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Despite the booming international trade in cigar tobacco leaves (CTLs), the main characteristics of tobacco leaves from different producing areas are rarely reported. This study aimed to characterize the microbial community, volatile flavor compounds (VFCs), and flavor of CTLs from four famous cigar-producing areas, including Dominica, Brazil, Indonesia, and China. High-throughput sequencing results showed that the dominant genera in CTLs were Staphylococcus, Pseudomonas, Aspergillus, Sampaiozyma, and Alternaria. Sensory analysis revealed that Indonesian and Chinese CTLs were characterized by leathery, peppery, and baked aroma. Brazilian CTLs were dominated by caramel and herb aroma. Dominican CTLs had aromas of milk, fruity, sour, cream, flower, nutty, and honey. Supplemented with the determination of volatile flavor compounds (VFCs), the flavor of CTLs could be scientifically quantified. Most of these VFCs were aldehydes and ketones, and 20 VFCs showed significant differences in CTLs from different regions. The microbial community, VFCs, and flavor of CTLs vary widely due to geographic differences. Network analysis revealed the microbial community was closely related to most VFCs, but the relationships between the fungal community and VFCs were less than the bacterial community, and most of them were negative. Furthermore, it also found that the bacterial community had a greater contribution to the flavor of CTLs than the fungal community. This study obtained essential information on CTLs, which laid a foundation for deeply excavating the relationship between microbes and VFCs and flavor, and establishing a tobacco information database.
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INTRODUCTION

Cigar, a kind of tobacco product rolled from dried and fermented cigar tobacco leaves (CTLs), is famous worldwide because of its profound cultural heritage and incredible taste (Viola et al., 2016; Allem et al., 2019). Compared with flue-cured tobacco, cigars have a more mellow and varied flavor, usually containing aromas of fruit, nuts, coffee, milk, and cedar (Morris and Fiala, 2015). The flavor of CTLs is closely related to the natural environment and fermentation technology of the producing area (Xia et al., 2014; Yin et al., 2019). The cultivation of CTLs requires suitable environmental conditions. Only some places worldwide that can produce high-quality CTLs, such as Cuba, Brazil, Cameroon, Dominica, Honduras, Indonesia, Mexico, Nicaragua, America, China, and Southeast Asia (Zhang et al., 2021a). Their special climate (temperature, sun exposure time, and rainfall) and soil environment create the inimitable flavor of CTLs from different geographical regions (Zhang et al., 2013). For example, Cuban CTLs have a strong spicy flavor; Dominican CTLs are known for their smoothness and gentleness; Chinese CTLs have a light and mellow aroma (Stubbs, 2010). Additionally, CTLs need to be fermented by the microbial community in CTLs to become usable. The metabolic activities of a microbial community, including degradation of carbohydrates, degradation of chlorogenic acid, degradation of proteins, Strecker degradation, and caramelization reactions, fatty acid and lipid biosynthesis, amino acid biosynthesis, and aromatic compound biosynthesis, have important contributions to tobacco aroma formation (Banozic et al., 2020). Differences in structure and function of the microbial community also lead to differences of tobacco flavor (Yang et al., 2021). However, the flavor and microbial community of CTLs from different regions have not been fully reported and the relationship between flavor and microbes requires further study.

The development of omics technologies such as 16S rRNA gene, shotgun sequencing, and metabolomics have provided feasible solutions to identify species, genes, proteins, and metabolites in native ecosystems (Zhang et al., 2021b; Romdhane et al., 2022). These technologies have also been applied to tobacco samples. For example, smokeless tobacco has been found to be dominated by phyla Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes (Han et al., 2016). In addition, many studies have shown that cigarette tobacco was dominated by the genera Bacillus and Pseudomonas (Su et al., 2011; Ye et al., 2017). Xia et al. systematically investigated the metabolic profiling of tobacco leaves from different geographical origins (Xia et al., 2014). They screened some important metabolites related to the planting regions and climate factors. These results indicated that the planting environment has a more significant effect on metabolic changes than genetics. Moreover, the flavor of CTLs is generally evaluated by professional tasters. However, sensory evaluation is easy to be influenced by human factors, and sometimes it is not so objective. Therefore, sensory evaluation should be supplemented with knowledge of flavor compounds.

This study used high-throughput sequencing, sensory evaluation, and metabolomics to characterize the microbial community, flavor, and volatile flavor compounds (VFCs) of CTLs from four famous cigar-producing regions, including Dominica, Brazil, Indonesia, and China. Differences in flavor, VFCs, and microbial communities of CTLs in different regions were investigated, and their relationships were analyzed. These results may provide a scientific basis and guidance for the evaluation and regulation of CTLs.



MATERIALS AND METHODS


Cigar Tobacco Leaves Collection

A total of 24 CTLs from four well-known cigar production areas, including 6 CTLs from Dominica, 8 CTLs from Indonesia, 6 CTLs from Brazil, and 4 CTLs from China (Table 1), were collected by China Tobacco Sichuan Industrial Co., Ltd., the CTLs were randomly sampled the four corners and center of the tobacco stack, 500–1,000 g each sample, then CTLs were mixed evenly and put into sterile bags for sealing. At the same time, the sample information, sampling time, and sampling place were marked, and then store at −30°C until detection.


Table 1. Information of cigar tobacco leaves.
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Microbial Community Analysis

To collect microbes from the CTLs, ~5 g CTLs were added to a 250-ml flask containing 100 ml filtered normal saline (0.9% NaCl, pH 7) and oscillated at 4°C, 220 rpm for 4 h. CTLs were removed by gauze, and microbes were collected by centrifuging at 7,000 × g for 15 min. Total microbial genomic DNA was extracted from the microbial cells using the DNeasy PowerSoil Kit (QIAGEN, Inc., Venlo, Netherlands), following the manufacturer's instructions. All extracted DNA samples were stored at −20°C until further analysis, and the quality of the extracted DNA was evaluated using agarose gel electrophoresis.

The bacterial and archaeal 16S rRNA genes V4–V5 region was performed using the forward primer 515F (Parada et al., 2016) (5′-GTGCCAGCMGCCGCGGTAA-3′) and the reverse primer 907R (5′-CCGTCAATTCMTTTRAGTTT-3′). The fungal internal transcribed spacer gene was amplified using the universal primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (Taylor et al., 2016) (5′-GCTGCGTTCTTCATCGATGC-3′). Each 25-μl PCR volume contained 5 μl Q5 reaction buffer (5×), 5 μl Q5 High-Fidelity GC buffer (5×), 0.25 μl Q5 High-Fidelity DNA Polymerase (5 U/μl, NEB), 2 μl (2.5 mM) dNTPs, 1 μl forward primer (10 μM; final: 0.4 μM), 1 μl reverse primer (10 μM; final: 0.4 μM), 2 μl DNA template, and 8.75 μl nuclease-free water. Amplification was achieved using the following thermocycler conditions: initial denaturation at 98°C for 2 min, followed by 28 cycles of denaturation at 98°C for 15 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s. The final extension was performed at 72°C for 5 min. Amplified PCR products were purified using Agencourt AMPure Beads (Beckman Coulter, Inc., Brea, CA, USA), quantified using the PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA), pooled in equal amounts, and subjected to paired-end 2×300 bp sequencing using the MiSeq platform and MiSeq Reagent Kit v3 (Illumina, San Diego, CA, USA).

The gene sequences were processed using QIIME 2 (Bolyen et al., 2019). Briefly, raw sequencing reads were assigned to specific samples using exact matches to barcode sequences, and filtering was performed to exclude low-quality sequences, which were defined as those with lengths of <150 bp, average Phred scores of <20, ambiguous bases, and/or mononucleotide repeats of >8 bp. The remaining high-quality paired-end reads were assembled using FLASH (Magoc and Salzberg, 2011). After chimera detection and removal, the remaining high-quality sequences were clustered into amplicon sequence variants (ASVs). Taxonomic classification was performed using the q2-feature-classifier QIIME 2 plugin to implement the classify-sklearn method (Pedregosa et al., 2011) and the pre-trained SILVA database (version 132) (Quast et al., 2013), with 99% similarity.



Volatile Flavor Compounds Analysis

Volatile flavor compounds (VCs) in CTLs were analyzed by headspace solid phase microextraction-gas chromatography–mass spectrometry (HS-SPME-GC-MS). CTLs were dried at 40°C and pulverized by a grinder. A total of 1.5 g powder was placed in a 10 ml glass vial and extracted by headspace solid-phase microextraction (50/30 μm DVB/CAR/PDMS fiber, Supelco, Bellefonte, PA, USA) at 60°C for 30 min. After extraction, volatile flavor compounds (VCFs) were identified using a Pegasus BT GC-TOFMS (LECO Co., St. Joseph, MI, USA), with a DB-5MS column (60 m × 0.25 mm id × 0.25 μm film thickness). Helium C-60 was used as a carrier gas with a flow rate of 1 ml/min, and the injector port was heated to 250°C. The oven temperature was fixed at 40°C for 2 min, increased to 250°C at a rate of 10°C/min, and then held for 5 min. Meanwhile, the transfer line and ion source temperatures were maintained at 280°C and 210°C, respectively. Electron impact (EI) was used as the ionization mode, with an EI voltage of 70 eV, and a mass scan range of 33–400 m/z was used for full-scan mode with an acquisition rate of 10 scans/s. Peak identification was accomplished by comparing the sample MS spectra to those of chemical standards (when available), the National Institute of Standards and Technology spectral library (NIST 14, https://www.nist.gov), and experimental and theoretical Kovats index values (Babushok and Linstrom, 2004).



Sensory Analyses

According to a standardized procedure, the quality score of cigars was blindly assessed by a tasting panel consisting of eight professional tasters. With 10–20 years of testing experience, these tobacco tasters have conducted a sensory evaluation on more than 2,000 cigar samples, and can accurately, consistently, and repeatedly evaluate cigars. During the sensory session, a total of 20 descriptive terms for the cigars based on the Wine Aroma Wheel proposed by Noble, A. C were used to evaluate CTLs (Noble et al., 1984), including nutty, bean, woody, peppery, fruity, freshness, caramel, honey, sweet, flowery, herb, milky, cream, resin, baked, earth, hay, leathery, sour, and rouge. Different flavor characteristics were scored from 0 to 9.



Statistical Analysis

R v. 4.0.0 was used to generate the heatmap and performed principal component analysis (PCA), boxplot analysis, and multiple comparisons. Principal component analysis (PCA) and partial least squares regression (PLSR) analysis were used to explore the relationship between VFCs and the flavor characteristics of CTLs through SMICA 14.1 (Umetrics, Umeå, Sweden). The Galaxy (https://huttenhower.sph.harvard.edu/galaxy/) was used for LEfSe analysis to assess significant differences of CTLs from different regions. Additionally, the correlation between the representative microbes (The top 40 bacterial and fungal genera) and core VFCs based on Spearman's correlation coefficients (p < 0.05, |r|>0.3), network analysis was performed by using Gephi software. All data have been standardized during the statistical analysis.




RESULTS


Overview of Microbial Community

The high-throughput sequencing generated 3,011,160 high-quality reads bacterial 16S rRNA V4–V5 sequences from 24 samples, ranging from 18,813 to 71,520 reads per sample. We also obtained 2,979,634 high-quality reads from fungal ITS1 sequences, ranging from 26,634 to 61,475 reads per sample. Taxonomic analysis of the reads revealed that Firmicutes, Proteobacteria, Actinobacteria, and Ascomycota were dominant at the phylum level (Figures 1A,B). The dominant groups of bacterial genera were Staphylococcus, Pseudomonas, Sphingomonas, Aerococcus, and Chloroplast (Figure 1C), meanwhile, the dominant groups of fungal genera were Aspergillus, Sampaiozyma, Alternaria, Alternaria, and Thermoascus (Figure 1D). However, the microbial abundances varied significantly in the different regions. The relative abundances of phyla Proteobacteria were significantly higher in the CTLs from Indonesia and China than those in Brazil and Dominica. In contrast, Firmicutes were abundant in the CTLs from Brazil and Dominica than in China and Indonesia. At the genera level, the difference in microbial abundance in CTLs from different regions was more significant, such as Staphylococcus (Brazil 79.66%, Indonesia 12.56%), Pseudomonas (Indonesia 20.27%, Brazil 0.38%), Aspergillus (Indonesia 78.31%, China 43.66%), and Sampaiozyma (Brazil 17.67%, Indonesia 2.40%).


[image: Figure 1]
FIGURE 1. Microbial communities in cigar tobacco leaves. The top 10 predominant bacterial phyla (A) and genera (C). The top 10 predominant fungal phyla (B) and genera (D).


Microbial diversities were analyzed to explore the difference of microbial communities in CTLs from different regions. For alpha diversity, the richness and evenness of bacterial community in Indonesian and Chinese CTLs were higher than those in Dominica and Brazil (Figure 2). The richness and evenness of the fungal community in Dominican CTLs were significantly higher than that in Indonesia, Brazil, and China. When considering microbial beta-diversity based on the abundance-related Bray-Curtis distance, we found that the geographical position explained 26.1% of the bacterial variance (Figure 2B) and 16.9% of the fungal variance (Figure 2D). In all, we found a strong geographical effect upon both microbial alpha and beta diversity estimates.


[image: Figure 2]
FIGURE 2. Bacterial alpha diversity (A) and fungal alpha diversity (C) were determined based on the Chao1 index, the Shannon index, and the Simpson index. Bacterial beta diversity (B) and fungal alpha diversity (D) was measured by bray_curtis distance. * < 0.05; ** < 0.01; *** < 0.001.


We then evaluated shared and unique microbes in CTLs across different regions using Venn diagrams to better visualize the overlap of microbial communities. As shown in Figure 3, there are 149 shared-bacterial community memberships (Figure 3A) and 46 shared-fungal community memberships (Figure 3B). The number of shared microbes in CTLs from all four regions was far lower than the unique microbes of each region. It could be concluded that CTLs in different regions harbored different microbial communities.


[image: Figure 3]
FIGURE 3. Numbers of unique and shared bacterial (A) and fungal (B) microbiota in cigar tobacco from different regions.


To explore the different microbiotas among CTLs from different regions, LEfSe analysis was conducted to reveal the significant differences below the level of phylum (Figure 4). The circles from inner to outer represent microbial classification from phylum to genus levels, and corresponding colors in every group denote microbial taxa with a significant difference. Notably, 98 different bacteria appeared in the LDA threshold of 3.08 judging by statistically significant differences (p < 0.05), which consist of 5 phyla, 8 classes, 17 orders, 27 families and 41 genera, and 100 different fungi appeared in the LDA threshold of 2.49 judging by statistically significant differences (p < 0.05), which consist of 6 phyla, 13 classes, 23 orders, 28 families and 30 genera. Among them, Chinese CTLs had the most specific bacteria, and Dominican CTLs had the most specific fungi.


[image: Figure 4]
FIGURE 4. Evolutionary branch map of the bacteria (A) and fungus (B) with significantly different in cigar tobacco leaves with different treatments.


Furthermore, we analyzed whether microbiotas can be used as biomarkers like other traits, such as flavor, leaf color, and genomic features to differentiate CTLs from different regions. A random forest model was established to distinguish CTLs from different regions using genus-level microbiota. As shown in Figure 5, 20 bacteria and fungi were selected to distinguish CTLs from different regions, bacteria such as Pantoea, Pseudomonas, Atopostipes, Tetragenococcus, and Staphylococcus, and fungi such as Corynespora, Wallemia, Archaeorhizomyces, Rhizopus, and Septoria were of significant importance in distinguishing CTLs from different regions.


[image: Figure 5]
FIGURE 5. Top 20 identity genus of bacterial (A) and fungal (B) communities used for discriminating tobacco leaves from different regions.




Profiles of the Volatile Flavor Compounds

Hundreds of compounds were detected in 24 CTLs by GC–MS analysis, 40 volatile flavor compounds (VFCs) were selected for further analysis and summarized in Table 2, as these compounds were detected with high frequency in all 24 CTLs; meanwhile, these VFCs have been reported to have different aromas that may play an important role in the aroma profile of cigars. Overall, most of these VFCs were aldehydes and ketones. As shown in Figure 6A, VFCs in different CTLs were quite different. Some of the highest content of VCFs were found in Brazilian CTLs. For example, BaM had the highest content of 3-methyl-2-butenal, 3,5,5-trimethyl-2-cyclohexen-1-one, 6-methyl-5-hepten-2-one, and dehydromevalonic lactone, BaFH had the highest content of trimethyl-pyrazine, 2,6-dimethyl-pyrazine, and 2,5-dimethyl-pyridine, and BX had the highest content of octanal. However, some high content of VFCs may produce an offensive odor. For instance, a high concentration of indole has a lasting and robust fecal odor, while highly diluted will produce fragrance (Zeng et al., 2016). LEfSe analysis was used to identify the significantly different VFCs in CTLs from different regions (Figure 6B). Among the 40 VFCs, 20 VFCs appeared in the LDA threshold of 2 judging by statistically significant differences (p < 0.05). In detail, 4 VFCs were significantly enriched in Indonesian CTLs, such as (E)-6,10-dimethyl-5,9-undecadien-2-one, 4-(2,6,6-trimethyl-1-cyclohexen-1-yl)-3-buten-2-one, heptanal, and 1H-indole. A total of 2 VFCs were significantly enriched in Dominican CTLs, such as pentanal and 2,4-dimethyl-benzaldehyde. A total of 8 VFCs were significantly enriched in Chinese CTLs, such as benzeneethanol, megastigmatrienone b, benzaldehyde, and β-damascone. A total of 6 VFCs were significantly enriched in Brazilian CTLs, such as 6-methyl-5-hepten-2-one, 6,10-dimethyl-2-undecanoneand, 3-methyl-2-butenal, and 2,5-dimethyl-1H-pyrrole.


Table 2. Volatile flavor compounds in cigar tobacco leaves.
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FIGURE 6. Volatile flavor compounds in the cigar tobacco leaves. Hierarchical clustering of volatile flavor compounds in the cigar tobacco leaves (A), Different volatile flavor compounds in different cigar tobacco leaves (B).




Profiles of Flavor Characteristics of CTLs From Different Regions

According to the evaluation criteria of the cigar, 24 CTLs were evaluated and scored. The detailed evaluation score of each sample is shown in Figure 7. Multiple comparison results showed Dominican CTLs had a relatively high honey score, Dominican CTLs DSC and DSCH had the highest scores in nutty and bean, meanwhile, DSCH had the highest sweet score; Brazilian CTLs BaM and BaMH had the highest wood score; Brazilian CTLs BX, BXH, BaF, and BaFH showed a relatively high caramel score. Data of sensory scores of 24 CTLs were subjected to PCA. As shown in Figure 8, CTLs were divided into three clusters according to their flavor characteristics. Cluster 1 (pink and purple color) contained the Indonesian and Chinese CTLs, characterized considerably by leathery, peppery, and baked aroma. Cluster 2 (green color) contained Brazilian CTLs dominated by caramel and herb aroma. Cluster 3 (red color) contained Dominican CTLs with aromas of milk, fruity, sour, cream, flower, nutty, and honey.


[image: Figure 7]
FIGURE 7. Graph of the sensory score of cigar tobacco leaves.



[image: Figure 8]
FIGURE 8. PCA plot marked by sensory analysis score of cigar tobacco leaves.




The Contribution of Volatile Flavor Compounds to Flavor Characteristics

To study the correlation between flavor characteristics and VFCs of CTLs, PLSR was used to process the data from sensory evaluation and GC–MS. The correlation results indicated that flavor was significantly correlated with some compounds. As shown in Figure 9A, many compounds, such as dehydromevalonic lactone, heptanal, and megastigmatrienone c, lie in the middle of the correlation plot, identified as the essential taste compounds in all of the samples (p < 0.05). Nine Y variables, including hay, bean, nutty, flowery, cream, rouge, milk, freshness, and leathery, as well as most volatile compounds, were placed between the inner and outer ellipses, which explain 50 and 100% variances, respectively, indicating that the PLSR model well-explained them. Freshness (p < 0.05) positively correlated to nootkatone and pentanal. Leathery positively correlated to 2,6-dimethyl-pyrazine and 2,5-dimethyl-pyridine. It was evident that 6,10-dimethyl-2-undecanone positively correlated to flowery, rouge, and milk. Bean and hay positively correlated to farnesyl acetone, and nutty showed a positive correlation with (E)-2-hexenal. Their relationships were also analyzed by Spearman's rank correlation and visualized by using R software and Gephi (Figure 9B). The same results were found, and other relationships were found. For example, peppery was positively related to benzeneacetaldehyde and benzeneethanol. Fruity was positively related to 2,4–dimethyl–benzaldehyde, cedrenol, megastigmatrienone c, megastigmatrienone d, neophytadiene, nootkatone, 2,6–dimethyl–pyrazine, and trimethyl–pyrazine. Caramel was positively related to 1H–indole, 2,6,6–trimethyl−2–cyclohexene−1,4–dione, 6,10–dimethyl−2–undecanone, 4–(2,6,6–Trimethyl−1–cyclohexen−1–yl)−3–buten−2–one, (E)−6,10–dimethyl−5,9–undecadien−2–one, benzaldehyde, farnesol, heptanal, and nonanal.


[image: Figure 9]
FIGURE 9. The correlation between flavors and volatile flavor compounds. Correlation loadings plot of PLSR analysis between core volatile flavor compounds and flavors of CTLs (A). Co-occurrence networks of flavors and core volatile flavor compounds. Green line means negative correlation; red line means positive correlation (B).




Correlation Analysis of the Microbes and Volatile Flavor Compounds

The VFCs in CTLs not only dependent on raw materials but also related to microbes. As shown in Figure 10A, 3–methyl−2–butenal, (E)−2–hexenal, (E)−6,10–dimethyl−5,9–undecadien−2–one, 2,4–dimethyl–benzaldehyde, cedrenol, farnesol, farnesyl acetone, megastigmatrienone d, neophytadiene, nonanal, nootkatone, trimethyl–pyrazine, and α-Ionone, which were positively correlated with most flavor characteristics, were closely associated with most bacteria. For example, 3–methyl−2–butenal was positively related to Staphylococcus, Tetragenococcus, Yaniella, Salinicoccus, and Papiliotrema; 2,4–dimethyl–benzaldehyde was positively related to Staphylococcus, Corynebacterium_1, Tetragenococcus, Yaniella, and Enteractinococcus; nootkatone was positively related to Corynebacterium_1, Tetragenococcus, Yaniella, Atopostipes, Facklamia, and Enteractinococcus. The connection between fungi and VFCs was less than that of bacteria (Figure 10B), and the number of negative correlations was more than that of positive correlations. For example, benzaldehyde, benzeneacetaldehyde, megastigmatrienone b, and megastigmatrienone c were negatively correlated with all fungi.


[image: Figure 10]
FIGURE 10. The correlation between microbial community and volatile flavor compounds. Co-occurrence networks of representative bacterial taxa and core volatile flavor compounds. Green line means negative correlation; red line means positive correlation (A). Co-occurrence networks of representative fungal taxa and core volatile flavor compounds. Green line means positive correlation; red line means negative correlation (B).





DISCUSSION

As the most widely planted non-food crop in the world, tobacco has distinct regional characteristics. The environment and climate of tobacco planting areas largely determine the quality of CTLs. In addition, the fermentation technology and microbial community endow tobacco leaves with more flavor. This study sought to horizontally characterize the microbial community, VFCs, and flavors of CTLs from four famous cigar producing areas using polyphase detection approaches, revealed the differences in the microbial community, VFCs, and flavors of CTLs from different regions, and investigated the possible relationships between microbes with VFCs and flavors.

The predominant phyla Firmicutes, Proteobacteria, and Actinobacteria identified in this study were also found in almost all studies associated with the microbiome in tobacco leaves. They are known to be involved in carbon degradation processes such as starch, xylan, and cellulose assimilation. In tobacco fermentation, they act as decomposers to degrade large molecules (cellulose, pectin, and starch) into small molecules (glucose, fructose, and maltose) (Costa et al., 2020). The dominated genera Staphylococcus, Pseudomonas, Aspergillus, Sampaiozyma, and Alternaria were also reported from time to time in tobacco-related research. However, different tobacco samples have different microbial compositions. Here, according to differences in microbial community abundance, microbial community diversity, and number of specific species, this study demonstrated that CTLs from different regions harbor distinct microbial communities, but the differences in fungal communities are smaller than those in bacterial communities. The previous study has performed baseline cross-sectional characterizations of the microbial communities of cigarillos and packaging materials from different brands and batches, they also have found that different tobacco sample harbors significantly different bacterial microbiotas (Chopyk et al., 2017). The microbial community on CTLs mainly comes from the soil and surrounding environment when growing in the field, and the air when drying (Kandel et al., 2017). The previous studies have concluded that space is an important factor in shaping soil microbial communities at a large spatial scale (Zhang et al., 2020). Therefore, geographic factors are the main force for the construction of the tobacco microbial community. In addition, the microbial communities were also influenced by fermentation methods, fermentation parameters, and fermentation time.

Different microbial communities in CTLs also lead to the difference in VFCs and flavor (Song et al., 2017; Jin et al., 2019; Yang et al., 2021). Among the 40 VFCs, 20 VFCs had significant differences among the four producing areas. In addition, the professional tasters gave different evaluations and scores to different CTLs. Indonesian and Chinese CTLs were characterized considerably by leathery, peppery, and baked aroma. Brazilian CTLs were dominated by caramel and herb aroma. Dominican CTLs had aromas of milk, fruity, sour, cream, flower, nutty, and honey. A similar study has also evaluated the smell of 20 tobacco products using self-defined odor attributes, following quantitative descriptive analysis. The final attribute list as generated by the panel after 14 training sessions consisted of 13 odor descriptors: smoky/burned, vanilla/caramel, coconut, chocolate/cocoa, nutty, raisin, honey, liquorice, hay, red fruit, menthol/mint, tea, and clove. In addition, a four-cluster method was developed to distinguish cherry-flavored, vanilla-flavored, and menthol-flavored products (Krusemann et al., 2019). Supplemented with VFCs, the flavor of CTLs can no longer be objectively described, and different CTLs can be scientifically quantified. A network analysis was conducted to establish the connection between flavor compounds and flavor. Most flavor characteristics are closely related to multiple VFCs. Aldehydes and ketones are the main compounds in these tobacco leaves. The carbonyl groups in the molecular structures of aldehydes and ketones are aroma groups. Most of the compounds with carbonyl groups have a beautiful aroma. For example, β-damascenone has a strong rose and fruity aroma, megastigmatrienone also imparts woody and floral aromas to tobacco leaves. In addition, ester compounds provide tobacco leaves with sweet, fruity, and wine aromas (Xu et al., 2022), alcohol compounds can also enhance the floral and fruity aromas of tobacco leaves (Piornos et al., 2020), pyrazine compounds enhance the nutty and roasted aroma of tobacco leaves (Yan et al., 2021), and furan compounds give tobacco leaves a caramel aroma (Chung et al., 2020). Numerous VFCs constitute the mellow and varied flavor of CTLs. Differences in VFCs in CTLs from regions produce different flavors. Additionally, through the network analysis of microbes and VFCs, it was found that the bacterial community was closely related to most VFCs. The relationships between the fungal community and VFCs were less than the bacterial community, and most of them were negative. On the whole, it may be concluded that the bacterial community had a greater contribution to the flavor of CTLs. Some studies have also reported on their effects on VFCs. For examples, Staphylococcus was found to be involved in fat metabolism, and the resulting fatty acids are further degraded to form aromatic compounds (Liu et al., 2020). Our previous studies found that Acinetobacter, Sphingomonas, Solibacillus, and Lysinibacillus, were the main carbonyl compound-producing microbes in CTLs.

In summary, our results systematically characterized the main characteristics of CTLs from different regions. The microbial communities, VFCs, and flavors of tobacco leaves vary widely due to geographic differences. Furthermore, network analysis revealed the close relationship between microbial community, VFCs, and flavors. These results may help consumers and regulators to increase awareness of CTLs from different regions. For producers, may help regulate and improve the cultivation, fermentation, and production of the cigar.



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

TZ: conceptualization, data curation, formal analysis, methodology, software, and writing—original drafting. QZ and YL: investigation, methodology, and resources. ZY, XW, and PL: methodology, resources, and project administration. JZ, GD, and DL: funding acquisition, supervision, and writing—reviewing and editing. All authors have read and agreed to the published version of the manuscript.



FUNDING

This work was supported by the National Key Research and Development Program of China (2019YFC1605800), the China National Tobacco Corporation 2020 Major Science and Technology Project 110202001040(XJ-02), and the Major projects on constructing the mellow and sweet fragrance styles of Chinese-Stylistic Tobacco (ctx201905).



REFERENCES

 Allem, J. P., Uppu, S. P., Cruz, T. B., and Unger, J. B. (2019). Characterizing swisher little cigar-related posts on twitter in 2018: text analysis. J. Med. Internet Res. 21, e14398. doi: 10.2196/14398

 Anisha, C., and Radhakrishnan, E. K. (2017). Metabolite analysis of endophytic fungi from cultivars of Zingiber officinale Rosc. identifies myriad of bioactive compounds including tyrosol. 3 Biotech. 7, 146. doi: 10.1007/s13205-017-0768-8

 Babushok, V. I., and Linstrom, P. J. (2004). On the relationship between Kovats and Lee retention indices. Chromatographia 60, 725–728. doi: 10.1365/s10337-004-0450-2

 Banozic, M., Jokic, S., Ackar, D., Blazic, M., and Subaric, D. (2020). Carbohydrates-key players in tobacco aroma formation and quality determination. Molecules 9, 25:1734. doi: 10.3390/molecules25071734

 Bhatia, S. P., Mcginty, D., Letizia, C. S., and Api, A. M. (2008). Fragrance material review on cedrenol. Food Chem. Toxicol. 46, S97–S99. doi: 10.1016/j.fct.2008.06.033

 Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N., Abnet, C. C., Al-Ghalith, G. A., et al. (2019). Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852–857. doi: 10.1038/s41587-019-0209-9

 Chopyk, J., Chattopadhyay, S., Kulkarni, P., Smyth, E. M., Hittle, L. E., Paulson, J. N., et al. (2017). Temporal variations in cigarette tobacco bacterial community composition and tobacco-specific nitrosamine content are influenced by brand and storage conditions. Front. Microbiol. 8, 358. doi: 10.3389/fmicb.2017.00358

 Chung, M., Cheng, S. S., Lin, C. Y., and Chang, S. (2020). Profiling of aroma compounds released from cooking dendrocalamus latiflorus shoots. Bioresources 15, 8744–8755. doi: 10.15376/biores.15.4.8744-8755

 Costa, O. Y. A., De Hollander, M., Pijl, A., Liu, B., and Kuramae, E. E. (2020). Cultivation-independent and cultivation-dependent metagenomes reveal genetic and enzymatic potential of microbial community involved in the degradation of a complex microbial polymer. Microbiome 8:76. doi: 10.1186/s40168-020-00836-7

 Gao, Q., Bie, P., Tong, X., Zhang, B., Fu, X., and Huang, Q. (2021). Complexation between high-amylose starch and binary aroma compounds of decanal and thymol: cooperativity or competition? J. Agric. Food Chem. 69, 11665–11675. doi: 10.1021/acs.jafc.1c01585

 Gaskett, A. C., Conti, E., and Schiestl, F. P. (2005). Floral odor variation in two heterostylous species of primula. J. Chem. Ecol. 31, 1223–1228. doi: 10.1007/s10886-005-5351-9

 Gaunt, I. F., Colley, J., Wright, M., Creasey, M., Grasso, P., and Gangolli, S. D. (1971). Acute and short-term toxicity studies on trans-2-hexenal. Food Cosmet. Toxicol. 9, 775–786. doi: 10.1016/0015-6264(71)90230-6

 Gou, Y. Q., Zhang, F. Y., Tang, Y. L., Jiang, C. X., Bai, G., Xie, H., et al. (2021). Engineering nootkatone biosynthesis in artemisia annua. Acs Synth. Biol. 10, 957–963. doi: 10.1021/acssynbio.1c00016

 Han, J., Sanad, Y. M., Deck, J., Sutherland, J. B., Li, Z., Walters, M. J., et al. (2016). Bacterial populations associated with smokeless tobacco products. Appl. Environ. Microbiol. 82, 6273–6283. doi: 10.1128/AEM.01612-16

 Iqbal, S., Rasheed, H., Awan, R. J., Awan, R. J., Mukhtar, A., and Moloney, M. G. (2020). Recent advances in the synthesis of pyrroles. Curr. Org. Chem. 24, 1196–1229. doi: 10.2174/1385272824999200528125651

 Jin, Y., Li, D., Ai, M., Tang, Q., Huang, J., Ding, X., et al. (2019). Correlation between volatile profiles and microbial communities: a metabonomic approach to study Jiang-flavor liquor Daqu. Food Res. Int. 121, 422–432. doi: 10.1016/j.foodres.2019.03.021

 Kandel, S. L., Joubert, P. M., and Doty, S. L. (2017). Bacterial endophyte colonization and distribution within plants. Microorganisms 5:77. doi: 10.3390/microorganisms5040077

 Keyu, Y., Guobi, C., Shihao, S., Baoguo, S., Jia, H., and Yuping, L. (2020). Investigation on stability of three 2-butenal flavor compounds. J. Food Sci. Technol. China 38, 69–76. doi: 10.3969/j.issn.2095-6002.2020.03.009

 Koan Sik, W., Seo Young, H., Hyang-Sik, Y., Junsoo, L., Heon-Sang, J., and Haeng-Ran, K. (2006). Aroma characteristics of byeolmijang with optional ingredients. J. Korean Soc. Food Sci. Nutr. 35, 738–746. doi: 10.3746/jkfn.2006.35.6.738

 Krusemann, E. J. Z., Lasschuijt, M. P., De Graaf, C., De Wijk, R. A., Punter, P. H., Van Tiel, L., et al. (2019). Sensory analysis of characterising flavours: evaluating tobacco product odours using an expert panel. Tob. Control 28, 152–160. doi: 10.1136/tobaccocontrol-2017-054152

 Kumar, I., Kumar, R., and Sharma, U. (2018). Recent advances in the regioselective synthesis of indoles via C-H activation/functionalization. Synthesis Stuttgart. 50, 2655–2677. doi: 10.1055/s-0037-1609733

 Kunjapur, A. M., Tarasova, Y., and Prather, K. L. (2014). Synthesis and accumulation of aromatic aldehydes in an engineered strain of Escherichia coli. J. Am. Chem. Soc. 136, 11644–11654. doi: 10.1021/ja506664a

 Lalko, J., Lapczynski, A., Letizia, C. S., and Api, A. M. (2007a). Fragrance material review on cis-beta-damascone. Food Chem. Toxicol. 45, S192–S198. doi: 10.1016/j.fct.2007.10.003

 Lalko, J., Lapczynski, A., Mcginty, D., Bhatia, S., Letizia, C. S., and Api, A. M. (2007b). Fragrance material review on ionone. Food Chem. Toxicol. 45, S251–S257. doi: 10.1016/j.fct.2007.09.065

 Liu, S., Hu, J., Xu, Y., Xue, J., Zhou, J., Han, X., et al. (2020). Combined use of single molecule real-time DNA sequencing technology and culture-dependent methods to analyze the functional microorganisms in inoculated raw wheat Qu. Food Res. Int. 132, 109062. doi: 10.1016/j.foodres.2020.109062

 Magoc, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads to improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/bioinformatics/btr507

 Morris, D. S., and Fiala, S. C. (2015). Flavoured, non-cigarette tobacco for sale in the USA: an inventory analysis of Internet retailers. Tobacco Control 24, 101–102. doi: 10.1136/tobaccocontrol-2013-051059

 Muramatsu, M., Ohto, C., Obata, S., Sakuradani, E., and Shimizu, S. (2008). Accumulation of prenyl alcohols by terpenoid biosynthesis inhibitors in various microorganisms. Appl. Microbiol. Biotechnol. 80, 589–595. doi: 10.1007/s00253-008-1578-z

 Noble, A. C., Arnold, R. A., Masuda, B. M., Pecore, S. D., Schmidt, J. O., and Stern, P. M. (1984). Progress towards a standardized system of wine aroma terminology. Am. J. Enol. Viticult. 35, 107–109.

 Parada, A. E., Needham, D. M., and Fuhrman, J. A. (2016). Every base matters: assessing small subunit rRNA primers for marine microbiomes with mock communities, time series and global field samples. Environ. Microbiol. 18, 1403–1414. doi: 10.1111/1462-2920.13023

 Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V., Thirion, B., Grisel, O., et al. (2011). Scikit-learn: machine learning in python. J. Mach. Learn. Res. 12, 2825–2830. doi: 10.48550/arXiv.1201.0490

 Piornos, J. A., Balagiannis, D. P., Methven, L., Koussissi, E., Brouwer, E., and Parker, J. K. (2020). Elucidating the odor-active aroma compounds in alcohol-free beer and their contribution to the worty flavor. J. Agric. Food Chem. 68, 10088–10096. doi: 10.1021/acs.jafc.0c03902

 Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Res. 41, 590–596. doi: 10.1093/nar/gks1219

 Romdhane, S., Spor, A., Aubert, J., Bru, D., Breuil, M. C., Hallin, S., et al. (2022). Unraveling negative biotic interactions determining soil microbial community assembly and functioning. Isme J. 16, 296–306. doi: 10.1038/s41396-021-01076-9

 Slaghenaufi, D., Perello, M. C., Marchand-Marion, S., Tempere, S., and De Revel, G. (2014). Quantitative solid phase microextraction - gas chromatography mass spectrometry analysis of five megastigmatrienone isomers in aged wine. Anal. Chim. Acta 813, 63–69. doi: 10.1016/j.aca.2014.01.019

 Song, Z., Du, H., Zhang, Y., and Xu, Y. (2017). Unraveling core functional microbiota in traditional solid-state fermentation by high-throughput amplicons and metatranscriptomics sequencing. Front. Microbiol. 8, 1294. doi: 10.3389/fmicb.2017.01294

 Stubbs, J. (2010). El Habano and the world it has shaped: Cuba, Connecticut, and Indonesia. Cuban Stud. 41, 39–67.

 Su, C., Gu, W., Zhe, W., Zhang, K. Q., Duan, Y., and Yang, J. (2011). Diversity and phylogeny of bacteria on Zimbabwe tobacco leaves estimated by 16S rRNA sequence analysis. Appl. Microbiol. Biotechnol. 92, 1033–1044. doi: 10.1007/s00253-011-3367-3

 Tahir, N. A. R., Azeez, H. A., Muhammad, K. A., Faqe, S. A., and Omer, D. A. (2019). Exploring of bioactive compounds in essential oil acquired from the stem and root derivatives of hypericum triquetrifolium callus cultures. Nat. Prod. Res. 33, 1504–1508. doi: 10.1080/14786419.2017.1419228

 Tarantilis, P. A., and Polissiou, M. G. (1997). Isolation and identification of the aroma components from saffron (Crocus sativus). J. Agri. Food Chem. 45, 459–462. doi: 10.1021/jf960105e

 Taylor, D. L., Walters, W. A., Lennon, N. J., Bochicchio, J., Krohn, A., Caporaso, J. G., et al. (2016). Accurate estimation of fungal diversity and abundance through improved lineage-specific primers optimized for illumina amplicon sequencing. Appl. Environ. Microbiol. 82, 7217–7226. doi: 10.1128/AEM.02576-16

 Tian, S., Liang, X., Chen, J., Zeng, W., Zhou, J., and Du, G. (2020). Enhancement of 2-phenylethanol production by a wild-type Wickerhamomyces anomalus strain isolated from rice wine. Bioresour. Technol. 318, 124257. doi: 10.1016/j.biortech.2020.124257

 Ting, Y., Pan-Deng, L., Han-Chen, Z., Yong, D., and Jian-Qin, H. (2017). Study on aroma components in Keemun black tea by SDE-GC-MS coupled with principal component analysis. Food Sci. Technol. 42, 264–269.

 Van Aardt, M., Duncan, S. E., Marcy, J. E., Long, T. E., O'keefe, S. F., and Nielsen-Sims, S. R. (2005). Aroma analysis of light-exposed milk stored with and without natural and synthetic antioxidants. J. Dairy Sci. 88, 881–890. doi: 10.3168/jds.S0022-0302(05)72754-5

 Villarreal, S., Jaimez, D., Moreno, S., Rojas, L. B., Usubillaga, A., and Rodriguez, M. (2015). Volatile constituents from the flowers of spathodea campanulata from the venezuelan andes. Nat. Prod. Commun. 10, 1999–2000. doi: 10.1177/1934578X1501001149

 Viola, A. S., Giovenco, D. P., Miller Lo, E. J., and Delnevo, C. D. (2016). A cigar by any other name would taste as sweet. Tob. Control 25, 605–606. doi: 10.1136/tobaccocontrol-2015-052518

 Xia, B., Feng, M., Xu, G., Xu, J., Li, S., Chen, X., et al. (2014). Investigation of the chemical compositions in tobacco of different origins and maturities at harvest by GC-MS and HPLC-PDA-QTOF-MS. J. Agric. Food Chem. 62, 4979–4987. doi: 10.1021/jf5009204

 Xu, Y., Zhao, J., Liu, X., Zhang, C., Zhao, Z., Li, X., et al. (2022). Flavor mystery of Chinese traditional fermented baijiu: The great contribution of ester compounds. Food Chem. 369, 130920. doi: 10.1016/j.foodchem.2021.130920

 Yan, Y., Chen, S., Nie, Y., and Xu, Y. (2021). Quantitative analysis of pyrazines and their perceptual interactions in soy sauce aroma type baijiu. Foods 17, 10:441. doi: 10.3390/foods10020441

 Yang, M., Huang, J., Zhou, R., Qi, Q., Peng, C., Zhang, L., et al. (2021). Characterizing the microbial community of Pixian Doubanjiang and analysing the metabolic pathway of major flavour metabolites. Lwt Food Sci. Technol. 143, 111170. doi: 10.1016/j.lwt.2021.111170

 Ye, J., Yan, J., Zhang, Z., Yang, Z., Liu, X., Zhou, H., et al. (2017). The effects of threshing and redrying on bacterial communities that inhabit the surface of tobacco leaves. Appl. Microbiol. Biotechnol. 101, 4279–4287. doi: 10.1007/s00253-017-8143-6

 Yin, F., Karangwa, E., Song, S., Duhoranimana, E., Lin, S., Cui, H., et al. (2019). Contribution of tobacco composition compounds to characteristic aroma of Chinese faint-scent cigarettes through chromatography analysis and partial least squares regression. J. Chromatogr. B 1105, 217–227. doi: 10.1016/j.jchromb.2018.12.001

 Zeng, L., Zhou, Y., Gui, J., Fu, X., Mei, X., Zhen, Y., et al. (2016). Formation of volatile tea constituent indole during the oolong tea manufacturing process. J. Agric. Food Chem. 64, 5011–5019. doi: 10.1021/acs.jafc.6b01742

 Zhang, H., Jin, J. J., Xu, G. Y., Li, Z. F., Zhai, N., Zheng, Q. X., et al. (2021a). Reconstruction of the full-length transcriptome of cigar tobacco without a reference genome and characterization of anion channel/transporter transcripts. BMC Plant Biol. 29, 21:299. doi: 10.1186/s12870-021-03091-6

 Zhang, K., Delgado-Baquerizo, M., Zhu, Y. G., and Chu, H. (2020). Space is more important than season when shaping soil microbial communities at a large spatial scale. mSystems 5, e00783–e00719. doi: 10.1128/mSystems.00783-19

 Zhang, L., Wang, X., Guo, J., Xia, Q., Zhao, G., Zhou, H., et al. (2013). Metabolic profiling of Chinese tobacco leaf of different geographical origins by GC-MS. J. Agric. Food Chem. 61, 2597–2605. doi: 10.1021/jf400428t

 Zhang, Q., Chen, X., Ding, Y., Ke, Z., Zhou, X., and Zhang, J. (2021b). Diversity and succession of the microbial community and its correlation with lipid oxidation in dry-cured black carp (Mylopharyngodon piceus) during storage. Food Microbiol. 98, 103686. doi: 10.1016/j.fm.2020.103686

 Zi-yan, L., Zheng-Quan, L., and Zhen, L. (2015). Study on the change of the aroma components in the process of decaffeinating green tea with supercritical carbon dioxide extraction technology. Sci Technol Food Ind. 19, 286–289.

Conflict of Interest: The authors declare that this study received funding from China Tobacco Sichuan Industrial Co., Ltd. The funder had the following involvement in the study: study design, data collection and analysis, decision to publish, or preparation of the manuscript.

QZ, YL, PL, ZY, and DL were employed by China Tobacco Sichuan 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.

Copyright © 2022 Zheng, Zhang, Li, Wu, Liu, Yang, Li, Zhang and Du. 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-13-907270-g005.gif
Importance

s

Importance

o oot 00%2

'«u

000





OPS/images/fmicb-13-907270-g006.gif





OPS/images/fmicb-13-907270-g003.gif





OPS/images/fmicb-13-907270-g004.gif





OPS/images/fmicb-13-907270-g009.gif





OPS/images/fmicb-13-907270-g007.gif
Roge 7 Bean

Leatnery Poppery
Hay Fruty
Eor Fresmess
Bakes Caramel
Resn Honey
& o 0 osm
oW ——GwaH —DC oo 0N ONH - DsC DS






OPS/images/fmicb-13-907270-g008.gif
a @y
o o
P
" o
= Ouexsy

F

JITTTTE






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Analysis of Microbial Community, Volatile Flavor Compounds, and Flavor of Cigar Tobacco Leaves From Different Regions



		Introduction



		Materials and Methods



		Cigar Tobacco Leaves Collection



		Microbial Community Analysis



		Volatile Flavor Compounds Analysis



		Sensory Analyses



		Statistical Analysis







		Results



		Overview of Microbial Community



		Profiles of the Volatile Flavor Compounds



		Profiles of Flavor Characteristics of CTLs From Different Regions



		The Contribution of Volatile Flavor Compounds to Flavor Characteristics



		Correlation Analysis of the Microbes and Volatile Flavor Compounds







		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Analysis of Microbial Community,
Volatile Flavor Compounds, and
Flavor of Cigar Tobacco Leaves From
Different Regions





OPS/images/fmicb-13-907270-t002.jpg
M1
M2
M3

M4
M5
M6

M7

M8

M9

M10

M11

Mi2

M13
M14
M15

M16

M17
M18
M19

M20
M21

M22
M23

M24
M25
M26
M27
M28
M29
M30
M31
M32
M33
M34
M35
M36
M37
M38
M39

M40

Name

1H-Indole
2,5-Dimethy- 1H-pyrrole
2,6,6-Trimethyl-2-
cyclohexene-1,4-dione
2-Methyl-2-butenal
3-Methyl-2-butenal
3,5,5-Trimethyl-2-
cyclohexen-1-one

(B)-2-Hexenal

6,10-Dimethyl-2-
undecanone

37,11,15-Tetramethyl-2-
hexadecen-1-ol

4,8-Dimethyl-3,7-
nonadien-2-one

4-(2,6,6-Trimethyl-1-
oyclohexen-1-y))-3-buten-
2-0ne

(B6,10-Dimethy-5,9-
undecadien-2-one

6-Methyl-5-hepten-2-one
Benzaldehyde

2,4-Dimethy-
benzaldehyde

Benzeneacetaldehyde

Benzeneethanol
Cedrenol
Decanal

Dehydromevalonic lactone
Farnesol

Farnesyl acetone
2-Penty-furan

Heptanal
Hexanal
Megastigmatrienone a
Megastigmatrienone b
Megastigmatrienone ¢
Megastigmatrienone d
Neophytadiene
Nonanal

Nootkatone

Octanal

Pentanal
2,6-Dimethy-pyrazine
Methyl-pyrazine
Trimethyl-pyrazine
2,5-Dimethyl-pyridine

a-lonone

p-Damascone

Aroma description

Flowery (Kumar et al., 2018)
Sweet, cherry, tobacco (Igbal et al., 2020)
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Bean, frity, and vegetable (Chung et al.,
2020)

Fruity (Van Aardlt et al., 2005)
Fruity

Flowery, woody (Slaghenaufi et al., 2014)
Flowery, woody

Flowery, woody

Flowery, woody

Freshness

Rose, citrus and creamy

Fruity (Gou et al,, 2021)

Fruity

Spice raw materials

Herbal fragrance (Yan et al., 2021)
Sweet

Sweet

Earthy, pleasant scent

Sweet, flowery, and woody (Lalko et al.,
2007b)

Rose, fruity (Lalko et al., 2007a)
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