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Abstract: As a crucial fermenting and saccharifying agent for Fen-flavor Baijiu, low-temperature Daqu provides abundant
microorganisms, enzyme systems, and flavor precursor substances during the brewing process, influencing the liquor's style
and yield. To investigate the quality differences of low-temperature Daqu from different regions, this study employed
PacBio SMRT sequencing, electronic nose, electronic tongue, and physicochemical analysis to conduct a comprehensive
analysis of low-temperature Daqu samples collected from Xiangyang and Fenyang City. Results revealed that there were
significant differences in microbial community diversity and structure between the two regions (P<0.05). Specifically,
species such as Lactiplantibacillus plantarum and Saccharomycopsis fibuligera were significantly enriched in the
Xiangyang low-temperature Daqu samples (P<0.05), while species such as Bacillus licheniformis and Issatchenkia
orientalis were significantly enriched in the Fenyang low-temperature Daqu samples (P<0.05). Xiangyang low-temperature
Daqu was rich in aromatic compounds with a more prominent richness (P<0.05), while Fenyang low-temperature Daqu
contained higher concentrations of alcohols and aldehydes/ketones, with more prominent sourness, bitterness, and
astringency (P<0.05). Xiangyang low-temperature Daqu samples had significantly higher water activity, bound water
content, liquefying power, acidity, ash content, and starch content (P<0.05), while Fenyang low-temperature Daqu samples
had significantly higher Qu-skin hardness, Qu-core hardness, water content, immobilized water content, liquor-producing
power, fermentation power, esterifying power, saccharification power, and protein content (P<0.05). There was a significant
correlation between the dominant species in Daqu and sensory and physicochemical indicators. It could be seen that there
were significant differences in microbial community structure and quality indicators between Fenyang and Xiangyang low-
temperature Daqu. These findings provide empirical data support for improving the quality of Fen-flavor Baijiu.
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VSR 15 7 1 AL Ge Bk 3 1 25 A0 38R, IR
T HH 1) it B 2 1 T A 2R Y XU AR IE R o o
ST R R ZR N, ARt BL/INGE T o ok o), 48
JEBPR R L K asEE . Sl . A B R BE. G
TR — RN TP HI ™ . i A s R S 4l 5
AR CESRIER) | A CERIBEAK) (B RERY
FH) . Ja K (BERHEE) FiFR il OK 53288 ) X H A 4
BB, B TR AT B A A 2, AR
PR & T S 5 32 AR R T IS8 ) . Yu S5 IFSE R BN,
TG LL PRI i 43~ 591 ELAG B ey ) L DR RN 4 TR
KA E B, RN 2R AT B 8 (Bacillus ) FTEE
)& (Saccharomyces ) TERAE H LU PEHb X AR IS HH
e AR, I TR E (Thermoascus ) TEREE B ML
Hi X FAIRIRICHE P & 22 . Zhang 4501 X 2R&E 5 KR
TR b X AR I AT 98 & B0, BRI i i vE
A9 RN 2 FE TR U /K ST i 25 (i 57 (P<<0.001), KR
AR il 9 & % 0T L TR Ak 07 VR AR T W 3 R
(P<0.05). FHIEAT UL, MBI 2 XTIl rh s E e
LA A CUHTE B B W3R .

TERE 2 LA B, ARG T A M el s IR B R
— LR A3 B O i AT B SR AR 08 3R T T TR,
SR, Bl 25 R 10 35 )3 21 I /7 (circular consensus
sequencing, CCS) ¥ i & Ji&, PacBio .43 T SZHT
(single molecule real-time, SMRT) il J7& 57 R @ 7=
R AT T G HH— e vE— AR iR
55 PacBio SMRT il JFH ARAALE G BT 15, W3
O T AR AT SR [RIR, 33 R SE R B RS
SENAI R X (ITS) A5 B A5 A 35 rRINA /NS JE 3L (K],
PacBio SMRT I LITEFI/KF- EEATE5E, e 140
e U G BT, R, FHER T ARS8 )1k, PacBio

SMRT I HE A B3SO Hh A S A M P 454
gt I, KR AEE Al 5 2RI N T i E 2T
VP9, HAT 2 i M, IFASBE AT b S iRt
ARCE Sh 5. AR BT A2 B &, H T B A T
BRI AT B LS SR ERAT R AR R AT,
W2 T AURFIZE R AN b o il n s
JHAEP SR H 5 S AT R 75 BRI AS [R] A ey [a] vh
12 R I B s B A T PPN A0 R, B G e e A 1] 1 SiE
1, iR R HLER AR | AR B 5 B AN
TR BRI AT, TR B T, it
AT UL, dz L SR AT L 75 BRI XUBR ANiZL s
FrEr s B nl Ak

RRYE R IEE T 25 B AR ) 22 552, DR iR ¥ 7 )i 24 0
Sy ACYR A 37 T 01 IR R T A PR IRY s
SR Z AT, REIAS B 022 5 8ok T 28 5& IR S ALIR
T A 2 P TP R IXUBR AR AR R AR i JBT 1 SRR R 2R
DAL, X R T B XA IR R A A= 4 S i S 2 S RO i A
X A U A S PR T R R S AT, BT
WFFEXAN R AR I B B9 A BT2EA T T R GEERTE,
AR 3 B AN 32 B P> B AT AR 3 2 2 T
72 DT E AR IR, 7ERAE I BRAEFEHR L
RSB AE D T2 S O HOE AT 8, aRfpith— 2
RAWFFE AN —25 H o FET I, AR5 E ek
JH PacBio SMRT il FF B A X A= W i 2 A EA T
T, AR 2 A Hl AR I T RE &l A4 78 .35
ZESERIIAT . HUR, SRR T T A AU
TR LR RS T 125, N HERE fe s A
[l AR IR S e SR T L0225 . e, 45 AT
RS S BB PRI AR A AT, XTI X 28 i SR 25 5 1
ARSI BEAT 20T . AWFFEIE I ZRG r AT AN Rl i X
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AR IS M T E PR R 4540 . BB AR FnER b M
Zla g 2E 5, DRSS AL AN R X 5 BT 25 5
BIPTEJE N, J A bl T.25 . 32T Pl o s 3 14t
BlE ARG AT 4%
1 RS
1.1 MRS

KRS, T 2024 4F 12 A 4 BIAAETid0E
FEFAT (110°45'~113°06' E, 31°13'~32°37' N) AL 74
EUBATT (111°26'-112°00' E, 37°08'~37°29' N) H4 2
KL 1A FH R AW A 3] B L
AR sEEE R e, Haksb b 2 2508) (4
AR EBAN T. 22 A 32 A Ped g, Tet T ARSI R A
PEo T A5 A EE S AR M, AR S
PSRRI T A% B LA 75 AR TIET IEAA
TRV EE PN, 43 TR . Hp TR) RS R B Lith BORE
i, A SARIE S XY 1~10(#1db4r FERH T ) A1 LL1~9
(LU PE4E ¥ BT ) s TGuide S96 WEERY: +158/ZefH HL N
ZH DNA #2807 & RRAEARH (RO A/ RA
H]; EALEN . BRERE . WA ERAT AN . RISy
ZEppE . L pLibeR . PRSI iral)  EZGEHEMk
2GR R A F S

Veriti96-Well £ B JL K P H#51%  3E[E Applied
Biosystems 2\ Tl ; 164-5050 JEAl B kX 2& [E Bio-
Rad /AF]; PEN3 HF&:.  fE[E Airsense AF]; SA402B
T  HA INSENT 20F]; TA.XT Plus #7143
1%  PL[E Stable Micro System 2\ 7l ; NMI20-025V-
I BUAZRE IR AR ST A g4l 08 F TR A FR
ISl AW-1 JKAFIE AL TEB P Tk e s
K1100 JLIGE AL 1 HE AR SR B AR B IR A R
AN
1.2 EWHE
1.2.1 IR HhRE S il es  JRHiTRR S s R/ Ny
AL TR AN, SRR A1 et 40 H k47
5y o HAFESWERI A 3 AERSY, — BB T
—20 °C VKFEFH T H T & B H B bFs bR R,
—UritifFT—40 °C vKFEH T PacBio SMRT /¥, —
UIMFAFET—40 °C PHATEEFE.
1.2.2 /4 DNA 2 HUFI PacBio SMRT il /7 AR #i#
Lu 250 3058 19 J7 82 AN 19 (A 35 R it A i P 32 B
DNA, ifiid 2% BrfigpEE L ykillE DNA it . 45
B 16S =K 51 ¥ XF 16S-F(5'-AGRGTTTGAT
YNTGGCTCAG-3") 5 16S-R(5-TASGGHTACCTT
GTTASGACTT-3") Fll ITS 4> K 5| ¥ %} ITSIF( 5'-
CTTGGTCATTTAGAGGAAGTAA-3") 5 ITS4( 5'-
TCCTCCGCTTATTGATATGC-3") %} 16S F1 ITS
17 58 & Wid4% 52 W (polymerase chain reaction, PCR),
ER AR MRS T AERRERE
PacBio ZLIERLIFEF, ISEIZEIN)T . 16S 4K
MAEFEA: 95 °C 2 min; 98 °C 10's, 55 °C 308, 72 °C
90 s, 1L 25 AMEEF; 72 °C 2 min; 4 °C {#FF, 1TS &K

JZVFRFA: 95 °C 5 min; 95 °C 30,55 °C 30,72 C

45 s, 3 8 MR 95 °C 305,60 °C 308,72 °C 45 s, 3k
24 AMEHR; 72 °C 5 ming 4 °C ARAF . Sl 1.8% B
REHEE IS FL UK I 2 11 PCR =W  TIRAE, Bt 5 40
SMRTbell Express Template Prep Kit ffill#& SMRTbell
SR, 443 it AMpure PB Beads 4lifb 5 U7 4
4T PacBio SMRT 5.

1.2.3 PP #e o s il A 5 B s b AR

P& Hou 25U HiiR (19712, 3T QIIME(Quantitative
Insights Into Microbial Ecology ) ¥ 5 347 7 E 5

Jor s A i S A E R 5T, HARERAE . a 202

FFEEI) . BRI IFIZTERS P9, AT SRS

i B A S b fd B UCHIME 335346 0 AN 25 B ik
BARFES; o fdi ] USEARCH HET 97% FHALE R 43
#EAE 4> J5 550 (operational taxonomic units, OTU);

d AR PR SILVA 41 & %45 7% (http://www.arb-silva.de )
F1 UNITE L %08 )% (https://unite.ut.ee) X} OTU 44,
RPN T /ARG, EAF BIE S 80%, MITTEK
SRR T 49, BB 8 B Erdih

JE 35 ek H “ vegan” i, ( https://github.com/vegan-
devs/vegan )T AARFEEL . - FRFEEL . Chaol 554
T I FNEL, DAPFAS U E I BERS o 220060 2R
“ ade4” i ( https://github.com/adeverse/ade4) it T
Binary-Jacard i E Il Bray-Curtis 5 517 2 8504k
#R43#7 (principal coordinates analysis, PCoA), LI
A YIRS p 2N g (A Kruskal-Wallis K56
(P<0.05), 7E LDA=4.0 M5 F AT EFIN 534
(linear discriminant analysis effect size, LEfSe), DT
AT E YRR A 22 5

1.2.4 AR L ERRFEPRIN 8] 2

B GLATHTRAE F AN [RIHE X IR R R A & i 2 P

teEWFEEL, ZAGA T 10 DARFE ARG BT,
By WI1CX 5 2 Brfguae) . WS &4 Ak
YU . W3C 5B BTEURR) . WS (K& ik

U . WEC (R 5 A2 BriUEe) . WIS F LY

JEEBUE) . WIW G TEH U AL B8R . W2S (XFPEks |

T2 ) 2% o o 0% )« W2 W (A ML Ak o ) A

W3S (XHAEELEIEHUR) . =% Zhang S5 iR 77
OEE S HEATA I, HAAR K 2 g RS AR AR
F 20 mL TZSHE A, 60 °C FiH 10 min 5 #EF 75,
BAAE L INAFELA TR 2R 60 s, XE 3 RFAT-

1.2.5 ARIERHNEERAEPRINE  dla T RGer
HrRAE A AN [R) 1 DX PRI R A S 75 R BT, 23R

SiALER . VY . BUREE 5 AMLEREN AT 2 S Lhl
o =7 Cai Z5UM AR MY Iy 1 A7 HT L BRFAFI
HZ 40 g KHIFIA, A 160 mL =8B -FIK, )55 #
# 30 min, )5 1000 r/min B5.0> 10 min, BT
ATVEARFEBRIINAE , B RESLIIAE 4 UOPAT .

1.2.6 AREARMHPMEIEARIE 2% Cui S ik
71, AEHIARE S R FEA TR 048 A BT, A 4yt
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AT P2N R AT 2RI S 56, I FT ., ) w5
BN 1.5 mm/s, 3RSKTE 2.5 cm, DI RE T
(B Ryl B2 0 52, 8~14 s J1 V- 34ME Ay il oAl 325 i
GRS 3T CPMG JFEFIBE 745 87K . A
FHAR IS 2 St shK S B A9 A2, B 52 SRAE SR A [a]
(TW) & 2500 ms; 4 FEOK 5316 BEA B B 29 50 77
VI RE K 4315 B ¥ B E R Tl A Tk i AR v
QB/T 4257-2011 " 14 J7 0 5 7K 43 & 1 . A6 T .
Wtk 1 BRAE T KklEST AR R E . SRR
ARG FATEM & &5 ¥ B E R GB 5009.5-
2016 iy, A FHBIL G e AU SO0 e 2 1 T &%
1.3 B

{i F Past3 2K 14, >k Al Mann-Whitney £ 3 11
B[RSl A5 HR bR 2 (R 4 22 55 A Prism K14, 4%
il a ZREPEFE BT RAEIE B 1 Gephi £
] 20 B R PR A DX 28 A5 SR “ vegan A EA T
BB TR bR B Z 8] 193 LG 43T s SR “ggplot2” £
(https://github.com/tidyverse/ggplot2 ) £ il HE FLAE
Bl B EFE bR S B HEAH ISR E] . Mantel test FAEFI
IFEPR SR E AL
2 HBRE5ESH
2.1 FE[AFSPEMX KR AR EEE S DT

SRAE H FEPHATY BHHLIX B 19 AR IR I plAE i
%& PacBio SMRT M3, JBTda i ugFitR G4 25 b 5 2
R 175456 SL4RBEIT2, #1155k 1993 4~ OTU,
IS () s DX ARG R I HE R s 2R S AT s SR AR S 4
WK 1 R,

o ZREPERS B B TP e R s e
BERZAENE, B AT WIS e T AR 3¢ 22 TR
YIRS 22 SRR . E 1(A) AT, F2FAIK
TR ICHIRE S A BEHEYS Y Chaol F5ECFN & SR A B 55

SR 873 FN 399, W3 i T Uy BHAR ML Y 614 1 309
(P<0.05), F=HHZE AR dhTAE S B B S 0 4l e =
B, HE 1B AR LE OTU /K- L, [R5 &4
i AR B AR Ak, S BHAFT BIARIE IS A &
2 TR PR S A AT AE 3 25 55 (P<0.05) o H AT I,
b gl PR 2R 114 28 31 PR IR R it 2 R S AR A A e 3
A

*F OTU HEAFIERR IR, 1993 4 OTU w4
FEN 1S AT 27 AL 53 4 H L 99 B 214 AN E
F1395 Fp, HE 1(CORTH], K L, REAE A 3
IS 1353 IS s, DX P A itk R A s 200 B B 7 2H e AR 4R,
PJLLERER ] (Firmicutes ) 2 32, ~F-EIAEXT & &5 4351
A 71.53% Fll 72.20%, HK JEAEJE 1 7] ( Proteobac-
teria) , “F-IIAHXT RSB 22.79% F 26.26%. 1E
R b, 2 SRR AR S DA B T 5 T iR
21 ] (Actinobacteria) , HoP-IYARXS & H A 5.27%.
A E 1(D)ATAN, ZERKSE L, SRAE A FEFHHLIX AR
KhAE S TP UL B B APt 15 A4, ~PIAEXT &
SERTAY 4 441 B Fh 53531 S Mo A ZF FE AT B (Bacillus
licheniformis) . ¥4 % LA T & ( Lactiplantibacillus
plantarum) . EEEWT QT (Weissella cibaria) F178
FLFFE (Levilactobacillus brevis), HAPYIARXT &5y
A 31.40%. 11.49%. 6.17% Fll 4.14%. R4 1%
BH b X ARG R RS AR S T A S B S A 3L 12 A4,
S AR X & B SR AT Y 4 D G BRI AP 53 50 SR Bacillus
licheniformis . A5 ZEF0FT I (Bacillus subtilis) . 1H4:
L SR S2F AT B (Fructilactobacillus sanfranciscensis)
FIHIRES B FPH BE (Sphingomonas echinoides ), H:
S HYAH X AR N 46.79%. 3.89%. 3.15% Al
2.66%. Bacillus licheniformis J&— Fh#E 2= [ FHM: |
TR A, R SR M  30~55 °C, Iz 4y

(A) 1500 600 N ©) (E) L [_Ra|
B ! ! ! ! ! ! ! !
- ¥ : i Lactobacillaccac I
§ o : ctobacillales|
ﬁ 1000 il FEI ! Lactiplantibacillis plan‘ar;lm [
= ] f T T T T 1 : iplantibacillus| |
=} = H = 2 .
5] = 0 20 40 60 80 100 ella cibaria
S 500 ; : H Weissel /o
o B THIAR (%) i | Actinobicteria [II—
B Firmicutes B Proteobacteria M Actinobacteria B ¢ b ”“,S_
0 . Levilactobacillus brevis
I T M Unclassified M Others Pseud dial
MW U TR Ul
® 104 F=3.40 P=0.026 ° (D)N il 3a
» C ¥
A [ DENIN |
@ 0054 ° © f T T T T 1
é Py ° N 0 20 40 60 80 100
] A X
z . TEI %) ‘ ococcis com
bt . W Bacillus lichen Lactiplantibacillus pi Acil Iwoffii coccus
% 0 L B Sphi o B Levi illus brevis ﬁaczgus anf
“tilacilius
g C N W Bacillus stratosphericus Acinetobacter johnsonii W Leuconostoc citreum I, 5 .c:il[us subtilis
A W Weissella cibaria Acidovorax wautersii W Streptomyces albus _gaclffus licheniformi:
— 4 [EE————] i
0.05 1 ® FE[H A W Herbaspirillum huttiense Wl Pseudomonas monteilii Oceanobacillus caeni =B:glﬁgf:: °
A Uy A W Staphyl. pidermidi rectivirgula [l Bacillus subtilis i E i i | Bacillus | ;
T T W Phyllobacteri Others i i i i i i i i i
-0.2 —0.1 0 0.1 mc ius B Fructilactobacil —6.0 48 3.6 24 -12 0 12 24 36 48 6.0

PCoA1 (57.92%)

Fig.1

P AT 3 XA TR HA R i 200 BV 2 R AN A A7

Analysis of bacterial community diversity and structure in low-temperature Daqu samples from different regions

1g(LDATE4)

##: (A)Chaol F8EUAIE BRI BT ; (B)FETIIAL UniFrac R FABBRHT; (O 1 IKFBEESSF 34T (D) FlKSERETE 25 4
Brs (B) 225 WFh 0 8t. (A) AT Chaol F5EUH & I A B F IR R 6010 2507 BT HEAT AR, B “+” IR P<0.05;
(C)FN(D) HFNZE T T/F0 R T BIAERT B t>1% 097 1/FN, & SRS 1/, “ Unclassified” i Jo ik B B A S22 1 19 17]
/F, “Others” KBk “Unclassified” &, SEXIAIRXT & 1 <1% M1 T/FP G AD & B, 1] 3[R,
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T &M R E & PUT, JL1T 43K, Bacillus
licheniformis — BT Tolk gl 2E =, WisEH
Witk o-VERI I, 7 22 2Rl TRERMERGS, HAA RS2k
WY F AR M AES S AE S I ith v iy O e R
Bacillus licheniformis Wi i Ve 14 &8 XUBR A= 1%
Bk, Yan SEU R INZE R AT LA AE 70 Z RS
Wy, FLrp RGBS RS R i A R RO KRG
G R HRMAY) T . Tang S50 K I A 53 25 119
Bacillus licheniformis J-41 1 Bacillus lichenifor-
mis J-49 FERP 2N B RS B, SO0 2H Mg
PRI T 3,17 5 F 9.95 £% . LufEP WY R
B, 3PP Bacillus licheniformis QBL-1 A5 ib Il v
LW, ZPRANFLIR & WA . AR IE R AL
P SCER XU AW, LR LB AE RIS Az o b,
NP X 2B BT Bacillus licheniformis X} 3HETF}
TEER S T E LR o FEARMIST H, FERHATYG
BEAR IR AR Y Y LA Bacillus licheniformis “h e
PR TP, (E Yy BHAE & Pz B A X 288 (46.79% ) .
2 T IEBHAE N (31.40%) , Fe T AR 5 #E0 %5 FH
b, ARG IR A T 14 R B RN D% A IS o 2 e AT BB 5
e, B BRI R 0 R 7 P A LU AR 2
EZNYFh, IS B 11.18%, FRHHHAEAS AT
AE S A T Z AR L IA B

i 1(E) A5, iE—20 28 LEfSe S3AT & B, 24
LDA=4.0 HF, 2 A~ His DA il A HH A1 P K AR X 5 e
B 2 22 R R I 28 . FERPKSE I, SREE
2% [H Hb X 0 (IR R i AR & 0 Lactiplantibacillus

plantarum . Weissella cibaria. Levilactobacillus bre-

F A2 263 10 1756 TEAISE: 77.16% A IE: 22.84% F-H4HRKE R 0.4

W JERER ] (Firmicutes)
W 24T ] (Fusobacteria)
W {RFF 1] (Acidobacteria)

W “EIE ] (Proteobacteria)

I EALIBER 1] (Nitrospirae)

I JitZk 1] (Actinobacteria)
W BERRFFEAT ] (Deferribacteres) g P (Verrucomicrobia)

vis. HATHEZ L (Saccharopolyspora rectivirgula) .
ZE 1 Ak A A= FLAT B ( Companilactobacillus parali-
mentarius) Fll Dorea formicigenerans WJ~F-YJFH Xt 5
B 35 IR = (P<0.05) , P X AE X & & 4 5
11.49%. 6.17%. 4.14%. 2.93%. 2.68% #Fl1 0.013%,
A Uy BHAR IR I il A il vb P 349 40 X 25 4 4350
0.79%.0.32%.0.047%.0.018%.0.062% #10.0041%
R AR A Y B XAy ARG K i AR S Bacillus
licheniformis. Bacillus subtilis. Fructilacillus san-
[franciscensis FpE L2 BR 5 ( Coprococcus comes) [
SR AEXT e kS e i (P<0.05 ), SR AR 5 405
H 46.79% . 3.89%. 3.15% Fil 0.024%, H A FEBHARIR
KRR Al RSP 2T 5 5535 31.40%. 0.087% .
0.026% F1 0.0011%

VER—Fp) AT B A 270 B s, LB
X288 43 A i Sk A4 ) Ah - R SCIR I 2%, AT B 7S
YIRS RS E . PRI, AT — 222 7 ek
SEP REAR, LT AP KA T M RN 4% ]
SERINE 2 R

P 2CA) AT, 2 FEAERIR R A i 2 T e B A
Mg AR, A 263 ST AL, 1756 4530, IEAHDG
H 77.16%, TAAHSE 5 E 22.84% . HIE 2(B) AT, Uy
SF AR ik D TR i 2 ER e Bp TR e A AR p ey
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Fig.2 Co-occurrence network analysis of bacterial communities in low-temperature Daqu from Xiangyang (A)
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Fig.6 Correlation analysis between sensory quality indicators and microbial flora of low-temperature Daqu
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Fig.8 Correlation analysis between physicochemical indicators and dominant microbial flora of low-temperature Daqu
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