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Abstract

Due to growing consumer preference towards natural ingredients in food products, the production of flavors by microbial
biotransformation of agrowastes provides an eco-friendly, cost-effective and sustainable pathway for biovanillin production.
In the present study, biovanillin was produced by microbial biotransformation of ferulic acid (FA) using Streptomyces sp.
ssr-198. The strain was able to grow in glucose medium supplemented with 1 g/LL FA and produce 20.91 + 1.11 mg/L vanillin
within 96 h, along with 5.78 +0.13 mg/L vanillic acid in 144 h. Estimation of enzymes involved in FA degradation detected
maximum feruloyl-CoA synthetase activity (1.21 +0.03 U/mg protein) at 96 h and maximum vanillin dehydrogenase activ-
ity (0.31+0.008 U/mg protein) at 168 h, with small amounts of ferulic acid esterase activity (0.13 +0.002 U/mg protein) in
the fermentation medium. Further, the glucose deficient production medium supplemented with 3 g/L of ferulic acid when
inoculated with Streptomyces sp. ssr-198 (6% wet weight) produced maximum vanillin (685 +20.11 mg/L) within 72 h at
37 °C under agitation (150 rpm) and declined thereafter. Furthermore, in a one-pot experiment, wherein crude ferulic acid
esterase (700 IU/g of substrate) from Enterococcus lactis SR1 was added into 10% w/v wheat bran (natural source of ferulic
acid) based medium and was inoculated with 1% w/v of Streptomyces sp. ssr-198 resulted in maximum vanillin production
(1.02 +0.02 mg/g of substrate) within 60 h of incubation. The study provides an insight into synergistic effect of using FAE
of E. lactis SR1 and Streptomyces sp. ssr-198 for bioproduction of biovanillin using agro residues.
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naturally extracted from pods of Vanilla planifolia and is a
complex mixture of more than 200 molecules. The natural
production of vanilla from vanilla pods is a very expensive
and labor-intensive process (Chattopadhyay et al. 2018).
Interestingly, the distinctive flavor of vanilla is majorly
due to a phenolic aldehyde, vanillin. The compound can
be made synthetically also and is available at a much lower
cost (300-times lower than natural vanillin), but due to the
growing consumer preferences for natural food products
including the flavor compounds, the microbial production
of flavors provide a suitable alternative to natural as well
as chemical/synthetic routes (Banerjee and Chattopadhyay
2018; Galadima et al. 2019). The European Commission
(EU) legislation on flavors defines biovanillin as natu-
rally identical vanillin that is produced by microbial or
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enzymatic biotransformation of suitable natural precur-
sor compounds like ferulic acid, eugenol, or isoeugenol
(Zamzuri and Abd-Aziz 2012; Gallage and Molle, 2015).
Ferulic acid [4-hydroxy-3-methoxy cinnamate (FA)], a
phenylpropanoic acid is associated to plant cell walls by
cross-linking with lignin and polysaccharides via ester
bonds and can be released by enzymatic/chemical hydroly-
sis (Boz 2016). Enzymatic hydrolysis involves the use of
enzymes, ferulic acid esterases (FAEs), which cleave the
ester bonds between FA and other plant cell components
(Zamzuri and Abd-Aziz 2012; Banerjee and Chattopad-
hyay 2018; Galadima et al. 2019). FAEs are produced by
various microorganisms like Talaromyces cellulolyticus
(Watanabe et al. 2015); Aspergillus niger (Wu et al. 2018);
Lactobacillus fermentum (Su et al. 2019); Enterococcus
lactis (Sharma et al. 2020); Lactobacilli (Xu et al. 2020;
Xie et al. 2021). Lignocellulosic agroresidues provide a
rich source of ferulic acid, which can be extracted through
alkali extraction or by the action of microbial FAEs. The
feasibility of using agro-industrial wastes for ferulic acid
extraction either chemically or enzymatically has been
reported by many authors. The extracted ferulic acid can
then be converted to vanillin by several microorganisms
like Streptomyces sp. (Yang et al. 2013), S. sannanensis
(Ghosh et al. 2006; Chattopadhyay et al. 2018), Rhodo-
coccus strains (Phaggenborg et al. 2006), Pseudomonas
fluorescens ( Di Gioa et al. 2011); Pseudomonas putida
(Graf and Altenbuchner 2013); Bacillus subtilis (Yan et al.
2016), Phanerochaete chrysosporium (Galadima et al.
2019); Serpula lacrymans (Nurika et al. 2020), Aspergillus
niger (Tang and Hassan 2020). In these microorganisms,
vanillin is either an intermediate or final product formed
during ferulic acid metabolism (Brink et al. 2019). Such
strains, generally use a consistent coenzyme-A-dependent,
a non-P-oxidative pathway for ferulic acid bioconversion.
The pathway involves genes encoding feruloyl-CoA syn-
thetase, enoyl-CoA hydratase/aldolase, and vanillin dehy-
drogenase organized in a catabolic cluster (Plaggenborg
et al. 2006). In our previous study (Sharma et al. 2020),
we have extracted ferulic acid from various agroresi-
dues (wheat bran, maize bran, rice bran, and sugarbeet
pulp) through alkaline extraction as well as by the action
of crude FAE produced by Enterococcus lactis SR1 in
conjunction with commercial holocellulase. In the pre-
sent work, we have attempted biotransformation of feru-
lic acid supplemented in the production media to vanillin
using resting cells of Streptomyces sp. ssr-198. Further,
in a one-pot experiment for bioconversion of FA present
in agrowastes to vanillin, FAE of E. lactis SR1 was added
into wheat bran based production media for the release of
FA from the wheat bran and was inoculated with Strepto-
myces sp. ssr-198 for the subsequent bioconversion of the
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released FA to vanillin by the metabolic pathway of the
actinomycete sp.

Materials and methods
Chemicals

Ferulic acid, Vanillin, Vanillyl alcohol, Guaiacol, Coen-
zyme A hydrate (CoA), and Adenosine triphosphate diso-
dium salt hydrate (ATP) were all purchased from Merck
(St. Louis, MO, USA). Other chemicals and media com-
ponents were purchased from SRL, Mumbai, India. Wheat
bran was procured from the local market.

Microorganisms used in the study

Enterococcus lactis SR1 (Accession no. MH169741), iso-
lated in our laboratory from sauerkraut and maintained on
MRS-agar (Man Rogosa Sharpe) as described previously
(Sharma et al. 2020) was used for FAE production. Strep-
tomyces sp. ssr-198, also procured from our laboratory
(Singh et al., 2014) and maintained on potato dextrose
agar (PDA) was used for the biotransformation of ferulic
acid to biovanillin.

Growth of Streptomyces sp. ssr-198 in glucose media
supplemented with ferulic acid

Streptomyces sp. ssr-198 (1% w/v from culture grown
on PDA) was inoculated in glucose and ferulic acid
supplemented minimal media containing g/L: glucose
10.0, ferulic acid 1.0, peptone 10.0, K,HPO, 5.0, (NH,)
SO, 1.7, MgS0O, 0.2, CaCl, 0.02, MnSO,-H,0 0.02 mg,
FeS0O,.7H,0 0.02 mg, pH 7.0, and incubated at 37 °C,
150 rpm for 240 h. Culture aliquots (1 ml) were withdrawn
every 24 h, collected in pre-weighed tubes, and centri-
fuged at 10,000 rpm for 15 min. The residual cells were
washed twice with distilled water and dried to a constant
weight at 100 °C, and the cell biomass was quantified
gravimetrically. While the supernatants were analyzed for
vanillin and vanillic acid using HPLC as well as for the
enzymes involved in FA degradation viz. ferulic acid ester-
ase (FAE), feruloyl-Co-A synthetase (FCS), and vanillin
dehydrogenase (VDH). Further, the FA concentration in
the growth media was also varied from 0.5-2.0 g/L, and
fermentation with Streptomyces sp. ssr-198 was carried
out for 96 h. After the incubation period, biomass was
weighed and the supernatants were analyzed for vanillin
and vanillic acid production.
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Biotransformation of ferulic acid to vanillin using
resting cells of Streptomyces sp. ssr-198

Cells of Streptomyces sp. ssr-198 were grown in growth
media as described by Singh et al. (2014) under submerged
fermentation (SmF) at 37 °C, 150 rpm for 48 h. The con-
tents of the flasks were centrifuged and the pelleted biomass
was inoculated @ 4% wet weight (w/v) in ferulic-acid-based
production media (similar composition as growth media but
deficient in glucose, while supplemented with 1 g/L. FA) and
incubated at 37 °C, 150 rpm for 240 h. The culture aliquots
(1 ml) after centrifugation were analyzed for ferulic acid,
vanillin, and vanillic acid every 24 h using HPLC. Further,
ferulic acid concentration (1.0-5.0 g/L) that is to be sup-
plemented in the production media was also optimized to
achieve maximum biotransformation by Streptomyces sp.
ssr-198. Furthermore, rate of inoculum in terms of wet bio-
mass (1-10% w/v) of Streptomyces sp. ssr-198 was also
optimized in the production media for maximum substrate
biotransformation.

FAE production from Enterococcus lactis SR1 using
wheat bran as carbon source

The primary culture of E. lactis SR1 was grown in MRS
broth by inoculating loop full of the culture maintained on
MRS-agar and incubated at 37 °C under static conditions for
48 h. The secondary culture was grown by inoculating 1%
v/v of primary culture in MRS broth and incubated at 37 °C
under static conditions for 18 h. The secondary inoculum of
E. lactis SR1 @ 0.2% v/v was then inoculated in MRS-broth,
deficient in glucose but containing 1% w/v of wheat bran
as carbon source and kept at 37 °C under static conditions
for 72 h (Sharma et al. 2020). The culture was centrifuged
at 10,000 rpm for 15 min at 4 °C and estimated for FAE
(Sharma et al. 2020). The crude FAE was concentrated by
precipitating with acetone. The precipitate was dissolved in
citrate buffer, pH 6.5 to concentrate it by tenfold.

One-pot bioconversion of ferulic acid present
in wheat bran to vanillin by the action of FAE from E.
lactis SR1 and Streptomyces sp. ssr-198

The acetone precipitated FAE (500 IU/g of substrate) pro-
duced from E. lactis SR1 was added in wheat bran based
production media containing g/L; wheat bran 10, peptone
10.0,K,HPO, 5.0, (NH,SO, 1.7, MgSO, 0.2, CaCl, 0.02,
MnSO,.H,0 0.02 mg, FeSO,.7H,0 0.02 mg, pH 7.0 and was
inoculated with 1% wet weight of the cells of Streptomyces
sp. ssr-198. The inoculated media was incubated at 37 °C,
150 rpm for 96 h, and aliquots of 1 ml were withdrawn after
every 12 h, centrifuged at 13,000 rpm for 10 min and the
supernatants were analyzed for biotransformed products

formed using HPLC. In the control set of the experiment,
FAE from E. lactis SR1 was not added into the production
medium.

Optimization of process parameters for maximum
FA bioconversion to vanillin in the one-pot

Process parameters that maximize bioconversion of FA to
vanillin in the one-pot viz. FAE dose, substrate loading, and
inoculum amount of Streptomyces sp. ssr-198 were opti-
mized using one-factor-at-a-time approach. Firstly, FAE dose
was optimized for maximum release of ferulic acid from
wheat bran by adding different FAE doses (100-1000 IU/g
substrate) into the production media inoculated with 1% w/v
of the wet weight of Streptomyces sp. ssr-198 cells and incu-
bated at 37 °C, 150 rpm for 60 h. Secondly, optimization of
substrate loading was performed by taking different amounts
of wheat bran (5-20% w/v) in production media containing
FAE dose of 700 IU/g of wheat bran and inoculated with 1%
wet weight of Streptomyces sp. ssr-198 cells. The reaction
mixtures were incubated at 37 °C, 150 rpm for 60 h. Finally,
optimization of inoculum level was done by inoculating dif-
ferent concentrations of wet biomass of Streptomyces sp. sst-
198 (0.5-2% w/v) in production media with 10% substrate
loading, FAE (700 IU/g of substrate), incubated at 37 °C,
150 rpm for 60 h. In all the three optimization studies, after
the incubation period, the contents of the flasks were cen-
trifuged at 13,000 rpm for 10 min and the supernatants were
analyzed for biotransformed products formed using HPLC.

Analytical methods

Ferulic acid esterase (FAE) assay: The assay for FAE was
done in tubes containing 800 pl of 100 mM Na-Phosphate
buffer (pH 6.5), 200 and 15 pl1 of ethyl ferulate (10 mg/ml)
as described by Sharma et al., (2020). The reaction was ini-
tiated by adding 200 w1 of culture filtrate and incubated at
37 °C for 2 h. The reaction was stopped by keeping the tubes
in a boiling water bath for 5 min. The concentration of feru-
lic acid in the reaction mixture was determined by HPLC
(Waters) equipped with PDA detector 2998. A Biorad C-18
column (300 mm X 7.8 mm) was eluted with an isocratic
mixture of (35:65) methanol: 0.3% acetic acid. The column
oven was set at 37 °C. The eluent was monitored at 310 nm,
using a waters PDA detector 2998 for quantification of
ferulic acid released as described previously (Sharma et al.
2020). One unit of enzyme is the amount of enzyme that is
required to release one uM of ferulic acid in one minute.
Feruloyl Co-A synthetase (FCS) assay: the enzyme assay
for FCS was performed according to the method described
by Yang et al. (2013). The reaction mixture (1 ml) consisted
of 100 mM potassium phosphate buffer (pH 7.0), 25 mM
MgCl,, 0.7 mM ferulic acid, 2 mM ATP, 0.4 mM coenzyme
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A and 0.5 ml of sample. The reaction was initiated by the
addition of ATP and absorbance was measured at 345 nm
using a UV—Visible spectrophotometer (Thermo Scientific,
Evolution 300).

Vanillin dehydrogenase (VDH) assay: VDH activity
was estimated according to the method given by Kaur et al.
(2013). Equal volumes of culture supernatant and vanil-
lin synthetic medium (1 g/L vanillin, 2 g/L triammonium
citrate, 2 g/L. sodium acetate, 0.1 g/LL MgSO,, 0.05 g/L
MnSO4, and 2 g/L di-potassium hydrogen phosphate) were
incubated at 37 °C for 24 h. on ml of the reaction mixture
was mixed with 5 ml of HCI (24% v/v) and 2 ml of 1% w/v
of thiobarbituric acid and heated at 55 °C for 10 min. and
subsequently stored at room temperature for 20 min. The
decrease in absorbance was then recorded at 434 nm in a
UV-—vis spectrophotometer.

Quantitative determination of biotransformed products:
the supernatants obtained after centrifugation of the fer-
mented cultures were acidified (pH 1.0-2.0) with 1 M hydro-
chloric acid (HCI) and extracted with an equal volume of
ethyl acetate. The ethyl acetate was evaporated in a vacuum
evaporator and the residue was dissolved in 80% methanol
and analyzed for ferulic acid, vanillin, and vanillic acid.
The compounds formed were quantified using an HPLC
equipped with a PDA detector 2998 set at 310 and 363 nm.
A Biorad C-18 column (300 mm X 7.8 mm) was eluted with
an isocratic mixture of methanol: 0.3% acetic acid (35:65) at
a flow rate of 0.6 ml/min. The column oven was set at 37 °C
and the standard curves of ferulic acid, vanillin, and vanillic
acid were prepared in the range of 25-250 mg/L.

Results and discussion

Time course of Streptomyces sp. ssr-198 growth
in glucose media supplemented with FA

It was observed that Streptomyces sp. ssr-198 grew well
in glucose media supplemented with 1 g/L FA. The time-
course experiments showed a lag phase of 24 h followed by
a log phase till 96 h with maximal biomass (dry weight) of
25.6+0.65 g/L, which remained stationary till 168 h and
declined thereafter (Fig. 1). Similarly, on studying FA bio-
transformation by Streptomyces sp. ssr-198, it was observed
that vanillin production increased from 0.82 mg/L at 24 h
t0 20.91 +1.11 mg/L in 96 h and decreased afterward. The
results suggest that vanillin production is closely related to
cell growth as both vanillin as well as biomass were pro-
duced maximally at 96 h. A decrease in vanillin production
was observed after 96 h, which may indicate that ferulic
acid was exhausted and transformed to vanillin within 96 h
leading to termination of increase in vanillin concentra-
tion as well as the increase in cell numbers. However, the
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Fig. 1 Growth curve of Streptomyces sp. ssr-198 in FA supplemented
glucose mineral medium and its relation with biotransformation of
ferulic acid to vanillin and vanillic acid
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Fig.2 Effect of FA supplementation in the growth media on the cell
biomass and its biotransformation to vanillin and vanillic acid by
Streptomyces sp. ssr-198

produced vanillin was simultaneously biotransformed to
vanillic acid by the microbial cells, which started increas-
ing from 0.21 +0.09 mg/L in 72 h to 5.78 +0.13 mg/L in
144 h and remained constant till 216 h and declined slightly
thereafter. Hua and co-workers (2007) achieved high vanillin
productivity in the batch biotransformation of ferulic acid by
Streptomyces sp. V-1. In a study by Yang et al. (2013), fcs
(ferolyl-Co-A synthetase) and ech (enoyl-Co-A hydratase)
encoding genes from Streptomyces sp. were identified and
heterologously expressed in E. coli. The authors then used
the recombinant cells of E. coli for the bioconversion of
ferulic acid to vanillin.

Furthermore, when the concentration of FA in the
growth media was varied from 0.5 to 2.0 g/L (Fig. 2) maxi-
mum biomass (28.9 g/L +0.99) of the Streptomyces sp.
was observed after 96 h at 0.5 g/L. FA supplementation.
However, on increasing the FA concentration from 0.5 to
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1.0 g/L, there was a decline in biomass to 25.6 g/L.+0.87,
but a considerable increase in vanillin concentration from
13.45+0.15 mg/L to 21.23 +0.21 mg/L was observed
(Fig. 2). Ferulic acid at higher concentrations has been
reported to be toxic to microorganisms as it damages intra-
cellular hydrophobic sites and thereby causes ion leakage by
altering membrane permeability, thus leading to cell death
(Gioia et al., 2011; Yan et al., 2016; Chen et al., 2016).
In our study also, FA concentrations > 0.5 g/L caused a
decrease in biomass production. On further increasing the
FA concentration > 1.0 g/L, vanillin production was also
affected negatively. This may be because, in the case of a
lower initial concentration, the entire amount of ferulic acid
could be metabolized by the microbial cells, resulting in a
higher product formation. But at higher FA concentrations,
due to the lack of sufficient microbial cells to metabolize
the additional FA, bioconversion efficiency also decreases.
Thus, at high FA concentration, vanillin production also
declines.

Further, in the control experiment wherein no FA was
added to the medium, growth was less and no detectable lev-
els of vanillin and vanillic acid were detected (Fig. 2). Calisti
and co-workers (2008) reported that a cluster of genes (ech,
vdh, and fcs) is essential for the degradation of ferulic acid to
vanillin/ vanillic acid is expressed only in ferulic acid grown
cells. Similarly, Parke and Ornston (2003) reported that in
the absence of hydroxycinnamate, the genes involved in FA
degradation are repressed by HcaR (hydroxycinnamic acid
repressor). The authors demonstrated that HcaR-mediated
repression is relieved by hydroxycinnamoyl-Co-A thioesters
and concluded that induction of FA catabolic genes is trig-
gered by the Co-A thioester produced from the FA added to
the culture medium. Further, our results are in agreement
with that of Chen et al. (2016) who also concluded a similar
FA tolerance range with actinomycetes.

Estimation of enzymes involved in FA
biotransformation

To confirm the biotransformation events, the key enzymes
(FAE, FCS and VDH) involved in FA degradation/transfor-
mation were estimated as shown in Fig. 3. Streptomyces sp.
ssr-198 was found to exhibit small amounts of FAE activ-
ity, with maximum (0.13 +0.002 U/g protein) at 48 h and
declined after that (Fig. 3). While, FCS activity was found
to increase gradually from 0.11 +0.01 U/mg protein at 24 h
to 0.76 +£0.02 U/mg protein in 48 h, subsequently reach-
ing 1.21 +0.03 U/mg protein at 96 h following the accu-
mulation of vanillin as shown in the previous section and
started decreasing afterward (Fig. 3). On the other hand,
there was almost no VDH activity detected in the media till
48 h, which started increasing gradually from 0.05+0.001
U/mg protein at 72 h and subsequently reaching up to 0.31

-
Y
)

==t FCS VDH

o4 o 2
o © - N
) .

e
>

1
HA

Enzyme activity (U/mg protein)

°
N

[-]

¥ + *

0 24 48 72 926 120 144 168 192 216
Time (h)

Fig.3 Feruloyl-Co-A synthetase (FCS) and vanillin dehydrogenase
(VDH) activities of Streptomyces sp. ssr-198 in FA supplemented
growth medium at different time intervals

U/mg +0.008 protein at 168 h, similar to the increase in
vanillic acid concentration during the period (Fig. 3). Due
to the high chemical reactivity of aldehyde compounds like
vanillin, they are seldom stored as the end product in bio-
logical systems. As a result, various enzymes like VDH
exist in cells for the metabolization of aldehydes into less
reactive carboxylic acids (Ahmed et al. 2019). Based on the
results, the pathway for ferulic acid degradation by Strep-
tomyces sp. ssr-198 is shown in Fig. 4. The annotated pro-
tein sequences from the genome sequence of Streptomyces
eurythermus ATCC 4975 (closely related to Streptomyces
sp. ssr-198, as shown in Supplementary Fig. 1) present in
the NCBI database (http://www.ncbi.nlm.nih.gov/), the
sequences for acetyl-xylan esterases as well as enoyl-Co-A
hydratase (ECH) were found. ECH catalyzes the hydration
and non-oxidative cleavage of feruloyl-S-CoA (formed by
the action of feruloyl-Co-A synthetase from ferulic acid) to
vanillin. Similar to our results, Plaggenborg et al. (2006)
after studying the genome sequence data of Rhodococcus
strains suggested degradation of FA to vanillin via Co-A
dependent, a non-f-oxidative pathway involving fcs, ech,
and vdh genes encoding for feruloyl-CoA synthetase, enoyl-
Co-A hydratase, and vanillin dehydrogenase, respectively.
Our results are also in accordance with Kaur et al. (2013),
who reported the occurrence of FA, vanillin, 4-ethyl phe-
nol, vanillyl alcohol during biotransformation of rice bran
to phenolics by the action of FA metabolizing enzymes pro-
duced by the bacterium. Recently, Margesin et al. (2021)
studied the biodegradation of six lignin monomers (syrin-
gic acid, p-coumaric acid, 4-hydroxybenzoic acid, ferulic
acid, vanillic acid, and benzoic acid) by Paraburkholderia
aromaticivorans AR 20-38 and reported the degradation of
5 mM and 10 mM FA accompanied by stable accumulation
of 760 mg/L and 1540 mg/L of vanillic acid. The genome
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Fig.4 The proposed pathway for the bioconversion of FA to vanillin in Streptomyces sp. ssr-198
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Fig.5 Depletion of FA along with its biotansformation to vanillin
and vanillic acid by the resting cells of Streptomyces sp. ssr-198 in
glucose deficient production medium containing 1 g/L FA
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analysis of the bacteria also revealed the presence of ech
and fcs genes, thereby suggesting their role in ferulic acid
degradation/transformation.

Biotransformation of FA to vanillin by resting cells
of Streptomyces sp. ssr-198

Streptomyces sp. ssr-198 when used at the 4% w/v produced
89.98 +2.79 mg/L of vanillin from 1 g/L of FA in the media
within 72 h and declined thereafter with the corresponding
depletion of ferulic acid in the media. The amount of vanillic
acid was produced maximally (17.8 mg/L +0.18) at 144 h
and remained almost constant till 216 h (Fig. 5). Since, max-
imum vanillin was produced at 72 h, for further experiments,
the fermentation was carried out only up to 72 h. Optimiza-
tion of the concentration of FA that has to be supplemented
in the production media for its maximum bioconversion
revealed that 3 g/L. of FA produced maximum vanillin
(370.78 +10.81 mg/L) and vanillic acid (25.62 +1.89 mg/L)
within 72 h (Fig. 6a). Gunnarson and Palmqvist, (2006)
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Fig.6 a Effect of FA concentration (% w/v) and b wet biomass (% w/v) on its bioconversion to vanillin and vanillic acid by the resting cells of
Streptomyces sp. ssr-198 in glucose deficient production medium containing 1 g/L. FA

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer



3 Biotech (2021) 11:462

Page70f 10 462

observed higher FCS activity compared to VDH activity
when a higher concentration of FA in the fermentation
medium of S. sefonii were provided, thereby channeling the
metabolic flow towards vanillin accumulation. However, at
FA concentration >3 g/L in the medium resulted in a decline
in the production of both vanillin and vanillic acid due to
substrate toxicity towards microbial cells. In addition, opti-
mization of cell biomass concentration showed better results
in terms of vanillin (685.45 +20.11 mg/L) and vanillic acid
(45.63 +£2.99 mg/L) formation when 6% w/v wet weight of
the Streptomyces sp. ssr-198 cells were used as biocatalyst
(Fig. 6b). Similar to our work, Abdelkafi et al. (2006) also
produced vanillic acid from resting cells of Halomonas
elongata strain Mar (4% dry weight pre-grown in FA sup-
plemented medium) inoculated in production medium sup-
plemented with 5 mM FA. Luziateli et al. (2019) also opti-
mized culture conditions for maximum FA bioconversion
by recombinant resting E. coli cells carrying Pseudomonas
genes (fcs and ech) and obtained the highest vanillin con-
centration (7.8 mM) with supplementation of 15.5 mM FA.

One-pot experiment for biotransformation of FA
present in wheat bran to biovanillin

To investigate the biotransformation of FA present in
wheat bran to biovanillin, biotransformation experiments
were performed using a microbial enzyme system (FAE
from E. lactis SR1) that releases bound FA from agroresi-
dues (Sharma et al. 2020) followed by its bioconversion to
vanillin by cells of Streptomyces sp. ssr-198 through the
action of its FA metabolizing enzymes. The amount of FA
released from wheat bran in the medium by the action of
added enzymes was estimated at regular intervals and the
results showed maximum FA (1.95+0.02 mg/g of wheat
bran) was released within 24 h (Table 1). The FA is released
from wheat bran by the action of the added FAE from E.
lactis SR1 as well as by the innate FAE of the Streptomyces
sp. ssr-198 (Fig. 3). In our previous work (Sharma et al.,
2020), FAE (500 IU/g of substrate) from E. lactis SR1 along
with commercial holocellulase was used for the release of
1.39+0.04 mg/g FA from wheat bran in 16 h. However, in
the present study, higher amounts of FA were released from
the wheat bran even without the addition of any additional
holocellulases. Singh and co-workers (2014) found Strep-
tomyces sp. ssr-198 to produce high titers of holocellulo-
lytic enzymes (endoglucanase, exoglucanase and xylanase)
when grown on lignocellulosic agroresidues. Further, Singh
et al., (2015) performed proteomic analysis of the secretome
of Streptomyces sp. ssr-198 by tandem mass spectrometry
and found acetyl xylan esterases as well as putative feruloyl
esterases along with glycoside hydrolases, proteases and

other hypothetical proteins. Similar to our results, Perez-
Rodriguez and co-workers (2016) also used crude enzyme
extract of Aspergillus terreus containing FAE and xylanase
activities for the release of ferulic acid from vine trimming
shoots (2.05 mg/g) and corn cob (1.87 mg/g).

The released FA was subsequently used by the cells of
Streptomyces sp. ssr-198 in a glucose deficient medium for
growth as well as conversion to vanillin by the action of
FCS enzyme as the amount of FA in the medium declined,
thereafter, while vanillin was being detected at 24 h. The
highest vanillin (0.57 +0.03 mg/g) was formed within
60 h, after which its concentration started declining, while
the maximum amount of vanillic acid (0.09 +0.001 mg/g)
was produced at 84 h and remained constant till 96 h
(Table 1). In the control set of experiments, wherein the
FAE from E. lactis SR1 was not added, no vanillin and
vanillic acid were formed. This indicates the role of syner-
gistic action of FAE (from E. lactis SR1 and Streptomyces
sp. ssr-198) and holocellulases of Streptomyces sp. ssr-198
in the release of FA from wheat bran and its subsequent
conversion to vanillin and vanillic acid by FCS and VDH
of Streptomyces sp. ssr-198, respectively. Since maxi-
mum vanillin was produced in 60 h and the concentration
declined after that, hence for further experiments, the fer-
mentation was carried out till 60 h. Earlier, Chakraborty
and co-workers (2017) reported that Pediococcus acidi-
lactici strain BD16 could produce 1.06 g/L of vanillin
from rice bran-based medium, which was more than that
obtained on MRS + FA-based medium (0.075 g/L). The
authors concluded that FA from rice bran was released in
the medium during autoclaving and also by the action of
FAE activity of the isolate. Further, the released FA was
then bioconverted to vanillin through a novel metabolic
pathway present in the strain that involved the enzyme
carboxylic acid reductase. Further, Chattopadhyaya et al.
(2018) performed biotransformation of ferulic acid esters
from wheat bran (10% w/v) to vanillin (708 mg/L) by
Streptomyces sannanensis in sucrose medium. The authors
also estimated various enzyme activities in the culture fil-
trate and concluded that the strain converts FA ester into
FA with the help of ferulic acid esterase produced by the
microbe and then catabolized it through Co-A-dependent
non-fB-oxidation of FA. Taira et al. (2018) investigated
phenolic biotransformation, including vanillin produc-
tion in Aspergillus luchuensis during fermentation of
rice koji. The authors detected FA in steamed rice before
mash indicating its presence in the raw material, which
got accumulated in the fermentation medium by the action
of FAEs of the fungal strain. The FA was subsequently
biotransformed to vanillin and vanillic acid by ferulic acid
degrading enzymes of the fungus. Further, investigation of
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the annotation information of amino acid sequences from
A. luchuensis genome revealed the presence of fcs, ech
and vdh genes. While, Rejani and Radhakrishan (2020)
used agrowaste, coir pith for the chemical extraction of
FA which was used as a substrate for biotransformation
by Aspergillus niger to vanillic acid (0.773 g/L) which, in
turn, was fermented by Phanerochaete chrysosporium to
vanillin (0.628 g/L). Similarly, Tang and Hassan (2020)
evaluated the potential of pineapple peel (PP) and pineap-
ple crown leaves (PCL) as the substrate for the production
of vanillin and vanillic acid. The authors optimized the
conditions for maximum chemical extraction of FA from
the substrates and obtained 1055 mg/L and 328 mg/L of
FA from PP and PCL, respectively. The authors also found
large feeding volumes (10 ml on days 3 and 4) of both PP
and PCL liquor containing FA in the fermentation medium
more efficient for the bioconversion of FA to vanillin by
A. niger 1-1472 than small feedings volume of the liq-
uors (1.5 ml from day 3 to day 6). The authors produced
maximum vanillin (5 mg/L) and vanillic acid (7 mg/L)
by using large feeding volumes of PP liquor in fermenta-
tion medium by the fungal strain. The yields of vanillin
acid obtained were more than that obtained with control
(3.9 mg/L) containing 300 mg/l commercial FA, but less
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(15 mg/L) than that obtained with 1000 mg/L ferulic acid.
The authors proposed the novel use of food wastes for
microbial bioconversion of ferulic acid to vanillin. On sim-
ilar lines, Nurika et al. (2020) demonstrated the potential
of using rice straw inoculated with Serpula lacrymans for
the production of a mixture of high-value bio-based com-
pounds, including vanillin, and also optimized extraction
conditions from maximum vanillin recovery using 60 ml
ethyl acetate for 160 min.

Table 1 One-pot FA biotransformation to vanillin using FAE of E.
lactis SR1 and resting cells of Streptomyces sp. ssr-198 in wheat bran
based production medium

Time (h) FA (mg/g) Vanillin (mg/g) Vanillic acid (mg/g)
12 0.67+0.03 ND ND

24 1.53+0.02 0.12+0.002 ND

48 0.90+0.02 0.35+0.01 0.01+0.0006

60 0.21+0.01 0.57+0.03 0.05+0.001

72 0.10+£0.004  0.43+0.02 0.07+0.001

84 0.04 +0.001 0.21+0.01 0.09 +0.001

96 ND 0.14+0.003 0.09+0.001

Bold font in each column respectively indicates maximum FA release
and Vanillin/ Vanillic acid production
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Fig.7 Optimization of a FAE dose (IU/g dry substrate), b substrate loading (% w/v), and ¢ inoculum (% w/v wet weight) of Streptomyces sp.
ssr-198 for the one-pot biotransformation of FA present in wheat bran to vanillin
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Optimization of process parameters for maximum
bioconversion of ferulic acid to vanillin

in the one-pot experiment with wheat bran

as a source of FA

Optimization of FAE dose in the medium showed that
lower FAE dose led to reduced production of vanillin in the
medium (Fig. 7a). With an increase in enzymatic dose, an
appreciable upsurge in vanillin production was observed.
The highest vanillin production (1.02+0.02 mg/g) was
achieved with 700 IU/g of FAE in the medium within 60 h
of incubation (Fig. 7a). On further increasing the enzyme
dose, there was no subsequent increase in product forma-
tion. While, optimizing % substrate loading, it was observed
that maximum vanillin (1.02 +0.04 mg/g) was produced at
10% substrate loading (Fig. 7b). Further increase in substrate
loading led to a decrease in vanillin production (Fig. 7b).
It is because high solid loadings may result in the limited
FA release by the enzyme due to mass transfer limitation
(Tchuidjang et al. 2021). Knutsen and Liberatore (2009)
concluded that the efficiency of enzymatic digestibility and
fermentation is significantly reduced at high concentrations
of biomass, as mixing becomes difficult with increased vis-
cosity. This also leads to a slowing down of the formation of
the enzyme—substrate complex (Asabjeu et al. 2020). Addi-
tionally, high substrate density can also inhibit enzymatic
action (Knutsen and Liberatore 2009). Finally, optimization
of % inoculation of Streptomyces sp. ssr-198, revealed that
1% w/v wet biomass of Streptomyces sp. ssr-198 produced
maximum vanillin (1.02 +0.06 mg/g) in 60 h (Fig. 7¢c). But
higher inoculum levels did not increase product forma-
tion. Contrarily, Erten and co-workers (2006) observed an
increase in the amounts of flavor compounds in the fermen-
tation of wine at high yeast inoculum levels.

Conclusion

The results suggested that Streptomyces sp. ssr-198 has con-
siderable potential as a biocatalyst for the synthesis of vanil-
lin and vanillic acid from ferulic acid. Both the products are
of industrial significance and biotransformation experiments
provide the feasibility of the process. Further, the use of agro
residues that are rich in ferulic acid like cereal brans and
beets can provide an inexpensive and renewable source of
phenolic acid to be biotransformed into high-value chemi-
cals like vanillin and vanillic acid using microbes and their
enzymes in a biorefinery approach. Furthermore, increasing
knowledge of the microbial metabolic pathways for vanillin
production from ferulic acid along with the identification
and characterization of the enzymes involved present future
research opportunities with regard to cloning and expression
of corresponding genes in industrially important strains for

the bioproduction of vanillin. The study also gives oppor-
tunity to use various statistical approaches for the enhance-
ment of vanillin yields in the bioprocess by optimization of
significant process parameters and to also understand the
interaction between the variables.
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