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Abstract: A bacterium strain called Bacillus coagulans was
isolated from an industrial wastewater drainage and
selected for its antimicrobial activities against bacteria and
fungi. Characterization studies strongly suggested that this
strain is Bacillus coagulans. Antimicrobial activity was found
against gram-positive, gram-negative bacteria and yeast
strain. Maximal activity was observed after 24 h when
incubated at 30°C and pH 8. The activity was found to be
stable at 75°C for 30 min and at pH range of 2-12. Analysis
of the antimicrobial compound by SDS-PAGE suggested a
molecular mass of approximately 7.5 KDa. The substance
was characterized as a bacteriocin, because of its proteinaceous
nature and low motecular weight. Our bacteriocin could
potentially be used as a food preservative, because of its
thermostable property and broad antimicrobial spectrum.
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Formerly, secondary metabolites were defined as substances
with a low molecular weight, which were not products of
the primary metabolic pathway of the producing organism.
In fact, it was thought that these products did not have a
role in microbial primary functions or growth (Vining,
1992; Yarbrough et al., 1993).

Secondary metabolites are accepted to be essential for
the producing cell as inhibitors of other organisms that
compete for the same food supply or as regulators of
cellular differentiation process. In addition, it was reported
that they are indeed products of biosynthetic pathways,
which have evolved to give these types of advantages
(Demain, 1999; Demain and Fang, 2000). Indeed, these
compounds are mostly biosynthesized by bacteria, fungi,
. algae, corals, sponges, plants and lower animals. About
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100,000 secondary metabolites of a molecular weight below
2500 have been characterized, among them approximately
50,000 from microbial sources (Bezborodov, 1978). The
microbial production of secondary metabolites is extremely
sensitive to environmental factors and culture conditions
(Bunch and Harris, 1986). Bacteria that show high
production of natural products are those belonging to the
genus Bacillus (Patel et al.,, 1995). Bacillus species are
aerobic spore formers commonly found in soil and ground
water, They are often encountered on plants and animals at
the point of harvest or slaughter. Bacillus have been
investigated for their ability to produce so called bacteriocin-
like inhibitory substance (BLIS) (Motta et al., 2007). It has
been reported that strains of B. thuringiensis, B. subtilis, B.
stearothermophilus, B. licheniformis, B. megaterium and B.
cereus produce BLIS (Stein, 2005; Gray et al., 2006; He et
al., 2006; Lisboa et al., 2006; Sharma et al., 2006). Among
the Bacillus bacteriocins, a bacteriocin was found to be heat
labile and not broadly effective for antimicrobial activity,
although both cerein (Naclerio et al., 1993) and coagulin
(Hyronimus et al., 1998) are not affected by several organic
solvents. In the present study, we identified new bacteriocin
isolated from Bacillus coagulans and its thermostablity
property and broad antimicrobial spectrum were determined.

MATERIALS AND METHODS

Bacterial strains and fungi

Escherichia coli NCTC-10418), Pseudomonas aeruginosa
(NCIB-9016), Klebsiella pneumoniae (NCIB-9111), Bacillus
subtilis (NCTC-6346), Staphylococcus aureus (NCTC-
7447), Candida albicans (CBS-562), Aspergillus Niger
(LTV-131).

Media
Nutrient agar medium (NA) was used as bacterial growth
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medium for all experiments (3 g/l Beef extract, 5 g/l
Peptone, 5 g/l NaCl, and 15 g/l Agar, pH 6.8). Dox’s agar
medium was used as fungi growth medium (20 g/l Sucrose,
2.0 g/l NaNO;, 1 g/l Na,HPO,, 5 g/l MgSO47H,0, 5 g/l
KCl, and 15 g/l Agar, pH 6.4).

Isolation and identification of the bacterial strain
with antimicrobial Activity

Bacterial samples were collected from industrial wastewater
drainage (approximately 70 km south to Cairo). This
drainage receives the wastewater from different factories of
various industrial activities. The water samples were
serially diluted and spread over nutrient agar plates. After
incubation at 30°C for 24 h, an antagonistic strain was
isolated and its antimicrobial activity was tested by the
crowded plate technique (Hammond and Lambert, 1978).
Purification of the antagonistic bacterial isolate was done
by the streak plate method. On the basis of its morphological,
physiological, and culture properties, the organism was
identified as Bacillus coagulans according to Calus and
Berkeley (1986) (Table 2).

Agar diffusion assay

Antibacterial activity was determined according to Gharieb
and Abada (2005) with slight modifcation by using agar
diffusion assay. Overnight broth cultures of bacteria were
freshly prepared for each assay. Nutrient agar plates (15 ml)
were prepared, allowed to set and then surface dried (37°C,
30 min). 500 pl of bacterial culture was spread over the
surface of the dried agar plates using a sterile glass spreader
and allowed to absorb in the agar for 10 min. The plates
were dried, inverted, at 37°C for approximately 30 min
until the bacterial overlay had dried. Ten pl of the culture
supernatnt was pipetted onto a 6 mm sterile disc (Whattman
filter paper), and the disc was placed onto the agar plate and
incubated at 37°C for 24 h. For antifungal activity, 10 ul of
the bacterial culture supernatnt was pipetted onto a 6 mm
sterile disc (Whattman filter paper), which was then placed
onto the Dox’s medium plates opposite to the fungus disc (6
mm) and incubated at 30°C for a week. The diameters of
the inhibition zone for each were recorded in mm.

Optimization of the culture conditions for the
production of the antimicrobial compound

In order to determine the optimal medium composition for
the production of antimicrobial compound, various physical
and chemical conditions were used, including different
incubation periods, carbon, nitrogen sources, temperature,
and pH. Then, the antimicrobial activity of the supernatant
was determined as mentioned above.

Effects of different treatments on antimicrobial activity
The effects of heat, pH, organic solvents, and proteolytic

enzymes on antimicrobial activity were investigated. To
investigate the effect of heat on antimicrobial compound
activity, antimicrobial preparation was heated at 60, 75 and
90°C for 15 and 30 min, then immediately cooled in ice
water. For pH stability, the pH was adjusted to levels
between pH 2 and 12. Also, various organic solvents
including acetone, acetonitrile, ethyl alcohol, and methyl
alcohol at the final concentration of 10 % were added to the
antimicrobial preparation and then incubated at 25°C for
1 h. The antimicrobial preparation was also treated with a
final concentration of 1 mg/ml proteolytic enzymes (a-
chymotrypsin, proteinase K, and pronase E; Sigma) in 50
mM phosphate buffer (pH 7.0) at 37°C for 1h. The
substance without any enzyme was used as negative
control. After the incubation, the activities of treated
samples were estimated by the agar diffusion assay.

Partial purification of the substance produced by B.
coagulans

The substance was partially purified using by ammonium
sulfate precipitation method. The culture broth was
centrifuged at 708xg for 30 min at 4°C (Beckman Coulter,
Inc., USA). The supernatant was adjusted to pH 8 and boiled
for 10 min to inactivate proteases (Chintas et al., 1998; Ko
et al., 2000). The cell-free supernatant was transferred to a
beaker in an ice bath, and ammonium sulfate was added to
40% (final concentration). Subsequently, the mixture was
centrifuged at 708 xg for 45 min at 4°C and the pellet was
then dissolved in 50 mM potassium phosphate buffer of pH
7.5. This solution was dialyzed against the same buffer
overnight using a membrane with 3.5 KDa cut off (Spectrum
Medical Inc., LA, USA). The dialyzed material (crude
substance) was freeze-dried and then stored at —20°C until
use.

Determination of molecular weight of the antimicrobial
substance by SDS-PAGE

The molecular size of the crude substance was analyzed by
sodium dodecylsulfate polyacrylamide gel electrophoresis
(SDS-PAGE) using a 15% acrylamide gel. For estimation
of the size, the low molecular weight marker was used
(Biorad). Twenty pl of samples was mixed with five ul of
5x sample buffer and boiled for 10 min. After electrophoresis
at constant current of 20 mA for 3 h, the gel was removed
and cut into two vertical parts. One part of the gel,
containing the sample and the molecular weight standard,
was stained with Coomassie brilliant blue R250, and the
other, containing only the sample, was tested for antimicrobial
activity as previously described (Kim et al., 2000; Matsusaki
et al., 1996) with some modification. The gel was immediately
fixed in 20% isopropanol and 10% acetic acid for 2 h and
washed in sterilized distilled water for 4 h. The gel was then
placed onto a Petri dish and overlaid with 5 ml of 0.7% agar
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Table 1. Inhibitory spectrum of the antimicrobial substance produced
by Bacillus coagulans

Antimicrobial activity in

Indicator agar diffusion test
Gram-positive +
Bacillus subtilis +
Staphylococcus aureus +

Gram-negative

Escherichia coli +
Klebsiella pneumoniae +
Salmonella typhimunum +
Fungi

Aspergillus niger -

Candida albicans +

+ indicate control diameter over 6 mm.
- no activity

containing the indicator strains. The plate was incubated for
24 h at 37°C and analyzed for clear zones.

RESULTS AND DISCUSSION

Isolation and identification of the strain producing
an antimicrobial substances

Of the 30 bacterial strains isolated from wastewater
drainage, one strain showed high antimicrobial activity
against various indicator organisms (Table 1). The isolate
showed antimicrobial activity against not only various
gram-positive, but also gram-negative, bacteria. Furthermore,
fungi such as Candida albicans was also inhibited. Thus, it
showed a very broad spectrum of inhibition ranging from
prokaryotes to some eukaryotes. The isolate was identified
as an endospore-forming, gram-positive, catalase-positive,
and motile rod. The strain was identified as Bacillus
coagulans, based on morphological and biochemical
properties defined by Bergey’s Manual (Claus and Berkeley,
1986; Holt et al., 1994).

Effect of culture conditions and supplements on the
production of antimicrobial substance

The effect of incubation periods, temperature, pH, carbon
sources and nitrogen sources on the antimicrobial compound
production were determined.

Effect of incubation periods and pH on the
antimicrobial activity

In order to investigate the effect of different incubation
periods and pH on the production of the antimicrobial, B.
coagulans was cultivated in nutrient broth (NB) medium
with different pHs (2-12) in flask cultures with shaking.
The optimal pH for was determined to be 8 after 24 h
incubation period (Fig. 1, 2).

Bacteriocin, B. coalgulans

Table 2. Identification of the strain Bacillus coagulans

Characters Results
Gram reaction +
Shape Rod
Arrangement of cells Regular
Spore formation +
Catalase +
Oxidase -
H,S production -
Growth on NaCl (2-7%) +
Growth at pH 5 +
Citrate utilization -
Nitrate reduction -
Methyl red -
VP +
Indole -
LLevan +
Amylase -
Lipase +
Cellulase -
Pectinase -
Gelatinase +
Raffinose -
Melibiose -
Cellobiose +
L-Rhaminose -
L-Arabinose +
D-Glucose +
L-Tyrosine -
DL-Tryptophane -
L-Alanine -
L-Lysine -
DL-nor-Valine -
DL-Alanine -
L-Methionine -

Effect of temperature on the antimicrobial activity
To find the optimal temperature for the production of the
antimicrobial compound, Bacillus coagulans was cultivated
at various temperatures. The optimum temperature was
found to be 30°C (Fig. 3). When the temperature during the
incubation process was below 30°C or an initial pH of the
medium below 8, the antimicrobial product was decreased.
In addition, the amount of antimicrobial product in the
medium was dependent upon the phase of bacterial growth
(data not shown).

Effect of carbon sources on the antimicrobial activity
When compared with the controls, among the wide variety
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Fig. 1. Effect of incubation period on the production of bacteriocin.
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Fig. 2. Effect of different pHs on the production of bacteriocin.

of carbon sources tested, NB medium amended with
arabinose, fructose, glucose, maltose, raffinose, sodium
citrate and sucrose. Our data showed that glucose enhanced
the antimicrobial activity (Fig. 4).

Effect of nitrogen sources on the antimicrobial activity
Nitrogen sources (alanine, arginin, asparagine, lysine, serine,
methionine, phenyl-alanine, tryptophan, tyrosine and
valine) at concentrations of 2 g/l were added to NB medium
supplemented with glucose as best carbon source. Higher
antimicrobial activity was achieved when peptone used as a
nitrogen source (data not shown).

Effect of different treatments on antimicrobial activity
The antimicrobial substance was stable under 60°C and the
activity remained after 30 min at 75°C. The residual activity
was still detected in the range of pH 2-11 (Table 3). The
antimicrobial activity was not affected by treatments with
organic solvents (data not shown). However, the antimicrobial
activity was completely lost by treatments with proteinase
K and a.-chymotrypsin, and partially inactivated by pronase
E (data not sown). This indicated that the antimicrobial
substance produced by B. coagulans was of proteinaceous
nature that could be classified as a bacteriocin.
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Fig. 3 Effect of different temperatures on the production of
bacteriocin.
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Fig. 4. Effect of different carbon sources on the production of
bacteriocin.

Table 3. Effect of temperature and pH on the stability of the
antimicrobial substance

Inhibition zone (mm')

Treatment Staph. aureus E. coli C. albicans
Control? 18.2 16 15
Heat treatment
60°C, 15 min 18 16 14.8
75°C, 15 min 18 15.5 146 .
90°C, 15 min 13 10 9
60°C, 30 min 18 16.2 15.3
75°C, 30 min 17.8 15.8 15
90°C, 30 min 10.3 9.5 9
pH treatment
pH 2 16.3 13.3 12.5
pH 4 16.4 13.7 125
pH 6 16.9 14 13
pH 8 17.8 15.5 13.9
pH 10 17.6 14.7 13.5
pH 12 141 123 1

'diameter (mm) of clear zone included disk (6 mm)
2Control was made from NB that was freated the same as the antimicrobial
preparation.
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<+— 75 KDa

Fig. 5. Tricine/SDS-PAGE of the cell-free supernatant from the
overnight culture of Bacillus coagulans (lane 2), Lane 1, MW
standards.

Determination of molecular weight of the bacteriocin
by SDS-PAGE

The apparent molecular weight of the bacteriocin was
determined by SDS-PAGE. The molecular mass of the
bacteriocin was approximately 7.5 KDa, and a clear band
of the antimicrobial substance was observed (Fig. 5). The
antimicrobial substance was identified as bacteriocin due to
its low molecular weight.

Most of the bacteriocins show a narrow spectrum of
antimicrobial action, and they inhibit strains closely related
to the producers. Only a few bacteriocins from gram-positive
bacteria inhibit diverse groups of gram-positive bacteria,
and very few inhibit gram-negative bacteria (Klaenhammer,
1988; De Vuyst and Vandamme, 1994; Zheng et al., 1999).
It has been reported that coagulin isolated from B.
coagulans strain exhibited a bactericidal and a bacteriolytic
mode of action against indicator cells (Hyronimus et al.,
1998). The apparent molecular mass was estimated to be
about 3-4 KDa by SDS-PAGE. The antimicrobial substance
of our bacteriocin was stable at 75°C for 30 min, at pH
ranging from 2-12. The high stability of the antimicrobial
substance from B. coagulans at various temperature, pHs,
and organic solvents are advantageous. Like nisin, bacteriocins
and bacteriocin-like substances produced by lactic acid
bacteria are only stable at acidic and/or neutral condition
and are inactivated at pH above 8.0 (De Vuyst and
Vandamme, 1994). Considering these points, the antimicrobial
substance identified in this study has a good potential for
preservation of non-acidic fermented foods.
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