
Academic Editor: Francesca Raganati

Received: 22 September 2025

Revised: 16 October 2025

Accepted: 17 October 2025

Published: 21 October 2025

Citation: de Carvalho, S.P.; Zaiter,

M.A.; Dantas, K.S.; Pereira, É.J.; da

Silva, R.R.; Boscolo, M.; da Silva, R.;

dos Santos, M.B.C.; Gomes, E.

Bioconversion of Ferulic Acid to

4-Vinylguaiacol by Ferulic Acid

Decarboxylase from Brucella intermedia

TG 3.48. Processes 2025, 13, 3367.

https://doi.org/10.3390/

pr13103367

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Bioconversion of Ferulic Acid to 4-Vinylguaiacol by Ferulic Acid
Decarboxylase from Brucella intermedia TG 3.48
Sylvia Patricia de Carvalho, Mohammed Anas Zaiter , Karine Sousa Dantas, Érike Jhonnathan Pereira ,
Ronivaldo Rodrigues da Silva, Maurício Boscolo , Roberto da Silva , Maitê Bernardo Correia dos Santos
and Eleni Gomes *

Laboratory of Unesp’s Bioenegy Institute IPBEN, São Paulo State University, UNESP,
São José do Rio Preto 15054-000, SP, Brazil; sylvia.patricia@unesp.br (S.P.d.C.); anas.zaiter@unesp.br (M.A.Z.);
karine.dantas@unesp.br (K.S.D.); jhonnathan.pereira@unesp.br (É.J.P.); ronivaldo.r.silva@unesp.br (R.R.d.S.);
mauricio.boscolo@unesp.br (M.B.); roberto.silva@unesp.br (R.d.S.); maite.bernardo@unesp.br (M.B.C.d.S.)
* Correspondence: eleni.gomes@unesp.br; Tel.: +55-17-3221-2393

Abstract

4-vinylguaiacol (4-VG) is a commercially important compound due to its characteristic
clove-like aroma and its use as a flavoring in the food, beverage, and cosmetics industries.
However, its extraction from natural sources or by a chemical method is expensive. The
bioconversion of ferulic acid (FA) to 4-VG via microorganisms is an alternative, considering
the market trend toward biotechnological and environmentally friendly processes and
products. This study aimed to evaluate the tolerance of the bacterial strain Brucella interme-
dia (basonym Ochrobactrum intermedium) TG 3.48 to FA, its bioconversion to 4-VG, and the
activity of the FA decarboxylase enzyme (FADase), which is key to the 4-VG production
process. The strain tolerated FA concentrations up to 700 mg L−1. When the microorganism
grew at 300 mg L−1 FA in Mineral Liquid Medium (MLM), it converted 99.5% of FA to
4-VG within 12 h. The FADase activity was cell-associated with 5.17 U mL-1 in the whole
cell, 4.40 U mL−1 in the intracellular extract, and 3.54 U mL−1 in the cell wall fragments,
while the specific activity was 778.90 U mg−1.

Keywords: ferulic acid; 4-vinylguaiacol; decarboxylase; Brucella intermedia TG 3.48;
Ochrobactrum intermedium TG 3.48

1. Introduction
Several processes that use lignocellulosic raw material result in an excessive amount of

lignin that is not optimally utilized. This polymer and its derivatives with high content of
aromatic compounds have potential applications in the biosynthesis of various products [1].
Ferulic acid (FA) is present in high concentrations in hydrolyzed lignocellulosic biomass
and serves as a substrate for the synthesis of flavor compounds such as vanillic acid (VA),
vanillin, and 4-vinylguaiacol (4-VG) [2,3].

4-VG is a phenolic volatile substance with a spicy clove-like aroma, which makes
it a key aroma compound in the beverages and beer industries [4], and as an additive
in flavors and fragrances industries [5]. On the other hand, 4-VG is a well-documented
volatile phenolic compound that occurs in roasted coffee beans during roasting process
by thermal decarboxylation of FA [6,7], while in citrus, research reports 4-VG among
identified aroma compounds in citrus peels and dried citrus products, especially when
peel is processed (drying, extraction) or when bound precursor is hydrolyzed, as well as in
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cold-pressed grapefruit oil [8,9]. In addition, its antioxidant activity makes it a potential
pharmaceutical agent [10,11]. 4-VG can be extracted from plants, yet the low concentration
of this compound makes the process economically unfeasible. Chemical synthesis is an
alternative representing around 80% of total 4-VG production [12,13].

The biological synthesis of 4-VG by fungi and bacteria using FA as a substrate
has been reported [2,5,13,14]. These biocatalytic routes use low-cost renewable FA,
operate under mild aqueous conditions with high chemo-selectivity and reduced by-
product formation, simplifying downstream processing [15]. In contrast, classical chemi-
cal routes such as Wittig-type alkene formation produce stoichiometric phosphine-oxide
waste, typically require harsher conditions and organic solvents, and exhibit poor green
chemistry metrics [16].

The biotransformation of FA to 4-VG is catalyzed by FA decarboxylase enzyme
(FADase, EC 4.1.1.102) via non-oxidative decarboxylation of FA to 4-VG with release
of CO2 from the substrate’s terminal carboxyl carbon [12] (Figure 1). FADas has been
reported in various microorganisms such as Aspergillus luchuensis, Candida guilliermondii,
Bacillus sp., and Klebsiella pneumoniae, where it generally involves in culture media detoxifi-
cation processes and, in some species, forms part of the metabolic pathway for assimilating
xenobiotic compounds [2,11].

 

FA 4-VG 

Figure 1. FADase non-oxidative decarboxylation of FA to 4-VG with release of CO2.

The bacterium Brucella intermedia TG 3.48 demonstrates tolerance to compounds that
typically inhibit microbial growth, such as lead and chromium VI, and can degrade xenobi-
otic substances including diuron and piracetam (2-(2-oxopyrrolidin-1-yl) acetamide) [17–22].
A 16S rRNA gene partial sequence (1329 bp) of B. intermedia TG 3.48 is available in GenBank
under accession number MG214517, as reported by Egea et al. [21].

Previous studies report large inter- and intra-species variation in FA tolerance, Klebsiella
pneumoniae TD4.7 showed growth and activity only at 0.3–0.5 g L−1 [2], as for Bacillus
subtilis B7-S lost growth and bioconversion at levels around 1.3 g L−1 [23], while adaptive
laboratory evolution (ALE) of Pseudomonas putida KT2440 markedly increased tolerance up
to the 30 g L−1 range, showing that baseline tolerance is strain- and condition-dependent
and can be substantially improved by ALE [24].

Unlike many fungal and yeast ferulic acid decarboxylases that require the prenylated-
FMN (prFMN) cofactor and its biosynthetic partner (UbiX/PAD1) for activity [25], the
enzyme described here is cofactor independent, which simplifies heterologous expression
and process design, avoiding the co-expression or supplementation of accessory cofactor
pathways, and thereby facilitates robust single step bioconversion of FA from lignocellulosic
hydrolysates to 4-VG [5,26].

The objective of this work is to assess the FA tolerance, study the potential of B. inter-
media TG 3.48 to produce 4-VG via decarboxylation of the FA and evaluate the expression
and characterization of the FADase enzyme.

2. Materials and Methods
2.1. Microorganism

The bacterium Brucella intermedia (basonym Ochrobactrum intermedium) TG 3.48 [27],
previously isolated [21], is part of the working collection of the Biochemical and Applied
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Microbiology laboratory, Unesp Bioenergy Research Institute, São José do Rio Preto, SP,
Brazil. The strain has been maintained at −80 ◦C in a 15% glycerol solution. Identification
was carried out by DNA extraction using the commercial AxyPrep Bacterial Genomic DNA
Miniprep Kit (Axygen, Union City, CA, USA) from a colony obtained after cultivation on
Luria-Bertani agar medium (LB) for 12 h at 30 ◦C. The partial sequence of the 16S rRNA
gene is available on NCBI website https://www.ncbi.nlm.nih.gov/nuccore/MG214517.1/,
accessed on 20 August 2025.

2.2. Culture Medium

The Liquid Nutrient Medium (LNM) [28] consisted of 0.2% glucose, 0.1% sodium
chloride, 1% tryptone, and 0.5% yeast extract. An adaptation of the Mineral Liquid Medium
(MLM) proposed by Bushnell and Haas [29], composed of 11% (NH4)2SO4, 0.02% MgSO4,
0.002% CaCl2, 0.1% KHPO4, and 0.1% KH2PO4 was also used. The solid medium contained
the same nutrients as LNM, with the addition of 1.5% agar.

2.3. Bacterial Tolerance to FA and Potential Biotransformatio of FA to 4-VG

For all cultivation procedures, the pre-inoculum was prepared by suspending bacterial
cells in a liquid nutrient medium at pH 6.0. Pre-inoculum cultures were incubated in an
orbital shaker at 28 ◦C and 150 rpm. The optical density (O.D) of the culture was measured
at 600nm using a spectrophotometer until an O.D of 0.8 was reached.

Bacterial tolerance to FA was assessed in 96-well microtiter plates containing 196.0 µL
of LNM, with FA concentrations ranging from 100 up to 700 mg L−1, and after addition
of ferulic acid the medium pH was readjusted to pH 6.0 with 1 M NaOH (or HCl where
required) prior to inoculation to avoid pH-driven effects on bacterial growth, incubated at
28 ◦C and 190 rpm.

For the decarboxylation of FA to 4-VG, the methods described above were followed,
with 250 mL of LB medium containing 300 mg L−1 of FA in a 500 mL Erlenmeyer flask,
which was inoculated with one mL of inoculum obtained as previously described and left
for 48 h. During the first 24 h of cultivation, samples were collected every two hours, and
subsequently every eight hours, for the microbial growth evaluation by O.D at 600 nm. The
concentrations of glucose, FA, 4-VG, and other metabolites were determined. The initial FA
concentration was used to calculate product yields (%).

FA, 4-VG, VA, catechol and vanillin, metabolites commonly reported in the FA biocon-
version pathways, were assayed by HPLC. The formation of 4-VG during cultivation was
verified by mass spectrometry (MS) analysis.

Two controls were employed in this work, an abiotic control (medium supplemented
with FA but not inoculated); and a biotic control (medium inoculated with the microorgan-
ism but without FA addition).

Unless indicated otherwise, all reagents were obtained from Sigma-Aldrich (St. Louis,
MO, USA).

2.4. Analytical Methods

Metabolites potentially derived from FA including catechol (benzene-1,2-diol), guaia-
col (2-methoxyphenol), 4-VG (2-Methoxy-4-vinylphenol), VA (4-hydroxy-3-methoxybenzoic
acid) and vanillin (4-Hydroxy-3-methoxybenzaldehyde) were screened and analyzed by
HPLC and LC-MS. Filtered samples were prepared using a 0.22 µm syringe filter (analitica
2202213 300 Cw syringe filter, hydrophilic PTFE membrane, filter diameter 13 mm, pore
size 0.22 µm, pre-cleaned, with polypropylene (PP) pre-filter.), and 20 µL aliquots were
injected into a 1220 Infinity liquid chromatograph (LC) (Agilent Technologies, Santa Clara,
CA, USA) equipped with a binary pump, autosampler, column oven, and a UV-VIS detec-
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Processes 2025, 13, 3367 4 of 11

tor. Chromatographic separation was achieved on a ZORBAX Eclipse Plus C18 column
(4.6 × 250 mm) (Agilent Technologies, Santa Clara, CA, USA), and preserved at 25 ◦C.

Chromatographic separation was performed using solvent A (methanol:acetic
acid:water, 10:2:88 v/v) and solvent B (methanol:acetic acid:water, 90:2:8 v/v). [30]. Reten-
tion times were determined using analytical standards, and calibration curves of FA and its
metabolites were plotted at concentrations between 2.5 and 300 mg L−1. The correlation co-
efficient was 0.999 for analyzed compounds, and the peak areas were quantified according
to the calibration curves.

Sugars were quantified by ion-exchange chromatography using a Dionex ICS-5000
HPAEC-PAD (Thermo Scientific, Hampton, NH, USA) equipped with a CarboPac® PA-1
anion exchange column at a temperature of 25 ◦C. Eluents were prepared with ultrapure
deionized water (18 MΩ) and degassed with N2. The flow rate was set to one mL min−1

with solvent A (ultrapure water) and solvent B (500 mM NaOH), under isocratic condition
of 96% A and 4% B for 25 min. The lint sample was centrifuged at 15,000× g for 15 min,
and the supernatant was filtered through same previously mentioned 0.22 µm syringe filter,
diluted 50-fold, and injected into the chromatograph.

2.5. FA Decarboxylase Activity (FADase)

FADase activity was evaluated in three different crude enzyme fractions: extracellular
crude enzyme (culture medium), intracellular extract, and cell wall-associated enzymes
(fragments). To obtain the biomass needed, 2 L of medium MLM (as described previously)
with the supplemented with 0.05% of glucose (w/v) and 300 mg L−1 of commercial FA was
inoculated and incubated at 28 ◦C and 150 rpm. Cell growth was monitored until OD600
reached 0.80. The entire culture volume was used to obtain the crude enzyme fractions
previously mentioned as follows.

• Extracellular crude enzyme: Culture medium was centrifuged at 15,000× g for 15 min
at 4 ◦C and the supernatant was filtered through a 0.22 µm filter and retained as the
extracellular enzyme fracture.

• Intracellular crude enzyme: Cell biomass was washed twice with 50 mM sodium phos-
phate buffer (pH 6.0), the supernatant was discarded, and the pellet was resuspended
in the same buffer at a concentration of 0.2 g mL−1 wet biomass (0.2 g wet cell per mL
buffer). The resulting cell suspension was sonicated 4 times for 30 s at 20 kHz with
15 s cooling intervals in an ice bath. The lysate was centrifuged at 15,000× g for
15 min at 4 ◦C, and the supernatant was collected and used as the intracellular
enzyme fraction.

• Cell wall-associated enzyme: The pellet obtained from the previous centrifugation
step was resuspended in 50 mM sodium phosphate buffer (pH 6.0) and centrifuged
at 15,000× g and 4 ◦C for 15 min. The supernatant was discarded, and the pellet
resuspended in the same buffer at a concentration of 0.2 g mL−1 (wet weight), the
method was described by dos Santos et al. [2].

The reactional mixture consisted of 1:9 ratio of enzyme solution to substrate,
one mmol L−1 of dithiothreitol, and a FA (0.5 g L−1) prepared in sodium phosphate
buffer 50 mM (pH 6.0). Reaction was maintained at 30.0 ◦C for five minutes, and the
enzymatic activity was then halted by adding ethanol 96 ºGL in a 1:4 ratio (reaction
mixture: ethanol).

FA decarboxylase activity was determined by FA reduction and 4-VG formation
(µmol). One unit (U) of enzyme activity was defined as the amount of enzyme required to
produce one µmol of 4-VG per minute under the assay conditions. Specific activity was
calculated by relation of total enzyme unit (U) to the total proteins (mg) of the intracellular
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fraction used in the reaction. The total protein content was determined using the Bradford
method, with bovine serum albumin (BSA) as the standard.

2.6. FA Decarboxylase Characterization
2.6.1. Effect of pH and Temperature on Enzyme Activity and Stability

During the cell wall-associated crude enzyme characterization, the enzyme activity
was evaluated across a pH range of 4.0 to 9.0, using 0.1 M sodium acetate (pH 4.0–5.0); MES
(pH 5.5–6.5); HEPES (pH 7.0–8.0); BICINE (pH 8.5–9.0) at 30 ◦C. The temperature effect
on the enzyme activity was determined in the range of 20 and 60 ◦C, at pH 5.5, following
the previously described enzyme reaction. Enzyme stability was assessed by incubating
the enzyme without substrate, while for pH stability, samples were incubated in buffers
ranging from pH 4.0 to 9.0 at 4 and 25 ◦C for 60 min. Thermal stability was determined by
incubating the crude enzyme solution at a temperature range from 20 to 50 ◦C for 60 min.
The remaining decarboxylase activity was determined under standard assay conditions
described above at 40 ◦C and pH 5.0.

2.6.2. Stability of Enzyme on Storage at Different Temperatures

The enzyme was stored at 4 ◦C and −20 ◦C for 30, 90, and 180 days, and the remaining
activities were determined as described in the previous section after filtration in a 0.22 µm
syringe filter.

2.7. Data Analysis

At least three independent replicates were included for each measurement, with a
control experiment performed under the same conditions. Results are expressed as the
mean of replicate values with their corresponding standard deviations (mean ± SD).

Statistical analyses were conducted through one-way ANOVA and followed by
Tukey’s post hoc test for multiple comparisons in GraphPad Prism 10.6.0, with signifi-
cance defined at p < 0.05.

3. Results and Discussion
3.1. Studies on Bacterial Tolerance to FA and Its Transformation to 4-VG

There was no significant difference in bacterium growth at FA concentrations between
100 and 700 mg L−1. (Figure 2A), although a slight decrease was observed at concentrations
above 500 mg L−1. For more details check Figure S9 in Supplementary material.

Figure 2B shows that during cultivation with 300 mg L−1 of FA, there was a rapid de-
crease in FA concentration within the first 6 h, during which no bacterial growth was
observed. Once the FA level reached its minimum, glucose was rapidly consumed,
which marked the onset of growth. Glucose concentration continued to decrease un-
til 12 h of cultivation when the maximum biomass and the highest 4-VG concentration
(236.8 ± 76.3 mg L−1) were achieved. The 4-VG concentration remained stable for up to
24 h of cultivation. See Figure S10.

LC-MS chromatography revealed a proton ion peak at 151.1 m/z (Figure S2), consistent
with the mass of 4-VG (150.17 g mol−1). A yield of 99.5% was achieved for the bioconversion
of FA to 4-VG, starting with an initial concentration of 258.7 ± 4.0 mg L−1 (1.71 mmol L−1).

HPLC did not detect any FA-derived metabolites, except in samples collected between
12 and 14 h of cultivation when VA was observed (Figure 3).
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Figure 2. (A) Growth of B. intermedia TG 3.48 in nutrient medium containing 100 to 700 mg L−1 of
FA. ■ 100 mg L−1; • 200 mg L−1; ▲ 300 mg L−1; ▼ 400 mg L−1; ► 500 mg L−1 and ◄ 600 mg L−1;
♦ 700 mg L−1 of FA. × = biotic control; and (B) B. intermedia TG 3.48 growth in a medium with
300 mg L−1 of FA. Left y-axis (concentration mg L−1): ▲ = FA; ♦ = Glucose; • = 4-VG. Right y-axis
(pH up/OD down): ■ = pH;► = microbial biomass. Data are mean ± SD of three replicates (n = 3).

Figure 3. Chromatogram using a sample from 12 h of cultivation of B. intermedia TG 3.48 in a medium
with 300 mg L−1 of FA, only showed the presence of VA as a FA derivative. The compounds were
confirmed by LC-MS.

B. intermedia TG 3.48 has been shown to be capable of degrading xenobiotic com-
pounds [21,31,32]. FA has been characterized as an antimicrobial agent with bacteriostatic
effect, impacting cell mobility, biofilm formation, and energy metabolism. On the other
hand, the microbial transformation of this compound could be seen as a detoxification
action [33,34].

A concentration of FA around 500 mg L−1 inhibited the growth of Pseudomonas
aeruginosa ATCC 10145 and Escherichia coli CECT4342, while Staphylococcus aureus CECT
976 was only inhibited at 5000 mg L−1 of FA [35]. B. intermedia TG 3.48 tolerated FA
concentrations up to 700 mg L−1 without a significant decrease in biomass production
(Figure 2A). The simultaneous consumption of glucose and FA suggests that the bacteria
utilize the sugar as an energy and carbon source, while FA is biotransformed into 4-VG as a
detoxification mechanism.

For the bioconversion of FA to 4-VG, 300 mg L−1 of FA was used to avoid inhibition in
bacterial growth and to optimize the process. The concurrent decrease in FA concentration
and formation of 4-VG (Figure S3) confirms the use of decarboxylation as a detoxifica-
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tion mechanism. Similar results have been reported for Enterobacter sp. Px6-4 [36] and
K. pneumoniae [2].

3.2. FA Decarboxylase Activity (FADase)

FADase activity was examined in the intracellular extract (lysed cell) using the whole
cell, the cell wall fragments, and the culture medium. It was considered an extracellular
enzyme in all the samples, except the intracellular extract. When the whole cell was used,
an activity of 5.17 U mL−1 was determined. With the intracellular extract and the cell wall
fragments, the activity was 4.40 U mL−1 and 3.54 U mL−1, respectively (Figure 4 FADase
Activity, B and C), while the specific activity was 778.90 U mg−1. These findings indicate
that the enzyme is associated with the cell. A small amount of 4-VG detected in the culture
medium (0.35 U mL−1) could be the result of cell disruption during cultivation.

Figure 4. Residual ferulic acid (FA), 4-vinylguaiacol production (4-VG), and FADase activity.
A: whole cell; B: intracellular extract; C: cell wall fragments; D: culture medium; E: control. Data are
mean ± SD of three replicates (n = 3) and statistical significance (ANOVA/Tukey’s post hoc test) was
set at p < 0.05.

A one-way ANOVA confirmed the highly significant difference among the enzyme
fractions for all tested parameters, including FADase activity, 4-VG production, and FA
consumption (all p < 0.0001). Post hoc analysis with Tukey’s test showed that the whole-cell
fraction (A) had significantly higher FADase activity and produced significantly more
4-VG product compared to the culture medium (D) (p < 0.0001 for both comparisons). The
negligible activity and product formation in the culture medium confirm that the FADase
enzyme is cell-associated and is secreted into the medium only at low concentrations.

Our results confirm that the conversion of FA to 4-VG occurs via decarboxylation.
The detection of cell-associated FADase activity supports this hypothesis. Data indicates
that FADase is associated with the whole cell and cell wall fragments, suggesting it is an
extracellular enzyme, but it was not released into the medium. This profile is consistent
with enzymes involved in medium detoxification [37]. Similar findings were reported by
Li et al. [36], where the intracellular activity of FADase was directly associated with an
increase in 4-VG concentration in Enterobacter sp. Px6-4.

3.3. Enzyme Characterization

FADase exhibited maximum activity at pH 5.5 (Figure 5A) and at 50 ◦C, with activity
in temperature range between 40 and 55 ◦C (Figure 5B). In the absence of any substrate,
FADase remained stable within a pH range of 4.5 to 6.5 (Figure 5C), while remaining stable
between 30 and 45 ◦C, it lost 40% of its initial activity at 50 ◦C and was inactivated at 55 ◦C
(Figure 5D).
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Figure 5. Effect of pH (A) and temperature (B) on enzyme activity. Effect of pH (C) and temperature
(D) on the enzyme stability in absence of substrate. The maximal activity among the data was
considered as 100%. Data are mean ± SD of three replicates (n = 3).

The enzyme remained stable for 180 days when stored at −20 ◦C. At 4 ◦C, it retained
60% of its initial activity after 90 days and 40% after 180 days (Figure 6).

Figure 6. Effect of temperature on enzyme storage. ■ = 4 ◦C; • = −20 ◦C. 100% of activity was
considered based on the unincubated enzyme.

The physicochemical properties of FADase, including maximum activity at pH 5.0
and 6.0, are consistent with other FADases, such as that described by Santos et al. [2] from
K. pneumoniae TD 4.7 and by Maeda et al. [38] from Bacillus sp. BP-7. However, the
highest activity observed at 40 and 55 ◦C indicates that these enzymes are more ther-
mostable than those from Candida guilliermondii, which has an optimal temperature at 25 ◦C,
P. fluorescens UI 670 at 27 to 30 ◦C, B. pumilus PS213 at 37 ◦C, and K. pneumoniae TD 4.7 at
40 ◦C [2,37,39,40].

3.4. Products of FADase Activity

The degradation of FA via 4-VG is a pathway commonly employed by bacteria, fila-
mentous fungi, and yeasts, but with differences in efficiencies and resulting metabolites.
In many studies, 4-VG is reported as an intermediate metabolite resulting from the decar-
boxylation of FA. This intermediate can be further biotransformed into acetovanillone or
vanillin. Oxidation of vanillin produces VA, which can be subsequently bioconverted into
protocatechuic acid or catechol [2,13,41,42].
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In this study, only trace amounts of VA were detected, indicating that B. intermedia TG
3.48 can convert 4-VG to vanillin and subsequently to VA, as suggested in the literature [43].
The non-detection of vanillin may be due to its rapid conversion to VA. The maintenance
of 4-VG concentration after the maximum production peak at 12 h of cultivation suggests
that this metabolite was not used as a carbon source and was minimally converted to
other metabolites (vanillin, VA, and catechol) [11]. However, it is possible that, with
cultivation exceeding 24 h, further metabolization of 4-VG to vanillin and VA may occur, as
observed in Streptomyces setonii by Salgado et al. [44]. These findings are interesting from a
biotechnological perspective, indicating the potential use of this bacterium for single step
production of 4-VG at high yield.

4. Conclusions
To our knowledge, this study is the first report that B. intermedia TG 3.48 biotransforms

FA to 4-VG via a cell-wall-associated FADase. The strain tolerates high FA concentrations
and achieves a high conversion yield, while the enzyme is stable between 30 and 40 ◦C
and operates without added cofactors, features that simplify reactor design and reduce
operating costs. Although vanillin was not detected in the culture, likely due to rapid
conversion, the strain can further convert 4-VG into downstream derivatives such as vanillic
acid, indicating useful substrate scope for valorizing lignocellulosic FA into value-added
aroma and chemical intermediates. When compared with conventional biotransformation
routes that require cofactor supplementation or regeneration, or to free enzyme approaches,
which typically demand purification, can be less stable, and suffer greater sensitivity to
substrate and product toxicity, B. intermedia TG 3.48 stands as a practical and competitive
biocatalyst for valorizing FA from lignocellulosic biomass, because of the combination
of species-level novelty, cell-wall-associated localization, cofactor independence, thermal
stability in a mesophilic range, high substrate tolerance, and elevated bioconversion rates.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr13103367/s1, Figure S1. Chromatogram obtained from a sam-
ple of medium after 24 h of cultivation of the bacterium B. intermedia TG 3.48, where the peak at 28.6
min represents 4-VG. Figure S2. Chromatogram (A) and mass spectrum (B) for 4-VG, determined by
LC-MS. Figure S3. FA consumption profile and 4-VG formation at different incubation times. Figure
S4. Chromatogram corresponding to the retention time of the FA standard. Figure S5. Chromatogram
corresponding to the retention time of the 4-VG standard. Figure S6. Chromatogram corresponding
to the retention time of the catechol standard. Figure S7. Chromatogram corresponding to the
retention time of the vanillic acid standard. Figure S8. Chromatogram corresponding to the reten-
tion time of the vanillin standard. Figure S9. Growth profiles of the bacterium Brucella intermedia
TG 3.48 at concentrations of (A) 100 to 500 mg L−1 FA and (B) between 500 and 700 mg L−1 FA.
Figure S10. B. intermedia TG 3.48 growth in a medium with 300 mg L−1 of FA. Left y-axis (con-
centration mg L−1): ▲ = FA; ♦ = Glucose; • = 4-VG. Right y-axis (pH up/OD down): ■ = pH;
■ = microbial biomass.
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