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Abstract. Bacillus subtilis utilized ferulic acid and its intermediates vanillin, vanillic acid, and 
protocatechuic acid as sole carbon source. The enzymes of the ferulic acid degradative pathway 
such as deacetylase, vanillin oxidase, vanillate-o-demethylase, and protocatechuate 3,4-dioxy- 
genase were inducible in nature. Concentration of the inducer profoundly influenced the induc- 
tion of the enzymes involved in ferulic acid dissimilation. 

Interest has recently expanded on the potential use 
of microorganisms to convert lignocellulose and lig- 
nin for industrial byproducts [11]. Ferulic acid is an 
important intermediate of lignin degradation [2]. 
Gram-negative bacteria degrade ferulic acid under 
both aerobic and anaerobic conditions [1, 9, 15]. 
The Gram-positive Bacillus subtilis dissimilates a 
variety of lignin model substances [6]. We present 
evidence on the degradation of ferulic acid by B. 
subtilis. 

Materials and Methods 

Chemicals. Ferulic acid, vanillin, vanillic acid, protocatechuic 
acid, and acetate kinase were obtained from Sigma Chemical Co. 
(St. Louis, Missouri, USA). All other chemicals were of the 
highest purity, available locally. 

Organisms and culture conditions. Bacillus subtilis was isolated 
from virgin forest soil containing decaying wood, by enrichment 
culture with teak wood lignin as sole carbon source. It was main- 
tained in Dye's medium [4] with glycerol as sole carbon source. 
Dye's medium contained: 1.0 g (NH4)2HPO4; 2.0 g KH2PO4; 2.0 
g KC1; 200 mg MgSO4 �9 7H20; and 10 mg Fe(NH4)2(SO4)2 pH 7.2; 
distilled water, 1 liter. At 48 h of growth, the cells were subcul- 
tured. 

Growth on aromatic substances. Growth and enzyme production 
experiments were performed in static cultures at 30~ Ferulic 
acid, vanillin, vanillic acid, and protocatechuic acid were dis- 
solved in 2 ml ethanol, and the final volume of the concentrated 
stock solutions was made up with distilled water. The solutions 
were filter-sterilized and aseptically added to Dye's medium so 
as to get the required final concentration. About 106 cells derived 
from a culture grown on glycerol medium were inoculated. Ali- 
quots of 5 ml culture were withdrawn at regular intervals, and the 
turbidity was measured at 540 nm in a spectrophotometer. 

Preparation of cell-free extract. Cells were grown on Dye's me- 
dium with aromatic substance (5, 10, and 20 mM) or glycerol (5 
raM) as sole carbon source. After 36 h of incubation, the cells 
were collected by centrifugation, washed twice with 0.025 M 
phosphate buffer, pH 7.2, by centrifugation at 10,000 g for 10 
min, and suspended in the buffer. They were broken in a MSE 
150 Watt Ultrasonic disintegrator at 4 amplitude for 15 min; the 
suspension was centrifuged at 20,000 g for 30 rain at 4~ and the 
supernatant was used as crude enzyme. Protein in the extract 
was estimated with bovine serum albumin as standard [10]. 

Assays for enzyme activity. The side chain in ferulic acid is 
cleaved, and the two carbons of the side chain are released as 
acetate [14]. The cells were grown on ferulic acid (5 raM), and 
exponentially grown cells were used to prepare the enzyme. The 
assay system contained ferulic acid 0.5 ml (10 /xmole); a,a'- 
dipyridyl (0.1 mM), 0.5 ml; 1 ml NAD (10 /zmole); and 1 ml 
enzyme extract, incubated for 15 min at 30~ and the reaction 
was stopped by the addition of 5.8 N (3 ml) perchloric acid. It 
was centrifuged at 10,000 g for 10 min; the supernatant was 
neutralized with 5 N KOH, kept on ice for 5 min, and centri- 
fuged. Acetate in the supernatant was measured with acetate 
kinase [7]. 

Vanillin oxidase [3]. The reaction mixture contained 1 ml vanillin 
(10/xmole), 1 ml enzyme, and 1 ml phosphate buffer, 0.025 M, 
pH 7.2. Decrease in absorbance at 278 nm was followed in a 
recording spectrophotometer. Specific activity was expressed in 
terms of/zmoles vanillin disappearing/min per mg protein. 

Vanillate-o-demethylase [12]. The reaction mixture contained 1 
ml vanillic acid (1 rag); a,a'-dipyridyl (10/zmole) 0.1 ml; 1 ml 
enzyme; and 3 ml phosphate buffer, 0.025 M, pH 7.2, and was 
incubated at room temperature for 2 h. The reaction was stopped 
by adding an equal amount of 10% TCA, extracted with perox- 
ide-free diethyl ether, evaporated on a water bath at 60~ and 
the residue was dissolved in ethanol. It was chromatographed, 
along with authentic protocatechuic acid on Whatman No. 1 
filter paper, and developed in 15% acetic acid solvent. The proto- 
catechuic acid spot was cut from an unsprayed chromatogram 
and eluted in water. To 2.5 ml of eluate, 1 ml 10% sodium tung- 
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Fig. 1. Growth of Bacillus subtilis on ferulic acid and its intermediates: (a) ferulic acid; (b) vanillin; (c) vanillic acid; and (d) 
protocatechuic acid. • 2 1 5  1 raM; * - - *  5 mM; A - - - &  10 mM; �9169 20 raM; �9 . . . . . .  �9 40 raM. 

state, 1 ml 0.5 N HCI, and 2 ml sodium nitrite (0.5%) were added 
and incubated for 5 min at room temperature. To it, 4 ml of 0.5 N 
NaOH was added and kept at room temperature for 30 min. The 
red-colored solution was read at 510 nm. 

Protocatechuic acid standard was prepared by developing a 
known quantity of protocatechuic acid in paper chromatogram. 
The spot was cut and eluted in water, and the color was devel- 
oped as mentioned before and estimated. The specific activity of 

vanillate-o-demethylase was expressed in terms of/xmoles proto- 
catechuic acid formed per mg protein. 

Protocatechuate 3,4-dioxygenase [5]. The reaction mixture con- 
tained protocatechuic acid (10/zmole) 0.1 ml; 1.9 ml phosphate 
buffer, 0.025 M, pH 7.2; and 1 ml enzyme, and the decrease in 
OD at 290 nm (kmax for protocatechuic acid) was followed in a 
recording spectrophotometer. Tile specific activity was ex- 
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Table 1. Induction of enzymes involved in ferulic acid degradation by B. subtilis 

Specific activity" 

Inducer Vanillin Vanillate-o- Protocatechuate 
(5 raM) Deacetylase oxidase c demethylase d 3,4_dioxygenase e 

Ferulic acid 6.98 0.278 9.09 0.260 
Vanillin - -  0.505 11.63 0.302 
Vanillic acid - -  - -  13.07 0.545 
Protocatechuic acid - -  - -  __ 0.324 
G l y c e r o l  . . . .  

Specific activity:/xmoles substrate disappearing/rain per mg protein. 
b Deacetylase: /xmoles acetate formed/10 /zmole ferulic acid per nag protein. The reaction mixture contained 0.2 ml neutralized 
supernatant at pH 7.2; 0.3 ml water mixture (water; Tris HC1, 1.0 M, pH 7.4; MgC12, 1.0 M; 25 : 5 : 1 vol/vol); 0.35 ml hydroxylamine (4 
M); 0.2 ml ATP (84 mM); 0.02 ml acetate kinase (20 U); and 0.13 ml water. Control received 0.15 ml water in place of the enzyme. The 
reaction was performed at 35~ in a water bath for 30 min; 1 ml of 10% TCA was added, followed by 4 ml of ferric chloride (60 mM), and 
the solution was read at 540 nm. 
c Vanillin oxidase was assayed by decrease in OD at 278 nm. The reaction mixture contained 1 ml vanillin (10 ~moles), 1 ml enzyme, 
and 1 ml phosphate buffer 0.025 M, pH 7.2. 
d Vanillate-o-demethylase: see Materials and Methods. 
e Protocatechuate 3,4-dioxygenase was measured by decrease in OD at 290 nm. 

pressed in terms of/xmoles protocatechuic acid disappearing per 
min per mg protein. 

Results 

Bacillus subtilis utilized ferulic acid, vanillin, vanil- 
lic acid, and protocatechuic acid as sole carbon 
source, and growth was influenced by concentra- 
tion. Ferulic acid supported the growth of B. sub- 
tilis up to 10 raM, and at 20 mM the growth rate 
declined (Fig. la). 

Vanillin, 5 mM, favored maximum growth. Af- 
ter a lag of 8 h, the maximum growth was attained at 
40 h (Fig. lb). Increasing the concentration to 10 
mM inhibited growth, and 20 mM was toxic. The 
lag period was prolonged at a concentration of 
10 mM. 

Increasing the concentration of vanillic acid 
from 1 mM to 10 mM increased the growth of  B. 
subtilis, but 20 mM reduced it (Fig. lc). 

Protocatechuic acid was readily utilized by B. 
subtilis. After a lag of 8 h, maximum growth oc- 
curred at 32 h. Protocatechuic acid at 20 mM was 
the optimum concentration (Fig. ld). Growth rate 
and yield of the cells were high in protocatechuic 
acid compared with other phenols. All the phenols 
were toxic at 40 mM. 

Enzymes involved in ferulic acid dissimilation. Side- 
chain removal was the initial reaction employed by 
B. subtilis in the degradation of  ferulic acid. There- 
fore, the enzyme deacetylase, involved in the re- 

moval of  the side chain, was assayed. Only those 
cells from the ferulic acid culture released 6.98 
/xmoles of  acetate from 10/xmoles of  ferulic acid/mg 
protein (Table 1). These cells also contained vanillin 
oxidase (which converts  vanillin to vanillic acid), 
vanillate-o-demethylase (which demethylase vanil- 
lic acid to form protocatechuic acid), and protocate- 
chuate 3,4-dioxygenase (which cleaves protocate- 
chuic acid). 

Inducible nature of enzymes 

Deacetylase. Ferulic acid (5 mM)-grown cells ex- 
hibited deacetylase activity, but cells grown on 
vanillin, vanillic acid, or protocatechuic acid lacked 
the enzyme activity (Table 1). 

VaniUin oxidase. Both ferulic acid and vanillin in- 
duced vanillin oxidase, but vanillin was the best in- 
ducer (Table 1). Induction by ferulic acid resulted in 
about half the enzyme activity induced by Vanillin. 

Vanillate-o-demethylase. Vanillic acid was the best 
inducer of vanillate-o-demethylase (Table 1). Vanil- 
lin and ferulic acid also induced the enzyme,  but to 
reduced levels. 

Protocatechuate 3,4-dioxygenase. Protocatechuate 
3,4-dioxygenase was induced by ferulic acid and its 
intermediates (Table 1). Vanillic acid was the best 
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Fig. 2. Proposed pathway for the degradation of ferulic acid by 
Bacillus subtilis. 

inducer, followed by protocatechuic acid. Vanillin 
and ferulic acid were poor inducers. 

Glycerol-grown cells lacked enzyme activity. 

Differential induction o f  enzymes involved in ferulic 
acid dissimilation. Bacillus subtilis showed signifi- 
cant differences in the utilization of ferulic acid and 
its intermediates. The optimum concentration of the 
substrate to support growth differed significantly; 
for ferulic and vanillic acids, it was 10 mM, 5 mM 
for vanillin, and 20 mM for protocatechuic acid 
(Fig. 1). 

Ferulic acid. The enzyme extract prepared from the 
cells grown on 5 mM ferulic acid released 6.98 
/zmoles acetate/mg protein. Increasing the concen- 
tration of ferulic acid did not increase the release of 
acetate (Table 2). Cells grown on 10 mM ferulic acid 
exhibited high levels of vanillin oxidase and proto- 
catechuate,3,4-dioxygenase. Moderate levels of 
vanillate-o-demethylase were estimated in 5 mM 
and 10 mM ferulic acid-induced cells, and high ac- 
tivity was recorded in cells grown in 20 mM. 

Vanillin. Cells grown on vanillin (5 mM) did not 
contain any deacetylase, but exhibited maximum 
activity of vanillin oxidase, vanillate-o-demeth- 
ylase, and protocatechuate 3,4-dioxygenase. How- 
ever, enzyme levels declined in cells grown on 10 
mM of vanillin (Table 2). 

Vanillic acid. The maximum activity of vanillate-o- 
demethylase was recorded in cells grown on 5 mM 
vanillic acid, and higher concentrations did not en- 
hance the induction. However, cells grown on 10 
mM vanillic acid contained significant levels of pro- 
tocatechuate 3,4-dioxygenase. These ceils con- 
tained neither deacetylase nor vanillin oxidase (Ta- 
ble 2). 

Protocatechuic acid. Significant increase in proto- 
catechuate 3,4-dioxygenase activity was recorded 
with increase in the concentration of protocatechuic 
acid (Table 2). It did not induce deacetylase, vanil- 
lin oxidase, and vanillate-o-demethylase involved in 
ferulic acid dissimilation. 

Discussion 

Bacillus subtilis utilized ferulic acid, vanillin, vanil- 
lic acid, and protocatechuic acid as sole carbon 
source and employed the following reaction mecha- 
nisms in the dissimilation of ferulic acid: (a) short- 
ening of side chain, (b) oxidation of aromatic alde- 
hyde to acid, (c) demethylation, (d) hydroxylation, 
and (e) aromatic ring cleavage (Fig. 2). Side-chain 
removal is the first step in the cleavage of ferulic 
acid; the two carbons of the side chain were re- 
moved as acetate, resulting in the formation of the 
aromatic aldehyde, vanillin. 

The conversion of ferulic acid proceeds through 
one of two pathways. By/3-oxidation, cinnamic de- 
rivatives are converted to the corresponding ben- 
zoic acid derivative [16]. The side chain of these 
derivatives is shortened to the corresponding benz- 
aldehydes [8, 15]. 

Acetic acid is released from the side chain of 
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Table 2. Differential induction of enzymes involved in ferulic acid dissimilation a 

Inducer Vanillin 
(raM) Deacetylase oxidase 

Specific activity 

Vanillate-o- Protocatechuate 
demethylase 3,4-dioxygenase 

Ferulic acid 
5 

10 
20 

Vanillin 
5 

10 
Vanillic acid 

5 
10 
20 

Protocatechuic acid 
5 

10 
20 

6.98 0.278 9.09 0.260 
7.50 0.329 9.15 0.310 
6.05 0.228 10.84 0.198 

0.505 11.63 0.302 
0.380 9.93 0.279 

m 

m 

13.07 0.545 
12.70 0.645 
11.64 0.493 

m 0.324 
0.553 
0.656 

Assay conditions were as mentioned in the footnotes of Table 1. 

ferulic acid,  m e a s u r e d  wi th  an  exogenous  supply  of  
aceta te  k inase .  The  a ldehyde ,  vani l l in ,  was  fur ther  
oxidized to vani l l ic  acid by  vani l l in  oxidase .  Strep- 

tomyces  viridosporus oxidized a romat ic  a ldehydes  
to subs t i tu ted  benzo ic  acids by  a romat ic  a ldehyde  
oxidase  [3]. Vanil l ic  acid was  demethy la t ed  to pro- 
toca techuic  acid by  S t rep tomyces  [13, 14]. Proto-  
ca techuic  acid was c leaved  by an  ortho pa thway  
enzyme ,  p ro toca t echua t e  3 ,4-dioxygenase .  

The  e n z y m e s  invo lved  in ferulic acid dissimila-  
t ion  were  induc ib le ,  and  the m a x i m u m  act ivi ty  was 
usual ly  in f luenced  by  the c o n c e n t r a t i o n  of  the in- 
ducer  and  its chemica l  na ture .  
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