR T R AR AR W 0 25 R R U, R
JFH VO G BR A0 e 72 4 B TR 7% 12 28 000 iy 3% 5 2k I
T waith, HEFSLAERTFRE
1.3 HMEYINEE
131 FEEFLE

WA SR E I EVEIEAS, XA
Wk B, TRk SR . RIDEH .
BEACHE . BB . B OB E SR AR T A KT
FE SR o SR FH 45 i 55 Gy 6o vk X A W A M A
Yetn, G BB R 2 . TR0
TEAHHIE
1.3.2 S FEMFEE

K FH Chelex-100 % 42 B o A= Py 2 A 241
DNA. 435k aiifb )5 i AR V% & T 1.5 mL EP
R, A 100 pL 10% Chelex-100 ¥, 743
WHETR 2] o AR E T 90 CIF F A IR F
20 min, H:[A]%EF 5 min IWHEIEY 10 s LAEIE40
S46% 2 DNA B W58 )5, 12 000 r/min
B0 5 min, B EIEWAE S DNA SRS

i 5% 1472R (5-GGTTACCTTGTTACG
ACTT-3")#l 27F (5-AGAGTTTGATCMTGGCTC

AG-3")% 4l DNA #E47 PCR ¥ 345 i 54
ITS4 (5'-TCCTCCGCTTATTGATATGC-3")Fll ITS5
(5-GGAAGTAAAAGTCGTAACAAGG-3') %} H.
A DNA #£47 PCR ¥4 MLl PCR & Wi {A& &
(25.0 uL): 2xSanTag PCR Master Mix 12.5 uL,
ddH,O 11.0 uL, . TFUH#E5I# (10 wmol/L) 4%
0.5 uL, DNA #5#7 0.5 pL. 4Hp§ PCR K 251 :
95 °C 5 min; 94 °C 1 min, 56 °C 1 min, 72 °C
1.5 min, 3£ 30 MEH; 72 °C 9 min, HJH PCR
KWW 454 94 °C 3.5 min; 94 °C 30 s, 50 °C
55s, 72°C 45s, 3L 35 4MEE; 70 °C 15 min,
PHSEUE, B PCR Y ZRAEIC s R E YR
AT BR 2 RS 7328 w58 BT o K 2
$242 % NCBI ) GenBank ¥#f8 )%, i il BLAST
PEAT R L 4 2, 2 B IR] IR G R 3R A
[ R DNA P51, R MEGA 11 8/ iy
4B $% (neighbor-joining, NJ))IE A HE 2 45 kK B W .
SR H T8 VR R HEA T B AR . LT 30%
TCRE MW, mEE AR E A 2.0 mL H
AW, FTCH T2 PR B Al AL I 0 BT 7 4 A
B SIRS . BRFEE THRAET, 7
T80 CHBAIRIR VKAE T A TRV R8T
1.4 INEERAYHIF
1.4.1 XK= MEEThEEE A IFIE

W sl Ak F5 0 TR PR S T U T T R T AR
M b, 7E 37 °CHRAF N EEFE 48 ho K BUR I 2) 0
TR, Ye 1 min, WLEEHH & B2
LT 0 WL, SR 5 A8 Sk 43 ) D
EVDK R AR S W B, R E N E
(D/d), W HNE RAR P VER BERE T AR/
1.4.2 Kplih P44 ZEBThRE R AYTFIE

W Bk J5 00 TR PR S A T AR 4 R MR 215 57
b, AR 37 °CCARMF TSR 48 h, WLES T BRH
A IE KRR, SR FH A8 Sk 43
wHiE VKB AR S WEER, MR &N
{E(D/d), W1 H 2 bR =21 4 Z BERE 1 1 K/

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



4876

TIAN Lei et al. | Acta Microbiologica Sinica, 2026, 66(10)

1.5 IheeERIET

B ICA9] U7 3550 SR B TR B (D/d>2), PR
HVEHEM T & 5.0 mL NB 553554119 10.0 mL 2.0
B, 37 CCHFE ISR 24 h IR FIF I R
F 10 000 r/min Z.[> 5 min, B EIHKZ 0.22 pm
KA PEMET U BR B, TS IR B0 o LB,
T HOAMEEIE F1 00 5E o 2 B AT 4 2 A I ) &
(L TRR R A R A B2 ) AR 3 A3 TG 0 X 5]
S (IR A YR A B F) R ERAE BB
FELER A T TG o D Ry TG 1 B L #E 37 °C
M 15 min /KA S mg JEA TR BB E SR
1 ANTE 7B o 21 4 2R WG A s AE
60 °CZAF T, 1 min fEILIER H LR 4 ZAh/K i
A= 1 g HIAHEITRR B E SR 1 AR )R
1.6 ERAVHIE

PRECH br R AR B R T % 5.0 mL NB
B BB 0 T, 37 cCHERE % 24 h 153
PP . $22 10% $EFh (1.5 mL)$ 7 IR0 45
2135 mL NB KR &0 W, 37 °CHE
B R 24 h, KiFR UG G — R RBOK E &
ODgoo=0.3, T 5 L2450 .
1.7 HKBZAUNE

B1.0mL BRI & RMERK, IMASE
9.0 mL NB 55549 50.0 mL B0 b Brdfh
TEMM B O E T 37 CRi AT R, B 2h
HURE 1 WR . BRORE HIRe 35 5 10 8500 45 38 1T A 7
K, BATHEMEGN, TRE 200 pL #5537
WA 96 FLAR, & FEFFRIY 600 nm P KT
I TE M SGRE o BHIARY ODgoo {5 %5 10 Y 5 32
[EHEATILE, Lm AR R A K 2
1.8 IheeEm = MM
1.8.1 EHHEEME

W HL 100 pL A K 5 BOH (L 55 3% 24 h) )
ot =7 (5 P i P I e 355 3R 64 ODgoo TH 52—
PR 0.3-0.5, MRS HMER A E—2D,
A3 HERT T 400 uL NB B335 55604 EP & h, 43
BIET 45, 50, 55, 60, 65 °Co&A T {H iR F7
24 h, BEFREEHUEINE B ODgoo fH

P4 actamicro@im.ac.cn, 7 010-64807516

1.8.2 EHRAITHER M

WZH 100 uL FEST HIHERD T35 400 pL AS[A]
pH B JE NB K7 78 3 (pH 43 %] 4 3.0, 4.0, 5.0,
6.0. 7.0 EP &, ¥ F 37 °CH&AMTF KR
24 h, FEFREEHUS I R ODgoo 1H.o
1.8.3 INEEERIT R ZEPE MM

WZH 100 uL RV 53 A0 T3 400 pL A [A]
A MV BE NB 85 57 35 () A Rk B 43 30l ol 2.
10, 18, 26, 34 g/L)My EP &, #HEF )5 F
37 °CH53% 24 h, HEFRFERUEIE ODgoo H.
1.8.4 IHEEE RV & EF 4

WEHL 100 puL PR 25 400 uL A6 LB
B ENB Fi 3R 3 LB 5 5N 2%, 6%
10%. 14%. 18%)H) EP &, fE 37 °C N R53%
24 h, BiFRSERUEINE ODgoo o
1.8.5 INREEAUMT & BRI

W 100 puL BRI 2 5 400 uL A[H 2R
T NB (R a1 50 9, 13,
17 /L)) BP &, 7E 37 °C T H55% 24 h, H53%
SERUE I AE ODgoo 1H. o
1.8.6  LHEE AU FLES M4 i

WEHL 100 puL B 25 400 uL A [ 2L
T NB GRS =M 1. 4. 7. 10,
13 g/L)J BP &, 7F 37 °C FH53% 24 h, H55%
SERJFIAE ODgoo .-
1.9 INREEAVIRILL B 36

SEI A A R B AR AT ¢ R B R
SEFE 70 °CHEAR 24 h, FEJSAE 115 °CZEHE 20 min,
FEAE FH 80 °CR/K [t FE 40 min, A 75 352 78 70 WK
BIHCARE . TR ZEA B, il m SR h 7
Oy BRI K . YT 80 °CHUK S ALFT HE K £
Y, MER AN G FEA KM Sobfise . SEgn 4 s n
TR ECR 10% A9 35 357 22 X0 508 B9 AN [ D BE
P, ATRRHES MR ICH K, PP s a5
AR BEEh B, BT EERE R4 T 30 °CHr
KT 30 do 28 Tian 2PV vk %t & B¢ UG
49 Y T 28 4T B AL F8 bR A & XU AL A 90 1Y
R



H7E % | WA, 2026, 66(10)

4877

1.10 SZit559%h

A SR E R 3 N EYEER,
] Microsoft Excel 2020 X it i K4k 47 4) 25 4k
PR, {# F GraphPad Prism 9 #F47 ¥R 28 )y 224y
Hr (one-way ANOVA) 5 EIJE 21|, 41 8] 22 7k
A HSD i % 7% (Tukey’s honestly significant
difference) f 17 £ & L% . fi H R version 3.5.1
F1 MetaboAnalystR 1.0.1 X 45 A& PEAb & W K i2F
A7 1E 32 It B2 /) — 3¢ 1 5] 43 #1 (orthogonal partial
least squares discriminant analysis, OPLS-DA),

2 BREAM

2.1 FERIIREEBIHI T
2.1.1 M ERINREEBIHITE

A5 38 3L TE A K fife s T REE (BT 1AL 1B)
MK B fE Rl o3 B T e 28 AR ELA P UE R I
BEJIITRIAR, 5 T A 43 B RAR Y 63.6%. gy
Gl TR 20 BR P VE R BTN BE TR, o RE
2% K BT 2 B T R Y 69.0% , g ok il rh i ik
8 MR VEM BE IR, LR M BT A
FREY 53.3% (& 2A). 181 K i e AR (D)5 T A
ELAR(d) W LUAEL(D/d) 01 20 340 Wi H: 77 U 3 i FE 7 58
55(K 2B). THAER Y7. Y9. Y30. T39, T41,
T42. Y46, T47. T55, T61 iy D/d=2.00, Hifi
AR JE M BERE 1 0, b Y7 B R RE )
5 H(DId=2.83) (F 2B). IR TH 2 K th iy

6 Pk D/d=2.00 (7] 7= JE ¥ il D) 5 B4 V-3 Did R
2,19, HRgR i A ER 20 k7 E R B ) fE T
W~V Did J 1.74 5 RIETIRH KRB 4 bk
D/d=2.00 1)~ V€ ¥ Bi§ D) G 7 ~F- 3 D/d 2y 2.36,
PEge il 438 8 i 7™ V€ # 1l Dy e 1 1 °F- 44 D/d
2130 AIUL, ESRARG N P v R T B
B H D/d=2.00 BT RE R AR T &2,
R I Hh = BE 93 it ) 6 AT 114 3 1R 7 il B
T
2.1.2 FA%EZREBIHREERIVITE

AT 5T R NIRRT ge ak(F 1C. 1DV K
P e Rl R o B AR B 4 Bk LA R AR 2 R R
TR EAR, A B R 9.1%, Hr
ARG I P e 1Rk, AR o 2 B
PRI 6.7%; FEHR M ikl 3 bk, SRR
i 23 5 B AR Y 10.3% (] 2C). 381 7K i P 4%
(D)5 R EA2(d) ) LU AR (D/d) BT A5 I HL ™ 25 4
ZHFRE SR 55 (K 2D). ZEH NN, DIRER Y22.
T20 4 D/d {H>2.00, I HS 458 Y 27 14 44 7
L1 2 KR 1 (] 2D) o SRVR TR Kl 1) 7= £F
B RBHET, 7w (D/d=2) T20 1) D/d {4
h 225, AR 3 bk AT Yk K R AR A Dld
1,785 P Al IE— 1 AR 7= £ 4 2 R AR
Y22 ) D/d 2} 2.15. AT UL, RRg R il o= 25 4
F il 1) RE TR 10 B AT 35 7 il e ) AR XA 5, (L
DIRE AR 2, H 2 NEHW K h 377
LA B - A A K Re 1 1 DI BETR .

Bz

T3 ’TZO

Bl FEimEsA. B)FAUERES(C. D)ERTFELRERD)

Figure 1

Screening results (partial) for strains producing amylase (A, B) and cellulase (C, D).
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Figure 2 Preliminary screening results of functional microorganisms. A: Proportion of amylase-producing
functional microorganisms among isolated microbes (from inner to outer: overall, premium-grade, superior-
grade); B: Bubble chart of D, d, and D/d of amylase-producing functional bacteria; C: Proportion of cellulase-
producing functional microorganisms among isolated microbes (from inner to outer: overall, premium-grade,

superior-grade); D: Bubble chart of D, d, and D/d of cellulase-producing functional bacteria.
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Figure 3  Enzyme-producing capacity of functional bacteria with amylase (A) and cellulase (B) activities in
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Figure 13 Colony characteristics of representative strains. A: T41; B: Y46; C: T47; D: Y22.

Y S o p a° 8

ﬂh'a‘; p";:u s o IB .

¢ fa Ty s}aﬁ%q ) ]

o aq ; & . %0‘ > | o
S 0 J“os ° ggl S R L

a j“‘a A MR

. 9"l ] A [
ﬂw d Ta’f&’,ﬁalw -‘\. D !
\}%noiaﬁ .% ‘% < 4

B4 MORRMEERNEREREE

Q \
o o (A
¢ v 5
oy ¢ 0%&)
o t Ao [ @ s 1
> ey 3 4 N
o’ % e
o SR $ et
L L] @
o v s
~ S g
LY ’ (% Q. ==} &J
R © &
v ) jios 2 Ns

Figure 14 Crystal violet staining diagram of representative strains. A: T41; B: Y46; C: T47; D: Y22.
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Figure 16 Analysis of flavor compounds in fermented grains after co-fermentation with different strains. A:
Statistics of types and quantities of flavor compounds; B: Total cumulative content of flavor compounds; C:

Percentage composition of flavor compounds; D: Heatmap of flavor compounds.
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Figure 17 Analysis of flavor compounds based on OPLS-DA. A: Three-dimensional PCA analysis; B: OPLS-DA
score plot; C: Heatmap of variable importance in projection (VIP>1) scores; D: OPLS-DA permutation test plot.
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