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Effective Biotransformation of Variety of Guaiacyl Lignin Monomers Into Vanillin by Bacillus pumilus
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Biotransformation has gained increasing attention due to its being an eco-friendly way for the production of value-added chemicals. The present study aimed to assess the potential of Bacillus pumilus ZB1 on guaiacyl lignin monomers biotransformation for the production of vanillin. Consequently, isoeugenol, eugenol, and vanillyl alcohol could be transformed into vanillin by B. pumilus ZB1. Based on the structural alteration of masson pine and the increase of total phenol content in the supernatant, B. pumilus ZB1 exhibited potential in lignin depolymerization and valorization using masson pine as the substrate. As the precursors of vanillin, 61.1% of isoeugenol and eugenol in pyrolyzed bio-oil derived from masson pine could be transformed into vanillin by B. pumilus ZB1. Four monooxygenases with high specific activity were identified that were involved in the transformation process. Thus, B. pumilus ZB1 could emerge as a candidate in the biosynthesis of vanillin by using wide guaiacyl precursors as the substrates.
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INTRODUCTION

Vanillin (4-hydroxy-3-methoxybenzaldehyde) has been widely used in many industries, such as pharmaceuticals, foods, and cosmetics (Fache et al., 2016). In recent years, the demand for vanillin in the global market increases with a stable growth rate. Chemical synthesis and natural extraction are the two common strategies to produce vanillin (Gallage and Møller, 2015). The extraction of vanillin from vanilla beans is much more expensive than the synthesis of vanillin (Gallage and Møller, 2015). To date, 20,000 tons of vanillin are produced annually and most of the vanillin is produced by a synthetic approach (Gallage and Møller, 2015; Fache et al., 2016). Chemically synthesis of vanillin from guaiacyl lignin precursors catalyzed by transition metal catalysts is more effective than the natural extraction (Augugliaro et al., 2012). However, the chemical synthesis of vanillin generally relies on fossil resources. The consumption of non-renewable resources in chemical synthesis limits the development of chemical synthesis in vanillin production (Klaus et al., 2019; Khwanjaisakun et al., 2020). Therefore, the exploitation of an alternative strategy for vanillin production using unrestricted renewable raw materials is needed.

Lignocellulose is the most abundant natural macromolecule which is considered a potential resource for the sustainable production of fuels and chemicals. Burning and direct discard of lignocellulose is a waste of resources and even causes environmental pollution (Xu et al., 2019). In general, lignin is composed of three major monomers, including guaiacyl, syringyl, and p-hydroxyphenyl units (Morya et al., 2021). The biological funneling of lignin and its derivatives is an attractive approach in lignocellulosic biorefineries because it overcomes the structural heterogeneity of lignin and selectively generates target chemicals (Beckham et al., 2016). Currently, approximately 20% of vanillin is produced by using lignin as the substrate (Khwanjaisakun et al., 2020). The industrial approach for vanillin production from lignin starts with the sulfite pulping of wood. The lignin from the sulfite pulping industry is the sole source for industrial-scale production of vanillin (Fache et al., 2016). The harsh chemical oxidation process is needed in the industrial-scale production of vanillin (Gallage and Møller, 2015). Moreover, the extraction and purification of vanillin generally need toxic organic solvents, such as benzene and toluene (Khwanjaisakun et al., 2020). Therefore, an environmentally-friendly strategy for vanillin production needs to be explored.

In nature, microorganisms are well known to be capable of degrading lignocellulose and transforming depolymerized intermediates, which gains a great interest in lignin biotransformation (Xu et al., 2019). Biodegradation of lignin has been studied primarily in fungi and bacteria (Linger et al., 2014). Among them, bacteria and their enzymes have attracted considerable attention due to the environmental adaptability that may be suitable for industrial applications. Previous studies show that bacteria can transform lignin into high value-added products such as vanillin, furfural, lipids (Sainsbury et al., 2013; Reshmy et al., 2022). The inherent structural heterogeneity of lignin and lignin depolymerized monomers brings the challenge in the utilization of lignin by microbes. Therefore, the exploitation of bacteria with lignin biotransformation potential and elucidation of related enzymatic reactions is significant for the development of green chemistry.

Guaiacyl lignin monomers are predominant units of lignin in softwood (Xu et al., 2019). Previous researches reveal that the use of guaiacyl lignin monomers as the precursors for vanillin biosynthesis is feasible (Shimoni et al., 2000; Gallage and Møller, 2015; Galadima et al., 2020). Many studies pay more attention to using one specific precursor for the biosynthesis of vanillin (Ashengroph and Amini, 2017; Yang et al., 2017; Singh et al., 2019). Nevertheless, the catalytic potential of one specific microbe on multiple substrates to generate unique value-added chemicals receives relatively less attention. Previous studies show that the Bacillus genus exhibits lignin degradation ability and potential in lignin valorization (Zhu et al., 2017, 2021; Mei et al., 2020). Herein, we aimed to assess the biotransformation potential of Bacillus pumilus ZB1 in vanillin production using different guaiacyl lignin monomers as the substrate. The potential of B. pumilus ZB1 in masson pine degradation was further investigated, as well as the valorization ability of bio-oil pyrolysis from masson pine.



MATERIALS AND METHODS


Strain, Media, and Culture Conditions

Bacillus pumilus ZB1 (CCTCC AB2013116) was obtained from China Center for Type Culture Collection and preserved in our laboratory. B. pumilus ZB1 was pre-cultured in 250 mL Erlenmeyer flasks containing 50 mL of LB medium. The incubation proceeded for 12 h at 37°C with shaking at 150 rpm. Then B. pumilus ZB1 was inoculated into the 250 mL Erlenmeyer flasks containing 50 mL of the basal medium with the inoculum size of 5% (v/v) under the same culture conditions. The basal medium contains 5 g/L yeast extract, 5 g/L peptone, 5 g/L KNO3, 1 g/L KH2PO4, and 0.1 g/L MgSO4⋅7H2O (Nagar et al., 2012).



Bioconversion Study of Guaiacyl Lignin Monomers Into Vanillin by B. pumilus ZB1

Bioconversion analysis of guaiacyl lignin monomers to vanillin was performed based on the actively growing 24 h culture of B. pumilus ZB1 in the basal medium. Isoeugenol, eugenol, and vanillyl alcohol were subsequently added to the bacterial culture with a final concentration of 1 g/L, respectively. The bioconversion experiments were carried out under different parameters, including temperature (28, 37, and 45°C), shaking speed (100, 150, and 200 rpm), pH (5.0, 7.0, and 9.0), and substrate concentration (0.5, 1, and 2 g/L). The samples were withdrawn from the bacterial culture on day 4. The biotransformation process was stopped by adding three volumes of acetonitrile into the samples. The products analysis was performed by using Primaide HPLC systems (Hitachi) equipped with an Eclipse XDB-C18 column (4.6 mm × 250 mm, 5 μm). The analytical methods were carried out as previously reported (Yamada et al., 2007). The injection volume was 10 μL. The detection wavelength was 280 nm.

GC/MS (GCMS-QP2010 Ultra, Shimadzu, Japan) equipped with an HP-5 column was used to identify the metabolites of three guaiacyl lignin monomers by B. pumilus ZB1. The samples were collected on day 6 and then acidified with 6 M HCl to pH 2.0. The transformed products were extracted with the equivalent volume of ethyl acetate three times. After complete dehydration with anhydrous sodium sulfate, the samples were concentrated by rotary evaporation. The concentrated samples were re-dissolved in dichloromethane. The derivatization was conducted at 60°C for 15 min. The derivatization mixture was composed of 500 μL concentrated sample, 100 μL N-methyl-N-(trimethylsilyl) trifluoroacetamide, and 100 μL pyridine. Helium was used as the carrier gas. The flow rate was 1 mL/min. The temperature program of the GC analysis was set as follows: 60°C for 3 min, followed by 5°C/min to 300°C, and then held at 300°C for 2 min. The mass spectrometry was performed with a scan range of 30–550 m/z (70 eV EI). The products were identified based on the NIST11 database.



Biotransformation Study of Bio-Oil From Masson Pine by B. pumilus ZB1


Characterization of Masson Pine With B. pumilus ZB1 Treatment

The capacity of B. pumilus ZB1 on lignin biotransformation was preliminarily evaluated. B. pumilus ZB1 was cultured in the basal medium for 24 h. 5% of seed culture was transferred into the fresh basal medium containing 20 g/L masson pine (20–80 mesh) and incubated at 37°C with shaking at 150 rpm. The masson pine was collected after bacterial treatment for 5 days. The untreated masson pine was set as the control. The supernatant was withdrawn periodically and used for the measurement of the concentration of total phenol and reducing sugar. The determination of total phenol and reducing sugar were conducted as previously described (Yu et al., 2009; Zhang et al., 2021). Qualitative analysis of the depolymerized monomers in the supernatant was performed based on the GC/MS analysis described above. Meanwhile, the treated and untreated lignocellulosic samples were completely dried in the oven at 60°C. The surface morphology of masson pine was studied by scanning electron microscope (SEM) (JSM-6510LV, JEOL, Japan). Fourier-transform infrared (FTIR) spectroscopy analysis was performed using Nicolet iS10 FTIR spectrometer (Thermo Scientific, United States). The sample was prepared by mixing the masson pine samples and potassium bromide. The wavenumbers of softwood were identified as previously described (Pandey, 1999).



Characterization and Preparation of Bio-Oil by Fast Pyrolysis of Masson Pine

To characterize the bio-oil, fast pyrolysis-GC/MS was performed using Agilent 6890N GC equipped with a mass spectrometer (5975). The samples were ramped at 10°C/ms to the final temperature of 400°C and held for 25 s. The pyrolysis volatiles were further analyzed using GC. The initial temperature of GC program was 40°C. After being maintained at 40°C for 1 min, the temperature was increased by 10°C/min to 150°C and maintained at 150°C for 1 min. Thereafter, the temperature was increased by 5°C/min to 300°C and maintained at 300°C for 3 min. The split ratio was 50:1. The pyrolyzed products in bio-oil were identified based on the NIST11 database.

To prepare the bio-oil for the assessment of the potential of B. pumilus ZB1 in biotransformation, fast pyrolysis of masson pine particle (<0.18 mm) was performed using a Carbolite Gero TF1 Tube Furnace. Masson pine was ground and passed through the 80-mesh screen. The fast pyrolysis parameters were set as previously reported with a slight modification (Wang et al., 2018). Briefly, the samples were heated at 10°C/ms to 400°C and held for 30 min. The liquid products were collected for biotransformation analysis.



Biotransformation Analysis of Bio-Oil by B. pumilus ZB1

Based on the actively growing B. pumilus ZB1 culture in the basal medium as described above, 1, 5, and 10 g/L of bio-oil were added into the culture, respectively. The incubation was proceeded at 37°C with shaking at 150 rpm and the samples were withdrawn periodically. The growth of B. pumilus ZB1 in the basal medium containing bio-oil was measured each 24 h via UV–Vis spectrophotometer (AOE Instruments, Shanghai). The quantitative analysis of isoeugenol, eugenol, and vanillin was performed using HPLC systems as described above.




Investigation of the Biological Process in Vanillin Biosynthesis by B. pumilus ZB1 Using Isoeugenol as the Model


Cloning of the Coding Sequences of Monooxygenases of B. pumilus ZB1

To verify the biotransformation capacity of B. pumilus ZB1 from isoeugenol to vanillin, a total of 7 monooxygenase genes annotated in the genome of B. pumilus were obtained. These monooxygenases were named M1–M7. The information of these genes were listed in Supplementary Table 1. The sequences of 7 monooxygenase genes were cloned into NdeI and XhoI co-digested pET28a(+), respectively. The positive recombinant plasmids were obtained by sequencing.



Expression and Purification

The recombinant plasmids and the negative control pET28a(+) were transformed into Escherichia coli BL21 (DE3), respectively. The transformants were inoculated in Luria-Bertani (LB) medium containing 50 μg/mL of kanamycin. The incubation was then conducted at 37°C with a shaking of 200 rpm overnight. The seed cultures were transferred into the fresh LB medium containing 50 μg/mL of kanamycin with 2% of inoculum size. IPTG was added into the cultures with a final concentration of 0.5 mM when OD600 reached approximately 0.6 to 0.8. The cultivation was continued at 25°C with shaking at 150 rpm for 12 h. Thereafter, the pellets were collected after centrifugation and then were resuspended in a one-twentieth volume of lysis buffer (50 mM Tris-HCl, 10 mM imidazole, 0.3 M NaCl, 3 mg/mL lysozyme, and 1 mM PMSF, pH 7.0). The disruption of pellets was performed using an ultrasonic processor. The cell-free extracts were prepared for isoeugenol monooxygenase activity measurement and purification. The purification of monooxygenases was conducted as previously described with a slight modification (Liu et al., 2021). Briefly, monooxygenases were eluted by elution buffer containing 500 mM of imidazole. The protein concentration was estimated using the Bradford reagent.



Functional Analysis of Monooxygenases From B. pumilus ZB1

The function of isoeugenol monooxygenase was verified using isoeugenol as the substrate for vanillin production. The reaction mixture in a total volume of 10 mL was composed of 7.5 mM isoeugenol and 10 mL cell-free extracts of recombinant E. coli. These reactions proceeded at 25°C, 150 rpm for 1 h. Qualitative analysis of the transformed products was carried out by GC/MS as described above.

The purified isoeugenol monooxygenase was used for the measurement of enzymatic activity. The reaction mixture was composed of 0.01 mg/mL purified isoeugenol monooxygenase and 37.2 mM isoeugenol in 50 mM Tris-HCl, pH 7.0. One unit of isoeugenol monooxygenase activity is equivalent to the amount of enzyme that converted 1 μg of isoeugenol per minute. To investigate the performance of different isoeugenol monooxygenase on vanillin production, the same reactions were conducted at different pH values. The yield of vanillin was measured using HPLC systems as described above.



Homology Modeling of Monooxygenase

Homology modeling of M5 was predicted using SWISS-MODEL server1. The template for this model was the 2.0-Å crystal structure of E. coli putative monooxygenase (PDB ID: 2HIQ). The generated model of M5 shared 46% sequence identity with the template.





RESULTS


Biotransformation Analysis of Guaiacyl Lignin Monomers Into Vanillin by B. pumilus ZB1

The bioconversion potential of B. pumilus ZB1 on guaiacyl lignin monomers under different culture conditions was investigated (Table 1). With the incubation at different temperatures, isoeugenol, and vanillyl alcohol could be transformed into vanillin effectively at 28°C. A slight increase of vanillin production was observed using eugenol as the precursor when the biotransformation proceeded at 45°C. The change in shaking rates also influenced the yield of vanillin. The use of isoeugenol, eugenol, and vanillyl alcohol as the substrate yielded more vanillin at 100 rpm. A range of pH from 5.0 to 9.0 was used to assess the effect of pH on biotransformation. Alkaline condition showed an improvement for vanillin production from each guaiacyl lignin compound by B. pumilus ZB1. Whether increasing the substrate concentration could improve vanillin production was also investigated. As a result, a higher yield of vanillin was observed with the increase of the substrate concentration to 2 g/L. Overall, vanillyl alcohol could be completely transformed into vanillin by B. pumilus ZB1 with a low shaking rate and alkaline condition. Low shaking rate, 28°C, and alkaline pH might benefit vanillin production when using isoeugenol as the substrate. The transformation efficiency of eugenol to vanillin was relatively low in comparison with the other two precursors due to less than 1% of the substrate could be converted into vanillin.


TABLE 1. Yield of vanillin (mg/L) transformed by Bacillus pumilus ZB1 with the different guaiacyl lignin monomers as the substrate.
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GC/MS analysis was used for metabolites determination by using different guaiacyl lignin monomers as the substrate. The culture was conducted at pH 7.0 and 37°C with a shaking rate of 150 rpm. The result was shown in Supplementary Table 2. Vanillyl alcohol was disappeared on day 6, vanillin was still observed in the result of isoeugenol as substrate on day 6. In the results of eugenol, the isoeugenol was detected. Lactic acid was detected in all three results of metabolites, implying that B. pumilus ZB1 might utilize different aromatic monomers for supporting their growth. Overall, the B. pumilus ZB1 could convert isoeugenol, eugenol, and vanillyl alcohol into vanillin within 4 days before further biotransformation.



Assessment of the Potential of B. pumilus ZB1 in Masson Pine Degradation

The potential of B. pumilus ZB1 in softwood degradation was assessed using masson pine as the substrate. As shown in Figure 1, the content of total phenol and reducing sugar in the supernatant of the bacterial treated sample significantly changed compared with the untreated sample. The total phenol content in the bacterial treated sample increased up to 71.46 μg/mL within 1 day, while in the untreated sample was 22.3 μg/mL. The reducing sugar content in the bacterial treated and the untreated samples were 111.87 and 152.94 μg/mL on day 2, respectively. In the supernatant, the total phenol content increased by 3.2-fold compared with the untreated sample, the reducing sugar decreased by 1.37-fold. Thereafter, the depolymerized products of masson pine in the supernatant were analyzed via GC/MS. As shown in Supplementary Figure 1, two guaiacyl lignin monomers were detected, including isoeugenol and vanillic acid. These results implied that B. pumilus ZB1 could depolymerize masson pine and further utilize isoeugenol as the precursor for vanillin production.


[image: image]

FIGURE 1. Measurement of the concentration of (A) total phenol and (B) reducing sugar in the supernatant of Bacillus pumilus ZB1 treated and untreated basal medium containing masson pine.


The effect of B. pumilus ZB1 treatment on the structural alteration of masson pine was further investigated. Due to the regular, smooth, and densified surface of masson pine without B. pumilus ZB1 treatment was observed, the internal structure of masson pine was unexposed (Supplementary Figure 2A). However, the SEM image revealed that the significant structural alterations of masson pine occurred with B. pumilus ZB1 treated for 5 days. The surface of masson pine appeared irregular and the internal structure was exposed together with the formation of pores (Supplementary Figure 2B). As shown in Supplementary Figure 3, FTIR spectra of the original and the treated samples confirmed the capacity of B. pumilus ZB1 on lignin depolymerization of masson pine. In the fingerprint region of lignin, the signals corresponding to the hydrogen bonded O-H stretching at 3,414 cm–1, C-H stretching at 2,935 and 2,842 cm–1, and unconjugated C = O stretching at 1,714 cm–1 were disappeared after B. pumilus ZB1 treatment for 5 days. In the fingerprint region of cellulose, the bands corresponding to the conjugated C = O at 1,640 cm–1, the asymmetric C-H deformation at 1,430 cm–1, the symmetric C-H deformation at 1,372 cm–1, the O-H in-plane deformation at 1,336 cm–1, and the CH2 wagging at 1,318 cm–1 were decreased. These results indicated that the degradation of lignin and the exposure of cellulose in masson pine occurred after bacterial treatment.



Biotransformation of Bio-Oil Into Vanillin by B. pumilus ZB1

In the present study, we confirmed B. pumilus ZB1 could effectively depolymerize masson pine, implying that B. pumilus ZB1 is capable of involving in lignin degradation. Pyrolysis of lignocellulosic biomass may improve the biotransformation efficiency because the recalcitrant structure of lignocellulose can be fragmented (Wang et al., 2018). Herein, we prepared the bio-oil of masson pine after fast pyrolysis. Based on the identification of the aromatic compounds pyrolyzed from masson pine, isoeugenol and eugenol were detected in the bio-oil (Table 2). This result implied that the bio-oil pyrolyzed from masson pine might serve as the substrate of guaiacyl lignin monomers transformation by B. pumilus ZB1 for vanillin production.


TABLE 2. Identification of the aromatic compounds in bio-oil pyrolyzed from masson pine via py-GC/MS.
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We subsequently tested the capacity of B. pumilus ZB1 in vanillin production using bio-oil as the substrate. Time-course analysis revealed that vanillin concentration increased along with the cultural time. Notably, when the bio-oil concentration increased, the yield of vanillin increased with the addition of a high concentration of bio-oil. As expected, with the addition of 1, 5, and 10 g/L of bio-oil into the basal medium, the concentration of vanillin increased up to 7.54, 14.31, and 56.85 mg/L, respectively, on day 6 (Figure 2). The maximal yield of vanillin was 71.99 mg/L on day 5 using 10 g/L of bio-oil as the substrate. As shown in Supplementary Table 3, the initial content of isoeugenol and eugenol in 10 g/L bio-oil was 68.3 and 23.5 mg/L, respectively. The initial content of vanillin in 10 g/L bio-oil was 15.9 mg/L. Overall, after deducting vanillin in the initial substrate, 61.1% of isoeugenol and eugenol in bio-oil was able to transform into vanillin by B. pumilus ZB1.


[image: image]

FIGURE 2. Time-course analysis of vanillin production using different concentrations of bio-oil as the substrate.




Analysis of the Biological Process of B. pumilus ZB1 During Guaiacyl Lignin Biotransformation

To further characterize the biological process of B. pumilus ZB1 during biotransformation, the functional proteins potentially involved in the biotransformation of isoeugenol to vanillin were investigated. Based on the analysis of the annotated genome of B. pumilus SH-B9 (Accession number: NZ_CP011007), a total of seven monooxygenases were annotated in the genome and subsequently isolated from the genome of B. pumilus ZB1. Heterologous expression in E. coli was performed after isolation of these genes. Before the purification of monooxygenases, the enzymatic function was first evaluated using cell-free extracts of transformed E. coli BL21 (DE3). Based on the identification of the products using the NIST database, four out of the seven cell-free extracts exhibited isoeugenol monooxygenase activity, including M2, M3, M5, and M6 (Supplementary Figure 4). Subsequently, the recombinant monooxygenases were purified by Ni-affinity chromatography. The purity of recombinant monooxygenases was verified by SDS-PAGE (Supplementary Figure 5). Supplementary Table 4 summarized the properties of monooxygenases after purification. The specific activities of purified M2, M3, M5, and M6 were 30.82, 26.09, 29.74, and 52.16 U/mg, respectively.

The biological function of four identified monooxygenases in the isoeugenol transformation was evaluated with the pH ranging from 5 to 10. As shown in Figure 3, vanillin could be detected using isoeugenol as the substrate at a wide range of pH. The low yield of vanillin was observed under the acidic condition. Interestingly, these four monooxygenases preferred converting isoeugenol into vanillin under alkaline conditions. The maximal yield of vanillin was obtained at a pH ranging from 9 to 10. With the M2, M3, and M5 as the biocatalyst, the highest yield of vanillin increased up to 64.036, 67.539, and 139.467 mg/L, respectively, at pH 10.0. 74.838 mg/L of vanillin was detected after incubation with M6 at pH 9.0.
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FIGURE 3. Measurement of vanillin production catalyzed by monooxygenases using isoeugenol as the substrate under different pH conditions.





DISCUSSION

Guaiacyl units are the most abundant compounds encountered during softwood lignin degradation and depolymerization (Morya et al., 2021). As a unique chemical manufactured on the industrial scale from lignocellulosic biomass, vanillin plays an important role in practical applications, such as food, cosmetic, and pharmaceutical industries (Priefert et al., 2001). The conventional method of extracting vanillin from depolymerized lignin fragments generally requires organic solvents (Fache et al., 2016), which may increase the cost and cause environmental pollution. In our study, we found that different guaiacyl lignin monomers could be transformed into vanillin by B. pumilus ZB1. Theoretically, the biotransformation of different lignin monomers to vanillin might be an effective strategy in vanillin production. Previous literature proposes that vanillin can be further transformed into vanillic acid by vanillin dehydrogenase (Xu et al., 2019; Nguyen et al., 2021). In our study, vanillic acid was detected on day 4 and subsequently lactic acid was detected on day 6. This result implied that vanillin might be further catabolized by B. pumilus ZB1 along with the time. The deletion of vanillin dehydrogenase gene in the genome of microbes using genetic manipulation results in vanillin accumulation without undesired catabolism (Di Gioia et al., 2011; Fleige et al., 2013). The elimination of downstream catabolism of vanillin in B. pumilus ZB1 might be carried out in future studies. Overall, these results suggested that B. pumilus ZB1 has the capability in the biotransformation of different guaiacyl lignin monomers into vanillin within 4 days.

In many cases, Bacillus species are capable of depolymerizing lignocellulosic biomass, which raises great attention for its application in biorefinery (Lee et al., 2019; Mei et al., 2020). Bacillus species can depolymerize the lignin macromolecule into low-molecular-weight aromatic monomers. The ligninolytic enzymes originating from bacteria play a key role in lignin depolymerization (Lee et al., 2019; Mei et al., 2020). In our study, the depolymerization of masson pine was observed with the treatment of B. pumilus ZB1 based on the results of the measurement of the total phenol and reducing sugar in the supernatant, as well as the structural characterization. Masson pine (Pinus massoniana Lamb.) is a typical softwood that is predominantly composed of guaiacyl lignin (Xu et al., 2019). Masson pine is an afforested tree species in subtropical areas, which is also used for the production of pulpwood, building wood, and other raw materials (Yuan et al., 2021). Inevitably, the generation of lignocellulosic waste increases the burden to the environment. In our study, B. pumilus ZB1 could depolymerize masson pine and then generate guaiacyl lignin monomers. The depolymerized product, isoeugenol, might serve as the precursor of vanillin synthesis by B. pumilus ZB1.

Fast pyrolysis of lignocellulosic biomass is a potential way to produce bio-based chemicals. The liquid, char, and gas derived from biomass were obtained with pyrolysis techniques at 400–650°C (Dai et al., 2020). Among them, the liquid bio-oil contains a variety of value-added chemicals from lignin (Wang et al., 2020). The sources of lignocellulosic biomass and the operating conditions of pyrolysis generally influence the final composition of the products in bio-oil (Wang et al., 2019). Softwood is composed of mostly guaiacyl lignin. The composition of masson pine contributed to the complexity of the final products in bio-oil. The pyrolysis of softwood mainly produces guaiacyl lignin monomers in the bio-oil (Wang et al., 2018). It implies that the bio-oil pyrolyzed from softwood may serve as the precursor in vanillin synthesis by microbes. However, the complex composition of bio-oil is toxic to microbial activity, which leads to the insufficient utilization of bio-oil by microorganisms (Liang et al., 2013). In our study, we found that B. pumilus ZB1 was capable of transforming isoeugenol and eugenol into vanillin, respectively. The presence of isoeugenol and eugenol in bio-oil might benefit transform different guaiacyl monomer to produce vanillin by B. pumilus ZB1. Additionally, the growth of B. pumilus ZB1 could be improved when the bio-oil was added into the basal medium, especially increasing the concentration of bio-oil up to 10 g/L (Supplementary Figure 6). Fatty acids generally exhibit the toxicity toward the growth of microorganisms (Al-Shmgani et al., 2019). One of the typical fatty acids, n-hexadecanoic acid, was detected in the bio-oil pyrolyzed from masson pine (data not shown). The higher yield of vanillin was observed with the addition of high concentration of bio-oil. These results implied that B. pumilus ZB1 not only could convert different guaiacyl lignin monomers into vanillin but also show tolerance to the toxicity of bio-oil.

In prokaryotes, the biosynthesis of vanillin is a complicated pathway related to many enzymatic systems. Eugenol can be used as the precursor involving ferulic acid biosynthesis (Ryu et al., 2010), which can be converted into vanillin through non-oxidative decarboxylation and coenzyme A (CoA)-dependent non-β-oxidation in bacteria (Xu et al., 2019). Vanillyl alcohol oxidase can also produce vanillin by oxidizing of the vanillyl alcohol (van den Heuvel et al., 2001). Isoeugenol monooxygenases derived from the Pseudomonas species have been proven that can use isoeugenol as the precursor for vanillin biosynthesis (Yamada et al., 2007; Wang et al., 2021). Bacillus species are known that is capable of converting isoeugenol to vanillin, such as Bacillus subtilis B2, B. subtilis MTCC 1427, and Bacillus fusiformis CGMCC1347 (Shimoni et al., 2000; Zhao et al., 2006; Rana et al., 2013). The genomic sequencing of B. pumilus suggests that several monooxygenases may involve in the biotransformation of isoeugenol to vanillin (Su et al., 2011). Nevertheless, the biological function of monooxygenases in B. pumilus strain has not been characterized. We thus specifically investigated the contribution of monooxygenases to guaiacyl lignin biotransformation using isoeugenol as the model.

Heterologous expression of monooxygenases in E. coli BL21 (DE3) was carried out. Based on the preliminary evaluation of monooxygenase activity, four out of the seven monooxygenases could transform isoeugenol into vanillin, including M2, M3, M5, and M6. SDS-PAGE confirmed that the molecular weights of recombinant monooxygenases containing His-tag consistent with the prediction results, including M2, M3, and M6. The molecular weight of recombinant M5 was higher than that of the predicted result. Thereafter, homology modeling of M5 was conducted using the SWISS-MODEL server. As a result, M5 has formed as the homo-dimer, which resulted in a larger molecular weight. Noteworthily, the specific activity of the isoeugenol monooxygenases described in the present study was much higher than that of monooxygenases from different microorganisms as previously reported (Supplementary Table 4). B. pumilus is one of the rhizobacteria which shows a good adaption to the environment (Liu et al., 2021). The practical application of the enzymatic systems from B. pumilus generally exhibits good performance in the alkaline environment, such as laccase, feruloyl esterase, and endoxylanase (Asha Poorna and Prema, 2007; Duan et al., 2021; Liu et al., 2021). In our study, the conversion of isoeugenol to vanillin by monooxygenases in the alkaline environment was more effective than that in the acidic environment, implying that B. pumilus ZB1 and its enzymatic systems could keep biological activity in an extreme environment and improve lignin biotransformation for vanillin production.



CONCLUSION

In this study, vanillin could be synthesized by B. pumilus ZB1 using different guaiacyl monomers as the substrate. The structural characterization confirmed that B. pumilus ZB1 could depolymerize masson pine and generate the precursor of vanillin. The pyrolysis-GC/MS suggested that the bio-oil from masson pine might consider as the source for vanillin production by B. pumilus ZB1. 61.1% of isoeugenol and eugenol in bio-oil could be transformed into vanillin. Four of the seven monooxygenases with high specific activity are involved in transforming isoeugenol into vanillin. Overall, B. pumilus ZB1 showed potential in the valorization of guaiacyl lignin for vanillin synthesis.
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