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Multi-omics reveals the phyllosphere microbial community and material transformations in cigars
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The quality of fermented plant leaves is closely related to the interleaf microorganisms and their metabolic activities. In this experiment, a multi-omics analysis was applied to investigate the link between the structural composition of the phyllosphere microbial community and the main metabolites during the fermentation process. It was found that the whole fermentation process of cigar leaves could be divided into three stages, in which the Mid-Stage was the most active period of microbial metabolic activities and occupied an important position. Staphylococcus, Brevundimonas, Acinetobacter, Brevibacterium, Pantoea, Aspergillus, Wallemia, Meyerozyma, Sampaiozyma, Adosporium and Trichomonascus played important roles in this fermentation. Staphylococcus and Aspergillus are the microorganisms that play an important role in the fermentation process. Staphylococcus were strongly correlated with lipids and amino acids, despite its low abundance, Stenotrophomonas is importantly associated with terpene and plays a significant role throughout the process. It is worth noting that Wapper exists more characteristic fungal genera than Filler and is more rapid in fermentation progress, which implies that the details of the fermentation process should be adjusted appropriately to ensure stable quality when faced with plant leaves of different genotypes. This experiment explored the relationship between metabolites and microorganisms, and provided a theoretical basis for further optimizing the fermentation process of plant leaves and developing techniques to improve product quality. Biomarker is mostly present in the pre-fermentation phase, but the mid-fermentation phase is the most important part of the process.
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GRAPHICAL ABSTRACT
 



Highlights

• Biomarker is mostly present in the pre-fermentation phase, but the mid-fermentation phase is the most important part of the process.

• Staphylococcus is the most important bacterial genus, and Stenotrophomonas, although less abundant, still plays an important role.

• Sphingolipid metabolites are active during fermentation and may have an important effect on fermentation quality.



1 Introduction

Fermentation, a venerable food preservation and processing technique, holds a pivotal position in the manufacture of diverse bean, meat, and plant-based products (Leeuwendaal et al., 2022). As demonstrated in numerous studies (Chupeerach et al., 2021; Liu et al., 2022; Leroy et al., 2023), fermentation not only enhances the unique and diverse flavor profiles of these products but also elevates their overall quality (Wen et al., 2023). Fundamentally, fermentation entails the intricate biochemical transformation of substrates, driven by microbial metabolic activities and enzymatic reactions. These reactions facilitate the breakdown of macromolecules, such as starch, proteins, and lipids, into smaller organic molecules, including reducing sugars, aldehydes, and ketones, which ultimately contribute to the complex aroma, taste, and flavor profiles of the final product (van Wyk, 2024).

In the context of fermented sauerkraut, fatty acids undergo enzymatic degradation, yielding a plethora of volatile aldehydes that significantly contribute to the food’s refreshing aroma (Li et al., 2022). During the terminal stages of black tea fermentation, enzymatic reactions facilitate the formation of an array of ketones, which impart the tea’s characteristic floral and woody aroma (Hu et al., 2022). In the brewing process of yellow wine, lactic acid bacteria modulate the ethyl lactate content through intricate enzymatic reactions, resulting in the production of compounds such as isoamyl butyrate, ethyl caprate, ethyl butyrate, and ethyl phenylethylacetate, which enrich the mellowness of the wine’s flavor and significantly enhance its overall quality (Guo et al., 2024). Terpenoids play a pivotal role in shaping the aroma of tobacco, with neophytadiene serving as a defining characteristic of tobacco flavor (Zhang et al., 2023). In cigars, esters, ketones (e.g., lycopene), and aldehydes (2,4-dimethylbenzaldehyde) contribute uniquely to their flavor profiles (Gaspar et al., 2019; Zheng et al., 2022). However, excessive starch content can lead to a burnt odor during cigar combustion, while high nicotine levels may impart an irritating and harsh smoke (Zhao et al., 2009, 2012). To ensure the consistent maintenance of fermentation product quality, a comprehensive understanding of the metabolites during the fermentation process is imperative. While current research has primarily focused on the impact of chemical composition on plant leaf fermentation product quality, there is a need for more in-depth studies exploring the diverse range of metabolites that emerge during fermentation.

As a distinct tobacco product, the quality of cigars is profoundly shaped by the fermentation process, a complex biotransformation reliant on the synergistic activities of a diverse array of microorganisms (Jia et al., 2023). The fermentation of cigar tobacco leaves (CTLs) is primarily governed by interleaf microbiota, though their community structure exhibits significant variations influenced by geographical, climatic, and varietal factors (Ren et al., 2023), thereby contributing to diverse cigar flavor profiles and quality attributes. Staphylococcus is integral to carbohydrate catabolism, amino acid transformation, protein hydrolysis, and lipolysis, mediating the degradation of branched-chain amino acids into methyl-branched-chain alcohols, aldehydes, carboxylic acids, and their corresponding esters (Zhao et al., 2009). Pseudomonas facilitate the enzymatic breakdown of proteins, enriching the amino acid pool, which significantly contributes to flavor development (Dzialo et al., 2017; Murata, 2021). Furthermore, they degrade cellular components such as cellulose, pectin, starch, and lignin in tobacco leaves, releasing flavor-active small molecules including esters, alcohols, and aldehydes (Banožić et al., 2020; Liu et al., 2021; Wang et al., 2022). Bacillus play a pivotal role in degrading macromolecules like carotenoids, yielding significant small-molecule aromatic compounds such as megacolumnar trienones, isophorones, and 2,6,6-trimethyl-2-cyclohexene-1,4-diones (Dai et al., 2020). These bacteria also secrete enzymes that degrade starch, proteins, and cellulose in tobacco, further contributing to the complex flavor profile (Pen et al., 1992; Li et al., 2006; Singh et al., 2017). The fungal community within cigar leaves exhibits a relatively simpler structure compared to bacteria, with Aspergillus often emerging as the dominant species. However, Alternaria and Wallemia are also prevalent and play equally crucial roles in the fermentation process. Aspergillus species exhibit robust activity in the transformation of saccharide compounds (Jia et al., 2023), demonstrating a strong capability to decompose starch and organic nitrogen under conditions of sufficient oxygen and optimal humidity (Yang et al., 2022).

Multiomics analysis has gained widespread application in the realm of fermented plant products, encompassing olives, tea, and vegetables (Rizo et al., 2020; Vaccalluzzo et al., 2020; Hu et al., 2022). It holds a pivotal role in investigating fermentation processes and mechanisms underlying flavor development. Recently, in examining the interplay between CTLs fermentation and the composition of interfollicular microbial communities (Wu et al., 2021; Zheng et al., 2022). However, our comprehension of the structural dynamics of the foliar microbiome and the specific mechanisms driving aroma formation during fermentation remains elusive. This work employed high-throughput sequencing technology, coupled with a comprehensive analysis of microbiomics and metabolomics, to identify functional microorganisms and crucial metabolites involved in the fermentation process. Furthermore, we delved into the correlation between microbial communities and metabolite alterations, providing both theoretical and technical foundations for optimizing plant leaf fermentation-related production processes.



2 Materials and methods


2.1 Source of cigar tobacco headings

Two premium cigar varieties were selected from Xishuangbanna, Yunnan Province, China: YX1 (packed) and YX6 (filled). Unfermented cigar samples were collected at the end of the drying treatment (0d), while five nodes were selected throughout the stacking and fermentation process, each of which was turned over after the temperature and humidity reached the preset conditions (7d, 14d, 22d, 56d, and 65d), labeled W0, W7, W14, W22, W56, and W65, respectively; and F0, F7, F14, F22, and F56 each time. At each turning of the pile, 3 pieces of cigar leaves were taken out from the upper, middle and lower layers, from which 6 pieces of cigar leaves with the same appearance and quality were selected, and about 10 grams of the same portion of the leaves were cut off with sterilized scissors, put into centrifugal tubes, labeled, and stored in a refrigerator at −80°C. The leaves were then stored at −80°C for a short time.



2.2 DNA extraction and Illumina MiSeq sequencing

Three replicate samples of 5 g each were taken from each group, and the extract was obtained by adding 250 mL 1% PBS buffer. Microbes on fermented leaves were collected by shaking the flasks and centrifuging the eluent. The total genomic DNA of the microbial community was extracted according to the instructions of the E.Z.N.A.® soil DNA kit (Omega Bio-tek, Norcross, GA, United States), and the quality of the extracted genomic DNA was checked by agarose gel electrophoresis with 1% agarose, and the concentration and purity of the DNA were determined by NanoDrop2000 (Thermo Scientific, United States). The extracted DNA was used as a template, and upstream primer 338F (5’-ACTCCTACGGGGAGGCAGCAG-3′) and downstream primer 806R (5’-GGACTACHVGGGGGGG), which carried the Barcode sequence, were used as templates. (GGACTACHVGGGTWTCTAAT-3′) were used to amplify the V3–V4 variable region of the 16S rRNA gene by PCR, and the PCR products were recovered on a 2% agarose gel, and purified using the PCR Clean-Up Kit (PCR Clean-Up Kit, China). The recovered products were purified using the DNA Gel Purification Kit (PCR Clean-Up Kit, Qubit 4.0, Thermo Fisher Scientific, United States) and quantified using Qubit 4.0. The purified PCR products were library-constructed using NEXTFLEX Rapid DNA-Seq Kit and sequenced using Illumina PE300/PE250 platform.



2.3 Chemical composition determination

Each group of three replicate samples was dried in an electric blast dryer at 40°C until the leaves were shaken with a breaking sound, easily broken by hand squeezing and ground for 100 s, passed through a 60-mesh sieve, added 5% acetic acid and sealed with a sealing film, extracted by shaking for 30 min on an oscillator and filtered through a qualitative filter paper to collect the remaining filtrate in addition to the first 5 mL, and determined the chlorine ion content of the tobacco by using a continuous flow analyzer (AA3 Germany) in accordance with the national standard (YC/ T162-2011). The total sugar, starch, nicotine, chloride and potassium contents of CTLs were determined by continuous flow analysis (AA3, Germany) according to the national standard (YC/T162-2011).



2.4 Metabolom analysis

The LC–MS/MS analysis of sample was conducted on a Thermo UHPLC-Q Exactive HF-X system equipped with an ACQUITY HSS T3 column (100 mm × 2.1 mm i.d., 1.8 μm; Waters, United States) at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). The mobile phases consisted of 0.1% formic acid in water: acetonitrile (95:5, v/v) (solvent A) and 0.1% formic acid in acetonitrile: isopropanol: water (47.5:47.5, v/v) (solvent B). MS conditions: The flow rate was 0.40 mL/min and the column temperature was 40°C. The injection volume was 3 μL. The mass spectrometric data were collected using a Thermo UHPLC-Q Exactive HF-X Mass Spectrometer equipped with an electrospray ionization (ESI) source operating in positive mode and negative mode. The optimal conditions were set as followed: Aux gas heating temperature at 425°C; Capillary temp at 325°C; sheath gas flow rate at 50 psi; Aux gas flow rate at 13 psi; ion-spray voltage floating (ISVF) at −3,500 V in negative mode and 3,500 V in positive mode, respectively; Normalized collision energy, 20–40–60 eV rolling for MS/MS. Full MS resolution was 60,000, and MS/MS resolution was 7,500. Data acquisition was performed with the Data Dependent Acquisition (DDA) mode. The detection was carried out over a mass range of 70–1,050 m/z.



2.5 Statistical analysis

Alpha diversity knowledge Chao 1, Shannon index, etc. were calculated using mothur software,1 and the Wilxocon rank sum test was used for the analysis of intergroup differences in Alpha diversity; the differences in microbial community structure between the sample groups were analyzed using the bray-curtis-based distance algorithm based PCoA analysis (principal coordinate analysis) to test the similarity of microbial community structure between samples, and combined with the PERMANOVA nonparametric test to analyze whether the differences in microbial community structure between sample groups were significant or not; with LEfSe analysis (Linear discriminant analysis Effect Size) (Segata et al., 2011)2 (LDA > 2, p < 0.05) to identify bacterial taxa with significant differences in abundance from phylum to genus level among different groups. Distance-based redundancy analysis (db-RDA) was used to investigate the effects of physicochemical indicators on microbial community structure. Linear regression analysis was used to assess the effect of the main soil physicochemical/clinical indicators identified in the db-RDA analysis on the microbial Alpha diversity index. Species were selected for correlation network graph analysis based on spearman correlation |r| > 0.6 p < 0.05 (Barberán et al., 2012).

The UHPLC–MS raw data were converted into the common format by Progenesis QI software (Waters, Milford, United States) through baseline filtering, peak identification, peak integral, retention time correction, and peak alignment. Then, the data matrix containing sample names, m/z, retention time and peak intensities was exported for further analyses. At the same time, the metabolites were identified by searching database, and the main databases were the HMDB3, Metlin4 and the self-compiled Majorbio Database (MJDB) of Majorbio Biotechnology Co., Ltd. (Shanghai, China). The data matrix obtained by searching database was uploaded to the Majorbio cloud platform5 for data analysis. Firstly, the data matrix was pre-processed, as follows: At least 80% of the metabolic features detected in any set of samples were retained. After filtering, the minimum value in the data matrix was selected to fill the missing value and each metabolic signature was normalized to the sum. To reduce the errors caused by sample preparation and instrument instability, the response intensities of the sample mass spectrometry peaks were normalized using the sum normalization method, to obtain the normalized data matrix. Meanwhile, the variables of QC samples with relative standard deviation (RSD) > 30% were excluded and log10 logarithmicized, to obtain the final data matrix for subsequent analysis.




3 Results


3.1 Analysis of microbial community

1,053 bacterial OTUs and 1,420 fungal OTUs were obtained from all CTLs, and plot the dilution curve of the sample by the sobs value of the respective microbial communities. The adequacy of the sequencing data was determined by observing whether the curve reached a plateau. As the amount of sequencing increased, the sobs index, representing the number of observed OTUs, ceased to rise and gradually flattened out, indicating that the sequencing depth was sufficient to capture most of the microbial diversity in the samples. The dilution curves gradually approached a plateau with increasing sample volume, revealing more intricate dynamics in fungal diversity compared to bacteria.

A comparative analysis of the 1,053 bacterial OTU representatives (Figure 1) revealed 17 shared OTUs among the samples. Among them, F0 had the highest number of unique OTUs (357), followed by W0 (183). The number of unique OTUs exhibited a sharp decline at 7 days and then a gradual decrease until the end of fermentation (65 days), where F65 no longer possessed any unique OTUs, while W65 still maintained 2 unique OTUs. In contrast, the comparative analysis of the 1,420 fungal OTU representatives yielded 31 shared OTUs, with W0 having the highest number of unique OTUs (128), followed by W14 (112). The number of unique OTUs in the Wapper showed a decreasing and then an increasing trend, and at the critical point of 23d, the number of unique OTUs in the fungal community showed a cliff-like decline similar to that in the bacterial community (Lee et al., 2015) and a slow upward trend in subsequent fermentations. In the Filler, the number of unique OTUs showed fluctuating changes and remained in a relatively stable state throughout the fermentation process, with little difference between pre-fermentation (F0:30) and post-fermentation (F65:26).

[image: Figure 1]

FIGURE 1
 Unique and shared OTUs in fermentation processes. (A) bacteria, (B) fungi.




3.2 Diversity and abundance

Community richness (ACE and Chao indices) and diversity (Simpson and Shannon indices) were used to reflect the α-diversity of the CTLs microbiota and tested for intergroup differences in indices (Figure 2).

[image: Figure 2]

FIGURE 2
 α-diversity of bacterial and fungal OTUs. Bacteria: (A) Shannon’s index, (B) Simpson’s index, (C) Ace’s index, and (D) Chao’s index. Fungi: (E) Shannon’s index, (F) Simpson’s index, (G) Ace’s index, and (H) Chao’s index.


In the context of bacterial communities, as the fermentation process progressed from 0d to 65d, the Shannon index of the CTLs exhibited a pronounced declining pattern, which was corroborated by a significant rise in the Simpson index. Additionally, the ace and chao indices displayed a notable increasing trend throughout the fermentation, indicating a congruence with the microbial community diversity that aligned with the progression of the fermentation process.

Concerning fungal communities, the Shannon index of Filler exhibited a relatively stable fluctuation throughout the fermentation, although a significant decrement was observed at the endpoint compared to the initial 0d. Conversely, Wapper displayed an initial increase, peaking at 23d, followed by a decline, particularly during the late fermentation period (56d, 65d). The Simpson index of Filler showed a marked decrease in the late fermentation (56d, 65d), while Wapper exhibited a significant increase at 23d, contrasting with the Shannon index. This divergence in trends between the Shannon and Simpson indices for the Wapper samples lends credence to the data. The Ace and Chao indices exhibited a trend of initially increasing and subsequently decreasing throughout the entire fermentation.



3.3 Dynamics of microbial communities

The alterations in microbiota composition during cigar stack fermentation were examined through 16S and ITS amplicon sequencing. For subsequent analyses, the bacterial and fungal phyla displaying the top 10 relative abundances, as well as the bacterial and fungal genera with the top 20 relative abundances, were selected for in-depth evaluation (Figures 3, 4). Notably, the bacterial phyla Firmicutes (7.81–97.61%), Proteobacteria (1.34–83.80%) and Actinobacteria (0.27–10.91%). exhibited significant variations in abundance during the fermentation process. Specifically, Firmicutes exhibited a lower abundance initially (0d, 7d), gradually increased as fermentation progressed, and ultimately achieved an absolute dominant position towards the end of the fermentation period (56d, 65d). Proteobacteria displayed a high abundance in the Initial-Stages, but its abundance gradually declined as fermentation progressed. Conversely, Actinobacteria accounted for a relatively low percentage throughout the fermentation process, with its abundance exhibiting a trend of initial decrease followed by an increase. At the bacterial phylum level, the abundance of each dominant phylum stabilized towards the Late-Stages of fermentation.

[image: Figure 3]

FIGURE 3
 The distribution of the microbial community in CTLs at various stages of fermentation. Bacteria at the phylum level (A) and genus level (B).


[image: Figure 4]

FIGURE 4
 The distribution of the microbial community in CTLs at various stages of fermentation. Fungi at the phylum level (A) and genus level (B).


Among the bacterial genera, Staphylococcus (5.99–97.54%) emerged as the most abundant, followed by Brevundimonas, Staphylococcus (distinct from the previous mention), and Pantoea. Staphylococcus initially exhibited a low abundance (0d) but gradually increased as fermentation progressed, ultimately dominating the microbial community. Conversely, Brevundimonas, Brevibacterium, and Pantoea displayed higher abundances initially, but gradually declined as fermentation progressed. The trend of Brevibacterium during fermentation was more complicated, showing a decreasing and then increasing trend in Filler, and a continuous decreasing trend in Wapper, but the abundance all stabilized at the Late-Stage (56d, 65d); in previous studies, Bacillus also played an important role in the fermentation process, and Brevibacterium possessed a high abundance in F0, but declined dramatically afterward.

During the fermentation process, Ascomycota exhibited the most prominent abundance (69.04–98.32%), whereas Basidiomycota accounted for a comparatively lower proportion, spanning (1.91–30.89%). They cumulatively comprising over 99% of the fungal community throughout the fermentation. Ascomycota exhibited a distinct pattern of initial increase followed by a subsequent decrease during the fermentation, whereas Basidiomycota exhibited an inverse trend, consonant with the observed dynamics of α-diversity.

Within the fungal genus, Aspergillus dominated the fermentation process (58.55 to 96.25%), followed by Wallemia (0.95 to 23.24%). Aspergillus displayed a pronounced increase in abundance during the Initial-Stages (0d, 7d), a subsequent decrease in the mid-fermentation period (14d, 23d), and a significant resurgence in the Late-Stage (56d, 65d). Conversely, Wallemia exhibited a trend of increasing abundance followed by a decrease. Notably, Meyerozyma, a yeast species renowned for its aroma-producing capabilities, possessed a substantial abundance in the Initial-stages but ceased to be detectable in the Mid-Stage, likely due to its role in contributing significant aroma in the Initial-Stage. Sampaiozyma, Cladosporium and Trichomonascus, although less abundant, were commonly present during fermentation and may play an important role in the fermentation of cigar tobacco.



3.4 Clustering analysis of microbial communities

In order to more fully illustrate the differences in microbial communities among samples at different stages, cluster analysis was performed. The PCoA plot was obtained by comparative intergroup analysis of the microbial diversity of tobacco at the genus level, followed by dimensionality reduction analysis (Figure 5). The distribution of bacterial communities generally showed a three-stage characteristic, and the CTLs of different varieties possessed their own specificity in the Initial-Stage, W0 and F0 had low similarity, but W7 and F0 had similarity, and as fermentation proceeded, F7, F14, and W14 had high similarity, and F23, F56, F65, W23, W56, and W65 were extremely similar, and according to the PCoA analysis obtained results, the cigar fermentation was categorized into three stages: Initial-Stage, Mid-Stage, Late-Stage. The CTLs of different varieties differed in the Initial-Stage, but the microbial community structure became more and more consistent as the process progressed, but with a high degree of similarity at the end of fermentation.

[image: Figure 5]

FIGURE 5
 Principal co-ordinates analysis on genus level with cigar bacteria (A) and fungi (B).


As for the fungal community, the samples in each group were more dispersed compared to bacteria, without obvious stage differentiation, but still clustered into one group at the Late Stage (56d, 65d), indicating that the structure of microbial community tended to be consistent at the end of fermentation.

For in-depth analysis of the bacterial and fungal community structure, the top 20 abundant genus were selected for clustering (Figure 6). This clustering facilitate a comparative assessment of the community composition across various time points. The heat map reaffirmed the convergence in the phyllosphere microbial composition of distinct CTLs species during the Late-Stage-Fermentation. During the Initial-Stage-Fermentation, specifically at 0 days, the microbial communities exhibited similar species diversity, yet there were substantial variations in the abundance of each genus, resulting in a poor overall similarity. As the fermentation progressed to the Mid-Stage, the disparities between the communities gradually diminished. In the Late-Stage of fermentation, particularly after 56 days, a marked similarity in the community composition was observed across CTLs, regardless of their fermentation duration or species. This similarity represents the culmination of the primary fermentation process for cigars. Notably, the abundance of the key microorganisms in the Wapper attained a steady state earlier than Filler, indicating a faster progression of the fermentation process in the Wapper compared to the Filler.

[image: Figure 6]

FIGURE 6
 Genus-level bacterial (A) and fungal (B) community heat maps for cluster analysis.


We conducted a comprehensive LEfSe multilevel species difference discriminant analysis on CTLs of varying species and stages (Supplementary Figure S2). The analysis aimed to discern significant differences at multiple taxonomic level (phylum, order, family, genus, and species). Furthermore, the LDA value served as a metric to quantify the extent of species’ influence on the observed differences (Supplementary Figure S3), thereby indicating a potential pivotal role played by species in the dynamic process of environmental change. With regards to the bacterial community within Wapper, characteristic species include Staphylococcus, Paracoccus, Brachybacterium, Microbacterium, Sphingomonas, and Pantoea. Among the fungal species, Wallemia, Cladosporium, Vishniacozyma, and Sampaiozyma were identified as distinctive. Conversely, in Filler, the bacterial community was characterized by the presence of Brevundimonas, Oceanobacillus, Bosea, Aureimonas, and Bacillus, with Aspergillus being the sole distinctive fungal species. Importantly, both Aspergillus, the most abundant fungal genus, and the bacterial genus Staphylococcus exhibited notable roles in varying CTLs genotypes. However, their influence was particularly pronounced in Filler.

Using the LEfSe analysis as a basis, a random forest algorithm was employed to precisely identify signature microorganisms and discover differential biomarkers at each stage (Figure 7). The Mean Decrease Accuracy metric quantifies the extent of reduction in the random forest’s predictive accuracy when a variable’s value is randomly perturbed, with higher values indicating greater significance of that variable. The left-sided bar graph depicts the significance of the biomarkers at the genus level, while the bubble graph on the right portrays the importance of each differential bacterial genus at specific stages. Given the high significance of the Staphylococcus genus across all stages, in comparison to other dominant bacterial genera, we excluded its effect. In the pre-fermentation period, Pantoea emerged as a prominent signature microorganism, followed by Sphingomonas. Notably, Filler exhibited unique signature microorganisms in the Initial-Stage, particularly Aureimonas, a genus that was not significantly represented in Wapper. Furthermore, we observed that the signature fungi were nearly absent in Filler compared to Wapper, where Rhodotorula was identified as the signature fungi in the Initial-Stage, Sampaiozyma during the Mid-Stage, and Cladosporium was prominent in both the pre- and mid-fermentation phases.

[image: Figure 7]

FIGURE 7
 Random forest algorithm to calculate biomarkers for bacterial (A) and fungal (B) community in cigar fermentation processes.




3.5 Chemical composition of fermentation

We take an analysis was conducted to determine the concentrations of chloride, potassium, total sugar (TS), starch, and nicotine among different fermentation stages. The outcomes revealed a distinctive pattern in the chloride, initially exhibiting a decline followed by an increase, culminating in a significant augmentation in the end of process, this pattern was consistently observed across diverse varieties (Figure 8A). Analogous to chloride content, potassium content also exhibited a similar trend of initial decrement and subsequent increment, with the notable difference that chloride concentrations remained consistently higher throughout the process, while potassium concentrations were lower in Wapper compared to Filler (Figure 8B). Total sugar content, a crucial indicator for assessing the quality of cigar tobacco, displayed an intermediate rise in both samples, yet underwent a sharp decline towards the Late-Stage, ultimately significant failing below the initial levels. Notably, despite a significant disparity in the initial total sugar content between the two samples, their concentrations converged towards the end of the process, as depicted in Figure 8C. Starch exhibited a similar trend to total sugar, displaying sharp fluctuations in the Mid-Stage, but stabilized in the Late-Stages (Figure 8D). Conversely, nicotine content gradually decreased throughout the process, with a marked decrement at the culmination of fermentation. Notably, Wapper possessed a higher nicotine content compared to Filler in the end (Figure 8E).

[image: Figure 8]

FIGURE 8
 Changes in chemical content during fermentation: (A) chlorine, (B) potassium, (C) starch, (D) total sugars, and (E) nicotine; correlation of top 20 dominant bacterial genera (F) and fungal genera (G) with chlorine, potassium, starch, total sugars, and nicotine content. 0, 7, 14, 23, 56, and 65 is the duration of fermentation.


The analysis revealed a discernible pattern of correlation between the dominant bacterial genera and their chemical composition (Figures 8F,G). Specifically, Staphylococcus exhibited a notable positive correlation with the chlorine content and a negative correlation with nicotine, total sugar, starch, and potassium. Among these parameters, the association with nicotine was particularly significant, followed closely by starch. Conversely, Bacillus displayed a significant positive correlation with starch and nicotine, while exhibiting a negative correlation with chlorine. Aureomonas showed a significant positive correlation with total sugar, starch, nicotine, and a significant negative correlation with chlorine content. Bosea exhibited a significant negative correlation with chlorine content. Ochrobacterium, on the other hand, displayed a significant negative correlation with total sugar. Furthermore, the genera Paracoccus, Sphingomonas, Pantoea, and Pseudomonas, as well as Brachybacterium, all exhibited significant positive associations with nicotine. In contrast to the intimate association observed between bacteria and organic compounds, fungi exhibit a stronger correlation with chlorine and potassium. Among the top 20 fungal genera in abundance, 14 genera exhibited a significant correlation with either chlorine or potassium, predominantly displaying a negative correlation. However, exceptions were noted in Acremonium and Branchiostoma, which showed a significant positive correlation with chloride, these fungi maintained a relatively low abundance throughout the process. Additionally, fungi exhibited a notable correlation with nicotine content, with the exception of Aspergillus, which displayed a significant negative correlation. Conversely, Rhodotorula, Cystobasidium, and Vishniacozyma all exhibited significant positive correlations with nicotine.



3.6 Metabolites during fermentation

In the course of the fermentation process, metabolomic analysis identified a total of 1,219 metabolites, encompassing 589 terpenoids, 167 steroids, 111 phenolic acids, 82 organic acids, 70 indoles, 63 flavonoids, 56 alkaloids, 38 coumarins, 18 lignans, 15 quinones, 8 stilbenes, 2 ellagitannins, and 2 tannins. The application of Principal Component Analysis (PCA) revealed a distinct segregation of metabolites among the various samples within each group, indicating significant variations in the metabolic profiles of CTLs of diverse varieties at different stages (Figure 9). Notably, the Wapper samples attained a metabolic steady state at an earlier stage, with the metabolite distributions converging at 56 and 65 days. This observation was further corroborated by Partial Least Squares Discriminant Analysis (PLS-DA).

[image: Figure 9]

FIGURE 9
 Principal component analysis (A) and partial least squares discriminant analysis (B) to map whole process metabolism.


A rigorous approach involving both univariate and multivariate statistical analyses was implemented to screen for differential metabolites across the two distinct biomes. A representative time node from various stages of the same cultivar was selected for pairwise comparative analysis. Similarly, this comparative analysis was also conducted for the metabolite profiles of Wapper and Filler at 0 and 65 days, representing the pre- and post-fermentation states (Figure 10). The analysis revealed 768 differential metabolites in F23 vs. F0 (up = 486, down = 282), and 832 differential metabolites in F23 vs. F65 (up = 520, down = 312). 860 differential metabolites were observed in W23 vs. W0 (up = 466, down = 394), along with 797 differential metabolites (452 upregulated, 345 downregulated). 727 differential metabolites in F0 vs. W0 (up = 305, down = 422), and 807 differential metabolites in W65 vs. F65 (up = 396 down = 411). The metabolic activity on the cigar leaf surface peaked during the mid-fermentation stage, highlighting its crucial role in the initial cigar fermentation process. The comparison of differential metabolite indices between the two cultivars at 0d and 65d suggested that Wapper exhibited a more robust metabolism at Initial-Stage but trailed behind Filler towards the Late-Stage. This finding aligns with the relatively faster completion of the fermentation in Wapper, consistent with the microbial community heatmap and PCA/PLS-DA metabolite clustering results.

[image: Figure 10]

FIGURE 10
 Differential metabolite volcano plots of controls between groups (A) F23 vs. F0, (B) W23 vs. W0, (C) W23 vs. W65, (D) F23 vs. F65, (E) F0 vs. W0, and (F) W65 vs. F65; each point in the plots represents a specific metabolite, and the magnitude of the point indicates the VIP value. Red points indicate significantly up-regulated metabolites, blue points indicate significantly down-regulated metabolites, and gray points are non-significantly different metabolites.


Utilizing the KEGG database, we were able to perform enrichment analysis on the identified differential metabolites, leading to the identification of significant metabolic pathways during the process (Figure 11). In the comparison between different stages, the metabolic pathways that were significantly enriched in the W23 vs. W0 are “Biosynthesis of cofactors,” “Tryptophan metabolism,” “Nucleotide metabolism,” “Arachidonic acid metabolism,” “Tyrosine metabolism.” The metabolic pathways that were significantly enriched in the W23 vs. W65 are “Tryptophan metabolism,” “Phenylpropanoid biosynthesis,” “Valine, leucine and isoleucine biosynthesis,” “Cutin, suberine and wax biosynthesis,” “Nucleotide metabolism.” The metabolic pathways that were significantly enriched in the F23 vs. F0 are “Arginine and proline metabolism,” “D-Amino acid metabolism,” “Tryptophan metabolism.” The metabolic pathways that were significantly enriched in the F23 vs. F65 are “Arachidonic acid metabolism,” “Valine, leucine and isoleucine biosynthesis,” “Arginine and proline metabolism,” “Linoleic acid metabolism,” “Alanine, aspartate and glutamate metabolism,” “Nucleotide metabolism,” “Phenylalanine metabolism,” “Tryptophan metabolism,” “ABC transporters,” “Aminoacyl-tRNA biosynthesis.”
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FIGURE 11
 KEGG metabolic pathway enrichment between groups (A) F23 vs. F0, (B) W23 vs. W0, (C) F23 vs. F65, (D) W23 vs. W65, (E) F0 vs. W0, and (F) W65 vs. F65; the horizontal coordinates are the p-value of the significance of the enrichment, and the smaller p-value is statistically significant, and a p-value of less than 0.05 is generally considered to be a function of a significantly enriched term; vertical coordinate is KEGG pathway. The size of the bubbles in the graph represents how much of the pathway is enriched to the metabolic set of compounds.


When comparing between different varieties, the metabolic pathways that were significantly enriched in the F0 vs. W0 are “Arachidonic acid metabolism,” “Tryptophan metabolism,” “Diterpenoid biosynthesis,” “Steroid biosynthesis,” “Aminoacyl-tRNA biosynthesis.” The metabolic pathways that were significantly enriched in the F0 vs. W0 are “Tryptophan metabolism,” “Nucleotide metabolism,” “Alanine, aspartate and glutamate metabolism,” “Phemtlalanine metabolism,” “ABC transporters,” “Linoleic acid metabolism,” “Phenylalanine metabolism,” “Arginine and proline metabolism,” “cyanoamino acid metabolish.”

As depicted in the Wayne diagram (Supplementary Figure S4), a mere 35 metabolites were found to be shared among the comparison groups of stages and genotypes, indicating a high degree of specificity in the majority of differential metabolites, necessitating further analysis. To elucidate these metabolites, the Top-20 metabolites between groups were selected for clustering analysis (Supplementary Figure S5). In the W23 vs. W0 comparison, 10 up-regulated metabolites included 4 amino acids, 2 others, 2 vitamins, 1 terpene, and 1 indole, while 10 down-regulated metabolites comprised 3 others, 3 terpenes, 2 lipids, 1 carbohydrate, and 1 amino acid. In W23 vs. W65, 11 up-regulated metabolites encompassed 4 lipids, 1 indole, 1 carbohydrate, 1 amino acid, 1 steroid, 1 nucleotide, 1 organic acid, 1 others, and 9 down-regulated metabolites comprised 6 terpenes, 1 carbohydrate, 1 lipid, and 1 others. In F23 vs. F0, 8 up-regulated metabolites consisted of 4 lipids, 2 carbohydrates, and 2 others, while 12 down-regulated metabolites comprised 4 others, 4 terpenes, 2 lipids, 1 steroid, and 1 carbohydrate. Finally, in F23 vs. F65, 10 up-regulated metabolites comprised 7 lipids, 2 steroids, and 1 others, and 10 down-regulated metabolites consisted of 3 lipids, 3 others, 2 terpenoids, 1 amino acid, and 1 carbohydrate.

Between genotypes, W0 vs. F0 revealed 10 up-regulated metabolites comprising 3 amino acids, 2 vitamins, 2 others, 2 organic acid, and 1 indole, while 10 down-regulated metabolites encompassed 4 lipids, 4 terpenes, and 2 others. In W65 vs. F65, 12 up-regulated metabolites were identified, including 5 lipids, 3 amino acids, 1 organic acid, 1 nucleotide, 1 terpene, and 1 others. The 8 down-regulated metabolites comprised 6 lipids, 1 steroid, and 1 others.



3.7 Correlation of metabolites with microbiota

The top 20 metabolites were rigorously selected and subjected to an in-depth analysis, taking into account their associations with the predominant bacterial and fungal genera (Figure 12). The metabolites associated with the dominant bacterial genera can be categorized into three cluster across the entire metabolic profile. Cluster 1 was primarily composed of terpenes, cluster 2 encompassed lipids, indoles, and carbohydrates, while cluster 3 was primarily dominated by amino acids. Notably, the interplay between the substances in cluster 1 and the dominant genera exhibited a complex pattern, with the numbers of bacteria displaying positive and negative correlations are largely equivalent, yet the majority of significant correlations are predominantly negative. Such as Stenotrophomonas and Novosphingobium. In cluster 2, while most substances displayed negative correlations with the dominant genera, the most abundant genus, Staphylococcus, exhibited a significant positive correlation. Additionally, Brevibacterium also displayed a positive correlation with most substances. In cluster 3, most substances displayed positive correlations with the dominant genera, particularly with Stenotrophomonas and Pantoea, yet exhibited significant negative correlations with Staphylococcus and Brevibacterium.
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FIGURE 12
 Association analysis of top 20 metabolites during fermentation with (A) dominant bacterial genera and (B) dominant fungal genera.


In analyzing the fungal genera, a similar categorization of the top 20 metabolites into three cluster was observed. Cluster 1 primarily encompassed amino acids, cluster 2 primarily comprised terpenes and lipids, while cluster 3 primarily contained indoles, carbohydrates, and lipids. The metabolites within cluster 1 displayed positive correlations with most dominant fungal genera, particularly exhibiting significant positive correlations with Acremonium, Cystobasidium and Cladosporium, a few metabolites exhibited significant negative correlations with Aspergillus.

The 4 fungal species exhibiting significant positive correlations with metabolites in cluster 1 displayed contrasting behaviors in cluster 2, demonstrating marked negative correlations with all metabolites, analogous to the patterns observed in Trichosporon and Trichomonascus. In contrast, all genera apart from Trichosporon displayed positive correlations with metabolites, particularly with Gibellulopsis. However, in cluster 3, the correlations between metabolites and the dominant genera were comparatively minor, with only Meyerozyma, Gibellulopsis, and Wallemia exhibiting significant negative correlations with most metabolites. Notably, the important genus Aspergillus displayed positive, albeit non-significant, correlations with cluster 3. Furthermore, the association between metabolites in cluster 3 and the dominant genera was relatively insignificant, with only Meyerozyma, Gibellulopsis, and Wallemia exhibiting significant negative associations with most metabolites, while the significant genus Aspergillus exhibited a positive association with cluster 3, though the correlation was not statistically significant.



3.8 Overview of association networks between important microorganisms

Network analysis was used to show the distribution of species, and the 15 most abundant bacterial and fungal genera throughout the phase were selected for correlation network mapping. Among the bacterial communities, Staphylococcus was the antagonistic centre of the bacteria and was negatively correlated with most of the other dominant genera, while Sphingomonas was the synergistic centre of the bacteria and was significantly positively correlated with the rest of the dominant genera except Staphylococcus. In the fungal community, Aspergillus showed the characteristics of an antagonistic centre, whereas Wallemia and Hannaella, although accounting for a smaller percentage of the abundance, still acted as synergistic centres for the fungi (Figure 13).

[image: Figure 13]

FIGURE 13
 Network diagram of correlations between fungal (A) and bacterial (B) microbial communities. Red curves indicate positive correlations and green curves indicate negative correlations.




3.9 Important metabolic pathways

To elucidate the intricate relationship between microorganisms and their metabolites, we harnessed the Kyoto Encyclopedia of Genes and Genomes (KEGG) database to delineate the pertinent metabolic networks of significant substances during the initial fermentation phase of CTLs (Figure 14). The metabolic pathways were comprehensively mapped by integrating the KEGG database with the outcomes of non-targeted metabolite profiling.
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FIGURE 14
 Metabolic mapping of important metabolites during fermentation of CTLs: sphingolipids from glycine, serine, and threonine metabolism.


Specifically, we focused on the key metabolite phytosphingosine and traced its associated metabolic pathway. The biosynthetic process commences with the condensation of serine and palmitoyl coenzyme A, catalyzed by EC:2.3.1.50 (serine palmitoyltransferase), to yield 3-Dehydrosphinganine. Subsequently, EC:1.1.1.102 reduces 3-Dehydrosphinganine to Dihydrosphinganine. The metabolic trajectory of Dihydrosphinganine diverges into three distinct pathways: one leading to Phytosphingosin via EC:1.14.18.5 (sphinganine C4-monooxygenase); another towards Phytosphingosin through the condensation of sphinganine 1-phosphate by EC:2.7.1.91 (sphingosine kinase) and its interconversion with phosphatidate phosphatase (EC:3.1.3.4); and finally, the combination of LAG1 and CERS generates Dihydroceramide, the precursor of the two aforementioned metabolites. Dihydroceramide is further metabolized by EC:1.14.19.17 (sphingolipid 4-desaturase) to form N-Acylsphingosine, which is subsequently converted to Ceramide by EC:3.5.1.23 (alkaline ceramidase). Notably, within this sphingolipid metabolic cascade, no further metabolites were identified until the termination of fermentation, wherein the enrichment of metabolites primarily occurred in Phytosphingosin, Sphingosine, and Sphinganine 1-phosphate (S1P). S1P, a crucial signaling molecule, possesses the capability to modulate both pathophysiological and physiological processes, thus rendering it of immense importance in the treatment of various diseases and malignancies (Winkler et al., 2017; Zheng et al., 2019).




4 Discussion

The utilization of fermentation processes has been demonstrated to substantially enhance the quality of CTLs (Zhang et al., 2024). In the current investigation, a comprehensive analysis was conducted on the microbial community composition of CTLs during fermentation, along with the alterations in tobacco chemical constituents and metabolites. This analysis serves as a theoretical foundation for elucidating the microbial mechanisms underlying primary fermentation and facilitates the development of novel fermentation microbial preparations.

The dynamic changes in the chemical composition and metabolic substances of CTLs were achieved through the synergistic action of diverse microorganisms (Liu et al., 2024). During the entire fermentation, five primary bacterial genera were identified: Staphylococcus, Brevundimonas, Acinetobacter, Brevibacterium, and Pantoea. Additionally, five fungal genera were detected, including Aspergillus, Meyerozyma, Sampaiozyma, Cladosporium, and Trichomonascus. In previous research, the dominant flora were frequently recognized as playing a pivotal role in the fermentation (Liu et al., 2023). Staphylococcus exhibited remarkable adaptability, maintaining a higher abundance during fermentation (Mazharul Islam et al., 2020). Notably, along with Aspergillus, their abundance progressively increased from the Initial-Stages, ultimately occupying a dominant position throughout the entire process. The secretion of α-Amylase and amylase by these two genera was the primary reason behind the alterations in starch and total sugar content (Lakshmi et al., 2013). Furthermore, through correlation analysis with chemical content, it is postulated that the enzymatic activities of these genera contribute to the degradation of nicotine, a process that generates pyrrole, pyridine, and pyrazine compounds, which significantly influence the aroma of tobacco leaves (Yang et al., 2021). Elevated chlorine content in tobacco has been documented to significantly compromise its combustibility (Su et al., 2024). Less abundance genera such as Bacillus, Aureimonas, and Alternaria exhibit a negative correlation with the chlorine content, this observation stands in contrast to the behavior exhibited by Staphylococcus, underscores the importance of these genera in improving the overall tobacco quality. This finding suggests that during the fermentation process, the abundance of dominant genera like Staphylococcus should be meticulously managed to prevent undue disruption to the microbial diversity, thereby optimizing the quality enhancement of tobacco.

The intricate interplay between microorganisms, their metabolites, and the complex interactions among microorganisms is a pivotal determinant of the quality of CTLs (Singh et al., 2017) A non-targeted metabolomics analysis revealed that metabolites with a significant percentage in the fermentation process encompass terpenoids, steroids, phenolic acids, organic acids, and indoles, whereas flavonoids, alkaloids, coumarins, and lignans constitute a smaller proportion. Notably, terpenoids are a crucial source of aroma in CTLs (Gao et al., 2023). For instance, monoterpenes, the primary components of plant aroma, can be extracted for use in flavoring and fragrances (Yin et al., 2017). Cembratrienes, significant terpenes synthesized during tobacco growth, yield solanone as a degradation product, which is a key aroma-inducing component in tobacco (Sui et al., 2018; Popova et al., 2020). In contrast to previous studies, our findings indicate a higher abundance of indoles among the metabolites, with Alline emerging as a leading metabolite among the top 20. Indoles are a class of signaling molecules and regulators produced by bacteria through the degradation of amino acids (L-tryptophan) by tryptophanase (TnaA) (Lee et al., 2015). These indole derivatives, such as indole alkaloids, further regulate microbial physiological processes and indire CTLs influence the microbial community structure, for instance, by enhancing the viability of the fermentation-dominant bacterium Pantoea (Zheng et al., 2017). Moreover, they improve tobacco’s resistance to mold occurrence and attack (Ma et al., 2024). Staphylococcus and Aspergillus are the main contributors of peptidases during fermentation, participating in the hydrolysis of proteins to produce peptides and amino acids, which serve as precursors of flavor substances (Zhao et al., 2019; Jia et al., 2021), and Staphylococcus is also an important participant in the metabolism of amino acid catabolism that can significantly accelerate the development of aroma (Bruna et al., 2000; Aro Aro et al., 2010). Acinetobacter is able to increase the ability of microbial communities to break down macromolecules while producing aldehydes and ketones associated with aroma (Zheng et al., 2022). Brevundimonas is able to catabolise starch in a combined action with strains such as Bacillus under suitable temperature environment (Ma and Su, 2019). Bacillus are able to break down substances such as glucose to synthesize glutamate, which increases the flavor of the product (Nampoothiri and Pandey, 1996). Cladosporium is an important filamentous fungus that produces amylase, protease and cellulase enzymes, which are active in the decomposition process of plants (Abe et al., 2015).

Drawing insights from the assessment of α-diversity and β-diversity of microorganisms, as well as the observed trends in microbial structural variations, the fermentation process of CTLs was systematically categorized into three distinct phases: the Initial-Stage, Mid-Stage, and Late-Stage. Within each of these stages, a representative time point was deliberately selected to facilitate comparative analyses, thereby providing a comprehensive understanding of the microbiological dynamics throughout the fermentation process. In the comparative analyses of F23 vs. F0 and W23 vs. W0, the predominant enriched metabolic pathways were associated with general “metabolic pathways.” However, in F23 vs. F65 and W23 vs. W65, these pathways were augmented by a diverse array of “biosynthetic pathways,” such as “Valine, leucine and isoleucine biosynthesis,” “Cutin, suberine and wax biosynthesis,” “Nucleotide metabolism.” This disparity might stem from the observation that in the initial-to-intermediate phase, chemical transformations within CTLs are primarily directed towards substance decomposition, whereas in the intermediate-to-late phase, substance synthesis becomes the primary focus. Upon examining the differential metabolites within the top 20 between groups, it was noted that in the 23d versus 0d comparison, lipids and amino acids constituted the primary up-regulated metabolites. Similarly, in the 23d versus 65d comparison, lipids remained the dominant up-regulated metabolites, and with a higher percentage. This observed phenomenon could potentially be attributed to the proliferation of lipolytic Staphylococcus during the intermediate stages of fermentation (Jeong et al., 2014). These bacteria actively break down macromolecular lipids into their corresponding esters and proteins into branched-chain amino acids (Zhao et al., 2022). Consequently, in a correlation analysis conducted on the top 20 metabolites with the dominant bacterial genera throughout the entire fermentation process, Staphylococcus were found to be associated with a majority of the lipids and amino acids in the comparative group, specifically exhibited a significant positive correlation with the majority of lipids. It is noteworthy that the primary aroma sources in processed foods and products are ketones derived from amino acid degradation and aldehydes resulting from lipid oxidation (Korecka et al., 2016) this aligns with the upregulation of metabolites such as amino acids and lipids during the Mid-Stage, indicating that the Mid-Stage is crucial in regulating the aroma quality of CTLs.

Despite their relatively low abundance during fermentation, Stenotrophomonas species have been established as closely associated with various metabolites. Prior investigations have revealed their significant potential to enhance the content of volatile aroma components (Zhang et al., 2024). In the present study, a highly significant negative correlation was observed between Stenotrophomonas and the majority of terpenes, presumably due to the degradation of terpenes by Stenotrophomonas into ketoaldehydes, which are aroma-contributing compounds (Molina et al., 2013). Furthermore, Stenotrophomonas displayed a remarkable positive correlation with Acetyl-N-formyl-5-methoxykynurenamine (AFMK), a melatonin metabolite that elevates antioxidant levels in organisms. AFMK is widely acknowledged for its superior antioxidant capacity compared to carotenoids and vitamin C (Galano et al., 2013; Reina and Martínez, 2018).

Notably, sphingolipids, which constitute a significant portion of the top 20 metabolites, also exhibited a significant positive correlation with Stenotrophomonas. As bioactive molecules, sphingolipids play a crucial role in regulating intracellular processes, including cell proliferation and differentiation, developmental apoptosis, and immunological effects (Aguilera-Romero et al., 2014). To gain a deeper understanding of their changes during fermentation, we delved into their metabolic network using the KEGG database (Figure 10). Our research revealed that key sphingolipid metabolites, such as Phytosphingosin, Sphingosine, and Sphinganine 1-Phosphate, are closely linked to the occurrence and management of smoking-induced lung-related diseases. To a certain extent, these metabolites can mitigate the damage to the lungs caused by harmful substances generated by smoking (Chen et al., 2014; Li et al., 2020). However, during the initial and intermediate stages of fermentation (0–14 days), they under investigation were notably low, a significant enrichment was observed during the mid-to-late fermentation stages (23–65 days), which can potentially be attributed to the progressively active microbial metabolic activities commencing from the Mid-Stage.

In addition to their individual roles in fermentation, interactions between microorganisms significantly influence the whole process (Smid and Lacroix, 2013). Sphingomonas, Pantoea, Aureimonas, Cladosporium, Sampaiozyma are all biomarker (rf) in fermentation. They are widely present in Initial-Stage and Mid-Stage. These microorganisms showed synergistic relationships with most of the microorganisms in the mutualistic network, and their important roles in the fermentation process have been confirmed in previous studies.

It is noteworthy that our research suggest that Wapper reaches steady state earlier in the fermentation, progresses more rapidly than Filler, and possesses more fungal biomarker, which represents a possible need to tailor treatments for different genotypes of plant leaves to ensure that their quality is maintained at an optimal level.



5 Conclusion

In this study, through the utilization of high-throughput sequencing and non-targeted metabolomics analysis, it was determined that biomarkers are predominantly present during the Initial-Stage, whereas the microbial activity peaks during Mid-Stage (14–23d). Staphylococcus have a strong correlation with lipids and amino acids, dominating the microbial community, it may has effects on fermentation, we should adopt appropriate measures to constrain the proliferation of Staphylococcus. Additionally, Stenotrophomonas despite their lower abundance, play a significant role and exhibit a strong association with terpenoid metabolites. Sphingolipid metabolites are actively involved during fermentation, contribute significantly to enhancing the quality of CTLs. This investigation delved into the intricate relationship between metabolites and microorganisms, laying a theoretical foundation for further refining the fermentation process of plant leaves and advancing technologies aimed at elevating product quality.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Author contributions

XW: Conceptualization, Formal analysis, Investigation, Methodology, Software, Writing – original draft. SY: Data curation, Writing – original draft. QG: Investigation, Visualization, Writing – original draft. YD: Data curation, Writing – original draft. LT: Investigation, Visualization, Writing – original draft. LW: Investigation, Visualization, Writing – original draft. HY: Resources, Supervision, Writing – original draft. LY: Software, Validation, Writing – original draft. XH: Software, Validation, Writing – original draft. PL: Conceptualization, Funding acquisition, Resources, Supervision, Writing – original draft. LZ: Conceptualization, Funding acquisition, Resources, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by “Study and application of microbial dynamics in cigar fermentation” (202312).



Acknowledgments

Thanks to the partner units and Yuxi Zhongyan Tobacco Seed Co., Ltd. for providing tobacco raw materials and platform support, thank all authors for the contribution of the manuscript.



Conflict of interest

SY was employed by Yuxi Zhongyan Tobacco Seed Co., Ltd. QG, LT, and LW were employed by Shandong Linyi Tobacco Co., Ltd. YD was employed by Cigar Operating Centre of China Tobacco Shandong industrial Co., Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1436382/full#supplementary-material



Footnotes

1   
http://www.mothur.org/wiki/Calculators


2   
http://huttenhower.sph.harvard.edu/LEfSe


3   
http://www.hmdb.ca/


4   
https://metlin.scripps.edu/


5   
https://cloud.majorbio.com




References

 Abe, C. A., Faria, C. B., De Castro, F. F., De Souza, S. R., Santos, F. C., Da Silva, C. N., et al. (2015). Fungi isolated from maize (Zea mays L.) grains and production of associated enzyme activities. Int. J. Mol. Sci. 16, 15328–15346. doi: 10.3390/ijms160715328 

 Aguilera-Romero, A., Gehin, C., and Riezman, H. (2014). Sphingolipid homeostasis in the web of metabolic routes. Biochim. Biophys. Acta 1841, 647–656. doi: 10.1016/j.bbalip.2013.10.014 

 Aro Aro, J. M., Nyam-Osor, P., Tsuji, K., Shimada, K.-i., Fukushima, M., and Sekikawa, M. (2010). The effect of starter cultures on proteolytic changes and amino acid content in fermented sausages. Food Chem. 119, 279–285. doi: 10.1016/j.foodchem.2009.06.025


 Banožić, M., Jokić, S., Ačkar, Đ., Blažić, M., and Šubarić, D. (2020). Carbohydrates—key players in tobacco aroma formation and quality determination. Molecules 25:1734. doi: 10.3390/molecules25071734 

 Barberán, A., Bates, S. T., Casamayor, E. O., and Fierer, N. (2012). Using network analysis to explore co-occurrence patterns in soil microbial communities. ISME J. 6, 343–351. doi: 10.1038/ismej.2011.119 

 Bruna, J. M., Fernández, M., Hierro, E. M., Ordóñez, J. A., and de la Hoz, L. (2000). Combined use of Pronase E and a fungal extract (Penicillium aurantiogriseum) to potentiate the sensory characteristics of dry fermented sausages. Meat Sci. 54, 135–145. doi: 10.1016/S0309-1740(99)00076-5 

 Chen, J., Tang, H., Sysol, J. R., Moreno-Vinasco, L., Shioura, K. M., Chen, T., et al. (2014). The sphingosine kinase 1/sphingosine-1-phosphate pathway in pulmonary arterial hypertension. Am. J. Respir. Crit. Care Med. 190, 1032–1043. doi: 10.1164/rccm.201401-0121OC 

 Chupeerach, C., Aursalung, A., Watcharachaisoponsiri, T., Whanmek, K., Thiyajai, P., Yosphan, K., et al. (2021). The effect of steaming and fermentation on nutritive values, antioxidant activities, and inhibitory properties of tea leaves. Foods 10:117. doi: 10.3390/foods10010117 

 Dai, J., Dong, A., Xiong, G., Liu, Y., Hossain, M. S., Liu, S., et al. (2020). Production of highly active extracellular amylase and Cellulase from Bacillus subtilis ZIM3 and a recombinant strain with a potential application in tobacco fermentation. Front. Microbiol. 11:11. doi: 10.3389/fmicb.2020.01539 

 Dzialo, M. C., Park, R., Steensels, J., Lievens, B., and Verstrepen, K. J. (2017). Physiology, ecology and industrial applications of aroma formation in yeast. FEMS Microbiol. Rev. 41, S95–S128. doi: 10.1093/femsre/fux031 

 Galano, A., Tan, D. X., and Reiter, R. J. (2013). On the free radical scavenging activities of melatonin's metabolites, AFMK and AMK. J. Pineal Res. 54, 245–257. doi: 10.1111/jpi.12010 

 Gao, W., Meng, Q., Wang, X., Chen, F., He, M., and Zhou, Y. (2023). Overexpression of GPS and FPS from Chrysanthemum indicum var. aromaticum resulted in modified trichome formation and terpenoid biosynthesis in tobacco. Plant Growth Regul. 99, 553–566. doi: 10.1007/s10725-022-00927-5


 Gaspar, J. M., Freitas, A. I., Zhao, Q., Leça, J. M., Pereira, V., and Marques, J. C. (2019). Is Sotolon relevant to the aroma of Madeira wine blends? Biomolecules 9:720. doi: 10.3390/biom9110720 

 Guo, J., Zhao, X., and Shi, J. (2024). Correlation of microbial community structure and volatile flavor compounds during corn yellow wine fermentation. Biotechnol. Prog. 40:e3408. doi: 10.1002/btpr.3408 

 Hu, T., Shi, S., and Ma, Q. (2022). Modulation effects of microorganisms on tea in fermentation. Front. Nutr. 9:931790. doi: 10.3389/fnut.2022.931790 

 Jeong, D.-W., Han, S., and Lee, J.-H. (2014). Safety and technological characterization of Staphylococcus equorum isolates from jeotgal, a Korean high-salt-fermented seafood, for starter development. Int. J. Food Microbiol. 188, 108–115. doi: 10.1016/j.ijfoodmicro.2014.07.022 

 Jia, Y., Liu, Y., Hu, W., Cai, W., Zheng, Z., Luo, C., et al. (2023). Development of Candida autochthonous starter for cigar fermentation via dissecting the microbiome. Front. Microbiol. 14:14. doi: 10.3389/fmicb.2023.1138877 

 Jia, Y., Niu, C.-T., Xu, X., Zheng, F.-Y., Liu, C.-F., Wang, J.-J., et al. (2021). Metabolic potential of microbial community and distribution mechanism of Staphylococcus species during broad bean paste fermentation. Food Res. Int. 148:110533. doi: 10.1016/j.foodres.2021.110533 

 Korecka, A., Dona, A., Lahiri, S., Tett, A. J., Al-Asmakh, M., Braniste, V., et al. (2016). Bidirectional communication between the aryl hydrocarbon receptor (AhR) and the microbiome tunes host metabolism. NPJ Biofilms Microbiomes 2:16014. doi: 10.1038/npjbiofilms.2016.14 

 Lakshmi, H. P., Prasad, U. V., Yeswanth, S., Swarupa, V., Prasad, O. H., Narasu, M. L., et al. (2013). Molecular characterization of α-amylase from Staphylococcus aureus. Bioinformation 9, 281–285. doi: 10.6026/97320630009281 

 Lee, J.-H., Wood, T. K., and Lee, J. (2015). Roles of indole as an interspecies and Interkingdom signaling molecule. Trends Microbiol. 23, 707–718. doi: 10.1016/j.tim.2015.08.001 

 Leeuwendaal, N. K., Stanton, C., O’Toole, P. W., and Beresford, T. P. (2022). Fermented foods, health and the gut microbiome. Nutrients 14:1527. doi: 10.3390/nu14071527 

 Leroy, F., Charmpi, C., and De Vuyst, L. (2023). Meat fermentation at a crossroads: where the age-old interplay of human, animal, and microbial diversity and contemporary markets meet. FEMS Microbiol. Rev. 47:fuad016. doi: 10.1093/femsre/fuad016 

 Li, Y.-H., Ding, M., Wang, J., Xu, G.-j., and Zhao, F. (2006). A novel thermoacidophilic endoglucanase, Ba-EGA, from a new cellulose-degrading bacterium, Bacillus sp.AC-1. Appl. Microbiol. Biotechnol. 70, 430–436. doi: 10.1007/s00253-005-0075-x 

 Li, X., Zhang, X., Wu, X., Han, Y., Wang, C., Gao, Y., et al. (2022). Effect of Chinese baijiu coupled with a ternary mixed starter on the flavor component structure of Chinese Dongbei suancai. J. Food Process. Preserv. 46:e16849. doi: 10.1111/jfpp.16849


 Li, J., Zhao, Y., Qin, Y., and Shi, H. (2020). Influence of microbiota and metabolites on the quality of tobacco during fermentation. BMC Microbiol. 20:356. doi: 10.1186/s12866-020-02035-8 

 Liu, L., Chen, X., Hao, L., Zhang, G., Jin, Z., Li, C., et al. (2022). Traditional fermented soybean products: processing, flavor formation, nutritional and biological activities. Crit. Rev. Food Sci. Nutr. 62, 1971–1989. doi: 10.1080/10408398.2020.1848792 

 Liu, D., Chen, J., Li, X., Ya, Z., Shi, L., Liu, Y., et al. (2024). Revealing the microbial contributions in chili paste fermentation by inoculating in situ microbiome. LWT 191:115632. doi: 10.1016/j.lwt.2023.115632


 Liu, C., Lin, H., Wang, K., Zhang, Z., Huang, J., and Liu, Z. (2023). Study on the trend in microbial changes during the fermentation of black tea and its effect on the quality. Foods 12:1944. doi: 10.3390/foods12101944 

 Liu, F., Wu, Z., Zhang, X., Xi, G., Zhao, Z., Lai, M., et al. (2021). Microbial community and metabolic function analysis of cigar tobacco leaves during fermentation. Microbiologyopen 10:e1171. doi: 10.1002/mbo3.1171 

 Ma, Y.-Y., Pu, G., Liu, H.-Y., Yao, S., Kong, G.-H., Wu, Y.-P., et al. (2024). Indole alkaloids isolated from the Nicotiana tabacum-derived aspergillus fumigatus 0338 as potential inhibitors for tobacco powdery mildew and their mode of actions. Pestic. Biochem. Physiol. 200:105814. doi: 10.1016/j.pestbp.2024.105814 

 Ma, H., and Su, H. (2019). Effect of temperature on the fermentation of starch by two high efficient H2 producers. Renew. Energy 138, 964–970. doi: 10.1016/j.renene.2019.01.126


 Mazharul Islam, M., Thomas, V. C., Van Beek, M., Ahn, J.-S., Alqarzaee, A. A., Zhou, C., et al. (2020). An integrated computational and experimental study to investigate Staphylococcus aureus metabolism. NPJ Syst. Biol. Appl. 6:3. doi: 10.1038/s41540-019-0122-3 

 Molina, G., Pimentel, M. R., and Pastore, G. M. (2013). Pseudomonas: a promising biocatalyst for the bioconversion of terpenes. Appl. Microbiol. Biotechnol. 97, 1851–1864. doi: 10.1007/s00253-013-4701-8 

 Murata, M. (2021). Browning and pigmentation in food through the Maillard reaction. Glycoconj. J. 38, 283–292. doi: 10.1007/s10719-020-09943-x 

 Nampoothiri, K. M., and Pandey, A. (1996). Urease activity in a glutamate producing Brevibacterium sp. Process Biochem. 31, 471–475. doi: 10.1016/S0032-9592(95)00090-9


 Pen, J., Molendijk, L., Quax, W. J., Sijmons, P. C., van Ooyen, A. J. J., van den Elzen, P. J. M., et al. (1992). Production of active Bacillus licheniformis alpha-amylase in tobacco and its application in starch liquefaction. Bio/Technology 10, 292–296. doi: 10.1038/nbt0392-292


 Popova, V., Ivanova, T., Stoyanova, A., Nikolova, V., Hristeva, T., Gochev, V., et al. (2020). Terpenoids in the essential oil and concentrated aromatic products obtained from Nicotiana glutinosa L. leaves. Molecules 25:30. doi: 10.3390/molecules25010030 

 Reina, M., and Martínez, A. (2018). A new free radical scavenging cascade involving melatonin and three of its metabolites (3OHM, AFMK and AMK). Comput. Theor. Chem. 1123, 111–118. doi: 10.1016/j.comptc.2017.11.017


 Ren, M., Qin, Y., Zhang, L., Zhao, Y., Zhang, R., and Shi, H. (2023). Effects of fermentation chamber temperature on microbes and quality of cigar wrapper tobacco leaves. Appl. Microbiol. Biotechnol. 107, 6469–6485. doi: 10.1007/s00253-023-12750-7 

 Rizo, J., Guillén, D., Farrés, A., Díaz-Ruiz, G., Sánchez, S., Wacher, C., et al. (2020). Omics in traditional vegetable fermented foods and beverages. Crit. Rev. Food Sci. Nutr. 60, 791–809. doi: 10.1080/10408398.2018.1551189 

 Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12:R60. doi: 10.1186/gb-2011-12-6-r60 

 Singh, D., Lee, S., and Lee, C. H. (2017). Metabolomics for empirical delineation of the traditional Korean fermented foods and beverages. Trends Food Sci. Technol. 61, 103–115. doi: 10.1016/j.tifs.2017.01.001


 Smid, E. J., and Lacroix, C. (2013). Microbe–microbe interactions in mixed culture food fermentations. Curr. Opin. Biotechnol. 24, 148–154. doi: 10.1016/j.copbio.2012.11.007 

 Su, X., Guo, X., Chen, Q., Sun, Z., Shang, X., Gao, Y., et al. (2024). Tobacco/Salvia miltiorrhiza intercropping improves soil quality and increases Total production value. Agronomy 14:598. doi: 10.3390/agronomy14030598


 Sui, J., Wang, C., Liu, X., Fang, N., Liu, Y., Wang, W., et al. (2018). Formation of α- and β-Cembratriene-diols in tobacco (Nicotiana tabacum L.) is regulated by Jasmonate-signaling components via manipulating multiple Cembranoid synthetic genes. Molecules 23:2511. doi: 10.3390/molecules23102511 

 Vaccalluzzo, A., Pino, A., Russo, N., De Angelis, M., Caggia, C., and Randazzo, C. L. (2020). FoodOmics as a new frontier to reveal microbial community and metabolic processes occurring on table olives fermentation. Food Microbiol. 92:103606. doi: 10.1016/j.fm.2020.103606 

 van Wyk, N. (2024). Current research on flavor compounds in fermented food products. Foods 13:730. doi: 10.3390/foods13050730 

 Wang, M., Zhang, L., He, Y., Huang, L., Liu, L., Chen, D., et al. (2022). Soil fungal communities affect the chemical quality of flue-cured tobacco leaves in Bijie, Southwest China. Sci. Rep. 12:2815. doi: 10.1038/s41598-022-06593-x 

 Wen, L., Yang, L., Chen, C., Li, J., Fu, J., Liu, G., et al. (2023). Applications of multi-omics techniques to unravel the fermentation process and the flavor formation mechanism in fermented foods. Crit. Rev. Food Sci. Nutr., 1–17. doi: 10.1080/10408398.2023.2199425 

 Winkler, M. S., Nierhaus, A., Poppe, A., Greiwe, G., Gräler, M. H., and Daum, G. (2017). Sphingosine-1-phosphate: a potential biomarker and therapeutic target for endothelial dysfunction and Sepsis? Shock 47, 666–672. doi: 10.1097/SHK.0000000000000814


 Wu, X., Zhu, P., Li, D., Zheng, T., Cai, W., Li, J., et al. (2021). Bioaugmentation of Bacillus amyloliquefaciens–Bacillus kochii co-cultivation to improve sensory quality of flue-cured tobacco. Arch. Microbiol. 203, 5723–5733. doi: 10.1007/s00203-021-02556-4


 Yang, Y., Kumrungsee, T., Kato, N., Fukuda, S., Kuroda, M., and Yamaguchi, S. (2022). Aspergillus-derived Cellulase preparation exhibits prebiotic-like effects on gut microbiota in rats. Fermentation 8:71. doi: 10.3390/fermentation8020071


 Yang, J., Luo, C., Li, D., Xu, H., Pang, Y., Zhu, B., et al. (2021). Advances in chemical constituents of cigars smoke. Acta Tabacaria Sin. 27, 100–105. doi: 10.16472/j.chinatobacco.2020.050


 Yin, J.-L., Wong, W.-S., Jang, I.-C., and Chua, N.-H. (2017). Co-expression of peppermint geranyl diphosphate synthase small subunit enhances monoterpene production in transgenic tobacco plants. New Phytol. 213, 1133–1144. doi: 10.1111/nph.14280 

 Zhang, M., Guo, D., Wang, H., Wu, G., Shi, Y., Zhou, J., et al. (2024). Analyzing microbial community and volatile compound profiles in the fermentation of cigar tobacco leaves. Appl. Microbiol. Biotechnol. 108:243. doi: 10.1007/s00253-024-13043-3 

 Zhang, L.-Y., Mai, J., Shi, J.-F., Ai, K.-B., He, L., Zhu, M.-J., et al. (2024). Study on tobacco quality improvement and bacterial community succession during microbial co-fermentation. Ind. Crop. Prod. 208:117889. doi: 10.1016/j.indcrop.2023.117889


 Zhang, G., Zhao, L., Li, W., Yao, H., Lu, C., Zhao, G., et al. (2023). Changes in physicochemical properties and microbial community succession during leaf stacking fermentation. AMB Express 13:132. doi: 10.1186/s13568-023-01642-8 

 Zhao, G., Ding, L.-L., Pan, Z.-H., Kong, D.-H., Hadiatullah, H., and Fan, Z.-C. (2019). Proteinase and glycoside hydrolase production is enhanced in solid-state fermentation by manipulating the carbon and nitrogen fluxes in aspergillus oryzae. Food Chem. 271, 606–613. doi: 10.1016/j.foodchem.2018.07.199 

 Zhao, D., Hu, J., and Chen, W. (2022). Analysis of the relationship between microorganisms and flavour development in dry-cured grass carp by high-throughput sequencing, volatile flavour analysis and metabolomics. Food Chem. 368:130889. doi: 10.1016/j.foodchem.2021.130889


 Zhao, M., Liu, Y., Li, F., Wang, B., and Liu, G. (2009). Identification of dominant and fragrance-enhancing microorganisms of tobacco leaves during ripening. Wei Sheng Wu Xue Bao. 49, 624–630. doi: 10.13343/j.cnki.wsxb.2009.05.01 

 Zhao, L., Zhu, C., Gao, Y., Wang, C., Li, X., Shu, M., et al. (2012). Nicotine degradation enhancement by Pseudomonas stutzeri ZCJ during aging process of tobacco leaves. World J. Microbiol. Biotechnol. 28, 2077–2086. doi: 10.1007/s11274-012-1010-9 

 Zheng, X., Li, W., Ren, L., Liu, J., Pang, X., Chen, X., et al. (2019). The sphingosine kinase-1/sphingosine-1-phosphate axis in cancer: potential target for anticancer therapy. Pharmacol. Ther. 195, 85–99. doi: 10.1016/j.pharmthera.2018.10.011 

 Zheng, J., Yu, J., Jia, M., Zheng, L., and Feng, Y. (2017). Indole enhances the survival of Pantoea ananatis YJ76 in face of starvation conditions. J. Basic Microbiol. 57, 633–639. doi: 10.1002/jobm.201700027 

 Zheng, T., Zhang, Q., Wu, Q., Li, D., Wu, X., Li, P., et al. (2022). Effects of inoculation with Acinetobacter on fermentation of cigar tobacco leaves. Front. Microbiol. 13:911791. doi: 10.3389/fmicb.2022.911791



Copyright
 © 2024 Wang, Yang, Gao, Dai, Tian, Wen, Yan, Yang, Hou, Liu and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-15-1436382-g013.jpg





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Multi-omics reveals the phyllosphere microbial community and material transformations in cigars



		Highlights



		1 Introduction



		2 Materials and methods



		2.1 Source of cigar tobacco headings



		2.2 DNA extraction and Illumina MiSeq sequencing



		2.3 Chemical composition determination



		2.4 Metabolom analysis



		2.5 Statistical analysis









		3 Results



		3.1 Analysis of microbial community



		3.2 Diversity and abundance



		3.3 Dynamics of microbial communities



		3.4 Clustering analysis of microbial communities



		3.5 Chemical composition of fermentation



		3.6 Metabolites during fermentation



		3.7 Correlation of metabolites with microbiota



		3.8 Overview of association networks between important microorganisms



		3.9 Important metabolic pathways









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fmicb-15-1436382-g012.jpg
ffff’é?’fff/f;’ff’ffﬁ«if’ ”

f

[
PYTSY Ty

mom
IYYSITL]





OPS/images/fmicb-15-1436382gr0001.jpg
099909 » it Illlll} ﬁ ‘





OPS/images/fmicb-15-1436382-g014.jpg
Glycine,serine and threonine '— |

metabolism
0 7 14235665 0 7 14235665

[EEssEEls  EEH] Filler Wapper

|
Falmitoyi:CoA 3-Dehydrosphinganine [amms )
W] — Phytosphingosine
| | BEEEs)l EEEEN]
a1 Dinydrosphinganine ———|
C=
1 [mexzscm| E
=
t——————————_ Sphinganine 1-phosphate
[ B EE] EEECE] A
N-Acylsphingosine
|c==
Ethanolamine T Sphingosine

phosphate mEesjEE . W





OPS/images/fmicb-15-1436382-g011.jpg
KEGG Enrichment Analysis(W23_vs_W0)

KEGG Enrichment Analysis(W23_vs_ Wes)

oy i |
[e—
P —

KEGG Enrichment Analysis(F23_vs_F0)

[t o
S st oo e
praseme

KEGG Enrichmont Analysis(F23_vs_F6s)

KEGG Enichment Analysis(Wes_vs_F65)






OPS/images/fmicb-15-1436382-g010.jpg
“Logt0(pvalue)

“Log10(pvalue)

F23_vs_FO.volcano

» Signtcant
- @uis
- @rossitess)
»
2u]®
2
S
-
-
1
2 .
o e
s Som
oo
B o2
B oo
2
o
7 1]
W23_vs_Ws.volcano
2. Signtcant
s
2 @sorem)
@omiis)
»
1
1
1
2
0.
® e
Coms
L o
o220
s o 0st
2
3
ETE] 3 T [
Fo_vs_Wo.volcano
» Signcant
5
» @rsoisi0)
- @omiszz)
2
»
1
e
s voms
& 23
4 oo
P .
o
35 TE

“Log10(pvalue)

“Log10(pvalue)

“Log10(pvalue)

W23_vs_Wo.volcano

F23_vs_Fé5.volcano

o s
o260
Py

"

2

o

i
@iy
otz

Py
o2n
b

2

o

vom






OPS/images/cover.jpg
, frontiers = Frontiers in Microbiology

Multi-omics reveals the
phyllosphere microbial
community and material
transformations in cigars












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






OPS/images/fmicb-15-1436382-g005.jpg
PC2(1.34%)

PCoAon OTU level

PCoA on OTU level

PC217.11%)

os.

s

04

0z

02

F

08
W8 07 06 05 <. G o1 oz o3

4 g3 02 o1
PCA1(46.28%)

Y
s

4

<3

3

06





OPS/images/fmicb-15-1436382-g006.jpg
CePPLELLLPLE

Yy Y Y Y yYyryrryyy;





OPS/images/fmicb-15-1436382-g003.jpg
[ |
|
1
[ |
| ]
|
]

Porcent of community abundance on Phylum

Percant of community abundance on Genus.

Wrmctes
[—

[yr—

Woscrdon

B uncasifed_k_norark__Bactera

W Cyanabaciois

[pe—

W Crorotex,

B Vormconicobiola

[l

Hovers

msupyosoccus
Brevundinonss
"

[ELT—
W ochrobacinm
W Sptiogomonss
W Stenaoppomonas
8 Auromonas
mscius
[r—
W uncasifed
B unciassifed_o_Enrobactures
[rR——
[p——

Sprngabactonum
B Nowspringobiom
W Ascrizobium-Aooizobum. Paraizotum Rizm
B Peoudomonas
Woosea
Moo,






OPS/images/fmicb-15-1436382-g004.jpg
Percent of community abundance on Phylum level

Percent of community abundance on Genus

y & oy y $
< < @ & &

%,
.
4,
%,
%,

W scomycota
Basidomycota

W unchassifed k_Fungi

= Moreralomycota
Chyidomycata
Mucoromycota

M Glomeromycota

Whspergius
Walria

W veyorozyma

4 Cladosporum

2 Sampaiozyma

Trchomonascus

W Trchosporon

WCysovasidom
Rhodotona

[iEv—
Atemaria

W unciassiied_c_Sordaromyceles

* Acromonium

W Vishniscozyma
uncassifed_p_Basidomycota
Fiobasidum

2 Hannacla
Corcospora
Epicoccum

Hoters





OPS/images/fmicb-15-1436382-g009.jpg
PC2(20.90%)

250

150.

Scores(PCA)

a

o 20

£

ED

EI)
PC1(34.20%)

0

3

<bedmepoduche

o
=
Fos

s

8

Component 2(22.3%)

Score (PLS-DA) plot

A

R/ O W % % w W

TN
Component 1(35.7%)

<pednepofache





OPS/images/fmicb-15-1436382-g007.jpg
Undibacterium
‘Sphingomonas
Ramibacter
Pseudonocardia
Pantoea
Nocardiopsis
Microvirga’
Microbacterium
Methylorubrum
Leucobacter
Knoelia
Enhydrobacter
Devosia

Delfia’
Cellosimicrobium
Brachybacterium
Bosea
Blastococeus’
Aureimonas’

Agrococeus’

Vishniacozyma:
Trichoderma:
Setophaeosphaeria
Scopuloides:
‘Sampaiozyma:
Rigidoporus
Rhodotorula:
Phiebia
Parascedosporium
Oxyporus
Myrmecridium
Hannaella

Galzinia:

Fusarium

Flavodon:
Cladosporium:
Cerrena
Candelabrochaste

jerkandera

Atternaria

o 2500 @ 5000 @ 7500

Increase in MSE%

IS

«

S FELe P Ee

0 © 200 @ 4000 @ 6000

2 3
Increase in MSE%

S FTLLEE e






OPS/images/fmicb-15-1436382-g008.jpg
[ Wapper|
I Filler






OPS/images/fmicb-15-1436382-g001.jpg
I3
H

wes






OPS/images/fmicb-15-1436382-g002.jpg
Kruskal-Wallis H testfor shannon index

Kruskal-Walls H tostfor simpson index

PR———

n

=

- o R—

=

Yo

ek T
=

= -

o

Kruskal Walls H tostforaco Index

o

r———

-sBEBULBELEY

o8EEBBLELELEEY

Keuskal-Wallis H testfor shannon index.

Keuskal-Wallis H testfor simpson index

?@@$

LT

.

eiﬁ*’;iéi?

Kruskal-Walls H tostforace Index

Kruskal Walls H tostfor chao Indox

ol

-

-1-.;’
. .

=






