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Preface

Bacillus subtilis stands out as a beneficial and health-promoting microorganism with
wide-ranging impacts on humans, animals, and plants, as well as their surrounding
ecosystems, including soil, air, and water. Its versatile properties and functionalities
render it a potential probiotic candidate for the One Health concept, which aims to
reduce the risks of new emerging infectious diseases at the animal-human-ecosystem
interface, antimicrobial resistance development, biodiversity loss, and the increase of
synthetic agricultural inputs. Consequently, B. subtilis is crucial in shaping health,
nutrition, ecology, and the economy worldwide.

This book deals with the most relevant and multiple basic properties, functionalities,
and probiotic power of Bacillus subtilis and the myriad of bioactive extracellular
metabolites it can produce within the context of One Health into three distinct
sections.

Section 1 proposes a biochemical classification of the extracellular metabolites from
B. subtilis and their functionalities that are relevant to One Health applications, while
discussing the safety and regulation aspects (Chapter 1).

Section 2 focuses on the probiotic power of Bacillus subtilis by elucidating the
mechanisms of action and offering insights into its health benefits for humans,
animals, plants, applications and prospects (Chapter 2 and Chapter 3).

Section 3 examines the clinical and therapeutical, agricultural, and environmental
potential applications of Bacillus subtilis by focusing on the antimicrobe, anticancer,
and vaccine carrier (Chapter 4), as well as the biofertilizer, biocontrol, depolluting
activities (Chapter 5) of its peptide and non-peptide active compounds.

The book addresses comprehensive, appropriate, and current information with basic
and applied aspects intended for academic, undergraduate and graduate students,
organizations, industrials, and practitioners.

Dr. Ing. Hary Razafindralambo Ph.D.
Gembloux Agro-Bio Tech,

University of Liege,

Gembloux, Belgium
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Chapter1

Bacillus subtilis: A Promising
Bacterial Candidate for One Health
Applications

Hary Razafindralambo, Vijayaram Seevengaraj
and Holy Rabetafika

Abstract

Bacillus subtilis is widely recognized as a beneficial and safe microbe for both
living species and the environment due to its broad spectrum of bioactive properties.
Used for decades as a probiotic, B. subtilis produces diverse bioactive metabolites with
antimicrobial, antitumor, antioxidant, and immunomodulatory activities. It forms
resilient biofilms, sporulates under stress, promotes plant growth, enhances nutrient
uptake, controls pathogens, and contributes to the bioremediation of environmental
pollutants such as heavy metals and hydrocarbons. Its long-standing use in food
fermentation supports its safety profile and recognition as a safe organism in vari-
ous applications. Consequently, B. subtilis stands out as a promising candidate for
achieving optimal “One Health” outcomes for humans, animals, plants, and their
interconnected ecosystems. This chapter provides a biochemical classification of the
metabolites and derivatives produced by B. subtilis, highlighting their properties and
functions that offer health benefits to both living organisms and the environment.

Keywords: metabolites, probiotics, peptides, enzymes, antimicrobe, nutraceuticals,
safety

1. Introduction

Faced with recent global disease outbreaks such as COVID-19, there has been
a growing adoption of a One Health approach that considers how environmental
changes influence the risks of infectious and chronic diseases for humans, animals,
and plants. Therefore, designing adaptive, forward-looking, and multidisciplinary
solutions to these challenges is necessary, with more preventive actions by addressing
the root causes and drivers of infectious diseases, particularly at the animal-human-
ecosystem interface. One Health approaches, such as reducing synthetic agricultural
inputs and increasing biodiversity, present a global strategic framework to reduce the
risks of new emerging infectious diseases at the animal-human-ecosystem interface.
By focusing on preventive solutions, One Health contributes to better living species
health and a more sustainable environment in the future [1].
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The exploration of beneficial microbes appears to be an interesting route in One
Health initiatives, bridging the realms of human, animal, plant, and environmental health
throughout the world [2]. B. subtilis, a Gram-positive and spore-forming bacterium, is
recognized among these beneficial microbes to the living species and their environment
for its multiple properties and functions, as well as its broad versatility in various sectors
such as medicine, agriculture, and environmental sciences [3]. This bacterial species acts
in promoting health in direct and indirect manners by preventing and treating many dis-
eases in humans and animals by producing and converting organic substrates into a wide
range of bioactive metabolites, including antimicrobial peptides, enzymes, vitamins, exo-
polysaccharides, and volatile organic compounds [4]. It is also capable of forming com-
plex and robust biofilms involved, for instance, in the protection of nerve cells and in long
and healthy human longevity [5]. B. subtilis sporulates and survives in hostile conditions,
high temperature, and acidic environment conditions, while being harmless to bacteria,
making them effective food and feed ingredients [6, 7]. It also promotes plant growth and
controls pathogens and pests responsible for plant diseases and damage [8], helps nutrient
absorption from soil [9], and remediates the environment from toxic compounds [10].
One of its emerging and innovative applications is the capacity to synthesize nanopar-
ticles [11], which have numerous applications [12]. Moreover, B. subtilis has been widely
used as a cell factory for the industrial production of bioactive compounds, owing to a
highly efficient protein secretion system and adaptable metabolism [13]. Consequently, B.
subtilis has many assets to be a suitable bacterial candidate to reach optimal “One Health”
for humans, animals, plants, and the related ecosystem.

This chapter overviews (1) the bioactive metabolites of B. subtilis and their roles in
One Health, (2) the properties and applications of B. subtilis that are relevant to One
Health, and finally (3) the safety and regulation aspects of its applications.

2. Metabolites of B. subtilis and their roles in One Health

B. subtilis has been well-known for the last decades as a producer of a variety of
bioactive compounds, either primary metabolites, which are essential for proper
bacterial growth, or secondary metabolites produced during the stationary phase of
growth. Secondary metabolites are not essential for cell growth but provide competi-
tive or adaptive advantages for both experimental and industrial uses [14]. Bacillus
subtilis offers several technological advantages, such as a rapid growth rate, an ease
of genetic manipulation, and a wealth of accumulated experimental data. It can
serve as a tool for producing bioactive compounds for which the applications cover
agriculture, medicine, biomaterials, and many industrial sectors such as cosmetics,
food, textile, paint, and detergent, and can therefore provide benefits to humans,
animals, plants, and the environment. It is not surprising that B. subtilis is appearing
as a potential candidate for playing a pivotal role in One Health. Bioactive metabolites
from B. subtilis can be classified according to several criteria, among others, their
molecular structures, biosynthetic pathways, or based on their beneficial function-
alities to the host. Chemical structure classification has its importance in terms of
rational design through the structure-activity relationship investigations for search-
ing for the most efficient biological activities or for increasing the knowledge on
bioactive metabolite action mechanisms. According to their biosynthetic pathways, B.
subtilis secondary metabolites can be categorized into non-ribosomal and ribosomal
peptides, polyketides, and hybrid and volatile metabolites, which are further classi-
fied into different subclasses, as reviewed in detail in Ref. [15].
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In this section, a classification based on the chemical structure, biochemical traits
(proteins, carbohydrates, lipids, small organic and inorganic compounds, nanopar-
ticles, and vesicles), and functionalities of the different categories of bioactive
compounds is described. Some of the representative biomolecules for each class are
illustrated in Figure 1.

2.1 Peptides and enzymes

Among the most important bioactive compounds from B. subtilis are those com-
posed of amino acids linked by peptide bonds. These include cyclic and linear lipo-
peptides, peptides, and polypeptides, as well as lytic and quorum quenching enzymes
and amino acids as monomers. Cyclic lipopeptides mainly belong to three families,
surfactins, iturins, and fengycins, which contain 7-10 amino acid residues cyclized
by p-hydroxy or f-amino fatty acid chains with a lactone or amide bond, respectively.
These biomolecules exist in homologous series varying in fatty acid chain length
(12-18 carbon atoms) and configuration (linear, iso, or anteiso) and in isoforms with
various amino acid residues with L and D configurations [16]. For linear lipopeptides,
we can find siderophores (e.g., bacillibactin) [17], gageopeptides from a marine B.
subtilis strain [18], and subtilin, and other peptides such as dihyroisocoumarins, baci-
lysin, chlorotetain, and rhizocticins, which contain two or more amino acid residues,
with or without other compounds in their structure. Polypeptides consist of polymers
containing one amino acid residue, such as poly-y-glutamic acid [19].

Enzymes secreted by B. subtilis can be categorized into lytic enzymes such as
proteases, chitinases, glucanases, and amylases, and those involved in quorum
quenching, that is, those that have the capacity to inactivate the production of signal
or quorum sensing molecules (e.g., N-acyl-homoserine lactones) responsible for the
growth of deleterious microbial pests. These enzymes are, for instance, lactonase,
decarboxylase, acylase, and deaminase [4]. A particular lytic enzyme produced by
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Figure 1.
Chemical structures of representative compounds for each category.
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B. subtilis natto is nattokinase, which is a fibrinolytic serine protease found in Korean
and Japanese foods [20].

Amino acid monomers such as L-Ornithine [21] and L-tryptophane [22] can be
overproduced by B. subtilis strains for use in human health.

2.2 Polyketides

Polyketides (PKs) represent bioactive metabolites with diverse structures that
contain an alternative methylene and carbonyl group [23]. This class of biomolecules
has a multitude of activities encompassing antimicrobial, antitumor, and immu-
nosuppressive effects [4]. Typical PKs produced by B. subtilis are difficidins and
macrolactins, which are macrocyclic polyenes, and bacillaene, which is largely a linear
compound. Difficidins are known for their broad-spectrum antibacterial activities,
whereas macrolactins have activities against methicillin-resistant Staphylococcus
aureus [24], and bacillaene can inhibit various fungi such as Myxococcus xanthus and
Trichoderma spp. [25].

2.3 Carbohydrate-based compounds

B. subtilis produces carbohydrate-based metabolites such as exopolysaccharides
(EPS) and oligosaccharides, which are substrate-dependent production. EPS are
carbohydrate-based biopolymers with multiple structures and functions, which are
excreted either in bound form around the cell surface (capsular EPSs) or in free form
into the medium of cell growth (slime EPSs) [26]. B. subtilis has been reported to
produce EPS (e.g., levan and hyaluronic acid) and prebiotic oligosaccharides such
as fructooligosaccharides [27] and 2'-fucosyllactose [28]. This category of B. subtilis
metabolites can exert anticancer, antioxidant, antibacterial, anti-inflammatory, and
immunomodulatory activities [29].

2.4 Terpenes and terpenoid derivatives

B. subtilis is known for its ability to produce isoprene (C5H8 units), the simple
form of a terpenoid molecule, and other important terpenoid compounds with
particular importance for human and animal health, such as carotenoids, amorphadi-
ene, taxadiene, and menaquinone-7 (MK-7), by means of engineered strains [30].
Terpenoids are mostly lipophilic compounds, considered volatile organic metabolites
with a low boiling point and high vapor pressure, and exist in a diverse structural
class of linear, cyclic, or polycyclic compounds, which generate multiple biological
activities [31].

2.5 Small organic and inorganic compounds (<500 Da)

These bioactive metabolites produced by B. subtilis include volatile organic and
inorganic compounds having a low molecular mass (< 500 Da). One of the most
important categories is represented by organic acids, fatty acids, and derivatives,
and other categories of small organic compounds [4]. The distribution of volatile
secondary metabolites from B. subtilis has been reviewed [32]. The most abundant
volatile secondary metabolites produced by B. subtilis can be classified according to
their functional group as follows: ketones 15%, nitrogen-containing compounds 14%,
hydrocarbons 14%, aromatic compounds 14%, and alcohols 11%.
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Volatile inorganic compounds produced by B. subtilis are mainly gaseous by-
products of primary metabolism, such as carbonated (CO2, CO), hydrogenated (H2),
sulfur (H2S), or nitrogen (N2, NH3, NO)-containing compounds [4]. Particular
attention is addressed to nitric oxide (NO) for its role in human longevity [33].

2.6 Nanoparticles

B. subtilis is also able to synthesize nanoparticles during incubation time after cul-
tivation through metal ion reductases, such as iron oxide, for reducing arsenic toxicity
in rice plants [11] and silver nanoparticles for depolluting water [34].

2.7 Extracellular vesicles

B. subtilis produces extracellular cell-derived membrane-surrounded vesicles
(EVs) carrying bioactive molecules such as proteins and nucleic acids. Their aver-
age sizes range from 20 to 100 nm in diameter. EVs find applications as immuno-
stimulants, adjuvants, or even vaccine vehicles, particularly in the aquaculture
sector [35].

In terms of functionality, these metabolites can play essential roles in One Health
approaches (Figure 2). They contribute to improved health outcomes across humans,
animals, and plants, while also promoting a safer environment, either directly or indi-
rectly. Their multiple activities and functionalities include antimicrobial, antioxidant,
antitumor, immunostimulatory, and anti-inflammatory effects for preventing and
treating various human infections and diseases. Additionally, they enhance nutrient
availability, support plant growth and stress resistance, and aid in the degradation or
immobilization of soil contaminants such as heavy metals and hydrocarbons.

Recognized as probiotics, B. subtilis finds many applications in food and feed as
a supplement ingredient for promoting human and animal health, including both

Amino acids, Immunopeptides Prevention
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Terpenoides Immunity & Vaccine

Treatment Peprides, Enzymes
Antimicrobe PKS
Antitumor Organic acids
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00 enzymes
PKS
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for NPs
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Figure 2.
B. subtilis metabolites in One Health — EPS: Exopolysaccharides; QQ: quorum quenching; PKS: Polyketides; NPs:
Nanoparticles.
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husbandry and aquatic animals [36]. Besides their use as experimental models and
microbial cell factories by humans, the species B. subtilis var. natto is the main func-
tional ingredient for fermented soybean foods such as Japanese natto [37], Korean
cheonggukjang [35], and Chinese douche [38].

For humans and animals, most metabolites from B. subtilis can be used as nutra-
ceuticals, providing both nutritional and pharmaceutical functions, and as therapeu-
tic/antibiotic agents. Bioactive peptides such as cyclic lipopeptides (e.g., surfactin)
are active against microbial infections (virus, bacteria, and fungi), especially against
drug-resistant pathogens and cancer cells, inducing apoptosis and inhibiting tumor
cell migration and invasion [39]. Inmunomodulator peptides can stimulate human
responses and reduce inflammation [40]. In addition, nattokinase, a lytic enzyme
produced by B. subtilis natto, may play an important role in cardiovascular health
through its fibrinolytic properties [7].

Polyketides have a wide spectrum of bioactivity, such as antimicrobial, antitu-
moral, immunosuppressive, and many antagonistic abilities, and can consequently
be used in the human health sector. For instance, dihydroisocoumarins exhibit strong
activity against Helicobacter pylori [41].

EPS possesses multiple biological functions, such as anticancer, antimicrobial,
anti-inflammatory, and immunostimulant activities, and shows prebiotic effects in
enhancing probiotic capacity in the gut by acting as protective agents for intestinal
health [29].

Organic acids such as dipicolinic acid and L-lactic acid are beneficial for human
health by playing an anti-blood coagulation role [42] and an antimicrobe role [43],
respectively. Terpenoids, also known as isoprenoids, are represented by some vita-
mins, such as metaquinone-7 or vitamin K2, and antioxidants (e.g., carotenoids) are,
for instance, potential nutraceuticals, while isopentenol may be a potential therapeu-
tic agent in malaria and cancer treatment [31].

Volatile organic and inorganic metabolites have a wide spectrum of antimicrobial
activities against several human and plant pathogens in both prevention and treat-
ment actions, for instance, against Candida albicans, one of the most common deep
pathogenic fungi [44]. Interestingly, nitric oxide compounds can play a role in human
longevity and stress resistance enhancement [5].

B. subtilis is also recognized as a plant growth promoter [45] and biocontrol
agent, as well as a biofertilizer, through nitrogen fixation, phosphate solubiliza-
tion, mitigation of ammonia emission, and improvement of nutrient availability
in the soil. As plant growth promotor rhizobacteria (PGPR), B. subtilis produces
phytohormones (e.g., indole-3-acetic acid), fixing atmospheric N via nitrogenase
activity and solubilizing phosphorus [8]. Owing to metabolite production, includ-
ing antimicrobial peptides (AMPs), cellulolytic and chitinase activity enzymes,
VOCs, EPS, and quorum quenching compounds, B. subtilis is recognized as a bio-
control agent via direct and indirect mechanisms such as plant growth-promoting
metabolites, inducing systemic resistance (ISR), forming biofilm, and inhibiting
deleterious phytopathogens.

Finally, B. subtilis is an excellent bioremediating agent of contaminated soil,
wastewater [46], and even air when associated with plants [47]. It can be used as a
detoxifying and degrading agent of heavy metals [48, 49] and contaminant hydrocar-
bons [50] thanks to enzymes, biosurfactants, and biodegradative compounds. These
compounds convert complex organic pollutants into less or non-toxic compounds.
Table 1 lists some examples of important biomolecules produced by B. subtilis and
their functionalities, as well as the possible roles in One Health.
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Health applications Category Compounds Roles Ref.

Human health prevention Enzyme Nattokinase Fibrinolytic activity [20]

and treatment Vitamin Menaquinone-7 Anti-arterial calcification [51]
Organic acid Dipicolinic acid Anti-blood coagulation [42]
Amino acid L-ornithine Anti-obesity [21]
Oligosaccharide 2'~fucosyllactose Prebiotic activity [28]
Inorganic Nitric oxide Longevity and stress [33]
compound resistance enhancer

Animal growth and Enzyme Protease Shrimp growth [52]

protection Lipopeptide Surfactin performance [53]
EPS fS-glucan Antimicrobe [54]

Immunostimulant in
tilapia
Plant growth and Enzyme Cellulases Plant defense against [8]
protection Organic acid Indole-3-acetic pathogens [55]
acid Phytohormone (PGPR)

Soil and environmental Enzymes Chitinase Bioremediation [8]

health Polyamino acid Poly-Y- glutamic Biofertilizer, biochelator [48]
Lipopeptide acid Bioremediation [53]

Surfactin

EPS: Exopolysaccharides; PGPR: Plant Growth-Promoting Rhizobacteria.

Table1.
Representative biomolecules excreted by B. subtilis and their potent roles in One Health.

3. Properties of B. subtilis relevant to One Health

B. subtilis is a Gram-positive, rod-shaped bacterium known for its remarkable resil-
ience and adaptability. Its ability to form endospores allows it to endure extreme environ-
mental conditions, making it a common inhabitant of soil, as well as the gastrointestinal
tracts of both humans and animals. This resilience, combined with its diverse metabolic
capabilities, positions B. subtilis as a key player in the concept of One Health, which
underscores the interconnectedness of human, animal, plant, and environmental health
[56]. As a highly adaptable organism, B. subtilis can thrive in a variety of environments,
including soil, water, and the gastrointestinal systems of humans and animals. It is also
capable of withstanding extreme conditions such as high temperatures, desiccation, and
nutrient deprivation. This adaptability is primarily due to its endospore-forming ability,
metabolic flexibility, and capacity to interact with various ecosystems. Additionally, B.
subtilis is recognized for its safety and low pathogenicity, making it an excellent candidate
for a wide range of applications in human and animal health [36]. Its long history of use in
food, probiotics, and agriculture, along with its regulatory approvals, highlights its status
as a beneficial microorganism [57]. Known for its effectiveness as a probiotic, B. subtilis
survives harsh gastrointestinal environments, influences gut microbiota, and boosts
immune responses [58]. Extensive research has demonstrated its benefits in promoting
digestive health, inhibiting pathogens, and regulating immune functions in both humans
and animals [59].

3.1 Antimicrobial properties

The Bacillus genus is well-known for its production of a diverse array of antimi-
crobial peptides (AMPs), positioning it as a promising source for the discovery of
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novel inhibitory compounds [60]. It is estimated that approximately 4-5% of the
genetic material in B. subtilis strains is dedicated to the synthesis of antimicrobial
compounds (AMCs), primarily in the form of AMPs [4]. The production of these
bioactive metabolites is heavily dependent on the strain characteristics and the
growth of medium conditions. Factors such as the composition of the medium, pH,
temperature, and cultivation duration are pivotal in shaping the antibiotic properties
of microorganisms [61]. B. subtilis produces a variety of antimicrobial compounds
that possess potent antibacterial and antifungal activities. These compounds are
essential in inhibiting the growth of pathogenic microorganisms in various environ-
ments. A crucial survival mechanism of B. subtilis is its ability to form highly resilient
endospores. In response to environmental stress such as heat, radiation, desiccation,
or nutrient scarcity, the bacterium undergoes sporulation, encapsulating its genetic
material within a protective spore coat. These endospores can remain dormant

for extended periods and reactivate once conditions become more favorable [62].
Furthermore, B. subtilis produces antimicrobial substances, including surfactin and
subtilin, which effectively inhibit the growth of harmful pathogens like Clostridium
difficile, Salmonella, and Escherichia coli. This antimicrobial activity prevents infec-
tions and maintains a balanced gut microbiome [63]. Lipopeptides produced by B.
subtilis exhibit strong antimicrobial properties, especially against multidrug-resistant
bacteria. Owing to their amphiphilic structure, they reduce the surface tension dur-
ing cultivation and show significant inhibitory effects against Enterococcus faecalis,
Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli [64].

3.2 Probiotic potential

The robust endospore of B. subtilis enables it to survive in the acidic environment
of the stomach, allowing it to colonize the gut. Once established, B. subtilis plays a
crucial role in modulating the gut microbiome by promoting the growth of beneficial
bacteria such as Lactobacillus and Bifidobacterium, which support digestive health,
alleviate gastrointestinal disorders, and enhance immune responses. B. subtilis
supplementation can reduce symptoms of irritable bowel syndrome and lower the
incidence of diarrhea [57]. B. subtilis is naturally present in the gut microbiota of both
humans and animals. Surviving stomach acidity in its spore form, it germinates in the
intestines and helps maintain gut homeostasis. Studies indicate that B. subtilis regu-
lates immune functions, supports beneficial gut flora growth, and inhibits pathogenic
microorganisms [65]. Unlike other Bacillus species that may produce harmful toxins,
B. subtilis is non-pathogenic and does not produce enterotoxins or hemolysins,
ensuring its safety [36]. Clinical trials on humans have shown that even at high
doses (~10° spores or CFU/day), B. subtilis strains did not cause infections in healthy
individuals, making it a safe choice for probiotic use [66, 67]. Unlike many probiotics
that are vulnerable to stomach acidity, the spores of B. subtilis are highly resistant to
harsh conditions, enabling them to pass through the stomach and germinate in the
intestines. B. subtilis modulates immune responses by stimulating immunoglobulin
A (IgA) production and enhancing the activity of macrophages and dendritic cells,
bolstering overall health and improving defenses against infections [68]. For instance,
B. subtilis KATMIRA1933 demonstrates strong probiotic potential, with notable bile
salt tolerance, acid resistance, and antimicrobial activity against oral pathogens.
Their non-mutagenic properties and ability to co-aggregate with pathogens further
support their safety for use in healthcare and food applications [69]. Its antimicrobial
properties, immune modulation, and ability to normalize gut flora make it a strong
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candidate for clinical applications, particularly in preventing and treating diarrhea
[70]. Furthermore, B. subtilis natto is gaining recognition as a probiotic in animal
nutrition, offering antimicrobial, anti-inflammatory, antioxidant, and immuno-
modulatory benefits that contribute to animal health and food safety, supporting
sustainable livestock production [6].

4. B. subtilis applications in One Health
4.1 Human health applications
4.1.1 Probiotic formulations for gut health

B. subtilis has been extensively studied for its probiotic properties, demonstrat-
ing resilience due to its ability to form spores that withstand gastric acidity, thereby
facilitating effective colonization of the gut [59]. Its probiotic benefits include
modulation of gut microbiota, enhancement of nutrient absorption, and mitigation
of gastrointestinal disorders such as diarrhea and inflammatory bowel diseases [29].
Furthermore, B. subtilis improves intestinal barrier integrity by upregulating tight
junction proteins and reducing inflammation [71]. A randomized, double-blind, pla-
cebo-controlled trial investigated the gastrointestinal (GI) viability and tolerance of
B. subtilis R0179 in healthy adults across a dose range of 0.1 to 10 x 10° CFU/day. The
results indicated no adverse effects on general wellness or GI function, with a dose-
dependent increase in fecal viable counts, confirming the strain’s ability to survive
passage through the GI tract [72]. Another study assessed the safety and tolerability
of B. subtilis HU58 in patients with hepatic encephalopathy undergoing lactulose
treatment. The probiotic group exhibited a trend toward reduced blood ammonia lev-
els, with a significant decrease observed in individuals with baseline ammonia levels
above 60 pg/dL, highlighting its potential in managing hepatic encephalopathy [73].
The effects of a probiotic formulation (MegaDuo™) containing Bacillus coagulans
SC208 and B. subtilis HU58 were evaluated on intestinal permeability and immune
markers using in vitro models. Under antibiotic-induced dysbiosis, MegaDuo™
improved gut membrane barrier function and reduced levels of pro-inflammatory
cytokines TNFa and IL-6. Notably, these benefits were observed after 2 weeks of
treatment, whereas no significant effects were detected under normal conditions [74].
B. subtilis plays a beneficial role in inflammatory bowel disease management [75].
For instance, a probiotic formulation containing B. subtilis alongside Streptococcus
thermophilus, Lactobacillus casei, Bifidobacterium breve, and Bifidobacterium ani-
malis subsp. lactis in an experimental colitis model showed comparable efficacy to
Vivomixx®, reducing colitis symptoms, lowering pro-inflammatory cytokines (IL-6,
TNF-a), and increasing anti-inflammatory markers (IL-10) and regulatory T cells
(Tregs).

4.1.2 Antibacterial and anti-inflammatory properties

Lipopeptides from B. subtilis exhibit potent antimicrobial activity against patho-
genic bacteria, including Escherichia coli, Clostridium difficile, and Salmonella spp.,
by disrupting microbial membranes and inhibiting pathogen colonization [76]. In
addition to its direct antimicrobial properties, B. subtilis exerts immunomodula-
tory effects by regulating cytokine production, thereby mitigating inflammatory
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responses in conditions such as ulcerative colitis and Crohn’ disease [77]. A study
evaluating the functional properties of various B. subtilis strains demonstrated their
anti-inflammatory, antioxidant, and antimicrobial activities and effectively inhibited
the growth of skin pathogens, underscoring their potential as a functional probiotic
material [78]. A comparative study assessed the effects of Bacillus licheniformis and

B. subtilis on IPEC-J2 cells challenged with E. coli or Salmonella Typhimurium. Both
strains demonstrated anti-inflammatory and antioxidant effects, as well as inhibited
pathogen adhesion, although they had minimal impact on paracellular permeability.
These findings suggest that Bacillus species could enhance probiotic efficacy in
multispecies formulations [79].

4.1.3 Potential in functional foods and therapeutic agents

B. subtilis has been widely integrated into functional foods and dietary supple-
ments due to its ability to produce beneficial enzymes, vitamins, and bioactive
compounds. Fermented foods containing B. subtilis have been linked to improved
digestion and immune function, making them valuable components of health-pro-
moting diets [80]. Additionally, B. subtilis fermentation enhances the bioavailability
of nutrients and bioactive compounds, contributing to the overall nutritional value
of functional foods. A study on soybean fermentation using protease-producing B.
subtilis strains (MTCC5480 and MTCC1747) from the Sikkim Himalayan region dem-
onstrated significant improvements in antioxidant activity. The fermentation process
increased radical scavenging activity, total antioxidant capacity, and reduced power,
attributed to enhanced protein hydrolysis, elevated levels of free phenolics, and the
release of amino acids such as proline and tyrosine. Furthermore, the fermented by-
products exhibited strain-specific antioxidant properties, indicating their potential
as functional food and feed additives with health benefits [81]. Beyond its role in food
fermentation, B. subtilis has garnered interest in biotechnology due to its potential as a
delivery system for therapeutic agents, including vaccines and recombinant proteins.
Engineered B. subtilis strains are being actively investigated for their ability to express
and deliver antigens in oral vaccination strategies, offering a promising approach for
mucosal immunization [82]. The robust spore-forming nature of B. subtilis enhances
its stability and viability, making it an attractive candidate for the development of
oral vaccine platforms and biologics.

4.2 Animal health applications
4.2.1 Role in livestock health in improving growth and immunity

The use of B. subtilis-based probiotics in animal husbandry has gained significant
attention as a sustainable alternative to antibiotic growth promoters. Research in
poultry and livestock has demonstrated that dietary supplementation with B. sub-
tilis enhances feed conversion efficiency, promotes a balanced gut microbiota, and
strengthens immune responses, thereby increasing resistance to enteric pathogens
[83]. By stimulating the production of short-chain fatty acids (SCFAs) and reducing
intestinal inflammation, B. subtilis contributes to improved gut health and reduced
dependency on antibiotics in farmed animals.

As a Gram-positive, facultative aerobic bacterium recognized as generally safe,

B. subtilis plays a crucial role in livestock management. Its probiotic functions
include modulation of the gut microbiome, enhancement of immunity, inhibition of
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pathogenic microorganisms, and secretion of bioactive compounds that support gas-
trointestinal health and disease resistance. Additionally, B. subtilis spores have been
explored as vaccine carriers for antigen delivery, further expanding their applications
in veterinary medicine [84]. A six-week feeding trial in broilers supplemented with B.
subtilis BYS2 resulted in a 17.19% increase in body weight, improved intestinal mor-
phology, enhanced immunity (elevated IgG and IgM levels), and greater resistance
to Escherichia coli and Newcastle virus infections, leading to improved survival rates
[85]. In rabbits, dietary supplementation with B. subtilis improved growth perfor-
mance, strengthened immune responses (higher IgG and IgA levels), and enhanced
disease resistance against E. coli. The study suggested that B. subtilis supplementation
might boost innate immunity through p-defensin induction [47].

A 21-day feeding trial in chickens demonstrated that B. subtilis supplementa-
tion led to improved growth, immune responses (increased IgA and IgM levels),
and intestinal health, as evidenced by increased villus height and a well-balanced
microbiota. Additionally, B. subtilis improved disease resistance following an E. coli
challenge, potentially through Toll-like receptor 4 (TLR4) activation [86]. In broilers,
supplementation with B. subtilis (0.1 g/kg diet) resulted in improved body weight and
feeding conversion ratios. Treated birds also exhibited enhanced immune responses,
including higher antibody titers against Newcastle disease, improved lymphoid organ
development, and better gut morphology [87].

4.2.2 Use in veterinary probiotics and feed additives

The inclusion of B. subtilis in animal feed has been widely explored as a probiotic
strategy to improve digestion, prevent gastrointestinal infections, and enhance
overall animal health. The bacterium contributes to gut homeostasis by modulating
microbiota, promoting beneficial bacterial populations, and inhibiting pathogenic
microorganisms. Additionally, B. subtilis aids in breaking down indigestible feed com-
ponents, such as fiber and non-starch polysaccharides, thereby improving nutrient
bioavailability and supporting intestinal health in livestock [88]. A study evaluating
broiler diets containing both B. subtilis and an antimicrobial growth promoter (AGP)
reported improved feed conversion efficiency and weight gain compared to diets
with either B. subtilis or AGP alone, though carcass yield remained unaffected [89].
Supplementation with B. subtilis C-3102 spores in broilers, for instance, improved
growth performance, feed efficiency, and nutrient digestibility, while also increas-
ing Lactobacillus populations and reducing Escherichia coli and Salmonella levels in
the gut. Additionally, this probiotic reduced ammonia emissions, demonstrating
its potential for improving both animal health and environmental sustainability
[90]. Another strain, B. subtilis AMS6, isolated from fermented soybeans, exhibited
antibacterial activity against Salmonella enterica. Its cellulolytic activity suggests a
potential role in enhancing fiber digestion and gut health when used as an animal feed
additive [91]. A study evaluating B. subtilis RBT-7/32 and B. licheniformis RBT-11/17
as probiotic feed additives found both strains to exhibit strong antagonistic activity
against E. coli and Staphylococcus aureus. Additionally, B. subtilis RBT-7/32 demon-
strated increased cellulolytic and amylolytic activity. Both strains showed high spore
survivability and resistance to veterinary antibiotics, highlighting their potential for
use in livestock nutrition [92]. In aquaculture, B. subtilis has been utilized to improve
water quality, enhance the immune response of fish and shrimp, and reduce the inci-
dence of bacterial diseases [93]. The probiotic modulates gut microbiota, increases
nutrient utilization efficiency, and supports intestinal barrier function in aquatic
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species. Its ability to degrade organic matter and promote biofloc formation further
enhances water quality, thereby creating a more sustainable and disease-resistant
environment [88].

4.3 Agricultural applications
4.3.1 Biocontrol agent against plant pathogens

B. subtilis is a well-established biological control agent known for its ability to
suppress plant pathogens through multiple mechanisms, including competition for
nutrients and space, the induction of systemic resistance, and the production of anti-
microbial lipopeptides [94]. Its application in agriculture has been effective in manag-
ing fungal pathogens such as Fusarium, Rhizoctonia, and Botrytis, reducing crop
losses while minimizing reliance on chemical pesticides. Additionally, B. subtilis colo-
nizes plant roots and forms biofilms, creating a protective barrier against infections.
B. subtilis has been shown to suppress plant pathogens through plant growth promo-
tion, antibiosis, and induced systemic resistance, providing an eco-friendly alterna-
tive to synthetic pesticides [95]. A strain of B. subtilis isolated from the rhizosphere of
chili plants exhibited, for instance, strong antagonistic activity against Colletotrichum
gloeosporioides through the production of mycolytic enzymes. It significantly reduced
fungal growth and improved chili seed germination, demonstrating the potential for
biocontrol applications [96]. B. subtilis strains isolated from Zea mays exhibited over
40% in vitro inhibition of Botrytis cinerea, primarily through lipopeptide produc-
tion, siderophore activity, and biofilm formation. These strains also promoted maize
growth and reduced B. cinerea infection in Phaseolus vulgaris [97]. B. subtilis strains
AIO1 and AI03, isolated from the eggplant rhizosphere, exhibited strong antagonistic
activity against Fusarium solani. They inhibited multiple fungal pathogens, produced
antifungal metabolites and plant growth-promoting compounds, and reduced wilt
incidence by up to 72% in sterilized soil, highlighting their potential as bioinoculants
for sustainable disease management [98]. Six B. subtilis strains isolated from natural
environments in China exhibited over 50% biocontrol efficacy against Ralstonia
solanacearum in tomato plants. These strains formed robust biofilms on plant roots,
demonstrating strong antagonistic activity. Biofilm formation and matrix production
were crucial for plant protection, emphasizing their role in bacterial colonization and
disease suppression [99].

4.3.2 Fertilizer production and plant growth promotion

As a plant growth-promoting rhizobacterium (PGPR), B. subtilis enhances plant
root development by producing phytohormones such as indole-3-acetic acid (IAA)
and solubilizing phosphorus, thereby increasing nutrient availability for plants [100].
Additionally, its nitrogen-fixing capabilities contribute to soil fertility, making it
an essential component of sustainable agricultural practices. The application of B.
subtilis-based biofertilizers has been associated with improved crop yield, enhanced
stress tolerance, and reduced dependency on chemical fertilizers. B. subtilis enhances
plant growth and stress tolerance through direct and indirect biocontrol mechanisms.
It produces secondary metabolites, enzymes, and hormones that suppress pathogens
while inducing systemic resistance. Additionally, it improves soil nutrient availability
and promotes root colonization, making it a valuable biofertilizer and biopesticide
[101]. For instance, a biofertilizer (BOF) containing B. subtilis F2 significantly
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enhanced strawberry plant growth, nutrient accumulation, and peroxidase activity.
BOF also altered the rhizosphere microbial community’s p-diversity, suggesting strain
F2 played a crucial role in plant health improvement [102]. Another strain (B. subtilis
L2) significantly improved ginger growth by increasing plant height, leaf length,
number of leaves, and chlorophyll content. Inoculation enhanced physiological
properties, supporting its potential as a promising biofertilizer for ginger cultivation
[103]. Field trials in Tajikistan showed that B. subtilis FZB 24® increased cotton yield
by up to 30% compared to conventional NPK fertilizer. The treatment enhanced root
growth and phosphorus mobilization, demonstrating its potential as an eco-friendly
alternative to chemical fertilizers [104]. B. subtilis, alone or in combination with
nutrients, effectively controlled early blight in tomatoes (67-83%) and enhanced
plant growth (20-77%). The treatment boosted phenolic content and defensive
enzyme activity, highlighting its synergistic effect with NPK and Zn (2X) in disease
management and plant health improvement [105].

4.4 Environmental applications
4.4.1 Biovemediation of environmental pollutants

The application of B. subtilis in environmental biotechnology has garnered atten-
tion due to its capacity to degrade hydrocarbons and detoxify heavy metals. It plays a
crucial role in breaking down oil spills, pesticide residues, and industrial pollutants
through enzymatic biodegradation [106]. The production of biosurfactants further
enhances its bioremediation potential by aiding in the emulsification and breakdown
of hydrophobic contaminants, making them more accessible for microbial degrada-
tion. B. subtilis isolated from a polymer dump site in Chennai, India, degraded 80% of
crude oil and reduced viscosity by 60% within 10 days. Its biosurfactant production,
high emulsification efficiency, and stability under extreme conditions highlight its
potential for oil spill remediation [107]. B. subtilis, widely utilized in bioengineering
and biotechnology, forms robust biofilms and spores that enhance its resilience and
versatility. These biofilms, composed of exopolysaccharides, proteins, extracellular
DNA, and poly-y-glutamic acid, support applications in bioremediation, biosensing,
and biocatalysis. Advances in synthetic biology have enabled the engineering of B.
subtilis biofilms for self-regenerating and environmentally responsive biomaterials,
broadening their utility in sustainable technologies [108]. Biosurfactant concentra-
tions of 19-19.5 mg/kg stimulated hydrocarbon-degrading microbial populations
and accelerated aliphatic hydrocarbon degradation. However, its effect on aromatic
hydrocarbon degradation was limited [109]. Two B. subtilis strains (M16K and M19F)
demonstrated simultaneous hydrocarbon degradation and heavy metal (Co™* and
Ni**) removal in contaminated environments. These strains achieved >94% crude oil
and >85% phenanthrene degradation while concurrently detoxifying heavy metals
within 18-28 days. This study represents the first report of metal-resistant B. subtilis
strains with dual bioremediation capabilities in sub-Saharan Africa, underscoring
their potential for multi-polluted site restoration [110].

4.4.2 Waste management and decomposition

B. subtilis contributes significantly to organic waste degradation by producing cel-
lulases and proteases that accelerate biodegradation processes. Its application in com-
posting enhances nutrient cycling, improves soil fertility, and reduces environmental
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waste accumulation [111]. Additionally, its ability to break down agricultural residues
and convert organic matter into biofertilizers supports sustainable waste manage-
ment practices. Inoculating compost with B. subtilis at a 2% concentration enhanced
fermentation but suppressed the synthesis of total organic carbon and humus. In con-
trast, a 0.5% inoculation significantly improved carbon humification, resulting in a
12.5% increase in total organic carbon and a 20.2% increase in humic substances com-
pared to the 2% treatment [112]. Parameters such as pH and microbial metabolism
played key roles in carbon sequestration during composting. In a sequencing batch
reactor (SBR), B. subtilis improved sludge treatment in recirculating aquaculture sys-
tems (RAS). Biofloc crude protein content increased by 23.97% over the control, while
removal rates of dissolved inorganic nitrogen (1.17x), total organic nitrogen (1.71x),
and dissolved organic carbon (1.95x) were significantly enhanced. Floc volume after
5 minutes reached 22.67% at 19 days [113]. India faces significant post-harvest losses,
with approximately 30% of fruit and vegetable production wasted annually. A study
exploring B. subtilis isolated from pomegranate peel demonstrated its potential as a
plant growth-promoting rhizobacterium (PGPR) for agricultural waste management.
Treated wheat exhibited increased yield, while microgreens showed higher phenol
and antioxidant levels, highlighting B. subtilis as a biofertilizer for sustainable agricul-
ture [114]. Solid waste management, particularly concerning petroleum-based plastic
and fish solid waste (FSW), remains a global challenge. B. subtilis strain KP172548
was shown to convert FSW extract into 1.62 g/L of polyhydroxybutyrate (PHB), a
biodegradable biopolymer. The PHB was biocompatible, suggesting its potential as an
eco-friendly alternative to conventional plastics [115].

5. Safety and regulation aspects

B. subtilis has a long history of safe use in food fermentation and as a probiotic.
Strains such as B. subtilis DE111 have been administered in doses up to 10 billion
colony-forming units daily for periods ranging from 2 to 8 weeks without adverse
effects [59]. It is approved for use in food in certain European countries [116] and is
also naturally present in traditional Asian foods such as natto and kimchi [66, 117].
This safety profile has led to its recognition as a safe organism in various applications,
including food production and dietary supplementation [116]. In the U.S., the Food
and Drug Administration (FDA) grants Generally Recognized As Safe (GRAS) status
to B. subtilis strains through assessments that include strain characterization, genome
sequencing, screening for undesirable attributes and metabolites, and experimental
safety evaluations conducted in appropriately designed studies. At least five GRAS
notifications for B. subtilis in food applications have been approved without questions
from the FDA [118].

European Food Safety Authority (EFSA) has established the Qualified
Presumption of Safety (QPS) approach to assess the safety of microorganisms. To
meet QPS status requirements, any new B. subtilis strain must be identified at both the
strain and species levels, be free of transferable antimicrobial resistance, and exhibit
no toxigenic activity [67]. B. subtilis is included in the list of QPS-recommended
microorganisms and considered to have QPS status when used as an animal feed addi-
tive, owing to its lack of toxigenic activity [119].

Several studies have assessed the safety of B. subtilis strains for human con-
sumption, including both in vitro and clinical evaluations. For example, B. subtilis
CU1 was shown to be free of antibiotic resistance and caused no physiological or
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biological issues in adults consuming 2 x 10° spores per day for 40 days [67]. B.
subtilis MB40 was also found to be safe at a daily intake of 2.6 x 10" spores/day for
a 70 kg adult [66].

As a feed additive, EFSA’ safety evaluation did not reveal any toxigenic
activity or antibiotic resistance in B. subtilis, and it is therefore considered
safe for animals [120, 121]. Moreover, B. subtilis strains have been approved by
the Environmental Protection Agency (EPA) as biocides and are exempt from
tolerance limits in food crops, as they are not considered toxic or pathogenic to
humans, animals, or plants [122].

However, the use of Bacillus species raises safety concerns due to the potential pro-
duction of enterotoxins and emetic toxins, which are strain-specific [123]. Therefore,
itis crucial to assess and confirm the safety of potential probiotics at a strain level
prior to their use. Adhering to regulatory standards and ensuring safety are critical
for guaranteeing the safety of probiotics. These regulations are guided by the criteria
set by national authorities, including the European Food Safety Authority (EFSA),
the U.S. Food and Drug Administration (FDA), and the Canadian Natural and Non-
Prescription Health Products Directorate [124].

Emerging concerns about the safety of probiotics, particularly their potential
risks for immunocompromised individuals, underline the need for in-depth safety
studies [125]. Recommendations for future regulatory frameworks have been pro-
posed, emphasizing the importance of assessing both acute and long-term safety.
Probiotics intended for specific patient populations should undergo rigorous testing
to ensure they meet quality standards, ideally verified by an independent third party.
Additional research is essential to fill existing knowledge gaps, including identifying
the most suitable animal models for safety testing, assessing the potential transfer of
antibiotic resistance genes, and exploring the effects of probiotics on microbiomes,
drug interactions, and colonization [126].

6. Conclusion

B. subtilis is a bacterial species with immense potential for producing a high diver-
sity of bioactive compounds, ranging from the simple organic and inorganic metabo-
lites to more complex systems such as nanoparticles and vesicles. These compounds
serve a variety of properties and functions. Recognized as safe, B. subtilis is a promis-
ing natural candidate for the One Health approach, which seeks to optimize the health
of people, animals, plants, and the environment. The resilience and adaptability of
B. subtilis make it a highly valuable microorganism with diverse applications across
biotechnology, agriculture, and human health. Its ability to withstand extreme condi-
tions and colonize a wide range of environments—from soil to the gastrointestinal
tracts of humans and animals—highlights its essential role in maintaining ecosystem
stability. In human and animal health, B. subtilis demonstrates significant probiotic
potential, offering health benefits for both the prevention and treatment of various
diseases. In agriculture, B. subtilis plays a crucial role as a biocontrol agent and bio-
fertilizer, promoting plant growth, enhancing soil fertility, and reducing the need for
chemical pesticides and fertilizers. As biotechnological advancements progress, the
range of B. subtilis applications is expected to expand, providing innovative solutions
for global health, food security, and environmental sustainability. Future research
should focus on optimizing microbial formulations, utilizing genetic engineering for
strain improvement, and integrating B. subtilis into precision agriculture, sustainable
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livestock production, and large-scale environmental restoration projects. By leverag-
ing its natural capabilities, future innovations could enhance public health, promote
resilient food systems, and contribute to a more sustainable world.
Acknowledgements

HR was partially funded by the Horizon Europe Research innovation program
through URBANE (grant n° 101059232) and CONSERWA (grant n°101081802).

Conflict of interest

The authors declare no conflict of interest.

Author details
Hary Razafindralambo"**, Vijayaram Seerengaraj”® and Holy Rabetafika®

1 TERRA Teaching and Research Unit, Gembloux Agro-Bio Tech, University of Liege,
Belgium

2 ProBioLab, Namur, Belgium
3 Centre for Global Health Research, Saveetha University, Thandalam, India
*Address all correspondence to: h.razafindralambo@uliege.be

IntechOpen

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

18



Bacillus subtilis: A Promising Bacterial Candidate for One Health Applications

DOI: http://dx.doi.org/10.5772/intechopen.1010853

References

[1] Hoque N, Faisal G, Chowdhury F,

et al. The Urgency of Wider Adoption of
One Health Approach for the Prevention
of a Future Pandemic. 2022. Available
from: https://acquire.cqu.edu.au/articles/
journal_contribution/The_urgency_
of_wider_adoption_of_one_health_
approach_for_the_prevention_of_a_
future_pandemic/25044212 [Accessed:
March 6, 2025]

[2] Pepoyan A, Tsaturyan V,

Manukyan V, et al. Novel probiotic
Lactiplantibacillus plantarum str. ZPZ

as a possible candidate for “one health”
probiotic. In: Ronzhin A, Kostyaev A,
editors. Agriculture Digitalization and
Organic Production. Singapore: Springer
Nature; 2023. pp. 141-150

[3] Kovécs AT. Bacillus subtilis. Trends in
Microbiology. 2019;27:724-725

[4] Caulier S, Nannan C, Gillis A,

et al. Overview of the antimicrobial
compounds produced by members of
the Bacillus subtilis group. Frontiers in
Microbiology. 2019;10:302

[5] Ayala FR, Bauman C, Cogliati S,

et al. Microbial flora, probiotics, Bacillus
subtilis and the search for a long and
healthy human longevity. Microbial Cell.
2017;4:133

[6] Ruiz Sella SRB, Bueno T, de
Oliveira AAB, et al. Bacillus subtilis
natto as a potential probiotic in
animal nutrition. Critical Reviews in
Biotechnology. 2021;41:355-369

[7] Miyazawa T, Abe C, Bhaswant M,

et al. Biological functions of
compounds from Bacillus subtilis and its
subspecies. Bacillus subtilis natto. Food
Bioengineering. 2022;1:241-251

19

[8] Alina SO, Constantinscu F,

Petruta CC. Biodiversity of Bacillus
subtilis group and beneficial traits

of bacillus species useful in plant
protection. Romanian Biotechnological
Letters. 2015;20:10737-10750

[9] Mahapatra S, Yadav R,
Ramakrishna W. Bacillus subtilis
impact on plant growth, soil health
and environment: Dr. Jekyll and Mr.
Hyde. Journal of Applied Microbiology.
2022;132:3543-3562

[10] LiY, Cheng L, Yang B,

et al. Remediation of Cd-As-Ni
co-contaminated soil by extracellular
polymeric substances from Bacillus
subtilis: Dynamic improvements of soil
properties and ecotoxicity. Science of the
Total Environment. 2024;955:177009

[11] Khan S, Akhtar N, Rehman SU, et al.
Iron oxide nanoparticle (Fe3 O4 NPs)
synthesized from B. subtilis reduced
arsenic (as) toxicity in rice (Oryza
sativa L.) plant. International Journal of
Phytoremediation. 2024;26:1676-1682

[12] Vijayaram S, Razafindralambo H,
Sun Y-Z, et al. Applications of green
synthesized metal nanoparticles — A
review. Biological Trace Element
Research. 2023;202:360-386.

DOI: 10.1007/s12011-023-03645-9

[13]1SuY, Liu C, Fang H, et al. Bacillus
subtilis: A universal cell factory for
industry, agriculture, biomaterials and
medicine. Microbial Cell Factories.
2020;19:173

[14] Mohkam M, Nezafat N,

Berenjian A, et al. Role of bacillus
genus in the production of value-added
compounds. In: Islam MT, Rahman M,
Pandey P, et al., editors. Bacilli and



Bacillus subtilis — Functionalities and One Health Applications

Agrobiotechnology. Cham: Springer
International Publishing. 2016. pp. 1-33

[15] Igbal S, Begum F, Rabaan AA, etal.
Classification and multifaceted potential
of secondary metabolites produced by

Bacillus subtilis group: A comprehensive
review. Molecules. 2023;28:927

[16] Kaspar F, Neubauer P, Gimpel M.
Bioactive secondary metabolites from
Bacillus subtilis: A comprehensive

review. Journal of Natural Products.
2019;82:2038-2053

(171 Yu X, Ai C, Xin L, et al. The
siderophore-producing bacterium,
Bacillus subtilis CAS15, has a biocontrol
effect on Fusarium wilt and promotes the

growth of pepper. European Journal of
Soil Biology. 2011;47:138-145

[18] Tareq FS, Lee MA, Lee H-S, et al.
Gageostatins A-C, antimicrobial linear
lipopeptides from a marine Bacillus
subtilis. Marine Drugs. 2014;12:871-885

[19] Nguyen SLT, Inaoka T, Kimura K.
Poly-y-glutamic acid production by
Bacillus subtilis (natto) under high salt
conditions. Japan Agricultural Research
Quarterly: JARQ. 2018;52:249-253

[20] Chen H, McGowan EM, Ren N,
et al. Nattokinase: A promising
alternative in prevention and treatment

of cardiovascular diseases. Biomarker
Insights. 2018;13:1177271918785130

[21] Wang Q, Bao T, Hu M, et al. Efficient
Acetoin production in Bacillus subtilis

by multivariate modular metabolic
engineering with spatiotemporal
modulation. ACS Sustainable Chemistry
and Engineering. 2025;13:1927-1936

[22] Cheng H-W, Jiang S, Hu J. Gut-brain
axis: Probiotic, Bacillus subtilis, prevents
aggression via the modification of the
central serotonergic system. In: Oral

20

Health by Using Probiotic Products.
London, UK: IntechOpen; 2019.
Available from: https://www.intechopen.
com/chapters/67675 [Accessed: February
23,2025]

[23] McDaniel R, Ebert-Khosla S,
Hopwood DA, et al. Engineered
biosynthesis of novel polyketides.
Science. 1993;262:1546-1550

[24] Yan X, Zhou Y-X, Tang X-X, etal.
Macrolactins from marine-derived
Bacillus subtilis B5 bacteria as inhibitors
of inducible nitric oxide and cytokines
expression. Marine Drugs. 2016;14:195

[25] Um S, Fraimout A, Sapountzis P,
et al. The fungus-growing termite
macrotermes natalensis harbors
bacillaene-producing bacillus sp. that
inhibit potentially antagonistic fungi.
Scientific Reports. 2013;3:3250

[26] Nguyen HT. Advances in microbial
exopolysaccharides: Present and future
applications. Biomolecules. 2024;14:1162

[27] Bersaneti GT, Pan NC, Baldo C, et al.
Co-production of Fructooligosaccharides
and Levan by Levansucrase from Bacillus
subtilis natto with potential application in
the food industry. Applied Biochemistry
and Biotechnology. 2018;184:838-851

[28] Zhang Q, Liu Z, Xia H, etal.
Engineered Bacillus subtilis for the de

novo production of 2'-fucosyllactose.
Microbial Cell Factories. 2022;21:110

[29]1 Lu S, Na K, LiY, et al. Bacillus
-derived probiotics: Metabolites and
mechanisms involved in bacteria—
host interactions. Critical Reviews
in Food Science and Nutrition.
2024;64:1701-1714

[30] Pramastya H, Song Y, Elfahmi EY,

et al. Positioning Bacillus subtilis as
terpenoid cell factory. Journal of Applied
Microbiology. 2021;130:1839-1856



Bacillus subtilis: A Promising Bacterial Candidate for One Health Applications

DOI: http://dx.doi.org/10.5772/intechopen.1010853

[31] Withers ST, Gottlieb SS, Lieu B, et al.
Identification of Isopentenol biosynthetic
genes from Bacillus subtilis by a screening
method based on Isoprenoid precursor
toxicity. Applied and Environmental
Microbiology. 2007;73:6277-6283

[32] Kai M. Diversity and distribution
of volatile secondary metabolites
throughout Bacillus subtilis isolates.
Frontiers in Microbiology. 2020;11:559

[33] Gusarov I, Gautier L, Smolentseva O,
et al. Bacterial nitric oxide extends

the lifespan of C. Elegans. Cell.
2013;152:818-830

[34] Zhao X, Yan L, Xu X, et al.
Synthesis of silver nanoparticles and
its contribution to the capability of
Bacillus subtilis to deal with polluted
waters. Applied Microbiology and
Biotechnology. 2019;103:6319-6332

[35] Kim S-H, Yehuala GA, Bang WY,
et al. Safety evaluation of Bacillus
subtilis IDCC1101, newly isolated
from Cheonggukjang, for industrial
applications. Microorganisms.
2022;10:2494

[36] Sorokulova IB, Pinchuk 1V,
Denayrolles M, et al. The safety of two
bacillus probiotic strains for human
use. Digestive Diseases and Sciences.
2008;53:954-963

[37] Hosoi T, Kiuchi K. Natto—a food
made by fermenting cooked soybeans
with Bacillus subtilis (natto). In: Edward
RF editor. Handbook of Fermented
Functional Foods. New York: Taylor &
Francis Group; 2003. pp. 227-245

[38] Chen C, Xiang JY, Hu W, et al.
Identification of key micro-organisms
involved in Douchi fermentation

by statistical analysis and their use

in an experimental fermentation.
Journal of Applied Microbiology.
2015;119:1324-1334

21

[39] Zhao H, Yan L, Xu X, et al. Potential
of Bacillus subtilis lipopeptides in anti-
cancer I: Induction of apoptosis and
paraptosis and inhibition of autophagy in
K562 cells. AMB Express. 2018;8:78

[40] Nasseri S, Sharifi M. Therapeutic
potential of antimicrobial peptides for
wound healing. International Journal
of Peptide Research and Therapeutics.
2022;28:38

[41] Pinchuk IV, Bressollier P,

Sorokulova IB, et al. Amicoumacin
antibiotic production and genetic
diversity of Bacillus subtilis strains
isolated from different habitats. Research
in Microbiology. 2002;153:269-276

[42] Ohsugi T, Tkeda S, Sumi H. Anti-
platelet aggregation and anti-blood
coagulation activities of dipicolinic acid,
a sporal component of Bacillus subtilis
Natto. Food Science and Technology
Research. 2005;11:308-310

[43] Poudel P, Tashiro Y, Sakai K. New
application of bacillus strains for
optically pure L-lactic acid production:
General overview and future prospects.

Bioscience, Biotechnology, and
Biochemistry. 2016;80:642-654

[44] Wang W, Zhao J, Zhang Z. Bacillus
metabolites: Compounds, identification
and anti-Candida albicans mechanisms.
Microbiology Research. 2022;13:972-984

[45] Sansinenea E. Bacillus spp.: As
plant growth-promoting bacteria.

In: Singh HB, Keswani C, Reddy MS,
etal., editors. Secondary Metabolites

of Plant Growth Promoting
Rhizomicroorganisms: Discovery and
Applications. Singapore: Springer; 2019.
pp. 225-237

[46] Migahed F, Abdelrazak A, Fawzy G.
Batch and continuous removal of heavy
metals from industrial effluents using



Bacillus subtilis — Functionalities and One Health Applications

microbial consortia. International
journal of Environmental Science and
Technology. 2017;14:1169-1180

[47] Guo M, Wu F, Hao G, et al. Bacillus
subtilis improves immunity and disease
resistance in rabbits. Frontiers in
Immunology. 2017;8:354

[48] Pang X, Lei P, Feng X, et al. Poly-y-
glutamic acid, a bio-chelator, alleviates
the toxicity of Cd and Pb in the soil
and promotes the establishment of
healthy Cucumis sativus L. seedling.
Environmental Science and Pollution
Research. 2018;25:19975-19988

[49] Mardiyono M, Hidayati N.
Bioremediation of chrome heavy metals
on metal coating waste with Bacillus
subtilis bacteria. In: AIP Conference
Proceedings. Surakarta, Indonesia:

AIP Publishing; 2020. Available

from: https://pubs.aip.org/aip/acp/
article-abstract/2296/1/020033/724120
[Accessed: February 28, 2025]

[50] Nimrat S, Lookchan S, Boonthai T,
et al. Bioremediation of petroleum
contaminated soils by lipopeptide
producing Bacillus subtilis SE1.

African Journal of Biotechnology.
2019;18:494-501

[51] Mandatori D, Pelusi L, Schiavone V,
et al. The dual role of vitamin K2 in
“bone-vascular crosstalk”: Opposite
effects on bone loss and vascular
calcification. Nutrients. 2021;13:1222

[52] Liu C-H, Chiu C-S, Ho P-L, etal.
Improvement in the growth performance
of white shrimp, Litopenaeus vannamei,
by a protease-producing probiotic,
Bacillus subtilis E20, from natto.

Journal of Applied Microbiology.
2009;107:1031-1041

[53] Hamley IW. Lipopeptides: From
self-assembly to bioactivity. Chemical
Communications. 2015;51:8574-8583

22

[54] Gao T, Wong Y, Ng C, et al. L-lactic
acid production by Bacillus subtilis
MURL1. Bioresource Technology.
2012;121:105-110

[55] Shinde SS, Gaonkar VYV,

Mukadam HM, et al. Bacillus subtilis:

A Biological Marvel in the Domain of
Agriculture and Environmental Science.
2025. Available from: https://www.
intechopen.com/online-first/1202535
[Accessed: February 28, 2025]

[56] Ortiz A, Sansinenea E. Bacillus sp.

as biofertilizers applied in horticultural
crops. In: Rakshit A, Meena VS,

Fraceto LF, et al., editors. Bio-Inoculants in
Horticultural Crops. Sawtson, Cambridge:
Woodhead Publishing; 2024. pp. 97-108

[57] Elshaghabee FM, Rokana N,
Gulhane RD, et al. Bacillus as potential
probiotics: Status, concerns, and future

perspectives. Frontiers in Microbiology.
2017;8:1490

[58] Freedman KE, Hill JL, Wei Y, et al.
Examining the gastrointestinal and
immunomodulatory effects of the
novel probiotic Bacillus subtilis DE111.
International Journal of Molecular
Sciences. 2021;22:2453

[59] Williams N, Weir TL. Spore-based
probiotic Bacillus subtilis: Current
applications in humans and future
perspectives. Fermentation. 2024;10:78

[60] Sumi CD, Yang BW, Yeo I-C, et al.
Antimicrobial peptides of the genus
bacillus: A new era for antibiotics.

Canadian Journal of Microbiology.
2015;61:93-103

[61] Sidorova TM, Asaturova AM,
Homyak Al, et al. Optimization of
laboratory cultivation conditions for the
synthesis of antifungal metabolites by
Bacillus subtilis strains. Saudi Journal of
Biological Sciences. 2020;27:1879-1885



Bacillus subtilis: A Promising Bacterial Candidate for One Health Applications

DOI: http://dx.doi.org/10.5772/intechopen.1010853

[62] Setlow P. Spore resistance properties.
Microbiology Spectrum. 2014;2:1-

14. DOI: 10.1128/microbiolspec.
TBS-0003-2012

[63] Golnari M, Bahrami N, Milanian Z,
et al. Isolation and characterization

of novel bacillus strains with superior
probiotic potential: Comparative analysis
and safety evaluation. Scientific Reports.
2024;14:1457

[64] Fernandes PAV, De AIR, Dos SAFAB,
et al. Antimicrobial activity of
surfactants produced by Bacillus subtilis
R14 against multidrug-resistant bacteria.
Brazilian Journal of Microbiology.
2007;38:704-709

[65] Tam NKM, Uyen NQ, Hong HA,
et al. The intestinal life cycle of Bacillus
subtilis and close relatives. Journal of
Bacteriology. 2006;188:2692-2700

[66] Spears JL, Kramer R, Nikiforov Al,
et al. Safety assessment of Bacillus subtilis
MB40 for use in foods and dietary
supplements. Nutrients. 2021;13:733

[67] Lefevre M, Racedo SM,

Denayrolles M, et al. Safety assessment of
Bacillus subtilis CU1 for use as a probiotic
in humans. Regulatory Toxicology and
Pharmacology. 2017;83:54-65

[68] Ghelardi E, Celandroni F, Salvetti S,
etal. Survival and persistence of Bacillus
clausii in the human gastrointestinal tract
following oral administration as spore-
based probiotic formulation. Journal of
Applied Microbiology. 2015;119:552-559

[69] AlGburi A, Volski A, Cugini C, etal.
Safety properties and probiotic potential
of Bacillus subtilis KATMIRA1933

and bacillus amyloliquefaciens

B-1895. Advances in Microbiology.
2016;6:432-452

[70] Suva MA, Sureja VP, Kheni DB.
Novel insight on probiotic Bacillus

23

subtilis: Mechanism of action and clinical
applications. Journal of Current Research
in Scientific Medicine. 2016;2:65

[71] Dang HT, Tran DM, Phung TTB,

et al. Promising clinical and
immunological efficacy of Bacillus clausii
spore probiotics for supportive treatment
of persistent diarrhea in children.
Scientific Reports. 2024;14:6422

[72] Hanifi A, Culpepper T, Mai V, et al.
Evaluation of Bacillus subtilis R0179 on
gastrointestinal viability and general
wellness: A randomised, double-blind,
placebo-controlled trial in healthy adults.
Beneficial Microbes. 2015;6:19-28

[73] Yossef S, Clark F, Bubeck SS, et al.
An Oral formulation of the probiotic,
Bacillus subtilis HU58, was safe and well
tolerated in a pilot study of patients
with hepatic encephalopathy. Evidence-
based Complementary and Alternative
Medicine. 2020;2020:1463108

[74] Marzorati M, Van den Abbeele P,
Bubeck SS, et al. Bacillus subtilis HU58
and Bacillus coagulans SC208 probiotics
reduced the effects of antibiotic-
induced gut microbiome dysbiosis in an
M-SHIME® model. Microorganisms.
2020;8:1028

[75] Biagioli M, Carino A, Di Giorgio C,
etal. Discovery of a novel multi-strains
probiotic formulation with improved

efficacy toward intestinal inflammation.
Nutrients. 2020;12:1945

[76] Corona R, Bonta V, Baccigalupi L,
et al. Probiotic spores of Shouchella
clausii SF174 and displayed bromelain
show beneficial additive potential.
International Journal of Molecular
Sciences. 2025;26:942

[77] Xie H, Yu T, Zhou Q, et al.
Comparative evaluation of spores and
vegetative forms of Bacillus subtilis



Bacillus subtilis — Functionalities and One Health Applications

and bacillus licheniformis on probiotic
functionality In vitro and In vivo.
Probiotics and Antimicrobial Proteins.
2024. DOI: 10.1007/512602-024-10407-z

[78] Jung H-S, Lee H-W, Kim K-T,

etal. Anti-inflammatory, antioxidant
effects, and antimicrobial effect of
Bacillus subtilis P223. Food Science and
Biotechnology. 2024;33:2179-2187

[79] Palkovicsné Pézsa N, Kovacs D,

Réacz B, et al. Effects of bacillus
licheniformis and Bacillus subtilis on

gut barrier function, proinflammatory
response, ROS production and pathogen
inhibition properties in IPEC-J2—
Escherichia coli/salmonella typhimurium
co-culture. Microorganisms. 2022;10:936

[80] Sultana MS, Khatun M, Rahman A.
Antimicrobial activities and probiotic
properties of bacillus sp. strains

isolated from fermented cooked rice.
Microbiology and Biotechnology Letters.
2024;52:288-297

[81] Sanjukta S, Rai AK, Muhammed A,
et al. Enhancement of antioxidant
properties of two soybean varieties of
Sikkim Himalayan region by proteolytic

Bacillus subtilis fermentation. Journal of
Functional Foods. 2015;14:650-658

[82] Ghosh T. Recent advances in the
probiotic application of the bacillus
as a potential candidate in the

sustainable development of aquaculture.
Aquaculture. 2024;594:741432

[83] Cai Y, Xiao C, Tian B, et al. Dietary
probiotic based on a dual-strain Bacillus
subtilis improves immunity, intestinal
health, and growth performance of
broiler chickens. Journal of Animal
Science. 2024;102:skael83

[84] Yuan C, Ji X, Zhang Y, et al.
Important role of Bacillus subtilis as a
probiotic and vaccine carrier in animal

24

health maintenance. World Journal
of Microbiology and Biotechnology.
2024;40:268

[85] Dong Y, Li R, Liu Y, et al. Benefit of
dietary supplementation with Bacillus
subtilis BYS2 on growth performance,
immune response, and disease resistance
of broilers. Probiotics and Antimicrobial
Proteins. 2020;12:1385-1397

[86] Guo M, Li M, Zhang C, et al. Dietary
administration of the Bacillus subtilis
enhances immune responses and disease
resistance in chickens. Frontiers in

Microbiology. 2020;11:1768

[87] Sikandar A, Zaneb H, Younus M,
et al. Growth performance, immune
status and organ morphometry

in broilers fed Bacillus subtilis-
supplemented diet. South African
Journal of Animal Science.
2017;47:378-388

[88] Muthu CM, Vickram AS,
Sowndharya BB, et al. A comprehensive
review on the utilization of probiotics in
aquaculture towards sustainable shrimp
farming. Fish and Shellfish Immunology.
2024;147:109459

[89] Mingmongkolchai S, Panbangred W.
Bacillus probiotics: An alternative to
antibiotics for livestock production.
Journal of Applied Microbiology.
2018;124:1334-1346

[90] Jeong JS, Kim IH. Effect of Bacillus
subtilis C-3102 spores as a probiotic feed
supplement on growth performance,
noxious gas emission, and intestinal
microflora in broilers. Poultry Science.

2014;93:3097-3103

[91] Manhar AK, Bashir Y, Saikia D, et al.
Cellulolytic potential of probiotic Bacillus
subtilis AMS6 isolated from traditional
fermented soybean (Churpi): An in-vitro
study with regards to application as an



Bacillus subtilis: A Promising Bacterial Candidate for One Health Applications

DOI: http://dx.doi.org/10.5772/intechopen.1010853

animal feed additive. Microbiological
Research. 2016;186:62-70

[92] Yaderets V, Karpova N, Glagoleva E,
et al. Bacillus subtilis RBT-7/32 and
bacillus licheniformis RBT-11/17 as new
promising strains for use in probiotic
feed additives. Microorganisms.
2023;11:2729

[93] Hai NV. The use of probiotics
in aquaculture. Journal of Applied
Microbiology. 2015;119:917-935

[94] Shaheb MR, Islam MT, Sarker A,

et al. Biofertilizers: Catalysts for
enhancing soil and plant health in
pursuit of sustainable agriculture. In:
Dheeman S, Islam MT, Egamberdieva D,
etal., editors. Soil Bacteria. Singapore:
Springer Nature; 2024. pp. 3-41

[95] Wang XQ, Zhao DL, Shen LL, et al.
Application and mechanisms of Bacillus
subtilis in biological control of plant
disease. In: Meena VS, editor. Role of

Rhizospheric Microbes in Soil. Singapore:

Springer; 2018. pp. 225-250

[96] Ashwini N, Srividya S. Potentiality
of Bacillus subtilis as biocontrol agent
for management of anthracnose disease
of chilli caused by Colletotrichum
gloeosporioides OGC1. 3 Biotech.
2014;4:127-136

[97] Moustafa HE, Abo-Zaid GA, Abd-
Elsalam HE, et al. Antagonistic and
inhibitory effect of Bacillus subtilis
against certain plant pathogenic fungi. I.
Biotechnology. 2009;8:53-61

[98] Saha D, Purkayastha GD, Ghosh A,
et al. Isolation and characterization of
two new Bacillus subtilis strains from
the rhizosphere of eggplant as potential
biocontrol agents. Journal of Plant
Pathology. 2012;94:109-118

[99] Chen Y, Yan F, Chai Y, et al.
Biocontrol of tomato wilt disease by

25

Bacillus subtilis isolates from natural
environments depends on conserved
genes mediating biofilm formation.
Environmental Microbiology.
2013;15:848-864

[100] Din UMM, Batool A,

Ashraf RS, et al. Green synthesis

and characterization of biologically
synthesized and antibiotic-conjugated
silver nanoparticles followed by post-
synthesis assessment for antibacterial
and antioxidant applications. ACS
Omega. 2024;9:18909-18921

[101] Hashem A, Tabassum B, Abd_
Allah EF. Bacillus subtilis: A plant-growth
promoting rhizobacterium that also

impacts biotic stress. Saudi Journal of
Biological Sciences. 2019;26:1291-1297

[102] Liu L, Li X, Li T, et al. Bio-organic
fertilizer with Bacillus subtilis F2
promotes strawberry plant growth

and changes Rhizosphere microbial
community. Journal of Soil Science and
Plant Nutrition. 2022;22:3045-3055

[103] Jabborova D, Enakiev Y,
Sulaymanov K, et al. Plant growth
promoting bacteria Bacillus subtilis
promote growth and physiological
parameters of Zingiber officinale roscoe.
Plant Science Today. 2021;8:66-71

[104] Yao AV, Bochow H, Karimov S, et al.
Effect of FZB 24® Bacillus subtilis as a
biofertilizer on cotton yields in field tests.
Archives of Phytopathology and Plant
Protection. 2006;39:323-328

[105] Awan ZA, Shoaib A. Combating
early blight infection by employing
Bacillus subtilis in combination with
plant fertilizers. Current Plant Biology.
2019;20:100125

[106] Muiioz AJ, Espinola F, Ruiz E,
etal. Biocidal and synergistic effect of
three types of biologically synthesised



Bacillus subtilis — Functionalities and One Health Applications

silver/silver chloride nanoparticles.
World Journal of Microbiology and
Biotechnology. 2024;40:18

[107] Sakthipriya N, Doble M,
Sangwai JS. Bioremediation of coastal
and marine pollution due to crude oil

using a microorganism Bacillus subtilis.
Procedia Engineering. 2015;116:213-220

[108] Mohsin MZ, Omer R, HuangJ, et al.
Advances in engineered Bacillus subtilis
biofilms and spores, and their applications
in bioremediation, biocatalysis, and
biomaterials. Synthetic and Systems
Biotechnology. 2021;6:180-191

[109] Cubitto MA, Moran AC,
Commendatore M, et al. Effects of
Bacillus subtilis O9 biosurfactant on the
bioremediation of crude oil-polluted
soils. Biodegradation. 2004;15:281-287

[110] Oyetibo GO, Chien M-F, Ikeda-
Ohtsubo W, et al. Biodegradation of
crude oil and phenanthrene by heavy
metal resistant Bacillus subtilis isolated
from a multi-polluted industrial
wastewater creek. International
Biodeterioration and Biodegradation.
2017;120:143-151

[111] Fadiji AE, Xiong C, Egidi E, et al.
Formulation challenges associated with
microbial biofertilizers in sustainable
agriculture and paths forward.

Journal of Sustainable Agriculture and
Environment. 2024;3:e70006

[112] Duan M, Zhang Y, Zhou B, et al.
Effects of Bacillus subtilis on carbon
components and microbial functional
metabolism during cow manure-straw

composting. Bioresource Technology.
2020;303:122868

[113] Lu L, Tan H, Luo G, et al. The
effects of Bacillus subtilis on nitrogen
recycling from aquaculture solid waste
using heterotrophic nitrogen assimilation

26

in sequencing batch reactors. Bioresource
Technology. 2012;124:180-185

[114] Ravichandran M, Samiappan SC,
Rangaraj S, et al. Nanoemulsion
formulations with plant growth promoting
rhizobacteria (PGPR) for sustainable
agriculture. In: Bio-Based Nanoemulsions
for Agri-Food Applications. Amsterdam,
Netherlands: Elsevier; 2022. pp. 207-223

[115] Mohapatra S, Sarkar B,
Samantaray DP, et al. Bioconversion of
fish solid waste into PHB using Bacillus
subtilis based submerged fermentation
process. Environmental Technology.
2017;38:3201-3208

[116] Hong HA, Huang J-M, Khaneja R,
et al. The safety of Bacillus subtilis and
Bacillus indicus as food probiotics.
Journal of Applied Microbiology.
2008;105:510-520

[117] Schallmey M, Singh A, Ward OP.
Developments in the use of bacillus
species for industrial production.

Canadian Journal of Microbiology.
2004;50:1-17

[118] Brutscher LM, Borgmeier C,
Garvey SM, et al. Preclinical safety
assessment of Bacillus subtilis BS50
for probiotic and food applications.
Microorganisms. 2022;10:1038

[119] EFSA Panel on Additives and
Products or Substances used in

Animal Feed (FEEDAP), Bampidis V,
Azimonti G, et al. Safety and efficacy

of a feed additive consisting of

Bacillus subtilis strains CNCM 1-4606,
CNCM 1-5043 and CNCM 1-4607 and
Lactococcus lactis CNCM I-4609 for all
animal species (Nolivade). EFSA Journal.
2021;19:e06907

[120] Aquilina G, Bories G, Brantom P,
et al. Scientific opinion on the safety and
efficacy of Bacillus subtilis PB6 (Bacillus



Bacillus subtilis: A Promising Bacterial Candidate for One Health Applications
DOI: http://dx.doi.org/10.5772/intechopen.1010853

subtilis) as a feed additive for chickens for
fattening. EFSA Journal. 2009;7:1-14

[121] EFSA panel on additives and
products or substances used in animal
feed (FEEDAP). Scientific opinion on the
safety and efficacy of Bacillus subtilis PB6
(Bacillus subtilis) as a feed additive for
laying hens and minor poultry species for
laying. EFSA Journal. 2015;13:3970

[122] Environmental Protection

Agency, Bacillus subtilis Strain
AFS032321; Exemption from the
Requirement of a Tolerance. Federal
Register; 2022. Available from:
https://www.federalregister.gov/
documents/2022/04/08/2022-07561/
bacillus-subtilis-strain-afs032321-
exemption-from-the-requirement-of-a-
tolerance [Accessed: February 28, 2025]

[123] Ouoba LII, Thorsen L, Varnam AH.
Enterotoxins and emetic toxins
production by Bacillus cereus and

other species of bacillus isolated

from Soumbala and Bikalga, African
alkaline fermented food condiments.
International Journal of Food
Microbiology. 2008;124:224-230

[124] Zieliniska D, Sionek B, Kotozyn-
Krajewska D. Chapter 6 - Safety

of probiotics. In: Holban AM,
Grumezescu AM, editors. Diet,
Microbiome and Health. Cambridge,
Massachusetts: Academic Press; 2018.
pp. 131-161

[125] Haranahalli Nataraj B, Behare PV,
Yadav H, et al. Emerging pre-clinical
safety assessments for potential
probiotic strains: A review. Critical

Reviews in Food Science and Nutrition.
2024;64:8155-8183

[126] Merenstein D, Pot B, Leyer G,

et al. Emerging issues in probiotic
safety: 2023 perspectives. Gut Microbes.
2023;15:2185034

27






Section 2

B. subtilis Probiotic Power

29






Chapter?2

B. subtilis Probiotics for Humans,
Animals and Plants: Mechanisms,
Applications and Prospects

Dilan Ergiin, Goksu Tartar and Ayten Yazgan-Karatas

Abstract

Bacillus bacteria have increasingly attracted research interest due to their
promising probiotic properties, including strong antimicrobial, antidiarrheal, and
immunostimulatory effects. They are able to stimulate the growth of natural flora,
prevent intestinal inflammation, and demonstrate excellent stability even under
adverse conditions. This chapter explores the probiotic applications of Bacillus sub-
tilis strains in humans, animals, and plants. First, the chapter reviews the probiotic
mechanisms of B. subtilis and the current state of research in this area. The potential
applications of recombinant B. subtilis probiotics are also covered, along with
results from preclinical studies and the future role of B. subtilis probiotic therapy
in clinical settings. This chapter aims to survey the current landscape of B. subtilis
probiotic research and hypothesize about its potential future impact.

Keywords: B. subtilis, probiotics, recombinant probiotics, biotherapy, live therapeutics

1. Introduction

The worldwide use of probiotics has increased due to their positive effects on
the human microbiota and health [1]. Probiotics, as defined by the International
Scientific Association for Probiotics and Prebiotics (ISAPP) panel in 2013, are live
microorganisms that provide health benefits to the host when administered in
sufficient quantities [2]. Most human dairy products contain probiotic bacteria, and
the global market for probiotic supplements is growing significantly. Lactobacillus
and Bifidobacterium are the most commonly used and commercialized genera
[3, 4]. However, the genus Lactobacillus is microaerophilic, whereas the genus
Bifidobacterium is strictly anaerobic. Furthermore, these genera are slow-growing
and sensitive to temperature and gastric juices, leading to challenges in production,
storage, and delivery processes [5]. Among these genera, the species Bacillus subtilis
probiotics provide multifaceted advantages over conventional probiotics in several
areas due to their advanced properties, including shelf stability, resistance to extreme
environmental conditions, and safe interactions with humans, animals, and plants
[6]. Moreover, B. subtilis has several distinctive characteristics, such as versatility in
nutrient use for growth, spore formation, a high growth rate, growth in both aerobic
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and anaerobic environments, and high enzyme and antimicrobial production, mak-
ing it an attractive bacterium for probiotic research [7].

Bacillus species have been utilized as probiotics for at least 60 years, with the 1958
registration of the Italian product Enterogermina as a medicinal supplement [8]. Of
the Bacillus species, endospore-forming soil-dwelling B. subtilis is the most ubiquitous
bacterium in diverse ecological settings ranging from terrestrial to aquatic environ-
ments [9]. This organism’s genetics and physiology have been extensively researched,
and the understanding of its genetic background and physiology is second only to that
of Escherichia coli [10, 11]. Recent probiotic studies of B. subtilis have made significant
advances in clarifying the spectrum of activity that makes this bacterium one of
the most appealing probiotics [5]. B. subtilis strains have been studied as probiotics
for their antibacterial, antifungal, antiviral, antidiarrheal, and immunostimulatory
effects, as well as for their potential to compete with pathogens for survival, inhibit
intestinal inflammation, and stimulate the growth of normal intestinal flora [12-17].
This chapter discusses the applications of B. subtilis probiotics in humans, animals,
and plants. First, the chapter reviews the probiotic mechanisms of B. subtilis and the
current state of research in this area. The potential applications of recombinant B.
subtilis probiotics are also be covered, along with results from preclinical studies and
the future role of B. subtilis probiotic therapy in clinical settings.

2. Mechanisms of action of B. subtilis probiotics

B. subtilis’ probiotic effects on the host can be attributed to a variety of mecha-
nisms, including antimicrobial effect, antidiarrheal effect, immunostimulatory
effect, competitive exclusion of pathogens, prevention of intestinal inflammation,
and stimulation of growth of intestinal normal flora [18].

2.1 Synthesis of antimicrobial agents

Both industry and healthcare have made extensive use of Bacillus spp. due to
their ability to produce a wide range of biologically active metabolites, particularly
antimicrobials [19]. Pathogenic infections are a leading cause of morbidity and
mortality worldwide, and while synthetic antibiotics are used to control patho-
genic overgrowth, their indiscriminate use leads to the emergence of multidrug-
resistant pathogenic bacteria. B. subtilis, one of the most prominent species, has
shown promise in this area by serving as a viable therapeutic antimicrobial, as it
synthesizes 66 antibiotics and allocates 4-5% of its genome to antibiotic biosyn-
thesis [1, 7, 20]. The antibiotics synthesized by B. subtilis have diverse structures
and antimicrobial properties. Specifically, B. subtilis synthesizes antimicrobial
agents that disrupt cell walls and plasma membranes and interfere with intracel-
lular processes [19]. Bacilysin exerts its effect by targeting the cell walls of Candida
albicans and foodborne pathogens such as Escherichia coli, Salmonella enterica
and Bacillus cereus [21, 22]. B. subtilis biosynthesizes lipopeptide antibiotics
such as surfactin and fengicyn, which exert their antimicrobial activity against
harmful microorganisms such as plant pathogens such as Rhigopus stolonifer
through their interaction mechanisms with phospholipid bilayer membranes
[23, 24]. Some agents inhibit pathogens by disrupting intracellular processes
without disrupting cell walls and plasma membranes; for example, sublancin,

a glycosylated peptide produced by B. subtilis 168, shows antibacterial activity
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against methicillin-resistant Staphylococcus aureus by disrupting the central dogma
[25, 26]. In this regard, B. subtilis probiotics are promising antibiotic substitutes
with remarkable antimicrobial properties, highlighting their potential as a novel
strategy to overcome microbial infections [27]. For example, supplementation
with B. subtilis PB6 in E. coli-infected broilers reduced the mortality rate from 14%
to 8%, while antibiotic administration reduced it to 6% [28]. Similarly, compared
to negative controls, supplementation with B. subtilis DSM 32315 and Nasarin
reduced mortality by 6.5% and 9.1%, respectively [29]. B. subtilis has also been
shown to reduce Salmonella typhimurium infection in cell culture studies, in addi-
tion to mucosa-associated lymphoid tissue (MALT) healing [30].

2.2 Immunostimulatory effect

B. subtilis stimulates both specific and non-specific immunity, thereby improv-
ing protection against pathogens. Bacillus spores have been shown to stimulate the
immune system by oral administration in numerous studies in humans and animal
models. B. subtilis spores induce specific humoral and cell-mediated immune
responses. The development of both innate and adaptive immune responses in
the host is significantly influenced by the interaction between B. subtilis spores
and macrophages [5]. Studies on macrophages and B. subtilis spore co-cultures
showed that B. subtilis significantly increased the secretion of pro-inflammatory
cytokines, including tumor necrosis factor-alpha (TNF-a), interferon-gamma
(IFN-vy), interleukin-1 beta (IL-1), IL-6, IL-8 and IL-12 [31-33]. Lefevre et al.

[34] demonstrated that supplementation of elderly humans with B. subtilis CU1
significantly increased fecal and salivary secretory IgA concentrations compared

to placebo. Administration of B. subtilis MBTU PBBM1 spores to mouse models
resulted in T lymphocyte proliferation and accumulation of IgG and IgA antibodies,
indicating the potential of B. subtilis MBTU PBBM1 spores to enhance both humoral
and cellular immunity in mice [35]. Bai et al. [36] showed that administration of

B. subtilis fmb] to broilers significantly increased serum IgG and IgA levels. In
addition, a study by Li et al. [37] in growing-finishing pigs showed that B. subtilis
increased serum IgG levels, suggesting that supplementation with B. subtilis sig-
nificantly stimulates the immune response. A study in a rabbit model showed that
the combination of Bacteroides fragilis and B. subtilis had a positive effect on the
development of gut-associated lymphoid tissue (GALT) and the diversification of
the pre-immune antibody repertoire. Furthermore, two stress responses controlled
by Spo0A, including sporulation and TapA (formerly YqxM) secretion, were found
to be necessary for GALT development in B. subtilis [38].

2.3 Maintenance of intestinal homeostasis

Probiotic B. subtilis strains have shown promising results in supporting gastro-
intestinal health and exhibiting anti-inflammatory properties [5, 6]. Patch et al.
[39] found that B. subtilis supplementation significantly improved symptoms of
constipation, indigestion and dyspepsia compared to the placebo control group.
Further research has shown that stool quality was significantly improved following
B. subtilis supplementation, while stool frequency per day and abdominal noises
were significantly reduced [40, 41]. In addition, anti-inflammatory immune cell
populations increased in response to ex vivo lipopolysaccharide stimulation of
peripheral blood mononuclear cells [42]. Studies in piglets and growing-finishing
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pigs showed that B. subtilis supplementation improved the efficiency of digestion
and metabolism of nutrients and had antioxidant effects. B. subtilis was shown

to have a positive effect on intestinal histomorphology and its supplementation
could promote a more favorable mucosal structure and larger absorptive areas of
the luminal villi, thus promoting better intestinal development [37, 43, 44]. This
finding suggested the reason for the improved digestive efficiency [37]. It was

also reported that administration of B. subtilis to pigs increased serum superoxide
dismutase levels, and after administration of B. subtilis fmb], reactive oxygen
species (ROS) levels in liver mitochondria of broilers were significantly decreased,
and the expression of antioxidant enzyme genes including nuclear factor erythroid
2-related factor 2 (Nrf2), haem oxygenase 1 (HO-1), superoxide dismutase (SOD),
and glutathione peroxidase (GPx) were improved. Irritable bowel syndrome and
inflammatory bowel disease (IBD), which includes Crohn’s disease and ulcerative
colitis, have been shown to be associated with oxidative stress and may benefit from
antioxidant effects that help maintain and restore intestinal function [45]. Studies
in broilers showed that supplementation with B. subtilis increased goblet cells in the
intestinal tract by 19% and reduced the severity of inflammatory cell infiltration in
the jejunum [46, 47]. Research in mice showed that histological damage caused by
IBD was reduced by the ingestion of B. subtilis, which upregulated the expression
of tight junction proteins and suppressed cytokine expression to mitigate intestinal
epithelial damage [48]. Furthermore, competence and sporulation factor (CSF)
synthesized by B. subtilis was found to activate the p38 MAP kinase and protein
kinase B (Akt) survival pathways in intestinal epithelial cells, preventing oxidant-
induced intestinal epithelial cell injury and loss of barrier function after its OCTN2-
mediated transport [49]. CSF also reduced intestinal inflammation and improved
survival in mice with lethal colitis [50].

2.4 Maintenance of gut microbiota

B. subtilis administration has been shown to influence the gut microbiota profile
by stimulating the growth of normal gut flora and by competitively eliminating
pathogens [51]. Studies conducted in broilers showed that B. subtilis promoted the
presence of beneficial bacteria in the gut such as Enterococcus, Lactobacillus spp.,
Bifidobacterium spp., Firmicutes, Christensenellaceae, Caulobacteraceae, Ruminococcus,
Lachnoclostridium, and Anaerostipes while reducing Vampirovibrio, Escherichia/
Shigella, Pavabacteroides, Clostridium, Coliforms, Campylobacter, Bacteroidetes, and
E. coli [52-58]. It has also been shown that adherence of Salmonella enteritidis,
Listeria monocytogenes, and Escherichia coli pathogens to the HT-29 cell line was
inhibited by B. subtilis P223 [16]. Furthermore, the B. subtilis-treated model organ-
ism Bombyx mori L. had a higher abundance of Enterococcus compared to the control
group [59]. Studies in pigs and piglets exhibited that B. subtilis supplementation
increased the numbers of Lactobacilli, Leucobacter and Cupriavidus, Coprococcus,
and Bifidobacterium, as well as colonic Succiniclasticum cells the numbers of
Clostridium perfringens and E. coli [43, 54, 60, 61]. Other studies have demon-
strated that B. subtilis favors the intestinal colonization of some beneficial bacteria,
including Lactobacillus, Leucobacter, Bifidobacteria, Megasphaera, Coprococcus,
Gemmatimonadete, Acidobacteria, Ruminococcaceae_UCG-013 cc, and Prevotella
[43, 62, 63]. Administration of B. subtilis has been shown to alter the microbial
composition and optimize the structure of the gut microbiome, contributing to its
beneficial effects as a probiotic [37, 43, 44, 63].

34



B. subtilis Probiotics for Humans, Animals and Plants: Mechanisms, Applications and Prospects
DOI: http://dx.doi.org/10.5772/intechopen.1007721

3. Applications of probiotic B. subtilis
3.1 For humans

Human studies have demonstrated the potential of B. subtilis probiotics to effec-
tively treat various intestinal infections and diseases, including antibiotic-associated
diarrhea, ulcerative colitis, acute intestinal infections, irritable bowel syndrome, and
other infectious pathologies [5, 6]. In addition, probiotic B. subtilis has been shown to
be effective in the treatment of immunodeficiency [64], Alzheimer’s disease [65] and
Parkinson’s disease [66]. B. subtilis-derived probiotics have been shown to increase
human longevity by slowing the progression of age-related diseases [67]. In addition,
B. subtilis supplementation has been beneficial in reducing risk factors associated
with cardiovascular disease by lowering cholesterol levels in the human bloodstream
[68, 69]. Furthermore, the use of B. subtilis natto DG101 in conjunction with appro-
priate medication has become a promising and innovative intervention in the fight
against the global diabetes epidemic [70].

B. subtilis has also shown promise as an adjunctive treatment for Helicobacter
pylori eradication therapy and dysbacteriosis in neonates and children [5, 6]. Given
its ability to favorably alter the gastrointestinal microflora, B. subtilis probiotics are
being considered as a daily supplement to support overall gut and digestive health
in individuals. Probiotic strains of B. subtilis have been shown to have beneficial
effects on GI health, including improvements in constipation [39], GI quality of
life [71], body composition [72-74], stool regularity [40, 41], GI discomfort [75],
bloating and belching [76], and microbiome composition [41, 77]. Additional
benefits have been observed in glucose metabolism [73], amino acid, purine and
vitamin B metabolism [59], GI hormonal response [68, 78], anti-inflammatory
activity [42], lipid metabolism [68, 72], endothelial function [68], bone density
[79] and immune response [34].

In recent years, engineered probiotics have gained considerable attention as
a live therapy to maintain healthy gut microbiota and treat microbial infections.
Lactobacillus rhamnosus GG (LGG) is a widely studied probiotic for use in ulcerative
colitis [80], diarrhea [81] and atopic dermatitis [82]. A major secreted protein, p75,
enhances its probiotic activity by maintaining intestinal epithelial cell prolifera-
tion and survival by stimulating activation of Akt, suppressing cytokine-induced
epithelial cell apoptosis, increasing cell proliferation and reducing tumor necrosis
factor (TNF)-induced colonic epithelial damage [83, 84]. However, maintaining the
viability of these probiotics during food processing and in the gut remains a challenge
[85, 86]. A recent study anchored the p75 protein from L. vhamnosus GG to B. subtilis
via CotG, demonstrating its antibacterial activity against the foodborne pathogen
Listeria monocytogenes [27]. Researchers have also investigated B. subtilis probiotics
as a vaccine delivery system. These spore probiotics enhance immune responses by
presenting antigens in the gut [87]. For example, researchers have proposed B. subtilis
spores expressing H. pylori urease B (UreB) protein on their surface as a promising
oral vaccine against H. pylori infection. In experimental mouse models, oral admin-
istration of UreB-expressing recombinant B. subtilis spores resulted in a significant
humoral immune response. Furthermore, oral administration of these engineered
spores reduced H. pylori load in infected mice by 84% compared to the control group
[88]. Several studies have highlighted the importance of surface display of antigens on
B. subtilis probiotics, such as the C fragment of tetanus toxin (TTFC) [89], the tegu-
ment protein of Clonorchis sinensis [90] and the SARS-CoV-2 spike protein [91]. These
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studies have shown that oral administration of these engineered B. subtilis probiotics
induces robust immune responses.

Researchers are exploring novel approaches to promote gut health, modify
metabolic pathways and improve overall health through the development of recom-
binant B. subtilis probiotic candidates, paving the way for a new era in the treatment
of infectious diseases and metabolic disorders. For example, a recent study evaluated
the efficacy of a novel recombinant B. subtilis SP-64 strain expressing human alcohol
dehydrogenase-4 (ADH4) in mice to treat diet-induced metabolic disorders such as
obesity, fatty liver disease and type 2 diabetes [1]. Long-term ethanol production
in the gastrointestinal (GI) system can damage the gut microbiota and cause organ
dysfunction. It is necessary to reduce ethanol exposure to internal organs and increase
ADH4 activity, which is necessary for alcohol metabolism [92]. In the study, increased
rates of ethanol removal were achieved with the customized B. subtilis. Treatment
with this customized probiotic significantly reduced weight gain in mice, promoted
glucose utilization and prevented pancreatic damage from a high-fat diet [1]. A recent
study investigated a lactate oxidase-expressing recombinant B. subtilis as a therapeu-
tic probiotic candidate for metabolic disorders associated with elevated blood lactate
levels [93]. Anaerobic glycolysis can lead to elevated lactate levels associated with
diseases such as cancer, diabetes and mitochondrial dysfunction [94-96]. Traditional
techniques for treating elevated lactate levels, such as small molecule inhibitors or
enzyme replacement, have limited clinical efficacy [97-99]. In this study, lactate
oxidase (LOX)-expressing recombinant B. subtilis probiotic candidates were orally
administered to the mouse models to improve the rate of removal of elevated blood
lactate levels and combat associated metabolic diseases. Oral administration of these
LOX-expressing recombinant spore-based B. subtilis probiotics significantly reduced
elevated blood lactate levels in the animal models without affecting the immune
system, liver or gut microbiome [93].

3.2 For animals

Livestock production has expanded significantly to meet the needs of a growing
global population, with antibiotics being used as growth promoters to improve feed
conversion rates [100-102]. However, this has led to the development of antibiotic-
resistant pathogenic bacteria that pose a threat to human health and the economy
[103, 104]. The rise of antimicrobial resistance has reduced effective treatments,
reduced animal productivity and increased the risk of infectious diseases [105]. The
use of antibiotic growth promoters as feed additives has been prohibited in many
countries due to regulatory pressure and consumer demand [106]. Alternatives such
as probiotics, feed enzymes, prebiotic oligosaccharides, synbiotics, essential oils
and immunostimulants have gained interest to maintain current animal production
metrics [107]. As a promising probiotic alternative, B. subtilis strains have long been
used as feed additives to promote animal growth and prevent disease [108]. Its ability
to be produced in the form of endospores allows it to rapidly reactivate in the upper
intestine to secrete proteases, facilitating the breakdown of complex carbohydrates
in plant diets [109-111]. B. subtilis produces antimicrobial agents that fight intestinal
pathogens and improve intestinal health and food absorption [19-24, 47, 51].

Animal feed production processes typically require high temperatures, and spore-
producing bacteria are well suited to these conditions. In the production of functional
animal feeds, the ability to sporulate, grow under both aerobic and anaerobic condi-
tions, and survive inside and outside of humans and animals makes the B. subtilis
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strains one of the most versatile and attractive probiotic bacteria [7, 107]. Several
studies have evaluated the effects of B. subtilis probiotics on broiler growth perfor-
mance compared to antibiotics. Lee et al. [112] found that broilers supplemented with
B. subtilis had higher body weights than those supplemented with 60 mg/kg salino-
mycin. Teo and Tan [28] showed that the administration of B. subtilis PB6 to E. coli-
infected broilers improved the average daily gain from day 21 to 41 by 7.5% compared
to the administration of a combination of 16.7 mg/kg bacitracin zinc and 3.3 mg/kg
colistin sulfate. In addition, recombinant B. subtilis probiotics in Eimeria maxima-
infected broilers significantly improved gut integrity, enhanced innate immunity, and
improved growth performance in young chickens [113]. In addition, a study proposed
Clostridium perfringens alpha toxoid expressing recombinant B. subtilis as a promising
vaccine for the prevention of necrotic enteritis in poultry [114]. B. subtilis spore probi-
otics expressing a truncated Newcastle disease virus haemagglutinin-neuraminidase
protein and a B. subtilis strain expressing the duck hepatitis A virus type 1 VP1 protein
significantly induced strong systemic and mucosal immune responses in mice, high-
lighting the potential of B. subtilis probiotics as an immunization agent for poultry
[115, 116]. The B. subtilis probiotic strain was also genetically modified to detoxify
poultry feed by inserting the dioxin degradation system of Sphingomonas wittichii. It
significantly reduced dioxin levels, demonstrating its potential as a feed additive to
detoxify poultry diets and provide safe consumption for chickens [117].

Newborn piglets have a sterile gut that eventually develops their characteristic
microbiome through interaction with the sow and surrounding environment. The
periods immediately following birth and post-weaning represent the most vulner-
able stages in a pig’s lifecycle, where the elimination of antimicrobial substances
from feed could impact mortality rates [118, 119]. A recombinant B. subtilis probiotic
expressing antimicrobial peptide was developed to address these issues in swine
production. Tests on the constructed recombinant probiotics in vitro exhibited
antimicrobial activity against E. coli, S. typhimurium, Haemophilus parasuis, and
S. aureus. Furthermore, administration of these engineered probiotics in weaned
piglets significantly enhanced the growth and reduced the incidence of diarrhea from
enteropathogenic E. coli challenge compared to non-supplemented piglets [120].

Porcine epidemic diarrhea virus (PEDV) is a serious pig disease causing high
mortality from diarrhea in piglets [121-123]. Currently, available PEDV vaccines lack
efficacy, resulting in inadequate treatment [124, 125]. As B. subtilis probiotics are
known to improve immune regulation and promote gut health in pigs when adminis-
tered orally [126], engineering B. subtilis probiotics to provide immunization against
PEDV infection is a promising approach to overcome the current challenges in treat-
ing PEDV infection [127]. These probiotics could also be developed as feed additives
with enhanced nutritional value. Previous work has shown that tryptophan-excreting
B. subtilis probiotics can produce tryptophan iz situ to supplement pig diets, offering
the potential benefits of reducing environmental pollution from nitrogen sources and
feed costs [128].

Live microbial feed additives, such as probiotics, may not only alter the rumen
microbiota but also induce strong host immune responses [129, 130]. Higher feed effi-
ciency and improved milk production have been demonstrated in cows fed B. subtilis
natto fermentation products, suggesting that B. subtilis natto alters rumen fermenta-
tion patterns [129, 131]. Haemonchus contortus is an important gastrointestinal parasite
that infects sheep, causing blood loss and anemia. H. contortus infection affects
the gastrointestinal microbial population, inhibiting protein digestion and growth
performance in infected animals [132, 133]. A recent study showed that HcGAPDH
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protein from H. contortus expressing a recombinant probiotic B. subtilis strain induced
immune responses in sheep and reduced worm burden [134].

3.3 For plants

Biological products containing live bacterial cells and/or their metabolites have
great potential as next-generation methods of crop protection. These technological
advances now allow plant breeders to potentially avoid reliance on chemical pesticide
and fungicide applications in some cases. B. subtilis, in particular, has shown promise
as an effective biological control alternative to chemical control [135, 136]. B. subtilis
is a common plant growth-promoting rhizobacterium (PGPR) that enhances plant
development and yield. It protects the plant against stress through biofilm develop-
ment, lipopeptide production, siderophore secretion and exopolysaccharide release. It
acts as an effective denitrifying agent in the agroecosystem and maintains soil health
through environmentally sustainable remediation approaches [137]. For example,
the use of B. subtilis as a biofertilizer in fertigated Tarocco blood orange groves has
been shown to improve fruit quality, soil fertility, growth and nutrient uptake, and to
reduce the need for chemical fertilizers [138]. Field trials using B. subtilis CPA-8 have
reduced Monilinia spp. plant infections, demonstrating its potential as an environ-
mentally friendly alternative to fungicides [135]. The chitinase from Bacillus pumilus
was expressed on B. subtilis spores and its biopesticidal activity was demonstrated
against fungal pathogens such as Rhizoctonia solani and Trichoderma harzianum,
which are major threats to maintaining sustainable agriculture, highlighting the
potential of these novel biocontrol agents [139].

4, Clinical trials

Functional gastrointestinal disorders affect 25-40% of the world’s population.
They are chronic conditions with persistent symptoms, including functional bowel
disorders, irritable bowel syndrome, constipation, diarrhea and bloating [39, 140].
Antibiotics are often ineffective or contraindicated for long-term use, whereas probi-
otics offer health benefits without resistance [141]. A clinical trial investigated the use
of probiotic B. subtilis (BG01-4TM) in the treatment of functional gastrointestinal
disorders and found that BG01-4TM relieved constipation symptoms, suggesting its
potential in the treatment of GI dysfunction [39]. A study of 400 adult patients with
moderate-to-severe diarrhea-predominant irritable bowel syndrome (IBS-D) found
that B. subtilis containing Bio-Kult®, a multi-strain probiotic, reduced abdominal
pain and improved bowel movements, suggesting potential benefits for IBS-D
patients [142]. A clinical trial in 76 healthy subjects found that daily B. subtilis BS50
supplementation for 6 weeks improved bloating, belching and flatulence, suggesting
a safe approach to gastrointestinal discomfort [76]. A study in 81 healthy adults aged
18-50 years evaluated the tolerability and safety of B. subtilis R0179. The study found
no adverse effects on general well-being or gastrointestinal function. B. subtilis R0179
was well tolerated at doses ranging from 0.1 to 10 x 10° cfu/day [75].

In a recent study, two cases of type 2 diabetes were well controlled with B. subtilis
natto DG101 probiotics. Probiotics helped control blood glucose and insulin levels
in two cases of type 2 diabetes in obese patients. This study shows the potential of
B. subtilis probiotics in managing type 2 diabetes and in maintaining health and
managing disease [70].
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5. Future prospects

Recently, B. subtilis as a probiotic has gained attention for its applications in skin
care. A study in mice showed that a B. subtilis-supplemented Pluronic F-127 hydrogel
could modulate the skin microbiome, revealing its potential in the treatment of skin
dysbiosis-related diseases such as atopic dermatitis, acne, rosacea, and psoriasis [143].
Furthermore, topical application of B. subtilis-substituted polyvinyl alcohol (PVA)
microparticles effectively reduced the healing time of open wounds in mice, indicat-
ing the potential of B. subtilis as an effective therapeutic agent for acute or chronic
open wounds [144]. Despite its promising potential, there is a lack of scientifically
validated clinical data on the efficacy and safety of probiotic B. subtilis formula-
tions for the treatment of skin disorders, which could be urgently pursued as future
research.

Psychobiotic strains influence central nervous system (CNS)-related functions
and behaviors mediated by the gut-brain axis (GBA) through a number of different
pathways [145]. There is growing interest among researchers in the field of microbial-
based psychopharmaceuticals. An imbalance in the gut microbiota has been linked
to a range of health problems, including inflammatory bowel disease, obesity, type
2 diabetes, and even mental health conditions such as autism, Alzheimer’s disease
(AD), depression and anxiety [146]. In recent years, preclinical and some clinical
studies of psychobiotics have yielded encouraging results in the treatment of neuro-
degenerative and depressive disorders [65, 147]. Bacteria of the genera Lactobacillus
and Bifidobacterium have been most extensively studied for their psychobiotic effects
[146, 147]. Conversely, recent studies have shown that B. subtilis strains also have
promising psychobiotic properties. For example, studies using chickens as a model
organism have shown that B. subtilis has beneficial effects on growth performance,
intestinal microstructure and digestive enzymes, synthesis and release of antimicro-
bial and antibiotic compounds, immunity and neurotransmitter activities, including
serotonin, and animal behavior following various stressors. In addition, B. subtilis has
the ability to overproduce L-tryptophan, which subsequently increases 5-HT in the
hypothalamus, acting as an antidepressant and anti-anxiety agent, relieving nervous
tension in mice and reducing aggressive behavior in laying hens [148]. Besides sero-
tonin, B. subtilis has the ability to produce gamma-aminobutyric acid (GABA) [149,
150]. GABA is one of the most important inhibitors in the brain, regulating many
physiological and psychological processes. Its dysfunction has been implicated in
anxiety and depression. It also plays an important role in the prevention of neurologi-
cal diseases, cancer, type 1 diabetes and immune disorders [151]. Nitric oxide (NO),
another neurotransmitter involved in several GI functions, including maintaining
vascular tone, modulating immune responses, transmitting nerve impulses, and
facilitating GI motility by relaxing intestinal muscles, could be produced by B. subtilis
[152]. Alzheimer’s disease (AD) is a major cause of dementia among diseases of the
nervous system. The exact etiology of Alzheimer’s disease remains incompletely
understood. There is no definitive and effective treatment for the disease. B. subtilis
NCIB 3610 has been extensively studied for its ability to form well-structured, three-
dimensional biofilms in vitro, which is one of the many potential pathways by which
it exerts a probiotic effect [153]. It has been shown to delay the onset of age-related
neurodegenerative and cognitive deficits in a Caenorhabditis elegans model of AD [65].
The anti-AD effects of B. subtilis are directly related to the ability of the probiotic to
synthesize a quorum-sensing peptide—Competence Sporulation Factor (CSF)—and
to gut-associated biofilm development. Alpha-synuclein (aSyn), a highly soluble
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unfolded protein, has been implicated in Alzheimer’s disease and Parkinson’s disease.
A reduction in DA levels in aSyn has been observed in post-mortem AD brains, which
is associated with cognitive decline. Another B. subtilis PXN21 has been observed to
inhibit, delay and even reverse aSyn aggregation in young and old C. elegans models
by altering the sphingolipid metabolic pathway. Despite these promising results,
scientifically validated research into their psychobiotic effects has been limited. Their
effects may vary depending on factors such as strain type, dosage and individual
differences. Comprehensive molecular mechanism studies, animal experiments and
clinical trials are therefore essential to refine their use [65, 154, 155].

The potential therapeutic efficacy of B. subtilis against coronavirus disease
(COVID-19) has recently been elucidated [156]. By modulating the immune system,
B. subtilis appears to help prevent excessive inflammation and thus improve patient
outcomes. Preliminary evidence suggests that this bacterium may have an inhibi-
tory effect on viral replication. This observation warrants further investigation,
particularly given the lack of clarity regarding its specific activity against the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus. B. subtilis is still being
tested as a treatment for patients with COVID-19 [156] and further studies are needed
to confirm its potential and understand how it works.

Recent advances in “omics” technologies, including genomics, transcriptomics,
proteomics and metabolomics, have significantly improved our understanding of B.
subtilis at the molecular level. By integrating omic approaches with systems biology
studies, researchers have gained insight into the networks and pathways that control
the physiology of this model bacterium [157]. Advances in synthetic biology and
genome editing techniques such as CRISPR-Cas9 have led to the development of engi-
neered probiotics for various health problems. These probiotics can be used to treat
inflammatory bowel disease, cancer and neurological disorders. B. subtilis, known for
its non-pathogenicity, excellent protein secretion ability, adaptive metabolism and
resistance, makes it an ideal candidate for metabolic engineering and synthetic biol-
ogy to produce live therapeutics for disease treatment [6, 158]. An intriguing example
of such applications is the genetically engineered probiotic Bacillus subtilis ZB183,
which is Food and Drug Administration (FDA)-compliant and has been developed
with the ability to reduce alcohol hangover. This product has been marketed by
ZBiotics since 2019 [159, 160]. In addition, in 2024, ZBiotics commercialized another
engineered probiotic bacterium, ZB423™, to convert sugar into fiber continuously
throughout the day. This unique probiotic produces levansucrase, an enzyme that
splits sugar into glucose and fructose, and redirects the fructose to form a rare fiber
called levan. This enzyme is delivered directly to the gut, maximizing the benefits
and delivering the fiber in a way that is preferred by the microbiome [161, 162]. These
two recombinant commercial examples represent a significant advance demonstrat-
ing the success and safety of engineered B. subtilis probiotics, the number of which is
expected to increase rapidly in the near future.

6. Conclusions

The Bacillus genus of bacteria has recently become the subject of considerable
research interest, due to the significant potential health benefits they offer to humans,
animals and plants. For humans, B. subtilis offers a wide range of health-promoting
properties, including improved digestion, stimulation of the growth of natural micro-
flora, circulatory blood homeostasis, stimulation of the immune system, prevention
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of intestinal inflammation, and potential protection against pathogenic invaders.
Clinical trials have demonstrated the safety and efficacy of B. subtilis as a dietary
supplement for the treatment of diseases affecting the gastrointestinal (GI) tract and
type-II diabetes. In addition, preclinical studies have also yielded promising results
for the management of cardiovascular diseases, inflammatory disorders, dermatologi-
cal diseases, neurodegenerative and depressive conditions, and even SARS-CoV-2
infection.

B. subtilis is being used more in livestock farming because it improves feed effi-
ciency and eliminates the need for antibiotics. This is achieved by improving nutrient
digestibility, reducing pathogen load, strengthening mucosal physiology and improv-
ing gut immunity and microbiota diversity in various livestock species. Together with
these beneficial effects, the capacity of B. subtilis to form spores at high temperatures
and to survive in low pH environments renders it a robust strain that can be devel-
oped into an in-feed probiotic supplement.

The B. subtilis species is of great importance in maintaining plant health, promot-
ing plant growth and fighting against pathogens. B. subtilis has been demonstrated
to be highly effective in combating pathogens, enhancing nutrient availability and
enhancing stress tolerance in plants. This highlights its significant potential in shap-
ing the trajectory of sustainable agriculture.

The advent of synthetic biology with the advancement of genome editing
techniques such as CRISPR-Cas9 has engendered promising prospects for the cus-
tomization of B. subtilis strains. As a proficient chassis cell, these organisms can be
modified to alter their intrinsic properties, thereby facilitating the development of
novel solutions for the treatment of a spectrum of human, animal and plant diseases.
Given its status as a commensal organism present in humans, animals and plants, its
exceptional resilience even in adverse conditions and its designation as a Generally
Recognized as Safe (GRAS) organism, engineered B. subtilis probiotics are poised to
assume an even more pivotal role in sustainable practices and innovative solutions to
the challenges of human, animal and plant health in the near future.
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Abstract

Probiotics are defined as live microorganisms that confer health advantages to their
hosts. Some probiotics exhibit limitations, including susceptibility to temperature
fluctuations, gastric acidity, and harsh conditions. This has led to exploring probiotics
with higher intrinsic resistance and stability in harsh conditions. Bacillus subtilis has
received attention due to its inherent probiotic properties, high resistance to harsh con-
ditions, and ability to form spores. Significant progress has been made in understand-
ing the probiotic potential of B. subtilis, uncovering various mechanisms of action.

On the other hand, postbiotics secreted by B. subtilis have become an attractive field

of interest for scientists. Numerous studies have validated the efficacy of B. subtilis as

a dietary supplement for poultry and aquaculture. Furthermore, the Food and Drug
Administration (FDA) has recognized B. subtilis as safe. These advantageous properties
position B. subtilis as a highly promising probiotic for various applications.

Keywords: Bacillus subtilis, probiotic, postbiotic, food, drug

1. Introduction

Bacillus subtilis is a Gram-positive bacterium that can grow in aerobic and
anaerobic conditions. It is commonly found in various natural environments and
is recognized as being generally safe for both animals and humans [1, 2]. B. subtilis
rapidly grows and requires few nutrients, enabling it to survive, colonize, and repro-
duce across diverse habitats easily. Consumption of B. subtilis can have beneficial
effects and improve the health of the host cell [3]. Hence, B. subtilis is known as a
probiotic. It can form spores through sporulation. The formation of bacterial spores
helps the B. subtilis to survive in harsh conditions. B. subtilis probiotics can improve
intestinal microbial flora, strengthen the immune system, and prevent intestinal
inflammation through different mechanisms [4]. In patients diagnosed with
diarrheal-type irritable bowel syndrome (IBS), B. subtilis spores have effectively
diminished the disease’s severity [5].

Bacillus subtilis probiotics can secrete various postbiotics, such as enzymes,
short-chain fatty acids (SCFAs), vitamins, teichoic acids, and exopolysaccharides
(EPSs). It produces a variety of active enzymes, such as protease, amylase, and cel-
lulase, which efficiently break down proteins, starches, and fibers, thereby enhanc-
ing nutrient utilization by bacteria [6]. Using postbiotics derived from B. subtilis
ACCC 11025 in the broiler chicks diet mitigated ammonia emissions from excreta. It

55 IntechOpen



Bacillus subtilis — Functionalities and One Health Applications

diminished the prevalence of Salmonella while simultaneously promoting the growth
of Lactobacillus bacteria [7].

The addition of probiotics into the diets of both humans and animals to promote
health has garnered much attention. Notably, among many probiotics candidates,
the B. subtilis exhibited a remarkable ability to form spores, enabling it to endure
extreme environmental conditions. It is more suitable than other probiotic strains
due to its non-pathogenic and non-toxic nature and capacity to produce antimicrobial
compounds. B. subtilis provides many benefits to the host when added to the feed of
aquatic, poultry, and farmed animals. Telli et al. [8] indicated that adding B. subtilis
into the diet of Nile tilapia mitigated the stress levels related to high stocking density
[8]. B. subtilis contributes to improved immune protection in broilers by neutralizing
harmful pathogens and promoting the synthesis of natural antibodies [9]. The pre-
ventive administration of B. subtilis probiotics exhibited effects comparable to those
of antibiotics, mitigating the stress associated with Salmonella gallinarum infection
while enhancing growth performance, immune response, and the development of gut
mucosa in broiler chickens [10].

Bacillus subtilis probiotic is used to treat various gastrointestinal (GI) diseases.
Administration of B. subtilis DE111 at a dose of 1x10~° CFU (colony-forming units),
taken as one capsule per day for four weeks, resulted in a significant reduction in total
cholesterol and non-high-density lipoprotein cholesterol levels, improved endothelial
function, and decreased low-density lipoprotein cholesterol [11]. B. subtilis spores
can be used as a novel method to treat various diseases. High resistance when passing
through the digestive system and enhancing gene expression are the advantages of B.
subtilis in vaccine production.

In this chapter, after the definition of the probiotic and its mechanism of action,
postbiotics secreted from B. subtilis are discussed. Then, the use of B. subtilis probiot-
ics in human food, aquatic, poultry, and farmed animals, and finally, the use of B.
subtilis in medicine and pharmaceuticals are discussed.

2. Bacillus subtilis as probiotics

The term “probiotic,” originating from Latin, means to “for life” Long before the
recognition of probiotic microorganisms, various fermented products—including
kefir, cheese, beer, kumis, and bread were commonly utilized for both nutritional
and therapeutic benefits [12]. In 2001, a committee of experts from the World Health
Organization (WHO) established a definition that is still reliable today: “live micro-
organisms which, when consumed in adequate amounts, provide a health benefit
to the host.” In addition to various species within the Lactobacillus genus, numerous
Bacillus species, particularly strains of B. subtilis, have been utilized as probiotics for
both animals and humans [13, 14]. Notably, it is recognized as a widely used probiotic
due to its metabolic properties, especially the ability to form spores. Bacillus spores’
heat resistance contributes to products’ stability above room temperature. It allows for
the direct addition of spores into animal feeds, which are processed at temperatures
ranging from 80 to 85°C. Furthermore, many spores can endure the acidic conditions
of the stomach and the bile acids present in the small intestine. After germination,
the effects of probiotics can be observed mainly in the upper and significantly in
the lower intestine. Depending on the strain, B. subtilis probiotics can have different
mechanisms of action, such as the ability to directly or indirectly inhibit pathogenic
organisms. B. subtilis probiotics also enhance the intestinal barrier and immune
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response, produce metabolites that are selectively utilized by gut microbiota (“cross-
feeding”), or release enzymes that render indigestible food accessible to both the host
and microbiota. Protease, lipase, and amylase are the industry’s most widely used
enzymes produced by B. subtilis [15, 16].

2.1B. subtilis safety

Bacillus subtilis is classified as safe by the Food and Drug Administration (FDA),
indicating that it poses no harm to human health. Furthermore, the European
Food Safety Authority (EFSA) has also deemed this species safe under its Qualified
Presumption of Safety (QPS). Consequently, B. subtilis strains can be considered non-
pathogenic bacteria for human consumption. Research conducted by the European
Scientific Committee on Animal Nutrition has revealed no evidence of toxicity
associated with B. subtilis. Both acute and chronic toxicity assessments in animal
models have further corroborated the safety of these strains. Thus, B. subtilis can be
considered an ideal multifunctional probiotic bacterium for humans [17].

2.2 B. subtilis spore formation

The formation of bacterial spores serves as a crucial adaptation for survival in
harsh environmental conditions that threaten the viability of vegetative bacteria.
The sporulation process is related to the availability of nutrients in the surrounding
environment. When nutrient levels become low, the bacterium begins an irreversible
growth program that culminates in spore formation due to nutrient deficiency. The
endospore nucleus of the bacteria contains a compact and inactive chromosome.

At the same time, the spore is enclosed in a coat rich in peptidoglycan and one or
more protein layers, collectively known as the spore coat [18]. In response to nutri-
ent deficiency, the vegetative cell undergoes a series of morphological changes that
lead to the formation of a pro-spore in the sporangium mother cell. This forespore is
finally released through the lysis of the mother cell. B. subtilis spores show significant
resistance against extreme temperatures, pH levels, stomach acid, bile, and various
solvents, thus maintaining their viability in the digestive system. In addition, B.
subtilis spores can be stored for a long time without refrigeration [16].

2.3 Action mechanisms of B. subtilis
2.3.1 Modulation of intestinal microbiota

The gastrointestinal tract’s microbiota is crucial for the host’s digestion, immune
response, nutrient absorption, metabolism, and overall development. A healthy
balance of intestinal microbiota is vital for the well-being of all living organisms. It
aids the host by assimilating dietary nutrients and modulating the development and
functionality of the digestive and immune systems [19]. B. subtilis can modify the
composition of the intestinal flora by promoting the growth of beneficial bacteria
and simultaneously suppressing the growth of pathogenic bacteria. Lin et al. [20]
indicated that the oral administration of B. subtilis led to a significant reduction in
liver and intestinal pathological damage in infected mice. The probiotics effectively
restored the diversity and composition of the intestinal microbiomes in these infected
mice [20]. B. subtilis improved the microbiota-gut-blood system (MGBS) [21]. They
positively influenced the physiological functions of the host by regulating circulating
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metabolites, including uric acid, arginine, serine, adenine, and pyridoxal [21]. The
structural integrity of the intestine and the intestinal barrier’s functionality are vital
for digestion, nutrient uptake, and defense against pathogenic organisms. Research
has shown that supplementing animal diets with B. subtilis increases ileal villus
height and a favorable villus height to crypt depth ratio, consequently augmenting
the area available for nutrient absorption [4, 22]. Research has demonstrated that oral
administration of the probiotic B. subtilis to laying hens does not enhance egg produc-
tion. However, it can promote a healthier microbiota profile, marked by an increased
proportion of beneficial bacteria, and it also fortifies the intestinal barrier function
by elevating the expression of tight junction proteins [23].

2.3.2 Prevention of intestinal inflammation

The potential of B. subtilis in the management of intestinal inflammation is
noteworthy. This bacterium is crucial in preserving intestinal homeostasis and
supporting host health. It is a candidate for addressing antibiotic-induced colitis,
inflammatory bowel disease (IBD), such as Crohn’s disease and ulcerative colitis
[24, 25]. Li et al. [26] showed that B. subtilis RZ001 probiotic enhanced intestinal
integrity and mitigated colitis symptoms by inhibiting the Notch signaling path-
way and activating atonal homolog 1 (ATOH-1) [26]. The exopolysaccharide-rich
fraction derived from B. subtilis J92 has the potential to function as a beneficial food
component, enhancing intestinal barrier integrity and mitigating colonic inflamma-
tion associated with IBD [27].

2.3.3 Synthesis of antimicrobial agents

Bacillus subtilis in the gastrointestinal tract is crucial due to its elevated metabolic
activity. It is known to produce a diversity of natural antimicrobial compounds.
Lipopeptides are an essential group of antimicrobial compounds that include surfac-
tin, fengycin, and iturin, all of which possess surfactant characteristics and exhibit
antibacterial, antiviral, antifungal, and anti-inflammatory properties [28, 29]. B.
subtilis synthesizes antibiotics, such as bacillaene and bacilysin, which reduce the
viability of pathogenic microorganisms [30]. B. subtilis strains isolated from the feces
of healthy chickens have shown effectiveness in inhibiting the growth of Escherichia
coli, Salmonella enterica, and Staphylococcus species [31]. Furthermore, cultures
of B. subtilis demonstrate antifungal properties against harmful fungi, including
Aspergillus brasiliensis, Colletotrichum gloeosporioides, and Botrytis cinerea [30].

2.3.4 Improvement of immunostimulatory activity

Bacillus subtilis contributes to the defense against pathogens by stimulating non-
specific and specific immune responses. Numerous studies conducted on human and
animal models have demonstrated compelling evidence that the oral intake of Bacillus
spores can boost the immune system. The spores of B. subtilis elicit specific humoral
and cell-mediated immune reactions. Furthermore, the interaction between B. subtilis
spores and macrophages is crucial for developing the host’s innate and adaptive
immune responses. Qiu et al. [22] exhibited that B. subtilis has the potential to induce
elevated concentrations of serum immunoglobulins, specifically immunoglobulin A
(IgA), immunoglobulin G (IgG), and immunoglobulin M (IgM) [22]. Consumption
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of dietary supplements containing B. subtilis resulted in elevated IgG and secretory
immunoglobulin A (sIgA) concentrations within the ileal mucosa of laying hens [4].
Diets that include B. subtilis can activate toll-like receptor 4 (TLR4), producing pro-
inflammatory cytokines, such as interleukin 1 beta (IL-1f), interleukin 6 (IL-6), and
interleukin 8 (IL-8) [32].

3. B. subtilis’ postbiotics

In recent years, postbiotics have gained attention as an attractive field of research
in the context of health enhancement alongside probiotics. The International
Scientific Society of Probiotics and Prebiotics (ISAPP) characterizes “postbiotics as
a preparation of inanimate microorganisms and/or their components that confer a
health benefit on the host” [33]. Various inactivation methods can be used to prepare
inanimate microorganisms or their components. These methods ensure that the
microorganisms are not alive and at the same time retain their beneficial proper-
ties. Inactivation can be accomplished using heat, as heat is a common method of
inactivating microorganisms that effectively preserves their components for use as
postbiotics. The utilization of ultraviolet (UV) light, ionizing radiation, ultrasound
(US), supercritical carbon dioxide (CO,), and detergents are non-thermal techniques
for preparing inanimate microorganisms [34, 35].

Postbiotics include various substances, such as enzymes, short-chain fatty acids
(SCFAs), vitamins, teichoic acids, exopolysaccharides (EPSs), fragments of cell
walls, bacterial lysates (BLs), cell-free supernatants (CFSs), non-viable probiotics,
and other metabolites generated by the gut microbiota [36, 37]. Postbiotics have the
potential to modulate mucosal functions and enhance the host’s immune response
when added to animal feed [38]. Additionally, they can facilitate a balanced gut
microbiota and improve nutrient absorption [39]. However, the beneficial impacts of
various bacterial strains and postbiotic constituents can vary, indicating a need for
further investigation to elucidate their mechanisms of action and refine their applica-
tion across different species. The following section will explain the postbiotic types,
and B. subtilis postbiotics will be discussed.

3.1Enzymes

Enzymes are proteins that facilitate biochemical reactions by acting as catalysts.
Microbial enzymes exhibit various biochemical, physiological, and regulatory roles
within various biological processes. The contribution of industrial enzymes derived
from B. subtilis to the biotechnology field is significant, facilitating progress in mul-
tiple products. Notably, Bacillus species’ enzymes represent around 50% of the total
enzyme market [40]. Table 1 exhibits the types of enzymatic postbiotics secreted by
B. subtilis.

These enzymes selectively minimize the need for harsh chemicals, energy con-
sumption, and harmful environmental effects. Due to high stability and strength,
they can be reused in multiple cycles. The potential of B. subtilis in industrial enzyme
production and biocatalysis is still being investigated through genetic engineering
and optimization of fermentation processes. Researchers are trying to increase the
productivity of B. subtilis postbiotics, especially enzymes. These advances facilitate
the development of more sustainable and economical biotechnological processes.
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Enzymes Application Ref
Alpha acetolactate decarboxylase Beverage [41]
Alpha-amylase Food, Textile, and Paper industries [42, 43]
L-Asparaginase Pharmaceutical [44]
Beta-glucanase and beta-glucosidase Beverage [45, 46]
Cyclodextrin glucanotransferase Food, Pharmaceutical, and Cosmetics [47, 48]
Glutaminase Food, Flavor [49]
Lipases Detergent [50]
Protease Food, Detergent, and Textile [51, 52]
Penicillin acylase Pharmaceutical [53]
Pullulanase Food and Beverage [54]
Polygamma-glutamic acid Food, Pharmaceutical, and Cosmetics [55, 56]
Urease Analysis, Beverage [57]
Xylanases Food and Beverage [58]
Table 1.

The types of enzymatic postbiotics secreted by B. subtilis.

3.2 Short-chain fatty acids

SCFAs are the principal metabolites produced by gut bacteria. SCFAs are
produced by the gut microbiota from the digestion of prebiotics, such as inulin
and fructooligosaccharides. SCFAs consist of 1 to 6 carbon-based anionic com-
pounds. An inactivated strain of B. subtilis BGO1-4, rich in branched-chain fatty
acids (BCFAs), was administered to individuals who reported having functional
gastrointestinal disorders. BCFA has improved the gastrointestinal disorders [59].
Intestinal bacteria can produce acetate, propionate, and butyrate. Xu et al. [60]
showed that adding B. subtilis to food supplements increases the amount of butyr-
ate. No effect of increased propionate levels was observed [60]. B. subtilis can posi-
tively affect the growth rate, intestinal health, and immune response in chickens
by increasing the concentration of butyric, propionic, isobutyric, and valeric acids
in the colon and inhibiting inflammatory factors [9, 61]. B. subtilis R-179 enhanced
their production of SCFAs [62]. B. subtilis fermentation extract treatment had the
highest concentration of volatile fatty acids and total SCFAs compared with other
treatments [63]. The fermentation of xylooligosaccharides produced by B. subtilis
3610 recorded the highest production of butyrate for human fecal inocula from
two healthy donors (D1: 9.0 + 0.6 mM; D2: 10.5 + 0.8 mM) [64]. B. subtilis DSM
32315 combined with L-alanyl-L-glutamine increased butyrate as a postbiotic and
butyrate producer [65].

3.3 Vitamins

Human microbiota, such as lactic acid bacteria and bifidobacteria, can synthesize
vitamins [66]. Animals, plants, or fungi cannot synthesize vitamins. Fecal metage-
nomes proved the presence of enzymes for producing riboflavin, biotin, pantothe-
nate, ascorbic acid, thiamine, folic acid, and vitamin K [67]. Various results show that
the gut microbiome plays an essential role in the synthesis of vitamins [68].
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Recently, the industrial production of riboflavin using the B. subtilis strain has
significantly progressed. The B. subtilis strain has demonstrated the capability to
produce riboflavin in high quantities, ensuring both quality and economic viability
within white biotechnology [69]. Song et al. [70] increased the production of vitamin
K2 by using N-methyl-N-nitro-N-nitrosoguanidine (NTG) and low-energy ion-beam
implantation and optimizing the fermentation environment of B. subtilis [70]. Using
B. subtilis with the fed-batch method in biofilm reactors, Mahdinia et al. [71] reached a
concentration of 28.7 + 0.3 mg/L of vitamin K [71]. Pyridoxal 5'-phosphate (PLP), the
most critical form of vitamin B6, was produced using metabolic engineering from the
1-deoxy-D-xylulose-5-phosphate (DXP)-independent short pathway in B. subtilis [72].

3.4 Teichoic acids

Teichoic acids are a group of structurally varied anionic glycopolymers constitut-
ing key cell wall elements in Gram-positive bacteria, such as B. subtilis. Together
with lipoteichoic acids, they can make up to 60% of bacteria’s total cell wall mass.
These components play crucial roles in the cell envelope, regulating cell wall rigidity
and permeability and affecting the bacteria’s morphology [73, 74]. Lipoteichoic acid
derived from B. subtilis triggers a toll-like receptor 2 (TLR2)-dependent inflamma-
tory response while simultaneously inducing the activation of mer receptor tyrosine
kinase (MerTK) signaling to mitigate inflammation [75].

3.5 Exopolysaccharides (EPSs)

EPSs are primarily synthesized by lactic acid bacteria and comprise oligosac-
charide units. These units include sugars, such as glucose, galactose, xylose, fructose,
rhamnose, arabinose, and mannose. EPSs exhibit various biological activities, includ-
ing cholesterol-lowering, antimutagenic, immunomodulatory, anti-inflammatory,
antihypertensive, antitumor, antioxidant, antibacterial, antiviral, and digestive
effects, which make them promising candidates for biomedical and pharmaceuti-
cal uses. In addition, EPSs are used in the food industry due to their properties as a
stabilizer, emulsifier, and water-binding agent. The specific functions of EPSs can
differ based on the microorganism responsible for their production, their chemi-
cal composition, and the context of host-microbe interactions. Secreted EPSs of B.
subtilis diminished the infection caused by Citrobacter rodentium and stimulated the
production of anti-inflammatory macrophages in the peritoneal cavity [76, 77]. Paik
etal. [78] showed that EPSs derived from the probiotic B. subtilis reduced bacterial
load and inflammation in mice with S. aureus bloodstream infection [78].

3.6 Non-viable probiotics

In recent years, research studies have revealed that non-viable probiotics, includ-
ing cell-free extracts (CFEs), heat-inactivated bacteria (HIB), and cell-free superna-
tants (CFSs), demonstrate functions comparable to those of live bacteria. ISAPP has
categorized these substances as postbiotics. Studies on B. subtilis LCBS1 showed that
HIB and CFEs significantly improved feed efficiency. Apparent digestibility coef-
ficients of protein increased, and jejunum pH significantly decreased in the HIB and
CFE groups compared to the negative control group [79]. Kelwick et al. [80] exhibited
that B. subtilis WB8OON cell-free systems based on cellular extracts are ~72x more
active than B. subtilis 168 systems [80]. Bacillus species, especially B. subtilis KU43,

61



Bacillus subtilis — Functionalities and One Health Applications

have CFEs with significant anti-biofilm activity against the food pathogen Listeria
monocytogenes [81].

4. Application of B. subtilis in food products

Probiotic microorganisms are widely recognized for their positive impact on host
health when administered in sufficient quantities. While they are primarily found in
dairy products, their use is increasing in various commercial foods, including animal
feed, aquaculture, fermented meats, fruit juices, cereals, baby foods, and ice cream.
Among bacteria, Lactobacillus and Bifidobacterium are the most common dietary
probiotics. However, they have little resistance to heat treatment. The diversity of
probiotic foods is anticipated to increase with the utilization of probiotics that can
withstand heat treatment and the conditions of the gastrointestinal system. Recently,
B. subtilis has attracted the attention of researchers and food manufacturers due to its
unique properties that combine the characteristics of both Bacillus and Lactobacillus
genera. B. subtilis is a spore-forming bacterium known for its heat resistance and
probiotic properties. The spores of B. subtilis demonstrate exceptional viability to
changes in temperature, fluctuations in pH, and exposure to gastric acid and bile
within the gastrointestinal tract [82]. Furthermore, extensive research has been
conducted on the cost-effective microbial production of valuable industrial products,
such as various enzymes derived from B. subtilis, which have applications in food
production [83]. This section examines the importance of B. subtilis in the food indus-
try for human and animal consumption. It summarizes various studies on B. subtilis
products and their role as a probiotic in food applications. Research has revealed that
B. subtilis constitutes a varied community within the gastrointestinal tract, possess-
ing characteristics promoting colon survival. In addition to probiotic viability in the
digestive system and the production process, the stability of probiotics in different
food products is also essential.

The development of functional food that maintains the viability and functional-
ity of probiotic microorganisms throughout processing and storage presents signifi-
cant challenges. The survival of probiotics is not only affected by temperature, but
also by various factors, such as food matrix composition, processing, and storage
conditions. It is crucial to recognize that probiotics’ stability, safety, and efficacy
are determined by the particular strain rather than the species or genus. Several
essential characteristics are important in the formulation of probiotics: the type
and amount of probiotic used, the viability of the probiotic during processing, the
stability during storage, the aqueous activity of the probiotic, the evaluation of
the added cell populations, and the sensory acceptability of the final product [84].
Furthermore, elements, such as the food matrix and oxygen levels, can significantly
affect the viability of probiotics. Many novel food products proposed as carriers
for probiotics lack thorough data regarding the stability and longevity of probiotic
cultures within the food matrix and the effects of processing and storage conditions
on these microorganisms. Strains of B. subtilis HU58 and PXN21 were evaluated in
whole-meal biscuits. Both strains demonstrated resilience during baking at 235°C
for 8 minutes, experiencing merely a 1 log reduction in survivability. These results
suggest that both B. subtilis spores can endure the baking process effectively, indi-
cating significant potential for their addition to various functional food products
[85]. Jafari et al. [86] investigated the viability of probiotic spores under different
storage conditions. In this research, probiotics were inoculated into sausages before
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and after processing and stored in the refrigerator for 45 days. This study found no
significant reduction in the viability of B. subtilis ATCC 15245 when the sausages
were inoculated after processing. B. subtilis ATCC 15245 viability decreased from
only 20.89 CFU/g [86]. Almada-Erix et al. [87] conducted an investigation involving
eight distinct Bacillus strains recognized for their potential probiotic characteristics,
assessing their performance in various food items, such as meatballs, crystallized
pineapple, milk, ground black pepper, orange juice, bread, yogurt, and spaghetti.

B. subtilis Bnl demonstrated high resistance, exhibiting fewer than 10 CFU/g reduc-
tions across most evaluated processes. The other strains, specifically B. subtilis
PXN21 and B. subtilis PB6, experienced under 10> CFU/g reductions. Notably, all
strains maintained fewer than 10° CFU/g reductions in at least six tested processes.
These findings suggest that B. subtilis probiotic strains possess considerable potential
for integration into diverse food matrices [87].

4.1 Application of B. subtilis in aquaculture

Using probiotics in aquaculture as potential microbial agents to improve the
health and well-being of different aquatic species has been considered [88]. Notably,
probiotic strains of Bacillus can sporulate, enabling them to withstand harsh envi-
ronmental conditions. In addition, these microorganisms, with their non-pathogenic
and non-toxic nature when consumed by aquatic animals and their potential to
synthesize antimicrobial compounds, make them more beneficial than other probiot-
ics [89]. Numerous probiotic species within the Bacillus genus are presently utilized,
with B. subtilis being one of the most extensively studied and commonly employed
probiotics in aquaculture. This bacterium offers many advantageous effects, including
enhancements in growth, nutrition, immune function, and disease resistance among
aquatic organisms. B. subtilis operates through various distinct yet interconnected
mechanisms, including competitive exclusion, synergistic, antagonistic, and immune
stimulation [90]. Table 2 shows some studies on the effect of B. subtilis probiotics on
different aquatic species.

Effective water quality management is essential for optimizing production in
intensive aquaculture systems. To achieve this, various strategies are employed to
ensure that water quality parameters remain within ideal ranges. Bioremediation
is a particularly effective and widely accepted method that has gained promi-
nence in aquaculture through probiotics [95]. Several microorganisms have been
investigated for their ability to reduce or eliminate toxic pollutants in aquatic
environments, providing a cost-effective and sustainable solution. The role of
bacteria in bioremediation has been well established, and Bacillus species have been
particularly noted for the removal of organic waste, heavy metals, and other pol-
lutants. Notably, B. subtilis is often used for wastewater treatment and effectively
improves water quality indicators, such as chemical oxygen demand, dissolved
oxygen, nitrite, phosphorus, and ammonia levels [96]. Samani et al. [97] showed
that the probiotic B. subtilis significantly reduced total ammonium, nitrate, nitrite,
turbidity, and bacterial counts in the effluent of common carp ponds within four
days [97]. Zhang et al. [98] reported the improvement of water quality parameters
after treatment with B. subtilis SC02. In addition, the bacterial community strain
increased the proportion of Proteobacteria (45.0%), Bacteroidetes (21.9%), and
Actinobacteria (21.9%) [98]. Furthermore, the direct addition of B. subtilis to
rearing water has enhanced aquatic organisms’ overall health and survival rates by
rapidly degrading leftover feed and organic waste [99].
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Strain Aquatic species Dose Benefits Reference
B. subtilis WB60 Fish species Nile 10" CFU/g It caused weight gain, [91]
tilapia, Oreochromis superoxide dismutase activity,
niloticus myeloperoxidase, lysozyme,

specific growth rate, and feed
efficiency. On the other hand,
it also improved the length of
intestinal and muscular villi.

B. subtilis NZ.86 Nile tilapia, O. 1.07 x 10* CFU/g Lysozyme function, respiratory [92]
niloticus burst, and cytokines improved.
B. subtilis Ch9 Grass carp 5 x 10’ CFU/mL B. subtilis inhibited the reduction [93]
(Ctenopharyngodon of Ca*, Na*, K*, and Mg2+,
idella) ATPase activity, and the damage

to intestinal mucosal barrier
function and inflammation
induced by Aeromonas

hydrophila.
B. subtilis Silver pomfret, 10° CFU/g Probiotics improved the activity [94]
Pampus argentus of lipase, superoxide dismutase,

protease, and amylase.

Table 2.
Studies on the effect of B. subtilis probiotics on aquatic species.

4.2 B. subtilis in farmed animal health

The use of B. subtilis probiotics in feeding various farmed animals has been of
great interest in recent years. The poultry industry faces significant challenges due
to strict regulations governing antibiotic growth promoters (AGPs) use in livestock
production, alongside a notable shift in consumer preferences toward AGP-free meat.
Probiotics, especially those from the genus Bacillus, have been considered a suitable
alternative because their ability to form spores has many advantages over traditional
probiotic options. Probiotics enhance poultry growth performance and play an
essential role in regulating gut health and immune responses. Additionally, it reduces
the release of harmful substances in feces, thereby contributing to environmental sus-
tainability and minimizing the risk of cross-contamination [100]. The gastrointesti-
nal tract’s health is crucial for poultry’s growth and performance. In broiler chickens,
dietary supplements containing B. subtilis have been shown to increase the height of
the ileal villi and improve the ratio of villus height to crypt depth. Additionally, these
supplements help establish a balanced microbiota by diminishing harmful bacteria
while promoting beneficial strains, enhancing both immune response and intestinal
barrier function [32, 101].

Liu et al. [102] showed that adding B. subtilis C-3102 to the diet of laying breeders
increased the fertilization rate, weight, hatchability, and egg quality indices, such as
yolk color and eggshell thickness index [102]. B. subtilis shows significant antagonistic
properties against E. coli, Clostridium perfringens, Eimeria maxima, and other patho-
genic microorganisms. Research indicates that strains B. subtilis B21 and DSM 32315
can enhance the performance and intestinal well-being of broiler chickens suffering
from necrotic enteritis induced by C. perfringens [103, 104]. The study by Cramer
etal. [105] illustrated that feeding broilers with B. subtilis enhanced breast weight and
reduced the oxidative deterioration of breast muscle [105]. Li et al. [106] showed that
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Strain Animal species Dose Benefits Reference
B. subtilis Striped catfish Four different Enhanced the growth rate, [109]
levels (0, antioxidant capacity, protein levels,
1x 105, 1x 10°%, and immune response to S. aureus
1x 10" CFU/g) in striped catfish.
B. subtilis Beagles 5.0 x 108 CFU/ The relative abundance of [110]
HH2 mL Deinococcus-Thermus in the

fecal matter was diminished,
enhancement of nonspecific
immune responses, and mitigation
of ETEC-induced injury to the
intestinal mucosal

B. subtilis Nile tilapia 1x 10° CFU/g Enhanced growth performance [111]
MRS11 and Improved gut morphology,
alongside an increased relative
mRNA expression of immune
genes, contributed to improved
resistance against Streptococcus
iniae pathogen.

B. subtilis Holstein dairy 3 x 10° CFU/ Improved milk production [112]
C-3102 cattle cattle efficiency, effectively restricted

the colonization of S. aureus, and

prevented microbial infections in

the mammary glands.
B. subtilis White shrimp 10° CFU kg/diet Enhanced the digestibility of [113]
E20 glutamine in dietary intake and

increased immune system efficacy.

Table 3.
Studies on the effect of B. subtilis probiotics on farmed animals.

the antagonistic effects of B. subtilis L6 on E. coli were effected in ducks. Furthermore,
B. subtilis influenced antioxidant levels and energy metabolism by activating ribo-
somal functions and signaling pathways associated with oxidative phosphorylation,
thereby reducing the damage caused by E. coli infection in ducks [106].

In addition to the abundant use of B. subtilis in poultry farming, this bacterium
can be useful for other farmed animals. B. subtilis is a bacterial species recognized
for its ability to produce a wide array of antimicrobial compounds, surpassing other
members of the Bacillus genus. Research has demonstrated its efficacy in inhibiting
the influenza virus and managing acute intestinal infections and antibiotic-associated
diarrhea [107, 108]. The positive impacts of B. subtilis on various animal species,
excluding poultry, are detailed in Table 3.

5. Pharmaceutical and medical applications of B. subtilis

Research on pharmaceutical and medical applications of probiotic B. subtilis on
humans has increased significantly in recent years. Research often emphasizes the effect
of B. subtilis on people suffering from various intestinal infections and diseases, such as
ulcerative colitis, antibiotic-associated diarrhea, irritable bowel syndrome, acute intes-
tinal infections, and Helicobacter pylori eradication therapy. Additionally, studies have
concentrated on infections of diverse origins and dysbiosis, particularly in infants and
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children [114, 115]. The findings of research involving strains of B. subtilis administered
orally in encapsulated forms are summarized in Table 4, highlighting their effects on
human gastrointestinal health, modifications to gastrointestinal microbiota, and other
health-related parameters.

Strain Study design Dose Benefits Reference
B. subtilis Randomized, aged 18-75, 5 x 10° CFU/ Compared to the placebo, the probiotic [59]
BGO01-4 n = 67, with aself-reported day group showed marked improvements
diagnosis of functional in clusters for constipation (18%),
gastrointestinal disorders constipation (15%), indigestion (11%),
(FGIDs). and dyspepsia (10%).
B. subtilis Randomized, aged 2x10° CFU 1 Improvement of one or more points in [116]
BS50 30-65, n = 76, self- capsule/day the Gastrointestinal Tract Questionnaire
reported abdominal (GITQ) for symptoms of burping
burping, bloating, and (44.7% versus 22.2%) and bloating
flatulence. (31.6% versus 13.9%) in comparison to
the placebo group. However, no notable
differences were observed between
the groups regarding flatulence (47.4%
versus 44.4%)
B. subtilis Randomized, aged 1x10° CFU1 The probiotic group exhibited an [117]
DE111 20-65,n = 44 capsule/day elevation in the populations of
anti-inflammatory immune cells
following stimulation of peripheral
blood mononuclear cells (PBMCs) with
lipopolysaccharide (LPS).
B. subtilis Randomized, college 1x10°CFU 1 The DE111 probiotic group exhibited a [118]
DE111 female athletes, n = 23 capsule/day notable decrease in body fat percentage
(—2.05 + 1.38%) compared to the
placebo group (0.2 + 1.6%).
B. subtilis Randomized, aged 5x10°CFU 1 The male subgroup that received [119]
MB40 18-75, n = 100, self- capsule/day probiotics exhibited a decrease
reported symptoms of in the intensity of bloating and a
abdominal discomfort reduction in the number of days
and bloating experiencing abdominal discomfort
and gas. Additionally, there was a 10%
enhancement in the overall health score
compared to the placebo group.
B. subtilis Randomized, aged 2.2 x 10° CFU/ Following the administration of [120]
C-3102 20-79, n = 82, self- day probiotic treatment, there was a notable
reported with loose reduction in the frequency of stool
stools. production per day. Additionally, the
quality of stool, assessed by BBC scores,
exhibited a significant improvement.
B. subtilis Open-label, Healthy 2x10° CFU2 The levels of fasting glucose exhibited a [121]
DSM32315 adults, n = 192 capsules/day  significant reduction from pre-treatment
to post-treatment. HbAlc levels showed
anotable decrease from pre-treatment to
post-treatment, recorded at 5.72% + 0.27
versus 5.65% + 0.30. Furthermore, there
was an improvement in the postprandial
glycemic response.
Table 4.

Applications of B. subtilis probiotics in human studies.
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Enzymes secreted by B. subtilis are also widely used in pharmaceuticals.
Polygamma-glutamic acid produced by B. subtilis can be an effective drug carrier
in various medical applications [122, 123]. L-asparaginase serves as an enzyme
utilized in the treatment of lymphoid cancers. Nonetheless, patients still need an
L-asparaginase with better performance and fewer side effects. Bento et al. [44]
exhibited that a newly engineered strain of B. subtilis for producing L-asparaginase
holds promise for pharmaceutical applications [44]. Zhou et al. [47] used B. subtilis
RIK1285 to produce penicillin acylase [47]. Penicillin acylase is a prominent biocata-
lyst in the industrial synthesis of semisynthetic beta-lactam antibiotics, including
ampicillin, amoxicillin, and cephalosporins [124].

5.1 Spores of B. subtilis in vaccine and drug delivery

The spores of B. subtilis represent metabolically quiescent yet highly exception-
ally durable cells that arise in the cytoplasm of vegetative cells when environmental
conditions are conducive to growth or survival. These spores have been identified as
a potential vaccine delivery mechanism, merging the benefits of both synthetic and
live systems due to their distinctive physical, chemical, and biochemical characteris-
tics [125]. As a live vector for orally administered antigens, B. subtilis spores present
several advantages: they are capable of promoting gene expression, demonstrate
enhanced resistance to the acidic or alkaline conditions of the gastrointestinal tract,
and exhibit rapid germination and prolonged survival within phagocytic cells [125,
126]. Spores of B. subtilis were covalently bonded to curcumin and folate to form a
composite known as Cur-FA-spore. This formulation was administered to the colon,
where the drug was released after traversing the gastric barrier. The findings indi-
cated that Spore-Cur-FA enhances the oral bioavailability of curcumin, which sup-
presses colon cancer cells [127]. A mucosal vaccine targeting Mannheimia haemolytica,
a pathogen associated with bovine respiratory disease (BRD), has been developed.
The formulation utilizes B. subtilis spores as an adjuvant [128]. Recombinant B. subtilis
spores with the receptor-binding domain (RBD) of the SARS-CoV-2 (severe acute
respiratory syndrome coronavirus 2) spike glycoprotein have been genetically fused
to CotY or CotZ. This construct is suggested as a potential oral vaccine candidate
against the SARS-CoV-2 virus [129].

5.2 B. subtilis and production of nanobodies

Nanobodies (Nbs), single-domain antibodies, represent a novel class of antibodies
distinguished by their diminutive size, exceptional solubility, and remarkable thermal
stability. Due to these advantageous characteristics, Nbs have garnered attention as
potential diagnostic and therapeutic agents in oncology and infectious diseases and
valuable tools in fundamental biological research [130, 131]. While the predominant
method for producing Nbs involves using E. coli, this expression system poses chal-
lenges, such as the risk of endotoxin contamination, the necessity for bacterial lysis
to extract intracellular Nbs, and the inherent vulnerability of E. coli to environmental
stressors [132]. A new expression platform utilizing B. subtilis has been established
to overcome these challenges, serving as a stable and efficient microbial factory for
Nbs production. The spores of the engineered B. subtilis strains exhibit significant
resistance to wet heat, acidic conditions, and desiccation. Remarkably, the spores
can germinate, proliferate, and secrete Nbs following exposure to stressors without
compromising yield or quality. Importantly, as a Gram-positive bacterium, B. subtilis
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is devoid of endotoxin, and its capacity to secrete Nbs directly into the culture super-
natant simplifies the downstream purification process. These features may render B.
subtilis spores particularly beneficial in creating diagnostic devices characterized by
high portability and extended shelf life. Yang et al. [133] showed that four distinct
nanobodies, which target small molecules such as caffeine and methotrexate or cell
surface-associated protein antigens, such as programmed death ligand 1 (PD-L1) and
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), can be efficiently produced
and secreted by B. subtilis [133].

6. Conclusion

The utilization of B. subtilis probiotics in various organisms as food and drug
supplements is rapidly expanding. When consumed in sufficient quantities, they can
positively affect the host cell. Various studies have proven benefits, such as immune
stimulation, antimicrobial activities, and modulation of microbial flora, in humans
and animals. Various postbiotics secreted by B. subtilis, such as enzymes, SCFAs,
and vitamins, have many uses in the food, drug, textile, and paper industries. On the
other hand, the high stability of bacterial spores is a unique feature that keeps cells
alive in various harsh conditions. Therefore, besides food and pharmaceutical use
for humans, they are a suitable supplement for using aquatic, poultry, and farmed
animals. Despite many research and industrial advances in recent years, more evalua-
tions are needed to achieve other benefits of B. subtilis probiotics.
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Abstract

The bioactive peptides produced by Bacillus subtilis have garnered significant
attention for their diverse bioactivities and promising therapeutic applications. These
peptides exhibit broad-spectrum activity against bacterial, viral, fungal, and parasitic
infections, making them potent candidates for treating drug-resistant pathogens.
Further, these peptides exhibited anticancer activity by selectively targeting cancer
cells, inducing apoptosis, and inhibiting tumor cell migration and invasion. Beyond
their direct antimicrobial and anticancer properties, B. subtilis peptides also pos-
sess immunomodulatory effects, enhancing host immune responses and reducing
inflammation. This dual role in both pathogen elimination and immune regulation
expands their therapeutic potential, particularly for use in chronic infections and
wound healing. To prevent these peptides from hydrolysis, biomaterial and liposome
delivery systems have been designed to improve the stability and bioavailability of B.
subtilis peptides. The key challenge in peptide-based drug discovery is the accurate
prediction of peptide functionality and stability, given the complexity of peptide
interactions with biological targets. Machine learning algorithms can be employed to
design bioactive peptides with optimized therapeutic properties and can accelerate
the identification of novel bioactive peptides with enhanced efficacy and specificity.
Overall, this chapter demonstrates diverse mechanisms of action, therapeutic applica-
tions, immunomodulatory effects, and delivery systems for B. subtilis peptides.

Keywords: anticancer peptides, immunomodulatory peptides, antimicrobial peptides,
peptide stability, peptide delivery systems
1. Introduction

Bacillus subtilis, a Gram-positive, spore-forming bacterium, has gained substantial
attention over recent decades due to its prolific ability to produce a wide range of

bioactive compounds [1]. These peptides are part of the natural defense mechanisms,
enabling the producing bacteria to thrive in diverse environments, including soil,
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water, and even the human gut [2]. Among the antimicrobial agents produced by B.
subtilis, its peptides stand out for their remarkable structural diversity and potent
bioactivity, offering promising therapeutic applications. As the global health com-
munity faces an escalating antibiotic resistance crisis, there is an urgent need for new
strategies to combat resistant pathogens, and B. subtilis peptides are emerging and
promising sources of new, diverse peptides [3]. The peptides produced by B. subtilis
exhibit unique modes of action, primarily targeting microbial cell membranes,
leading to disruption and eventual cell death [4]. Their broad-spectrum activity
against bacteria, fungi, and viruses and their ability to bypass conventional resistance
mechanisms make them particularly attractive as alternatives or supplements to
traditional antibiotics.

Further, B. subtilis peptides have shown various biological activities, such as
immunomodulatory, anti-inflammatory, and even anticancer effects [5]. These
activities expand their potential beyond simple pathogen elimination and open
new avenues for therapeutic applications. For instance, B. subtilis peptides can
play a critical role in wound healing by preventing infection and promoting tissue
regeneration [6]. Their immunomodulatory effects help to reduce inflammation
and enhance the host’s defense mechanisms, which can be especially beneficial in
treating chronic wounds or infections in immunocompromised patients [7]. One
of the most exciting research areas regarding B. subtilis peptides is their potential
use in cancer therapy. Recent studies have indicated that specific B. subtilis peptides
can selectively target cancer cells while sparing healthy tissue [8]. These peptides
can disrupt cancer cell membranes or interfere with essential metabolic processes,
leading to cancer cell death. This selective cytotoxicity offers hope for new cancer
treatments with fewer side effects compared to conventional chemotherapeutics [9].
Additionally, the ability of these peptides to induce apoptosis or necrosis in cancer
cells provides a new approach to targeting tumors, particularly those resistant to
other forms of treatment [10].

B. subtilis has a long history of safe use in food, pharmaceuticals, and probiotics,
making it a favorable organism for the clinical development of peptide-based thera-
pies. Its designation as a Generally Recognized as Safe (GRAS) organism by regula-
tory agencies highlights its low toxicity and well-established safety profile in humans.
This biosafety, coupled with the robust peptide production capabilities, makes B.
subtilis an ideal candidate for the large-scale production of therapeutic peptides [11].

2. B. subtilis peptides and their activities

B. subtilis produces diverse peptides with multifaceted functions. Several
mechanisms have been suggested to explain the molecular mechanisms triggered by
antimicrobial peptides (AMPs); however, it remains unclear which of these proposed
mechanisms is responsible for their biological effects [12]. Various models exist, and
the specific mechanism likely depends on factors such as the particular peptide, its
concentration, and the type of target organism. Additionally, bacteria have been
observed to respond to AMPs and can even evolve resistance to their toxic effects
[13]. These molecules are highly diverse, making it difficult to classify them. Several
factors can be considered, including the molecules’ sources, biosynthetic machinery,
properties, biological functions, three-dimensional structure, covalent bonding pat-
tern, and molecular targets [14]. Here, various B. subtilis peptides are discussed with
their bioactivities.
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2.1 Anticancer peptides

Anticancer peptides (ACPs) produced by B. subtilis have emerged as promising
therapeutic agents due to their selective cytotoxicity against cancer cells [15]. These
peptides exert anticancer effects through various molecular mechanisms, including
direct membrane disruption, apoptosis induction, metastasis inhibition, and immune
response modulation [16]. Here, we analyze the molecular mechanisms of anticancer
peptides produced by the B. subtilis group (Figure1).

2.1.1 Cell membrane disruption

The primary mechanism by which B. subtilis-derived ACPs target cancer cells is
through direct interaction with the cancer cell membrane. Cancer cell membranes
have higher levels of negatively charged phospholipids, such as phosphatidylserine,
and increased membrane fluidity compared to normal cells [17, 18]. These features
make them more susceptible to cationic and amphipathic peptides produced by
Bacillus species, including surfactin, fengycin, and iturin.

Surfactin: Surfactin, a cyclic lipopeptide produced by B. subtilis, disrupts the
integrity of cancer cell membranes through its amphipathic structure [19]. Surfactin
inserts itself into the membrane, forming pores or causing membrane thinning,
which leads to leakage of cellular contents and eventual cell lysis. The higher anionic
phospholipid content of cancer cell membranes enhances its interaction with the
membrane, resulting in selective toxicity. Additionally, surfactin has been shown
to trigger calcium-dependent pathways that exacerbate membrane destabilization,
leading to necrosis in cancer cells [20].

Fengycin: Fengycin, another cyclic lipopeptide produced by B. subtilis, exhibits
promising anticancer and antifungal properties [21]. Like surfactin, it targets the cell

Membrane
disruption

Anti-
Angiogenic
Activity

Cancer cell
apoptosis

Anticancer peptides
of B. subtilis

Immune

Metastasis
system

Inhibition Modulation

Figure 1.
Different mechanisms of B. subtilis-derived anticancer peptides to target cancer cells.
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membrane of cancer cells. Fengycin preferentially binds to the lipid components of
the cancer cell membrane, leading to structural disorganization and increased perme-
ability [22]. This peptide is particularly effective against cells with high membrane
cholesterol content, making it a potent agent against specific types of cancer cells,
including those in leukemia [21].

2.1.2 Induction of apoptosis

Another significant mechanism of B. subtilis-derived ACPs is the induction of
apoptosis, a programmed cell death process that is essential for eliminating cancer
cells. These peptides can activate both intrinsic and extrinsic apoptotic pathways [16].

Iturin: Tturin, a lipopeptide produced by B. subtilis, induces apoptosis in cancer
cells by disrupting mitochondrial function [23]. Iturin has been shown to depolarize
the mitochondrial membrane, releasing cytochrome c into the cytoplasm [24]. This
triggers the intrinsic (mitochondrial) apoptotic pathway by activating caspase-9,
which then activates caspase-3, which cleaves cellular components and apoptosis. In
addition to inducing mitochondrial damage, iturin also activates the extrinsic apop-
totic pathway by binding to death receptors on the cancer cell surface, such as Fas and
TNF receptors. This interaction leads to the activation of caspase-8, further amplify-
ing the apoptotic signaling cascade. Through this dual apoptotic pathway, iturin
effectively eliminates cancer cells while sparing normal cells [16, 25].

Mycosubtilin: Mycosubtilin, another peptide produced by B. subtilis, has demon-
strated strong anticancer activity by promoting both apoptosis and autophagy in
cancer cells. This lipopeptide activates the intrinsic apoptotic pathway by inducing
mitochondrial dysfunction, activating caspases, and subsequent apoptosis [26].
Additionally, mycosubtilin can stimulate autophagy, a cellular degradation process
that cancer cells can exploit for survival. However, excessive autophagy can lead to
cell death, making mycosubtilin a dual-action peptide with the potential to suppress
tumor growth [27].

2.1.3 Inhibition of metastasis

Metastasis, the spread of cancer cells from the primary tumor to distant organs,
is a major cause of cancer-related mortality [28]. ACPs produced by B. subtilis have
shown the ability to inhibit cancer cell migration and invasion, two critical steps in
metastasis. For instance, Bacillomycin D, produced by B. subtilis, inhibits the metas-
tasis of cancer cells by targeting matrix metalloproteinases (MMPs), enzymes that
degrade the extracellular matrix and facilitate cancer cell invasion. Bacillomycin D
explicitly downregulates the expression of MMP-2 and MMP-9, which are overex-
pressed in many aggressive cancers [29]. Moreover, Bacillomycin D prevents cancer
cells from degrading the surrounding tissue by inhibiting these enzymes, thereby
blocking their ability to invade and metastasize [30].

2.1.4 Modulation of the immune response

In addition to direct cytotoxic effects, Bacillus-derived ACPs can modulate the
immune system to enhance the body’s ability to fight cancer. These peptides act as
immunomodulators, activating various immune system components, including
macrophages, dendritic cells, and T cells, which can recognize and destroy cancer
cells. Lantibiotics, a class of antimicrobial peptides produced by Bacillus, have shown
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the ability to enhance the immune response in cancer therapy [31]. These peptides
stimulate the production of pro-inflammatory cytokines, such as TNF-« and IL-6,
which activate immune cells and promote the recruitment of T cells to the tumor
microenvironment. By enhancing the immune response, lantibiotics help eliminate
cancer cells and reduce the likelihood of tumor recurrence [32].

2.1.5 Anti-angiogenic activity

Angiogenesis, the formation of new blood vessels, is essential for tumor growth
and metastasis, as it provides the tumor with oxygen and nutrients. B. subtilis syn-
thesized ACPs, demonstrating anti-angiogenic properties by inhibiting key pathways
involved in blood vessel formation [33]. For example, surfactin produced by B. subtilis
has been shown to inhibit the vascular endothelial growth factor (VEGF) pathway,
which is a critical regulator of angiogenesis in cancer. By blocking VEGF signaling,
surfactin reduces the formation of new blood vessels within the tumor, effectively
starving the cancer cells and preventing further tumor growth. This anti-angiogenic
activity and its cytotoxic effects make surfactin a highly potent anticancer agent [34].

2.2 Antibacterial peptides

Antibacterial peptides (AMPs) produced by B. subtilis are highly effective bioac-
tive molecules that target and kill a wide range of bacterial pathogens through diverse
molecular mechanisms. These mechanisms primarily include membrane disruption,
inhibition of cell wall synthesis, interference with protein and nucleic acid synthesis,
and disruption of intracellular processes. These peptides offer a promising alterna-
tive to conventional antibiotics due to their potency, stability, and reduced likelihood
of developing resistance. Here, we describe the molecular mechanisms of B. subtilis
antibacterial peptides with examples.

2.2.1 Membrane disruption

One of the most common mechanisms of action for B. subtilis producing AMPs
is the disruption of bacterial membranes. These peptides often display amphipathic
structures, which allow them to interact with the lipid bilayer of bacterial mem-
branes, leading to pore formation, membrane destabilization, and cell lysis.

Surfactin: Surfactin is a well-known cyclic lipopeptide produced by Bacillus subti-
lis, characterized by its potent antibacterial activity. Its amphipathic nature enables
it to insert into the bacterial membrane, where it interacts with membrane lipids,
particularly phospholipids, causing increased membrane permeability. This leads to
ion leakage, the proton motive force disruption, and eventual cell death. Surfactin is
especially effective against Gram-positive bacteria, although it has also shown activity
against some Gram-negative species [35]. The unique cyclic structure of surfactin
enhances its ability to disrupt bacterial membranes, making it a potent antimicrobial
agent [36].

Iturin A: Iturin A is another lipopeptide produced by B. subtilis, exhibiting strong
antifungal and antibacterial activity. Iturin A targets the bacterial cell membrane
by inserting itself into the lipid bilayer, where it forms transmembrane pores. These
pores allow the uncontrolled passage of ions and molecules, leading to cell depolariza-
tion and cell death. Iturin A has a high affinity for ergosterol and cholesterol in fungal
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membranes but also exhibits activity against bacterial membranes by destabilizing
their integrity. The broad-spectrum activity of iturin A makes it effective against
resistant bacterial strains [37].

Fengycin: Fengycin is another cyclic lipopeptide produced by Bacillus subtilis that
exhibits antibacterial activity, particularly against Gram-positive bacteria. It targets
bacterial membranes by binding to specific phospholipids such as phosphatidyletha-
nolamine, which is abundant in bacterial membranes. Fengycin’s interaction with
these lipids destabilizes the membrane, leading to increased permeability and leakage
of cellular contents. Additionally, fengycin is particularly effective against biofilm-
forming bacteria due to its ability to disrupt the membranes of biofilm-embedded
cells [38].

2.2.2 Inhibition of cell wall synthesis

Several B. subtilis-derived peptides interfere with the synthesis of the bacterial cell
wall, a crucial structural component, particularly in Gram-positive bacteria.

Bacilysin: Bacilysin is a small dipeptide produced by Bacillus subtilis that inhibits
bacterial cell wall synthesis by targeting the enzymes involved in peptidoglycan
formation [39]. Bacilysin specifically inhibits the enzyme MurA, which is responsible
for the first step in peptidoglycan synthesis. By blocking this key enzymatic process,
bacilysin prevents bacterial cell wall synthesis, leading to cell death. Bacilysin is
highly effective against Gram-positive bacteria like Staphylococcus aureus and Listeria
monocytogenes [40].

Subtilin: Subtilin, a lantibiotic produced by Bacillus subtilis, inhibits cell wall
synthesis by binding to lipid II, a precursor molecule necessary for peptidoglycan
biosynthesis. Lipid II is responsible for transporting peptidoglycan subunits across
the cytoplasmic membrane to the growing cell wall. By binding to lipid II, subtilin
prevents its incorporation into the cell wall, leading to cell lysis and death. Subtilin’s
mechanism is similar to that of vancomycin, but subtilin has the added ability to form
pores in the bacterial membrane, further enhancing its antibacterial effects [41].

2.2.3 Disruption of nucleic acid and protein synthesis

B. subtilis peptides also can exert their antibacterial effects by disrupting bacterial
DNA, RNA, and protein synthesis. These peptides can bind to nucleic acids or interact
with ribosomes, preventing the transcription or translation of essential bacterial
genes [42]. Bacitracin is a cyclic peptide produced by B. subtilis that inhibits bacterial
protein synthesis by interfering with the recycling of undecaprenyl pyrophosphate, a
lipid carrier involved in transporting peptidoglycan precursors across the cell mem-
brane. By blocking the dephosphorylation of undecaprenyl pyrophosphate, bacitracin
prevents bacterial cell wall formation and interrupts protein synthesis [43]. This dual
mechanism makes bacitracin highly effective against Gram-positive bacteria, such as
methicillin-resistant Staphylococcus aureus (MRSA).

2.2.4 Inhibition of biofilm formation

Biofilms protect bacteria from environmental stress and antimicrobial agents.
Several B. subtilis peptides have been shown to prevent the formation of biofilms or
disrupt existing biofilms, making bacteria more susceptible to antimicrobial treat-
ment [44].
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Plipastatin: Plipastatin, a peptide antibiotic produced by B. subtilis, has been
shown to inhibit biofilm formation by preventing the adhesion of bacterial cells to
surfaces. It interferes with the production of extracellular polymeric substances (EPS)
necessary for biofilm integrity. Additionally, plipastatin can disrupt the structure
of established biofilms by destabilizing the cell membranes of biofilm-embedded
bacteria. This makes it a valuable agent in the treatment of chronic infections caused
by biofilm-forming bacteria.

2.2.5 Interference with quorum sensing

Quorum sensing is a bacterial communication system that regulates gene expres-
sion in virulence, biofilm formation, and antibiotic resistance [45]. Some B. subtilis
peptides have been shown to interfere with quorum-sensing pathways, reducing
bacterial virulence and increasing susceptibility to antimicrobial agents [44]. For
instance, Competence and Sporulation Factor (CSF), a small peptide produced by
B. subtilis, interferes with quorum sensing by modulating the activity of signaling
molecules involved in bacterial communication. CSF can inhibit the production of
virulence factors and reduce biofilm formation by interfering with the regulatory
pathways controlled by quorum sensing. This mechanism can weaken bacterial
defenses and enhance the effectiveness of other antimicrobial treatments.

2.3 Antifungal peptides

Antifungal peptides (AFPs) produced by B. subtilis are bioactive molecules that
exhibit potent antifungal activity through a variety of molecular mechanisms. These
include disrupting the fungal cell membrane, inhibiting cell wall biosynthesis, and
interfering with vital intracellular processes. Due to their high specificity for fungal
cells, AFPs produced by B. subtilis have shown efficacy in combating fungal infec-
tions, including those caused by resistant strains, making them promising candidates
for antifungal therapies. Research has explored these natural compounds for their
capacity to inhibit pathogenic fungi in vitro by attaching to the plasma membrane
and disrupting the lipid bilayer, thus interfering with different cellular processes
[15, 46]. Structurally, these lipopeptides feature a-helix, p-hairpin, or sheet forma-
tions and include a B-hydroxy fatty acid, giving them the capability to inhibit several
fungal species [15]. Below is a detailed exploration of the molecular mechanisms of B.
subtilis-derived AFPs, along with specific examples.

2.3.1 Cell membrane disruption

The most common mechanism of antifungal action for AFPs derived from B.
subtilis involves direct interaction with the fungal cell membrane. Many antifungal
peptides have amphipathic structures that allow them to bind to fungal membrane
components, resulting in membrane destabilization and cell lysis. Iturin A is one of
the most well-known lipopeptides produced by B. subtilis. It specifically targets the
fungal membrane by binding to ergosterol, a key sterol component of fungal cell
membranes. Once bound to ergosterol, Iturin A inserts itself into the lipid bilayer,
forming transmembrane pores. This leads to an increased permeability of the fungal
membrane, causing ion leakage, osmotic imbalance, and eventual cell lysis. Iturins
are effective against a wide variety of fungi, including Candida albicans, Aspergillus
species, and Fusarium species.
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Fengycin is another cyclic lipopeptide produced by B. subtilis and is primarily
known for its strong antifungal activity. Like Iturin A, fengycin interacts with the
fungal membrane by targeting specific lipids, particularly phosphatidylethanolamine
and sterols such as ergosterol. Fengycin induces membrane destabilization and pore
formation, leading to cell leakage and fungal death. Fengycin is particularly effec-
tive against filamentous fungi like Aspergillus niger and Penicillium species and is
also effective against fungal phytopathogens. Recently, a new antifungal lipopeptide
called AF3, isolated from a wild strain of B. subtilis, has been identified. AF3 exhibits
strong antifungal activity, primarily targeting the cell membrane of Candida albicans,
leading to membrane instability and disorder [47].

2.3.2 Inhibition of cell walls

Fungal cell walls are essential for maintaining the structural integrity of fungal
cells, and disrupting cell wall biosynthesis can be lethal for fungi. Several B. subtilis
peptides interfere with the synthesis of key components of the fungal cell wall, par-
ticularly chitin and p-glucan. Mycosubtilin, a member of the iturin family, exhibits
potent antifungal activity by targeting the fungal cell wall. It primarily interferes with
chitin synthesis, a major structural polysaccharide in the fungal cell wall. By inhibit-
ing the enzymes involved in chitin biosynthesis, mycosubtilin prevents the formation
of a functional cell wall, leading to fungal cell death. In addition to inhibiting cell wall
biosynthesis, mycosubtilin also has membrane-disrupting properties similar to other
lipopeptides, further enhancing its antifungal efficacy [48].

2.3.3 Interference with intracellular pathways

Some antifungal peptides produced by B. subtilis target the cell membrane or cell
wall and disrupt key intracellular signaling pathways, leading to cell death. These
peptides can interfere with fungal homeostasis by targeting enzymes, ion channels,
and transporters. Bacillomycin D is a lipopeptide synthesized by B. subtilis and
exhibits potent antifungal activity. In addition to disrupting fungal membranes,
Bacillomycin D has been shown to interfere with intracellular signaling pathways
by inhibiting calcium ion homeostasis within the fungal cell. By disrupting calcium
signaling, Bacillomycin D induces oxidative stress, mitochondrial dysfunction, and
apoptosis in fungal cells. This multifaceted mechanism of action makes Bacillomycin
D effective against a variety of pathogenic fungi, including Candida albicans and
Aspergillus flavus [38].

2.3.4 Inhibition of fungal biofilm formation

Biofilm protective structures are formed by fungi that make them more resistant
to antifungal agents. Some B. subtilis peptides have the ability to prevent the forma-
tion of biofilms or disrupt pre-formed biofilms, making fungal cells more susceptible
to antifungal treatments [49]. Plipastatin, a cyclic lipopeptide from B. subtilis, has
been found to inhibit fungal biofilm formation by interfering with the initial adhesion
of fungal cells to surfaces. In addition to preventing biofilm formation, plipastatin can
also disrupt mature biofilms by destabilizing the fungal cell membrane and cell wall
within the biofilm matrix. This antifungal activity is particularly valuable in health-
care settings where biofilm-associated infections are difficult to treat [50].
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2.3.5 Disruption of mitochondrial function and induction of apoptosis

Some antifungal peptides target the mitochondria of fungal cells, leading to
mitochondrial dysfunction and the induction of programmed cell death (apoptosis).
This mechanism is particularly important for peptides that act intracellularly after
penetrating the fungal cell membrane. For example, surfactin, produced by B.subtilis,
is known for its ability to induce oxidative stress in fungal cells by targeting mitochon-
drial function. Surfactin disrupts the mitochondrial membrane potential, leading to
the generation of reactive oxygen species (ROS). This oxidative stress triggers apop-
totic pathways, resulting in fungal cell death. Surfactin’s ability to induce apoptosis
in fungal cells is particularly effective against fungal pathogens like Candida albicans
and Aspergillus species [6, 51].

2.4 Antiviral peptides from B. subtilis

Antiviral peptides (AVPs) derived from B. subtilis have shown significant
potential in inhibiting a wide range of viral infections. These peptides act through
various molecular mechanisms, including direct interaction with viral particles,
inhibition of viral entry and replication, disruption of host cell membranes,
and modulation of the host immune response. The multifaceted nature of these
mechanisms provides an effective antiviral defense and makes B. subtilis-derived
AVPs a promising avenue for developing antiviral therapeutics. For example,
surfactin, a cyclic lipopeptide antibiotic and biosurfactant produced by B. subtilis,
has been shown to act as a membrane fusion inhibitor, exhibiting activity against
enveloped RNA viruses like transmissible gastroenteritis virus. This prevents these
viruses from entering intestinal epithelial cells. Additionally, a peptide produced
by B. subtilis strain 3 demonstrated complete inhibition of the influenza virus in
vitro, showing effectiveness comparable to oseltamivir phosphate [52]. However,
it remains uncertain whether the secondary metabolites of B. subtilis can block
infections caused by DNA viruses.

Another finding reports the antiviral properties of B. subtilis against a DNA
virus, pseudorabies virus (PRV), that severely affects swine. Researchers iso-
lated two strains of B. subtilis (L2 and V11) from broiler chicken fecal samples
and evaluated their antiviral effectiveness. Notably, B. subtilis L2 exhibited
strong antiviral activity, significantly inhibiting PRV replication in PK-15 cells.
Additionally, when the metabolites of B. subtilis L2 were administered orally to
mice, they conferred protection against lethal PRV infection, reducing viral loads
in key organs such as the brain and lungs. These results highlight the potential of
B. subtilis metabolites as antiviral agents, broadening their known antimicrobial
uses and offering promising therapeutic options for PRV infections [53]. B.
subtilis L2 has shown strong antiviral activity against PRV infection at various
stages of the virus life cycle in vitro. Notably, its metabolites are more effective
at inhibiting the binding of PRV compared to their effects on viral entry and
replication. This suggests that these metabolites significantly block the interac-
tion between the PRV envelope protein gC and the host cell’s heparan sulfate
proteoglycans. Similarly, other strains like B. subtilis 168 and OKB105 have been
reported to prevent viral attachment by competing for viral entry receptors, such
as those used by the transmissible gastroenteritis virus to infect intestinal epithe-
lial cells [53, 54].
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3. Immunomodulatory effects of B. subtilis
3.1Role of B. subtilis peptides in modulating the immune response

B. subtilis, a probiotic species, has been recognized by the FDA as safe and is usu-
ally included in functional feed additives due to its robust probiotic properties and
the convenience of its isolation and culture. The Gram-positive bacterium B. subtilis
is well-known for its capacity to generate a wide variety of peptides with important
immunomodulatory qualities to affect the immune system. Recent research showed
that recombinant B. subtilis could elicit unique immune responses. Numerous
immune cells, such as dendritic cells (DCs), macrophages, natural killer (NK)
cells, and T and B cells, have been demonstrated to be directly affected by peptides
produced by B. subtilis (Figure 2). They govern the release of cytokines and chemo-
kines, produce metabolites that affect immunological responses, and regulate the
activity of immune cells by interacting with cell surface receptors. There is evidence
that certain AMPs of B. subtilis have anti-inflammatory properties in immune cells,
including mast cells, neutrophils, eosinophils, macrophages, monocytes, lympho-
cytes, and dendritic cells. So B. subtilis peptides can evoke both innate and adaptive
immunity.

A glycosylated AMP known as sublancin was extracted from B. subtilis 168. By
stimulating the production of IL-1p, IL-6, and TNF-a. Sublancin affects innate
immunity and improves phagocytosis, as well as the ability of methicillin-resistant
S. aureus to induce cell death. Additionally, B. subtilis is used to extract macrolactin
and surfactin. LPS-induced macrophages’ synthesis and expression of iNOS, COX-2,
and IL-6 are inhibited by macrolaction. Surfactin can hinder macrophages’ ability
to deliver antigens by preventing the activation of the NF-«B, p38, JNK, and Akt
signaling pathways as well as the production of MHC-II and co-stimulatory mol-
ecules. Surfactin has the ability to trigger DCs to release TNF-a and IL-6, activate
NF-«B signaling pathways, encourage DC maturation, and promote DC proliferative
capacity [55].
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Figure 2.
Immunomodulatory effect of bioactive peptides produced by B. subtilis.
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3.2 Role of recombinant B. subtilis in modulating the immune response

In order to evaluate the recombinant B. subtilis immunogenic activity, a short-
ened HN antigen fragment was incorporated into the surface of its spores (called B.
subtilis RH). The findings demonstrated that the recombinant B. subtilis RH produced
strong humoral and mucosal immune responses in mice. By promoting the growth
of immune organs and increasing the number of lymphocytes in the small intestinal
villi, B. subtilis showed potential mucosal immune adjuvant capabilities. The relative
expression of inflammatory cytokines, including IL-1f3, IL-6, IL-10, TNF-a, and IFN-,
in the small intestine mucosa was dramatically increased by B. subtilis. Moreover, B.
subtilis demonstrated potential mucosal immunogenic properties. It provides a novel
preventive approach for the chicken industry against various diseases and has the
potential to be a candidate for an anti-NDV mucosal subunit vaccine [56].

3.3 Role of extracellular vesicles (EVs) of B. subtilis in modulating the immune
response

Extracellular vesicles (EVs) are membrane-enclosed vesicles generated from cells
that are used to transport bioactive substances. Outer membrane vesicles (OMVs) are
atype of extracellular vesicles (EVs) that are formed by various bacteria. They have
been thoroughly studied for their potential as adjuvants, immunotherapeutic agents,
or vaccinations in mammals.

Using splenic leukocytes and the rainbow trout intestinal epithelial cell line
(RTgutGC), EVs from the Gram-positive probiotic B. subtilis were generated, and
their immunomodulatory potential was investigated. In both RTgutGC cells and
splenocytes, B. subtilis EVs markedly up-regulated the transcription of a number of
pro-inflammatory and antimicrobial genes. In the latter, they also up-regulated an
extensive number of genes linked to B cell proliferation. In agreement, B. subtilis EVs
improved the MHC-II surface levels and antigen-processing abilities of splenic IgM+
B cells, besides increasing the number of IgM-secreting cells in splenocyte formula-
tions [57].

3.4 Potential applications in treating immune-related conditions

As a result of the rapid development of DNA recombination technology, B. subtilis
has been investigated as a suitable vaccine expression vector to treat and prevent
a wide range of diseases caused by bacteria, viruses, and parasites because of its
ability to potentially incite the body’s immune system. In order to efficiently elicit
an immunological response in animals, B. subtilis functions as a vaccine carrier and
can immunize them through the nasal cavity, sublingual, oral, and other routes. B.
subtilis spores provide the following benefits as a live carrier of oral antigens: They
are more resistant to the acidic or basic environment of the GI tract and can regulate
gene expression. Lastly, they germinate first and live the longest among phagocytes
[58]. B. subtilis is gaining significant interest as a vaccine carrier for the prevention
of bacterial, viral, and parasitic illnesses for its exceptional immunological qualities.
Recombinant B. subtilis expresses the M2 protein of influenza A, the HA protein of
the highly pathogenic H5N1 avian influenza virus, the COE protein of the Porcine
Epidemic Diarrhea Virus (PEDV), and the GC and GD glycoproteins of the pseudora-
bies virus (PRV). Furthermore, B. subtilis has been utilized as a vector for the expres-
sion of the FMDV (foot-and-mouth disease virus) proteins VP1 and 3A [59].
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4. Application of B. subtilis as a vaccine carrier

In addition, it has been demonstrated that B. subtilis spores function as particulate
vaccine adjuvants, increasing antibody responses when co-administered with antigens
that are either adsorbed or admixed onto their surface (Table1). In both the BALB/c and
C57BL/6 mouse models, parenteral coadministration of live and dead B. subtilis spores
can safely produce an increase in the specific antibody and T cell response to HIV gag
p24 antigen. Furthermore, through the TLR2 and MyD88 signaling pathways, the spores
induced DCs to produce co-stimulatory molecules and pro-inflammatory cytokines [63].
A significant obstacle in the development of a successful mucosal vaccine is identifying
a suitable adjuvant. It has been demonstrated that B. subtilis endospores can assist in
overcoming these challenges by providing a vehicle for the delivery of adjuvants and
antigens. Successful development and production of recombinant spores with an adju-
vant/antigen chimeric protein has been accomplished, using a piece of the Clostridium
difficile flagellar cap FliD protein as antigen and the VQGEESNDK peptide, a fragment
of human IL-1p, as an adjuvant. The obtained data demonstrate that both characteristics
are exhibited by recombinant spores that provide an adjuvant/antigen chimeric protein
during mouse mucosal immunization. Furthermore, the IL-1p fragment may be a useful
adjuvant in mucosal vaccines based on B. subtilis spores [59].

5. Challenges and solutions in ensuring bioavailability and stability in the
human body

Two inherent limitations of therapeutic peptide membrane impermeability
along with poor in vivo stability represent significant obstacles to the development

Target pathogen Antigen protein Immune route References
Virus Capsid protein Oral [60]
PCV2 Collagenase equivalent
PEDV domain protein
TGEV Spike protein
PRV gC protein, gD protein
HPAIV HA protein
FMDV M2 protein
VP1 protein,
3A protein
Bacteria Sip protein Oral [61]
Streptococcus agalactiae FilD protein Oral
Clostridium difficile OmpC Oral
Salmonella UreB protein Oral
Helicobacter pylori Truncated protein 21 Nasal Intranasal
Mycoplasma tuberculosis P97R1, P46 protein Mucosal
Mycoplasma hyopneumoniae
Parasitic CsPmy protein Intraperitoneal, [62]
Clonorchis sinensis Cysteine protease Intragastric
Echinococcosis granulosus EgTrp, EgA31 protein Oral
Plasmodium falciparum (rPfCSP) CSP protein Oral
Nasal
Table1.

Vaccine delivery wheve B. subtilis is used as a carrier.
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of peptide drugs. The majority of B. subtilis peptides utilized as medicinal agents
are administered intravenously rather than orally due to a number of factors. It is
proven that the gastrointestinal environment has an impact on the drug’s perme-
ability across mucosal barriers, stability, and solubility. Peptides nature further
limits their utility as antimicrobial agents because of their limited bioavailability
and solubility, susceptibility to protease degradation, and possible toxicity and
immunogenicity. But there are a few benefits to using the oral route, including its
ease of usage, non-invasiveness, and self-administration convenience. To reduce
the negative effects of oral administration, novel drug delivery systems (DDSs)
must be developed. Developing novel drug delivery systems (DDSs) offers a prom-
ising chance to shield B. subtilis peptides from enzymatic and chemical destruction
in the gastrointestinal tract and enhance intestinal permeability, which would
result in high bioavailability [64].

6. Peptide delivery mechanisms
6.1 Biomaterial systems

Several delivery methods have been studied for B. subtilis peptides (Figure 3).
Various drug delivery systems and biomaterials, such as polymer hydrogels or polar
lipid assemblies, as well as less commonly used materials in pharmaceutical formula-
tion development, like various organic nanomaterials, provide ways to regulate pep-
tide exposure and release, protect incorporated peptides from degradation, and lessen
unfavorable peptide-related side effects. Microgels and associated polymeric systems
present especially intriguing alternatives. Furthermore, a wide variety of inorganic
nanoparticles interact with external fields, including light and fluctuating magnetic

B.subtilis peptides

Iron oxide nanoparticles Silver nanoparticle-hydrogel systems Liposomes

Figure 3.
Delivery systems used for bioactive peptides.
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fields, creating opportunities for simultaneous diagnosis of treatment outcomes in
therapeutic techniques and remotely activating the release of AMP from such delivery
devices. Iron oxide nanoparticles seem especially promising in this context. Some
systems, like mesoporous silicon canan nanoparticles, provide opportunities for the
co-delivery of B. subtilis AMPs and low-MW drugs like conventional antibiotics.

An important class of biomaterials for the prevention and treatment of infections
are antimicrobial nanoparticle-hydrogel systems, which are composed of antimi-
crobial agents (antibiotics, biological extracts, and antimicrobial peptides) loaded
nanoparticles or antimicrobial nanoparticles (metal or metal oxide). Because AgNPs
have an excellent dispersion capability within the hydrogel network, researchers have
produced an AgNPs-loaded hydrogel made of poly (acrylamide-co-styrene sulfonic
acid sodium salt) and chitosan to battle the most sensitive strains of B. subtilis [65].

6.2 Liposome systems

Liposomes are vesicle bilayers composed of natural phospholipids and cholesterol
with an aqueous core. Liposomal delivery systems have the potential to encapsulate
AMPs that are soluble in water or fat; they can also be tailored to improve drug target-
ing, extend the duration of the drug’s action, and increase drug stability. Additionally,
liposomes can help overcome multidrug resistance and minimize adverse drug reac-
tions. The adaptability of this drug delivery system (DDS) is demonstrated by the range
of B. subtilis AMPs that have been encapsulated into liposomes, including colistin,
vancomycin, LL-37, indolicin, and polymyxin B. These AMPs can be delivered into cells
by liposomes, mostly by endocytosis or adsorption. Because liposomes have a greater
ability to penetrate tissues and target intracellular infections, they are a great option
for encapsulating AMPs. Treatment of intracellular infections as well as oral, systemic,
pulmonary, and topical administration have all been investigated for liposomes [66].

7. Preclinical and clinical studies on the safety profile and toxicity
evaluation of B. subtilis peptides

Preclinical investigations were conducted to investigate the safety of B. subtilis.
This genome was searched for genes encoding recognized Bacillus toxins, second-
ary metabolites, virulence factors, and antibiotic resistance using in silico analysis.
Evaluated how B. subtilis lysates affected the permeability and viability of human
intestinal epithelial cells (Caco-2) in culture. It was discovered that there are no known
Bacillus toxins encoded in the genome. Numerous gene clusters involved in the manu-
facture of secondary metabolites are present in the B. subtilis genome; however, many
of these antimicrobial compounds, such as fengycin, are shared by Bacillus species and
may even have health advantages linked to the health of the gut microbiota. According
to the findings of in vitro and in silico tests, B. subtilis is thought to be safe for ingestion
by humans [67]. In another study, B. subtilis safety was assessed using phenotypic and
genomic methods. Based on the in silico genome inquiry and cell cytotoxicity examina-
tion, BS IDCC1101 did not show any significant safety concerns, including human
toxicity, antibiotic resistance transfer, or disruption to the gut microbes. Furthermore,
phenotypic tests revealed that the strain did not generate any harmful compounds.
Moreover, without raising any safety issues, BS IDCC1101 showed increased enzyme
activity and carbohydrate utilization. In female rats, BS IDCC1101 did not exhibit
acute oral toxicity. Gram-positive bacterial infections may be treated with bacitracin,
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a naturally occurring cyclic AMP produced from B. subtilis, which is being studied in
several ongoing Phase IV clinical trials to evaluate the effectiveness of bacitracin in the
treatment of patients with small burns, wound healing, skin infections, and surgical
site infections. It’s commonly used with neomycin, polymyxin B, collagenase, and
honey of the medical kind. However, a trial assessing the use of bacitracin in midfacial
fracture surgery was closed in April 2020 due to bacitracin toxicity [68].

8. Current limitations in the development and clinical application of
B. subtilis AMPs

The negative characteristics of B. subtilis AMPs, which hinder their clinical
development, include systemic toxicity, quick renal clearance, short half-lives, and
sensitivity to protease breakdown. The limited bioavailability is one of the primary
drawbacks of using AMPs in clinical settings. These compounds generally exhibit
poor absorption at the site of action because of their difficulties in crossing biological
membranes, such as the blood-brain barrier, intestinal mucosa, and cell membrane.
Thus, topical, intravenous, intramuscular, or subcutaneous delivery is the most widely
used. In addition to lowering absorption and bioavailability, chemical processes such
as hydrolysis by stomach acid or digestive enzymes also occur. Another major barrier
is its rapid elimination from the blood by high renal and hepatic clearance. The clinical
application’s limited selectivity is still another problem. These compounds’ poor target
selectivity is typically linked to cytotoxicity, which has the potential to produce hemo-
lytic action. Additionally, there is a chance of adverse immunogenic effects due to
interactions with various targets or receptors. The high development and production
costs, decreased efficacy in therapeutically relevant situations, and the unanticipated
rise of bacterial resistance are just a few of the obstacles facing the development of
AMPs for clinical application. Although AMPs primarily affect membranes, they may
also be harmful to eukaryotic cells and are not entirely specific to microbial cells [68].

9. Future research areas and potential technological advancements to
overcome these challenges

It has been claimed that B. subtilis AMP pharmacokinetics can be enhanced by
chemical modifications and administration methods. A peptide’s biological activity
is greatly influenced by its amino acid sequence, location, and configuration since
structure and activity are interrelated. A number of chemical changes could enhance
specific characteristics (such as permeability and antibacterial activity), making the
AMP more stable and hence more appropriate for in vivo application. These chemi-
cal modifications include PEGylation, Lipidation, Cyclization, D-amino acids, and
branched peptides (Figure 4).

AMP stability, bioavailability, and toxicity are reduced by utilizing strategies such
as cyclization design, N- and C-terminal alterations, and the addition of the D-amino
acid configuration. Enhancing AMP’s biological qualities is another application for
AMP nanoencapsulation. Lipid NPs, metal NPs, and polymeric nanosystems can
shield the enclosed peptide against toxicity and deterioration. They can also increase
efficacy and lessen negative effects.

All of these approaches could be employed in the upcoming decades to create
more powerful and “individualized” medications for every patient, lowering side
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Molecular structure of various peptides produced by B. subtilis.

effects and increasing efficacy. In vitro tests of nanoparticle-based AMP therapies and
coatings have demonstrated encouraging outcomes, supporting the delivery of AMPs
into cells for the treatment of intracellular infections as well as through bacterial
biofilms and in close proximity. At this point, AMP molecule compositions are being
developed for safe and efficient application, and a new phase of study is beginning.
To put it another way, following a protracted era of AMP discovery and research, the
emphasis is now on their druggability by enhancing and modifying delivery methods
[68]. Various approaches have been devised to decrease manufacturing costs and
cytotoxic consequences while enhancing the bioavailability and effectiveness of
AMPs. While some companies are pursuing truncated or short AMPs in an attempt to
lower production costs, it is more typical to design a delivery mechanism and provide
chemical modifications in order to increase the AMPs’ bioavailability and in vivo
efficacy. In addition to potentially increasing efficacy, STAMPS, combination therapy
with traditional antibiotics, and the choice of a counter ion at the very end of peptide
synthesis may also lessen the harmful effects of AMPs [69].

10. Analysis of real-world applications and outcomes of bioactive
B.Subtilis peptides

Phase IV clinical trials were being conducted to treat Gram-positive bacterial infec-
tions using bacitracin, a naturally occurring cyclic AMP from B. subtilis. The clinical
study of bacitracin as a drug was successfully done to diagnose allergic contact der-
matitis; the study sought to determine the appropriate concentration of the bacitracin
patch. Individuals who were 18 years of age or older and had tested positive for bacitra-
cin patch within the previous five years were considered subjects. Mekos Laboratories

926



Clinical and Therapeutic Potential of Bacillus subtilis Antimicrobial Peptides
DOI: http://dx.doi.org/10.5772/intechopen.1007960

AS carried out the study, which addressed a number of pertinent MeSH terms, includ-
ing bacitracin, allergic contact dermatitis, patch testing, associated skin illnesses, and
hypersensitivity conditions. Another clinical study of bacitracin was completed to
examine the effects of time to clot and infection rate when applying bacitracin and
tranexamic acid to the bleeding site following the removal of the hemodialysis fistula
needle. Topical Tranexamic Acid 5% with bacitracin and Topical Tranexamic Acid 25%
with bacitracin were used as a drug on 18 years and older (Adult, Older Adult) dialysis
patients with fistulas (native arteriovenous). Following dialysis, each participant’s
arteriovenous fistula’s clotting time was assessed using either 5% or 25% tranexamic
acid, and the results were compared to the AV fistula’s regular clotting time without
the use of tranexamic acid, concluding the clotting time is 13% [70].

The lipopeptides surfactin, fengycin, and iturin, which are generated by B.
subtilis, are utilized as biopesticides because of their potent antifungal characteristics.
By preventing the growth of dangerous fungi like Fusarium oxysporum and Botrytis
cinerea, they aid in crop protection. By reducing the need for chemical pesticides, the
application of these peptides promotes sustainable agriculture [71].

Bacitracin and other peptides produced by B. subtilis are employed as antibiotics
in medicinal procedures. Topical ointments containing bacitracin are frequently used
to treat minor burns, wounds, and cuts and to prevent infection. The antibacterial
qualities of B. subtilis peptides, such as subtilin and nisin, are used to preserve food.
These peptides work by preventing the growth of pathogens and bacteria that cause
spoilage, thus extending the shelf life of food products. Proteases and amylases are
two important commercial enzymes that are derived from B. subtilis. These enzymes
can be stabilized by the peptides created during fermentation operations, increasing
their effectiveness and lowering their cost for industrial usage [72].

11. Role of modern artificial intelligence (AI) in drug design derived from
B. subtilis peptides

Peptides exhibit a variety of biological activities that make them attractive candi-
dates for therapeutic uses. These activities include hormone signaling, antitumor, and
antibacterial properties. Therapeutic peptides have benefits but also drawbacks, like
a short half-life, poor oral bioavailability, and plasma degradation susceptibility. The
emergence of artificial intelligence (AI) and computational tools in peptide research
has prompted the creation of sophisticated databases and procedures essential to
investigating these intricate macromolecules. The incorporation of Al into peptide
creation, including classifier techniques, prediction systems, and cutting-edge design
made possible by deep-generative models such as variational autoencoders and
generative adversarial networks.

Machine learning (ML) is a branch of artificial intelligence that focuses on statisti-
cal models and algorithms. The theory behind ML is that computers can analyze and
learn from patterns in data and then use that information to solve problems, make
predictions, or classify objects. Creating prediction models for peptides using ML
procedures and protein sequences or structures involves four key steps: gathering and
processing datasets, using numerical representation techniques, training and validat-
ing predictive models, and assessing results using traditional metrics. Depending on
the goal of the prediction model, many sources may be used to get protein sequences
or structures throughout the collection phase. To gather AMPs, generic databases such
as LAMP?2 or Peptipedia SATPdDb are typically utilized. On the other hand, particular
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data is gathered using specialist databases such as bacteriocin peptides and anti-
angiogenic peptide predictors, which are used for quorum sensing signaling peptides.

Classification models have been put into practice for medicinal purposes, such
as the identification of CPPs, anticancer peptides, and anti-inflammatory peptides.
Combining machine learning techniques with biomedical datasets can help find
new therapeutic targets and make it easier to research biological activities, protein
interactions, molecular properties, and side effects. A variety of prediction models
have been used to aid in the drug discovery process, such as the Bayesian machine
learning strategy BANDIT and the deep learning approach DeepDTnet, which uses
phenotypic, genetic, chemical, and cellular network profiles to inform the drug
development process [72].

12. Conclusion

B. subtilis peptides hold immense clinical and therapeutic potential due to their
broad spectrum of activities, unique mechanisms of action, and versatility in various
therapeutic applications. These peptides, including well-known examples like surfactin,
fengycin, and iturin, act primarily through membrane disruption, causing cell lysis
in target pathogens. This distinct mechanism minimizes the likelihood of resistance
development, positioning them as promising alternatives to traditional antibiotics,
particularly in the face of rising antimicrobial resistance. Beyond their antimicrobial
efficacy, B. subtilis peptides exhibit significant potential in other therapeutic areas,
such as antiviral, antifungal, antiparasitic, and anticancer treatments. Their ability to
selectively target pathogens and cancer cells while sparing healthy cells broadens their
therapeutic scope, making them candidates for diverse clinical applications, includ-
ing wound healing and immunomodulation. Advances in peptide delivery systems,
including encapsulation in nanoparticles or liposomes, have enhanced the stability,
bioavailability, and targeted delivery of these peptides, addressing some of the limita-
tions that hinder their therapeutic use, such as rapid degradation and poor solubility.
Furthermore, preclinical and clinical studies have demonstrated a favorable safety
profile for B. subtilis peptides, with low toxicity and good biocompatibility. These
properties are essential for transitioning from laboratory research to clinical applica-
tion. However, despite these promising characteristics, challenges remain, including
optimizing peptide stability under physiological conditions and scaling up production
for therapeutic use. In brief, B. subtilis peptides represent a valuable source of bioactive
molecules with diverse therapeutic applications. Ongoing research and technological
advancements in peptide delivery and stabilization will be crucial in unlocking their full
clinical potential, offering new hope in the fight against infectious diseases and cancer.

Acknowledgements

The authors acknowledge the use of Grammarly for language polishing of the
manuscript.
Conflict of interest

The authors declared no conflict of interest.

98



Clinical and Therapeutic Potential of Bacillus subtilis Antimicrobial Peptides
DOI: http://dx.doi.org/10.5772/intechopen.1007960

Author details
Sajid Iqball’z*, Mehwish Malik?, Bushra Mustafa® and Hussnain Ahmed ]anjual2

1 Oujiang Lab (Zheijiang Lab for Regenerative Medicin, Vision and Brain Health),
Wenzhou, China

2 Atta-ur-Rahman School of Applied Biosciences (ASAB), National University of
Sciences and Technology (NUST), Islamabad, Pakistan

*Address all correspondence to: sajidigbalmb44@yahoo.com

IntechOpen

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

99



Bacillus subtilis — Functionalities and One Health Applications

References

[1] Igbal S, Begum F, Rabaan AA,
Aljeldah M, Al Shammari BR, Alawfi A,
et al. Classification and multifaceted
potential of secondary metabolites
produced by Bacillus subtilis group:

A comprehensive review. Molecules.
2023;28:927-956

[2] Hancock REW, Haney EF, Gill EE. The
immunology of host defence peptides:
Beyond antimicrobial activity. Nature
Reviews Immunology. 2016;16:1-3

[3] Amber Dance. Five Ways Science Is
Tackling the Antibiotic Resistance Crisis.
Available from: https://www.nature.com/
articles/d41586-024-02601-4

[4] Zhang QY, Bin YZ, Meng YM,
Hong XY, Shao G, Ma]]J, etal.
Antimicrobial peptides: Mechanism of
action, activity and clinical potential.
Military Medical Research. 2021;8:1-3

[5] Zaky AA, Simal-Gandara J, EunJB,
Shim JH, Abd El-Aty AM. Bioactivities,
applications, safety, and health benefits
of bioactive peptides from food and
by-products: A review. Frontiers in
Nutrition. 2022;8(3):5

[6] Kanaujia KA, Mishra N,

Rajinikanth PS, Saraf SA. Antimicrobial
peptides as antimicrobials for wound
care management: A comprehensive
review. Journal of Drug Delivery Science
and Technology. 2024;95:1-6

[7] Nasseri S, Sharifi M. Therapeutic
potential of antimicrobial peptides for
wound healing. International Journal
of Peptide Research and Therapeutics.
2022;28:1-4

[8] Nhan NTT, Yamada T,
Yamada KH. Peptide-based agents for
cancer treatment: Current applications

100

and future directions. International
Journal of Molecular Sciences.
2023;24:1-2

[9] Chinnadurai RK, Khan N,
Meghwanshi GK, Ponne S, Althobiti M,
Kumar R. Current research status of anti-
cancer peptides: Mechanism of action,
production, and clinical applications.

Biomedicine and Pharmacotherapy.
2023;164

[10] Chiangjong W, Chutipongtanate S,
Hongeng S. Anticancer peptide:
Physicochemical property, functional
aspect and trend in clinical application
(review). International Journal of
Oncology. 2020;57:4-9

[11] Su, Liu C, Fang H, Zhang D.
Bacillus subtilis: A universal cell factory
for industry, agriculture, biomaterials
and medicine. Microbial Cell Factories.
2020;19:1-2

[12] Palffy R, Gardlik R,

Behuliak M, Kadasi L, TurnaJ, Celec P.
On the physiology and pathophysiology
of antimicrobial peptides. Molecular
Medicine. 2009;15:51-59

[13] Scott RW, DeGrado WF, Tew GN.
De novo designed synthetic mimics of
antimicrobial peptides. Current Opinion
in Biotechnology. 2008;19:2-3

[14] Caulier S, Nannan C, Gillis A,
Licciardi F, Bragard C, Mabhillon J.
Overview of the antimicrobial
compounds produced by members of
the Bacillus subtilis group. Frontiers in
Microbiology. 2019;10:1-7

[15] Ongena M, Jacques P. Bacillus
lipopeptides: Versatile weapons for
plant disease biocontrol. Trends in
Microbiology. 2008;16:115-125



Clinical and Therapeutic Potential of Bacillus subtilis Antimicrobial Peptides

DOI: http://dx.doi.org/10.5772/intechopen.1007960

[16] Zhao H, Yan L, Xu X, Jiang C,

ShiJ, ZhangV, et al. Potential of Bacillus
subtilis lipopeptides in anti-cancer I:
Induction of apoptosis and paraptosis
and inhibition of autophagy in K562
cells. AMB Express. 2018;8(1):1-3

[17] Gaspar D, Salomé Veiga A,
Castanho MARB. From antimicrobial to
anticancer peptides. A review. Frontiers
in Microbiology. 2013;4:1-12

[18]1Lin L, ChiJ, YanY, Luo R, Feng X,
ZhengY, et al. Membrane-disruptive
peptides/peptidomimetics-based
therapeutics: Promising systems to
combat bacteria and cancer in the

drug-resistant era. Acta Pharmaceutica
Sinica B. 2021;11:1-5

[19] Peypoux F, Bonmatin JM, Wallach J.
Recent trends in the biochemistry of
surfactin. Applied Microbiology and
Biotechnology. 1999;51(5):1

[20] Wu YS, Ngai SC, Goh BH, Chan KG,
Lee LH, Chuah LH. Anticancer activities
of surfactin potential application of
nanotechnology assisted surfactin delivery.
Frontiers in Pharmacology. 2017;8:3-17

[21] Zakharova AA, Efimova SS,
Malev VV, Ostroumova OS. Fengycin
induces ion channels in lipid bilayers

mimicking target fungal cell membranes.
Scientific Reports. 2019;9(1):1

[22] Vanittanakom N, Loeffler W, Koch U,
Jung G. Fengycin-a novel antifungal
Lipopeptide antibiotic produced by
Bacillus subtilis F-29-3. Journal of
Antibiotics. 1986;39(7-10)

[23] Zhao H, Yan L, Guo L, Sun H,

Huang Q, Shao D, et al. Effects of Bacillus
subtilis iturin a on HepG2 cells in vitro
and vivo. AMB Express. 2021;11(1):1-2

[24] Zhao H, Zhao X, Lei S,
ZhangY, Shao D, Jiang C, et al. Effect

101

of cell culture models on the evaluation
of anticancer activity and mechanism
analysis of the potential bioactive
compound, iturin a, produced by:
Bacillus subtilis. Food & Function.
2019;10(3):3-549

[25] Fulda S. Targeting apoptosis
signaling pathways for anticancer
therapy. Frontiers in Oncology. 2011;1:1-5

[26] Leclére V, Béchet M, Adam A,
Guez JS, Wathelet B, Ongena M, et

al. Mycosubtilin overproduction by
Bacillus subtilis BBG100 enhances the
organism’ antagonistic and biocontrol
activities. Applied and Environmental
Microbiology. 2005;71(8):1-7

[27]1Lin R, Zhang Q, Yin L,

Zhang, Yang Q, Liu K, et al. Isolation
and characterization of a mycosubtilin
homologue antagonizing verticillium
dahliae produced by Bacillus subtilis
strain Z15. PLoS One. 2022;17:19-22

[28] Yayan J, Franke KJ, Berger M,
Windisch W, Rasche K. Adhesion,
metastasis, and inhibition of cancer
cells: A comprehensive review. Molecular
Biology Reports. 2024;51:1

[29] Chen X et al. Bacillomycin D from
Bacillus subtilis inhibits the invasion
and migration of cancer cells via
downregulation of MMP-2 and MMP-
9. Journal of Applied Microbiology.
2021;131(4):2125-2135

[30] Lin F, Yang J, Muhammad U, Sun J,
Huang Z, Li W, et al. Bacillomycin D-C16
triggers apoptosis of gastric cancer

cells through the PI3K/Akt and FoxO3a
signaling pathways. Anti-Cancer Drugs.
2019;30(1):1-4

[31] Geiger C, Korn SM, Hisler M,

Peetz O, Martin J, Kétter P, et al. Lanl-
mediated lantibiotic immunity in Bacillus
subtilis: Functional analysis. Applied



Bacillus subtilis — Functionalities and One Health Applications

and Environmental Microbiology.
2019;85(11):9-16

[32] Dan AK, Manna A,

Ghosh S, Sikdar S, Sahu R, Parhi PK,

et al. Molecular mechanisms of the
lipopeptides from Bacillus subtilis in
the apoptosis of cancer cells—A review
on its current status in different cancer
cell lines. Advances in Cancer Biology -
Metastasis. 2021;3:4-9

[33] Yan L, Liu G, Zhao B, Pang B, Wu'W,
Ai C, et al. Novel biomedical functions
of surfactin A from Bacillus subtilis in
wound healing promotion and scar
inhibition. Journal of Agricultural and

Food Chemistry. 2020;68(26):5-6

[34] Arima K et al. Surfactin inhibits
VEGF-induced angiogenesis by reducing
the VEGF receptor expression. Journal of
Cellular Physiology. 2010;2010:1-9

[35] Chen X, LuY, Shan M, Zhao H, Lu Z,
LuY. A mini-review: Mechanism of
antimicrobial action and application of
surfactin. World Journal of Microbiology
and Biotechnology. 2022;38:3-6

[36] Zhao H, Shao D, Jiang C, Shi]J,

Li Q, Huang Q, et al. Biological activity
of lipopeptides from bacillus. Applied
Microbiology and Biotechnology.
2017;101:1-5

[37] Maget-Dana R, Peypoux F. Iturins, a
special class of pore-forming lipopeptides:
Biological and physicochemical properties.
Toxicology. 1994;87(1-3):10-17

[38] Tran C, Cock IE, Chen X, Feng Y.
Antimicrobial bacillus: Metabolites
and their mode of action. Antibiotics.
2022;11:8-10

[39] Nannan C, Vu HQ, Gillis A, Caulier S,
Nguyen TTT, Mahillon J. Bacilysin within
the Bacillus subtilis group: Gene
prevalence versus antagonistic activity

102

against gram-negative foodborne
pathogens. Journal of Biotechnology.
2021;327:2-7

[40] Islam T, Rabbee MF, Choi J, Baek KH.
Biosynthesis, molecular regulation, and
application of Bacilysin produced by
bacillus species. Metabolites. 2022;12:2-5

[41] Parisot ], Carey S, Breukink E,

Chan WC, Narbad A, Bonev B. Molecular
mechanism of target recognition

by subtilin, a class I lanthionine
antibiotic. Antimicrobial Agents and
Chemotherapy. 2008;52(2):1-7

[42] Chen M, Lin N, Liu X, Tang X,
Wang Z, Zhang D. A novel antimicrobial
peptide screened by a Bacillus subtilis
expression system, derived from
Larimichthys crocea ferritin H, exerting
bactericidal and parasiticidal activities.
Frontiers in Immunology. 2023;14:6-13

[43] Zhu J, Wang S, Wang C, Wang Z,
Luo G, Li]J, et al. Microbial synthesis of
bacitracin: Recent progress, challenges,

and prospects. Synthetic and Systems
Biotechnology. 2023;8:1-3

[44] Leistikow KR, May DS, Suh WS,
Vargas Asensio G, Schaenzer AJ,

Currie CR, et al. Bacillus subtilis -derived
peptides disrupt quorum sensing and
biofilm assembly in multidrug-resistant

Staphylococcus aureus. mSystems.
2024;9(8):3-11

[45] Raju DV, Nagarajan A, Pandit S,
Nag M, Lahiri D, Upadhye V. Effect

of bacterial quorum sensing and
mechanism of antimicrobial resistance.

Biocatalysis and Agricultural
Biotechnology. 2022;43:1-4

[46] Peypoux F, Bonmatin JM,

Wallach J. MINI-REVIEW recent trends
in the biochemistry of surfactin. Applied
Microbiology and Biotechnology.
1999;51(5):553-563



Clinical and Therapeutic Potential of Bacillus subtilis Antimicrobial Peptides

DOI: http://dx.doi.org/10.5772/intechopen.1007960

[47] Ramesh S, Roy U, Roy S,
Rudramurthy SM. A promising
antifungal lipopeptide from Bacillus
subtilis: Its characterization and insight
into the mode of action. Applied
Microbiology and Biotechnology.
2024;108(1):1-18

[48] Yu C, Liu X, Zhang X, Zhang M,
GuY, Ali Q, et al. Mycosubtilin produced
by Bacillus subtilis ATCC6633 inhibits
growth and mycotoxin biosynthesis

of fusarium graminearum and

fusarium verticillioides. Toxins (Basel).
2021;13(11):3-9

[49] Vahidinasab M, Lilge L,

Reinfurt A, Pfannstiel J, Henkel M,
Morabbi Heravi K, et al. Construction
and description of a constitutive
plipastatin mono-producing Bacillus
subtilis. Microbial Cell Factories.
2020;19(1):1-5

[50] Batool M, Khalid MH, Hassan MN,
Hafeez FY. Homology modeling of

an antifungal metabolite plipastatin
synthase from the Bacillus subtilis 168.
Bioinformation. 2011;7(8):1-3

[51] Meena KR, Kanwar SS. Lipopeptides
as the antifungal and antibacterial
agents: Applications in food safety

and therapeutics. BioMed Research
International. 2015;2015:2-6

[52] Yuan L, Zhang S, Wang Y, Li Y,
Wang X, Yang Q. Surfactin inhibits
membrane fusion during invasion of

epithelial cells by enveloped viruses.
Journal of Virology. 2018;92(21):2-16

[53] Wang X, Hao G, Zhou M, Chen M,
Ling H, Shang Y. Secondary metabolites
of Bacillus subtilis L2 show antiviral
activity against pseudorabies virus.
Frontiers in Microbiology. 2023;14:7-9

[54] Wang Y, Moon A, Huang J, SunY,
Qiu HJ. Antiviral effects and underlying

103

mechanisms of probiotics as promising
antivirals. Frontiers in Cellular and
Infection Microbiology. 2022;12:12-25

[55] Li H, Niu J, Wang X, Niu M,

Liao C. The contribution of antimicrobial
peptides to immune cell function:

A review of recent advances.

Pharmaceutics. 2023;15:2-13

[56] Li], Yang M, Chen B, Wang Z, CaoY,
Yang Y, et al. Evaluation of the immunity
responses in mice to recombinant
Bacillus subtilis displaying Newcastle
disease virus HN protein truncations.
Microorganisms. 2024;12(3):12-15

[57] Vicente-GilS,Nufiez-OrtizN,MorelE,
Serra CR, Docando F, Diaz-Rosales P,

et al. Immunomodulatory properties of
Bacillus subtilis extracellular vesicles on
rainbow trout intestinal cells and splenic
leukocytes. Frontiers in Immunology.
2024;15:8-15

[58] Yuan C, Ji X, Zhang Y, Liu X,

Ding L, Li], etal. Important role of
Bacillus subtilis as a probiotic and vaccine
carrier in animal health maintenance.
World Journal of Microbiology and
Biotechnology. 2024;40:4-9

[59] Potocki W, Negri A, Peszynska-
Sularz G, Hinc K, Obuchowski M,
Iwanicki A. IL-1 fragment modulates
immune response elicited by
recombinant Bacillus subtilis spores
presenting an antigen/adjuvant chimeric
protein. Molecular Biotechnology.
2018;60(11):810-819

[60] Lin J, Mou C, Zhang S, Zhu L, LiY,
Yang Q. Immune responses induced by
recombinant Bacillus subtilis expressing
the PEDV spike protein targeted at
microfold cells. Veterinary Sciences.
2022;9(5):2-10

[61] Saggese A, Baccigalupi L, Donadio G,
Ricca E, Isticato R. The bacterial spore



Bacillus subtilis — Functionalities and One Health Applications

as a mucosal vaccine delivery system.
International Journal of Molecular
Sciences. 2023;24:8-13

[62] de Almeida MEM, Alves KCS, de
Vasconcelos MGS, Pinto TS, Gléria JC,
Chaves YO, et al. Bacillus subtilis spores
as delivery system for nasal plasmodium
falciparum circumsporozoite surface

protein immunization in a murine model.

Scientific Reports. 2022;12(1):2-6

[63] De Souza RD, Batista MT,

Luiz WB, Cavalcante RCM, Amorim JH,
Bizerra RSP, et al. Bacillus subtilis spores
as vaccine adjuvants: Further insights
into the mechanisms of action. PLoS
One. 2014;9(1):2-7

[64] Deshayes C, Arafath MN,
Apaire-Marchais V, Roger E.
Drug delivery systems for the oral
administration of antimicrobial
peptides: Promising tools to treat

infectious diseases. Frontiers in Medical
Technology. 2021;3:6-10

[65] Ahmad N, Bukhari SNA,

Hussain MA, Ejaz H, Munir MU,

Amjad MW. Nanoparticles incorporated
hydrogels for delivery of antimicrobial
agents: Developments and trends. RSC
Advances. 2024;14(19):13535-13564

[66] van Gent ME, Ali M, Nibbering PH,
Klodzinska SN. Current advances in lipid
and polymeric antimicrobial peptide
delivery systems and coatings for the
prevention and treatment of bacterial
infections. Pharmaceutics. 2021;13:3-15

[67] Brutscher LM, Borgmeier C,
Garvey SM, Spears JL. Preclinical safety
assessment of Bacillus subtilis BS50

for probiotic and food applications.
Microorganisms. 2022;10(5):1-14

[68] Cresti L, Cappello G, Pini A.
Antimicrobial peptides towards clinical
application—A long history to be

104

concluded. International Journal of
Molecular Sciences. 2024;25:4-13

[69] Dijksteel GS, Ulrich MMW,
Middelkoop E, Boekema BKHL. Review:
Lessons learned from clinical trials using
antimicrobial peptides (AMPs). Frontiers
in Microbiology. 2021;12:10-12

[70] Moretta A, Scieuzo C, Petrone AM,
Salvia R, Manniello MD, Franco A, et al.
Antimicrobial peptides: A new Hope in
biomedical and pharmaceutical fields.
Frontiers in Cellular and Infection
Microbiology. 2021;11:6-18

[71] Igbal S, Ullah N, Janjua HA. In

vitro evaluation and genome mining

of Bacillus subtilis strain rs10 reveals its
biocontrol and plant growth-promoting
potential. Agriculture (Switzerland).
2021;11(12):11-14

[72] Goles M, Daza A, Cabas-Mora G,
Sarmiento-Varén L, Sepulveda-Yafiez J,
Anvari-Kazemabad H, et al. Peptide-
based drug discovery through artificial
intelligence: Towards an autonomous
design of therapeutic peptides. Briefings
in Bioinformatics. 2024;25:4-11



Chapter 5

Bacillus subtilis: A Biological Marvel
in the Domain of Agriculture
and Environmental Science

Sonam Shrirang Shinde, Viraj Vivek Gaonkar,
Humaira Mushtaq Mukadam and Shikha Vikrant Gaikwad

Abstract

Bacillus subtills is a Gram-positive, rod-shaped, aerobic, non-pathogenic bacterium
that synthesizes resilient endospores. Due to the capability of forming spores, the
organism has ecological versatility that allows the organism to thrive in distinct envi-
ronments such as soil, rhizospheric zones of plants, and even in the gastrointestinal
tracts of animals. It is widely known as a plant growth-promoting rhizobacterium
(PGPR) that enhances plants’ growth by producing various primary and secondary
metabolites such as phytohormones, volatile organic compounds (VOC), enzymes
(ex0), biosurfactants, siderophores, solubilizing phosphate, and fixing nitrogen.

The bacterium’s utility in agriculture is further supported by various formulation

and delivery methods, enhancing its effectiveness as a biopesticide and biofertilizer.
Additionally, B. subtilis contributes to soil health and sustainability by forming protec-
tive biofilms and generating antimicrobial compounds, which suppress the progres-
sion of deleterious microorganisms. Metabolites of the bacterium also degrade and
remediates heavy metals and hydrocarbons that aids in maintaining sustainability in
the environment. Despite its wide-ranging values, challenges are still there in terms
of its usage optimization. Future perspectives are highly required that would enhance
all its beneficial traits and integrate B. subtilis into integrated pest management (IPM)
systems as a potential pollutant remediator to promote sustainable agricultural and
environmental practices, which are documented in the -chapter.

Keywords: Bacillus subtilis, plant growth-promoting rhizobacteria (PGPR),
biosurfactants, sustainable agricultural and environmental practices, integrated pest
management

1. Introduction

The bacterium, Bacillus subtilis which is well-known as soil-dwelling prokaryote,
was discovered by Christian Gottfried Ehrenberg [1]. It is a Gram-positive bacterium
with rod-shaped cells, 2-6 pm in length and less than 1 pm in diameter. The organism
has a single circular chromosome of 4.2 million base pairs long, encoding 4100 genes
[2]. The bacterium has a single flagellated or non-flagellated cell that shows stochastic
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Figure 1.
Historical perspective on the use of Bacillus subtilis.

variation in the expression of motility-related genes [3] and allows the bacterium to
develop a biofilm [4]. An ability to form resilient spore provides an additional advan-
tage to the bacterium in terms of survivability under extreme conditions [5]. In recent
years, B. subtilis is becoming a model organism for the biofilm study due to its ability
to diverse phenotypes within an isogenic population [4].

In 1835, the first antibiotic was discovered from B. subtilis and from the year 1980
onwards, the bacterium was highlighted due to its secretion of a variety of proteins,
enzymes and bioactive molecules, that is making the bacterium an important plant
growth promoter and as a pollutant remediator [5]. The histological approaches of the
bacterium are highlighted in Figure 1 from the year 1835 to 2020.

2. Mechanisms of plant growth enhancement by Bacillus subtilis
2.1 Synthesis of phytohormones

Phytohormones such as Auxins, Cytokinins, Gibberellins, Abscisic acid, Salicylic
acid, and Jasmonic acid have vital impact on the plants’ growth. B. subtilis is reported
as a secretor of these phytohormones that enhances plants’ growth and yield by
improving rhizobacterial colonization [6, 7] or by increasing defense mechanisms
[8, 91. B. subtilis is also reported to be a producer of volatile organic compounds
(VOCs) like albuterol and 1,3-propanediol, that trigger gene expression for Auxin,
Gibberellin, Cytokinin, and Ethylene biosynthesis [10]. Among all phytohormones,
indole-3-acetic acid (IAA) is a key player in plant physiology, influencing cell
division, expansion, differentiation, germination, phototropism, geotropism, and
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stress alleviation [11]. B. subtilis are also known to produce IAA [12] at significant
levels. Additionally, it is the only bacterium that can produce multiple auxins such as
indole-3-acetic acid (IAA), indole-3-butyric acid (IBA), and indole-3-propionic acid
(IPA) [13, 14]. IAA synthesis in B. subtilis is reported to be increased under tempera-
ture gradients [15-17]. Additionally, IAA-producing B. subtilis strains is reported to
improve salinity tolerance in crop [18, 19]. Cytokinins are vital for multiple facets of
plant growth and development, such as embryogenesis, meristem activity, vascu-
lar formation, root lengthening, lateral root and nodule development, and apical
dominance [20]. B. subtilis is known to produce Cytokinins up to 150 ng/mL [21-24].
Additionally, Gibberellins and Abscisic acid (ABA), are also secreted by B. subtilis
which enhances plant tolerance to drought and salinity [25, 26].

2.2 Enhancement of nutrient availability

Plant growth can be enhanced by aiding nutrient acquisition. Plant growth-
promoting rhizobacteria (PGPR) accomplish the accessibility of nutrients by fixing
nitrogen and solubilizing inorganic phosphates [27].

2.2.1 Nitrogen fixation

Nitrogen is an essential component for plant development, but plants cannot
absorb directly atmospheric nitrogen. To satisfy the rising food demands, farmers use
large amounts of nitrogenous fertilizers, but it is impacting drastically on the func-
tionality of macro and microorganisms [28]. Nitrogen-fixing bacteria plays a vital role
in transforming nitrogen into ammonia which facilitates biological nitrogen fixation.
B. subtilis has the ability to fix atmospheric nitrogen and native rhizobacterial colo-
nization [29]. The bacterium has also been reported to reduce ammonia emissions by
44% and ammonia levels [30]. Sun and his coworkers [31] reported that replacing
50% of urea with B. subtilis biofertilizer decreased nitrogen loss by 54%.

2.2.2 Phosphate solubilization

Phosphorus is necessary for plant growth, aiding in flowering, seed formation,
disease resistance, shoot strength, and root development [32]. However, plants can
only access about 4% of soil phosphorus as orthophosphate [33]. It is reported by
many researchers, B. subtilis solubilizes phosphorus even in stressful conditions
[34, 35]. This highlights the bacterium’s applicability to be used as a PGPR under
extreme conditions [36-39].

3. Bacillus subtilis as a biocontrol agent for phytopathogens
3.1 Mechanisms of biocontrol

B. subtilis plays a crucial role in managing plant diseases by promoting plants’
growth, inducing systemic resistance, forming biofilms, and lysing cells of deleteri-
ous phytopathogens [40]. These traits are shown by the bacterium due to the potential
production of secondary metabolites, such as cell-wall-degrading enzymes, and
antioxidants, that indirectly promotes plant growth [1]. The mechanisms of B. subtilis
are defined in Table 1, by which it controls the growth of phytopathogens.
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B. subtilis strain Mechanism Phytopathogen References

BS-01 Production of VOC Alternaria solani [41]

FJ3 Nutrient acquisition, production of IAA, Fusarium oxysporum [42]
biofilm, hydrolytic enzyme

FZV-1 Production of surfactin, fengycin, and Fusarium solani [43]
siderophores

SR22 Secondary bioactive metabolites Rhizoctonia solani [44]

EMCCN 1211 Induction of ISR Potato virus Y [45]

V26 Production of surfactin, fengycin, iturin, Fusarium oxysporum, [46]
bacillomycin Fusarium solani

SL-6 Production of surfactin, fengycin, iturin Alternaria alternata, [47]

Botrytis cinevia
MBI 600 Production of fengycin Botrytis cineria [48]
NCD-2 Production of surfactin, fengycin, iturin Rhizoctonia solani AG-8 [49]
Table 1.

Bacillus subtilis as a biocontrol agent.

3.1.1 Secondary metabolites

B. subtilis is an effective biocontrol bacterium owing to its ability to produce
various secondary metabolites such as biosurfactants-lipopeptides, bacteriocins,
exoenzymes, and Volatile Organic Compounds (VOCs) [50]. Approximately 2428
antimicrobial peptides have been identified in Bacillus strains, with 4.5-15.4% of
their genomes that are dedicated to synthesizing these metabolites [51]. Key cyclic
lipopeptides including iturins, fengycins, and surfactins inhibit the phytopathogen
by disrupting cell membranes and interfering with their cellular processes [52].
Fengycins and iturins are notable for disintegrating fungal cell membrane integ-
rity and inhibiting spore germination [53]. It is reported that the survival rate of
Arabidopsis thaliana increased remarkably when it was inoculated with surfactin-
producing B. subtilis, as compared to non-surfactin-producing B. subtilis mutant [54].
Inoculation with surfactin-producing B. subtilis when associated with plant polysac-
charides improves root colonization, motility, and biofilm formation [55]. B. subtilis
also produces bacteriocins like plantazolicin and subtilin which are effective against
phytopathogens growth [56, 57]. B. subtilis also produces exoenzymes such as prote-
ases and chitinases that disrupt fungal cell walls [58]. Enzymatic antagonistic actions
are crucial for managing fungi-induced plant diseases. Key lytic enzymes which
include chitinases, cellulases, proteases, and $-1,3-glucanases that degrade pathogens’
cell walls [59], are reported to be present in B. subtilis [60]. The scanning electron
microphotographs revealed the deformations such as perforation, cell wall lysis, and
cytoplasmic disintegration which highlights the applicability of the bacterium in the
domain of agriculture as a biocontrol agent [61].

3.1.2 Production of sidevophore

Siderophores are iron-chelating compounds synthesized by various microbes to
enhance iron uptake. These siderophores are essential for plant nutrition, and stress
alleviation. At the same time, they play a vital function in controlling the growth of
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phytopathogens [62]. B. subtilis is noted as a potential siderophore producer [63, 64].
It is reported that the catecholate siderophore of B. subtilis inhibited resistant fungus
Ralstonia solanacearum growth and reduced disease severity by 40% [65].

3.1.3 Induction of systemic vesistance in plants against pathogens

Induced Systemic Resistance (ISR) enhances plant defenses against both biotic
and abiotic stressors. B. subtilis induces ISR by producing defense-related enzymes
like peroxidase, polyphenol oxidase, and phenylalanine ammonia lyase, triggering
ultrastructural and cytochemical changes in host cells during pathogen attacks [66].
B. subtilis strain MBI600 promoted the growth of the plant and ISR against soil-borne
pathogens via salicylic acid and jasmonic acid/ethylene signaling pathways [48]. It is
also reported that B. subtilis disrupted viral replication and upregulated pathogenesis-
related genes, reducing symptoms and improving yield of the plant under infection
due to Pepper Golden Mosaic Virus [67]. The bacterium has the capability of repro-
gramming the plant genome, involving RNA interference (RNAi) and microRNAs
(miRNAs) [68] through which it can improve the ISR.

3.1.4 Competition for space and resources

Biological control involves competition for resources and space between pathogens
and nonpathogenic organisms around a host plant. Effective root colonization relies
on traits like motility, biofilm formation, and signaling interactions with the plant
[58]. Root exudates attract microorganisms through bacterial chemotaxis, aiding in
initial host-microbe interactions and root system colonization [69]. It is reported B.
subtilis strains has the potential to form biofilms on plant roots, enabling long-term
rhizosphere colonization and competition with pathogens [70, 71] that makes the
bacterium competent biocontrol agent.

3.2 Development and commercialization of B. subtilis-based biocontrol agents

Chemical derived pesticides and fertilizers are in use since decades to control
phytopathogens and to boost the yield of plants. On the other hand, they harm soil
biodiversity, reduce soil respiration, and impart many other adverse effects on soil
macroorganisms’ health and development [72-74]. Microbes offer a safer alternative
because of their target-specific impact and their ability to minimize bioaccumulation
[75]. The Food and Drug Administration has declared B. subtilis a safe bacterium,
which is why it is commercially available as a biocontrol agent [76]. Table 2 mentions
commercially available B. subtilis biocontrol agents [77].

4. Applications of B. subtilis in environmental remediation
4.1 Biodegradation of pollutants

The interest in using microbial functions within complex multiphase systems for
bioremediation has surged due to their effectiveness, environmental friendliness, and
cost efficiency. This approach addresses heavy metal contamination and hydrocarbon
pollution, both of which pose significant environmental and health risks [78, 79]. The
biodegradation potential of B. subtilis is due to its ability to produce a diverse array of
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B. subtilis strain Trade name Target disease Crop Manufacturer
B246 Avogreen Cercospora spot Avocado Stimulant,
South Africa
NSRS89-24+ Biobest Sheath blight, Blast, Rice AppliedChem,
MK-007 Brown spot Thailand
AP-01 Larminar Bacterial wilt, Vegetable, fruit,
Damping-off, Frogeye ornamental and field
leaf spot crops
MBI 600 HiStick Fungal root disease Field crops Becker
Subtilex Botrytis, Powdery Field, ornamental Underwood,
. USA
mildew, Anthracnose and vegetable crops
GBO03 Kodiak Seed and root disease Field and vegetable Bayer
crops CropScience,
USA
QST 713 Rhapsody Powdery mildew, Ornamental, AgraQuest,
Fusarium root and stem vegetable and fruit USA
rot, Pythium crown and greenhouse crops
root rot, Gummy stem
blight
Serenade Rusts, Powdery mildews Vegetable, wine,
fruit and nut crops
AFS032321 Theia Bacterial disease, Fire Fruit and tuber AgBiome, USA
blight, Powdery mildew crops
QST 713 CEASE Botrytis, Powdery Ornamental trees, BioWorks, USA
mildew, Bacterial leaf fruits and vegetables
spots grown in greenhouse
Bacillus subtilis Katyayani Root rot, Root wilt, Fruit and vegetable Katyayani,
Bacillus Seedling rot crops India
subtilis
MCC 0067 Biotilis Fungal diseases Fruit, vegetable and AgriLife, India
field crops
Table 2.

Bacillus subtilis-based commercial biocontrol agents.

enzymes, biosurfactants, and biodegradative compounds that were in limelight from
the year 2010 onwards. This intricate interplay of enzymatic and metabolic pathways
allows B. subtilis to effectively break down complex organic contaminants, converting
them into less toxic and simpler forms [1]. The capability of forming resilient spores
allows the organism to survive in harsh conditions at contaminated sites and continue
pollutant degradation over time [80].

4.1.1 Heavy metal detoxification

The genus Bacillus uses several strategies to remove heavy metals from con-
taminated environments such as biosorption, bioaccumulation, and bioprecipita-
tion. Biosorption is a passive process where metal ions bind to the cell surface or
extracellular polymeric substances (EPS) through interactions like ion exchange or

electrostatic attraction, reducing metal mobility and bioavailability [81]. Although, in
bioaccumulation, the active uptake and intracellular storage of metal ions concentrate
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them and reduce their environmental toxicity. In comparison with bioprecipitation,

it converts dissolved metal ions into insoluble precipitates via enzymatic or meta-
bolic processes, immobilizing them and minimizing environmental impact. These
strategies enhance bioremediation efforts, with effectiveness influenced by factors
like buffering capacity, organic matter, and target metal concentrations [79, 82, 83].
Ponia et al. proved that B. subtilis removed 88% of cadmium ions at acidic pH [84].
An engineered B. subtilis was able to lower the percentage of various elements at the
rate of more than 95% (lead, mercury and copper) in water, and, in combination with
biochar, more pronounced effects were reported for lead for the maize plant [85]. In
wastewater treatment, B. subtilis reduced chromium levels by up to 91% [86]. B. subti-
lis as a potential candidate showed all these strategies that are making the bacterium a
competent molecule for detoxification and remediation of pollutants.

4.1.2 Hydrocarbon degradation

Hydrocarbon is a major contaminant present in water and soil. Its biodegradation
is a major challenge because of its low solubility in water [87]. Bacillus species are
known to produce amphipathic molecules known as biosurfactants (BS). The mole-
cule enhances solubility and bioavailability of these hydrocarbons by reducing surface
tension and forming emulsions, improving microbial interaction and biodegradation
rates for microbes [88]. Biosurfactants or biosurfactant-producing bacteria are used,
particularly at oil and hydrophobic contaminant sites. Many researchers reported
the presence of B. subtilis in the areas that are highly contaminated with hydrocar-
bons where they produce biosurfactants such as surfactin, iturin, and fengycin that
increase the solubility of hydrocarbons. Inside B. subtilis specialized enzymes such as
oxygenases and dehydrogenases further catalyze the oxidation of these hydrocarbons
converting them into less toxic forms such as carbon dioxide and water, thus effec-
tively reducing environmental impact of the hydrocarbon [78, 89, 90].

5. Formulation and delivery methods of Bacillus subtilis in agriculture

The Food and Agriculture Organization (FAO) of the United Nations estimates
that pathogenic diseases account for 20-40% of losses in agricultural productivity
[91]. Overusing chemically synthesized fertilizers negatively affects ecosystem func-
tion, biosphere, and the sustainability of agriculture. An essential part of Integrated
Agricultural Management Systems (ICMS) is biological control, defined as using ben-
eficial microbes to minimize the detrimental impact of phytopathogens and enhance
beneficial plant responses [1]. The Bacillus species is a highly studied biocontrol agent
that functions as a biopesticide because of its primary ability to create endospores that
allows to survive in adverse conditions resiliently [51]. Microorganisms that develop
endospores endures robust processing steps during large-scale manufacture, ensuring
formulation resistance, stability, and effectiveness [92-94]. Bacillus-based microbial
formulations are widely used in various other fields other than agriculture and
environment such as pharmaceuticals. Different types of formulations, such as solid
(granules and powder) and liquid formulations, are used with specific substances
added during production like lactose monohydrate, PVP K-30, sodium alginate, talc,
clay, cellulose, carboxymethyl cellulose and various oils and sugars [95]. Application
methods for microbial bioformulations, includes foliar spray, root dip, soil drenching,
seed treatment, and compost activation [96].
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5.1 Techniques for mass production and formulation of B. subtilis-based products

The production process of microbial bioformulations, particularly focusing on
Bacillus species, involves controlled cultivation conditions (oxygen transfer, agitation),
selection of media, separation and purification of the product, formulation of the
product, addition of the stabilizers and additives in the formulation, and quality control
testing to avoid competition between cells. Producing high-quality biomass that may be
readily absorbed into a formulation while maintaining the appropriate cell density and
sporulation efficiency is the main objective of microbe cultivation [97]. The optimiza-
tion of fermentation procedures for maximum total biomass yields as well as maximum
biomass efficacy and formulation amenability is a critical first step toward maintaining
biomass viability during stabilization, drying, and rehydration. Fermentation proce-
dures should usually be created to optimize the formation of effective spores rather than
vegetative cells when creating biomass of Bacillus spp. [98, 99]. Figure 2 highlights the
different formulations and delivery methods of B. subtilis in the domain of agriculture.

5.2 Application methods
5.2.1 Seed biopriming

A plant’s ability to sustain the growth of the antagonist and its ability to be
positioned where it is most required makes seed treatment an excellent method for
introducing antagonists to control infections [100]. It has been demonstrated that
seed treatments are a key factor in determining rhizosphere and rhizoplane coloniza-
tion since they promote the antagonistic bacterium’s early colonization of germination
seedlings. It is regarded as one of the most feasible methods of distributing biological
control agents [101], it presents several benefits over bulk soil treatments or in-furrow
applications. Studies have demonstrated that applying B. subtilis to soil or seeds may
efficiently protect plants from various phytopathogens [102, 103]. It was reported,

Foliar Spray
Soil amendment

Spray-drying

Figure 2.
Formulation and delivery methods of Bacillus subtilis in agriculture.
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addition of B. subtilis, and Zimmu leaves extract when used in seed biopriming
showed highest seed germination rate and significant reduction in the early blight dis-
ease [104]. On the other hand, biopriming treatments of B. subtilis were also reported
to increase seed germination indices (percentage and velocity) under extremely saline
conditions for the plant canola [105].

5.2.2 Foliar spray

A foliar spray of B. subtilis can make plants resist fungal diseases such as powdery
mildew, down mildew, anthracnose, and leaf blight that are reported for numerous
crops, such as oil seeds, cotton, tomatoes, peas, beans, millet, pulses, onions, garlic,
and basil. The foliar application of the PGPB involves spraying the plant growth-
promoting bacterial growth along with its metabolites. The effectiveness of B. subtilis
strain HA1 culture filtrate with dual foliar application in shielding tomato plants
against Tobacco mosaic virus (TMV) disease was evaluated in a greenhouse environ-
ment with significant increases in shoot and root parameters [106] and photosyn-
thetic rate up to 89% [107]. Spray drying, fluidized bed drying, and freeze drying
are some of the techniques used in formulations. Although most common method is
freeze-drying, however spray drying works four to seven times better [108, 109]. The
ability of B. subtilis to generate endospores makes it a viable option for preserving
biological products after spray-drying due to its ability to withstand extreme tem-
peratures. In the year 2012, Mendizabal and his coworkers demonstrated B. subtills
spray-dried PA-8 formulations with an extended shelf life that continue to work to
prevent Monilinia spp. from causing brown rot in nectarine and peach fruit [110].

5.2.3 Soil amendment

In agroecosystems, soil-beneficial microorganisms have been used for many years
as an ecologically significant soil additive [111]. Soil-beneficial microorganisms
mostly comprise Bacillus and Pseudomonas species, which exhibit outstanding quali-
ties for improving soil quality [112]. B. subtilis, a commonly known bacterium plays a
key role in enhancing the ability of plants to withstand both biotic and abiotic stresses
[113]. The recent study of Charles and his coworkers highlighted, soil amendment
with B. subtilis along with Pseudomonas fluorescens have impacted on nitrogen fertility
variations, which are regulated by soil enzymatic activities [114].

6. Future perspectives and challenges and in the use of B. subtilis

B. subtilis serves as a model prokaryote with unique mechanisms and genetic
pathways, that are not universally applicable to all bacterial species [115]. The suc-
cessful stories of B. subtilis in enhancing plant growth, controlling the growth of
phytopathogens, restoring contaminated habitats and advancing sustainable farming
methods are well accepted. However, challenges in regulatory networks and cellular
machinery complexity require further elucidation. It is highly recommended that the
Synthetic Biology field should be explored by using B. subtilis information for tailored
tasks [116], translating laboratory is having high potentiality of solving real-world
problems. Although B. subtilis has tremendous potential across a range of industries,
further research is needed to determine its efficacy and scalability in practical world
contexts in other domains other than agricultural and environment.
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6.1 Limitations and challenges in the field application of B. subtilis

Although B. subtilis is widely accepted for its efficiencies but still its formulation
or when mixed with other microbes fail to satisfy farmers in the field, even after they
have been reported successfully as biofertilizers or biocontrol during i vitro or in situ
trials [117]. Thus, to widen the shelf life and field performance of B. subtilis, adequate
storage and transportation are desired. The right management of storage and trans-
portation minimizes the bacterial population, which leads to imbalance of field
performance [118]. There are various ongoing innovations in the delivery systems
for enhanced efficacy and stability of microbial bioformulations, especially those
containing Bacillus species, such as encapsulation technologies (microencapsulation
and nanoencapsulation) that protect microbial cells from environmental stresses and
improve their survival rates [119, 120]. On the other hand, the utilization of biode-
gradable, environmentally friendly carriers and additions of adjuvants or additives
can also play an imperative role for sustained release of bioformulations and main-
taining their survivability in the target environment [121, 122] for a longer period of
time. The application of nanotechnology to improve the penetration and uptake of
bioformulations by plants, enhancing their overall efficacy [123] can again play an
important role which needs uttermost attention to fulfill the demand for quality food
while maintaining agroecosystems where the excessive usage of synthetic fertilizers
and pesticides has harmed natural predators, soil biota, and human health, leading to
the loss of beneficial microbial diversity [124, 125]. Research, by Kokalis-Burelle and
his coworkers in the year 2006, shows that PGPR strains like B. subtilis GBO3 enhance
fungal populations without harming native bacteria [126]. Sustainable agriculture is
necessary for future food security. The Figure 3, highlights the bacterium abilities in
maintenance of soil health.

6.2 Regulatory and safety considerations for agricultural and environmental uses

The development of novel biotechnology applications utilizing B. subtilis in a
variety of sectors may encounter regulatory obstacles [127]. It might be difficult to
scale up B. subtilis production for industrial uses without compromising quality. The
variations in microbial behavior might make it challenging to get consistent yields

Figure 3.
Role of Bacillus subtilis iz soil health.
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of desired bioproducts. In a variety of environments, B. subtilis struggles with other
microorganisms for resources and habitats [128]. The environmental stresses like

as variations in pH, temperature, and nutrition availability must be tolerated by the
microorganism [129]. The possibility exists that B. subtilis may acquire genes resistant
to antibiotics, thereby causing harm to ecosystems [113].

7. Conclusion and future research directions

B. subtilis elevates plant growth and defense mechanisms and maintains sustain-
ability in the environment through the production of a plethora of antimicrobial
compounds [130-132]. There is an urgent need for whatever knowledge we have on B.
subtilis to be integrated and explored in other domains of computer science, and engi-
neering. The development of computer modeling, and systems biology can provide
multidisciplinary approaches to comprehend the intricate relationships within this
bacterium. These methods may be very helpful in developing bacterial strains with
the appropriate characteristics, streamlining their production processes, and develop-
ing prediction models for the way the bacteria can be used in various environmental
conditions as a PGPR or environmental remediator. Furthermore, the advances in
CRISPR-Cas9 technology can provide an additional ability to modify the B. subtilis
bacterium to optimize its capacities and boost its effectiveness in the synthesis of
metabolites for more biotechnological applications.
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