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Abstract The present study has been focused widely on
comparative account of probiotic qualities of Bacillus spp.
for safer usage. Initially, 170 heat resistant flora were isolated
and selected for non-pathogenic cultures devoid of cytK,
hblD, and nhe1 virulence genes. Subsequently, through bio-
chemical tests along with 16S rRNA gene sequencing and
fatty acid profiling, the cultures were identified as Bacillus
megaterium (AR-S4), Bacillus subtilis (HR-S1), Bacillus
licheniformis (Csm1-1a and HN-S1), and Bacillus flexus
(CDM4-3c and CDM3-1). The selected cultures showed 70–
80 % survival under simulated gastrointestinal condition
which was also confirmed through H+-ATPase production.
The amount of H+-ATPase increased by more than 2-fold
when grown at pH 2 which support for the acid tolerance
ability of Bacillus isolates. The study also examined the
influence of acidic pH on cellular fatty acid composition of
Bacillus spp. A remarkable shift in the fatty acid profile was
observed at acidic pH through an increased amount of even
numbered fatty acid (C16 and C18) in comparison with odd
numbered (C15 and C17). Additionally, the cultures exhibited
various probiotic functional properties. Overall, the study
increases our understanding of Bacillus spp. and will allow
both industries and consumers to choose for well-defined
probiotic with possible health benefits.
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Introduction

The concept of probiosis has emerged as a new science
primarily as dietary supplements for animals and for the
prevention of gastrointestinal disease, as well as prophylactic
in human and aquaculture. Probiotics are defined as “live
microorganisms when administered in adequate amounts con-
fer a health effect on the host” (FAO/WHO 2002), which
implies that demonstration of some health benefits is neces-
sary criteria to be designated as “probiotic.” Currently, lactic
acid bacteria (LAB) and bifidobacteria are well-studied
probiotics that manifest beneficial properties including disease
treatment and prevention, as well as nutrient digestion and
absorption (Soccol et al. 2010). On the other hand, published
literature information substantiating the health benefits of
spore-forming Bacillus spp. that are able to survive the ex-
tremes of heat, acidity of the stomach, and bile acids is sparse
(Hyronimus et al. 2000).

Bacillus spp. are heterogeneous group of Gram-positive,
spore-forming, fermentative, aerobic, rod-shaped bacteria
ubiquitously present in a variety of natural habitats, including
soil, water, and the gastrointestinal tract (GIT) of animals. The
use of Bacillus sp. in probiotic products raises safety issues
because few species are known to be etiological agents in
local, deep-tissue, and systemic infections (Mahler et al.
1997). In the majority of the cases, Bacillus cereus is found
to be associated with food poisoning wherein enterotoxin
production has been verified (From et al. 2005). Therefore,
the use of Bacillus sp. requires development of strict standards
with regard to safety issues. Although significant progress in
legislation concerning this matter has been made in the USA,
Canada, and Europe (FAO/WHO 2002; EFSA 2005), their
recognition in world probiotic market is deprived. Only few
strains like Bacillus subtilis and Bacillus indicus have been
approved as a food supplement, and Bacillus clausii is used in
pharmaceutical application. Hence, majority of Bacillus spp.
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claims their better niche and demand for generally regarded as
safe (GRAS) status. Further, their inherent resistance to envi-
ronmental stress has attracted for their application in the area
of probiotics or food supplement, in vaccine technology as
heat-stable oral vaccine delivery systems, and in
nanobiotechnology as a tool for the efficient display of heter-
ologous antigens on the spore surface (Sen et al. 2010).

Despite the enormous research on probiotics, the practical
question arises whether a given microorganism can be con-
sidered to be a probiotic or not. In general, probiotic cultures
with proper identity and origin should sustain under gastroin-
testinal conditions (acid and bile resistance) and supposed to
be safe for consumption with additional functional beneficial
properties (Havenaar et al. 1992; Sorokulova 2008). Hence,
these criteria are considered in the present work to authenti-
cate the Bacillus isolates as probiotic strains. Considering the
importance of taxonomic description, various techniques in-
cluding biochemical tests, as well as random amplified poly-
morphic DNA (RAPD)-PCR, 16S ribosomal RNA (rRNA)
gene sequencing, and fatty acid profiling have been consid-
ered in the study for identification. Survival under GIT con-
dition has been established, and their acid tolerance has been
demonstrated through H+-ATPase activity and change in cel-
lular fatty acid composition. Basic probiotic properties includ-
ing safety, adhesion, and other functional properties have been
validated by various in vitro studies with an ultimate goal for
safer and efficient probiotic strain.

Material and methods

Media chemicals and reagents

All microbial media chemicals were purchased from HiMedia
Pvt. Ltd., Mumbai, India. Ascorbic acid, 3,5-dinitrosalicylic
acid (DNS), glucose, NaCl, ferric chloride, HPLC grade chlo-
roform, and hexane were from Sisco Research Laboratory,
Bangalore, India. Trypsin, pancreatin, pepsin, ox-bile,
diphenylpicrylhydrazyl (DPPH), synthetic antioxidant stan-
dards, fatty acid standards, cholesterol-PEG 600, adenosine
triphosphate (ATP), Taq DNA polymerase, MgCl2, dNTPs,
and PCR buffer were procured from Sigma-Aldrich Inc.,
USA. All other chemicals used were of AR grade unless
otherwise mentioned.

Bacterial cultures and growth conditions

Bacillus reference cultures Bacillus thuringienisisMCC2008,
Bacillus megaterium MCC2009, B. subtilis MCC2014,
Bacillus licheniformis MCC2016, Bacillus amyoliquifaceins
MCC2017, Bacillus flexus MCC2011, and B. cereus
MCC2015 were collected from culture collection center of
Food Microbiology Department, CSIR-Central Food

Technological Research Institute, Mysore, India. Standard
culture B. subtilis 168 was kindly provided by Prof. KD
Entien, Germany. Reference standard B. cereus F4433 was
procured from Microbial Type Culture Collection (MTCC)
center, Chandigarh. All the Bacillus strains were grown in
Luria-Bertani (LB) medium at 37 °C under constant shaking
(120 rpm). For antimicrobial activity, pathogenic and spoilage
bacterial strains of Micrococcus luteus ATCC9341, Yersinia
enterocolitica MTCC859, Aeromonas hydrophila B445,
Staphylococcus aureus FRI722, Salmonella typhimurium
MTCC1251, Escherichia coliCFR02, andKlebsiella sp. were
procured from American Type Culture Collection (ATCC),
USA, or MTCC, Chandigarh, India. Listeria monocytogenes
ScottAwas kindly provided by Dr. AK Bhunia, USA.

Isolation and preliminary identification of Bacillus spp.

Sample collection and processing For isolation of Bacillus
spp., raw milk samples were collected from various animals
including cow, buffalo, sheep, goat, and donkey from different
localities of Mysore, India. Samples were collected in sterile
collection tubes during milking and few samples from collec-
tion centers. Some commercially available milk-based
fermented dairy products were purchased from local market
as a source for Bacillus isolation. In addition, rhizobial soil,
root, and leaves of various medicinal herbs were collected
from different localities of Mysore.

Selective screening and characterization Samples (1mL or 1 g)
were suspended in 9-mL physiological saline (0.85 % NaCl).
For initial isolation of heat resistant flora, suspension was
heat-treated at 70 °C for 20 min. Later, samples were serially
diluted and appropriate dilution was plated on LB agar. For
total microbial count, suspension without heat treatment was
plated on nutrient agar. Plates were incubated at 37 °C for 24–
48 h. Colonies were selected based on morphological differ-
ences and purified by repeated streaking. Gram-positive and
catalase-positive rods were selected and then stored at −20 °C
under 40 % glycerol until use. Subsequently, cultures were
tested for their growth at acidic pH (3.0) and in the presence of
bile (0.1 %) by growing the culture in modified LB
medium as per the requirement for 6 h and checked for
growth as indicated by turbidity.

Virulence or pathogenicity of the isolates

Non-hemolytic property of isolated cultures was tested by
using 7 % defibrinated sheep blood agar. Lecithinase activity
was tested on Baird-Parker agar enriched with egg yolk emul-
sion and 3 % potassium tellurite. Gelatin hydrolysis was
checked in medium supplemented with 2 % gelatin. Further,
absence of virulence genes like cytotoxin (cytK) gene, L1
subunit of hemolytic (hblD) gene, and NH1 subunit of non-
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hemolytic enterotoxin (nhe1) gene was analyzed by PCRwith
B. cereus F4433 as a positive control. Primers and PCR
conditions are provided in Table 1.

Identification of Bacillus isolates

Morphologica l , phenotyp ica l , and biochemical
characterization The vegetative cells and spores (shape
and position) were observed with bright field micro-
scope (Olympus, Japan) under submerge×100 magnifi-
cation. Biochemical and physiological characteristics of
culture isolates were analyzed according to Bergey’s
Manual of Systematic Bacteriology. Sugar utilization
was tested using HiCarbo identification kit (HiMedia
Pvt. Ltd., Mumbai, India).

Molecular characterization Microbial grouping of the iso-
lates was carried out by RAPD-PCR using M13 primer
(Schillinger et al. 2003). RAPD banding was scored, and
dendrogram was constructed using NTSYS software
(Applied Biostatistics Inc., version 1.07). For Bacillus identi-
fication, 16S rRNA gene was amplified using BSF and BSR
primer (Table 1) as per the conditions described by
Raghavendra and Halami (2009). The amplified product was
sequenced at Vimta Labs, Hyderabad, India. The taxonomical
identification of Bacillus isolates was performed by BLAST
search (Altschul et al. 1997). Phylogenetic tree was construct-
ed by using neighbor-joining method with bootstrap (1,000
replicates) by Kimura two-parameter model using MEGA 4
program (Kumar et al. 2008).

Cellular fatty acid extraction and analysis Cellular lipids of
Bacillus isolates and reference cultures were extracted from
cell pellet with chloroform and methanol as described by
Bligh and Dyer (1959). Lipids were then methylated with
2 N KOH in methanol for 1 h. The resulting fatty acid methyl
esters were analyzed by gas chromatography (GC; Shimadzu
Corporation, Kyoto, Japan) using RTX-1 capillary column
(100 % dimethyl polysiloxane; 30 m×0.32 mm ID×

0.25 μm). GC condition was programmed with injector and
detector temperature at 230 and 250 °C, respectively, with
nitrogen flow at a rate of 1.5 mL min−1. Fatty acid methyl
esters were identified by using authentic standards (Sigma
Chemical Co.) and confirmed through GC-MS spectra
(Model Turbomass Gold; Perkin Elmer International,
Huenenberg, Switzerland).

Survival under simulated gastrointestinal condition

Survival efficiency: Survival of isolated cultures under simu-
lated gastric condition was tested by inoculating (10 % con-
taining 8 log cfu mL−1) washed cell pellet in buffer (glycine/
HCl buffer; pH 2.0) containing pepsin (3 mg mL−1). Cultures
were then incubated at 37 °C under constant shaking
(100 rpm). At regular intervals (0, 30, 60, 90, and 120 min),
an aliquot of the sample was drawn, serially diluted and plated
on LB agar. Controls were kept under neutral pH (7.0) without
pepsin. After the incubation period of 24–48 h, colonies were
counted and the difference between control and test samples
was expressed as a percentage of survival. Similarly, survival
of isolated cultures at simulated intestinal condition was tested
in buffer saline (phosphate buffer pH 8.0, 0.85 % NaCl)
supplemented with 1 % trypsin or 1 % pancreatin in addition
to 0.3 % ox-bile. Survival rate was estimated at 0, 3, 6, and
24 h.

H+-ATPase assay Acid tolerance of Bacillus isolates was
assessed by measuring the ATPase activity in permeabilized
cell as described by Belli and Marquis (1991) with slight
modification. Overnight grown culture (25 mL) was centri-
fuged (8,000 rpm for 15 min at 4 °C), and the washed cells
were suspended in the buffer of different pH (2, 3, 4, and 7).
After 2 h of incubation, cells were centrifuged and resuspend-
ed in 2.5 mL of 75 mM Tris-HCl buffer (pH 7.0) with 10 mM
MgSO4. Toluene (250 μL) was added to the cell suspension
and mixed vigorously, followed by incubation for 5 min at
37 °C. Cell suspension was then subjected to three cycles of
freezing at −80 °C and thawing at 37 °C. Permeabilized cells

Table 1 Primers and PCR conditions

Sl no. Primer sequence Annealing temperature (°C) Amplicon size Reference

1 M13 5′-GAG GGT GGC GGT TCT-3′ 43 Schillinger et al. (2003)

2 BSF 5′-GAGTTTGATCCTGGCTCAGG-3′ 56 1.4 kb Raghavendra and Halami (2009)
BSR 5′-TCATCT GTCCC ACC TTCGGC-3′

3 hblD F-5’ ACG ACC GCT CAA GAA CAA AAA GTA-3′ 56 1.0 kb Ryan et al (1997)
hblD R-5′-GATATTATC CAG TAA ATC TGTATA-3′

4 nhe1 F-5′-GCT CTATGA ACTAGC AGG AAA C-3′ 54 561 bp Granum et al. (1999)
nhe1 R-5′-GCTACT TAC TTG ATC TTC AAC G-3′

5 cytK F-5′-ACA GATATC GGT CAA AAT GC-3′ 54 809 bp Guinebretière et al. (2002)
cytK R-5′-GAA CTG CTA ACT GGG TTG GA-3′

F forward primer, R reverse primer, hblD-L1 subunit of hemolytic gene, nhe1 NH1 subunit of non-hemolytic enterotoxin gene, cytK cytotoxin gene
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were then harvested by centrifugation at 10,000 rpm for
15 min. They were then resuspended in 1 mL of 75 mM
Tris-HCl buffer (pH 7.0) with 10 mM MgSO4. The suspen-
sion was rapidly frozen and stored at −80 °C. Ten microliters
of a permeabilized cell suspension was added to 1.0 mL of
50 mM Tris-maleate buffer (pH 6.0) with 10 mM MgSO4 at
37 °C. The ATPase reaction was initiated by the addition of
125μL of 0.02MATP (pH 6.5) and was allowed to proceed at
37 °C for 5 min. The liberated phosphate was measured at
700 nm after adding 1.5 mL of color reagent, which is pre-
pared freshly before using by mixing four volumes of 2.5 %
ammonium molybdate solution in 5.5 % sulfuric acid and one
volume of 2.5 % ferrous sulfate solution. ATPase activities
were expressed as micromoles of phosphate released from
ATP per minute per milligram of protein.

Effect of acidic pH on cellular fatty acids Change in the lipid
composition ofBacillus isolates under acidic pHwas analyzed
by GC. Overnight grown cultures were inoculated (10 %) into
fresh media adjusted to varying pH (2, 3, 4, and 7) and
incubated at 37 °C for 12 h. Later, cell pellet was collected
by centrifugation (8,000 rpm for 15 min at 4 °C), washed with
saline, and used for extraction of lipid as described earlier.
Fatty acid methyl esters (FAME), as analyzed by GC, were
compared with standards.

Cell hydrophobicity, autoaggregation, and mucin binding
ability of Bacillus isolates

Cell hydrophobicity assay Adhesion ability of Bacillus iso-
lates was analyzed by hydrophobicity assay using different
hydrocarbons, i.e., xylene, toluene, and hexadecane as de-
scribed by Rosenberg et al. (1980). Cell surface hydrophobic-
ity or percent adhesion was calculated using the following
formula:

% Hydrophobicity ¼ 1 − A1

.
A0

� �
� 100;

where A1 is final OD600 after 30-min incubation, and A0 is
the initial absorbance.

Autoaggregation assay Autoaggregation of Bacillus isolates
were studied according to Del Re et al. (2000). Overnight
grown culture was centrifuged (8,000 rpm, 15 min), and the
washed cell pellet was suspended in PBS buffer (pH 7.0) until
the OD595 reaches 0.5–0.6. Later, the cell suspension (4 mL)
was vortexed and incubated at 37 °C. After 30 min and 1 h,
absorbance of the upper layer was measured at 595 nm using a
spectrophotometer. Percentage of autoaggregation was mea-
sured by using the formula, 1−(At / A0)×100, where At repre-
sents absorbance at time 30 min or 1 h, and A0 represents
absorbance at time=0.

Mucin binding assay Ability of Bacillus spp. to adhere to
mucin was assessed using microtiter plate according to
Jonsson et al. (2001). Percent adhesion of culture to mucin
was calculated by the difference in the initial and final cell
count of the culture after 1-h incubation.

Additional functional properties of Bacillus isolates

Antimicrobial activity Antimicrobial activity of Bacillus iso-
lates against M. luteus ATCC9341, Y. enterocolitica
MTCC859, A. hydrophila B445, S. aureus FRI722,
S. typhimurium MTCC1251, E. coli CFR02, Klebsiella sp.,
and L. monocytogenes ScottA was tested by agar well diffu-
sion assay as described by Xie et al. (2009).

Enzyme production Caseinase, amylase, cellulase, and lipase
productions were determined by using casein/skim milk pow-
der (2 %), starch (2 %), carboxymethyl cellulose (2 %), and
tributirin (1 %) agar plates, respectively. Zone of clearance on
incubation with Bacillus isolates indicated the enzyme pro-
duction. Caseinolytic activity was quantified in positive iso-
lates using azocasein as substrate. One unit (U) of hydrolytic
activity of the protease was defined as the amount of enzyme
required to cause an increase of 0.001 A440 unit in 1 min per
milligram of protein. Phytase activity was measured by using
sodium phytate (Sigma, USA) as substrate. One unit of
phytase activity was defined as the amount required to liberate
1 mmol of phosphate per minute per milligram of protein
under the assay condition. The activity of α-amylase was
assayed by incubating 0.1 mL enzyme with 1.0 mL of soluble
starch (1.0w/v) prepared in 0.1 M phosphate buffer (pH 7.5).
After incubation at 50 °C for 5 min, the reaction was stopped
and the reducing sugars released were determined by the
addition of 1.0 mL of DNS reagent with maltose as a standard.
One unit of enzyme activity was defined as the amount of
enzyme required for releasing 1 μg of maltose from the
substrate per minute per milligram of protein. Cellulase activ-
ity was assayed by incubating 0.1 mL enzyme in 1.0 mL
CMC. After 30 min of incubation at 37 °C, reducing sugar
released was determined by using DNS reagent with glucose
as a standard. One unit of enzyme was defined as the amount
of enzyme releasing 1 μg of glucose from the substrate per
minute per milligram of protein.

Antioxidant activity Antioxidant activity of Bacillus isolates
was tested by diphenyl picryl hydrazyl (DPPH) scavenging
assay, reducing potential, total phenolic content, H2O2 scav-
enging activity, and metal chelation ability according to the
protocol described by Sowmya and Sachindra (2012).

Antibiotic susceptibility assay Antibiotic susceptibility of
Bacillus isolates to various antibiotics was analyzed by using
HiMedia Octadics.
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Cholesterol assimilation assay Bacillus isolates were grown
in LB media supplemented with 100 mg L−1 of cholesterol-
PEG 600, and their cholesterol assimilation ability was deter-
mined by the method described by Gilliland et al. (1985).
Results were expressed as percent assimilation to that of initial
concentration.

Results

Isolation and selective screening of Bacillus sp.

Initially, heat-resistant flora with Gram-positive and catalase-
positive property were isolated from different raw milk sam-
ples (n=78), from commercially available milk-based dairy
products (n=58), and rhizobial soil, root, and leaf samples of
various medicinal herbs (n=48) (Table S1). Among 170 cul-
tures isolated, 79 isolates were showing antibacterial activity
againstMicrococcus sp. with inhibition zone ranging from 15
to 22-mm diameter/40 μL of the culture supernatant. Further,
among the tested cultures, only 43 isolates were able to grow
in acidic pH (3.0) and in the presence of bile (0.1 % bile).
Forty three cultures showing the above property along with
reference strains were selected and subjected to RAPD profil-
ing. RAPD-PCR gave distinct banding pattern from selected
Bacillus isolates. Computer-assisted numerical processing of
RAPD banding profiles using cluster analysis with unweight-
ed pair group method (UPGMA) along with and arithmetic
average algorithm yielded a dendrogram which consists of
two major groups (I and II), which were further divided into
several groups at similarity level ranging from 25 to 100 %
(Fig. 1). All the cultures were clubbed into 17 groups
with >70 % similarity. Selected cultures were further tested
for non-hemolytic property as well as lack of lecithinase and
gelatinase activity. All the details of the representative cultures
are depicted in Fig. 1. Further data from PCR amplification of
virulence genes (hblD, cytK, and nhe1) demonstrated that
only six strains (AR-S4, CDM3-1, CDM4-c, CSM1-1a, HN-
S1, and HR-S1) were devoid of all the tested virulent genes.
Hence, these cultures were considered for further studies.

Identification of Bacillus isolates

Biochemical and physiological characteristics of selected
Bacillus isolates were studied according to Bergey’s Manual of
Systematic Bacteriology. Further, they were identified by partial
16S rRNA gene sequencing. The sequences containing at least
700–750 bp (related to V2–V4 variable region of 16S rRNA
gene of E. coli) were used for database query. Using megablast
tool of GenBank (http://www.ncbi.nlm.nih.gov/), sequences
were subjected for BLAST analysis and the cultures were
identified as AR-S4-B. megaterium, CDM3-1/CDM4-3c-B.

flexus, Csm1-1a/HN-S1-B. licheniformis, and HR-S1-B.
subtilis. Representatives of maximum homologous (95–99 %)
sequences of each isolate were obtained from NCBI GenBank
and were used for the construction of the phylogenetic tree (Fig.
2a). Nucleotide sequences of the isolates were deposited at
NCBI DNA database with accession number KF668669 to
KF668674. The cultures were deposited at Microbial Culture
Collection (MCC), National Centre for Cell Science, Pune, with
the following accession numbers: B. megaterium strain AR-S4
(MCC2336), B. flexus strain CDM3-1 (MCC 2458), B. flexus
strain CDM4-3c (MCC2427), B. licheniformis strain Csm1-1a
(MCC 2514), B. licheniformis strain HN-S1 (MCC2512), and
B. subtilis strain HR-S1 (MCC 2507).

Although, 16S rRNA gene sequence analysis is the most
commonly used method for identifying bacteria and for study-
ing phylogenetic relationships, its usefulness is limited be-
cause of the high percentage of sequence similarity between
closely related species. Thus, comparison of cellular fatty acid
profile of Bacillus isolates with the reference cultures has been
carried out for authentication of culture identity. The major
fatty acids observed in all the cases were C16, C18, C18:1,
and C18:3. Dendrogram was constructed using PAST soft-
ware, version 2.14 (htt://folk.uio.no/ohammer/past). Jaccard
similarity coefficient (r=0.85) clustered with the associated
cultures in bootstrap test (1,000 replicates) depicted >85 %
similarities between the native isolates and corresponding
reference strains (Fig. 2b). The data was comparable with
16S rRNA gene sequence homology. The two strains,
Csm1-1a and HN-S1, clustered with Me-1 (B. licheniformis
MCC2016) but were distantly linked with other group as
comparable with 16S rRNA gene data (Fig. 2a, b).

Survival under simulated gastrointestinal condition

All the six cultures selected showed good survival even after 1 h
under simulated gastric condition (pH 2.0) with a survival rate
ranging from 78.7 to 99.6 %, and in the presence of pepsin
(3 mg mL−1), cell count reduced to 60.7–88.4 %. After 2-h
incubation, significant reduction (p<0.05) in cell count was
observed (15.3–40.6 % survival). Maximum survival (40.9 %)
was observed in HR-S1 (B. subtilis MCC2507) isolated from
rhizobial soil, followed by CDM3-1 (B. flexus MCC2458;
40.6 %) from cow milk. Similarly, under simulated intestinal
condition (pH 8.0), 80.6–92.7 % survival was observed after
24 h of incubation. In the presence of trypsin (0.1 %) as a
digestive enzyme, 63.6–84.1 % survival was observed and with
pancreatin (0.1 %) 68.9–90.9 % cell survived.

H+-ATPase assay

ATPase activity of permeabilized cells was in the range of 0.56–
2.82μMpimg−1min−1. As per the data, H+-ATPase activitywas
found to increase when the culture was exposed to acidic pH
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(Fig. 3). At pH 2.0, B. subtilis strain HR-S1 that had maximum
survival efficiency under gastric condition showed almost 8.2-
fold increase in the ATPase activity at pH 2.0 in comparison to
neutral pH (7.0), indicating the acid tolerant ability of the culture.
Cell growth and H+-ATPase activity were found to have a
negative correlation (r=−0.85 to −0.96), i.e., acid-tolerant cell
had higher H+-ATPase than non-tolerant cultures.

Cellular fatty acid response to change in pH

Acidic pH induced a characteristic change in the relative
proportion of fatty acids (Fig. 4). Although species-specific
variation was observed in the composition of fatty acids,
overall increase in the total fatty acids was observed in all
the isolates with the maximum being at pH 3. At pH 2.0, slight

reductions were observed in all the cases. C18 was the major
fatty acid in HR-S1, Csm1-1a, CDM4-3c, and CDM3-1 ac-
counting for 33.26, 30.59, 33.5, and 37.9 % of total fatty acid,
respectively. In case of HN-S1 and AR-S4, C18.1 (27.5 %)
and C16 (22.9 %) were the major fatty acids, respectively.
Monounsaturated fatty acid (C18.1) enhanced in all the iso-
lates under acidic condition.

Cell hydrophobicity, autoaggregation, and mucin binding
ability of Bacillus isolates

The percent cell hydrophobicity of the Bacillus isolates to
xylene, toluene, and hexadecane are presented in Table 2.
The hydrophobic values of isolates to xylene were in the range
of 25.7–50.5 %; for toluene, it was 30.1–64.8 %; and for

Fig. 1 Dendrogram drawn using RAPD profile of Bacillus isolates.
UPGMA bootstrapping values of this clade was 95–99. Culture isolates
were grouped by considering the significances in bootstrap values, interior
branch lengths, and diversification rate.Asterisks indicate reference strains.

In case of growth of culture in pH 3 and bile (0.1 %), +++=OD600>1.0;
++=OD600 0.5–0.6; +=OD600<0.2.H hamolysis,G gelatinase, L lecithin-
ase activity, “+” positive, “−”negative
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hexadecane, it was 11.1–58.3 %. In all the cases, Csm1-1a,
identified as B. licheniformisMCC2514, exhibited maximum
hydrophobicity. Cell aggregation potential of Bacillus isolates
was determined by sedimentation ability. After 30 min of

incubation, the cultures showed 0.7–25.4 % aggregation
which increased to 7.8–39.1 % after 1 h (Table 2).
B. licheniformis strain Csm1-1a exhibited maximum aggrega-
tion (39.1 %), followed by B. subtilis strain HR-S1 (33.8 %).

Fig. 2 a Phylogenetic relationship of native isolates with strains from
GenBank with highest similarities (accession numbers in parentheses).
The neighbor-joining tree and subtree are based on approximately 700–
750 bp of the 16S rRNA gene. Numbers show the level of bootstrap
support from 1,000 repetitions. The tree is drawn to scale, with branch
lengths in the same units as those of the evolutionary distances used to

infer the phylogenetic tree. All positions containing alignment gaps and
missing data were eliminated only in pairwise sequence comparisons. b
Dendrogram based on cluster analysis of cellular fatty acid composition
of native Bacillus isolates with reference cultures by using Jaccard
coefficient similarity

Fig. 3 a Survival of Bacillus isolates at various pH. b ATPase activity
under different pH. ATPase activities were expressed as micromoles of
phosphate released from ATP per minute per milligram of protein. AR-S4

B. megaterium,CDM3-1 andCDM4-3c B. flexus,Csm1-1a andHN-S1 B.
licheniformis, HR-S1 B. subtilis. Values are mean±SD of triplicate trials
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Further, adhesion capability of Bacillus isolates was analyzed
by mucin binding ability (Table 2). The cultures exhibited 35–
65 % adhesion to mucin. Taking into account the various
in vitro adhesion methods tested Csm1-1a (B. licheniformis
MCC2514) exhibited maximum adhesion.

Functional properties of Bacillus isolates

Antimicrobial activity The Bacillus cultures tested exhibited
antimicrobial activity against M. luteus with inhibition zone
ranging from 12 to 24-mm diameter. Maximum activity was

Fig. 4 Cellular fatty acid profile of Bacillus sp. under various pH
condition. a B. megaterium AR-S4, b B. flexus CDM3-1, c B. flexus
CDM4-3c, d B. licheniformis Csm1-1a, e B. licheniformis HN-S1, f

B. subtilis HR-S1. pH condition (x-axis); concentration of fatty acid
(μg mL−1) (y-axis). Values are mean±SD of duplicate trials

Table 2 Adhesion ability of Bacillus isolates

Bacillus isolates Cell hydrophobicity (%) Autoaggregation (%) Mucin binding ability (%)

Xylene Toluene Hexadecane 30 min 60 min

AR-S4 34.73±0.03 49.34±0.05 34.67±0.04 0.74±0.01 7.81±0.01 48.40±0.21

CDM3-1 48.55±0.03 31.63±0.06 21.30±0.05 3.08±0.01 13.24±0.01 37.32±0.33

CDM4-3c 25.70±0.06 30.18±0.05 11.13±0.05 4.13±0.02 13.44±0.02 35.01±0.21

Csm1-1a 50.55±0.04 64.79±0.08 58.37±0.05 25.48±0.01 39.11±0.11 65.01±0.11

HN-S1 44.03±0.03 42.81±0.03 47.18±0.04 10.22±0.01 23.81±0.22 55.70±0.62

HR-S1 39.02±0.02 52.39±0.18 50.61±0.03 10.94±0.11 33.81±0.01 57.47±0.11

BS168 33.97±0.04 25.52±0.09 35.67±0.05 4.33±0.11 9.18±0.01 48.40±0.65

Values are expressed as mean±SD which are the average of three individual experiments

AR-S4 B. megaterium, CDM3-1 and CDM4-3c B. flexus, Csm1-1a and HN-S1 B. licheniformis, HR-S1 B. subtilis, BS168 B. Subtilis (reference culture)
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observed in B. licheniformis HN-S1 (24 mm). In addition to
M. luteus, HN-S1 was able to inhibit S. aureus (20 mm),
L. monocytogenes (16 mm), Salmonella typhi (16 mm),
Klebsiella sp. (16 mm), E. coli (12 mm), and Aeromonas sp.
(12 mm). Csm1-1a was able to inhibit S. aureus (16 mm),
Klebsiella sp. (16 mm), and Aeromonas sp. (12 mm).

Enzyme production Enzyme activity of Bacillus isolates are
depicted in Table 3. Protease activity of isolates was in the
range of 18.6–31.0 U mg−1 protein. On starch agar medium,
only two cultures, CDM4-3c (B. flexus) and HN-S1
(B. licheniformis), showed inhibition zone with an activity of
499.0 and 507.9 U mg−1, respectively. In case of cellulase
production, CDM3-1 (B. flexus) exhibited maximum produc-
tion (22.5 μM mg−1), followed by B. licheniformis HN-S1
(18.5 μM mg−1) and B. megaterium AR-S1 (18.4 μM mg−1).
Lipase production as analyzed on tributyrin agar plates indi-
cated activity in Csm1-1a (B. licheniformis), HN-S1
(B. licheniformis), and CDM4-3c (B. flexus). Phytase
degrading ability was observed only in two cultures,
B. megaterium AR-S4 (0.41 U mg−1) and B. licheniformis
HN-S1 (0.42 U mg−1).

Antioxidant activity Antioxidant substances scavenge the free
radicals by donating hydrogen ion which in turn helps in
protecting the body from degenerative diseases. The data of
various methods used for evaluating antioxidant activity of
Bacillus isolates are presented in Table 3. The highest poly-
phenol content was observed in B. licheniformis Csm1-1a
(6.4±0.22 μg mL−1 gallic acid equivalent). Reducing po-
tential, DPPH, and H2O2 scavenging, as well as metal chela-
tion ability of current isolates, indicated their antioxidant
phenomenon.

Cholesterol assimilation ability As per the data obtained
(Table 3), B. subtilis HR-S1 demonstrated maximum choles-
terol assimilation (76.02 %), followed by B. flexus CDM4-3c
(66.44 %).

Antibiotic susceptibility assay Bacillus isolates selected were
found to be susceptible to all the antibiotics tested (Table 4).
None of the cultures were resistant to any of the antibiotic
tested.

Discussion

The advantages of probiotic culture have been attributed due
to their ability to survive under GIT stress, establish in the
colon, and exert beneficial effect. In such connection, the
present work has been carried out to isolate and exemplify a
safer and effective Bacillus sp. for probiotic application.

Isolation and identification of Bacillus sp

Spore-forming Bacillus spp. are ubiquitously present in a
variety of natural habitats, including soil, water, and the gas-
trointestinal tract of animals, as well as extreme temperature
and climatic condition due to their inherent resistance.
Typically, prevalence of Bacillus has been studied as a source
of contamination or infective agent. Studies carried out spe-
cifically for the isolation of Bacillus sp. for probiotic applica-
tion is sparse (Fakhry et al. 2008; Chaiyawan et al. 2010). In
the present study, rawmilk samples, fermented dairy products,
and rhizobial soil were used as a source for isolation of
probiotic Bacillus sp. Usually, in these samples, LAB are
predominantly present; hence, selective screening of Bacillus
was carried out by heat treatment at 70 °C. Amongst, 170
heat-resistant microfloras were isolated; majority (68.2 %)
was from rhizobial soil followed by raw milk (24.7 %). All
the selected cultures were aerobic, Gram-positive, catalase-
positive, motile, rod-shaped, and spore formers. Antimicrobial
assay depicted 46.5 % strains with activity against M. luteus,
among which only 43 isolates were able to tolerate low pH
(3.0) and bile concentration (0.1 %). A total of 17 strains from
rhizobial soil of medicinal herbs and 3 from raw milk showed
hemolytic activity. The production of lecithinase, proteases,
gelatinase, and enterotoxins are recognized as a putative vir-
ulence factor that is required by invasive bacterial pathogens
to elicit successful systemic infections (Rowan et al. 2001). In
this connection, lecithinase test revealed positive reaction
among 14 Bacillus and 10 were gelatinase-positive.

As the safety of probiotic cultures is of vital importance,
virulence genes such as non-hemolytic enterotoxin (nhe) and
cytotoxin K (cytK), along with hemolysin BL (hbl), which are
known to cause diarrhoeal syndrome (Granum et al. 1999;
Guinebretière et al. 2002), were analyzed in the present iso-
lates. Accordingly only six strains (AR-S4, CDM3-1, CDM4-
c, CSM1-1a, HN-S1, and HR-S1) were found devoid of all the
tested virulent genes. These cultures were identified as AR-
S4-B. megaterium, CDM3-1/CDM4-3c-B. flexus, Csm1-1a/
HN-S1-B. licheniformis, and HR-S1-B. subtilis through bio-
chemical assays and 16S rRNA gene sequencing. Further, the
identity of cultures was confirmed by comparison of fatty acid
profile of native isolates with that of reference cultures.
Although slight variation in the concentration of fatty acids
was observed, salient differential fatty acids were reproducible
which support the authenticity of the strains. Similarly, Peak
et al. (2011) observed slight variation in the fatty acid profile
of Bacillus spp. and have suggested that variation in
consistency may be due to physiological age, temperature,
incubation time, and growth condition.

Cellular fatty acid profiles are known to vary widely but are
consistent within the Bacillus spp. Siegel et al. (1997) have
compared cellular fatty acid composition of Bacillus
sphaericus, a human isolate, with that of Bacillus sphaericus
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of mosquito larvicide. Roberts et al. (1994) distinguished
Bacillus mojavensis sp. nov., from Bacillus subtilis by ana-
lyzing divergence in DNA sequence along with fatty acid
composition. They reported 14:O iso, 15:O iso, 150 anteiso,
16:O iso, 16:O, 17:O iso, 17:O anteiso, 16:l cis5, and 17:l cis7
iso as major fatty acids in the tested Bacillus strains. In the
present study, dendrogram scaled with Jaccard similarity dis-
tance was comparable with 16S rRNA gene data. Native
isolates as identified by 16S rRNA gene clustered with the
respective reference strains with >90 similarity.

Survival under simulated gastrointestinal condition

Survival under simulated GIT condition is an important crite-
rion for any culture to be considered probiotic. They have to

survive the acid and bile stress of GIT and establish in the
colon to exhibit beneficial effect. Under simulated gastric
condition (pH 2.0; pepsin 3 mgmL−1), all the selected isolates
showed 60.7–88.4 % survival and under simulated intestinal
condition (pH 8.0), 80.6–92.7 % survival was observed.
Variability among survival rate of Bacillus spp. under simu-
lated GIT has been demonstrated by a large number of re-
searchers (Lee et al. 2012). Sahadeva et al. (2011) examined
GIT tolerance of probiotic culture isolated from commercially
cultured milk drinks available in the Malaysian market. They
reported that the strains showed good tolerance to pH 3.0 with
>106 CFU mL−1 after 3-h incubation and could tolerate 0.3 %
bile. Lee et al. (2012) reported 55 % survival at pH 2 after 2 h
of incubation, and a reduction of 9–20 % was observed in the
presence of bile (0.3 %).

Table 4 Antibiotic susceptibility of Bacillus spp.

Antibiotic Code Concentration (μg) AR-S4 CDM3-1 CDM4-3c Csm1-1a HN-S1 HR-S1
Inhibition zone (mm in diameter)

Ofloxacin OF 05 28 24 24 30 30 30

Sparfloxacin Spx 05 28 24 26 26 32 32

Gatifloxacin GAT 05 28 24 26 32 32 30

Aztreonam AT 15 30 22 24 12 22 16

Azithromycin AZM 15 26 18 20 20 32 10

Vancomycin VA 30 21 18 20 20 20 23

Doxycycline-HCl DO 30 24 22 32 20 20 26

Ciprofloxacin CIP 05 26 24 28 27 30 32

Penicillin G P 01 24 16 16 10 20 12

Clindamycin CD 02 21 28 28 20 25 21

Gentamycin GEN 10 24 22 20 28 30 26

Fusidic acid FC 10 20 16 18 12 32 14

Erythromycin E 05 22 18 18 22 24 12

Trimethoprim TR 1.25 22 22 22 24 22 24

sulphamethoxazole SX 25 20 14 12 20 18 16

tetracycline TE 10 22 24 22 20 18 22

Co-trimoxazole COT 25 24 24 24 25 29 30

Cephalothin CEP 30 30 24 24 12 32 22

Cefotaxime CTX 10 32 32 28 16 28 20

Amoxycillin AMX 30 22 16 14 8 22 14

Cefepime Cpm 30 22 28 20 16 30 18

Chloramphenicol C 30 22 28 24 18 28 20

Cefalexin CN 30 22 22 24 20 28 22

Isepamicin IP 30 30 10 24 24 24 12

Amikacin AK 30 26 22 18 20 22 18

Polymyxin-B pB 300 18 16 18 12 18 14

Neomycin N 30 24 20 20 22 26 20

Bacitracin B 10 20 16 16 8 12 10

AR-S4 B. megaterium, CDM3-1 and CDM4-3c B. flexus, Csm1-1a and HN-S1 B. licheniformis, HR-S1 B. subtilis

The concentrations of antibiotics are according to the CLSI standard as provided on octadics (HiMedia Pvt., Ltd., Bangalore)
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H+-ATPase assay

In order to evaluate the acid tolerance of Bacillus isolates,
membrane ATPase activity was studied. H+-ATPase activity
was found to increase by more than 2-fold under acidic pH
(2.0). Similarly, Miwa et al. (1997) reported that acid-
intolerant bacteria contain less H+-ATPase and have less ca-
pacity to enhance its activity in response to low pH. In general,
it is known that when internal pH reaches a threshold value,
cellular functions are inhibited and the cells die. In such a
situation, FoF1-ATPase is the mechanism used by Gram-
positive organisms to protect themselves against acidic stress.
H+-ATPase pumps H+ out of cells at the expense of ATP
hydrolysis. Miwa et al. (1997) confirmed that acid-tolerant
cellulolytic bacteria contain 4- to 5-fold more H+-ATPase than
those of acid-intolerant bacteria. FoF1-ATPase generates a
proton motive force, via proton expulsion, resulting in an
increase of intracellular pH (Fortier et al. 2003). The FoF1-
ATPase was upregulated as a result of acid stress in lactobacilli
(Kullen and Klaenhammer 1999). Further, O’Sullivan and
Condon (1999) indicated that when the internal pH was
changed by modifying the pH of medium, the level of H+-
ATPase changed and the ability of cells to export protons was
balanced with the need to support the growth rate. They
suggested that H+-ATPase is acid-tolerant response protein
that probably plays a role in the ability of lactococcal cells to
survive in acid environment.

Cellular fatty acid response to change in pH

Considering the importance of cellular fatty acids in regula-
tion of membrane fluidity in response to environmental stress,
the fatty acid profile of present isolates were analyzed on
exposure to varying pH (7, 4, 3, and 2). As compared to
pH 7, concentration of even-numbered fatty acids (C16 and
C18) was found to be higher (29–56%) at pH 3, whereas odd-
numbered fatty acids (C15 and C17) accounted only 0.7–
5.6 %. Monounsaturated fatty acid (C18.1) enhanced in all
the isolates under acidic condition. Similar observation has
been made in Streptococcus mutants and Lactobacillus casei
(Fozo et al. 2004).Correspondingly, Petrackova et al. (2010)
described increased C14 and C16 at an expense of re-
duced C15 and C17 in B. subtilis when exposed to pH 5.
In L. monocytogenes, it has been reported that straight-
chain fatty acid was higher (C14:0 and C16:0) at pH 5.5
and the level of C18:0 reduced (van Schaik et al. 1999).
Similarly, increase in C16 has been observed in E. coli
(Yuk and Marshall 2004). As suggested by Giotis et al.
(2007), this consistent change or balance in the mem-
brane fatty acids could be critical in pH adaptation of
present isolates. These results substantiate the survival
ability of isolates under gastric pH.

Cell hydrophobicity, autoaggregation, and mucin binding
ability of Bacillus isolates

Bacterial adhesion is an important criterion of probiotics that
determine the colonization capability of a microorganism in
the GIT preventing their immediate elimination by peristalsis
as well as provide competitive advantage by preventing
pathogens by specific blockage on cell receptors (Otero
et al. 2004). In vitro models like cell hydrophobicity,
autoaggregation, and mucin adhesion are considered vital in
selecting probiotic candidates and are primary tool for the
study of surface adhesion (Patel et al. 2009). Accordingly,
the present isolates exhibited good cell hydrophobicity toward
xylene, toluene, and hexadecane. Patel et al. (2009) reports 6–
62% hydrophobocity to xylene and 32.58 % autoaggregation.
Thirabunyanona and Thongwittaya (2012) analyzed adhesion
of Bacillus sp. isolated from chicken intestine and accounted
17–57 % (n-hexadecane), 31–62 % (xylene), and 29–59 %
(toluene) hydrophobicity. Nithya and Halami (2013) exam-
ined Bacillus isolates having 10–80 % adhesion to
hexadecane. Further, adhesion capability of Bacillus isolates
was analyzed by mucin binding ability. Mucins are a family of
high molecular weight, heavily glycosylated proteins pro-
duced by epithelial cells that form viscoelastic gel-like layer
over epithelial surfaces in the mammalian GIT. Overall study
indicates Csm1-1a (B. licheniformis MCC2514) had maxi-
mum adhesion ability. Cell hydrophobicity plays an important
role in specific and non-specific factors that enable a micro-
organism to bind and persist in the host gut (Prakash et al.
1997). Cellular aggregation helps in transient colonization as
well as provides a protective shield to the host system due to
formation of a bacterial biofilm over the host tissue. Del Re
et al. (2000) have also reported that strains were able to adhere
to cell monolayers if they autoaggregate and manifest a good
degree of hydrophobicity to hydrocarbons. Hence, the poten-
tial hydrophobicity, autoaggregation, and mucin binding abil-
ity observed in the current study explain the possible adhesion
of the present isolates to GIT and their probiotic nature.

Functional properties of Bacillus isolates

All the selected isolates showed antimicrobial activity against
various pathogens tested, indicating their potential application
as biopreservative agents. Enzyme study revealed a variation
in the production of enzymes among different isolates. This
indicates that the combination among Bacillus strains produc-
ing different extracellular enzymes may generate a synergistic
mediated improvement of the production performance and
nutrient digestibility in host animals. Further, the antioxidant
activity suggest their possible application in scavenge the free
radicals by donating hydrogen ion which in turn helps in
protecting the body from degenerative diseases.
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In conclusion, the present research data highlights the safer
probiotic isolates with supporting pieces of evidence for au-
thentic identity, survival efficiency, and functional attributes.
All the selected Bacillus sp. demonstrated tolerance to acidic
pH as analyzed by cell growth, H+-ATPase activity, and
modification in cellular fatty acids. On the basis of the present
investigation, the in vitro models tested suggested Bacillus sp.
as a possible candidate with probiotic phenotype and will lead
to their application in various functional foods for potential
health claim.
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