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Abstract With vanillin as one of the most important flavoring
agents, many efforts have been made to optimize its biotech-
nological production from natural abundant substrates.
However, its toxicity against the hosts results in rather low
yields and product concentrations. Bacillus subtilis as a soil-
dwelling bacterium is a possible lignin-derived compound-
degrading microorganism. Therefore, its vanillin and ferulic
acid metabolism was investigated. With a rather high toler-
ance for vanillin up to 20 mM, it is a promising candidate to
produce natural vanillin. In this study, the well-studied pheno-
lic acid decarboxylases PadC and BsdBCD could be ascribed
to function as the only enzymes in B. subtilis 3NA converting
ferulic acid to 4-vinylguaiacol and vanillic acid to guaiacol,
respectively. As vanillin also becomes converted to guaiacol, a
previous conversion to vanillic acid was assumed. Usage of
bioinformatic tools revealed Y{mT, which could be shown to
function as the only vanillin dehydrogenase in B. subtilis
3NA. Thus, YfmT was further characterized regarding its tem-
perature and pH optima as well as its substrate range. Vanillin
and ferulic acid metabolic routes in the tested B. subtilis strain
were revealed, a direct conversion of ferulic acid to vanillin,
however, could not be found.
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Introduction

Vanillin (4-hydroxy-3-methoxybenzaldehyde), the organolep-
tic compound of the vanilla flavor, is one of the quantitative
most widely used flavoring agents worldwide. The extraction
of natural vanillin from cured seed pods of the orchid Vanilla
planifolia is too expensive, time consuming, and cannot de-
liver the amounts necessary for the global market. At present,
most of the “nature-identical” vanillin used in the food and
beverage industry is synthesized chemically from guaiacol
(Ramachandra Rao and Ravishankar 2000). However, the de-
mand has shifted towards a “natural” vanillin due to a rising
health and nutrition consciousness of the customers making
biotechnological production of “natural” vanillin more and
more important (reviewed by Krings and Berger 1998;
Priefert et al. 2001).

Besides the attractive, but difficult approach of de novo
vanillin biosynthesis from primary metabolites like glucose
(Hansen et al. 2009). focus was put on biotransformation strat-
egies using isolated enzymes or different microorgnisms as
whole cell biocatalysts to produce vanillin from various sub-
strates like lignin, phenolic stilbenes, and ferulic acid (Havkin-
Frenkel and Belanger 2008; Berger 2009). Ferulic acid [3-(4-
hydroxy-3-methoxy-phenyl)prop-2-enoic acid] is a constitu-
ent of many plant cell walls and thus a highly abundant natural
and renewable raw material (Ishikawa et al. 1963; Escott-
Watson and Marais 1992; Ishii 1997; Oosterveld et al.
2000). Many efforts were taken to develop a highly efficient
method for biotransformation of ferulic acid to “natural” van-
illin (reviewed by Rosazza et al. 1995; Priefert et al. 2001).
Also many different microorganisms have been evaluated for
this production strategy comprising, e.g., Escherichia coli,
Pseudomonas sp., Rhodococcus sp., Aspergillus niger,
Pycnoporus cinnabarinus, Amycolatopsis ssp., and
Streptomyces ssp. (Lesage-Meessen et al. 1996; Muheim and
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Lerch 1999; Okeke and Venturi 1999; Achterholt et al. 2000;
Overhage et al. 2003; Peng et al. 2003; Plaggenborg et al.
2006; Barghini et al. 2007; Hua et al. 2007; Yoon et al.
2007; Di Gioia et al. 2010; Tilay et al. 2010; Fleige et al.
2013; Graf and Altenbuchner 2014).

However, high concentrations of vanillin are toxic due to its
highly reactive aromatic aldehyde group. Thus, cells have devel-
oped detoxification mechanisms, leading to further degradation
to vanillic acid and other degradation products and finally to
lower yields regarding biotransformation efforts. Vanillin-
tolerant bacterial strains, which are able to convert ferulic acid
and thereby accumulate large amounts of vanillin, have to be
screened and found in order to overcome this drawback.

Bacillus subtilis is a well-studied, soil-dwelling bacterium.
Hence, it is a possible degrader of lignin-derived compounds
which can be found abundantly in soil. This makes this micro-
organism a promising candidate for the production of natural
vanillin from ferulic acid via biotransformation. Its vanillin and
ferulic acid metabolisms, however, have only been partly inves-
tigated in detail. It was shown that B. subtilis converts vanillic
acid to guaiacol via the vanillic acid decarboxylase BsdBCD
encoded by ubiX, ubiD, bsdD, and ycID (Lupa et al. 2005;
Lupa et al. 2008). With PadC, B. subtilis possesses a further
decarboxylase which is capable to degrade ferulic, p-coumaric,
and caffeic acids (Cavin et al. 1998). In both cases, however, it
has not been shown that these phenolic acid decarboxylases are
the only enzymes capable to convert the described reactions.

Furthermore, some wild-type strains of B. subtilis seem to
be capable of converting ferulic acid over vanillic acid to
vanillin via enzymatic activities comparable with the
Pseudomonas sp. Fcs (feruloyl-CoA synthetase), Ech
(enoyl-CoA hydratase/aldolase), and Vdh (vanillin dehydro-
genase) or by simple deacetylase activities (Gurujeyalakshmi
and Mahadevan 1987b; Chen et al. 2014). In contrast to
Pseudomonas putida KT2440, no genes like ech, fcs, or vdh
have been identified in the common laboratory strain
B. subtilis 168 (Kunst et al. 1997).

Due to its GRAS status, B. subtilis brings along a prerequisite
for the food industry. In order to implement this well-studied
microorganism into the row of candidates for biotechnological
production of vanillin, its metabolic pathway regarding the con-
version of precursor substances into this high-value compound
was further investigated in this study to provide a more profound
research basis. Focus was set on the identification of the respon-
sible enzymes degrading vanillin and ferulic acid.

Materials and methods
Plasmids, bacterial strains, and growth conditions

Relevant bacterial strains and plasmids used in this study are
summarized in Table 1. Standard recombinant DNA
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techniques were used (Sambrook et al. 1989). Cloning steps
were performed with E. coli JIM109 (Yanisch-Perron et al.
1985). E. coli IM109 was transformed with plasmid DNA
using the TSS heat shock method as described before
(Chung et al. 1989). B. subtilis 3NA (Michel and Millet
1970) was transformed according to the modified “Paris
method” (Harwood and Cutting 1990). Growth was per-
formed at 37 °C using LB (Bertani 1951) or MG1 minimal
salts medium (Wenzel and Altenbuchner 2015). MG1 con-
tents per 112 g (NH4)2804, 6 g KH2P04, 14 g KzHPO4,
1 g trisodium citrate, 0.2 g MgSO,, and 5 g glucose or S mM
of a given carbon source. If necessary, additional 200 mg
casamino acids and 1 ml of a 1000-fold trace element solution
(TES) were added per liter. TES contains 0.5 g I"' CaCl,,
0.18 g 1! ZnS0,x7 H,0, 0.1 g I'' MnSO4xH,0, 10.05 g 1"
Nay-EDTA, 8.35 g I'! FeCls, 0.16 g I'' CuSO4x5 H,0, and
0.18 gI"' CoCl,x6 H,0. Antibiotics were used in the following
concentrations: ampicillin (amp), 100 pg ml™'; spectinomycin
(spc), 100 pg ml™'; and erythromycin (erm), 5 pg ml .

Chemicals and other materials

Chemicals were supplied by Sigma-Aldrich Chemie GmbH
(Taufkirchen, Germany) and Carl Roth GmbH (Karlsruhe,
Germany). DNA oligonucleotides were purchased from
Eurofins MWG Operon GmbH (Ebersberg, Germany), and
restriction enzymes and DNA-modifying enzymes were from
Roche Diagnostics Deutschland GmbH (Mannheim,
Germany), New England Biolabs GmbH (Frankfurt am
Main, Germany), and Fermentas GmbH (part of Thermo
Fisher Scientific, St. Leon-Rot, Germany), respectively.
PCRs were run with high-fidelity PCR enzyme mix from
Fermentas GmbH on a TPersonal Thermocycler from
Biometra GmbH (Goettingen, Gemany).

Bioconversion assays

The bioconversion assay was basically conducted as previous-
ly described for P. putida (Graf and Altenbuchner 2014).
B. subtilis strains were inoculated 1:50 in fresh LB medium
using overnight cultures grown in LB. Expression of genes
encoding the respective degrading enzymes was induced by
addition of 5 mM of the corresponding substance after 2 h at
37 °C incubation in shaking flasks (200 rpm) at 0.25+0.02
ODgqo. After further growth for 4 h at 37 °C, the cultures
reached 2.75+0.21 ODgq. Approximately 10'° cells were
harvested by centrifugation (10 min, 3500xg, room tempera-
ture), washed, and resuspended with 2 ml of 50 mM sodium
phosphate buffer (pH 7.2). A total of 10 mM of the respective
substances to get converted (ferulic acid, vanillin, vanillic ac-
id, and protocatechuic acid) was added to the cell suspension.
The bioconversion was conducted in long glass culture tubes
at 37 °C under shaking conditions (200 rpm). Samples of
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Table 1 Bacterial strains and

plasmids used in this study Strain/

plasmid

Genotype or relevant characteristics

Reference or source

Strains
Escherichia coli
IM109

recAl, supE44, endAl, hsdR17, gyrA96, relAl, thi,

Yanisch-Perron et al. (1985)

A(lac-proAB), F’ [traD36 proAB+ lacl’ lacZAM15]

Bacillus subtilis

3NA spo0A3 Michel and Millet (1970)
BGSC (ID 181)

BKE 02470  ycbD::erm trpC2 BGSC (ID BKE 02470)
BKE 03910  gabD::erm trpC2 BGSC (ID BKE 03910)
BKE 07350  yfmnT::erm trpC2 BGSC (ID BKE 07350)
BKE 19310 dhaS::erm trpC2 BGSC (ID BKE 19310)
BKE 31060  gbsA::erm trpC2 BGSC (ID BKE 31060)
BKE 34400  padC::erm trpC2 BGSC (ID BKE 34400)
BKE 38830  aldY::erm trpC2 BGSC (ID BKE 38830)
BKE 39760  mmsA::erm trpC2 BGSC (ID BKE 39760)
BKE 39860  aldX::erm trpC2 BGSC (ID BKE 39860)
MWZ 76 spo0A3 AubiXD-bsdD-yclD This study
MWZ 86 spo0A3 padC::erm This study

Plasmids

pMW521.1 Cloning vector with aad9 (spcR) and pE194" ori This study

pMWS51.2 Expression vector with bla P,,,-ptsI-Hisg Wenzel and Altenbuchner (2013)

(pUCI18 derivative)
pNG507.4 ubiX, ubiD, bsdD and ycID deletion vector with This study
aad9 (spcR) and pE194" ori
pNG533.1 Expression vector with bla P,;,.-yfinT-Hisg This study

(pUC18 derivative)

200 pl were taken for HPLC analysis at the given points in
time. After a centrifugation step (10 min, 16,000xg, room
temperature) to pellet the cells of the sample, 100 ul of the
supernatant was collected and stored at —70 °C until HPLC
analysis.

HPLC analysis

The analytical HPLC method was conducted as previously
described for P. putida (Graf and Altenbuchner 2014). sam-
ples taken from the bioconversion assay were diluted 1:10
with 0.2 % acetic acid prior to HPLC application on a
Merck-Hitachi HPLC system (Merck, Darmstadt, Germany)
equipped with a RP Purospher®-Star RP-18¢ column (250 x
4.6 mm, 5 pum), a LiChroCART® guard column (4 x4 mm,
5 um), an L7612 degasser, an L6200A gradient pump, a
D6000A interface module, an 14200 UV-visible detector, a
Rheodyne injection valve 7125 with a 100-ul sample loop,
and D7000 HPLC System Manager software. For measure-
ments, a modified procedure was used as described previously
(Sinha et al. 2007). methanol, acetonitril, and 0.2 % acetic acid
(3:3:14) were used as the mobile phase. The flow rate was

1 ml min !, and the absorbance was measured at 231 nm for
20 min. Solutions of several aromatic compounds with seven
different concentrations (0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and
1 mM) were used for calibration. All standards were of ana-
lytical grade. Retention times of the standards were as follows:
protocatechuic acid (4.63 min), ferulic acid (13.51 min), van-
illin (11.11 min), vanillic acid (7.39 min), vanillyl alcohol
(4.89 min), catechol (7.08 min), guaiacol (15.42 min), 4-
vinylguaiacol (51.99 min), 3-hydroxy-4-
methoxybenzaldehyde (9.41 min), 4-hydroxybenzaldehyde
(9.2 min), 3-hydroxybenzaldehyde (10.97 min), 3,4-
dihydroxybenzaldehyde (5.96 min), 3-ethoxy-4-
hydroxybenzaldehyde (17.82 min), benzaldehyde
(22.47 min), salicylaldehyde (25.55 min), 4-hydroxy-3-
methoxycinnamaldehyde (15.31 min), and cinnamaldehyde
(55.6 min).

Colony PCR
Mutant and wild-type clones of B. subtilis were streaked out

on LB agar plates and grown overnight at 37 °C. A sufficient
amount of cells was taken from these plates and resuspended
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in 100 pl H,O (deionized). After heating the suspension for
10 min at 99 °C, a cold shock for 20 min at —70 °C followed
by a further heating step (10 min at 99 °C) was performed.
After centrifugation of the cell suspension, 10 ul of the super-
natant containing chromosomal DNA was used in a 30-ul
PCR preparation using the Thermo Scientific™
DreamTag™ DNA Polymerase.

In vitro enzyme activity assays

Enzyme activity was determined in a discontinuous as-
say by measuring metabolite formation using HPLC,
since a spectrophotometric assay could not be used
due to the same absoption maxima of vanillin and
NADH at 340 nm. In general and in accordance to
similar experiments with Amycolatopsis sp. (Fleige
et al. 2013). the reaction mixture contained, in a total
volume of 1 ml, 0.1 mM potassium phosphate buffer
(pH 7.0), 2 mM NAD", 1.25 mM substrate, and
250 ug ml™' of the enzyme preparation. Enzyme activ-
ity is stated in units (U). One unit is defined as the
amount of enzyme which converts 1 pmol substrate/
min. In general, the assays were started after addition
of the substrate and NAD". Samples of 50 ul were
taken, and the reaction stopped by heating to 85 °C
for 5 min. The stopped samples were centrifuged and
stored at =70 °C until HPLC analysis. To determine the
temperature optimum, the assay was performed at 20 to
60 °C in several steps. After determination of the opti-
mum temperature, the effect of pH was investigated at
the optimimum temperature by using 50 pg ml~' of the
enzyme preparation in 100 mM of varying buffer sys-
tems. Samples were taken immediately and after 60 min
incubation. The kinetic assay was performed by taking
samples after 0, 1, 2, 3, 4, 5, 10, 15, 20, 30, and
60 min incubation.

Inactivation of chromosomal genes in B. subtilis

For inactivation of single genes, advantage was taken of the
Bacillus knockout erythromycin (BKE) strains available from
the Bacillus Genetic Stock Center (BGSC; www.bgsc.org).
These B. subtilis 168-derived strains carry an erythromycin
resistance cassette flanked by FRT sites integrated into one
non-essential chromosomal gene. The strain number is de-
rived from the corresponding BSU gene number in the
GenoList database for the inactivated gene. Chromosomal
DNA of the BKE strains was extracted using the DNeasy
Blood and Tissue Kit (QIAGEN, Hilden, Germany) and used
from transformation of B. subtilis 3NA. Selection of the
strains with inactivated gene function by double-crossover
via homologous recombination occurred via selection on LB
agar plates containing erythromycin. These strains were
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streaked out onto LB to get single colonies. Gene inactivation
was confirmed by colony PCR.

Overproduction and purification of B. subtilis YfmT
with E. coli JM109

YfmT with a C-terminal Hisg-tag was overexpressed in E. coli
JM109/pNG533.1 as follows: cells were grown for 2 h at
37 °C. After induction with 0.2 % (w/v) rhamnose, growth
continued at 30 °C for 4 h. Approximately 3x 10" cells were
harvested by centrifugation. The pelleted cells were washed
with 50 mM sodium phosphate buffer (pH 7.2) and either
stored at —20 °C or resuspended with 1 ml lysis buffer
(50 mM NaH,POy4, 300 mM NaCl, 10 mM imidazole).
Crude cell extracts were prepared using ultrasonic sound
(3x45 s, 50 % duty cycle; Heat Systems-Ultrasonics, Inc.,
model W-385 sonicator, Farmingdale, New York, USA).
After centrifugation, the supernatant containing the soluble
protein fraction was used for affinity tag chromatography
using Ni-NTA Agarose resin according to the manufacturer’s
instructions (QIAGEN, Hilden, Germany). Purified proteins
were quantified using the Bradford method (Bradford 1976).
Purity was confirmed by SDS-PAGE.

Results

Growth behavior of B. subftilis 3NA on vanillin and ferulic
acid

As a representative strain, B. subtilis 3NA (spo0A3, sporula-
tion negative) was chosen to determine metabolic properties
regarding the conversion of vanillin and ferulic acid, because
of'its advantage as a production strain (Wenzel et al. 2011). In
comparison with the well-studied P. putida strains as putative
vanillin producers (Muheim and Lerch 1999; Overhage et al.
1999; Walton et al. 2000; Priefert et al. 2001; Jiménez et al.
2002; Yamada et al. 2007; Kaur and Chakraborty 2013; Graf
and Altenbuchner 2014). its ability to grow on ferulic acid,
vanillin, vanillic acid and protocatechuic acid as sole carbon
sources was examined. Starter cultures were gained by initial
growth in MG1 medium with 0.5 % (w/v) glucose as carbon
source. Cells were washed twice with MG1 without carbon
source and used for inoculation to 0.05 ODggg in MG1 with
5 mM of one of the aforementioned substances as sole carbon
source. The main cultures were grown for 16 h at 37 °C before
measuring their final ODg (Table 2).

Significant growth only occurred with glucose and
protocatechuic acid. All cultures were checked microscopical-
ly, but no morphological changes could be detected in neither
of the tested substrates. Growth on solid MG1 media showed
equal results: colony formation was only observed with
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Table 2 Results of three

independent growth experiments C-Source Ferulic acid Vanillin Vanillic acid Protocatechuic acid Glucose
using Bacillus subtilis 3NA with

different carbon sources (each OD(,OO, max 0.25+0.17 0.25+0.13 0.32+0.02 0.75+0.07 1.89+0.14

5 mM)

Shown is the mean ODg with the corresponding standard deviation after incubation for 16 h at 37 °C. Inocu-

lation occurred at 0.05 ODg, each

glucose and protocatechuic acid after incubation for 72 h at
37 °C.

To verify the results from the growth experiments, HPLC
analysis was performed. After induction of B. subtilis 3NA
with the corresponding substance, bioconversion assays were
performed with resting cells. Samples were taken immediately
after addition of the substance as well as after 18 h incubation
at 37 °C. Ferulic acid was converted to a substance identified
as 4-vinylguaiacol (2-methoxy-4-vinylphenol). Beneath its
characteristic odor of buckwheat, 4-vinylguaiacol possesses
a jellylike constitution. Hence, its application as a standard
for HPLC analysis was difficult and thus a truthful quantifi-
cation not possible. However, no further peak was observed
after 18 h conversion time. Vanillin was converted to ca. 97 %
guaiacol and 3 % vanillyl alcohol, whereas vanillic acid was
completely converted to guaiacol. Interestingly, despite induc-
tion no conversion could be observed in the case of
protocatechuic acid.

Conversion kinetics with resting cells of B. subtilis 3NA
showed that vanillin is converted to guaiacol, forming vanillic
acid as an intermediate product in the first few hours (Fig. 1).
While vanillic acid disappears after 18 h conversion time,
guaiacol further accumulates. Furthermore, vanillyl alcohol
was detected as a byproduct after 1 h conversion. Its

—4—vanillin
—@-vanillyl alcohol

- vanillic acid
—/— guaiacol

12

) P

concentration [mM]
(=2]

GM, ; —

0 5 10 15 20
conversion time [h]

Fig. 1 Conversion kinetics of resting Bacillus subtilis 3NA cells
incubated at 37 °C for 18 h with 10 mM vanillin. Samples were taken
at the given points of time and analyzed by HPLC. Shown here is a
representative example of three conducted independent experiments.
The standard deviation was less than 5 % each

concentration stayed constant until the end of the conversion
experiment.

Tolerance of B. subtilis 3NA to vanillin and ferulic acid

Since vanillin and ferulic acid are both known to be toxic at
certain levels (Krings and Berger 1998; Graf and
Altenbuchner 2014). the critical concentration was deter-
mined for B. subtilis SNA. Growth was performed in addition-
ally buffered MG1 with TES and casamino acids to reach
higher growth rates and cell densities in order to show the
effect of vanillin and ferulic acid. After inoculation with
0.05 ODg cultures were grown with raising concentrations
up to 30 mM of either vanillin or ferulic acid. After 16 h at
37 °C, the ODgqq and the pH were measured (Fig. 2).

Vanillin is tolerated up to 20 mM, while ferulic acid seems
to be more toxic, significantly restricting growth at even
10 mM. A pH effect due to the addition of the acidic com-
pounds could not be observed, since the pH value stayed in a
rather neutral range.

Role and influence of the phenolic acid decarboxylases
BsdBCD and PadC

The phenolic acid decarboxylases BsdBCD and PadC of
B. subtilis have been shown in vitro to convert vanillic acid
to guaiacol and ferulic acid to 4-vinylguaiacol, respectively
(Cavin et al. 1998; Lupa et al. 2008). Although these enzymes
have been characterized in detail, it was not yet shown, if there
are other isoenzymes in B. subtilis able to catalyze these reac-
tions, too. Thus, mutant strains were constructed and used for
conversion assays.

Inactiviation of padC occurred via transformation of
B. subtilis 3NA with chromosomal DNA of B. subtilis BKE
34400 (padC::erm trpC2) resulting in strain MWZ 86
(spo0A3 padC::erm). Induction of MWZ 86 with ferulic acid
resulted in immediate growth impairment. Thus, 3NA and
MWZ 86 were grown without prior induction with ferulic acid
before cells were harvested for the conversion assays.
Whereas 3NA was still capable of converting ferulic acid to
4-vinylguaiacol, MWZ 86 lost its ability to convert ferulic
acid.

However, in case of BsdBCD, strain construction was more
laborious, since BsdBCD is encoded by four genes: ubiX, ubiD,
bsdD, and ycID (Lupa et al. 2008). Deletion of these genes was
conducted using a temperature sensitive vector system with a
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Fig. 2 Tolerance of Bacillus 2T 9
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pE194" origin of replication (Arnaud et al. 2004; Zakataeva et al.
2010). After PCR amplification of the ubiX up- and yc/D down-
stream flanking regions using primers s9506/s9507
(aaaaaaggatccTATGAGTCAAGTATTTGGTTTTC/
ataaaagagctcCATTTCAATCATACTCCTG ATAT) and s9508/
$9509 (aaaaaagagctcTAAAAAACAGCCCGCAGATCA/
aaaaaaggatccTCGGTGGTTTA CTCGCGCC), respectively,
the fragments were inserted via 3-fragment-ligation using
BamHI/Sacl into pMW521.1 (a pE194" derivative) giving
PNGS507.4. The genes ubiX, ubiD, bsdD, and ycID were deleted
in the chromosome of B. subtilis 3NA using this vector. The
resulting strain was checked by colony PCR (s9506/s9509) and
designated MWZ 76. Repeated conversion assays with that strain
showed that ferulic acid gets still converted to 4-vinylguaiacol.
Vanillin, however, was converted to ca. 95 % vanillic acid and
5 % vanillyl alcohol. No further conversion to guaiacol was
observed.

According to the observation that guaiacol-glycerolether is
catabolized via catechol in B. subtilis (Gurujeyalakshmi and
Mahadevan 1987a), conversion of guaiacol and catechol was
also investigated with 3NA and MWZ 76 via HPLC analysis.
In all strains, the guaiacol peak slightly declined in the con-
version assays, but no catechol peak could be detected.
Conversion of catechol itself also showed a slight reduction
in all strains, however, revealing no further detectable peaks
during HPLC analysis.

Identification of the vanillin dehydrogenase YfmT

As the aldehyde group of vanillin is oxidized to the carboxyl
group of vanillic acid, the enzyme catalizing this reaction is
most probably an aldehyde dehydrogenase which has not yet
been identified. To reveal that missing link, the sequence of
the vanillin dehydrogenase Vdh of P. putida KT2440
(Vdh_ppu) (Nelson et al. 2002) was used as a query in a
tBLASTn search (Altschul et al. 1990) with the translated
nucleotide database for B. subtilis (taxid:1423). The result
showed several candidate genes encoding mostly aldehyde
dehydrogenases (Table 3).

Taking advantage of the BKE strain collection of the
BGSC, all corresponding strains were tested for their ability
to convert vanillin (HPLC analysis). Besides B. subtilis BKE
07350 (yfmT::erm trpC2), all strains converted vanillin to
vanillic acid, vanillyl alcohol, and guaiacol. YfmT shows the
highest similarity to the vanillin dehydrogenase of P. putida
KT2440 and also seems to be the only responsible enzyme for
the conversion of vanillin to vanillic acid in B. subtilis.
Northern blot analysis and DNA microarrays indicated that
yfinT is regulated by o together with yfinS (Serizawa et al.
2004). It was stated by Serizawa et al. (2004) that YfmT (485
amino acids) and Y fmsS (286 amino acids) exhibit similarity to
benzaldehyde dehydrogenase and methyl-accepting chemo-
taxis proteins, respectively. Furthermore, the ¢ consensus

Table 3 Result of the tBLASTn

search in the genom of Bacillus Gene Identities/positives E value Annotation (GenoList) BKE strain

subtilis (taxid:1423) using a Vdh_

ppu query yfinT 35 %/54 % 46 Putative aldehyde dehydrogenase BKE 07350
aldy 35 %/53 % le™ Putative aldehyde dehydrogenase BKE 38830
gabD 32 %/51 % 6e ¥ Succinate-semialdehyde dehydrogenase BKE 03910
dhaS 32 %/49% 5¢%° Putative aldehyde dehydrogenase BKE 19310
ghsA 30 %/49 % 5¢737 Glycine betaine aldehyde dehydrogenase BKE 31060
yebD 31 %/47 % 2¢73 2,5-dioxovalerate dehydrogenase BKE 02470
aldx 27 %/43 % le? Putative aldehyde dehydrogenase BKE 39860
mmsA 27 %/45 % 2% Methylmalonate-semialdehyde dehydrogenase BKE 39760

Annotation was completed using the entries of the GenoList (Lechat et al. 2008) for B. subtilis 168. The
corresponding BKE strains of the Bacillus Genetic Stock Center (BGSC) are shown as well
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Fig. 3 Conversion kinetics of purified YfmT using vanillin as substrate.
The concentrations of vanillin (closed circles) and vanillic acid (open
rectangles) after the given time of incubation at 37 °C and pH 7.0 are
shown as the mean value of three independent experiments. Standard
deviation is given by error bars

sequence was found in the yfinT promoter region. These re-
sults indicate that yfinT-yfinS are transcribed by ¢” RNA po-
lymerase as a polycistronic mRNA. So far, no further charac-
terization of either YfmT or YfmS was performed.

Characterization of the dehydrogenase YfmT

For further characterization of the dehydrogenase YfmT its
gene was cloned after PCR amplification with s9986/s9987
(aaataacat ATGTTTCAATATGAAGAGTTGAATAA /
aaaaaaggatccATAAGGGAAGCTGC GTTTTTCG) via
Ndel/BamHI into pMW851.2 (Wenzel and Altenbuchner
2013), resulting in pNG533.1. After overexpression in
E. coli IM109 and purification of the C-terminal Hisg-tagged

YfmT, the protein was first used to show its ability to convert
vanillin to vanillic acid at standard conditions (37 °C and
neutral pH) (Fig. 3).

The highest enzyme activity could be observed within the
first 5 minutes, where 0.16 pmol vanillin were converted per
minute, giving 0.16 U. The specific activity was 0.6 U mg ™'
enzyme. This is the maximum enzyme activity, since in fur-
ther experiments the temperature and pH optimum of YfmT
were determined to be 3740 °C and 7.0, respectively (Fig. 4).

For further characterization, the substrate range of YfmT
was determined by testing vanillin and some derivatives there-
of (Fig. 5). To compare the enzyme affinity for the different
substrates, conversion was generally stopped after 15 min in-
cubation at 37 °C and pH 7.0. Reduction of the substrate peaks
(reduced substrate concentration) was detected for each com-
pound and expressed in percent for better comparison. After
15 min ca. 80 % of vanillin, 3,4-dihydroxybenzaldehyde, 4-
hydroxybenzaldehyde, and 3-ethoxy-4-hydroxybenzaldehyde
were converted. 3-hydroxybenzaldehyde and benzaldehyde
showed even higher convertion rates since they were nearly
completely converted. YfmT was also able to convert 3-
hydrox-4-methoxybenzaldehyde and salicylaldehyde at lower
levels, whereas 4-hydroxy-3-methoxycinnamaldehyde and
cinnamaldehyde were nearly not converted at all.

Discussion

In order to apply B. subtilis as a host for the production of
secondary metabolites such as the high-value compound van-
illin, its metabolism concerning the degradation of vanillin
and ferulic acid as well as its tolerance against these aromatic
compounds was investigated. The tested B. subtilis 3NA strain
does not use vanillin and ferulic acid as carbon or energy
sources, because nearly no growth could be detected using
these substances in growth experiments. No degradation via

Fig. 4 Identification of the a b 0
temperature (a) and pH (b) 100 6
optimum using purified YfmT.
The percentile conversion after = 80 4 E‘
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protocatechuic acid or catechol like in natural isolates of
B. subtilis could be observed (Gurujeyalakshmi and
Mahadevan 1987a; Gurujeyalakshmi and Mahadevan
1987b). Vanillin, however, is degraded by YfmT and
BsdBCD via vanillic acid to the dead end product guaiacol,
while ferulic acid is converted by PadC to the dead end prod-
uct 4-vinylguaiacol. Furthermore, the bioconversions are
forced because of the high potential toxicity of these aromatic
compounds. This degradation route for vanillin was also pro-
posed for the natural isolate wild-type strain B. subtilis HS8
starting with isoeugenol (Zhang et al. 2006). In contrast to
P putida KT2440 (Graf and Altenbuchner 2014), B. subtilis

3NA tolerates vanillin in higher concentrations than
ferulic acid. Also in B. subtilis, vanillin is converted
in small amounts to vanillyl alcohol by a not yet spec-
ified mechanism. Since this conversion was only detect-
able in the beginning, i.e., under high vanillin concen-
trations, it seems to be a rapid detoxification mecha-
nism. A similar observation was made in yeasts (e.g.,
Saccharomyces cerevisiae) by Hansen et al. (2009)
where a probably unspecific dehydrogenase catalyzed
this step. Since the concentration of the formed vanillyl
alcohol stayed constant, it is most probably a dead-end
product which is not converted back to vanillin.

Fig. 6 Metabolic route for 0 OH
vanillin and ferulic acid OH o
degradation in Bacillus subtilis = - o
3NA vanillin ferulic acid
?
0 0 0
oH | on | on |
vanillyl alcohol
YfmT PadC
aldehyde dehydrogenase decarborylase
HO (0] N _ =
vaniliic acid 4-vinylguaiacol
0 0
on | oH |
% BsdBCD *
decarboxylase
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BsdBCD and PadC are capable to convert different sub-
strates (Cavin et al. 1998; Lupa et al. 2008) and are induced as
a result of phenolic acid stress response regulated by o® to
avoid cytoplasmic acidification (Duy et al. 2007; Kitko et al.
2009). YfmT also showed a wide substrate range, but its in-
duction is regulated by another sigma factor and is connected
to yfmS. YfmS is one of the two soluble chemotaxis sensory
transducer proteins (receptors) in B. subtilis, localized at the
cell poles and whose ligand is not known yet (Serizawa et al.
2004; Cannistraro et al. 2011). According to the findings in
this study, it might respond to environmental changes in the
concentration of vanillin and its derivatives, and transduce this
signal to the inside of the cell. Future studies might confirm
the involvement of YfmS in the signal transduction
responding to aromatic compounds.

B. subtilis 3NA was very sensitive against ferulic acid,
since addition of even low amounts (10 mM) of this com-
pound to a growing culture stopped growth nearly completely.
The inactivation of padC had an even worse effect, since
addition of only 5 mM of ferulic acid to a complex medium
(LB) stopped growth nearly immediately. In case of vanillin,
the inactivation of yfinT'and bsdBCD did not affect the growth
behavior, confirming a higher tolerance for vanillin. Thus, it
can be concluded and confirmed that the bioconversions of
vanillin and especially ferulic acid to the dead-end products
guaiacol and 4-vinylguaiacol, respectively, seem to be detox-
ification mechanisms.

However, the aspired establishment of B. subtilis 3NA to
produce natural vanillin from ferulic acid was not achieved.
Although a reversible reaction mechanism of BsdBCD was
observed by Lupa et al. (2008), the conversion of guaiacol to
vanillic acid even under high concentrations of solved CO,
was extremely low. In contrast to the findings with isolated
wild-type strains or other Bacillus species (Karmakar et al.
2000; Chen et al. 2014), no direct or indirect conversion of
ferulic acid to vanillin could be detected in the tested
B. subtilis 3NA derived strains. However, it could be shown
that there are no isoenzymes for YfmT, PadC, and BsdBCD
concerning vanillin metabolism. From the performed experi-
ments, a scheme for the vanillin and ferulic acid metabolism in
B. subtilis 3NA could be concluded (Fig. 6). YfmT could be
identified and characterized, providing a basis for further aro-
matic compound studies with B. subtilis.
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