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Abstract

Roasted-rice leachate fermentation, a distinctive local tobacco fermentation method in Sichuan, imparts a mellow flavor and
glossy texture to tobacco leaves, along with a roasted rice aroma. In order to find out the impact of roasted-rice leachate on
cigar tobacco leaves, the physicochemical properties, volatile flavor profile, and microbial community were investigated. The
content of protein significantly decreased after fermentation. The volatile flavor compounds increased following roasted-rice
leachate fermentation, including aldehydes, alcohols, acids, and esters. High-throughput sequencing identified Staphylococ-
cus, Pseudomonas, Pantoea, Oceanobacillus, Delftia, Corynebacterium, Sphingomonas, Aspergillus, Weissella, and Debar-
yomyces as the primary genera. Network and correlation analysis showed Debaryomyces played a crucial role in roasted-rice
leachate fermentation, due to its numerous connections with other microbes and positive relationships with linoelaidic acid,
aromandendrene, and benzaldehyde. This study is useful for gaining insight into the relationship between flavor compounds
and microorganisms and provides references regarding the effect of extra nutrients on traditional fermentation products.

Key points

e Volatile flavor compounds increased following roasted-rice leachate fermentation
e Staphylococcus was the primary genera in fermented cigar

e Debaryomyces may improve the quality of tobacco leaves

Keywords Microbial community - Cigar tobacco leaves - Fermentation - Volatile flavor compounds

Introduction

Cigar tobacco is a crucial non-food economic crop around
the world and has witnessed increased popularity (Delnevo
et al. 2015). The cigar production process includes harvest-
ing, curing, fermentation, and rolling. Diverging from the
flue-curing process employed in cigarette tobacco, cigar
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tobacco undergoes air-cured (Andersen et al. 1982; Zhao
et al. 2007). The temperature of air-curing is lower, causing
uncomplete transformation of the chemicals in cigar. Unfer-
mented cigar tobacco emits a pungent and unpleasant smell,
rendering it unsuitable for direct use (Huang et al. 2010).
Therefore, all cigar tobaccos need to go through the stage of
fermentation (Reid et al. 1937; Frankenburg and Gottscho
1955). Consequently, the judicious selection of appropri-
ate fermentation treatments holds paramount importance in
enhancing the quality of cigar tobacco.

Box packing or stacking forms are generally used for
the fermentation of tobacco leaves. Roasted-rice leachate
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fermentation (RLF) is a distinctive local tobacco fermenta-
tion method in Sichuan (Stiebritz 2012), aiming to accen-
tuate the aroma characteristics and enhance the quality of
tobacco leaves (Shilin et al. 2016). The RLF entails making
cigar tobacco leaves soaked with roasted-rice leachate at the
beginning of fermentation. The rice is stir-fried, partially
cooked, placed in an appropriate amount of boiled water
until it turns brown, and then filtered after cooling to obtain
the roasted-rice leachate. The roasted-rice is full of sac-
charides and starch and could improve the total sugar and
reduced the sugar content of cigar (Ren et al. 2023). Mean-
while, carbohydrates are key players in tobacco aroma for-
mation and quality determination (BanoZi¢ et al. 2020). The
purpose of using roasted-rice for fermenting cigar tobacco
leaves is to utilize its inherent nutrients to impart a distinc-
tive flavor. Park et al. (2022) found that roasting enhanced
the content of resistant starch in rice, which is beneficial to
the production of nutritional functional products. Moreover,
Shi et al. (2018) found that roasting process of rice could
enhance the aroma compounds like furans and pyrazines.
The RLF is primarily utilized for filler cigar leaves (Shilin
et al. 2016) and usually begins in March and September,
lasting for a month. After RLF, cigar tobacco leaves trans-
form into a reddish brown, glossy state with a mellow taste,
resulting in a pure fried rice scorched cigar.

Chemical composition, like reducing sugar, total sugar,
and nitrogen, played an important role in the flavor forma-
tion of cigar and was commonly used to assess the internal
quality of tobacco (Ruan et al. 2021). The studies on the
impact of roasted rice leachate on the chemical composi-
tion of tobacco were limited; previous research (Zhao 2013)
suggests a reduction in chemical substances, an acceleration
of their transformation, and an improvement in the qual-
ity and aroma of tobacco leaves. However, there has been
insufficient research on this unique tobacco fermentation
technology. Further exploration is warranted to elucidate the
microbial and metabolite changes in tobacco fermentation.
Microorganisms contribute significantly to the transforma-
tion of tobacco flavors during the fermentation process (Wu
et al. 2022). Furthermore, roast-rice leachate was shown to
suppress the growth of mold and yeast during stacking fer-
mentation (Shilin et al. 2016), but the microbial composition
was not investigated. However, the impact of roasted-rice
leachate on the metabolic activity of tobacco microorgan-
isms remains unexplained. With an increasing focus on the
characteristic tobacco fermentation and the corresponding
flavor-forming mechanism, RLF is gaining increasing atten-
tion by scholars. Therefore, it is worthy to systematically
investigate RLF applied in cigar fermentation.

Accordingly, this work focused on cigar tobacco leaves
in different stages of RLF and mainly studied the microbial
community structure, succession, and their relationships
with flavor compounds. These results may provide a research
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basis and better target for quality regulation of fermented
cigars with roasted-rice leachate tobacco fermentation.

Materials and methods
Sample preparation

The tobacco samples were from the Deyang cigar No.
1 variety, provided by the Sichuan Provincial Branch of
China National Tobacco Crop Tobacco Science Institute.
Moderately mature cigar samples from the upper and mid-
dle sections of tobacco plants were selected for experiment
to ensure consistency. Following the air-curing process, a
total of 2000 kg of cigar tobacco leaves underwent stacked
fermentation with roasted-rice leachate under the condition
of 20 °C and 70% humidity. The preparation of roasted-rice
leachate was executed as follows: rice was heated at 200 °C
for 10 min, added to boiling water in a 1:3 ratio, and boiled
for an additional 10 min. Subsequently, dark brown and vis-
cous roasted-rice leachate was obtained through the pro-
cesses of cooling and filtering. The roasted-rice leachate was
evenly sprayed onto the surface of cigar tobacco leaves in a
30% (v/w) ratio. The entire fermentation lasted for 28 days.
Whenever the temperature at the center of the tobacco stack
dropped to 40 °C, the tobacco stack was turned over. Cigar
samples were systematically taken out from tobacco stack at
different time points (days 0, 14, 21, and 28). Detailed infor-
mation about the cigar tobacco is presented in Table 1. Three
biological replicates of each group (18 samples in total) were
collected, and stored at— 80 °C for chemical analysis and
DNA extraction.

Physicochemical properties

The total nitrogen was determined by carbon and nitrogen
analyzer (Primacs SNC100, Skalar) based on the combustion
method. The protein content of cigar samples was meas-
ured by protein extraction kits (G0418W, Suzhou Grace
Bio-technology, Suzhou, China) based on the biuret reaction
between protein and bicinchoninic acid. The starch content
was measured according to GB 5009.9-2016 for starch. The

Table 1 The information of collected cigar tobacco leaves

Group Fermentation times Part of the plant
Raw-up 0d Upper

F28-up 28d Upper
Raw-mid 0d Middle
F14-mid 14d Middle
F21-mid 21d Middle
F28-mid 28d Middle
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contents of reducing sugars and total sugars were determined
based on 3,5-dinitrosalicylic acid assay. For each sample,
three independent biological replicates were collected for
chemical analysis.

Volatile flavor compounds analysis

The volatile flavor compounds (VFCs) of cigar tobacco
leaves were extracted by headspace solid-phase microex-
traction (HS-SPME) following the method based on our
previous study. A total 500 mg of cigar tobacco powder
was weighed in a 10 mL glass vial precisely, adding chro-
matographic pure standards phenethyl acetate as internal
standard. Briefly, samples were equilibrated at 70 °C for
20 min, then extracted by a 50/30 um DVB/CAR/PDMS
fiber (Supelco, Bellefonte, PA, USA) at 70 °C for 30 min.
Gas chromatography-mass spectrometer (GC-MS) was used
to analyze the volatile flavor compounds (VFCs) of tobacco
leaves. The instruments and detailed procedure of GC-MS
were absolutely according to our previous literature (Liu
et al. 2022¢).

Microbial community analysis

The E.Z.N.A.® soil DNA Kit (Omega Bio-tek, USA) was
utilized to extract microbial genomic DNA from 18 samples
based on the manufacturer’s guidelines. Genomic DNA sam-
ples underwent purity and concentration assessment based
on the value of A260, A230, and A280 with the instrument
of NanoDrop 2000 (Thermo Scientific, USA), and integrity
evaluation through 1% (w/v) agarose gel electrophoresis.
The fungal gene’s ITS1F-ITS2R hypervariable region and
bacterial 16S rRNA gene’s V3-V4 hypervariable region
were amplified using primer pairs 338F (5-ACTCCTACG
GGAGGCAGCAG-3"/806R (5'-GGACTACHVGGGTWT
CTAAT-3") and ITS1F (5'-CTTGGTCATTTAGAGGAA
GTAA-3")/1TS2R (5'-GCTGCGTTCTTCATCGATGC-3")
via an ABI GeneAmp 9700 PCR thermocycler (ABI, CA,
USA) respectively. The PCR components contained 0.8 uL
of forward primer (5 pM), 0.8 pL of reverse primer (5 uM),
10 pL of 2 x Pro Taq, 200 pg of template DNA, and 8.4 uL
of ddH20. Electrophoresis with 2% agarose gel was used
to extract resulting amplicons. Then amplicons were puri-
fied with the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, USA) according to instructions provided by
the manufacturer and quantified using Quantus Fluorometer
(Promega, USA). Last, the purified amplicons were pooled
in equal amounts and subjected to paired-end sequencing on
an Illumina MiSeq PE300 platform (Illumina, San Diego,
USA), according to the established instructions by Majorbio
Bio-Pharm Technology (Shanghai, China).

The demultiplexing, quality-filtering, and merging of
raw sequencing data were respectively performed by fastp

v0.20.0 (Chen et al. 2018) and FLASH v1.2.11 (Mago¢ and
Salzberg 2011). Using a 97% similarity threshold (Edgar
2013), Operational taxonomic units (OTUs) were subjected
to clustering with the UPARSE v11 software (Stackebrandt
and Goebel 1994). This process was followed by the iden-
tification and elimination of chimeric sequences to ensure
accuracy. The taxonomic classification of each OTU rep-
resentative sequence was then determined using the RDP
Classifier version 2.13 (Wang et al. 2007). This classifica-
tion was performed by comparing the sequences against the
16S rRNA database for bacterium and ITS databases for
fungus, employing a confidence threshold set at 0.7. The
original sequencing dates have been made accessible and
are archived in the NCBI Sequence Read Archive under the
BioProject accession number PRINA881809.

Statistical analysis

In the conducted experiments, triplicates were performed
on each sample to guarantee robust repeatability, and results
were depicted as the mean values with their corresponding
relative standard deviations. Significant variations between
the samples were investigated using one-way ANOVA with
the application of Duncan’s multiple-range test. Distinctions
of bacterial and fungal communities among cigar tobacco
leaves during fermentation were analyzed and mapped by
principal co-ordinates analysis (PCoA), based on Bray—Cur-
tis distance matrix. The heatmaps of VFCs among samples
were made by TB tools (v2.069). The correlations (Pear-
son) between physicochemical properties and dominant
microbes were determined by R software (v4.1.2), the same
as the correlations (spearman) between VFCs and dominant
microorganisms and the interaction among dominant micro-
organisms. A p-value threshold of less than 0.05 (n=3) was
used to determine the relevance of the associations. Gephi
(v0.10.1) was applied for visualizing interaction among
dominant microbes.

Results
Evolution of physicochemical properties during RLF

The contents of five physicochemical properties including
total nitrogen, protein, starch, reduced sugar, and total sugar
are shown in Fig. 1. The content of protein decreased from
the beginning to the end of RLF. The starch content in upper
cigar tobacco leaves decreased after fermentation. The con-
centrations of both reducing sugars and total sugars gener-
ally exhibited a declining pattern. These results indicated
that the fermentation with roasted-rice leachate had a signifi-
cant effect on physicochemical properties of cigar tobacco.
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Fig. 1 Physicochemical properties of different fermented cigar samples, including total nitrogen (a), protein (b), starch (¢), reduced sugar (d),
and total sugar (e). PCoA result revealing distinct separation of each group of cigars (f)

Besides, protein content in middle leaves was higher than
that in upper leaves.

Evolution of volatile flavor compounds during RLF

SPME-GC-MS was used to extract and determine VFCs of
cigar tobacco leaves among different fermentation stages.
A total of 28 representative VFCs were selected to analyze
their distribution in each group, including 6 ketones, 5 esters,
4 aldehydes, 4 pyrazines, 3 alkenes, 2 acids, 2 alcohols, 1
alkane, and 1 furan (Fig. 2 and Table S1). The composition
of VFCs in unfermented cigar tobacco leaves (Raw-up and
Raw-mid) were similar, while ethyl nonanoate and 1-nonene
in Raw-up were significantly higher than that in Raw-mid.
Indeed, the RLF significantly transformed the VFCs pro-
file of cigar tobacco. For example, solanone, phytofuran,
and phytol increased after fermentation, while lots of com-
pounds such as benzeneacetaldehyde, hexahydrofarnesol,
2,6,10-trimethyltridecane, and hexahydropseudoionone were
decreased after fermentation. Compared to middle cigar
after fermentation, upper cigar has lower content of myos-
mine, ethyl palmitate, ethyl tetradecanoate, and L-nicotine,
but higher content of aromandendrene, linoeladidc acid, and
benzaldehyde. Notably, day 21 may be a crucial fermen-
tation time points of middle cigar tobacco leaves, because
hydroxydehydrostevic acid, citral, octyl formate, nicotine
1-N-oxide, and anabasine occurred in F21-mid and were not
detected in F28-mid.

@ Springer

Overview of microbial community

A total of 1,116,718 and 1,661,297 raw reads were obtained,
with an average of 60,847 and 62,039 high-quality bacterial
and fungal sequences per sample, respectively. The infor-
mation of sequence data and alpha-diversity indices among
samples was summarized in Table 2. With the increase of
sequencing times, the sparse curve of microbial commu-
nity tended to be gentle, and the coverage of all samples
exceeded 97.9% (as shown in Figure S1), indicating that the
sequencing depth of this work was sufficient. Both the Chao
index and Shannon index of microbial community in cigar
tobacco leaves decreased after fermentation (Table 2). This
trend suggests that the fermentation involving roasted-rice
leachate could reduce microbial richness and diversity in
cigar tobacco leaves.

Comparison of microbial profiles

The microbial taxonomic composition of tobacco leaves
at different fermentation stages was studied at the phylum
and genus levels. The microbial community composition is
described by the histogram in Fig. 3, which clearly revealed
the relative abundance of each species and the highest
abundance between the groups (details in Table S2). At the
phylum level, the bacterial community of middle and upper
cigar tobacco leaves was similar (Fig. 3). Significant differ-
ences in dominant phylum before and after fermentation.
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Table 2 The data on sequencing

Co . Microbial communities
and alpha diversity metrics

Group

Raw reads Coverage Chao Shannon

within fermented cigar tobacco
leaves

Bacterial communities

Fungal communities

Raw-up
F28-up
Raw-mid
F14-mid
F21-mid
F28-mid
Raw-up
F28-up
Raw-mid
F14-mid
F21-mid
F28-mid

55,108 0.98
85,708 1.00
61,598 0.98
63,508 1.00
52,785 0.99
53,532 1.00
95,032 1.00
81,789 1.00
97,122 1.00
93,514 1.00
91,186 1.00
95,122 1.00

87.71+14.79
18.42+2.82
106.03+9.88
17.61 £2.00
30.32+25.45
22.23+4.51
129.01+9.70
92.6+24.71
130.63+23.78
118.08+7.06
112.25+16.16
100.39+12.41

245+0.12
0.67+£0.33
2.27+0.30
1.11+£0.22
1.2+0.62

1.14+0.03
1.73+0.10
1.42+0.06
1.95+0.31
1.97+0.14
1.49+0.02
1.65+0.28

Proteobacteria was the most dominant phyla in unfermented
cigar tobacco leaves with an abundance of more than 95%,
which converted into Firmicutes and Actinobacteria after the
beginning of fermentation. Ascomycota was the most pre-
dominant phylum in the fungal community (Fig. 3), approxi-
mately accounted for 45 ~85% of fungi phyla.

At the genus level, the top 19 genera of bacterial flora
and the top 9 genera of fungi were selected from all sam-
ples, and less than 0.01% were labeled as “others” (Fig. 3).
Staphylococcus, Pseudomonas, Pantoea, Oceanobacillus,

Delftia, Corynebacterium, Sphingomonas, Aspergillus,
Weissella, and Debaryomyces were primary genera in RLF
cigar, detected in all groups. After fermentation, the changes
of microbial community genus level reflected in dominant
bacterial genus from Pantoea, Pseudomonas, and Delftia
to Staphylococcus, Oceanobacillus, and Corynebacterium
dominant fungal genus from Aspergillus and Weissella to
Aspergillus, Weissella, and Debaryomyces. Corynebac-
terium, Oceanobacillus, Aerococcus, and Lactobacillus
were the characteristic bacteria genus after fermentation;
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Fig. 3 Relative abundance of microbial community in cigar samples at bacterial phylum (a) and genus (b) level; at fungal phylum (c¢) and genus

(d) level

Debaryomyces, Cutaneotrichosporon, and Trichosporon
were the characteristic fungal genus.

Dimension reduction analysis of microbial
community

The distinction of relative abundance and diversity of
microbial communities was analyzed by PCoA on a two-
dimensional plot, based on the Bray—Curtis distance matrix.
The variation of bacterial community among samples was
73.97% (PC1 variance) and 9.06% (PC2 variance), dem-
onstrating a pronounced regional separation (Fig. 4). The
distinction in bacterial community PCoA was statistically
significant (p =0.001). The unfermented samples in the mid-
dle and upper leaves (Raw-up and Raw-mid) were distinctly
separated from each other. The fermented samples (F28-up,
F14-mid, F21-mid, and F28-mid) exhibited close clustering,
suggesting a similar bacterial composition in the samples
after fermentation. In addition, there was a clear separation
between unfermented and fermented samples. The varia-
tion of fungal community was 63.67% (PC1 variance) and
23.44% (PC2 variance), with a statistically significant dif-
ference among groups (p =0.001) as depicted in Fig. 4. The
unfermented samples in the middle and upper leaves were
distinctly separated from each other as well. While there was
no pronounced clustering found in the fermented samples.
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The significant differences in microflora among roasted-
rice leachate fermented tobaccos were performed by
Linear discriminant analysis Effect Size (LEfSe), with a
threshold for linear discriminant analysis score set to a
minimum of 4 (Kruskal-Wallis test, p < 0.05). This analy-
sis served to validate the results obtained from PCoA and
to discern key groups during various fermentation stages,
specifically, the identification of biomarkers. In Fig. 5, a
total of 32 branches were observed, including 3 phyla, 4
classes, 8 orders, 9 families, and 8 genera. For the unfer-
mented cigar samples (Raw-up and Raw-mid), distinctive
microorganisms at the genus level included Pantoea, Pseu-
domonadales, Methylobacterium-Methylorubrum, and
norank_f_Mitochondria. The biomarkers of day 21 (F21-
mid) included Lactobacillales and Aerococcus, while the
biomarkers of day 28 (F28-up and F28-mid) were Staphy-
loccus, Corynebacterium, and Microccaceae. No bio-
marker was found for the day 14 (F14-mid) of RLF. LEfSe
analysis of fungal community (Fig. 5) shows that Altema-
ria, Aspergillus, Bullera, Epicoccum, and Golubevia were
biomarkers of the unfermented upper cigar leaves (Raw-
up). As for the fermented cigars, Cutaneotrichosporon,
g_unclassified_f_Nectriacea, and Debaryomyces were the
biomarkers of day 14 (F14-mid), 21 (F21-mid), and 28
(F28-up), respectively. No biomarkers were found in Raw-
mid and F28-mid.
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Interaction network of microbial communities

The co-occurrence and co-exclusion patterns of microbial
(both bacterial and fungal) communities were investigated
to clarify the interaction within microbial communities in
the characteristic fermentation of the cigar tobacco leaves,
using the Spearman rank correlation (I p 1> 0.5, p <0.05).
The interaction networks of representative bacterial taxa
consisted of 28 nodes (genera) and 285 edges (Fig. 6). Most
of genera in the phylum of Proteobacteria exhibited positive
correlations with the other bacteria. Staphylococcus, belong-
ing to the phylum of Firmicutes, has the highest abundance
and generally displayed negative correlations with the other
bacteria. Within the phylum of Acinobacteriota, Corynebac-
terium represented mainly negative correlation with the bac-
teria, while Curtobacterium represented mainly positive cor-
relation with the bacteria. Additionally, the bacteria were
negatively correlated with the fungi within the roasted-rice
fermented cigar samples, as shown in Fig. 6. For instance,
Debaryomyces had the most connections over bacterial and
fungal communities and was negatively correlated with the
majority of the bacterial genera.

Correlation analysis

The correlation between 5 physicochemical properties
and top 15 bacteria and top 15 fungi was analyzed by the
Pearson correlation analysis and displayed on the heatmap
(Fig. 7). The results in Fig. 7 show that Atopostipes was
significantly associated with total sugar; Pantoea, Pectobac-
terium, Atopostipes, and Corynebacterium were significantly
associated with protein and reduced sugar; Pseudomonas

b R=0.4074, P=0.001000
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@ F28-mid

0.2

PC2 (23.44%)
<

-0.2+

0.4 . . . . ; . .
05 204 03 02 01 0 01 02 03

PC1(63.67%)

was significantly associated with total nitrogen. In fungus
(Fig. 7), Trichosporon, unclassified_f Aspergillaceae, and
unclassified_o_Saccharomycetales were significantly asso-
ciated with total nitrogen; Cladosporium, Alternaria, and
Stemphylium were significantly associated with reduced
sugar.

The Spearman correlation analysis of metabolite abso-
lute abundance and microbial relative abundance deline-
ated distinct metabolite-microbe associations (Fig. 8). Most
significantly, myosmine exhibited a significant negative
correlation with Methylobacterium-Methylorubrum and
Pseudomonas; benzeneacetaldehyde exhibited a signifi-
cant negative correlation with Delftia; neophytadiene was
positively correlated with Sphingomonas (p <0.001). Ester
compounds were mainly associated with Stagonosporopsis
and g_norank_f_Mitochondria. Ketones were positively
associated with Pseudomonas, Methylobacterium-Methyl-
orubrum, and Sphingomonas. There was no significant cor-
relation (p <0.05) observed between acid compounds and
microorganism.

Discussion
Effect of RLF on cigar substance profile

Roasted-rice leachate can provide nutrients for tobacco
fermentation thus accelerate the chemical reaction in the
fermentation process to improve the fermentation quality
(Onmankhong et al. 2021; Park et al. 2022). Indeed, com-
pared to conventional cigar fermentation, this work has
evidenced certain specific transition of physicochemical
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bacterial and fungal taxonomic phylogenies, respectively, via clad-

properties of cigar tobacco leaves during RLF. The RLF
process primarily manifests changes in physicochemical
properties, notably marked by a reduction in protein, starch,
total sugar, and reducing sugar content. Concurrently, the
total nitrogen content remains relatively constant. Protein
and starch are macromolecular substances in the tobacco
(Banozi¢ et al. 2020). High content of protein or starch is
negative to the grade and smoking characteristics of tobacco
leaves (Vansuyt et al. 2003; Zhang et al. 2005). Properly
reducing the content of protein and starch in the fermenta-
tion process is conducive to reducing the offensive odor of
tobacco leaves and ensuring mellow aroma of tobacco (Dai
et al. 2020). Interestingly, protein content in the upper leaves
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ograms. b and d, respectively, correspond to the LDA score distribu-
tions for bacteria and fungi

was higher than that in the middle leaves, and remained
almost the same after fermentation, suggesting that more
aroma could be produced in the upper leaves. Otherwise,
the decrease of total sugar and reducing sugar might result
from the growth of microorganism and Maillard reaction.
The VFC profile of roasted-rice fermented tobacco
leaves exhibited expected distinctions from the unfermented
counterpart. Briefly, aldehydes, alcohols, acids, and esters
increased following RLF, while hydrocarbon decreased.
Studies have documented that aldehydes and ketones, het-
erocyclic compounds, and esters significantly contributed to
the aroma, such as benzaldehyde (Samira Jandoust 2014),
furan (Yuan et al. 2023), and pyridine (Deblander et al.
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2015). The hydrocarbon content gradually declined during
RLF. Alkanes, resulting from the oxidation and degradation
of fatty acids, contribute to aroma and sweetness (Gamou
and Kawashima 1980; Maggi et al. 2010). However, high
odor thresholds limited their impact on the overall flavor.
Concurrently, previous works have suggested that hydro-
carbons were the important intermediates in the formation
of heterocyclic compounds; for instance, alkenes can form
aldehydes and ketones under certain conditions (Wang et al.
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2021; Chang et al. 2022; Bian et al. 2022). In this work,
aldehydes were generated at the middle stage of RLF, sug-
gesting that the reduction in hydrocarbons may be attributed
to aldehyde formation. Aldehydes, byproducts of lipid oxi-
dation in the fermentation process (Qin et al. 2013), play a
crucial role in enhancing the flavor of cigars (Zheng et al.
2022). They typically impart a pleasant aroma reminis-
cent of smell similar to grass, malt, fruit, and cheese (Wu
et al. 2013; Wang et al. 2018). The formation of pyridine
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is another consequence of the lipid oxidation pathway, as
the aldehydes and ketones required for pyridine formation
are generated by lipid oxidation (Zamora et al. 2020). Pyri-
dine was detected on day 21 during RLF, while the content
of aldehydes and ketones reached the peak on day 14 and
subsequently declined on day 21. The increase of alcohols
and acids contributes to the generation of esters. Esters also
contribute to the flavor of cigar tobacco. Ethyl palmitate was
produced during fermentation, which is a flavor substance
with a waxy, fruity, creamy, milky white color, and a light
creamy flavor (Tabaszewska et al. 2022). In summary, the
flavor of cigar was enhanced after RLF.

Effect of fermentation on microbe, correlation
between microorganisms and volatile substances
in RLF

The fermentation of cigar tobacco leaves primarily results
from the concerted action of microorganisms and a variety
of complex enzyme systems, ultimately leading to trans-
formation of the chemical composition and flavor compo-
nents (Wang et al. 2011). Roasted-rice leachate provides a
distinctive environment conducive to cigar fermentation.
Although a substantial amount of organic matter in rice
undergoes carbonization at high temperatures during the
parched rice-making process, the retained carbon, nitrogen,
and inorganic salts provide additional nutrients for microbial
growth (Wang et al. 2022b; Yuan et al. 2022). The microbial
communities in RLF process exhibited significant variation
between unfermented and fermented cigars. The transition
manifested in the dominance shift of bacteria, transitioning
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from Pseudomonas and Pantoea to Staphylococcus and
Corynebacterium. Simultaneously, the dominant fungi
shifted from Aspergillus and Wallemia to Aspergillus, Wal-
lemia, and Debaryomyces. Staphylococcus, Pseudomonas,
Pantoea, Corynebacterium, Aspergillus, and Weissella
were widely reported as the dominant microorganisms of
fermented tobacco leaves. Generally, the succession of bac-
terial community was more intensive than that of fungal
community during RLF. Despite the decreasing richness of
the microbial community during RLF, it is essential to note
that high microbial richness does not necessarily lead to bet-
ter quality (Wang et al. 2022a).

Microorganisms give rise to diverse flavor compounds
during fermentation. Corynebacterium, Oceanobacillus,
Aerococcus, Lactobacillus, and Debaryomyces were the
characteristic genus after RLF, which has been proven to be
beneficial bacteria and significantly improved of ureolysis
pathway, nitrate reduction pathway, and fermentation path-
way (Di Giacomo et al. 2007; Sami et al. 2021; Mardawati
et al. 2022). Corynebacterium and Oceanobacillus exhibit
alkaline tolerance, potentially accounting for their predomi-
nance in the fermentation process (Hirota et al. 2013; Pang
et al. 2020). Additionally, Corynebacterium (Mhatre et al.
2022; Gao et al. 2022b; Liu et al. 2022b), Oceanobacillus
(Ning et al. 2023), and Staphylococcus (Jia et al. 2021; Dias
et al. 2022; Li et al. 2023) have been demonstrated to exert
beneficial impacts on the quality of fermented products.
However, Pantoea, Defltia, and Pectobacterium in the early
stages of RLF may produce a limited contribution to fer-
mentation (Bajpai et al. 2012; Li et al. 2020a) and induce
the blight to plant leaves (Gao et al. 2022a; Lao et al. 2022).



Applied Microbiology and Biotechnology (2024) 108:457

Page 110f 13 457

Pseudomonas and Sphingomonas have been proven to
play crucial roles in tobacco fermentation (Li et al. 2020b).
In the RLF, Pseudomonas and Sphingomonas were related
with total nitrogen, protein, and reduce sugar, and had posi-
tive correlation with nonanal, hexahydropseudoionone,
neophytadiene, and megastigmatrienone. Neophytadiene
was able to help certain flavor substance transfer into the
flue gas and reduce irritation of tobacco (Liu et al. 2022a).
Interestingly, the abundance of Pseudomonas was increased
and the abundance of Sphingomonas was reduced during
the conventional fermentation (Li et al. 2020b), but both
of Pseudomonas and Sphingomonas were decreased in the
RLF. Acinetobacter, Sphingomonas, and Aspergillus are pre-
sumed to be important contributors to tobacco volatiles (Wu
et al. 2022). Fungus, such as Aspergillus and Debaryomyces,
also contribute to the flavor. As one of the major yeasts in
dairy products (Haastrup et al. 2018), Debaryomyces could
form pseudohyphae and reproduce by multilateral budding,
which is considered to have the potential for aroma enhance-
ment (Shruthi et al. 2022). In this study, the abundance of
Debaryomyces increased after the onset of the fermentation
and exhibited a positive correlation with Corynebacterium,
Staphylococcus, and Weissella (Fig. 6). Additionally, Debar-
yomyces showed a positive relationship with linoelaidic acid,
aromandendrene, and benzaldehyde. Therefore, Debaryomy-
ces played a crucial role in RLF as a fungal genus. The cor-
relation between microorganisms and volatile components
obtained in this work also coincides with previous studies,
but there are also new findings unique to roasted-rice fer-
mentation. All discoveries of these association pairs can be
used for directional enhanced cigar fermentation.

The present study investigated the physicochemical prop-
erties, volatile flavor compounds, and microbial community
of cigars during RLF. The content of protein, reside sugar
and total sugar decreased after fermentation. The flavor
compounds, such as aldehydes, alcohols, acids, and esters,
increased following RLF. Staphylococcus, Pseudomonas,
Pantoea, Oceanobacillus, Delftia, Corynebacterium, Sphin-
gomonas, Aspergillus, Weissella, and Debaryomyces were
the primary genera. Debaryomyces played a crucial role in
RLF, due to its numerous connections with other microbes
and positive relationships with linoelaidic acid, aromanden-
drene, and benzaldehyde. These results contribute to the
understanding of chemical and microbial transition profile
and mechanism during RLF, providing valuable insights
for the further application of characteristic fermentation
technology.
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