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ARTICLE

Impact of a Gastrointestinal Stable Probiotic Supplement
Bacillus coagulans LBSC on Human Gut
Microbiome Modulation

Chiranjit Maity, PhD , Anil Kumar Gupta, PhD, Dina B. Saroj, PhD, Atul Biyani,
MSc, Pratik Bagkar, MSc, Jayshree Kulkarni, PhD, and Yogini Dixit, PhD

Advanced Enzyme Technologies Ltd, Thane, Maharashtra, India

ABSTRACT
Bacillus coagulans LBSC showed stability in acidic pH, bile and simu-
lated human gastrointenstinal juices. Under static gut model, when
passed through oral, gastric and intestinal phases, B. coagulans LBSC
was found to be stable as free viable spores and also with various
foods such as milk and baby foods, as well as American and
European diets. In human studies, modulation of gut microbiota by
B. coagulans LBSC was comprehended by whole genome metage-
nome analysis of fecal samples obtained from pre- and post-treat-
ment of irritable bowel syndrome (IBS) patients. B. coagulans LBSC
treatment showed positive modulation in gut microbiota, especially
up regulation of phyla such as Actinobacteria and Firmicutes, whereas
down regulation of Bacteroids, Proteobacteria, Streptophyta and
Verrucomicrobia. Simultaneously, it has altered various microbiota
associated metabolic pathways to create the normalcy of gut
microenvironment.
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Key points

� B. coagulans LBSC is a probiotic supplement
� It is resistant to acid and bile and stable in simulated human GI juices
� It is stable in orogastrointestinal phases as free spores or with various diets
� It can modulate gut microbiota and microbiota associated metabolic pathways
� It increased microbial alpha and beta diversity

Introduction

Lactic acid bacteria (LAB) have been associated with food fermentation since ancient
times and linked to nutritional and health benefits in human (Masood et al. 2011).
Examples of such benefits include augmenting nutritional values of foods (Touret et al.
2018), control of pathogens (Agarussi et al. 2019), improved lactose metabolism (Oak
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and Jha 2019), control of various gastrointestinal ailments and cancers (Zhong et al.
2014), control of hypercholesterolemia and obesity (Gilliland 1990, Sun et al. 2018).
Among all, B. coagulans strains are the most studied LAB conferring various human
health benefits (Keller et al. 2010; Konuray and Erginkaya 2018). Sporogenous B. coagu-
lans is stable in gastric acid, hepatic bile and digestive enzymes of gastrointestine (Alli
et al. 2011; Rhee et al. 2011). LAB produces lactic acid as primary metabolic product,
reproduces vegetatively, is acid tolerant and mostly Gram-positive in nature (Teusink
and Molenaar 2017). LAB represent a heterogeneous group of genus, e.g. Lactobacillus,
Bifidobacterium, Lactococcus, Leuconostoc, Oenococcus, Pediococcus and Streptococcus
(Cui et al. 2015). Several strains of Bacillus coagulans, Bacillus subtilis and Bacillus cer-
eus share common metabolic features, though they are physiologically distinct from
LAB (Ohara and Yahata 1996). Lactic acid producing strains of Bacillus species are
sporogenous and industrially more favorable as they are stable over a range of physico-
chemical stresses.
Evolutionarily, LAB are associated with gut and food microbiome; they are alloch-

thonous flora in mucosal microenvironment of gastrointestinal (GI) tract and indigen-
ous autochthonous flora in various plant and animal-based food habitats (Walter 2008;
Srikumar and Fanning 2018). Gut microbiome is a systematically complex and metabol-
ically active environment and its vast impact on health has been elucidated recently
through the development of modern culture-independent molecular techniques includ-
ing next-generation sequencing (i.e. second and third generation sequencing tools).
Nanopore long read sequencing is considered as a next generation sequencing (NGS)
tool which has expanded our understanding on complex microbiome and is inevitably
able to assemble the complete circular genome from a pool of metagenome (Moss et al.
2020). Recent meta-omics approaches have enormously expanded our understanding
toward the microbiome structure and provided important insights on functional aspects
related to hosts health and diseases (Ranjan et al. 2016; Dominguez-Bello et al. 2019;
Robertson et al. 2019).
Microbiota helps in many aspects of human health comprising gut, brain and

immune functions. Compositions of microbiota are highly dynamic and influenced by
certain external and internal factors (Bull and Plummer 2014). A low or atypical micro-
bial diversity is associated with many gastrointestinal illnesses including irritable bowel
syndrome (IBS) (Ley et al. 2006; Turnbaugh et al. 2006; Sekirov et al. 2010; Wang et al.
2017). The critical roles of traditional and empirical probiotics in modulating and main-
taining the gut microbiota compositions in healthy as well as not healthy individuals
were extensively demonstrated. In a recent study on rats with nonalcoholic fatty liver
disease (NAFLD), a probiotics compound is reported to increase the abundance of
ruminococcus while a decrease in veillonella and other Gram-positive bacteria was
observed (Liang et al. 2019). In another study, a probiotic blend (Lactobacillus rhamno-
sus, L. acidophilus and Bifidobacterium bifidum; 1.8� 109CFU) increased the prevalence
of Firmicutes and Actinobacteria, but decreased the occurrence of Bacteroidetes in a pre-
diabetic (TIID) mice model (Bagarolli et al. 2017). Some typical probiotic strain of L.
casei, L. rhamnosus, E. faecalis and Bacteriods species are reported for degrading glyco-
saminoglycans (heparin) in human gut microbiota (Kawai et al. 2018). Besides, modula-
tion of microbiota has been linked with several key mechanisms of probiotics actions,
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such as immune and metabolic homeostasis, increasing leak resistance and improving
gut barrier functions, reduction of lipopolysaccharides (LPS), suppressing pathogens,
increasing the short chain fatty acids (SCFAs), etc. Spore preparations of Bacillus probi-
otics have been seen to abolish the colonization of pathogenic S. aureus by fengycin
dependent quorum quenching in rural Thai population (Piewngam et al. 2018).
Comprehensive information on impact of probiotic Bacillus coagulans on change of
microbiome is lacking. The fundamental property of an empirical probiotic includes
some characteristics, such as the stability in acid ambient and resistance to bile, as well
as positive impact on gut microbiome modulation. Genome wide safety of B. coagulans
LBSC [DSM17654] (Saroj and Gupta 2020) and its clinical safety and efficacy through
interventional human clinical trials (Phase II) (Maity and Gupta 2019) have been
reported previously. Present communication describes the in vitro stability of B. coagu-
lans LBSC under simulated gastrointestinal (GI) conditions and its ability of in vivo
modulation of gut microbiome in human host [in reference to the gastrointestinal dis-
order, irritable bowel syndrome (IBS)].

Materials and methods

Phenotypic characterization of Bacillus coagulans LBSC

B. coagulans LBSC was obtained from the internal culture collection of Advanced
Enzyme Technologies ltd., Maharashtra, India. The culture was earlier identified follow-
ing molecular techniques (e.g. 16S rRNA and GyrB gene analyses) (Saroj and Gupta
2020) and the safety and efficacy of the strain is described (Maity and Gupta 2019). An
isolated and axenic colony of B. coagulans LBSC was inoculated into 100mL of sterile
Brain Heart Infusion (BHI) broth (HiMedia, India) and grown aerobically at 37 �C over-
night (for less than 12 h) under shaking conditions (100 rpm). A range of biochemical
tests along with sugar fermentation profile (Table S5) was done following standard
microbiological methods (Harley and Prescott 2002). Test results of B. coagulans LBSC
were compared with results of reference strain, B. coagulans ATCC7050 given in
Bergey’s Manual of Systematics of Archaea and Bacteria (Logan and Vos 2015).

Resistance of B. coagulans LBSC to acid and bile and viable activity enumeration

B. coagulans LBSC spore suspension was prepared by adding 1.00 g of a spore prepar-
ation (500� 109 CFU/gm) to 100mL of sterilized milliQ water and the activity was
adjusted to 50� 108 CFU/mL. One mL of this spore suspension was aseptically trans-
ferred to 99mL of pH adjusted (pH 1.5, 2.5, 3.0, 5.0 & 7.0) and sterilized milliQ water
to get the final count 50� 106 CFU/mL. In an another set, the aliquots of spore suspen-
sion having 50� 106 CFU/mL, were supplemented with the calculated amount of bile
salt to get a final concentration 0.01, 0.1, 0.2, 0.3, 0.5, 0.7, and 1.0%, w/v. The spore sus-
pensions were incubated at 37 �C for 5 hrs. Samples were withdrawn at every hour from
each of the reaction conditions and viable spore count was determined following stand-
ard microbial enumeration procedure using pour plate method (Maity and Gupta
2019). Briefly, 1.00mL of withdrawn samples was suspended in tween peptone water
[compositions, % (w/v): protease peptone 1.00, sodium chloride 0.50, disodium
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phosphate 0.35, monosodium phosphate 0.15, tween-80 0.20] and serially diluted. The
diluted samples were given heat shock in an isotherm water bath for 30min at 75 �C,
followed by immediate cooling to below 45 �C. One mL of heat-treated spore suspen-
sion was dispensed in petriplate and presterilized molten GYE agar (M963, HiMedia,
Mumbai, India) was added to the plates. Medium was allowed to solidify, plates
inverted and incubated at 37 �C for 48–72 h. Viable spore activity was expressed in col-
ony forming units per mL (CFU/mL) by taking the average mean of three independ-
ent analyses.

In vitro stability of B. coagulans LBSC in simulated juices

Stability of B. coagulans LBSC was studied by growing the spore suspension in different
simulated juices, such as simulated saliva (SS) juice, fasting simulated gastric (FaSG)
juice, fed-state simulated gastric (FeSG) juice, simulated intestinal (SI) fluid and simu-
lated colonic (SC) fluid [compositions per 100mL, SS -NaCl 0.8 g, KH2PO4 0.019 g and
Na2HPO4 0.238 g, pH 6.8; FaSG - sodium taurocholate 0.0043 g, soya lecithin (30%)
0.00428 g, pepsin (1:1000) 0.01 g, NaCl 0.199 g and pH 1.6; FeSG -NaCl 1.385 g, acetic
acid 0.103 g, sodium acetate 2.441 g, pasteurized milk 50mL and pH 5.0; SI - sodium
taurocholate 0.515 g, lecithin (30%) 0.193 g, maleic acid 0.332 g, NaOH 0.21 g, NaCl
0.848 g, glycerol 0.108 g, sodium oleate 1.21 g and pH 6.5; SC - KCl 0.02 g, NaCl 0.8 g,
KH2PO4 0.024 g, Na2HPO4 0.144 g and pH 7.0 (Marques et al. 2011)]. One hundred mL
of simulated juices were inoculated with B. coagulans LBSC with adjusted viable activity
1� 109 CFU/mL, mixed thoroughly and a sample was withdrawn immediately to ana-
lyze spores count at zero time. Inoculated flasks were incubated on a shaker at 37 �C at
50 rpm speed. Samples were withdrawn at 30min interval up to 180min. Control sam-
ples were collected from respective simulated juices and analyzed simultaneously.
Samples were analyzed for total viable count following standard microbial enumeration
procedure using pour plate method as described in previous section.

In vitro stability of B. coagulans LBSC in static gut model conditions

In vitro stability of B. coagulans LBSC was examined in static gut model as free endo-
spores well as with different diets. Two hundred mg of B. coagulans LBSC (1� 109

CFU/mL) was aseptically added in to 100mL of distilled water (free endospores, FES),
pasteurized milk (PM), powdered baby food (PBF), standard American diet (SAD) and
standard European diet (SED) (Table S1 and Table S2). Five mL of B. coagulans LBSC
supplemented diet was used for simulated static gut model experiment. Simulation of
in vitro GI digestion was carried out as per standard harmonized procedure based on
an international consensus developed by the COST INFOGEST network (Brodkorb
et al. 2019). Different electrolytes solutions were prepared (Table S3) and used for prep-
aration of oral (SSF), gastric (SGF) and intestinal (SIF) master mix (Table S4). Each
experiment was carried out with freshly prepared digestion fluid mixed with enzyme
solutions, bile and pH adjusted to the respective values at 37 �C under aseptic condi-
tions. Diets supplemented with B. coagulans LBSC was sequentially exposed (at 50 rpm,
37 �C) to equal volume of simulated salivary fluid (oral phase 2min, pH 7.0) followed
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by simulated gastric fluid (gastric phase 2 h, pH 3.0) and simulated intestinal fluid
(intestinal phase 2 h, pH 7.0). Samples (1.0mL) were removed from reaction flasks fol-
lowing respective gastrointestinal transit time and viable activity was analyzed by stand-
ard pour plate method.

Modulation of gut microbiome on supplementation of B. coagulans LBSC

The modulation of gut microbiome by B. coagulans LBSC was studied in human hosts
with the symptoms of irritable bowel syndrome (IBS, following Rome IV criteria).
Human study was commenced after obtaining ethical approval from People Tree
Hospitals Clinical Research Center and Sri Venkateshwara Hospital, Bangalore, India
(Table S5). Male and females (18–65 years) with diagnosis of IBS were recruited in the
trial. Inclusion criteria comprised IBS symptoms in association with abdominal discom-
fort such as mild pain, cramping, bloating, altered bowel habit indicated by frequent
diarrhea or constipation and functional dyspepsia for inclusion; and details of exclusion
criteria are presented in Table S5. The human hosts were given a dose of 2� 109 CFU
thrice a day for 80 days. Human fecal samples, before and after 80 days treatments with
B. coagulans LBSC were collected (n¼ 05) (Figure 1A). Samples were immediately
stored in RNAlaterTM stabilization solution at �80 �C.
Samples were thawed before DNA extraction performed using modified Qiagen

DNesay Blood and Tissue kit with RNase treatment (Qiagen, India). DNA was quanti-
fied using Nanodrop (ThermoFisher, USA) and Qubit Fluorometer (ThermoFisher,
USA) and integrity checked using agarose gel electrophoresis. For library preparation,
DNA (post-treatment samples) was end-repaired (NEBnext ultra II end repair kit, New
England Biolabs, MA, USA), cleaned up with 1x AmPure beads (Beckmann Coulter,
USA). Further, DNA obtained from pretreatment samples was native barcoded [NB01,
5’CACAAAGACACCGACAACTTTCTT3’] and prepared with ligation NEB blunt/TA
ligase (New England Biolabs, MA, USA) using NBD104 (ONT) and cleaned with 1x
AmPure beads. Qubit quantified barcode ligated DNA samples were pooled at equimo-
lar concentration. Both the DNA samples were processed for adapter ligation using
NEBnext Quick Ligation Module (New England Biolabs, MA, USA) (Saroj and Gupta
2020). Library mix was cleaned up using 0.4X AmPure beads (Beckmann Coulter, USA)
and afterwards sequencing library was eluted in 15 ml of elution buffer and used for

Table 1. Barcodes used for sequencing of different pre- and post-treatment samples. Pretreatment
samples were obtained from IBS patients before administering B. coagulans LBSC, whereas, post-
treatment samples were obtained from same patients after treatment with probiotic B. coagulans
LBSC. First fraction of eluted genomic DNA is used for all the samples.
Sample(s) Sample(s) Barcode name Barcode sequences

Pre_AB Pre_AB BC10 AAGCGTTGAAACCTTTGTCCTCTC
Pre_BHM Pre_BHM BC11 GTTTCATCTATCGGAGGGAATGGA
Pre_GCG Pre_GCG BC12 CAGGTAGAAAGAAGCAGAATCGGA
Pre_TSS Pre_TSS BC13 AGAACGACTTCCATACTCGTGTGA
Pre_NDS Pre_NDS NB01 CACAAAGACACCGACAACTTTCTT
Post_AB Post_AB BC14 AACGAGTCTCTTGGGACCCATAGA
Post_BHM Post _BHM BC17 ACCCTCCAGGAAAGTACCTCTGAT
Post_GCG Post _GCG BC15 AGGTCTACCTCGCTAACACCACTG
Post_TSS Post _TSS BC16 CGTCAACTGACAGTGGTTCGTACT
Post_NDS Post _NDS NA Not barcoded
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sequencing (Figure 1B). Whole genome metagenome library was prepared by using
native barcoding kit (EXP-NBD104) and ligation sequencing kit (SQK-LSK109) from
Oxford Nanopore Technology (Table 1). Sequencing was performed on GridION X5
(Oxford Nanopore Technologies, Oxford, UK) using SpotON flow cell R9.4 (FLO-
MIN106) on MinKNOW v19.05.1.
Reads were generated from the sequencing libraries. Nanopore raw reads (‘fast5’ for-

mat) were basecalled (‘fastq’ format) using Guppy v3.0.3 and Albacore V2. Base-called
reads were utilized for pre-processing step, reads were compared against NR database;
diamond BLASTX alignments were converted to MEGAN readable file. MEGAN proc-
essed results were searched against known sequences and assigned a taxon ID to each
sequence based on the NCBI taxonomy. Graphical and statistical analyses were per-
formed on MEGAN GUI. Reads were further used for MEGAN interactive mode ana-
lysis and read abundance values from phylum to species were estimated (Huson et al.
2007; Buchfink et al. 2015). Sequence reads were further analyzed to understand
molecular functions and metabolic pathways through gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway (KEGG orthology) analysis.
Functional annotations of sequence reads were performed in MEGAN-LR, which
matched each read to a reference sequence and reported numbers of best hit as relative
read counts.
The impact of B. coagulans LBSC on human gut microbiota with reference to IBS

subjects is registered as BioProject (ID: PRJNA608807) in NCBI database. The
BioProject contained human fecal metagenome data of total ten BioSample comprising
five pretreatment (Accession No.: SAMN14209466, SAMN14209465, SAMN14209464,
SAMN14209463 and SAMN14209462) and five post-treatment (Accession No.:
SAMN14209471, SAMN14209470, SAMN14209469, SAMN14209468 and
SAMN14209467) samples to B. coagulans LBSC.

Figure 1. Schematic study diagram of human fecal samples collected from patients (n¼ 5) suffered
from irritable bowel syndrome (IBS) and treated with Bacillus coagulans LBSC (A) and overview of
library preparation method and study flow (B).
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Statistical data analysis

Viable activity of B. coagulans LBSC was expressed as log10 CFU/mL and was the aver-
age of three repeated measurement of three independent replicated experiments from
three individual batch samples. Significant differences between activity means were cal-
culated at p< 0.05 using single factor one-way analysis of variance (ANOVA) followed
by Tukey’s HSD test. Microbiota diversity statistics, e.g. alpha and beta diversity were
analyzed on Vegan package in R.

Results

Confirmation of phenotypic characterization

Phenotypic characteristics of B. coagulans LBSC were confirmed through a series of bio-
chemical tests and showed similar characteristics and sugar fermentation profile with B.
coagulans ATCC7050. B. coagulans LBSC was found to be a Gram-positive, catalase and

Figure 2. In vitro gastrointestinal (GI) stability of Bacillus coagulans LBSC. Viable activity is expressed
as log10 CFU/ml ± SD (p< 0.050). Acid resistance of B. coagulans LBSC was examined at different pH
(1.5, 2.5, 3.0, 5.0 and 7.0) and time duration [Control (0 h), 1, 2, 3, 4 and 5 h] (A). Bile (oxgall) stability
of B. coagulans LBSC examined at different bile concentration (0.01, 0.10, 0.30, 0.50, 0.70 and 1.00%)
and time duration [Control (0 h), 1, 2, 3, 4 and 5 h] (B). Stability of B. coagulans LBSC in different
simulated human gastrointestinal juices (SHGJ) like simulated saliva (SS), fasting simulated gastric juice
(FaSG), fed-state simulated gastric juice (FeSG), simulated intestinal fluid (SI) and simulated colonic
fluid (SC) (C). In vitro orogastrointestinal stability of B. coagulans LBSC through a static simulated gut
model. Different diets in combination with B. coagulans LBSC, e.g. free endospores (FES, �), pastur-
ized milk (PM, �), powdered baby food (PBF, �), standard American diet (SAD, �) and standard
European diet (SED, �) were tested (D).
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oxidase positive, acid and bile tolerant, nonhemolytic and nonlecithinase strain. The
strain is sporogenous in nature and able to produce L(þ) lactic acid as confirmed by
chromogenic Uffelmann reaction (Table S6).

Resistance to acid and bile

B. coagulans LBSC spore preparation was evaluated for in vitro stability within a range
of mild and strong conditions of gastric acidity (Figure 2A) and intestinal bile (Figure
2B). No significant viability loss was observed compared to initial count (7.40 log10
CFU/mL) at all pH and experimental durations (p> 0.05) except, a significant down-
shift (1.14 folds) at pH 1.5 after 5 h of exposure (p< 0.001, F¼ 80.25) (Figure 2A).
Correspondingly, B. coagulans LBSC remained viable compared to basal activity (7.35
log10 CFU/mL) in all tested bile concentrations (0.01–1.00%) for up to 5 h of transit
time (Figure 2B).

Stability of B. coagulans LBSC in simulated human gastrointestinal juices (SHGJ)

B. coagulans LBSC remained viable in simulated human gastrointestinal juices like saliva
(SS; p¼ 0.66, F¼ 0.86), fed-state gastric (FeSG; p¼ 0.54, F¼ 0.92), intestinal (SI;
p¼ 0.45, F¼ 1.06) and colonic (SC; p¼ 0.94, F¼ 1.57) fluid throughout the compart-
ment specific GI transit time (240min). A significant reduction in viability of B. coagu-
lans LBSC was noted in fasting simulated gastric juice (FaSG; 0.46 log cycle; 5.08%) on
60min (p< 0.05, F¼ 820.49) and afterwards the viable activity (0.69 log cycle; 7.62%)
was maintained stably during stomach transit time (90min) (Figure 2C).

Static gut model stability of B. coagulans LBSC

Static gut model study demonstrated the stability of B. coagulans LBSC in three orogas-
trointestinal phases, e.g. oral (0–2min), gastric (60–120min) and intestinal
(180–240min) under different diets such as pasteurized milk (PM; R2 ¼ 0.936, p¼ 0.14,
F¼ 2.24), powdered baby food (PBF; R2 ¼ 0.923, p¼ 0.87, F¼ 1.96), standard American
diet (SAD; R2 ¼ 0.877, p¼ 0.07, F¼ 10.88) and standard European diet (SED;
R2¼0.902, p¼ 0.69, F¼ 2.31) (Figure 2D). Free endospores (FES) of B. coagulans LBSC
were significantly stable in saliva (p¼ 0.99) however, lost viability marginally in gastric
phase (FES; R2 ¼ 0.793, p< 0.001, F¼ 616.14) (0.46 log10 CFU/mL), thereafter viability
was maintained in subsequent intestinal digestion phases. B. coagulans LBSC was stable
throughout the orogastrointetinal phases when supplemented with different standard
diets (Table S1).

Modulation of human gut microbiome on B. coagulans LBSC administration

Microbiome modulation was studied by analyzing the microbial diversity in fecal sam-
ples obtained before and after the B. coagulans LBSC treatment of irritable bowel syn-
drome (IBS) patients (n¼ 5) (Table S7). IBS patients were treated with B. coagulans
LBSC (six billion CFU/day) for 80 days, following the study plan mentioned in Figure
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1A. Fecal samples obtained from the double arm, double blind, randomized, multicen-
ter, placebo-controlled clinical trial before initiating the treatment and after completing
the treatment, were used for analysis.

Modulation of gut microbiota at phylum-level and changes in diversity
The long-read whole genome metagenome analysis of fecal samples from IBS patients
(before treatment) revealed the occurrence of major phyla, such as Bacteroids and
Proteobacteria. The occurrence of phyla such as Actinobacteria and Firmicutes was
increased after 80 days of treatment with B. coagulans LBSC (Figure 3). Ratio of three
major phyla, i.e. Bacteroids, Actinobacteria and Firmicutes in pre- and post-treatment
samples was notably modified such as Bacteroids:Firmicutes, 0.79:0.20;
Actinobacteria:Bacteroids, 0.16:1.26; Bacteroids:Proteobacteria, 17.26:26.34 and
Firmicutes:Actinobacteria, 7.75:3.92. The alpha-diversity of altered fecal microbiota
(Shannon’s index) (3.627 ± 0.136) was higher in post-B. coagulans LBSC treatment in
IBS patients compared to before treatment (3.497 ± 0.216) (Figure 4A). Similarly, micro-
biota changes amongst the groups were significant as visualized by heat map presenta-
tion of beta-diversity index. It showed distinct clusters of fecal microbiota after the
treatment of B. coagulans LBSC (Post_BHH, Post_AB and Post_GCG) compared to the
pretreatment samples (Pre_BHH, Pre_AB and Pre_GCG) in IBS patients (Figure 4B).
The cluster distance was small between before and after B. coagulans LBSC treatment in
NDS and TSS subjects (p< 0.0001).

Microbiota change at family-level
As revealed from relative metagenomic read counts, subjects with IBS were imprinted
with a microbial ‘dysbiosis’, comprised with increased abundance of microbial families
such as Prevotellaceae, Enterobacteriaceae, Streptococcaceae, Enterococcaceae,
Coriobacteriaceae, Veillonellaceae, Chlamydiaceae, Nocardioidaceae, Bacteroidaceae,
Lachnospiraceae, Erysipelotrichaceae, Lactobacillaceae, Tannerellaceae and
Oscillospiraceae. Contrarily, Ruminococcaceae, Eubacteriaceae, Bifidobacteriaceae,

Figure 3. Tree dendogram of abundant phylum in fecal samples from irritable bowel syndrome (IBS)
patients of pretreatment (before) and post-treatment (after) with probiotic B. coagulans LBSC.

JOURNAL OF DIETARY SUPPLEMENTS 9



Eggerthellaceae and Peptostreptococcaceae were reduced in the microbiome of IBS sub-
jects (Figure 5). After B. coagulans LBSC treatment, many of microbial family were
reversed to the healthy composition in IBS patients upon recovery.

Modulation of microbiota at species-level
Among predominant families, several species were found to be abundant in IBS patients
such as Prevotella copri, Chlamydia trachomatis, Prevotella massiliatimonensis,

Figure 4. Changes in microbial diversity of fecal microbiome in pre- and post-treatment samples of
IBS patients; alpha diversity using Shannon’s diversity index (H) (A) and beta diversity in heat-map
plot (B). Pre- and post-treatment samples are prefixed followed by the subject codes.

Figure 5. Comparative heat-map representation showing the changes in abundant fecal microbiota at
family level in pretreatment and post-treatment of irritable bowel syndrome (IBS) patients with B.
coagulans LBSC. Pre- and post-treatment samples are prefixed followed by the subject codes.
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Catenibacterium mitsuokai, Escherichia coli, Enterococcus hirae, Streptococcus agalactiae,
Lactobacillus delbrueckii, Lactobacillus mucosae, Streptococcus equinus, Streptococcus pyo-
genes, Streptococcus salivarius, Streptococcus suis, Holdemanella biformis, Collinsella aero-
faciens, Streptococcus infantarius, Cronobacter sakazakii, Enterobacter cloacae,
Enterococcus italicus and Enterobacter hormaechei.
Gut microbiota of B. coagulans LBSC treated IBS patients was elevated by

Faecalibacterium prausnitzii, Eubacterium sp. CAG:180, Akkermansia muciniphila,
Bifidobacterium longum, Bifidobacterium adolescentis, Ruminococcus sp. CAG:403,
Bifidobacterium breve, Bifidobacterium pseudocatenulatum, Ruminococcus flavefaciens,
Lactococcus lactis, Ruminococcus callidus, Lactobacillus ruminis, Ruminococcus albus,

Figure 6. Microbiota induced changes in molecular functions as elucidated by gene functions studied
by gene ontology (GO) (A) and KEGG orthology (KO) (B) analysis. Functional annotations of sequence
reads were performed in MEGAN-LR, which matched each read to a reference sequence and reported
numbers of best hit as relative read counts. Comparison of molecular functions (metabolic pathways
classifications) were done before (pre-) and after (post-) treatment of with B. coagulans LBSC in irrit-
able bowel syndrome (IBS) patients (05).
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Ruminococcus bicirculans, Fusicatenibacter saccharivorans, Coprococcus catus, Bacteroides
dorei, Ruminococcus torques, Gemmiger formicilis, Bifidobacterium kashiwanohense,
Lachnoclostridium, Roseburia faecis, Paraprevotella clara CAG:116, Barnesiella intestini-
hominis, Blautia obeum, Paraprevotella xylaniphila, Roseburia inulinivorans,
Anaeromassilibacillus sp., Blautia wexlerae, Fusicatenibacter saccharivorans, Bacteroides
thetaiotaomicron, Bacteroides xylanisolvens, Bacteroides fragilis, Bacteroides uniformis,
Bacteroides eggerthii, Eubacterium rectale, Eubacterium ventriosum, Bacteroides caccae
and Barnesiella intestinihominis. Concomitantly, species such as Megamonas hyperme-
gale, Bacteroides coprophilus, Bacteroides stercoris, Prevotella copri, Holdemanella bifor-
mis, Escherichia coli, Collinsella aerofaciens, Enterococcus hirae and Trichuris trichiura
were decreased significantly (p< 0.01) along with other less abundant species (unpub-
lished data).

Influence of B. coagulans LBSC on gene ontology and KEGG metabolic pathway.
Modulation of gut microbiota positively influenced major gene ontology metabolic path-
ways, e.g. molecular function, biological processes and metabolism of cellular compo-
nents (Figure 6A). Several metabolic functions such as biosynthetic process, ion
transport, enzymes activity e.g. activity of ATPase, kinase, aminoacyl-tRNA ligase, trans-
ferase, helicase, Cyt-c oxidase, DNA and RNA polymerase, nucleotide binding, synthesis
of multi-antimicrobial extrusion protein and transcription regulator were also induced.
The analysis showed improved hydrolyase activity (GO:0016787) and response to stress
(GO:0006950) after B. coagulans LBSC treatment in IBS patients (Figure 6A).
Many KEGG metabolic pathways were influenced in response to B. coagulans LBSC

induced microbiota modulation in IBS patients. Positively induced distinguished meta-
bolic pathways included total metabolism, genetic information processing, environmen-
tal information processing, cellular processes, organismal systems, energy metabolism,
biosynthesis of glycan, polyketides and terpenoids, metabolism of cofactors and vita-
mins, xenobiotics biodegradation and signal transduction (Figure 6B).

Discussion

This study confirmed the phenotypic and biochemical properties of the food-grade pro-
biotic B. coagulans LBSC, in comparison to B. coagulans ATCC7050, while the genome
based identification and a detailed genome based safety of B. coagulans LBSC was
reported previously by Saroj and Gupta (2020) [16S rRNA (GenBank: KX355750.1),
GyrB gene (GenBank: ATW84696.1), whole genome sequence (WGS) (36,35,902 bp,
GenBank: CP022701.1)].
Resistance to bile and low gastric pH is essential for a probiotic to reach into intes-

tine in a viable state and subsequently to confer therapeutic and nutritional impacts
(Hyronimus et al. 2000). B. coagulans LBSC show resistance to acid and bile in in vitro
evaluation, which suggests that the strain can efficiently withstand the passage of gastro-
intestinal tract. Several authors reported sensitivity/resistance of different B. coagulans
strains to acid and bile, which appeared to be strain dependent (Hyronimus et al. 2000;
Sen et al. 2010; Haldar and Gandhi 2016). Underlying mechanism of bile resistant in B.
coagulans strains could be due to bile salt hydrolase (BSH) mediated catabolism of bile
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(Majeed et al. 2019) or presence of bile acid sodium symporter and genes encoding for
cholylglycine hydrolase (Khatri et al. 2016).
Viability of B. coagulans LBSC was studied in simulated human gastrointestinal juices

(SHGJ). Compositionally complex simulated juices comprised mixture of salts, acids,
biles and enzymes (Khatri et al. 2016; Kapse et al. 2019). Spore preparation of B. coagu-
lans LBSC was viable when exposed to different SHGJ. A minor reduction in viability
observed at pH 1.5 could be attributed to gastric acidity causing pre-germination of
Bacillus spores and concomitant inactivation of germination proteins and enzymes
(Issahary et al. 1970; Leser et al. 2008).
Evaluation of in vitro stability of a probiotic in model digestion condition is import-

ant as it mimics continuous in vivo digestion conditions and gastrointestinal transit
time (Brodkorb et al. 2019). Free endospores (FES) of B. coagulans LBSC remained
viable in three orogastrointestinal phases of static digestion model, e.g. oral, gastric and
intestinal condition. Viability of B. coagulans LBSC was unaffected in food matrices
such as pasteurized milk (PM), ready to eat powdered baby food (PBF), standard
American diet (SAD) and standard European diet (SED). Haldar and Gandhi (2020)
reported viability of B. coagulans B37 spores (8.78 log10 CFU/g) in a vacuum dried milk
preparation at 45 �C over three months period. Shinde et al. (2019) reported a consecu-
tive loss (0.64 log10 CFU) of B. coagulans MTCC5856 in gastric and intestinal phases
after oral phase; however, viability loss in different diets was not studied. Survival of
B.coagulans in presence of different diets under simulated model conditions provides
significant insights into the functional behavior of the strain during in vivo gastrointes-
tinal conditions. Complexity of diet due to metabolizable sugars, isotonicity and buffer-
ing activity could be responsible for protection of endospores of B. coagulans from acid
and bile stresses (Corcoran et al. 2005). A low cumulative survivability of B. coagulans
BC30 (40–50% after 240min) was reported in presence of lactose and fructose com-
pared to sugar free conditions in a dynamic in vitro model of the stomach and small
intestine (TIM-1) (Maathuis et al. 2010).
Understanding on gut microbiome has increased tremendously due to technological

advancements such as molecular sequencing and big data analysis (Azad et al. 2018).
Microbial diversity in fecal samples is a direct reflection of gut microbiome as reported
by several research groups (Seekatz et al. 2014; Ezzy et al. 2019; Williams et al. 2019).
Imbalance in gut microbial communities, termed as ‘dysbiosis’, contributes significantly
to the pathophysiology of IBS (Menees and Chey 2018). Consequentially, modulating
the gut microbiota in order to bring it to normalcy can lead to reversal of IBS symp-
toms to some extent. The present study on microbiome modulation was based on the
analyses of microbial diversity in fecal samples obtained before and after B. coagulans
LBSC treatment of IBS patients. This study for the first time demonstrates the influen-
tial impact of a probiotic B. coagulans LBSC on gut microbiota of human host using
high throughput sequencing technology and advanced computational techniques.
UniFrac as an index to measure beta diversity was used to compare species commu-

nity differences between patients before and after treatment with B. coagulans LBSC.
Larger gap in index indicated significant differences between the samples. B. coagulans
LBSC treatment showed significant microbiota modulation as reflected by noticeably
distant clustering patterns between the pre- and post-treatment samples. Results suggest
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that B. coagulans LBSC treatment promisingly reversed gut microbiome ‘dysbiosis’ due
to enhanced microbial diversity and improved pathophysiological symptoms of IBS. On
similar lines, Nagpal et al. (2018) reported considerable gut microbiome modulation in
an in vitro model on post-probiotic intervention with a combination of lactobacilli and
enterococci.
Abundance of Ruminococcaceae and Lachnospiraceae, the butyrate-producing bacterial

groups which are indigenous to healthy gastrointestinal niches, was improved after B.
coagulans LBSC treatment of IBS patients. Many research groups reported that popula-
tion of butyrogenic microbes are inversely associated with diarrhea-predominant IBS
(IBS-D), mixed-type IBS (IBS-M) and undefined IBS (IBS-U) (Farup et al. 2016).
Reduction of Ruminococcaceae and Lachnospiraceae was reported to increase epithelial
permeability, lower integrity in intestinal barrier functions, atypical colonocyte prolifer-
ation and apoptosis, and altered GI-tract motility (Pozuelo et al. 2015; Borycka-Kiciak
et al. 2017).
Reduction of Faecalibacterium has been linked to IBS pathogenesis in numerous

microbiome studies (Pittayanon et al. 2019). This study showed the B. coagulans LBSC
treatment in IBS patients significantly increased the levels of Faecalibacterium and
Bifidobacterium in all the study subjects. Similar to this study, Nyangale et al. (2014,
2015) reported increased population of Faecalibacterium prausnitzii (0.1 log10 CFU/mL)
and Eubacterium rectal (0.2 log10 CFU/mL) post-B. coagulans GBI-30 treatment which
improved the immune- and gut functions. In a separate study, Bacillus coagulans con-
taining probiotic mixture improved bifidobacterial population without changing total
bacterial numbers in a pH-controlled fecal batch culture (Liu et al. 2016). B. coagulans
containing probiotic-diet (109 CFU/day) modulated microbiota by temporary prolifer-
ation of lactic acid bacteria (LAB), total aerobic and total anaerobes and reduction of
Enterobacteriaceae level in rat intestine (Abhari et al. 2015). Largely, B. coagulans LBSC
treatment reversed the IBS-associated microbial flora to normal gut flora favoring
healthy gut homeostasis.
In the present study, B. coagulans LBSC (six billion per day) showed a positive

impact on the diversity and population dynamics of fecal microbiota and various meta-
bolic pathways including core metabolisms among IBS patients. Increase in signaling
molecules, interaction and cell communication indicated rearrangement of functional
microbiota, exclusion of harmful microbes and interspecies cross-talk among the newly
established bacterial communities (Newell and Douglas 2014) due to B. coagulans
LBSC treatment.
Increase in hydrolases activity in terms of bile salt hydrolases and cholylglycine

hydrolase can be correlated with elevated Bifidobacteria population which is known to
possess BSH enzymes and accomplish bile transformation (James et al. 2019; Adhikari
et al. 2020). Increase in metabolism of cofactors and vitamins may be linked to up regu-
lation of phyla such as Actinobacteria and Firmicutes (James et al. 2019). The micro-
biota modulation seen in our study can also be associated with the increased glycan
biosynthesis and metabolism as indicated by KEGG pathway (Koropatkin et al. 2012).
Sommer et al. (2014) reported a correlation between increased abundance of Firmicutes
and reduction in Bacteroidetes with loss of core 1-derived-O-glycan in mice, which cor-
roborated with the results obtained in this study. Fourie et al. (2017) reported decreased
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metabolism of terpenoids and polyketides in stress-induced IBS rats compared to
healthy rats. KO analysis showed the increase in sequence reads associated to metabol-
ism of terpenoids and polyketides indicating improvement after B. coagulans LBSC
intervention in IBS patients. Functional modulation of gut microbiota in the therapeutic
management of a clinical gastrointestinal condition, i.e. irritable bowel syndrome (IBS)
through B. coagulans LBSC is substantiated and is reported for first time.

Conclusion

Findings suggest that Bacillus coagulans LBSC is stable in acid and bile, in static gut
model conditions and with standard diet supplements. B. coagulans LBSC was able to
modulate the gut microbiota and microbiota associated metabolic normalcy in IBS
patients. B. coagulans LBSC can therefore be considered as gastrointestinal stable LAB
probiotic for modulating healthy gut microbiome and maintaining associated meta-
bolic normalcy.
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