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Characteristics of microbial communities in aged tobacco leaves
from diverse production areas in Yunnan and their correlations
with chemical components

LIU Rong', TANG You', LU Xiangmin', WANG Peng', TANG Jie', NIU Guoqing®, MA Ming""

1 Technical Center of China Tobacco Chonggqing Industrial Co., Ltd., Chongqing, China
2 College of Agronomy and Biotechnology, Southwest University, Chongqing, China

Abstract: [Objective] This study examined the characteristics of the microbial communities and
their associations with chemical components in aged tobacco leaves from different production areas
in Yunnan Province, aiming to provide a theoretical foundation for the targeted exploitation of
tobacco microbial resources and quality improvement of tobacco. [Methods] A systematic
approach integrating metagenomic sequencing, GC/LC-MS, and Spearman’s correlation analysis
was employed to investigate the microbial communities, chemical components, and their
correlations of aged tobacco leaf samples collected from Dali, Wenshan, Honghe, Luoping, Pu’er,
Zhaotong, and Lincang. [Results] The dominant bacterial phylum was Pseudomonadota in aged
tobacco leaf samples. The dominant bacterial genera varied among different production areas.
Specifically, Salinivibrio was identified as the core genus in the samples from Wenshan, while
Methylobacterium and Sphingomonas exhibited significant enrichment in the samples from
Luoping. For fungal communities, Ascomycota and Mucoromycota were the predominant phyla,
and dominant fungal genera showed negligible variations. Alpha diversity analysis revealed the
highest microbial richness and diversity in the samples from Lincang and the lowest in the samples
from Wenshan. KEGG analysis revealed that metabolic pathways exhibited high relative abundance
across samples from all regions, whereas environmental information processing pathways were
more abundant in the samples from Wenshan. CAZy analysis showed that genes annotated as
glycoside hydrolases (GHs) and glycosyl transferases (GTs) were the most prevalent, with both
generally exhibiting lower abundance in the samples from Wenshan. Chemical profiling revealed
that reducing sugar, total sugar and other conventional components were more concentrated in the
samples from Dali, whereas total sugar-to-nicotine ratio and potassium-to-chloride ratio were
elevated in the samples from Pu’er. Additionally, neutral aroma compounds, including benzyl
alcohol, had significantly higher levels in the samples from Wenshan, while polyphenols such as
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anthocyanins exhibited markedly higher concentrations in the samples from Luoping. Correlation
analysis further disclosed that Microbacterium had a significantly positive correlation with total
nitrogen, while Aureobasidium showed a significantly negative correlation with total nitrogen.
Leucosporidium exhibited significantly positive correlations with potassium ions and potassium-to-
chloride ratio. Salinivibrio had significantly positive correlations with multiple neutral aroma
components. In contrast, Methylobacterium and Friedmanniomyces showed significantly negative
correlations with the majority of neutral aroma components. Additionally, Methylobacterium,
Sphingomonas, Friedmanniomyces, and Metschnikowia had significantly positive correlations with
multiple polyphenols. [Conclusion] Microbial communities and chemical components of aged
tobacco leaves exhibited marked differences across different production areas in Yunnan. Notably,
dominant genera are strongly correlated with aroma compounds, which lays a theoretical basis for
targeted screening of functional microbes and the development of biotechnologies to improve
tobacco quality.

Keywords: production areas in Yunnan; aged tobacco leaves; metagenomic sequencing; microbial
diversity; chemical component; correlation analysis
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AR PRV 2 R, R G T 30 ] — 7 21
AR R G A e v 5 2 4 AL AT
SRR AR o3 S R (S T R A SCEEAEIT, OE
i 2 08 Bl A - i Jo 22 T B8 TR AE 5 R B
e AU STk R AR IT . I, ASBFSE
VA i 1 7 TR ML TR e 7= X 2 A I A 0 e A
NBFFER G, PR R - bH
VA K37 B IR e AR DA 53 55 05 vk 28 G Ak Bt AN [
FE XA I Il A IR R R, IRAIR S S
MR P ol S B] A SRR, LA D R E e
BRI A2 41 B AR B S A= T 8 A 1) T A B4 7
FUIEA, B 007 DI I ol 4 e o A A e

1 AR

1.1 iz Ent

FA B AL S48 2 2 1 B R A s, e
JE 20-30 °C. WJE 60%-70%. /K% 10%-13%
BIC ST, Znk 1-3 4EAB1ERT K A 1 518
Kt . fELbad R, T B DL R
IR B b i 51—, MR oM
— 5 B AN R 7 X AR A A P R S
b2 A FRIE B N EBR R, AR T

Rl mRANEFEXERCEM R

2024 47 8 H R4 H H PR Tl A PR332 A
Ffb G, ¥kt 2 4F A SR EAL ) 37 7 20
M, FEAATE 7 A=K 4 SRR SRR, H
GV 7= XCREE T 2 s Rl et 8 AN HE
(Do BAMFERIMA L. b T =505
FERAEGIRA], REL 1 kg, T-80 °CHBALIR
NI
1.2 EE 4 DNA 2Bl XEWES
M

W 2R S 10 B AR R i FH TE 1 B85 T 85 U1 R /N T
0.3 cmx0.3 ecm B JEIRAT, RTS8 kedk =
3L VR AL 2 15 (cetyltrimethylammonium bromide,
CTAB)42 HUEE ALK 20 DNAUY it 1% Bl
WHEE I L VK 7 546 DNA 3BT &, PG
R K M BER 1 ng/pL, HU 1 pg BEASFE [ 21
DNA, F# 7 I A (Covaris 23 w))BEALTT KT
R2y 350 bp MR B, ZAREMERE . AR, W
ek . Alifb AN PCR 3 MG S5 BRUEA T SCHEM 2 .
P () SCE S fd ] AATT A I S 12 Fr B 58 4%
PERARA R BN, M)A, FRH qPCR
71X ST R A 350 TR A T YA R i SR AT AL
W >3 nmol/L), FERI G A& I, MRIEAT R0k B AN

Table 1 Overview of aged tobacco leaves from different production areas in Yunnan
i) Year Variety Grade Warehouse
Production areas
K Dali 2022 ‘Honghuadajinyuan’ C2F Core raw material
111 Wenshan 2022 ‘Yunyan 116’ C2F+C3F Core raw material
Z1.n Honghe 2022 ‘K326’ C2F+C3F Tobacco leaf No. 4
& Luoping 2022 ‘K326’ C3F Core raw material
TH Pu’er 2022 ‘Yunyan 116’ C3F Core raw material
1Hif Zhaotong 2022 ‘K326° C2F Core raw material
I K Lincang K 2022 ‘K326° C3F Core raw material
7Y Lincang Y 2022 ‘Yunyan 87’ C3F Core raw material

C2F: Whifles —g; C3F: "Pifiis =g, —“HIUE@RE ., RIEMBRO ARV DAAEMBOE R CRESEIRSE—irifE, X

AL AR R 8 T 2R S AL A B

C2F: Central orange grade 2; C3F: Central orange grade 3. The two grades differ only in minor aspects with respect to color

intensity, length, and damage tolerance; All warchouses adhere to a unified standard and conduct standardized management of the

process steps involved in the aging process.
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H b T LA & 0975 R XA [ SCEHEAT pooling
#AE, F# F Illumina NovaSeq 6000 ¥4 [ #1
WY, DL bSZss Z4edt mt i R BUERHE B B
RN
1.3 NEFEHEREES

F| i fastp (https:/github. com/OpenGene/fastp)
F1 Bowtie 2 # 44X+ NovaSeq I 73 6 7 4= it i
IR (raw data) AT AL, RIS H T 2k47
B 1A B (clean data), 3 i35 MEGAHIT %X
%t clean data #F47 2H 3 JF D N 3% 452 40 4T W,
132 AE N 1Y scaftigs, FifiJ5 248 MetaGeneMark
(http://topaz.gatech.edu/GeneMark) ") ORF Fiiill i
JEF 100 nt LUMEE, JEAIH CD-HIT K FETT
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Bowtie 2 ¥ £ ¥ & ) clean data H X ] 47 gene
catalogue, 4t it Ak ATE &L 5 X B reads
BH, g reads U H <2 WYEEH, RA&15 3]
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1.4 MEFHIELES S

% F Diamond ¥4 unigenes 55 NCBI Jf
U4 5 F1 U BUHE 1 (http://www.nebi.nlm.nih. gov)
rhdl$E Y Mircro NR A7 [R X e, IR45 6
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YRR B A DL ST 25 R AR AR
KIRE 3T HET YRR Absolute &, 1155
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PEAE T ; 1194 Shannon 544 . Simpson $8 %05
MrFEA i A eV Z 060 s 1153 Chaol F5%5.
ACE $8 B i MEAR th i AE Y & B2 .
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eggNOG Fll CAZy)#EAT HoXH 5L R D BE i £z
HARXTFEES 0T FIHERNAEY)F- 5 (http://www.
omicstudio.cn) {1 2 T H [ 1 K7 /K %2 (Spearman) H
SRR W) 5 A2 1 B SR
1.5 BRI E RS R 5 4
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AR, T M AR 2 o HEI R

FHUA FARdE T . YC/T 159—2019 (HREED K 4
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217—2007 CHH B S AR H ] BRI % 2L
). YCO/T 161—2002 CHEEE K M 5 R
B E LR EhEE) . YC/T 31—1996 (M Jz
) SRR A A ALK A3 e ARy 1722
1.6 EF{CIEMRY M EUE B9 0 B R AR
yaR oMl

BFBEAL AR AE 25 cCHE IR 12 h J5 47 A
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BERE TR G R 10 min, FfJS A2HL 10 mL
ZNER 0.2 mL LFRZ R (LA IS S HARA
FRZS EDNFR TAEMR 2% 2504, 2 000 r/min P&
P 1 min, ¥4 10 min, JIA S (0 ZRE S AEBGL
R R s R R A IR AR e, S HD
2 000 r/min $Z3% 2 min B 1 JCKBREREESS e, 15
DL 4 000 r/min 5.0 10 min, BH 1 mL _FiEHR T
1.5 mL 2508, AT W R or A A (T B &
ShR PR A BRZA F), 2 000 r/min $E7% 2 min
J5, 6000 r/min B5.0> 2 min, W WA
GC-MS il &1 RS GRS Y(Agilent 23
Fl), iRk DB-5MS (60 mx0.25 mmx0.25 pm)
BHME O, ROV EAR, W 1.0 mL/min
(IE¥); #ERERN 1.0 uL, 23R 1001, HERE
MR EEA 250 °Co FHEFRT . PITRMELEE 50 °CIR
£F 2 min, L) 8 °C/min F+ % 280 °CH-L4F 25 min;
R IR N 280 °C, B FIRIEE R 230 °C,
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TEPE, A B AT R R RR B TRl A =X (selected
ion monitoring, SIM),,

Pt L R P v 2 T 1l A A it T A 38 R s K
YRR 0,3 - 51 % 156 FH 4% (high performance liquid
chromatography-mass spectrometry, HPLC-MS) i
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50% FF - /K IE TR 200wl PN AR A TR (L 243
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X 5t 1% X (Agilent 24 H]), 4354+ i ZORBAX
SB-C18 RRHD (2.1 mmx150 mm, 1.8 pm); 30
A KT 0.1% PR NG, Wi B 4 0.1%
R KW ; dEAE S 2 pL, i 0.2 mL/min,
FEMR : 30 °C. BREEVENLAE: 0-1 min, 8% A;
1-15 min, 8%-45% A; 15-18 min, 45%-92%
A; 18-19 min, 92%-8% A; 19-22 min, 8% A.
B TAE R AF: 8 U5 o B W5 25 2 F U Jet
Stream ESI; T “RE 325 °C, Jiitt 6 L/min;
Z5 At s & J1 35 psi; AR E 300 °C, i
10 L/min; B 404 H K 3 500 VDU R &
100 °C; 4 77 X0 3 & 2 i W L (dynamic

multiple reaction monitoring, dynamic MRM),

2 BERE4M

21 AR~ XEECEM B ME B ELS
bk iy
2.1.1 AN[EF~XEZ MR Y8 % 2B Rl X
GEPSESER K

FE T I A A 2 DR 2H 2R A, XA
[T K@ 7K TR A P 28 5 AR F E AT T O
Mro @RI, TEFIKF, BEAL AR i s
Yy 41 5 40 1A (bacteria), E. P& (fungi). i B
(archaea) . i &F (viruses) Fll H:A JS FE (others), 4%
FEX AR, AR YA A A X O AR, HAE XS
FREJE O 31.80%-59.28%; ELIRIKZ, AHXT
FEEA 0.71%-5.86% Z 18] (K 1A). TEITKF
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AU A, 40w F L B A v 245 4 52 B A [
PURFAE o FEA0 T J5 T, DCF TR 1A R AR —
B, F AL R I B ] (Pseudomonadota
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W Beauveria
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Distribution characteristics of microbial communities at domain, phylum, and genus levels in aged

tobacco leaves from different production areas in Yunnan. A: Domain level; B and C: Bacterial phylum and genus

levels, respectively; D and E: Fungal phylum and genus levels, respectively. The top 10 taxa in relative
abundance at phylum and genus levels were color-coded, with the remaining taxa grouped as others.
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Figure 2  Clustered heatmap illustrating the relative abundances of the top 35 species at genus level for bacterial

communities (A) and fungal communities (B), respectively.
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Figure 3  Petal plot of bacterial (A) and fungal (B) genus-level community composition in aged tobacco leaves

from different production areas.
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Table 2 Alpha diversity indexes of microbial communities in aged tobacco leaves from different production

arcas

Tobacco-growing areas  ACE index Chaol index Shannon index Simpson index Goods coverage
Dali 7 178.787 7 272.460 6.11 0.93 0.999 91
Wenshan 4 060.777 4091.862 5.54 0.92 0.999 94
Honghe 7235.869 7218.730 6.80 0.95 0.999 96
Luoping 4 086.294 4133.105 5.51 0.91 0.999 96
Pu’er 9029.868 9 109.404 7.03 0.95 0.999 92
Zhaotong 5976.650 6 043.017 5.69 0.91 0.999 92
Lincang K 9793.575 9 850.774 7.79 0.97 0.999 94
Lincang Y 8803.751 8899.127 6.91 0.95 0.999 92
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Figure 4 Characterization of KEGG-annotated genes (A) and functional annotation relative abundances (B) in

microbial communities of aged tobacco leaves across diverse production areas.
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Figure 5 Characterization of eggNOG-annotated genes (A) and functional annotation relative abundance of

microbial communities (B) in aged tobacco leaves from different production areas.
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Figure 6 Characterization of CAZy-annotated genes (A) and functional annotation relative abundance of

microbial communities (B) in aged tobacco leaves from different production areas.
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Figure 7 Analysis of conventional chemical components in aged tobacco leaves from different production areas.
A: Chloride ion; B: Reducing sugar; C: Total sugar; D: Nicotine; E: Potassium ion; F: Total nitrogen; G: Chloride
ion/nicotine; H: Total sugar/nicotine; I: Potassium ion/chloride ion. Different lowercase letters indicate that there

are statistically significant differences in the same conventional chemical component among different producing
areas (P<0.05).
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Figure 8 Correlation between microbial flora and conventional chemical components in aged tobacco leaves. A:
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Figure 9 Correlation between core microbial flora and neutral aroma components in aged tobacco leaves.
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Figure 10 Correlation between core microbial flora and polyphenolic components in aged tobacco leaves.
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