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Abstract 

Microorganisms play an important role in the tobacco aging process. Before the aging process, raw tobacco leaves 
must be threshed and redried. In order to explore the differences of microbial community structure of threshed 
and redried tobacco leaves from different origins at home and abroad, 14 groups of tobacco leaves from 8 differ-
ent countries were tested by high-throughput DNA sequencing and microbiology analysis. Then, through amplicon 
sequence variants (ASV) cluster analysis, Venn diagram and species labeling and other microbial diversity analysis, 
the dominant bacteria and fungi on the surface of threshed and redried tobacco leaves were obtained. The results 
showed that there were significant differences in the composition of tobacco bacteria and fungi after thresh-
ing and redrying from different geographical areas. The relative abundance of Microbacterium and Sphingomonas 
in domestic tobacco leaves was significantly higher than that of foreign tobacco leaves. The relative abundance 
of Pseudomonas in foreign tobacco bacterial colonies was significantly higher than that of domestic tobacco leaves. In 
terms of fungi, the relative abundance of Aspergillus and Alternaria in domestic tobacco leaves was significantly higher 
than that of foreign tobacco leaves. Septoria, Sampaiozyma, Cladosporium and Phoma account for significantly higher 
proportions of foreign tobacco leaves. These microorganisms may be indispensable in aging process to form different 
flavors of tobacco leaves. It provides an important theoretical basis for the further use of microorganisms to promote 
tobacco leaf aging.

Key points 

• Different growth locations of tobacco at home and abroad affect bacterial and fungal communities.
• Proteobacteria and Actinomycetes were the dominant phylum in redrying tobacco leaves.
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Introduction
The aging process is the industrial modulation of tobacco 
leaves before the formulation is used, and is an important 
link in cigarette production. Before aging process, raw 
tobacco leaves (TLs) need to go through the process of 
threshing and redrying. The microorganisms on the sur-
face of tobacco leaves after threshing and redrying play 
an important role in the aging process of tobacco leaves 
and were of great significance for improving the qual-
ity of tobacco leaves (Di Giacomo et al. 2007). Microbial 
metabolism can promote the conversion of macromol-
ecules such as protein, starch and cellulose in tobacco 
leaf substrate, thereby increasing the content of aromatic 
compounds (Maldonado-Robledo et  al. 2003). Bacillus, 
Pseudomonas, and Sphingomonas were identified as the 
predominant bacterial populations in flue-cured tobacco 
(Huang et al. 2010; Zhou et al. 2020). These bacteria can 
degrade macromolecules in tobacco leaves during aging 
process and reduce the contents of harmful ingredients 
such as nicotine (Liu et  al. 2015) and tobacco-specific 
nitrosamines (Vigliotta et  al. 2007). For example, Pseu-
domonas sp. ZUTSKD was found to degrade nicotine 
in tobacco leaves (Wang et  al. 2004). The richness of 
bacterial community on the surface of tobacco leaves 
was higher than that of fungal community. Aspergil-
lus, Phoma, Alternaria and Cladosporium are the main 
fungal groups in tobacco (Huang et al. 2010; Zhou et al. 
2020, 2022; Sajid et al. 2023).

Traditional methods for the separation and purifi-
cation of tobacco microorganisms on the surface of 
tobacco leaves have a large workload and long time, 
and many tobacco microorganisms cannot be cultured 
under laboratory conditions, so they cannot fully and 
accurately reflect the structure of foliar microbial com-
munities (Hugenholtz et  al. 1998; Zhao et  al. 2007). 
With the development of science and technology, high-
throughput sequencing technology has the advantages 
of large throughput, short cycle and multiple data gen-
eration, which can more comprehensively and accu-
rately reflect the microbial community structure on the 
surface of tobacco leaves, and its application in tobacco 
microbial research is also increasing. High-through-
put sequencing technology, through sequencing the 
16SrDNA/18SrDNA/ITS sequences, can simultane-
ously detect the dominant species, rare species and some 
unknown species in the sample, obtain the microbial 
community composition and relative abundance in the 
sample, which is widely used in the study of plant, soil 
and intestinal microbial composition (Jo et al. 2020; Nils-
son et al. 2019; Wang et al. 2018a). The microorganisms 
on the surface of tobacco leaves are closely related to the 
germplasm resources, varieties, origins and grades of 
tobacco leaves. Studies have found that in tobacco leaves 

with good quality and aroma quality, there are more types 
and quantities of microorganisms (Zhang et al. 2019; Ye 
et al. 2021). However, there are few studies on the differ-
ences in microbial community in tobacco leaves from dif-
ferent origins at home and abroad.

In this study, high-throughput sequencing technology 
was used to study the microbial community composition 
and diversity of redried tobacco leaf samples from 14 dif-
ferent production areas at home and abroad. This study 
aims to elucidate the effects of different regions on the 
surface microorganism of redried tobacco leaves, explore 
the dominant microbial genus, and provide a theoretical 
basis for the application of exogenous microbial prepara-
tions in the raw tobacco aging process.

Materials and methods
Sample collection
A total of 7 domestic geographical areas of tobacco leaves 
are listed in Table 1, the grade of all the samples was C3F, 
and the C3F grade is represented by the 7th and 8th top 
leaf. The list of foreign tobacco leaves is listed in Table 1. 
A rough location of tobacco leaf samples on the world 
map was shown in Additional file  1: Fig. S1. Tobaccos 
were grown and harvested normally in various produc-
tion areas, and redried in local tobacco redrying factory. 
The samples were taken at the end of the threshing and 
redrying process and stored in the refrigerator at − 80 ℃ 
for high-throughput sequencing.

Table 1 Overview of domestic and foreign tobacco leaf samples

The C3F grade is represented by the 7th and 8th top leaf. Tobacco leaf samples 
from other countries are mixed tobacco leaves, so the tobacco variety is unclear

ASBFO upper, orange, grade 1, B1FR upper 2nd shed, orange red, grade 1, L1OA 
upper 2nd shed, orange, grade 1, B1O upper 2nd shed, orange, grade 1, FLOAT 
upper, orange, L1OFT upper, orange, grade 1, L1M upper 2nd shed, orange, 
grade 1

Sample name Place of origin Tobacco grade Variety

L4C Yunnan Lufeng C3F Yunyan87

B4C Guizhou Bozhou C3F Yunyan87

N4C Fujian Ninghua C3F CB-1

H4C Sichuan Huidong C3F Yunyan87

G4C Hunan Guiyang C3F Yunyan87

M4C Henan Mianchi C3F Qinyan96

F4C Shandong Feixian C3F Zhongyan-
texiang301

AR Argentina ASBFO –

US United States B1FR –

ZW Zimbabwe L1OA –

BR Brazil B1O –

MW Malawi FLOAT –

TZ Tanzania L1OFT –

ZM Zambia L1M –
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DNA extraction, PCR amplification and sequencing
The genomic DNA of the fourteen redried tobacco 
samples was extracted using the Ezup Column Fungi 
Genomic DNA Purification Kit (Sangon Biotech, Shang-
hai, China). The V5–V7 region of the bacteria 16S ribo-
somal RNA gene was amplified by PCR (94 °C for 5 min, 
followed by 34 cycles at 94  °C for 1 min, 57  °C for 45 s, 
and 72  °C for 1  min and a final extension at 72  °C for 
10  min) using primers 799F (5′-AACMGGA TTA GAT 
ACC CKG-3′) and 1193R (5′-ACG TCA TCC CCA CCT 
TCC -3′). The ITS1-1F region of the fungal endogenous 
transcription spacer (ITS1) was amplified by PCR using 
primers ITS1-1F-F (5′-CTT GGT CAT TTA GAG GAA 
GTAA-3′) and ITS1-1F-R (5′-GCT GCG TTC TTC ATC 
GAT GC-3′), PCR reactions were performed in tripli-
cate. Each reaction consisted of a 50  μL mixture con-
taining 25 μL of 2 ×  Phusion® High-Fidelity PCR Master 
(Thermo Fisher, Waltham, US), 3  μL of each primer 
(10 μM), and 10 ng (4 μL) of template DNA. The ampli-
fied products were purified, quantified and homogenized 
to form a sequencing library, and the established library 
was first inspected for library quality, and the library that 
passed the quality inspection was sequenced with Illu-
mina HiSeq PE2500 (Illumina, San Diego, US).

Processing of sequencing data
Raw reads from the original DNA fragments were merged 
and quality-filtered to obtain Clean Data using FLASH 
(Magoč and Salzberg 2011) and QIIME (Caporaso et al. 
2010). Amplicon sequence variants (ASVs) were clus-
tered with a ≥ 97% similarity cutoff using DADA2 (Li 
et  al. 2020). Next, the representative gene sequences of 
each ASV were annotated with taxonomic information 
to obtain the corresponding species information and spe-
cies-based abundance distribution (Callahan et al. 2017). 
The taxonomic information annotation of bacterial gene 
sequences against the 16S ribosomal RNA gene (16S 
rRNA) database using the RDP classifier (Rognes et  al. 
2016). Fungi gene sequences were annotated with taxo-
nomic information using the Unite ITS database against 
each representative sequence (Kõljalg et al. 2013). Com-
pare the standard serial number with the sample with the 
least number of sequences to normalize the ASV abun-
dance. Chao and Shannon values were calculated at the 
ASV level using QIIME to reflect the Alpha diversities of 
bacteria and fungi.

Availability of data
Data concerning the samples included in this study are 
deposited in the NCBI BioProject database under BioPro-
ject accession number PRJNA970923 and PRJNA971330.”

Results
Sequence statistical analysis
A total of 1,848,689 bacterial and 3,218,711 fungal reads 
were obtained through Illumina sequence analysis. After 
removing inauthentic data, 1,770,991 valid bacterial 
(Additional file  2: Table  S1) and 2,583,028 fungal reads 
were obtained from the fourteen samples (Additional 
file  2: Table  S2). The bacterial and fungal valid reads 
were clustered into 6015 and 3573 ASVs, respectively. 
The Chao indices of bacteria varied significantly between 
samples, ranging from 349 to 1225.932 (Additional file 1: 
Fig. S2a). The AR sample had the largest Chao index, indi-
cating that its bacterial species abundance was the high-
est, while BR had the lowest Chao index and the lowest 
bacterial species abundance. The Shannon indices of bac-
teria is between 4.579 and 7.523 and the Simpson indices 
is between 0.819 and 0.977 (Additional file 3: Table S3). 
The Chao indices of fungal reads ranged from 359.36 to 
785.89 (Additional file 1: Fig. S2b). The ZW sample had 
the largest Chao index, indicating that its fungal species 
abundance was the highest, while M4C and H4C had the 
lowest Chao index and the lowest fungal species abun-
dance. The Shannon indices of bacteria is between 3.107 
and 5.055 and the Simpson indices is between 0.652 and 
0.735 (Additional file 5: Table S4).

Unique and shared ASVs analysis
Species annotation was made for each representative 
of ASV obtained, resulting in 856 genera of bacteria in 
29 phyla and fungi of 460 genera in 9 phyla. In terms of 
bacteria, a comparative analysis of bacterial ASVs on the 
surface of tobacco leaves after threshing and redrying 
found that 24 of them were identical (Fig. 1a). In domes-
tic tobacco leaves, 54 ASVs were shared ASVs (Fig. 1b), 
and 34 ASVs were shared bacteria ASVs from the foreign 
tobacco leaves (Fig. 1c). Among the 7 tobacco leaf sam-
ples from abroad, the largest number of unique ASVs was 
Tanzania (TZ) tobacco with 662, followed by Argentina 
(AR) and Malawi (MW) tobacco leaves, with 640 and 383 
respectively, and the number of unique ASVs in other 
countries was between 92 and 283. Among the 7 tobacco 
leaf samples in China, except for Lufeng tobacco in Yun-
nan (L4C), which had a high number of ASVs (528), the 
number of ASVs in the other six places was relatively low, 
between 243 and 358 (Fig.  1a). Further analysis of the 
differences in tobacco leaf bacterial community compo-
sition at home and abroad, the results of PCA analysis 
showed that except for Argentina (AR), Tanzania (TZ), 
Lufeng in Yunnan (L4C) and Huidong in Sichuan (H4C), 
the differences in the community structure of tobacco 
leaf bacteria were relatively small (Additional file 1: Fig. 
S3a). Similarly, according to the results of ASVs obtained 
by noise reduction, the common and unique fungal 
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Fig. 1 Petal plot of differences in bacterial a–c and fungal d–f diversity in 14 tobacco leaf samples. Each oval in the figure represents 
a sample, the number in the internal circle represents the number of ASVs common and the overlapping part of the circle represents numbers 
without overlap represent of samples. (e.g., the total number of TZ total is 662 unique plus 24 shared; Domestic and foreign samples were 
combined and grouped into CN and FN for analysis, FN, foreign; CN, China)
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ASVs between tobacco leaf samples after threshing and 
redrying from different origins were analyzed. The 
results showed that 38 ASVs were common to all sam-
ples (Fig. 1d). In domestic tobacco leaves, 59 ASVs were 
shared ASVs (Fig.  1e), and 78 ASVs were shared fungal 
ASVs from the foreign tobacco leaves (Fig. 1f ). In terms 
of unique ASVs, Zimbabwe (ZW) had the highest num-
ber of tobacco leaf samples abroad, with 312, followed 
by the United States (US) and Malawi (MW) with 268 
and 229 respectively, and the number of unique ASVs in 
other countries was close, between 134 and 162. Among 
the domestic tobacco leaves, Lufeng in Yunnan (L4C) and 
Bozhou in Guizhou (B4C) had more unique ASVs, with 
216 and 215 respectively, and the number of unique ASVs 
in the other 5 places was between 64 and 180. Overall, 
Zimbabwe (ZW), United States (US) and Malawi (MW) 
had more unique fungi (Fig. 1d). The results of PCA anal-
ysis showed that except for Zimbabwe (ZW) and United 
States (US), the differences in the community structure of 
tobacco leaf fungi were relatively small (Additional file 1: 
Fig. S3b).

Bacterial community composition
The bacterial ASVs identified in the 14 groups mainly 
belong to the phylum Firmicutes, Proteobacteria, Actino-
mycetes, and Bacteroides. Phylogenetic tree analysis of the 
representative sequences of the top 100 genera showed 
that Proteobacteria had the highest bacterial abundance 
and diversity, followed by Firmicutes and Actinobacteri-
ota. Deinococcota and Fusobacteria had the fewest bac-
teria (Fig. 2). The bacteria with the highest abundance in 
the Proteus phylum are Pseudomonas and Sphingomonas 
bacteria, followed by bacteria of Methylobacterium and 
Aureimonas. The genus Bacillus in the phylum Firmicutes 
is the most abundant, followed by Enterococcus. At the 
taxonomic level of the phylum, the bacterial community 
structure of the top 10 in relative abundance was plotted, 
and the microflora with less than the top 10 abundance 
was classified as other (Fig.  3). Among them, the rela-
tive abundance of Proteobacteria in 14 samples was more 
than 50%. The relative abundance of Firmicutes in for-
eign tobacco samples was significantly higher than that of 
domestic tobacco leaves (Fig. 3b). Plot histograms of bac-
terial relative abundance was analyzed at the family level. 
The results showed that the top ten bacterial families in 
abundance in tobacco leave samples at home and abroad 
were Sphingomonadaceae, Pseudomonadaceae, Beijer-
inckiaceae, Rhizobiaceae, Erwiniaceae, Enterococcaceae, 
and Corynebacteriaceae, Oxalobacteraceae, Enterobac-
teriaceae, and Comamonadaceae (Additional file  1: Fig. 
S4). Except for Brazil, the relative abundance of Pseu-
domonas bacteria on the surface of other foreign tobacco 
leaves was relatively large, while the relative abundance 

of Pseudomonas in domestic tobacco leaves was rela-
tively low (Additional file 1: Fig. S4a). The microbial com-
munities on the surface of tobacco leaves at home and 
abroad were analyzed at the taxonomic level of this genus 
(Fig.  4). The results showed that there were certain dif-
ferences in the bacterial community structure on the sur-
face of tobacco leaves in different production areas. The 
relative abundance of Microbacterium and Sphingomonas 
in domestic tobacco leaves was significantly higher than 
that of foreign tobacco leaves (Fig.  4b). The relative 
abundance of Sphingomonas in foreign tobacco leaves 
was generally low, except for the relatively high relative 
abundance of tobacco leaves in Brazil (BR) and Zambia 
(ZM), 53% and 16%, respectively, and less than 10% of 
other exotic tobacco bacteria (Fig. 4a). The relative abun-
dance of Sphingomonas in domestic tobacco leaves was 
relatively high, except for 7% in Sichuan Huidong tobacco 
leaves (H4C), the relative abundance of Sphingomonas 
in other domestic tobacco leaves was more than 10% 
(Fig.  4a). The relative abundance of Microbacterium in 
the composition of different tobacco leaf surface bacteria 
in China was between 5 and 31%, while the relative abun-
dance of foreign tobacco leaf bacteria was low, between 
0.7 and 6%. The relative abundance of Pseudomonas 
in foreign tobacco bacterial colonies was significantly 
higher than that of domestic tobacco leaves, accounting 
for 21–43% (except Brazil).

In addition, according to the species annotation and 
abundance information of all samples at the genus 
level, the top 35 genera in abundance were selected, 
and according to their abundance information in each 
sample, they were clustered by the two levels of bac-
terial taxa and samples, and heat maps were drawn to 
analyze the aggregation content of each bacterial spe-
cies in each sample (Fig.  5). The results showed that 
the relative abundance of Bacillus in foreign tobacco 
leaves was generally higher than that of domestic 
tobacco leaves. The relative abundance of Bacillus was 
higher in Argentine, Tanzanian, and American tobacco 
leaves. The relative abundance of Aureimonas in Tan-
zania (TZ) tobacco leaves was significantly higher than 
that of other tobacco leaves. Novosphingobium, Entero-
coccus, Comamonas and Allorhizobium were the four 
dominant bacterial genera in Zambia (ZM) tobacco 
leaves. In the bacterial composition of tobacco leaf 
samples in Malawi (MW), the relative abundance of 
Faecalibactrrium, Bacteroides, and Pseudoclavibac-
ter was significantly higher than that of other tobacco 
leaves. In the bacterial composition of tobacco leaves in 
Brazil (BR), Microbacterium, Rhodococcus and Sphingo-
monas accounted for a significantly higher proportion. 
Among the bacterial composition of tobacco leaves in 
Argentina (AR), Kocuria, Arthrobacter and Clostridium 
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accounted for a relatively high proportion. Zimbabwe 
(ZW) has a large relative abundance of Pseudokineococ-
cus and Deinococcus; The relative abundance of Pseu-
domonas in tobacco leaves in the United States (US) 
was relatively high (Fig.  5). The relative abundance of 
Corynebacterium in domestic N4C tobacco leaves was 
significantly higher than that of other tobacco leaves. 

The relative abundance of Escherichia and Nocardioides 
in M4C tobacco leaves was high. The relative abun-
dance of Pantoea in Huidong tobacco was the high-
est, and the relative abundance of Massilia in Lufeng 
tobacco was high. These results suggested that geogra-
phy was highly associated with the dominant bacteria 
present on the threshed and redried tobacco leaves.

Fig. 2 Phylogenetic tree of tobacco leaf bacteria at the genus level using the approximately-maximum-likelihood method. (Domestic and foreign 
samples were combined and grouped into CN (China) and FN (foreign) for analysis; CN samples were indicated in red in the figure and FN samples 
were indicated in orange in the figure)
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Fungal community composition
A total of 9 phyla and 459 genera of fungi were detected 
from 14 tobacco leaf samples. The dominant fungal 
phyla were Ascomycota, Basidiomycota, Mucoromy-
cota and Mortierellomycota. Phylogenetic tree analysis 
of the representative sequences of the analyzed top 100 
genera showed that Ascomycota had the highest fungal 
abundance and diversity, followed by Basidiomycota and 
Mucoromycota (Fig.  6). The Mortierellomycota has the 
fewest fungal species. The most abundant fungal genera 
in the Ascomycota were Alternaria and Aspergillus, fol-
lowed by Cladosporium and Septoria. Sampaiozyma in 
the Basidiomycota had the highest fungal abundance, 
followed by Filobasidium and Symmetrospora. In the 
phylum Mucoromycota and the Mortierellomycota, 
there only had fungi of the Rhizopus and Mortierella, 
respectively. Plot histograms of fungi relative abundance 

was analyzed at the family level (Additional file  1: Fig. 
S5). The results showed that the top ten fungi families 
in abundance in 14 samples at home and abroad were 
Mycosphaerellaceae, Chrysozymaceae, Didymellaceae, 
Pleosporaceae, Aspergillaceae, Cladosporiaceae, Micro-
dochiaceae, Filobasidiaceae, Symmetrosporaceae and 
Golubeviaceae (Additional file  1: Fig. S5). The relative 
abundance of Mycosphaerellaceae, Chrysozymaceae and 
Symmetrosporaceae in foreign tobacco fungi was signifi-
cantly higher than that in domestic tobacco leaves, while 
the relative abundance of Didymellaceae, Aspergillaceae 
and Pleosporaceae in domestic tobacco fungi was higher 
than that of foreign tobacco leaves (Additional file 1: Fig. 
S5b). Zambia (ZM) had the highest relative abundance of 
Mycosphaerellaceae, about 58%. The relative abundance 
of Mycosphaerellaceae in other tobacco leaves was less 
than 10%. In addition, Chrysozymaceae had high relative 

Fig. 3 Bacterial communities of tobacco leaf at phyla level. The top10 bacterial phyla are indicated by different colors, and “others” represent 
the remaining members. a 14 samples were directly compared; b Comparison after grouping 14 samples into FN (foreign) and CN (China)
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abundance in Tanzania (TZ), Zimbabwe (ZW), Malawi 
(MW), Brazil (BR) and domestic N4C, G4C, B4C and 
F4C samples.

The composition of the fungal flora on the surface of 
tobacco leaves at home and abroad was analyzed at the 
taxonomic level of the genus (Fig. 7). The results showed 
that the relative abundance of Aspergillus and Alternaria 
in domestic tobacco leaves was significantly higher than 
that in foreign tobacco leaves. The relative abundance 
of Septoria, Sampaiozyma, Cladosporium and Phoma in 
foreign tobacco leaves was significantly higher than that 
of domestic tobacco leaves. In Zambian (ZM) tobacco 
leaves, Septoria was the most dominant genus, its relative 
abundance is as high as 57%, but the relative abundance 
of Septoria in other tobacco leaves fungi both domestic 
and foreign was less than 10%. The relative abundance 
of Phoma in Brazil (BR) and Zambia (ZM) was 53% and 

16%, respectively, and less than 2% of other tobacco fungi. 
Cladosporium had the highest relative abundance in Bra-
zil (BR) tobacco leaves at about 27%, followed by Malawi 
(MW) and Argentina (AR) with 11% and 10.8%, respec-
tively, while the relative abundance of Cladosporium in 
other tobacco leaves was less than 10%.

The top 35 genera in abundance were selected, clus-
tered at the species and sample levels, heat maps were 
drawn, and the aggregation of each fungal species in each 
sample was analyzed (Fig.  8). The relative abundance of 
Mycochlamys, Sampaiozyma, and Epicoccum in Tan-
zania (TZ) was high. The relative abundance of Phoma, 
Septoria, Rhodotorula, Sampaiozyma and Fusarium in 
Zambia (ZM) was significantly higher than that of other 
tobacco leaves. Zimbabwe (ZW) had a relatively high 
abundance of Vishniacozyma and Sampaiozyma. Malawi 
(MW) tobacco leaves had more dominant fungi, such as 

Fig. 4 Bacterial communities on tobacco leaves at genus level after threshing and redrying. The top10 bacterial genera are indicated by different 
colors, and “others” represent the remaining members. a 14 samples were directly compared; b Comparison after grouping 14 samples into FN 
(foreign) and CN (China)
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Pseudothielavia, Simplicillium, Talaromyces, Sampai-
ozyma, Fusarium, Hannaella and Vishniacozyma. Brazil 
(BR) tobacco leaves had a significantly higher proportion 
of Cladosporium, Wallemia, Papiliotrema, Phoma and 
Preussia. In Argentine (AR) tobacco leaves, Filobasidium 
and Aspergillus were relatively abundant. Penicillium and 
Dirkmeia were the the most dominant genera in United 
States tobacco leaves. In domestic tobacco leaves, the 
dominant genera in Fujian Ninghua (N4C) fungi were 
Golubevia, Plectosphaerella and Hannaella. The propor-
tions of Neosetophoma, Aspergillus and Rhizopus were 
significantly higher in Bozhou, Guizhou tobacco leaves. 
The relative abundance of Moesziomyces and Periconia 
in Feixian, Shandong (F4C) was significantly higher than 
that of other tobacco leaves. The proportion of Pseudo-
pithomyces, Microdochium and Alternaria in Yingchi, 
Henan was relatively high. The dominant fungal genera 
in Huidong, Sichuan (H4C) were Ampelomyces, Filoba-
sidium, Rhizopus and Gibberella. The relative abundance 

of Colletotrichum, Bipolaris and Epicoccum in Lufeng 
(L4C), Yunnan was higher than that of other tobacco 
leaves.

Discussion
In this study, the Illumina HiSeq sequencing based on 
16S rRNA and ITS1 gene was used to investigate the 
microbial community composition and diversity of 
redried tobacco leaves in China and abroad. The bacteria 
in tobacco leaves after redrying were mainly composed of 
Proteobacteria, Firmicutes, Actinobacteria, and Bacteroi-
detes. Among them, Proteobacteria was the most promi-
nent phylum, with relative abundances of more than 50%. 
Pseudomonas, bacteria of the Proteobacteria phylum, had 
a relative abundance of 25% in foreign tobacco leaves, 
compared to only 11% in domestic tobacco leaves (Fig. 3). 
In previous studies, Pseudomonas spp. has been shown to 
be a dominant genera bacterial component in flue-cured 
tobacco (Huang et al. 2010) and to play an important role 

Fig. 5 Heat map analyze the aggregation content of top 35 bacterial genera in each sample. Each column represents a sample, and each row 
designates fungal genera with relative abundance indicated by color bar. (FN, foreign; CN, China; CN samples were indicated in purple in the figure 
and FN samples were indicated in blue in the figure)
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in nicotine degradation in tobacco leaves (Wang et  al. 
2004; Zhong et al. 2010). The relative abundance of Firm-
icutes in foreign tobacco samples was significantly higher 
than that of domestic tobacco leaves. The relative abun-
dance of Firmicutes was 13% in foreign tobacco leaves 
and only 4% in domestic tobacco leaves. Bacillus belongs 
to Firmicutes was another dominant genus in the tobacco 
leaf bacteria. Bacillus is one of the dominant genera in 
aged tobacco and plays an important role in improving 

leaf quality during tobacco aging (Ye et al. 2017; Dai et al. 
2020; Huang et  al. 2022; Wu et  al. 2023). Studies have 
found that after inoculating Bacillus onto the surface 
of tobacco, with a decrease in total carbohydrates and a 
decrease in reducing sugars in tobacco leaves, a pleasant 
aroma was produced (English et  al. 1967). In addition, 
Maldonado-Robledo et al. (2003) found that Bacillus can 
produce small aromatic substances by breaking down 
large molecules such as carotene. The relative abundance 

Fig. 6 Phylogenetic tree of tobacco leaf fungi at the genus level using the approximately-maximum-likelihood method. (Domestic and foreign 
samples were combined and grouped into CN (China) and FN (foreign) for analysis; CN samples were indicated in red in the figure and FN samples 
were indicated in orange in the figure)
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of core microorganisms such as Bacillus was an impor-
tant factor affecting the quality of tobacco leaves, which 
can be used to improve tobacco quality.

This study found further that the bacteria in redried 
tobacco leaves mainly included Sphingomonadales, Pseu-
domonadales, Methylobacterium, Aureimonas, Entero-
coccus, Novosphingobium, Corynebacterium, and Pantoea 
(Fig.  4). These genera have been reported to play an 
important role in nicotine degradation and the formation 

of representative flavor compounds (Wang et  al. 2018b; 
Zhang et al. 2019; Ye et al. 2021). The relative abundance 
of Pseudomonas and Sphingomycetes varies significantly 
during aging, suggesting that they play an important 
role in aging progress (Zhou et  al. 2020). Several stud-
ies had also confirmed that the degradation of nicotine is 
related to Pseudomonas (Law et al. 2016). Methylobacte-
rium plays a role in degrading organic acids, sugars, for-
maldehyde, formate, and methanol present in tobacco 

Fig. 7 Fungi communities on tobacco leaves at genus level after threshing and redrying. The top10 fungi genera are indicated by different colors, 
and “others” represent the remaining members. a 14 samples were directly compared; b Comparison after grouping 14 samples into FN (foreign) 
and CN (China)
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(Madhaiyan and Poonguzhali 2014). Sphingomonas sp. 
isolated from tobacco leaves can degrade chlorogenic 
acid into to caffeic acid, shikimic acid, and 3,4-dihydroxy-
benzoic acid, involved in the tobacco leaf flavor forma-
tion process (Ma et al. 2016).

In terms of fungi, in redried tobacco leaves Ascomy-
cetes and Basidiomycetes were the main fungal phy-
lum, and Sampaiozyma, Aspergillus and Alternaria 
phyla were the dominant genera (Fig.  7). This finding 
did not agree with some earlier reports. Zeng et  al. 
(2014) and Chen et al. (2020) found that Rhizopus was 
the dominant culturable fungus, followed by Aspergil-
lus sp during barn rot in flue-cured tobacco. In addi-
tion, Zhang et  al. (2019) found that Cladosporium 

and Neophaeosphaeria were the dominant genera in 
flue-cured tobacco leaves. We found that the relative 
abundance of Aspergillus and Alternaria in domes-
tic tobacco leaves was significantly higher than that 
in foreign tobacco leaves. The relative abundance of 
Sampaiozyma in foreign tobacco leaves is significantly 
higher than that of domestic tobacco leaves. Aspergil-
lus oryzae 112822 has been shown to degrade nicotine 
to 2,3-dihydroxypyridine. This process was achieved 
by the intermediates nornicotine, myosmine, N-meth-
ylnicotinamide and 2-hydroxy-N-methylnicotinamide 
(Meng et  al. 2010). These results suggesting that fungi 
such as Aspergillus play a role in tobacco leaves aging. 

Fig. 8 Heat map analyze the aggregation content of top 35 fungi genera in each sample. Each column represents a sample, and each row 
designates fungal genera with relative abundance indicated by color bar. (FN, foreign; CN, China; CN samples were indicated in green in the figure 
and FN samples were indicated in blue in the figure)
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This study also found that the fungi species in tobacco 
leaves at home and abroad were different (Fig. 7). Zim-
babwe and the United States tobacco leaves had more 
unique fungal species. The relative abundance of Sam-
paiozyma, Vishniacozyma and Microdochium was rela-
tively high in Zimbabwean tobacco leaves. In American 
tobacco leaves, Penicillium, Dirkmeia, Gibberella, etc. 
were the dominant fungal genera. Sampaiozyma was 
relatively abundant in Tanzania, Zimbabwe, Malawi 
and Brazil, and Vishniacozyma was high in Tanzania, 
Zimbabwe and Malawi. Preussia and Cladosporium 
were more abundant in Malawi, Brazil and Argentina 
than in other tobacco leaves. However, it is important 
to note that most of these detected fungi (Penicillium, 
Cladosporium, Aspergillus and Alternaria) cause mold, 
which is detrimental to tobacco storage (Welty and 
Lucas 1968; Welty et al. 1968). Therefore, how to effec-
tively use these fungi to reduce the content of harm-
ful substances such as nicotine tobacco leaves without 
affecting tobacco storage needs further research.
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