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Comparison of lignin degradation and flavor compound formation in roasted tobacco by two Bacillus subtilis strains
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Two strains of Bacillus subtilis designated YY-10 and BY-2, were isolated from the surface of tobacco and found to be capable of significant lignin degradation. The predominant lignin-degrading enzymes produced by these strains were lignin peroxidase (LiP) and manganese peroxidase (MnP), respectively. A notable distinction was observed in the organoleptic evaluation and volatile flavor compounds, as determined by sensory evaluation and GC–MS analysis. The content of volatile flavor compounds, such as geranylacetone, meglumine trienone B, and meglumine trienone C, was found to be significantly increased in roasted tobacco treated with YY-10. This treatment has been shown to reduce the astringent flavor of the roasted tobacco and improve the aroma, which in turn could improve the quality of the roasted tobacco. Conversely, the quality and aroma levels of the roasted tobacco treated with the crude enzyme solution of the BY-2 strain were reduced. Transcriptome analysis revealed that the expression of genes related to amino acid metabolism, genetic material biosynthesis, and protein synthesis was up-regulated in the YY-10 strain compared with the BY-2 strain, which promoted the biosynthesis of LiP. This study provides a preliminary elucidation of the potential mechanism by which YY-10 enhances the quality of tobacco leaves through lignin-degrading enzyme production, thus establishing a research foundation for the subsequent treatment of waste tobacco raw materials and industrial applications.
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1 Introduction

Tobacco is a specialized non-edible cash crop. Tobacco leaves usually undergo an aging process before being utilized for industrial applications (Su et al., 2011). In this process, tobacco biomolecules are degraded, aromatic precursors are catalytically transformed, and the sensory quality of tobacco is improved (Liu et al., 2015). Microorganisms actively participate in the aging process, and numerous microorganisms reside on the surface of aged tobacco (Zhang et al., 2020). Under specific conditions, certain microorganisms can degrade proteins, cellulose, lignin, and other substances (Chen et al., 2015; Wang et al., 2017). The flavor of roasted tobacco can be improved by using microorganisms with specific functions to inoculate the surface of tobacco. One of the effective methods to improve flavor without side effects is biofortification by using Bacillus subtilis, which can reduce the total carbohydrates and sugars in tobacco and rapidly produce a pleasant aroma after inoculation of its species on the surface of tobacco (English et al., 1967).

Lignin is a complex and diverse polymer found in plant cell walls, and its efficient degradation requires the coordinated action of various microorganisms (Meng and Xue, 2020). In nature, the breakdown of lignin is carried out by a variety of microorganisms, including fungi, bacteria, and actinomycetes. Recent studies have identified several species of Bacillus bacteria, such as Bacillus licheniformis, Bacillus subtilis, Bacillus thuringiensis, Bacillus magaterium, and Bacillus cereus, are capable of degrading lignin or participating in lignin degradation.

The microbial breakdown of lignin into smaller fractions involves the activity of various ligninolytic enzymes (Datta et al., 2017; Falade et al., 2017). These enzymes include laccase (Lac) (Wang et al., 2020), lignin peroxidase (LiP), manganese peroxidase (MnP), cellobiose dehydrogenase (CDH), multifunctional peroxidase (VP), dye decolorizing peroxidase (DyP), aromatic alcohol oxidase (AAO), glycolaldehyde oxidase (GLOX), and hydroquinone reductase (NAHPH) (De Gonzalo et al., 2016; Kersten and Cullen, 2014). These enzymes can decompose aromatic compounds by different mechanisms such as alkyl-aryl cleavage, Cα-Cβ cleavage, aryl ring cleavage, demethoxylation, and cross-linking (Khan and Ahring, 2019). Among these enzymes, laccase, lignin peroxidase, and manganese peroxidase are considered key enzymes in the process of lignin degradation (Furukawa et al., 2014).

Lignin is an important macromolecular substance in tobacco, and its content varies depending on the growth site of the tobacco leaf. Combustion of lignin will make the smoke with heavy green miscellaneous gas, burning smoking will produce burning throat, astringent mouth, dry mouth, and other discomfort. Consequently, the present study screened microorganisms possessing lignin-degrading enzymes from tobacco leaves to reduce their lignin content to a suitable range. This has been shown to have a favorable effect on the enhancement of tobacco flavor as well as quality. In this study, two Bacillus subtilis strains, YY-10 and BY-2, were isolated and found to be effective in lignin degradation. Notably, strain YY-10 improved the sensory quality of roasted tobacco through lignin degradation, whereas strain BY-2 adversely affected the quality of roasted tobacco. To elucidate the flavor discrepancies arising from this degradation, a comparative analysis was performed using GC–MS on tobacco samples post-treatment with the two strains. Furthermore, transcriptome sequencing was utilized to decipher potential gene regulatory disparities between YY-10 and BY-2. This research endeavor aims to provide data support and theoretical guidance for the development and utilization of enzymatic formulations that enhance the quality of roasted tobacco, thereby advancing the field of agricultural biotechnology and tobacco processing.



2 Materials and methods


2.1 Experimental materials

The samples used in this experiment were selected from Yunnan tobacco and provided by the Technical Center of Fujian China Tobacco Industry Co., Ltd.



2.2 Main medium

Alkaline lignin medium: Na2HPO4-12H2O 6.2 g, KH2PO4 3.0 g, NaCl 0.5 g, NH4Cl 1.0 g, alkaline lignin 2.0 g, agar 18 g, deionized water 1 L, adjust pH = 7.0, sterilize at 121°C for 30 min.

Aniline blue medium: tryptone 10 g, NaCl 10 g, yeast extract 5 g, agar 18 g, deionized water 1 L, adjust pH = 7.0, sterilized at 121°C for 30 min. 0.1 g of aniline blue was added when the temperature of the medium was lowered to 60 ~ 70°C after sterilization.

Tryptone soy broth medium (TSB) liquid medium: weigh 30 g of TSB powder, volume to 1 L with deionized water, adjust pH = 7, and sterilize at 121°C for 30 min; for solid medium, add 18 g of agar powder.

Enzyme production fermentation medium: 30 g of tobacco stalks, NaNO3 2.5 g, KH2PO4 1 g, MgSO4-7H2O 0.5 g, NaCl 0.5 g, CaCl2 0.1 g, 1 L of deionized water, adjust pH = 7, 121°C sterilization for 30 min.



2.3 Screening of functional strains

Strains were isolated and purified from the surface of tobacco. Guaiacol and aniline blue plates were utilized for targeted screening of strains capable of degrading lignin on the surface of baked tobacco. The strains exhibiting the largest hydrolysis circles were selected for strain preservation and identification (Zhang et al., 2018). Single colonies were then picked and inoculated in TSB medium as seed solution. The seed liquid was inoculated into the enzyme-producing fermentation medium at an inoculum of 10%, and the fermentation broth was incubated at 30°C and 180 rpm for 48 h. The fermentation broth was centrifuged at 12,000 rpm for 10 min, and the supernatant was taken to determine the enzyme activity of the lignin-degrading enzyme.

Lignin peroxidase (LiP): one unit of enzyme activity (U) was defined as the amount of enzyme required to oxidize 1 μmol of veratryl alcohol per minute at pH = 3, 37°C. The reaction system was adjusted according to the method of LiP enzyme activity determination by Tian Linshuang (Tian, 2009), which included 600 μL of resveratrol at a concentration of 10 mmol/L, 1.2 mL of tartaric acid-sodium tartrate buffer (pH = 3) at a concentration of 200 mmol/L, 1.2 mL of crude enzyme solution diluted by a factor of 5, and the reaction was initiated by the addition of 60 μL of hydrogen peroxide at a concentration of 20 mmol/L. The reaction was carried out at 37°C for 2 min. The reaction was started by adding 60 μL of hydrogen peroxide at a concentration of 20 mmol/L, and the reaction was carried out at 37°C for 2 min, and the rate of increase in absorbance at 310 nm was measured in the first 2 min. The crude enzyme solution in a boiling water bath for 15 min was used as a control. Each group of samples was analyzed three times in parallel.

Manganese peroxidase (MnP): one unit of enzyme activity (U) was defined as the amount of enzyme required to oxidize 1 μmol of Mn2+ per minute at pH = 4.5 and 37°C. The enzyme activity was determined by using the following method. The reaction system was adjusted according to the method of MnP enzyme activity determination by Zhu et al. (2013), and the system included 3.4 mL of tartaric acid-sodium tartrate buffer (pH = 4.5) at a concentration of 250 mmol/L, 100 μL of MnSO4 at a concentration of 1.6 mmol/L, 400 μL of the crude enzyme solution diluted by a factor of 5, and the reaction was initiated by adding 100 μL of hydrogen peroxide at a concentration of 1.6 mmol/L. The reaction was carried out at 37°C. The reaction was initiated by adding 100 μL of hydrogen peroxide at a concentration of 1.6 mmol/L and reacted at 37°C for 2 min. The rate of increase in absorbance at 238 nm in the first 2 min was measured. The crude enzyme solution in a boiling water bath for 15 min was used as a control. Each group of samples was analyzed three times in parallel.



2.4 Preparation of the bioaugmentation inoculation

The biofortified inoculation strategy consisted of three steps: (1) growth of the strain, (2) preparation of biofortified, and (3) tobacco fermentation. Firstly, 10 μL of the bacterial solution was taken from a glycerol tube and spread on a TSB solid plate at pH = 7, and incubated at 30°C for 24 h. Single colonies were selected and activated twice on the TSB plate, and the activated single colonies were inoculated into TSB liquid medium at pH = 7, and incubated at 30°C, 180 rpm for 12 h. Secondly, the seed solution was inoculated into an enzyme-producing fermentation medium with an inoculum of 10%, and the fermentation broth was removed after incubation at 30°C, 180 rpm for 48 h. The fermentation broth was then inoculated at 30°C, 180 rpm for 48 h. Then the seed solution was inoculated into 100 mL of enzyme-producing fermentation medium with 10% inoculum, incubated at 30°C and 180 rpm for 48 h. The fermentation broth was extracted and centrifuged at 12000 rpm for 10 min, and the supernatant was taken as the crude enzyme solution. Finally, 2.5 mL of the crude enzyme solution was sprayed evenly on the surface of 50 g of roasted tobacco with a portable spray gun, during which it was ensured that there was no aroma or odor on the hands so as not to affect the results of sensory evaluation, and the fermentation was carried out at 37°C for 4 h. After the completion of the fermentation, the tobacco was taken out and laid flat on a pallet to be heated uniformly and then baked at 135°C for 70 s for the inactivation of enzymes, and then placed in the constant-temperature and constant-humidity oven to equilibrate the water for 48 h. The water and the best sensory evaluation of the fermentation broth were performed in the same volume of water. The same volume of water and the crude enzyme solution after the inactivation of the sample group with the best sensory evaluation (boiling water bath for 15 min) were used as controls.



2.5 Sensory evaluation test

After uniform distribution of the roasted tobacco, the tobacco was put into the empty sleeve with a cigarette lighter and made into sticks with a mass of 1 g (± 0.1 g), which were randomly numbered and then scored by 8 experts from the Technical Center of Fujian China Tobacco Industry Corporation for sensory evaluation. The experts were required to score the aroma, aroma volume, fineness, off-gassing, irritation, sweetness, flavor, aftertaste, strength, and concentration of the roasted tobacco after different treatments, and take the average value.



2.6 Determination of the relative content of lignin and flavor components in roasted tobacco

The acid-soluble lignin and acid-insoluble lignin contents were determined concerning the assays described by Chu and Li (2016) and Chu and Li (2015) 0.5 g of roasted tobacco was weighed and loaded into the injection bottle, and then 3 μL of 2 mg/mL phenethyl acetate solution was added as the internal standard, and analyzed by gas chromatography–mass spectrometry (GC–MS), and the resulting spectra were searched and characterized by computerized spectral libraries (NIST14), and those with the matching scores higher than 60% were selected, and the relative contents of the volatile flavors in the roasted tobacco were calculated with the method of the internal standard. The content of volatile flavor substances (μg/g) = (c × v × A1) / (A0 × m0) In the formula: c is the concentration of the internal standard, mg/mL; v is the volume of the internal standard, μL; A1 is the peak area of volatile substances; A0 is the peak area of the internal standard; and m0 is the mass of tobacco, g. The relative content of volatile flavor substances in roasted tobacco was calculated by the internal standard method.

GC–MS conditions: HP-5 ms column (60 m × 0.25 mm × 0.25 μm), helium as carrier gas, flow rate 1 mL/min; no split injection; inlet temperature: 250°C; heating program: starting temperature 50°C, hold for 2 min, rise to 180°C at 2°C/min, then rise to 280°C at 5°C/min, hold for 10 min; post-run temperature 280°C, post-run time 5 min; solvent delay 5.5 min. Quadrupole temperature 150°C; EI ionization source, electron energy 70 eV, ion source temperature 230°C, mass scan range m/z 33 The temperature of the four-stage rod was 150°C; EI ionization source, electron energy 70 eV, ion source temperature 230°C, mass scanning range m/z 33–400.



2.7 RNA extraction, sequencing, and transcriptome analysis

The RNA samples of B. subtilis YY-10 and BY-2 were entrusted to Shanghai Meiji Biomedical Technology Co. The total RNA was extracted from the tissue samples, and the concentration and purity of the extracted RNA were examined by Nanodrop 2000, the RNA integrity was examined by 1% agarose gel electrophoresis, and the RIN value of RNA was determined by Agilent 2,100. The library was sequenced using the NovaSeq 6,000 sequencing platform. Bioinformatics analysis was performed based on the generated data.



2.8 RT-PCR analysis

RNA reverse transcription synthesizes cDNA.

The qPCR reactions were performed according to the qPCR reaction kit (NovoStart® SYBR qPCR SuperMix Plus). The cDNA samples were diluted and used as templates on the machine using rpoB as an internal reference gene. The primer sequences for the key genes were designed from Appendix 3 and synthesized by Sangon Biotech. qRCR reaction procedure: pre-denaturation 95°C (60 s); denaturation 95°C (20 s), annealing 55°C (20 s), extension 72°C (30 s), a total of 40 cycles were performed.



2.9 Statistical analysis

Data were processed using Excel (results expressed as mean ± standard deviation) and visualized on radar charts and bar charts with GraphPad Prism 8.0. The data processing results were presented as mean ± standard deviation. Significance was assessed using Duncan’s test with SPSS 22.0 software, and the data were visualized using GraphPad Prism 8.0 software. Data from transcriptome sequencing were processed and visualized using the BioSignal Cloud Platform by Meiji Bio.




3 Results


3.1 Screening of lignin-degrading bacteria on the surface of roasted tobacco

Two lignin-degrading strains were obtained from purified bacteria on aniline blue plates, screened by their hydrolysis circle-to-colony diameter ratio on the plates (Supplementary Table S1), originally isolated from roasted Yunyun 87 and CB-1 tobacco on alkaline lignin plates. The 16S rDNA sequences were analyzed on NCBI via BLAST, confirming them as B.subtilis YY-10 (GenBank: SUB12195781) and B.subtilis BY-2 (GenBank: SUB12195784). The strains were inoculated into enzyme-producing fermentation media, and enzyme activities were assayed over 48 h. Notably, Lac activity was undetected, while LiPase and MnPase activities peaked at 11.16 U/L for YY-10 and 14.53 U/L for BY-2, respectively (Figure 1).

[image: Figure 1]

FIGURE 1
 Lignin peroxidase (LiP) and manganese peroxidase (MnP) activities of Bacillus subtilis YY-10 and BY-2 strains.




3.2 Sensory evaluation results and chemical composition analysis

Application of the 24-h fermented crude enzyme solutions from YY-10 and BY-2 to roasted tobacco revealed distinct sensory effects: YY-10 > water control > BY-2 (Figure 2). YY-10 significantly enhanced sweetness, aroma, and fragrance while mitigating undesirable odors and irritation. In contrast, BY-2 showed no improvement. The inactive enzyme solution from YY-10 had no impact, suggesting strain metabolites and medium composition were not flavor determinants. Despite both being Bacillus subtilis, LiP-producing YY-10, and MnP-producing BY-2 exhibited markedly different effects on tobacco flavor (Figure 2).

[image: Figure 2]

FIGURE 2
 Sensory evaluation results of roasted tobacco in different treatment groups. MYY-10: YY-10 fermentation crude enzyme solution inactivation treatment group. YY-10: YY-10 fermentation crude enzyme solution treatment group. BY-2: BY-2 fermentation crude enzyme solution treatment group. The same is below.


The fermented crude enzyme solution of both strains, BY-2 and YY-10, failed to significantly reduce the content of acid-soluble lignin in roasted tobacco. However, both solutions were able to degrade acid-insoluble lignin in the tobacco, with the fermented crude enzyme solution of strain YY-10 exhibiting a superior degradation effect compared to that of BY-2 (Figure 3).

[image: Figure 3]

FIGURE 3
 Changes of lignin content in roasted tobacco after different treatments.H2O: water treatment group. MBY-2: BY-2 fermentation crude enzyme solution inactivation treatment group. The same is below.


The content of volatile flavor substances in roasted tobacco was analyzed by GC–MS. The Principal Component Analysis (PCA) comprehensively evaluated the types and contents of these substances in tobacco treated with different methods. The PCA scatter plots (Figure 4) revealed substantial differences in volatile compounds between the BY-2 and YY-10 fermented crude enzyme solution-treated groups, as well as the control groups, indicating significant variations in the volatile substances of the roasted tobacco.

[image: Figure 4]

FIGURE 4
 Principal component analysis of volatile substances in roasted tobacco after different treatments.


As shown in Figure 5, a total of 84 volatile flavor substances were identified by GC–MS, comprising 9 alcohols, 23 ketones, 10 aldehydes, 6 phenols, 15 esters, 2 acids, 4 bases, 7 hydrocarbons, and 8 other substances. Ketones are the primary components that form the subtle aroma of tobacco leaves. Alcohols provide its characteristic sweet, fruity, and herbal aroma. Esters can affect the aroma and flavor of the tobacco leaves and add the pure and soft feeling of the smoke (Li et al., 2023; Wu et al., 2021; Xu et al., 2020; Liu et al., 2023; Liu, 2014). The VIP values of each volatile flavor substance in roasted tobacco from different treatment groups were calculated by SIMCA software (Lan et al., 2022). The volatile aroma substance content of VIP > 1 was analyzed in Figure 6. To further investigate the differences in volatile aroma substance content between treatment groups. Effects of different volatile flavor substances on the aroma characteristics of roasted tobacco are shown in Supplementary Table S2.

[image: Figure 5]

FIGURE 5
 Clustering heat map of volatile substances in roasted tobacco after different treatments.


[image: Figure 6]

FIGURE 6
 PLS-DA model scores of volatile flavor substances of roasted tobacco after different treatments (A) and VIP value of volatile flavor compounds (B).


The volatile flavor substance content of the YY-10 fermented crude enzyme solution treatment group was significantly different from that of the water control and the BY-2 fermented crude enzyme solution treatment group among the substances with a p value of >1.

Different volatile flavor substances confer different aroma characteristics to the roasted tobacco. Benzene ethanol has a sweet, rose-like flower scent (Liu et al., 2022), and Geranyl acetone gives the smoke a floral and woody aroma (Lv et al., 2012; Liu et al., 2017). Megastigmatrienone B and Megastigmatrienone C confer a hay-like sweet aroma to the roasted tobacco, which can increase the smoke aroma and reduce irritation of the roasted tobacco (Zhang et al., 2018).

It could be the reason why the fermented crude enzyme solution of the YY-10 strain treated with roasted tobacco increased the sweetness of roasted tobacco, had a better aroma, reduced the miscellaneous air and irritation, and significantly improved the flavor of roasted tobacco (Figure 7).

[image: Figure 7]

FIGURE 7
 Significance analysis of volatile flavor content in different treatment groups (A,B). “*” indicates significant differences at the 0.05 level (p < 0.05); BY-2: BY-2 enzyme-treated group; YY-10: YY-10 enzyme-treated group.




3.3 Transcriptome analysis

The gene regulatory mechanisms of two Bacillus subtilis strains, YY-10 and BY-2, involved in lignin degradation were investigated using transcriptome sequencing. Meanwhile, the expression of differential genes of different strains was explored at the transcriptome level, and the enrichment pathways of differential genes were analyzed. The study revealed the potential mechanism of high LiPid production of strain YY-10, which provides more options for the industrial use of the strain for enzyme production to improve the flavor of roasted tobacco. The judgment threshold for the average error rate of sequencing bases was 0.1%, and the error rates of all six groups of samples were below 0.026% (Supplementary Table S3). The results indicated that the sequencing results were satisfactory, the samples were not contaminated, and the sequencing results could be used for subsequent assembly and transcriptome analysis.

The genes with significant differences among the samples were selected by setting the two screening conditions of p < 0.05 and multiplicity of up/down-regulated differences >2. A total of 95 genes were differentially expressed as shown in Figure 8A, of which 69 were up-regulated genes and 26 were down-regulated genes. The significant difference between the two sets of sample data can be visualized by plotting the volcano plot (Figure 8B).

[image: Figure 8]

FIGURE 8
 Histogram (A) and a volcano plot (B) of differentially expressed genes.




3.4 Differential gene GO enrichment analysis

GO functional annotation was performed for YY-10 and BY-2 strains, with a total of 95 differentially expressed genes compared, of which 75 could be annotated to the GO database. The GO classification of the differentially expressed genes (Figure 9) showed that 75 differentially expressed genes were annotated into three major categories with 20 secondary entries. Among them, 20 were annotated as biological processes, 34 as cellular components, and 21 as molecular functions.

[image: Figure 9]

FIGURE 9
 GO annotation classification diagram of differentially expressed genes.


Due to the small number of annotatable differential genes in the GO database, GO enrichment analysis of the differential genes of B. subtilis YY-10 and BY-2 was performed using a p value corrected to <0.05 as the critical value. Eight genes were up-regulated and seven genes were down-regulated in B. subtilis YY-10 (Figure 10).

[image: Figure 10]

FIGURE 10
 GO enrichment analysis. (A) up-regulated genes (B) down-regulated genes. The vertical axis represents the GO term, and the horizontal axis represents the enrichment ratio, i.e., the ratio of the number of genes in the gene set annotated to the GO term to the number of genes in all genes annotated to the GO term. The larger the enrichment ratio, the greater the degree of enrichment. The size of the dots indicates the number of genes in the GO term, and the color indicates the significant degree of enrichment. The redder the color, the more significantly enriched the GO term is.


Fifteen key genes from the GO enrichment analysis were selected for qRT-PCR to assess the validity of the RNA-Seq data. The relative expression of key genes in B. subtilis YY-10 and BY-2 was determined by RT-qPCR. The expression trends of the genes except uxaA were generally consistent with the transcriptome results, which confirmed the reliability of the RNA-seq expression data. Among the genes with extremely significant high expression hpxW, pxpA is associated with the γ-glutamyl cycle, which contributes to the uptake of amino acids by cells from the culture environment. The significantly highly expressed genes include the genes copO and pxpG, which are related to the metal ion transmembrane transport pathway, and the mtlF and mtlD, which are related to the synthesis of intracellular fructose. The significant up-regulation of these genes in B. subtilis YY-10 may be closely related to the high LiP production of the strain.




4 Discussion

A total of 40 bacterial strains were screened from the surface of roasted tobacco, among which two strains had strong enzyme production ability. The enzyme activity of the lignin-degrading enzyme and the results of the sensory evaluation showed that Bacillus subtilis YY-10 mainly produced lignin peroxidase (LiP), and its fermented crude enzyme solution could improve the quality of roasted tobacco, which could make the roasted tobacco more full-flavored, better aroma, purer smoke, and more natural smoke flavor. B. subtilis YY-10 was compared with B. subtilis BY-2, a strain that failed to improve the flavor of roasted tobacco, to investigate the effects of the fermentation broth of the two strains on the contents of lignin and volatile flavor substances in roasted tobacco. The results showed that the degradation of acid-insoluble lignin by YY-10 fermentation broth was better than that by BY-2 fermentation broth, and the reduction of lignin content in roasted tobacco was conducive to the alleviation of off-flavor and irritation of roasted tobacco.

The results of GC–MS showed that compared with the water-treated group, the BY-2 fermented crude enzyme solution-treated group, and the YY-10 fermented crude enzyme solution inactivated enzyme treatment group, the effect of YY-10 fermented crude enzyme solution on the surface of roasted tobacco could degrade the lignin content in roasted tobacco by various methods, resulting in a significant increase in volatile flavor substances with VIP values >1 such as Geranyl acetone, Megastigmatrienone B and Megastigmatrienone C. The increase in the content of these substances can improve the amount aroma of roasted tobacco, so that the roasted tobacco has a variety of aromas such as floral, fruity, grassy, etc., and further harmonize the aroma of the roasted tobacco, making the smoke more mellow and improve the quality of the roasted tobacco.

As shown in Figure 11, Bacillus subtilis YY-10 may enhance LiP production by accelerating the uptake of glucose and amino acids from the culture environment and accelerating the synthesis of genetic material and proteins, as shown in Figure 12.

[image: Figure 11]

FIGURE 11
 Expression of key genes during the fermentation process. “*” indicates a significant difference at the 0.05 level (p < 0.05), “**” indicates a significant difference at the 0.01 level (p < 0.01), “*** “indicates a significant difference at the 0.001 level (p < 0.001), and “****” indicates a significant difference at the 0.0001 level (p < 0.0001).


[image: Figure 12]

FIGURE 12
 Gene network regulation map related to the secretion of LiP by YY-10 strains. Red color indicates up-regulated genes and green color indicates down-regulated genes.


The expression of hpxW, a gene related to the glutathione metabolic process, and pxpA (Niehaus et al., 2017), a gene related to 5-oxoprolinase (ATP-hydrolyzing) activity, were up-regulated, which promoted the γ-glutamyl cycle-catalyzed glutathione production. Catalyze the intracellular release of γ-glutamyl groups of glutathione bound to extramembrane amino acids and brought into the cell, contributing to the uptake of amino acids by the cell from the culture environment (Meister, 1982).

The gene mtlF (Reiche, 1998), associated with the D-glucosamine PTS permease activity in the YY-10 strain, along with the gene mtlD, which encodes erythritol-1-phosphate 5-dehydrogenase involved in alditol catabolism, are both upregulated. This upregulation enhances the functionality of the PTS system and facilitates the conversion of mannose to fructose. Subsequently, fructose can be further transformed into ribose, thereby promoting nucleotide synthesis and increasing RNA levels necessary for protein synthesis (Liu et al., 2020; Liu and Li, 2010).

The combination of the above pathways suggests that the YY-10 strain has an increased ability to accumulate RNA and amino acids in the cytosol compared to the BY-2 strain, which is beneficial to protein synthesis. The expression of copO and pxpG genes in the transmembrane transport pathway of metal ions was up-regulated, which facilitated the transfer of Cu2+ and Fe2+. LiP is a ferroheme-containing peroxidase, which produces metal ions for LiP synthesis through the biochemical reaction of cycling of Fe2+ and Fe3+ in the cell (Liu et al., 2023), and the increase of Fe3+ could increase the activity of lignin peroxidase (Merino et al., 2021). Cu2+ inhibits the production of LiP by the strain and also has the activity of LiP. Therefore, the YY-10 strain is more capable of producing lignin peroxidase than the BY-2 strain.

The LiP is considered to be the most efficient enzyme for lignin degradation, having a very low optimum pH compared to MnP, close to pH 3.0, showing non-specificity for substrates in general, and can oxidize phenolic units, non-phenolic lignin units and a range of compounds with redox potentials higher than 1.4 V in the presence of hydrogen peroxide as an electron acceptor to produce some flavor-related volatiles (Kirk and Farrell, 1987).

In contrast, the Mn3 + produced by MnP must be stabilized by chelation with organic acids (e.g., oxalates and malonates) to form Mn3 + chelates, which act as small diffusible oxidants for lignin oxidation (Obinger, 2022). Unlike LiP, which cannot directly attack the dominant non-phenolic structures in lignin polymers and must be stabilized in the presence of a second mediator, MnP aids the oxidation of non-phenolic lignin structures by forming highly reactive radicals (Reddy et al., 2003).

Thus, LiP requires lower conditions and is more efficient at degrading lignin than MnP. Among the two lignin-degrading Bacillus strains, the high-yielding YY-10 LiP enzyme can produce different flavor compounds by degrading more phenolic, non-phenolic compounds compared to the BY-2-yielding MnP. For instance, the concentrations of guaiacol, phenol, and benzyl alcohol in roasted tobacco treated with yy-10 crude enzyme solution were significantly elevated compared to those in the water treatment group. The degradation products of lignin serve as crucial aromatic constituents in roasted tobacco, particularly enhancing its overall aroma profile (Cao et al., 2022). Therefore, in comparison to BY-2, the roasted tobacco treated with YY-10 crude enzyme solution exhibits a more complete degradation of lignin and facilitates its conversion into various flavor compounds. This process ultimately enhances the flavor profile of the roasted tobacco.

Traditional methods of degrading lignin include acid digestion and oxidative degradation, which not only consume more resources but also cause serious environmental pollution. The use of fungi, bacteria, and other microorganisms to degrade lignin has become a hot spot in current research, the growth cycle of fungi is longer than that of bacteria, and its commercial application is still in the research stage. Lignin is cleaved by specific species of bacteria, so bacterial degradation of lignin is more specific than that of fungi. The YY-10 Bacillus subtilis, as a typical industrial model microorganism at the food safety level, is widely used in the field of metabolic engineering (Cui et al., 2018). A variety of research strategies and tools are used to construct the Bacillus subtilis chassis cell for the efficient synthesis of bioproducts. The metabolic pathways of YY-10 can be further optimized through genetic engineering to increase its production of lignin-degrading enzymes.

The surface YY-10-producing LIPase was found to be highly effective in enhancing the quality of tobacco following treatment across multiple grades. At present, the study of YY-10 is still in the laboratory stage. Subsequent validation of the strain in the industry will be achieved through further pilot fermentation, and the strain will eventually be realized in industrial production, thus solving the problems faced by enterprises. It is anticipated that the proposed methodology will be employed in the treatment of tobacco waste and the exploitation of frangipani.



5 Conclusion

Two ligninase-producing Bacillus strains, Bacillus subtilis YY-10 (GenBank accession no. SUB12195781) and BY-2 (GenBank accession no. SUB12195784), were isolated from the surface of tobacco and produced lignin peroxidase LiP and manganese peroxidase MnP, respectively. Sensory evaluation showed that the fermented crude enzyme solution of Bacillus subtilis YY-10 could significantly improve the quality of roasted tobacco. The fermentation crude enzyme solution of Bacillus subtilis YY-10 can improve the quality of roasted tobacco, ensuring sufficient aroma, rich aroma, clean smoke, and natural smoke flavor. In contrast, the fermentation solution of the BY-2 strain reduced the aroma level of roasted tobacco and lowered the quality of roasted tobacco.

The lignin and GC–MS assays revealed that the acid-insoluble lignin content of roasted tobacco treated with strain YY-10 fermented crude enzyme solution decreased significantly, and the content of volatile flavor compounds, such as Geranyl acetone, Megastigmatrienone B and Megastigmatrienone C, increased significantly, which could reduce the irritation and enhance the aroma of roasted tobacco, and improve the quality of roasted tobacco. Compared with the BY-2 strain, the expression of genes related to amino acid metabolism, biosynthesis of genetic material, and synthesis of proteins was up-regulated in the YY-10 strain, which promoted the biosynthesis of LiP. Meanwhile, the expression of copO and pxpG, which are related to the transmembrane transport pathway of metal ions, was up-regulated, which was conducive to the transmutation out of Cu2+ as well as transmutation in and out of Fe2+, promoting the synthesis of LiP. It suggested that LiP, a lignin-degrading enzyme, played a more significant role in improving the quality of roasted tobacco.



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

JW: Formal analysis, Investigation, Methodology, Supervision, Validation, Writing – original draft. TL: Investigation, Methodology, Writing – original draft. ZJ: Investigation, Methodology, Writing – original draft. WM: Investigation, Methodology, Writing – original draft. MS: Investigation, Methodology, Visualization, Writing – original draft. LiN: Investigation, Validation, Writing – review & editing. SJ: Investigation, Methodology, Visualization, Writing – original draft. YW: Data curation, Formal analysis, Writing – original draft. KZ: Data curation, Formal analysis, Writing – original draft. RZ: Data curation, Formal analysis, Writing – original draft. LixN: Formal analysis, Validation, Writing – original draft. JL: Investigation, Project administration, Writing – original draft. XH: Investigation, Methodology, Writing – original draft. WH: Methodology, Project administration, Supervision, Validation, Writing – review & editing. WZ: Conceptualization, Investigation, Methodology, Project administration, Supervision, Validation, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was funded by the Science and Technology Project of CNTC (Grant/Award number: 110202202022). The authors declare that this study received funding from the Science and Technology Project of China Tobacco Fujian Industrial Co., Ltd. (Grant/Award number: FJZYKJJH2020008).



Conflict of interest

JW was employed by Technology Center, China Tobacco Fujian Industrial Co., Ltd. TL, ZJ, MS, SJ, KZ, RZ, LN, JL, XH, WH were employed by China Tobacco Fujian 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.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



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.2025.1538773/full#supplementary-material



References

 Cao, J.-M., Bie, R., and Wang, Y.-H. (2022). Study on the characteristic aroma components of a new flue-cured tobacco variety Zhongyantexiang 301. Chinese Tobacco Sci. 43, 64–70. doi: 10.13496/j.issn.1007-5119.2022.02.011

 Chen, X., Wang, X.-G., and Zen, X.-Y. (2015). Screening of protein degrading bacteria and its effect on tobacco leaves. Jiangxi Agri. J. 27, 90–91+97. doi: 10.19386/j.cnki.jxnyxb.2015.06.022

 Chu, W.-J., and Li, W.-W. (2015). Separation of lignin from tobacco stem by enzymolysis and mild acid hydrolysis. Guangdong Chem. Indus. 42, 75–76.

 Chu, W.-J., and Li, W.-W. (2016). Rapid determination of lignin content in tobacco leaves from Henan Province by near infrared spectroscopy. Anhui Agri. Sci. 44, 72–75. doi: 10.13989/j.cnki.0517-6611.2016.18.023

 Cui, W., Han, L., Suo, F., Liu, Z., Zhou, L., and Zhou, Z. (2018). Exploitation of Bacillus Subtilis as a robust workhorse for production of heterologous proteins and beyond. World J. Microbiol. Biotechnol. 34:145. doi: 10.1007/s11274-018-2531-7 

 Datta, R., Kelkar, A., Baraniya, D., Molaei, A., Moulick, A., Meena, R., et al. (2017). Enzymatic degradation of lignin in soil: a review. Sustain. For. 9:1163. doi: 10.3390/su9071163

 De Gonzalo, G., Colpa, D. I., Habib, M. H. M., and Fraaije, M. W. (2016). Bacterial enzymes involved in lignin degradation. J. Biotechnol. 236, 110–119. doi: 10.1016/j.jbiotec.2016.08.011

 English, C. F., Bell, E. J., and Berger, A. J. (1967). Isolation of thermophiles from broadleaf tobacco and effect of pure culture inoculation on cigar aroma and mildness. Appl Microbiol 15, 117–119. doi: 10.1128/am.15.1.117-119.1967

 Falade, A. O., Nwodo, U. U., Iweriebor, B. C., Green, E., Mabinya, L. V., and Okoh, A. I. (2017). Lignin peroxidase functionalities and prospective applications. MicrobiologyOpen 6:e00394. doi: 10.1002/mbo3.394 

 Furukawa, T., Bello, F. O., and Horsfall, L. (2014). Microbial enzyme Systems for Lignin Degradation and Their Transcriptional Regulation. Front. Biol. 9, 448–471. doi: 10.1007/s11515-014-1336-9

 Kersten, P., and Cullen, D. (2014). Copper radical oxidases and related extracellular oxidoreductases of wood-decay Agaricomycetes. Fungal Genet. Biol. 72, 124–130. doi: 10.1016/j.fgb.2014.05.011

 Khan, M. U., and Ahring, B. K. (2019). Lignin degradation under anaerobic digestion: influence of lignin modifications -a review. Biomass Bioenergy 128:105325. doi: 10.1016/j.biombioe.2019.105325

 Kirk, T.K., and Farrell, R.L. (1987). Enzymatic “COMBUSTION”: The microbial degradation of LIGNIN. 41, 465–505. doi: 10.1146/annurev.mi.41.100187.002341

 Lan, X., Liu, Z., Wang, D., Zhan, S., Chen, W., Su, W., et al. (2022). Characterization of volatile composition, aroma-active compounds and phenolic profile of Qingxin oolong tea with different roasting degrees. Food Biosci. 50:101985. doi: 10.1016/j.fbio.2022.101985

 Li, Y.-M., Liu, A.-Q., and Tang, D.-P. (2023). Research progress of microorganisms producing aroma compounds. Food Sci. 44, 259–269.

 Liu, L.-L. (2014). Relationship between chlorine content and neutral odorants in flue-cured tobacco in Chongqing tobacco area. Shanxi Agri. Sci. 42, 554–556.

 Liu, J.-J., Chui, G.-Z., and Duan, W.-J. (2023). Research progress on the influence of ecological factors on flavor characteristics of tobacco. Henan Agri. Sci. 52, 1–11. doi: 10.15933/j.cnki.1004-3268.2023.02.001

 Liu, H.-Z., and Li, L.-M. (2010). Research progress of lignin peroxidase. Feed China, 20–22+26. doi: 10.15906/j.cnki.cn11-2975/s.2010.02.001

 Liu, L., Wang, T., and Shi, S.-X. (2015). Research progress on quality change of reroasted flake tobacco during the natural mellow process. Henan Agri. Sci. 44, 7–12. doi: 10.15933/j.cnki.1004-3268.2015.08.002

 Liu, Q.-Y., Wu, L.-W., and Niu, J.-J. (2020). Advances in the composition and function of bacterial phosphotransferase system (PTS). Microbiol. Bull. 47, 2266–2277. doi: 10.13344/j.microbiol.china.200134

 Liu, R., Zhang, L., and Sun, P. (2023). Microbial degradation of lignin: a review. Microbiol. China 50, 3232–3244. doi: 10.13344/j.microbiol.china.220982

 Liu, P.-P., Zheng, P.-C., and Gong, Z.-M. (2017). Analysis of aroma components of green brick tea. Food Sci. 38, 164–170. doi: 10.27136/d.cnki.ghunu.2022.000045

 Liu, Y., Zhuo, Z.-P., and Shi, C. (2022). Smelling fragrance and recognizing tea: the basis of aromatherapy metabolome and ionome in Wuyi rock tea region. Sci. China Life Sci. 52, 273–284.

 Lv, H.-P., Zhong, Q.-S., Lin, Z., Wang, L., Tan, J.-F., and Guo, L. (2012). Aroma characterisation of Pu-Erh tea using headspace-solid phase microextraction combined with GC/MS and GC–Olfactometry. Food Chem. 130, 1074–1081. doi: 10.1016/j.foodchem.2011.07.135

 Meister, A. (1982). Metabolism and function of glutathione: an overview. Biochem. Soc. Trans. 10, 78–79. doi: 10.1042/bst0100078

 Meng, Y.-C., and Xue, Y.-C. (2020). Microbial degradation of lignin and its industrial application. Chem. Life 40, 896–902. doi: 10.13488/j.smhx.20200019

 Merino, C., Kuzyakov, Y., Godoy, K., Jofré, I., Nájera, F., and Matus, F. (2021). Iron-reducing Bacteria decompose lignin by Electron transfer from soil organic matter. Sci. Total Environ. 761:143194. doi: 10.1016/j.scitotenv.2020.143194 

 Niehaus, T. D., Elbadawi-Sidhu, M., De Crécy-Lagard, V., Fiehn, O., and Hanson, A. D. (2017). Discovery of a widespread prokaryotic 5-Oxoprolinase that was hiding in plain sight. J. Biol. Chem. 292, 16360–16367. doi: 10.1074/jbc.M117.805028

 Obinger, C. (2022). On ‘purification and characterization of an extracellular Mn(II)-dependent peroxidase from the lignin-degrading basidiomycete, Phanerochaete Chrysosporium’ by Jeffrey K. Glenn and Michael H. Gold. Arch. Biochem. Biophys. 726:109257. doi: 10.1016/j.abb.2022.109257 

 Reddy, G. V. B., Sridhar, M., and Gold, M. H. (2003). Cleavage of nonphenolic Β-1 Diarylpropane lignin model dimers by manganese peroxidase from Phanerochaete Chrysosporium: evidence for a hydrogen abstraction mechanism. Eur. J. Biochem. 270, 284–292. doi: 10.1046/j.1432-1033.2003.03386.x 

 Reiche, B. (1998). Staphylococcal phosphoenolpyruvate-dependent phosphotransferase system: purification and characterization of the mannitol-specific enzyme IIImtlof staphylococcus aureus and staphylococcus Carnosus and homology with the enzyme IImtlof Escherichia Colit. Biochemistry 27:6512.

 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 

 Tian, L.-S. (2009). Study on standard methods for the determination of lignin degradation related enzymes. Animal Husbandry Feed Sci. 30, 13–15.

 Wang, X.-F., Son, M.-Z., and Qin, Z.-L. (2020). Research progress, application, and prospect of bacterial laccases. Biotechnology 30, 609–614+587. doi: 10.16519/j.cnki.1004-311x.2020.06.0096

 Wang, W.-N., Xiang, G.-L., and Zai, Y.-C. (2017). Study on the dynamic changes of protein degradation in flue-cured tobacco leaf. Zhejiang Agri. J. 29, 2120–2127.

 Wu, C.-W., Gong, X.-G., and Zheng, L. (2021). Degradation of cellulose in tobacco stem by strain HF-09 and fermentation of resting cells to produce aroma. Henan Agri. Sci. 50, 171–180. doi: 10.15933/j.cnki.1004-3268.2021.06.021

 Xu, L., Zhao, H.-W., and Li, X.-B. (2020). Effects of microbial fermentation on tobacco quality and release of harmful components. Shaanxi Agric. Sci. 66, 20–25.

 Zhang, Q., Geng, Z., Li, D., and Ding, Z. (2020). Characterization and discrimination of microbial community and co-occurrence patterns in fresh and strong flavor style flue-cured tobacco leaves. MicrobiologyOpen 9:e965. doi: 10.1002/mbo3.965 

 Zhang, B., Li, X.-L., and Huang, S.-S. (2018). A comparative study of major neutral flavourful components in Yunnan tobacco extracts. Chem. Reagents 40, 1079–1082+1086. doi: 10.13822/j.cnki.hxsj.2018.11.012

 Zhu, G., Wu, L., and Chen, M.-J. (2013). Bioinformatics analysis of manganese peroxidase coding gene and determination of its transcription level and enzyme activity in straw mushroom. J. Fungi 32, 919–927. doi: 10.13346/j.mycosystema.2013.05.019


Copyright
 © 2025 Wang, Long, Jiang, Mu, Su, Ni, Ji, Wang, Zhou, Zhan, Nie, Li, Hu, He 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/xhtml/Nav.xhtml




Contents





		Cover



		Comparison of lignin degradation and flavor compound formation in roasted tobacco by two Bacillus subtilis strains



		1 Introduction



		2 Materials and methods



		2.1 Experimental materials



		2.2 Main medium



		2.3 Screening of functional strains



		2.4 Preparation of the bioaugmentation inoculation



		2.5 Sensory evaluation test



		2.6 Determination of the relative content of lignin and flavor components in roasted tobacco



		2.7 RNA extraction, sequencing, and transcriptome analysis



		2.8 RT-PCR analysis



		2.9 Statistical analysis









		3 Results



		3.1 Screening of lignin-degrading bacteria on the surface of roasted tobacco



		3.2 Sensory evaluation results and chemical composition analysis



		3.3 Transcriptome analysis



		3.4 Differential gene GO enrichment analysis









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		References



















OPS/images/fmicb-16-1538773-g012.jpg
Glucose
: mtiF

.
Glucose #———— Fructose  —————— Ribose

|
Mannose ——o  pentacglucose
ot asl
wad
wxall
Pm\* acid xaC w
N Mﬂyhmhlne A

Mﬂﬂ um—o Polyamine =+ Protein

Onemeccal
< acid e
=~
4 - .. Glutathione
o Cole  piinic acid Amioo it +——|
-
Shydroxyproline e y.Glutamine
A\ J e H-Cys-Gly-OH
el |
Sk a Cysteine
'\ Ketoglutar L Glycine
comnymeA o cacid !
Glutamic acid +-Glutamyleysicine
b e

Proline

" Me

= Amino acid





OPS/images/fmicb-16-1538773-g011.jpg
ey sy

8
(RS-
[ ) z
: B "
&
vty aucmpy
B
d £
&

4 = &8 5 o

oty vy

$ &2 R 2 ¢
R Re—

wd

i

BY-2 YY-10

ﬂ

st v

BY-2 YY-10

mmgh
BY2 YY-00

Y10

BY2 YY-0

¥

ll

—

asd
0o

oty sumpy

10

00

jos

[

I
’

R |
. ;

worssd) ey

[RRA—

_ s
i

2

o § sxp)

I‘
BY2 YY

o]
as4
00t

'
1

[Rr——

woad

Il

BY2 YY-10

- °

ety ooy

wopsanh g away





OPS/images/fmicb-16-1538773-g010.jpg
catabolic process
‘activity, acting on the CH-OH group of donors, NAD or NADP as acceptor
o0 0z 04 o8

.
.
.
.
.






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

Comparison of lignin degradation
and flavor compound formation
in roasted tobacco by two
Bacillus subtilis strains












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






OPS/images/fmicb-16-1538773-g005.jpg
éii%ﬁ‘g‘i‘iim






OPS/images/fmicb-16-1538773-g006.jpg





OPS/images/fmicb-16-1538773-g003.jpg
Content (%)

¥
n

 d
o

n

1

e
o«

o
o

Acid-soluble lignin

Content (%)

e
%

e
>

o
=

>
)

=4
>

Acid-insoluble lignin

ab

b






OPS/images/fmicb-16-1538773-g004.jpg





OPS/images/fmicb-16-1538773-g009.jpg
Il

Bl o ——





OPS/images/fmicb-16-1538773-g007.jpg
Content (ug/g)

Content (ng/g)

a
140
120 - 1,0

B YY-10

Na2xs
c—pwanSE38E

FEILLIIETE L

140
120 = BY-:2

B YY-10






OPS/images/fmicb-16-1538773-g008.jpg
Number of DFGS

[
oo

TR_vs_Control.voicano

LogzF

novig
-
P





OPS/images/fmicb-16-1538773-g001.jpg
- Lip
= MnP

o
54

© o Ity

(n) Amioe awkzuz

BY-2

YY-10





OPS/images/fmicb-16-1538773-g002.jpg
—Water control —MYY-10 —YY-10 —BY-2

Fragrance Type
76

Aftertaste Sweetness

Pungent odor "‘ [ Aroma quality

Physiological )
strength w Aroma yolume

Taste

" Offensive odor
concentration

Exquisite taste





