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Abstract

The aim of the present study was to investigate the characteristic diversity and stability of antimicrobial compounds produced by two
probiotic strains of Bacillus licheniformis (MCC2514 and MCC2512). Antimicrobial compounds from the two strains notably varied, related to
stability and potency. The inhibitory spectrum of B. licheniformis MCC2512 was higher than MCC2514, but, related to the effect on Micro-
coccus luteus ATCC9341, MCC2514 (LDso = 450 AU ml ') was more potent than MCC2512 (LDsy = 750 AU ml™Y). The compounds were
thermo-resistant and stable at a wide range of pH and exhibited considerable resistance to digestive enzymes and bile salts (anionic biological
detergents), contributing to their appropriate application in various food systems. The isolate B. licheniformis MCC2512 gave a positive response
to Bacillus subtilis-based biosensors BSF2470 and BS168.BS2, confirming the mode of action on the cell wall and subtilin-type, respectively.
For B. licheniformis MCC2514, the mode of action was characterized by constructing B. subtilis reporters that interfered in five major
biosynthetic pathways, i.e., biosynthesis of DNA, RNA, protein, the cell wall and fatty acids. B. licheniformis MCC2514 responded to the yvgS
reporter, indicating it as an RNA synthesis inhibitor. Overall, the investigation reveals variability of the antimicrobial compounds from B.

licheniformis of different origins and for their possible application as biopreservative agents.
© 2015 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

The increasingly fast-paced life style of consumers has
increased the need for processed foods and has encouraged
their industrialization. Environmental contamination of these
processed foods is a serious problem faced by the food in-
dustry as it causes enormous economic losses. Chemical pre-
servatives and antibiotics have been extensively used to
safeguard processed foods; however, they have a drastic effect
upon nutritional properties. Hence researchers have focused on
a range of compounds produced by microbial sources that can
maintain the nutritional value of products and increase their
shelf-life. In addition, the emergence of multidrug-resistant
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pathogens and imposed restrictions on the use of antibiotics
both in clinical settings and food additives have increased the
quest for natural antimicrobial compounds from microbial
sources. In this regard, probiotic strains with defined health
benefits have been extensively studied for their antimicrobial
activity. Among them, lactic acid bacteria (LAB) have created
a growing interest among food industries because of their
biopreservative activities against food-borne pathogens
through simple fermentation processes [1,2].

Bacteriocins are ribosomally synthesized antimicrobial
peptides produced by a number of bacteria that are often
effective against closely related species [3.4]. Nisin produced
by Lactococcus lactis subsp. lactis is the only bacteriocin
approved by the US-FDA for commercial application in food
products, but its use is limited because of weak activity at
neutral or alkaline pH. Many non-LAB have also been re-
ported to produce antimicrobial peptides. The genus Bacillus
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includes a large number of species known to produce bacte-
riocins or bacteriocin like substances such as subtilin, sub-
lancin, bacillocin and subtilosin from Bacillus subtilis [5—7],
coagulin from Bacillus coagulans [8], bacitracin and lichenin
from Bacillus licheniformis [9—12] and megacin from Bacillus
megaterium [13]. Unlike LAB, the Bacillus spp. exhibits broad
spectrum inhibitory activity [4,6,11]. Numerous studies have
been carried out on Bacillus bacteriocins in food products to
address food safety aspects and their application in clinical
studies [4,10,11,14].

In recent years, whole cell bacterial biosensors containing
reporters which can be specifically induced via selected pro-
moters are widely used in identifying specific mode of action
(MOA) of antimicrobial compounds [12,15,16]. This is a rapid
screening method that is robust, sensitive and very specific. In
this context, bacteria have been genetically engineered to
respond to the presence of specific chemicals or stress by
synthesizing reporter proteins. These bacterial biosensors have
been used as a tool in the present study to analyze the MOA of
antimicrobial compounds.

Given the wide diversity of Bacillus spp., the present work
focused on characterizing the antimicrobial compound pro-
duced by two strains of B. licheniformis (MCC2514 and
MCC2512) originating from raw milk from sheep and rhizobial
soil of Hedychium coronarium, respectively. These two cultures
have been previously characterized for their potential probiotic
properties [17]. Sheep milk is highly nutritious and represents
an ideal growth medium for microorganisms [ 18]. Similarly, H.
coronarium or the white ginger lily has high medicinal value.
The essential oil from fresh and dried rhizomes is known to have
antifungal, antibacterial and cytotoxic activity [19,20], as well
as analgestic and anti-inflammatory properties [21].

In the present investigation, we report the differential ac-
tivity of antimicrobial compounds produced by two strains of
B. licheniformis in terms of their stability, inhibitory spectrum
and mode of action.

2. Materials and methods
2.1. Media chemicals and reagents

All microbial media chemicals, X-gal (5-bromo-4-chloro-
3-indolyl-beta-p-galacto-pyranoside), ONPG (O-Nitrophenyl-
B-galactoside) and standard reference antibiotics were pur-
chased from Hi Media Pvt Ltd, Mumbai, India. Sodium
chloride, organic solvents such as butanol, toluene, acetone,
chloroform and ethanol were purchased from Sisco Research
Laboratory, Bangalore, India. Enzymes (trypsin, pepsin, pro-
teinase K, a-amylase), bile salts (sodium glycocholic acid and
sodium taurocholic acid) and DEAE cellulose were procured
from Sigma—Aldrich Inc, USA. All chemicals used were of
analytical grade reagent unless otherwise mentioned.

2.2. Bacterial cultures and growth conditions

Native strains of B. licheniformis MCC2514 and MCC2512
previously characterized in the laboratory for their probiotic

properties [17] were grown in Luria Bertani (LB) medium at
37 °C under constant shaking (120 rpm). For antimicrobial
activity, the indicator organisms such as Micrococcus luteus
ATCC9341, Yersinia enterocolitica MTCCR859, Aeromonas
hydrophila NRRL B445, Staphylococcus aureus FRIT22,
Salmonella typhimurium MTCCI1251, Escherichia coli CFR02
and Klebsiella sp. were procured from the American Type
Culture Collection (ATCC), USA or the Microbial Type Cul-
ture Collection Center (MTCC) Chandigarh, India. Listeria
monocytogenes ScottA was kindly provided by Dr. A.K.
Bhunia, USA. All indicator cultures were grown in brain heart
Infusion (BHI) media at 37 °C under constant shaking
(120 rpm). Reference standard culture B. subtilis 168 and
whole cell biosensor B. subtilis 168.BS2 (W168 amyE::-
Pspas:lacZ, Pgprk-SpaRK), a subtilin-specific reporter, were
kindly provided by Prof. K.D. Entian, Germany. The reporter
strain B. subtilis BSF2470 (CU1065 lial::pMUTIN) [22] was
used for confirming cell-wall stress-producing antimicrobial
substances. B. subtilis ATCC6633 and Bacillus flexus
MCC2011 were used as positive and negative controls,
respectively, for cell-wall stress-inducing antimicrobial
compounds.

2.3. Antimicrobial activity of Bacillus isolates

2.3.1. Preparation of the antimicrobial compound (AMC)

Bacillus cultures individually grown in LB broth were
centrifuged at 10,000 rpm for 15 min at 4 °C. The cell-free
supernatant or crude AMC was filter-sterilized (0.2 pm
membrane) and stored at 4 °C until use.

2.3.2. Inhibitory activity of the AMC

Antimicrobial activity of Bacillus isolates against various
indicator organisms was tested by the agar well diffusion assay
as described by Xie et al. [23]. The antibacterial activity was
further quantified by the twofold serial dilution method and
results were expressed as AU ml~'. A unit is defined as the
reciprocal value of the highest dilution at which the zone of
inhibition was observed.

2.4. Effect of enzymes on antimicrobial activity

The effect of enzymes including pepsin, trypsin, proteinase
K and a-amylase was tested on cell-free supernatant of Ba-
cillus spp. An aliquot of cell-free supernatant or crude AMC
was treated with the respective enzymes at a final concentra-
tion of 2 mg ml~! at 37 °C for 30 min. After incubation, the
activity was quantified and expressed as AU ml ™" as described
elsewhere. An untreated cell-free supernatant and the enzymes
alone in the buffer (pH 7.0) served as controls.

2.5. Purification of the AMC

2.5.1. Optimization of the extraction procedure

AMC in the cell-free supernatant (CFS) of test cultures was
extracted by various methods to determine a suitable protocol
for maximum recovery. Method 1: CFS was precipitated with
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ice-cold ethanol (1:1 v/v) overnight at 4 °C. The precipitate
thus obtained was air-dried, resuspended in phosphate buffer
(pH 7.0) and checked for inhibitory activity. Method 2: CFS
was mixed with 2 volumes of chloroform, stirred thoroughly
on a magnetic stirrer for 1 h and left at room temperature for
phase separation. The chloroform layer was separated, evap-
orated under nitrogen and the residue dissolved in phosphate
buffer (pH 7.0) was checked for the activity. Method 3:
Ammonium sulfate was added to the CFS to a saturation level
of 60% under constant stirring. The precipitate obtained was
dialyzed against phosphate buffer (pH 7.0) and then monitored
for inhibitory activity. Method 4: the CFS was thoroughly
mixed with butanol (1:0.5 v/v) and left at room temperature
for phase separation. The butanol layer was evaporated and the
residue suspended in phosphate buffer (pH 7.0) was tested for
activity. Throughout the method, M. luteus ATCC9341 was
used as an indicator organism to analyze antagonistic activity.

2.5.2. Extraction of AMC by ammonium sulfate
precipitation

Percent saturation of ammonium sulfate for initial purifi-
cation of AMC was determined by subjecting the CFS to
various saturation levels of ammonium sulfate (40—80%). The
ammonium sulfate saturation point for both cultures was
determined with regard to maximum activity and was used for
further purification.

2.5.3. Ion exchange chromatography

The dialyzed ammonium-sulfate-precipitated sample (40 mg
protein) of each culture was loaded separately onto a DEAE
cellulose column (18 x 3 cm) pre-equilibrated with 0.2 mM
sodium phosphate buffer (pH 7.0). Protein fractions were eluted
with a linear gradient of 0.0—1.0 M NaCl in the same buffer at a
flow rate of 1 ml min~". Fractions of 5 ml were collected and
checked for absorbance at 280 nm using a UV spectropho-
tometer (Multiskan Go, Thermo Fisher Scientific, India). The
fraction showing the highest protein content was pooled,
lyophilized and monitored for antimicrobial activity.

2.6. Stability of the purified antimicrobial compound

2.6.1. Thermal and pH stability

To determine thermal stability, aliquots of purified AMC
were exposed to temperatures ranging from 40 to 100 °C for
30 min. The percent residual activity was calculated by
comparing with the untreated sample. Similarly, pH stability
of the AMC was analyzed by incubation in various buffers of
different pH (2—10) for 30 min, followed by neutralization to
pH 7.0, and testing for antimicrobial activity.

2.6.2. Effects of organic solvents

The effects of organic solvents including butanol, chloro-
form, toluene, acetone and ethanol were tested on the inhibi-
tory activity of the AMC. Briefly, the AMC was incubated
with organic solvents at a working concentration of 50% (v/v)
for a period of 1 h at 37 °C before being tested for antimi-
crobial activity.

2.6.3. Effect of bile salts (anionic biological detergents)

The stability of the AMC in the presence of bile salt was
determined by incubating the purified AMC in sodium gly-
cocholic acid and sodium taurocholic acid individually at a
final concentration of 2 mg ml~' for 1 h at 37 °C and
analyzing it for antimicrobial activity.

All experiments were carried out in triplicate and after each
treatment samples were tested for antimicrobial activity
against M. luteus ATCC9341.

2.7. Sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—PAGE) of the AMC

Crude AMC, the ammonium sulfate-precipitated sample and
fractions purified by ion exchange chromatography of both
cultures were subjected to SDS—PAGE [24] along with low
range protein markers ranging from 3.5 to 43 kDa. Following
electrophoresis, the gel was cut vertically into two halves. The
first part was stained with staining solution (0.25% Coomassie
brilliant blue R-250, 10% acetic acid, 50% methanol) to deter-
mine the molecular weights of separated protein bands. The
other part of the gel was assayed for direct detection of inhibi-
tory activity by an overlay assay described by Barboza-Corona
etal. [14]. Briefly, the gel was fixed in an isopropanol:acetic acid
(25:10) solution for 1 h and washed with double-distilled water
in three changes every 30 min. The gel was sterilized by
exposing to UV light for 30 min and then aseptically placed in a
sterile petri plate and overlaid with BHI medium (1% agar, w/v)
pre-inoculated with 1% overnight grown M. luteus ATCC9341.
The petri plate was incubated at 37 °C for 24 h and observed for
the presence of an inhibition zone.

2.8. Effect of the antimicrobial compound on M. luteus
ATCC9341 growth

The purified antimicrobial compound at various concen-
trations (500, 1000, 1500 AU ml_l) was added to BHI media
at two growth phases of M. luteus. In one set, AMC was added
initially at 0 h (6.5 log CFU ml™') and in the other set, the
AMC was added at the beginning of exponential growth phase,
i.e., after 6 h (7.18 log CFU mlfl). Culture without AMC
served as control. At regular time intervals, an aliquot was
drawn, serially diluted and an appropriate dilution was plated
on BHI agar. The number of colonies was counted and
expressed as colony-forming units per ml (CFU ml™").

2.9. Specific mode of action (MOA)

2.9.1. Biomarker construction and host strain generation

Whole cell biosensors were constructed similar to the
technique of Urban et al. [16] with minor modifications. The
upstream regions of B. subtilis genes yhel, yorB, ypuA, yvgS
and FabHB were amplified (Primers in Table 1) and cloned in
front of lacZ genes using promoter probe vector pAC6 [25].
The resulting construct carrying the promoter-reporter fusions
was subsequently transferred to B. subtilis 168 to generate a
set of biosensors.
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Table 1

Primers used for amplification of test promoters, target and reference antibiotic tested.

Gene Sequence (5'—3') Promoter Target Reference antibiotic tested
region

yorB Forward GTACGAATTCGGTACCCGGGATATATTGGGATAAAGATTCAGA 532 DNA Nalidixic acid, Trimethoprin
Reverse GTACGGATCCCATACCGTATTTCTCCGATTC

yvgS Forward GTACGAATTCGTTTAATTGGAAGCTGCCAAACC 217 RNA Rifampicin
Reverse GTACGGATCCACAAACATAGATGAAATACTG

yhel Forward GTACGAATTCTTCTTACTATTTTCACTTCCG 529 Protein Neomycin, Streptomycin
Reverse GTACGGATCCCCAGCCAAGCTTTTTCAAAACTG

YypuA Forward GTACGAATTCCCAGTGTCTTTTCCGGCATGTGCC 575 Cell wall Penicillin, Nisin
Reverse GTACGGATCCGCAAAACGGCCGCTGCCAGCATTCC

FabHB Forward GTACGAATTCGCGCCTGTTTGACGTCGCCATTGACCAAAAGC 594 Fatty acids Triclosan
Reverse GTACGGATCCGACATATGAATCACTCCTTATGG

2.9.2. Chromogenic plate assay

The chromogenic plate assay was carried out using reporter
strains by the method described by Burkard and Stein [26]. B.
subtilis BSF2470 and B. subtilis B168.BS2 were streaked on
an LB agar plate supplemented with 50 ug ml~' of X-gal. The
test cultures were later streaked horizontally to the reporter
strain. After 24—36 h of incubation, blue staining was
observed at the interjunction of test and reporter culture due to
production of $-galactosidase induced by the lacZ gene. For
specific mode of action studies, pathway-specific reporter
cultures including, B. subtilis yhel, yorB, ypuA, yvgS and
fabHB were inoculated (1% v/v) into LB medium supple-
mented with X-gal (20 mg ml™"). Subsequently, the standard
antibiotics along with test cultures were spotted on the me-
dium plate to analyze (-galactosidase induction. The standard
antibiotics included: nalidixic acid and trimethoprin (for yorB:
inhibition of DNA synthesis), rifampicin (for yvgS: inhibition
of RNA synthesis), neomycin and streptomycin (for yhel: in-
hibition of protein synthesis), nisin and penicillin (for ypuA:
inhibition of cell wall biosynthesis) and triclosan (for fabHB:
for fatty acid synthesis).

2.9.3. B-Galactosidase induction assay

The CFS of overnight-grown test culture was collected by
centrifugation and stored at —20 °C until use. The reporter
strain was allowed to grow in LB media until it reached an
ODggo of ~0.5. Different concentrations (20, 50, 100, 150,
200 ul) of CES of test culture were added to 2 ml each of
reporter strain and incubated for 30 min at 37 °C. After in-
cubation, the cell pellet was collected by centrifugation and
resuspended in 1 ml of working Z-buffer (20 mM B-mercap-
toethanol, 60 mM Na,HPO,, 40 mM NaH,PO,, 10 mM KCl
and 1 mM MgSOy, pH 7.0) and assayed for §-galactosidase
activity as described by Miller [27]. Respective antibiotics
were used as positive controls.

2.10. Statistical analysis

All experiments were carried out in triplicate and values
were expressed as mean + standard deviation. Statistica soft-
ware (6th Version, Statsoft. Inc) was used for data analysis
[28]. The significance difference between samples was

analyzed by ANOVA performed using Duncan's multiple
range test. The value of p < 0.05 was considered statistically
significant.

3. Results

3.1. Inhibitory spectrum of B. licheniformis MCC2514
and MCC2512

CFSs of both test cultures (MCC2514 and MCC2512) were
analyzed for antimicrobial activity against eight different
pathogens. An example of a well-diffusion assay, twofold se-
rial dilution assays and the effect of protease enzymes are
shown in Fig. 1. Both the test cultures exhibited inhibitory
activity against M. luteus, S. aureus, Klebsiella sp. and A.
hydrophila, with an inhibition zone ranging from 12 to 24 mm
dia. In addition to these pathogenic strains, B. licheniformis
strain MCC2512 had inhibitory activity against L. mono-
cytogenes and S. typhimurium.

3.2. Effect of enzymes on the AMC

Cell-free supernatant of test cultures (100 AU ml™! each)
was analyzed for sensitivity to several proteases and o-
amylase. The activity of the AMC from both cultures was
completely lost on exposure to proteinase K, indicating the
proteinaceous nature of the compound. On treating the sample
with trypsin and pepsin, 100% activity was retained, but with
a-amylase, 50% activity was lost.

3.3. Purification of the AMC

The AMC secreted by the test cultures was recovered by
various extraction procedures (Table 2). In the case of B.
licheniformis MCC2514, there was no significant (p > 0.05)
difference in the activity when extracted with chloroform or
butanol. Comparatively, maximum activity (1600 AU ml™")
was obtained with the ammonium sulfate precipitation and
ethanol precipitation (1400 AU ml™"), which was 16 and 14
times higher than the crude samples, respectively. Similarly,
ammonium sulfate precipitate of B. licheniformis MCC2512,
showed maximum activity (1600 AU ml ") that was 16 times
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Fig. 1. Antimicrobial activity of Bacillus isolates against M. luteus ATCC9341.

determine AU units. (c) Effect of protease enzyme on antimicrobial activity.

higher than the crude sample. Hence the ammonium sulfate
precipitation method was followed for further purification of the
AMC.

Inhibitory activity of the AMC at various saturation levels
of ammonium sulfate is presented in Table 2. In the case of B.
licheniformis MCC2514, maximum inhibitory activity
(3200 AU ml™") was found in the resolved precipitate with
80% saturation, whereas with B. licheniformis MCC2512,
70% saturation was found to be optimum (3240 AU ml™h.

Purification of the AMC was further carried out by anion
exchange chromatography. The protein fraction of B. lichen-
iformis MCC2514 was eluted between 0.18 and 0.3 M NaCl
concentration, whereas in the case of MCC2512, the protein
was eluted at 0.1—0.25 M NaCl. In each case, fractions
showing the highest protein content were pooled, lyophilized
and checked for inhibitory activity. According to the data
obtained, the maximum AMC concentration (6400 AU ml ")
was recovered from MCC2512 with 128-fold purification and
32% yield, whereas MCC2514 showed 22.5% recovery with a
total activity of 45,000 AU ml~'. A comparative result at each
step of purification is presented in Table 3.

3.4. SDS—PAGE analysis and activity assay

The molecular weight of AMCs was determined by
SDS—PAGE analysis (Fig. 2a). Accordingly, the apparent

Table 2
Activity of AMC in various extraction methods.
Sample AU ml~"*

MCC2514 MCC2512
Control 100 + 0.02 100 + 0.02
Ethanol precipitate 1400 + 0.40 400 + 0.11
Chloroform extract 200 + 0.11 1200 + 0.14
Ammonium sulfate precipitate 1600 + 0.02 1600 + 0.20
Butanol extract 200 + 0.03 800 + 0.05
Ammonium sulfate saturation (%)
40 0 0
50 200 + 0.02 400 + 0.08
60 1600 + 0.01 1600 + 0.11
70 1800 + 0.11 3240 + 0.08
80 3200 + 0.11 1800 = 0.08

Values are mean + SD of three individual experiments.
? The unit is defined as the reciprocal value of the highest dilution where an
inhibition was observed.

(a) Screening for AMC producing Bacillus spp. (b) Broth dilution assay to

molecular weight of AMCs from MCC2514 and MCC2512
was found to be 6.5 and 3.5 kDa, respectively. On performing
a direct overlay activity assay, the inhibition zones corre-
sponding to their respective protein bands were observed
(Fig. 2b and c).

3.5. Effect of temperature, pH, organic solvents and bile
salts (anionic detergent) on AMC

AMC s from both cultures were found stable at all tempera-
ture tested (40—90 °C). At 100 °C, AMCs of MCC2514 and
MCC2512 showed 90 and 100% activity, respectively (Table 4).
pH sensitivity of AMCs (500 AU ml™") was evaluated on
exposure to various buffers with respective pH (2—10). Data
revealed that the AMC secreted by the two strains retained ac-
tivity under a wide range of pH (Table 4). Nearly 100% residual
activity was observed in each case on exposure to pH between 3
and 8. At pH 2.0, MCC2514 and MCC2512 showed 90 and
100% activity, respectively. At high alkaline pH of 9—10, a
residual activity of 90% was observed in both cases.

The effect of organic solvents on inhibitory activity of
AMC:s is presented in Table 4. The substances lost complete
activity upon treatment with toluene. In the presence of
butanol, 90% reduction in activity was observed for the AMC
of MCC2514, whereas the AMC of MCC2412 retained 20%
activity. In the presence of bile salts (sodium glycocholate and
sodium taurocholate), 70—80% activity was retained in the
case of MCC2512, whereas with MCC2514, 60—65% activity
was retained. These bile salts, that are biological anionic de-
tergents, are known to unfold the protein structure and affect
the three-dimensional conformation of the native protein. The
observed results indicate that denaturation or disruption is only
partial, and the AMC retained activity even after 1 h exposure
to bile salts.

3.6. Effect of the AMC on M. luteus ATCC9341 growth

Fig. 3 represents the effect of AMC supplemented initially
at 0 h and after 6 h of bacterial growth. In the first set, the
control sample (without AMC) showed growth from 6.4 log to
7.32 log CFU ml™" after 8 h of incubation. On supplementa-
tion of AMC at 0 h, a constant decline in cell count was
observed with an increase in incubation time. The inhibitory
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Table 3
A comparative data for purification of antimicrobial compound.

Sample Total protein (mg) Total activity (AU) Activity (AU ml™") Activity (AU mg™") Purification fold Recovery (%)
MCC2514 Crude 4369 2,00,000 100 45.8 1 100

AS 96 64,000 3200 666.7 14.6 32

IEC 10 45,000 4500 4500 98.3 22.5
MCC2512 Crude 5623 2,00,000 100 35.6 1 100

AS 148 64,300 3240 437.8 12.3 324

IEC 14 64,000 6400 4571 128.4 32

AS: ammonium sulfate precipitated sample; IEC: fraction purified by ion exchange chromatography.

kDa
13> -
29 Pw—

20.1 > .-

143> %
6.5—>4n - /

35—

@ ® ©
Fig. 2. SDS—PAGE analysis and activity assay of AMCs. (a) Coomassie
stained gel, M = protein low range marker; lanes 1—3: B. licheniformis
MCC2514 — crude, fraction partially purified by ammonium sulfate precipi-
tation and fraction purified by ion exchange chromatography; lanes 4—6: B.
licheniformis MCC2512 — crude, fraction partially purified by ammonium
sulfate precipitation and fraction purified by ion exchange chromatography;
(b) and (c) direct overlay assay of SDS—PAGE gel with purified fraction of
MCC2514 and MCC2512, respectively, showing inhibition zone against M.
luteus.

Table 4
Effect of temperature, pH, organic solvent and bile salt on inhibitory activity
of AMC.

Treatment Residual activity (%)

MCC2514 MCC2512
Temperature (°C)
40—-90 100 + 0.11 100 = 0.01
100 90 + 0.09 100 + 0.01
pH
2 90 + 0.21 100 + 0.02
3-8 100 + 0.02 100 + 0.03
9—-10 90 + 0.11 90 + 0.01
Organic solvent
Butanol 10 £ 0.03 20 + 0.03
Chloroform 20 + 0.11 70 + 0.03
Toluene - -
Acetone 50 + 0.01 50 + 0.09
Ethanol 80 + 0.01 30 £ 0.01
Bile salt
Sodium glycocholate 60 + 0.23 70 + 0.02
Sodium taurocholate 65 + 0.09 80 + 0.11

Values are mean + SD of three individual experiments.

¢

—’ no activity.

activity increased in a dose-dependent manner. After 8 h of
incubation, an almost 5-log reduction was observed in the
sample supplemented with AMC (1500 AU ml™'") of
MCC2514, whereas a 4-log reduction was observed with
MCC2412. From the data, LDsy for B. licheniformis
MCC2514 was determined to be 450 AU mlfl, whereas for B.
licheniformis MCC2412, LDs, was found to be 750 AU ml".

In another experiment, AMC added to the growth media of
M. luteus after 6 h of growth also indicated a decrease of 7—6
log in the sample supplemented with 1500 AU ml~" of AMC.

3.7. Specific MOA of the AMC

The MOA of the AMC produced by B. licheniformis strains
were evaluated by using pathway-specific whole cell Bacillus
biosensors. Among the two cultures tested, AMC of B.
licheniformis MCC2512 exhibited cell-wall stress, inducing a
bluish color at the junction of the B. subtilis BSF2470 reporter;
hence, the AMC was indicative of the presence of a cell wall
stress molecule or compound. Subsequently, the compound
was tested against the B. subtilis B168.BS2 strain, which is a
reporter specifically designed for sensing subtilin-type anti-
biotics. Since the AMC from B. licheniformis MCC2512
showed a positive response to the B168.BS2 strain, it was
confirmed to be a subtilin-type antibacterial type compound
(Fig. 4). The other test culture, B. licheniformis MCC2514,
which did not induce (-galactosidase in B. subtilis BSF2470,
was evaluated with other pathway-specific reporters. Among
the reporter constructs tested, AMC from B. licheniformis
MCC2514 responded to yvgS promoter-reporter fusion. This
reporter is specifically activated in the presence of RNA syn-
thesis inhibitors like rifampicin. Hence, the results indicated
that the B. licheniformis MCC2514 culture produced an AMC
with a specific MOA upon RNA synthesis. In order to inves-
tigate the potency of the active compound from B. lichen-
iformis MCC2514, quantitative (-galactosidase activity was
examined. Maximum (-galactosidase activity (35.2 + 0.89
U ml " was observed with 50 ul of CES, which was similar to
100 pg of rifampicin (Fig. 4).

4. Discussion
B. licheniformis strains MCC2514 and MCC2512 were

previously isolated from raw milk of sheep and rhizobial soil
of the medicinal herb H. coronarium, respectively [17]. The

Please cite this article in press as: Shobharani P, et al., Diversity in the antibacterial potential of probiotic cultures Bacillus licheniformis MCC2514 and Bacillus
licheniformis MCC2512, Research in Microbiology (2015), http://dx.doi.org/10.1016/j.resmic.2015.06.003




P. Shobharani et al. / Research in Microbiology xx (2015) 1—9 7

12.00

10.00

£
3800

o
8

Cellcount (log cf
»
8

g

o
8

(A) © 2 4 6 8

Incubation time {h)
—&— MCC2514 (control) —ill— MCC2514 (500 U)

«+B-+ MCC2512 (control)  ++-@-+ MCC2512 (500U)

12.00

10.00

%
8

o
8

a
8

Cell count (log ¢fu/ml)

g

0.00
(B) o 2 4 6 8

Incubation time {h)
—&— MCC2514 (1000U) —— MCC2514 (1500 U)

<+ -Bee MCC2512(1000U) -+ =-- MCC2512 (1500U)

Fig. 3. Effect of antimicrobial compound on M. luteus growth: (a) AMC supplemented at 0 h; (b) AMC supplemented after 6 h. In the graph, solid line represents
cell count in presence of MCC2514 fractions and dotted lines MCC2512 fractions.

cultures were shown to have potential probiotic properties,
including acid bile tolerance, gastrointestinal survival and
adhesion ability, along with other functional properties like
antioxidant activity, cholesterol-reducing ability and enzyme
production [17]. With a view toward their potential probiotic

Miller Units (U/mL)

(k)

candidacy, the two Bacillus strains were analyzed for their
possible antibacterial properties.

The result of antimicrobial activity indicates that, although
both test cultures were identified as B. licheniformis, there was
considerable variability in their inhibitory spectrum. Earlier
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Fig. 4. Mode of action of Bacillus spp. by Chromogenic plate assay with cellular biosensor; (a) B. subtilis BSF2470; (b) B. subtilis B168.BS2 (+ve indicates B. subtilis
ATCC6633; —ve indicate B. flexus MCC2011); (c) yorB; with nalidixic acid; (d) yorB; with trimethoprin; (e) yhel; with neomycin; (f) yhel; with streptomycin;
(g) ypuA; with nisin; (h) yupA; with penicillin; (i) fabHB; with triclosan; (j) yvgS; with rifampicin; (k) 8-galactosidase induction with rifampicin and CFS of B.
licheniformis MCC2514. Values indicated on the plates are concentrations of respective antibiotics in micrograms. B. licheniformis MCC2514, CFS (5 pl) was spotted
on each plate to determine the mode of action. Blue staining (indicated by arrow) in yvgS plate by MCC2514 indicates MOA on RNA synthesis.
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reports also point to the broad spectrum inhibitory activity of
Bacillus spp. Cladera-Olivera et al. [11] identified B. lichen-
iformis strain P40 from the Amazon basin with antimicrobial
activity against L. monocytogenes, Bacillus cereus and clinical
isolate of Streptococcus sp. B. subtilis strain LFB112 isolated
from Chinese herbs was found to be effective against both
Gram-positive and Gram-negative bacteria, including
Escherichia coli, Salmonella pullorum, Pseudomonas aerugi-
nosa, Pasteurella multocida, Clostridium perfringens, Micro-
coccus luteus, Streptococcus bovis and S. aureus [23]. A few
of the Bacillus spp. were also found to be active against
phytopathogenic bacteria, like Xanthomonas oryzae pv. oryzae
[29]. He et al. [30] reported on B. licheniformis ZJU12 isolated
from soil that exhibited a broad spectrum of antagonistic ac-
tivity against various species of Gram-positive bacteria and
fungal pathogens, but not against Gram-negative bacteria.

AMC:s produced by the two B. licheniformis (MCC2514 and
MCC2512) strains were found to be sensitive to proteinase K, but
resistant to other protease enzymes tested. As suggested by
Bizani and Brandelli [31] as well as von Dohren [32], the cyclic
peptide nature of AMC containing unusual amino acids may be
the reason for its resistance to proteolytic enzymes. Furthermore,
resistance of AMCs to trypsin and pepsin, two vital digestive
enzymes, agrees with the possibility that they may prove to be a
promising candidate for food formulation destined for oral
administration. The result also suggests the possible advantage
over sensitive bacteriocin compounds secreted by other Bacillus
spp.- [8,33]. Cladera-Olivera et al. [ 11] determined a bacteriocin-
like compound from B. licheniformis strain P40 that is resistant to
pronase, but sensitive to pepsin and trypsin. In another study,
bacteriocin of B. subtilis LFB112 was found resistant to papain,
catalase, lysozyme and o.-amylase, but sensitive to pepsin, lipase,
trypsin, proteinase K and pronase E [23].

The fraction of AMCs resolved on SDS—PAGE and the
activity assay indicated molecular weights of 6.4 and 3.5 kDa
for MCC2514 and MCC2512, respectively. Several authors
have reported a B. licheniformis-producing low molecular
weight antimicrobial compound [2,9,10,30,33]. However,
there exists no report on the 3.5 kDa protein of a subtilin-type
antimicrobial compound from B. licheniformis. These AMCs
were stable at wide ranges in temperature and pH. Similarly to
the present study, bacteriocin-like compound from various B.
licheniformis strains have been shown to be stable at different
temperatures (30—100 °C) [23,30,34]. In general, pH sensi-
tivity is considered to be the limiting factor in use of bacte-
riocins as food preservatives. For example, nisin produced by
L. lactis is restricted because of its very low activity at neutral
or alkaline pH. The present AMCs are resistant to a wide range
of pH and are thus advantageous for application in production
of diverse food products with varying pH.

Furthermore, the AMCs from both cultures showed
considerable stability against various organic solvents tested.
Cladera-Olivera et al. [11] showed that organic solvents tested
had no significant effect on the antimicrobial activity of bac-
teriocins from B. licheniformis, but in the presence of butanol,
the substance lost its inhibitory activity. In addition, AMCs
were resistant to bile salts, which are the main inhibitory

factors during intestinal passage. Hence, the data point to the
stability of AMCs for oral administration.

AMC:s from both B. licheniformis strains inhibited growth
of M. luteus ATCC9341 in a dose-dependent manner. A sig-
nificant variation (p < 0.05) was observed in the LDs, value
for both strains. Overall, results suggest favorable properties
of AMC:s for application to food preservation and the need to
extend the shelf-life of processed foods.

MOA studies indicated that B. licheniformis MCC2512
produced a subtilin-type antimicrobial compound that acts on
cell wall synthesis. Similarly, large numbers of locally isolated
Bacillus spp. from food sources have been screened for their
specific mode of action using these reporter biosensor strains
[12]. Since MCC2514 showed negative results with BS2470
(cell-wall biosensor reporter), it was analyzed for MOA using
other pathway-specific biosensors. In preliminary experiments,
cellular biosensors constructed with the lacZ marker gene were
analyzed for their ability to interfere with specific biosynthetic
pathways using different concentrations of antibiotics with their
respective biosensors (Fig. 4). The results indicated that
promoter-reporter fusions represented novel biomarkers spe-
cific to their respective biosynthetic pathways. Subsequently,
the MOA of B. licheniformis MCC2514 was tested against these
pathway-specific engineered strains. According to the results
obtained, the culture induced (-galactosidase in yvgS, which is
selectively induced in the presence of RNA synthesis inhibitors
such as rifampicin (standard antibiotic tested). In the presence
of other biosensors, §-galactosidase was not induced (Fig. 4),
indicating specificity towards RNA synthesis.

In conclusion, this study reveals that the AMCs secreted by
B. licheniformis (MCC2514 and MCC2512) isolated from two
different sources (raw milk and rhizobial soil) varied in their
activity and stability. The AMC of MCC2514 was active
against M. luteus, S. aureus, Klebsiella sp. and Aeromonas sp.,
whereas MCC2512, in addition to these pathogens, showed
inhibitory activity toward L. monocytogenes and Salmonella
typhimurium. On comparison of stability towards organic
solvents, the AMC from MCC2512 showed 70% retention of
inhibitory activity in the presence of chloroform, whereas
MCC2514 retained only 20% of its activity. In contrast, the
AMC from MCC2514 was more stable than MCC2512 in the
presence of ethanol. In the presence of bile salts, antimicrobial
activity of MCC2514 was reduced to 60—65%, whereas
MCC2512 retained 70—80% activity. The M. luteus growth
inhibition study shows that the AMC from MCC2514 was
more potent than that of MCC2512. With respect to their
MOA, the AMC from MCC2512 affected cell-wall biosyn-
thesis, whereas MCC2514 inhibited RNA synthesis.
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