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Abstract
Treatment of microbial cultures with chemical agents such as hydrogen peroxide (H2O2) and hypochlorous acid (HOCl) induces
production of reactive oxygen species (ROS) in culture. These ROS inducing (treatment) agents increased the growth rate as well as the
maximum specific levels of extracellular enzymes such as a-amylase and protease in Bacillus subtilis cultures. Treatment with hypochlorous
acid increased maximum specific a-amylase level by 2.2-fold and maximum specific protease level by 2.6-fold, respectively. Similarly,
treatment with H2O2 increased specific a-amylase and specific protease level by 1.5- and 1.9-fold, respectively. Increases in specific enzyme
levels were correlated with levels of specific intracellular ROS in cultures. The mechanism of increase in enzyme productivity under induced
oxidative stress was also traced at the genetic level through analysis of available microarray data. The microarray data showed an induced
level of signal peptidase gene (sipT), which is the most important secretory apparatus component, and suggested that increased efficiency of
secretory apparatus as a result of treatments with ROS inducing agents also leads to increased productivity of a-amylase.
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1. Introduction
Bacillus subtilis and other bacilli have a high capacity for
the production of native extracellular enzymes [1] and are
therefore used in industry for large-scale production of such
enzymes [2]. Industrial production of enzymes frequently
involves protein engineering techniques such as modification of proteolytic cleavage sites to protect the product from
proteolysis by host proteases after secretion [3]. These
approaches result in significant improvement in activity
of enzymes under desired conditions, but the introduced
modifications are not always beneficial with regard to
production and secretion of enzymes [3]. This emphasizes

the need for the development of alternative methods to
enhance production without lowering the economics of
large-scale production. Induced oxidative stress can increase
enzyme production and growth rate in Bacillus subtilis
cultures. The method for improving productivity through
induced oxidative stress involves a mere treatment of the
inoculum for a short period before inoculation into the seed
tank.
Oxidative stress results when the rate of production of
reactive oxygen species (ROS) exceeds the capacity of the
cell for disposal [4]. Under physiological conditions, ROS
are continuously generated in cells from metabolic processes such as respiration and fatty acid biosynthesis in
aerobic organisms or environmental agents such as near UV
or ionizing radiations [5]. Further, ROS can be induced in
cultures by treatment with chemicals such as hydrogen
peroxide (H2O2), hypochlorous acid (HOCl), menadione,
paraquat, etc. [6].
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The effects of ROS produced by hydrogen peroxide
treatment have already been studied at the transcriptional
level using a microarray technique in B. subtilis [7]. The
microarray data provides information about expressions of
genes under specified growth conditions. The microarray
data under hydrogen peroxide induced oxidative stress
showed changes in transcriptional levels of a large number
of genes.
In the present work, we have studied the effect of ROS
inducing (treatment) agents such as hydrogen peroxide
(H2O2) and hypochlorous acid (HOCl) on cell growth and
enzyme productivity in B. subtilis cultures. We report significant increases in the specific activities of extracellular aamylase and protease, and consequent increases in total
enzyme concentration with increase in the levels of intracellular ROS in the ROS range studied. We have further
analyzed the microarray data of hydrogen peroxide
mediated oxidative stress in B. subtilis to investigate the
possible relationship between genes induced and increased
production of a-amylase and protease.

respectively, were used, and the procedure mentioned above
was followed. For H2O2 toxicity studies, one time exposures
of mid-exponential phase cells to different H2O2 concentrations, i.e., 0.5, 1, 2.5, 5, 10 and 20 mM, which corresponded
to 0.55, 1.11, 2.78, 5.55, 11.11 and 22.22 mmol (g cell)1,
respectively, were used. The treatment doses of HOCl and
H2O2 were chosen based on the results of the toxicity
studies, from the number of colony forming units (CFU)
under various concentrations of HOCl and H2O2, as detailed
in Section 3.
2.3. Enzyme assays
Assays were performed for a-amylase (extracellular as
well as intracellular) and the family of proteases (referred to
as protease). Standard methods were used for enzyme
assays: the azocasein degradation method for protease [8]
and spectrophotometric measurement of blue coloured complex of leftover starch with iodine at 620 nm for a-amylase
[9]. The specific enzyme levels were determined by normalizing the total enzyme concentration with the cell concentrations.

2. Materials and methods
2.4. Intracellular enzyme assay
2.1. Bacterial strain and media
The microorganism used in the study, B. subtilis 748
(trpC2) was obtained from the Bacillus Genetic Stock
Center, Ohio State University, OH, USA. The bacteria were
grown in Luria Bertani (LB, Miller) medium (Hi-Media)
(10 g l1 casein enzymic hydrolysate, 5 g l1 yeast extract
and 10 g l1 sodium chloride, supplemented with kanamycin, 10 mg m l1) at 37 8C under shaking conditions.
2.2. Treatment procedures
The bacterial cultures in mid-exponential phase, at a
concentration of 1.8 g l1 were exposed to freshly prepared
10 mM HOCl (prepared by dissolving an equal volume of
sodium hypochlorite in distilled water), corresponding to
5.55 mmol HOCl (g cell)1. This exposure was followed by
10 min of incubation in the dark at a shaker speed of 180 rpm
maintained at 37 8C. The residual free chlorine was
quenched with an equal volume of 0.2 M sterile sodium
thiosulphate (Na2SO3) solution. To remove the excess
sodium thiosulphate, cells were centrifuged and re-suspended in fresh media. The treated cells were used for
inoculation (10%, v/v) in fresh LB media.
In the case of H2O2 treatment, cells at a concentration of
0.9 g l1 (early exponential phase) were exposed to 2.5 mM
pulses of H2O2 at 30 min intervals. Since H2O2 is a weak
inducer of ROS compared to HOCl, a continuous-mode
exposure to H2O2 was chosen.
For HOCl toxicity studies, various concentrations of
HOCl, i.e. 1, 2.5, 5, 10, 20, and 40 mM which corresponded
to 0.56, 1.38, 2.78, 5.55, 11.11, and 22.22 mmol (g cell)1,

One milliliter of the fresh bacterial culture was centrifuged (7000  g, 5 min and 4 8C) and cell pellets were
washed with 0.2 M phosphate buffer saline (PBS) (pH 7.0)
twice to remove all traces of media with extracellular
secretions. The pellets were suspended in an equal amount
of 0.2 M PBS containing 2.5 mg ml1 lysozyme, 100 mM
sucrose, 132 mM EDTA and 2.5 mM MgCl2, and incubated
at 37 8C for 15 min to generate protoplasts. The solution was
centrifuged at 10,000  g for 10 min at 4 8C to recover the
protoplasts. The resulting protoplasts were washed with the
same suspension buffer without lysozyme. The protoplasts
were pelleted by centrifugation and then lysed by osmotic
shock or addition of 1 ml of distilled water. This extract was
used for intracellular enzyme assays using standard protocols as in the case of extracellular enzyme assays.
2.5. ESR spectrometry
The procedure used for ESR spectrometry was similar
that one used in earlier studies [10]. One milliliter of the
fresh bacterial culture was centrifuged (12,000  g, 10 min
and 4 8C) and cell pellets were washed with 0.9% saline
three times to remove traces of media with extracellular
secretions. The pellets were suspended in an equal amount
of 100 mM Tris buffer (pH 8.0, saturated with nitrogen).
Then 2.5 mg ml1 lysozyme, 100 mM sucrose, 132 mM
EDTA and 2.5 mM MgCl2 were added to the cells which
were incubated at 37 8C for 15 min. The solution was
centrifuged at 12,000  g for 10 min at 4 8C to recover
protoplasts. The resulting protoplasts were washed properly
with the same suspension buffer without lysozyme. To the
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protoplasts, 80 mM dimethyl-1-pyrroline-N-oxide (DMPO,
Sigma) as a spin trap was added. Subsequently, the volume
was made up to 1 ml using distilled water saturated with
nitrogen and mixed thoroughly to break open the protoplasts. The final two steps, which include addition of spin
trap and lysis of protoplasts, were performed under red light.
The derivative ESR spectra were obtained using a Varian E112 EPR, spectrometer. The area under the absorption curve
was obtained by double integration of the derivative ESR
spectrum, and a standard curve was used to obtain the actual
ROS concentrations. The free radical concentration is proportional to the area under the absorption curve [11]. The
specific intracellular ROS level was obtained by normalizing
the ROS concentrations with the corresponding cell concentrations. The ROS type was identified by comparison
with standard spectra in the literature [12].
ESR spectrometer recording settings were as follows:
field set 3380 G; microwave frequency, 950 MHz; microwave power, 5 mW; modulation frequency, 100 kHz; modulation amplitude, 2 G; and receiver gain 2  2  104.

respectively [13]. The highest colony counts and maximum
cell concentrations were obtained with 10 mM HOCl
(5.55 mmol (g cell)1) and 2.5 mM H2O2 (2.78 mmol
(g cell)1), and therefore these concentrations were chosen
for further study.
It is also clear from Table 1 that the toxicity of treatment
agents to bacteria follows a bimodal pattern. The extent of
cell death was higher with lower doses of treatment followed
by a decline with increase in concentration of HOCl or
H2O2, and later a sharp increase with further increase in
concentrations. The bimodal pattern of cell toxicity to H2O2
has earlier been reported in HeLa cells [14] as well as in
Escherichia coli [15], but there are no such reports in
response to HOCl in the literature.
The effect of ROS inducing agents on survival rate of
bacteria varies with phases of growth [16]. In one case, the
survival rate after 10 mM H2O2 treatment has been reported
to be 0.01–0.1% with treatment done in early exponential
phase [16]. Therefore, the results of viable cell counts
obtained after treatment with varying doses of ROS inducing
agents are applicable only to that particular phase of growth.

3. Results and discussion

3.2. Effect on growth

3.1. Toxicity of treatment agents

The growth profiles of B. subtilis cultures grown in the
presence of ROS inducing agents in comparison to normal
cells are presented in Fig. 1. The maximum cell concentration achieved in HOCl treated culture was 5.2 g l1, which
was about 29% higher than untreated culture. Similarly, in
the case of H2O2 treatment, maximum cell growth was
4.69 g l1, 16% higher than the untreated culture. The
growth was simulated using a Riccati (logistic) equation:

The toxicity levels of the treatment agents (HOCl and
H2O2) were determined by exposing the bacterial cultures in
the exponential phase with different concentrations of treatment agents, as detailed in Section 2. The colony forming
units obtained under various treatment conditions are presented in Table 1. It can be observed that at 20 mM HOCl
(11.11 mmol (g cell)1) and 5 mM H2O2 (5.55 mmol
(g cell)1) concentration, the number of colonies were half
those in to the untreated culture. Such concentrations are
referred to as LC50 values. The LC50 values for HOCl and
H2O2 for B. subtilis were higher than that of another
bacterium Xanthomonas campestris, which were 4.5 mmol
(g cell)1 and 3 mmol (g cell)1 for HOCl and H2O2,



dX
X
¼ kX 1 
dt
XS
where k is the growth rate constant, and XS the parameter that
equals the maximum cell concentration, and the simulations
are also shown in Fig. 1. Since the logistic equation does not

Table 1
Effect of various treatments on the number of colony forming units (CFU)
Treatments

Treatment doses
(mmol/g cell)

Number of colony
forming units (CFU)

Untreated
HOCl treatment

0
0.56
1.11
2.78
5.5
11.11
22.22

132
126
62
212
246
66
0









7
6
4
12
11
7
0

H2O2 treatment

0.56
1.11
2.78
5.55
11.11
22.22

122
104
183
67
0
0








8
4
10
6
0
0

Fig. 1. Comparison of growth profiles from untreated (open circles), H2O2treated (open triangles), and HOCl-treated (filled circles) B. subtilis cultures.
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describe distinct lag-phases, the HOCl-treated culture
growth was simulated after the lag-phase. The values of k
(growth rate constant) obtained through nonlinear regression
analysis were comparable for HOCl-treated, and untreated
cultures (0.53 and 0.52 h1, respectively), whereas it was
lower at (0.37 h1) for H2O2-treated cultures.
The immediate response to ROS inducing agents was a
prominent lag phase, and it was more prominent in HOCltreated cultures compared to the H2O2-treated cultures. The
prominent lag phase may be due to time taken by bacteria to
recover and adapt to new environment. Interestingly, the
specific intracellular ROS levels (siROS) were also the
highest during the lag phase, compared to other phases of
growth (data not shown).
3.3. Effect on enzyme productivity
3.3.1. Increased production of a-amylase and protease
The time profiles of extracellular a-amylase concentrations obtained when untreated, H2O2-treated, and HOCltreated cells were cultivated are given in Fig. 2. From the
figure, it is clear that both H2O2 and HOCl treatments
increased production of a-amylase. The maximum a-amylase concentration in the H2O2 treated case was 1.8-fold, and
that in the HOCl treated case was about 2.6-fold of the value
obtained in the cultivation with untreated cells.
Similarly, the H2O2 and HOCl treatments increased
extracellular protease productivity; the maximum protease
concentration in the H2O2 treated case was two-fold, and
that in the HOCl treated case was about 3.5-fold of the value
obtained in the cultivation with untreated cells as shown in
Fig. 3.
Although the above results establish that ROS inducing
treatments increased total enzyme concentration, it does not
clearly depict the effect of the treatment at the cellular level.
For example, the increase in total enzyme concentration
could have been due to increases in both the specific enzyme
level (per cell view) and the cell concentration. To inves-

Fig. 3. Comparison of protease productivities from untreated (open circles),
H2O2-treated (open triangles), and HOCl-treated (filled circles) B. subtilis
cultures.

tigate the effect of ROS inducing treatments at a cell level
(per cell view), we compared the specific enzyme levels
among the three cultivations were compared. The specific
enzyme levels when the maximum total enzyme concentrations were observed are given in Table 2. The entries in this
table shows that the specific a-amylase levels when the
maximum a-amylase concentrations were reached, with
H2O2 and HOCl treatments were 1.5-fold and 2.2-fold,
respectively, of the value obtained with untreated cells.
The specific protease levels when the maximum protease
concentrations were reached, with H2O2 and HOCl treatments were 1.9- and 2.6-fold, respectively, of the value
obtained with untreated cells. The specific enzyme levels
clearly show that each cell produces higher enzyme levels as
a result of the ROS-inducing treatments.
3.3.2. Increased siROS increases specific enzyme
productivity
The relationship between the maximum specific level of
enzymes and maximum siROS is presented in Fig. 4. The
maximum siROS values were obtained in the 6 h of cultivation with both treated cultures. Also, as expected, the siROS
was higher in the case of HOCl treatment as compared to
H2O2, with HOCl known to be a better inducer of ROS [13].
Table 2
Maximum specific levels of extracellular enzymes produced under different
treatment conditions

Fig. 2. Comparison of a-amylase productivities from untreated (open
circles), H2O2-treated (open triangles), and HOCl-treated (filled circles)
B. subtilis cultures.

Treatment conditions

Enzymes

Specific enzyme
level (U (g cell)1)
at maximum total
enzyme concentration

Untreated

Extracellular a-amylase
Extracellular protease

74.6
0.22

H2O2 treatment

Extracellular a-amylase
Extracellular protease

113.7
0.42

HOCl treatment

Extracellular a-amylase
Extracellular protease

167.2
0.56

S. Mishra et al. / Process Biochemistry 40 (2005) 1863–1870
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Fig. 4. Correlation between maximum specific extracellular enzyme levels
(a-amylase: open squares; protease: filled squares) at maximum enzyme
concentrations, and maximum siROS.

Fig. 5. Correlation between maximum specific intracellular enzyme
levels (a-amylase: open squares; protease: filled squares), and maximum
siROS.

The increased level of siROS poses a stress condition for
the cells, and enhanced syntheses of molecular chaperones,
foldases, extracellular degradative enzymes and proteases
have been reported in bacteria under various kinds of
stresses [17,18].
Therefore, increased specific enzyme levels were
expected from the ROS inducing treatments. From Fig. 4,
it can be seen that the maximum specific levels of both aamylase and protease increase with siROS. Straight line
approximations to the effect of maximum siROS on maximum specific enzyme levels yielded 520 U (mmol)1 for aamylase and 2.02 U (mmol)1 for protease. Thus, the maximum siROS seems to improve a-amylase production better
than protease production at a per cell level.
Interestingly, the specific enzyme levels of both enzymes
obtained immediately after inoculation were higher compared to any other value subsequent in time to that value.
This observation was made with both treated and untreated
cultures, which rules out the possibility that the treatments
cause the initial high value. The possibility of enzyme carryover in the inoculum did not explain the initial high specific
level. Changes in environment osmolarity and consequent
increases in amino acid pool and glycolysis rate are known
to occur when the cells are inoculated in fresh media [19].
Changes in redox potential due to a change in environment
as a result of inoculation in fresh medium can be a reason for
a higher specific enzyme levels. Increased enzyme production on inoculation may be one such adaptive response to a
change in the environments conditions. This aspect is discussed further in a later section.

lular production or higher rate of secretion into the extracellular space, or a combination of both the processes was
unclear. The contributions of intracellular production and
secretion toward the observed increases in extracellular
enzyme productivities were therefore investigated.

3.4. Mechanistic aspects of increase in enzyme
production
The discussion above established that specific extracellular enzyme level increased with ROS inducing treatments.
Whether the increase resulted from higher rate of intracel-

3.4.1. Intracellular enzyme production increased with
siROS
The maximum intracellular a-amylase and protease
levels are presented as a function of the maximum siROS
in Fig. 5. It can be seen that the maximum intracellular
enzyme production increased with siROS and thus the
siROS levels are positively correlated with the increased
production in extracellular enzymes.
3.4.2. Enzyme secretion can also increase with ROS
To investigate whether enzyme secretion is also responsible for the increased production of extracellular enzymes
under oxidative stress (increased ROS), microarray data on
hydrogen peroxide mediated stress on B. subtilis, which is
available in the literature [7] was reviewed.
3.5. Analysis of microarray data
The microarray data available in literature includes overall transcriptional responses of B. subtilis cultures treated
with micromolar concentrations of hydrogen peroxide as
well as organic peroxides during mid-exponential phase of
growth [7]. Analysis of the microarray data showed that
approximately 75 genes were upregulated and other about
120 genes were downregulated [7] under conditions of
oxidative stress (hydrogen peroxide exposure). Table 3
shows a compilation of the fold-inductions of some genes
relevant for secretion in extracellular medium along with
their respective functions, which were obtained using the
SubtiList interface (http://genolist.pasteur.fr/SubtiList/).
The induced genes were under the control of three different
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Table 3
A list of B. subtilis genes that were significantly induced under peroxide
stress, and their functions
Genes

Fold induction

Function

gbsab
sipt
raph

7.62
4.25
3.21

Osmotic stress
Signal peptidase I
Response regulator aspartate phosphatase

regulators, namely, PerR, OhrR and sB; PerR is the major
response regulator of peroxide stress, OhrR controls a single
gene [20] and sB is a general stress response regulator [7].
3.5.1. Increased efficiency of secretory apparatus causes
increased extracellular a-amylase levels
The microarray data showed derepression of a gene
belonging to the secretory apparatus of B. subtilis, sipT
(signal peptidase T) when exposed to hydrogen peroxide [7].
The secretory apparatus in B. subtilis comprises of a group
of enzymes, and precursor protein translocases [21], and
secretion of a-amylase is a multi-step process. The various
steps involved in that multi-step process are as follows:
1. Targeting of proteins across the cell membrane—a process that is assisted by 15–30 amino acids long signal
peptides [22–25] and chaperones [2].
2. Translocation across the membrane by secretory translocase, SecA, Y, E, G, and F [26–28].
3. Pre-protein processing by signal peptidases (SipS, SipT,
SipU, SipV, and SipW) [26,29,30].
4. Protein folding on the trans side of the membrane, and
passage through the cell wall [3]—processes assisted by a
lipoprotein, PrsA and metal ions such as Ca and Fe3+
[21].
Of all the above components, multiple signal peptidases
(SPases) are major players in secretion of a-amylase in B.
subtilis, and the rate limiting step in the secretion is the
release of the signal peptide processed form of the enzyme
[21]. SPases enable the cell to modulate the secretion
machinery to adapt to changing environmental conditions.
Studies with various Sip mutants in B. amyloliquefaciens
also showed that sipTis needed for secretion of a-amylase
(AmyQ) [2]. In another case, it has been shown that SipT and
SipS play a major role in the processing of secretory
preproteins and other chromosomally encoded SPases
(SipU, SipV and SipW) are considered to be of less importance in B. subtilis [29].
The microarray data shows 4.25-fold induction for sipT
under oxidative stress [7]. The increased levels of SipT
suggest an increase in the processing of the a-amylase
enzyme for secretion into the extracellular space. The
increased activity of preprotein processing machinery can
result in efficient enzyme release into the extracellular
space. Therefore, an induced level of SipT is in correlation
with the observed increase of a-amylase levels in

culture. Thus, increased efficiency of the secretory apparatus
can also be a reason for the increase in a-amylase
productivity.
The microarray data also showed other interesting features such as induction of osmotic stress genes, gbsAB.
These genes code for the production of osmo-protectant
glycine betaine which is associated with osmotic stress.
These genes are also induced in exponential phase of
cultures [31]. The microarray data showed approximately
7.6-fold induction of gbsAB genes under peroxide mediated
stress [7] and suggests a change in the osmolarity of the
culture as a result of treatment with ROS inducing treatment
agents. The observation that changes in the osmotic environment can cause changes in the levels of amino acids and
glycolysis rate have been discussed previously. These
changes probably lead to the observed increase in the
specific enzyme productivities upon inoculation (discussed
earlier) in culture under osmotic stress condition as an
adaptive response. The microarray data also showed induction of the rapH gene, which codes for response regulator
aspartate phosphatase. Rap phosphatase genes containing
plasmids are used industrially for increased enzyme secretion in B. subtilis cultures [32]. Rap phosphatases act as celldensity signaling molecules in B. subtilis [33] and they
increase extracellular enzyme production by inhibiting
secretory proteases causing their proteolysis under low
density cell culture or exponential phase growing cultures
[33]. Immediately after inoculation, the cell density is low
and rapH gene induction could also be a reason for
the observed increase in specific a-amylase level upon
inoculation.
3.5.2. Increased protease activity as an adaptive
response to oxidative stress
The microarray data available in literature did not include
any protease specific genes. Nevertheless, the present our
experimental results clearly showed an increased protease
level as a result of treatment with ROS inducing agents,
which finds support from other available data on transcriptional profiling in literature. These transcriptional profiling
data showed a large number of spo genes involved in stress
management, some of which encode for proteases and
peptidases [34,35]. There are also reports of a major class
of ATP dependent proteases, Clp proteases, being induced in
a wide range of environmental stresses [36–38].

4. Conclusions
B. subtilis cultures were treated with sublethal doses of
ROS inducing agents (HOCl and H2O2). The treatment
increased maximum cell growth concentration and maximum specific activities of enzymes such as a-amylase and
protease. The increases in the enzyme activity and growth
were higher in HOCl treated cultures as compared to H2O2treated cultures. Further the increase correlated with levels
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of ROS. Analysis of microarray data on transcriptional
induction of genes under H2O2 mediated stress in B. subtilis
showed that the increase in growth and enzyme activities
were a result of adaptive responses induced under oxi dative
stress.
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