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OUTLINE OF THE THESIS 

This PhD thesis was conducted in the Biology Department of “Federico II” 

University of Naples under the supervision of Prof. Ezio Ricca as part of the 

XXXVI cycle of the Doctorate in Biology. The PhD scholarship is framed within 

the National Research and Innovation Operational Program 2014-2020 for 

'Innovative Doctorates of Industrial Character'.  

In recent years, understanding of the complex relationship between the human gut 

microbiota and human health has increased, leading to growing interest in 

harnessing the therapeutic potential of probiotics. Among the countless microbial 

inhabitants of the human gut, spore-forming bacteria belonging to the genus 

Bacillus, have emerged as promising candidates for probiotic applications. These 

resilient organisms, capable of forming endospores, show remarkable survival 

under harsh environmental conditions, offering advantages in probiotic 

formulations and delivery. The quest to identify and characterize novel Bacillus 

spore-forming organisms from the human gut is an important goal in the field of 

probiotic research. Not only do these organisms have the potential to provide health 

benefits, but they also have unique physiological properties that deserve to be 

explored.  

The thesis is structured into three chapters and two appendices and undertakes a 

comprehensive investigation to elucidate the probiotic properties, genomic 

characteristics and therapeutic applications of novel Bacillus spore-forming strains 

isolated from the human gut environment. The study emphasizes the significance 

of exploring new strains as probiotics to identify distinctive properties to meet the 

increasing demand for non-traditional therapeutic approaches and microbiome-

based therapies.
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OUTLINE OF THE THESIS 

In Chapter 1 are presented the results of the initial isolation and characterization of 

spore-forming bacteria inhabiting the human intestinal environment. According to 

the general guidelines for the safety evaluation of microorganisms isolated from 

human microbiota, four strains out of the thirty-two isolates were chosen for their 

safety and for their beneficial properties e.g. biofilm production, antimicrobial 

activity, presence of gene clusters potentially encoding novel antimicrobial 

peptides, antioxidant activity, induction of a cytoprotective stress response in 

human intestinal cells in vitro. The results were published on July 31, 2023: 

Probiotics as an Alternative to Antibiotics: Genomic and Physiological 

Characterization of Aerobic Spore Formers from the Human Intestine. 

Microorganisms, 11(8), Article 8.  

Chapter 2 focuses on the in vivo evaluation of the probiotic properties of two 

intestinal isolate strains, Bacillus subtilis SF106 and Bacillus clausii (recently 

renamed Alkalihalobacillus clausii) SF174. Probiotic treatments and microbiota-

targeted approaches have been shown to be beneficial in several pathologies, 

including chronic inflammation of the intestine. This chapter reports the results 

obtained by administering spores of these two strains in a mouse model of 

chemically induced ulcerative colitis. The spores were found to attenuate overall 

inflammation and symptoms, showed immunomodulatory trend, improved the 

integrity of the intestinal barrier and remodeled the gut microbiota in favor of 

beneficial microbes. The results of this research have been included in an article 

currently under review. 

Chapter 3 is dedicated to the study of a human intestinal isolate that differed from 

all other isolates due to its production of cytoplasmic granules and the presence of 

spores with unusual curved morphology. The isolate, MV19, was assigned to the 

species B. cereus sensu stricto. 
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OUTLINE OF THE THESIS 

Analysis of growth and sporulation at different temperatures revealed that at the 

sub-optimal growth temperature of 25 °C sporulation was slow and less efficient 

but a high total number of fully functional spores was produced. At the optimal 

growth temperature of 42 °C sporulation was faster and some of the released spore 

were curved, structurally and functionally defective. This suggested an important 

adaptation characteristic of these bacteria to environmental conditions. The results 

of this chapter were published on February 3, 2023: Sporulation efficiency and 

spore quality in a human intestinal isolate of Bacillus cereus. Research in 

Microbiology, Volume 174, Issue 6, 2023, 104030, ISSN 0923-2508.  

Appendix I and Appendix II describe the side experiments conducted during the three 

years of my PhD, focusing on elucidating the mechanisms governing spore structure 

and permeability. This adds valuable insight into how Bacillus spores interact with 

their environment, which is also linked to their probiotic functionality. 

Appendix I describes a molecular study of protein assembly in the surface layers of 

spores of the model organism Bacillus subtilis. The study focuses on the protein 

CotG, an important component of the spore surface. Under canonical conditions, 

CotG is phosphorylated by the thermolabile kinase CotH and assembles on the 

surface of the spores; our results showed that, depending on the sporulation 

temperature, CotG tends to aggregate in the cytoplasm of the mother cell, dragging 

along other coat proteins. This gives the spores a different structure and 

consequently different physiological properties. Results were published on March 

7, 2022: CotG controls spore surface formation in response to the temperature of 

growth in Bacillus subtilis. Environmental Microbiology, 24: 2078-2088.
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OUTLINE OF THE THESIS 

Appendix II discusses the ability of CotG protein to regulate spore permeability 

through its central region of positively charged tandem repeats. These repeats 

facilitate the interaction and aggregation of CotG with other coat proteins, resulting 

in a protein layer that controls the permeability of external molecules. The level of 

permeability of the spore structure appears to be determined by the distance 

between the N and C termini of the CotG protein. This model can be applied to 

most spore formers of the Bacillus genus because they all possess CotG-like 

proteins. These results were published on November 10, 2022: CotG Mediates 

Spore Surface Permeability in Bacillus subtilis. American Society for 

Microbiology, mBIO, Volume 13, Issue 6. 

In conclusion, this PhD thesis presents a comprehensive investigation into the 

isolation and characterization of endospore-forming Bacillus spp. that contributes 

to the advancement of  knowledge in the field of probiotics and offers potential 

applications for these bacteria in various healthcare contexts. The overall results 

shed light on the probiotic potential for human health, but also on the intricate 

molecular mechanisms that regulate spore structure and function. These results are 

promising for the development of new probiotic applications and contribute to the 

broader field of microbiology. 
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INTRODUCTION 

1.1 Probiotics: features and impact on human health 

The original observation of the beneficial role of certain selected bacteria is 

attributed to the Nobel Prize winner Eli Metchnikoff, who suggested that the 

dependence of intestinal microbes on food makes it possible to take measures to 

modify the flora in our bodies and replace the harmful microbes with beneficial 

ones. Since then, probiotic bacteria have become the undisputed synonym for 

beneficial microbes, gaining popularity over the years and finding application in 

various clinical and general health scenarios (Elshaghabee et al., 2017).  

Probiotics are “live microorganisms, which when administered in adequate 

amounts confer health benefits to the host” (FAO/WHO, 2002). Probiotic 

formulations are developed and standardized for both human and animal 

consumption. Various dairy products, fermented foods, functional foods, dietary 

supplements and pharmaceutical formulations harbor probiotic strains for various 

human health benefits (Elshaghabee et al., 2017). They have also found application 

in feeds for the prevention of animal gastrointestinal infections, with extensive use 

in the poultry and aquaculture industry (Hong et al., 2005). 

The search for safe and cost-effective alternative treatments and concerns about the 

development of antibiotic resistance have led researchers to look for alternatives to 

the current treatment regimes, which are mainly based on the use of antibiotics. 

Probiotic therapy appears to be the most viable option proposed, with a long history 

of use and guaranteed safety (Sanders et al., 2019). 
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PROBIOTICS: FEATURES AND IMPACT ON HUMAN HEALTH 

Several species are currently being used as probiotics. Lactobacillus and 

Bifidobacterium spp. are the two most commonly consumed groups of bacteria 

globally due to their well-established health benefits. The expansion of research in 

this field has led to the inclusion of other bacteria, such as members of the 

Enterococcus, Streptococcus, and Bacillus spp., in the list of probiotics (Sanders et 

al., 2019). This field is still expanding. Recent proposals of Faecalibacterium 

prausnitzii (Martín et al., 2017) and Akkermansia muciniphila (Depommier et al., 

2019) as next-generation probiotics are examples of this. Most of our understanding 

of probiotic mechanisms of action comes from research using in vitro cell cultures, 

in vivo animal models or ex vivo human models. Currently, several mechanisms 

have been proposed to explain how probiotic bacteria can positively affect human 

and animal health. The key points of their mechanism of action are listed below and 

illustrated in Figure 1.

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 | Mechanisms of action of probiotic bacteria (Sanders et al., 2019) 
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PROBIOTICS: FEATURES AND IMPACT ON HUMAN HEALTH 

I. Interaction with gut microbiota: probiotics can affect the balance and 

diversity of the gastrointestinal microbiota through various mechanisms. 

These mechanisms include antagonism against pathogenic bacteria through 

competition for nutrients or the production of a wide range of antimicrobial 

compounds, such as bacteriocins (Hegarty et al., 2016) and non-ribosomally 

synthesized peptides like surfactin (Rani et al., 2021). On the other hand, 

probiotic bacteria can also provide a mechanism for cross-feeding with the 

commensal microbiota. Cross-feeding refers to the exchange of metabolites, 

such as energy and nutrients, between different species or strains of 

microorganisms (Culp & Goodman, 2023). Bacterial metabolic processes can 

release vitamins, amino acids and organic acids (such as lactate, propionate, 

butyrate and other Short-Chain Fatty Acids), which can have a beneficial 

effect on the growth of commensal bacteria and various physiological 

processes in the host (Figure 2). 

 

II. Improvement of barrier function: studies conducted in vitro and in animal 

models have shown that a variety of probiotic strains can improve intestinal 

barrier function by increasing the expression of tight junction proteins such 

as occludin (ZO-1 and ZO-2) or claudin (Claud-1, Claud-3, Claud-5) 

(Mennigen & Bruewer, 2009) or by regulating the mucus 

biosynthesis/degradation process in the gut by increasing the expression of 

mucin-coding genes (such as MUC-2) (Aliakbarpour et al., 2012). 

Additionally, reducing inflammation and preventing oxidative stress damage 

can improve the intestinal barrier (Figure 2)
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PROBIOTICS: FEATURES AND IMPACT ON HUMAN HEALTH 

III. Modulation of immune system: probiotic bacteria can modulate the host's 

immune response through direct (cell-cell interaction) or indirect mechanisms 

(production of metabolites) (Figure 2). There are several mechanisms 

involved: (1) probiotics can inhibit the inflammatory response of the intestinal 

immune system by inhibiting NF-κB activation and have an anti-apoptotic 

effect on intestinal epithelial cells; (2) they can increase the activity of Natural 

Killer (NK) cells; (3) probiotic bacteria have been shown to induce the 

secretion of cytokines and the expression of co-stimulatory molecules by 

Antigen-Presenting Cells (APCs); (4) additionally, some strains can interact 

with Dendritic Cells (DCs), allowing for their activation to drive the T-cell 

response and stimulate the secretion of IL-10 and IL-12 (Aureli et al., 2011). 

 

IV. Manufacture of small molecules with local and non-local effects: bacteria 

produce numerous small molecules that benefit the host and microbiota 

(Figure 2). Among these molecules are neurochemicals, including oxytocin, 

gamma-aminobutyric acid, serotonin, tryptamine, norepinephrine, dopamine, 

and acetylcholine, which are known to affect brain function. In this context, 

a developing and innovative area of research is the study of Psychobiotics, 

which are microorganisms with the potential to modulate bidirectional 

communication between the intestine and the brain (Sharma et al., 2021).  
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PROBIOTICS: FEATURES AND IMPACT ON HUMAN HEALTH

 

V. Production of enzymes: microbial enzymes, such as β-galactosidase and 

bile-salt hydrolases, produced and released by some probiotic strains, can 

improve the digestion of lactose and other biological macromolecules. For 

instance, Streptococcus thermophilus, which is present in yogurt, facilitates 

lactose digestion, its susceptibility to being permeabilized by bile when it 

enters the small intestine, and promotes the release of microbial β-

galactosidase to break down lactose into digestible glucose and galactose. 

This results in a clinical benefit for lactose intolerant individuals. 

Figure 2 | Probiotics can modulate intestinal homeostasis in several ways: production of antimicrobial 

peptides (such as defensins and bacteriocins); production of proteases that counteract enterotoxins; 

competitive exclusion for epithelial cell adhesion sites; interaction with host cells via cell-surface 

structures; production of digestive enzymes; production of chemicals with systemic effects (cortisol, 

tryptophan); production of short-chain fatty acids; increased production of mucins and tight junctions; 

modification of the balance between Th1/Th2/Th17 and Treg cells; modulation of the release of pro- and 

anti-inflammatory cytokines (Wong-Chew et al., 2022) 
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Bacillus GENUS: SPORE FEATURES 

1.2 Bacillus genus: spore features 

Spore-forming bacteria mainly belong to the Bacillus and Clostridium genera, 

which share the ability to differentiate into a metabolically quiescent cell (the 

spore), in response to environmental conditions. Bacillus are Gram-positive, rod-

shaped, aerobic or facultative anaerobic bacteria, that are generally designated as a 

group of soil inhabitants. However, their wide distribution allows them to be 

isolated from various sources, including air, water, the human and animal gut, as 

well as vegetables and food (Nicholson et al., 2000). Spores are thought to be 

present in animal intestines as a result of their introduction into the body through 

contaminated food, water, and air. They temporarily colonize the new environment 

and become allochthonous inhabitants in the gut (Saggese et al., 2021). 

The sporulation process in these microorganisms is a survival strategy regulated by 

hundreds of genes and various metabolic pathways (Errington, 2003) and it is an 

example of cell differentiation. It is activated when environmental conditions no 

longer support the life of the vegetative cell, such as in cases of nutrient deficiency. 

Sporulation starts with an altered asymmetric cell division that produces a small 

forespore within a larger mother cell (Figure 3). Chromosome segregation in the 

forespore occurs after septation, which requires a DNA transport protein called 

SpoIIIE.  

Following septation, the cell wall material in the septum is hydrolyzed and the 

mother cell engulfs the forespore, which becomes a protoplast in the mother cell 

cytoplasm. Both cells contribute to the maturation of the spore by progressive 

dehydration of the forespore cytoplasm and by forming a series of protective layers. 

At the end of the process, the mature spore is released in the environment through 

the lysis of the mother cell (Figure 3). 
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Bacillus GENUS: SPORE FEATURES 

 

 

 

 

 

 

 

 

 

 

The process of engulfment of the mother cell is what distinguishes the “endospores” 

of these bacteria from all others, because they form inside the mother cell and are 

released when it is lysed. Once released, the free spore can survive almost 

indefinitely without water or nutrients, even in adverse environmental conditions 

such as extreme temperatures, pH, radiation, chemical agents, including antibiotics 

and lytic enzymes (McKenney et al., 2013). While in a dormant state, the spores 

continually monitor their surroundings using receptors embedded in their inner 

membrane. These receptors are activated by L-amino acids or D-sugars, which 

signal the spore the return to a favorable environmental condition. This triggers the 

process of germination, leading the spore to return to its active vegetative form 

(Christie & Setlow, 2020). 

The high resistance of spores is due to their unique structure (Figure 4). 

Figure 3 | Key stages of sporulation process (McKenney et al., 2013) 
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Bacillus GENUS: SPORE FEATURES 

 

 

 

 

 

 

 

 

The spore's structure comprises multiple concentric layers including a central core, 

that contains the dehydrated cytoplasm with all cellular components, such as 

cytoplasmic proteins, ribosomes, and DNA; the core is surrounded by the inner 

membrane that has low permeability due to the limited mobility of lipids; next is 

the germ cell wall and the cortex which is formed by a peptidoglycan layer that 

plays a crucial role in spore core dehydration and heat resistance; the cortex is 

surrounded by another multi-layered protein structure called the coat divided into 

an inner and outer coat, which primarily serve to shield the inner layers from toxic 

solvents, reactive oxygen species, and UV radiation.  

Additionally, the coat ensures an appropriate response of the spore to signals from 

the external environment, such as the presence of nutrients or other factors that 

promote germination (Christie & Setlow, 2020). The crust, the outermost layer of 

the spore, is composed of glycoproteins. Its functions in Bacillus subtilis have not 

yet been fully clarified, but preliminary experiments suggest that it plays a role in 

compacting the underlying layers of the coat. 

Figure 4 | Spore structure 
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 SPORE-BASED PROBIOTICS AND ATTRIBUTES IN THE GUT 

 

1.3 Spore-based probiotics and attributes in the gut 

Bacillus spp. represents a very heterogeneous group in terms of phenotypic and 

genotypic features. Some species belonging to the Bacillus cereus group are well 

known for their pathogenic potential such as B. anthracis causative agent of 

anthrax, B. cereus commonly recognized as food poisoning agents and B. 

thuringiensis commonly known for being entomopathogen (Ehling-Schulz et al., 

2019).  

However, bacteria of the Bacillus genus also contain several species known for their 

beneficial properties such as B. subtilis, B. clausii, B. coagulans, B. licheniformis 

and others. Some of these have been used as probiotics for at least 50 years. For 

instance, the Italian product Enterogermina® based on four different strains of B. 

clausii spores was registered in 1958 in Italy as an over-the-counter medicinal 

supplement (Cutting, 2011).  

The use of Bacillus as probiotics, however, has deeper roots and appears to be 

originally based on traditional foods containing spores, which are common in many 

cultures and are considered to have beneficial effects on health. One well-known 

example in this context is Natto, a traditional Japanese health food made from soy 

fermented with B. subtilis var. natto. Similar fermented foods are traditionally used 

in various countries, including Korea (Chongkukjang), India (Kinema), Thailand 

(Thuo nao), Myanmar (Pepok), Cambodia, and Laos (Sieng) (Saggese et al., 2021). 

These foods contain spores of different Bacillus species, such as B. subtilis, B. 

licheniformis, and B. amyloliquefaciens. Nowadays, spores are commonly used as 

dietary supplements in humans, growth promoters in animals and as an alternative 

to antibiotics, and in aquaculture to enhance the growth and disease resistance of 

cultured shrimp (Cutting, 2011).  
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 SPORE-BASED PROBIOTICS AND ATTRIBUTES IN THE GUT 

Spore-based probiotics offer several advantages compared to non-spore-forming 

probiotics due to their unique characteristics: (1) they can be stored for long periods 

at room temperature, even when dried, without affecting their vitality; (2) they can 

survive the low pH of the gastric barrier, which is not the case for all Lactobacillus 

species; (3) they have low production costs and are easy to prepare; (4) spore-based 

probiotics also have the ability to resist production processes and (5) can be 

preserved over a wide temperature range (Barbosa et al., 2005). 

Bacillus spores are capable of completing their life cycle in the intestine, providing 

benefits to the host in both spore and vegetative form (Lu et al., 2022; Tam et al., 

2006; Williams & Weir, 2024). The spores enter the body orally or nasally and 

overcome the gastric barrier to reach the small intestine (Figure 5). 

Figure 5 | Transit and life cycle of spores through the gastro-intestinal tract  
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 SPORE-BASED PROBIOTICS AND ATTRIBUTES IN THE GUT 

Here, under favorable conditions they germinate into the vegetative cells that can 

proliferate and potentially resporulate in the colon when conditions are no long 

favorable. Efficacy of Bacillus spp. as probiotic has been screened in several in 

vitro and in vivo animal models and a few have also been validated in human 

clinical trials (Elshaghabee et al., 2017). The beneficial properties of probiotic 

products based on Bacillus spores are numerous and are summarized in Figure 6. 

In this section I will only discuss a subset of these properties, which are more related 

to my PhD project.

Figure 6 | Beneficial properties of Bacillus based probiotics in the gut (Todorov et al., 

2022) 
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 SPORE-BASED PROBIOTICS AND ATTRIBUTES IN THE GUT 

1.3.1. Ribosomal and non-ribosomal synthesis of antimicrobial peptides 

Antimicrobials produced by Bacillus are generally antimicrobial peptides (AMPs) 

with broad-spectrum antibacterial activity and highly rigid, hydrophobic and/or 

cyclic structures. They are synthesized via two different pathways: (1) Non-

ribosomal synthesis of compounds, such as subtilin, surfactin, iturin, mersacidin, 

sublancin, subtilisin, fengycin, and others, and (2) Ribosomal synthesis of linear 

precursor peptides, such as bacilysin, amicoumacin, difficidin, rhizocticin, cerein, 

and coagulin (Lu et al., 2022).  

Ribosomally synthesized peptides (RPs) are typically derived from short precursors 

of around 100 amino acids and are converted into mature compounds through post-

translational modifications. These peptides, commonly referred to as 

“bacteriocins”, are divided into three classes based on their chemical structure, 

modifications, thermos-stability and mechanisms of action (Kawulka et al., 2004). 

Class I includes lanthipeptides described as small peptides (<5 kDa), consisting of 

unusual lanthionine amino acids with several post-translational modifications 

useful to acquire the active forms. Lanthipeptides carry out their mechanism by 

acting on the bacterial cell envelope, cell wall synthesis or inhibition of protein 

synthesis (Figure 7).  An example is the Subtilosin A produced by B. subtilis strains 

(Thennarasu et al., 2005) which is a cyclic peptide with unusual Cys-Phe bonds 

that showed antimicrobial properties against L. monocytogenes and G. vaginalis 

(Abriouel et al., 2011) whose mechanism of action is to disrupt lipid bilayers.  

Class II includes small (<10 kDa), linear, and unmodified peptides that are resistant 

to heat and acid-base treatments and do not undergo post-translational 

modifications. They act by forming pores in the target membrane (Figure 7). 
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ANTIMICROBIAL PEPTIDES 

Class III molecules are generally large, thermolabile molecules (>30 kDa) with 

active -SH group that exhibit phospholipase activity (Tajbakhsh et al., 2017). 

 

 

 

 

 

 

 

 

Non-ribosomal peptides (NRPs) and polyketides (PKs) are a large group of natural 

products with linear, cyclic, and branched structures with a wide range of biological 

activities and pharmacological properties, such as anticancer, immunosuppressive, 

and antibacterial (Tajbakhsh et al., 2017). They are synthesized on large non-

ribosomal peptide synthetase (NRPS) and polyketide synthase (PKS) multienzyme 

complexes that show a modular organization in which each module can be further 

divided into domains. The domains represent the enzymatic units that catalyze the 

individual steps of the non-ribosomal synthesis (Schwarzer et al., 2003).  

An example of NRPs are lipopeptides. Lipopeptides are a class of cyclic 

amphiphilic biosurfactants that consist of a hydrophobic fatty acid chain linked to 

a hydrophilic peptide ring. 

Figure 7 | Mode of action of the different classes of bacteriocins 
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ANTIMICROBIAL PEPTIDES 

The lipopeptides produced by Bacillus spp. are mainly iturin, surfactin and fengycin 

(Yang et al., 2020) and they can have multiple activities, such as inhibition of fungi, 

bacteria, viruses and antitumoral activity. It has been shown that secreted 

fengycin/surfactin lipopeptides can eliminate pathogens indirectly by inhibiting the 

quorum-sensing system of the pathogens S. aureus and E. faecalis (Lu et al., 2022).  

Polyketides show the same biological activities of the NRPs; examples of these 

compounds are bacillaene, difficidin and macrolactin. 

Although many Bacillus strains are capable of producing bioactive secondary 

metabolites, the biosynthetic arsenal of B. velezensis is reported to be more potent 

and diverse than that of B. subtilis, which is the most studied species in the entire 

genus. 

Figure 8 | Antimicrobial compounds synthesized by B. velezensis. The compounds highlighted in red 

are NRPs; blue compounds are PKs; green color compound bacilysin is synthesized by a ribosome 

independent pathway 
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ANTIMICROBIAL PEPTIDES 

Recently NRPs and PKs synthesized by B. velezensis (Figure 8) have demonstrated 

promising antimicrobial activities suitable for agricultural applications and 

biocontrol (Fazle Rabbee & Baek, 2020). 

Recent advancements in sequencing technology, coupled with the accessibility of 

bioinformatic pipelines, have significantly streamlined the identification of 

numerous biosynthetic gene clusters (BGCs) responsible for secondary metabolite 

production. Notably, tools like ANTIsmash (Antibiotics and Secondary Metabolite 

Analysis Shell) software facilitate a comprehensive search for all biosynthetic 

clusters within bacterial genomes (Puan et al., 2023). This software not only proves 

instrumental in discovering new antimicrobial agents but also enables the 

assessment of the potential of a probiotic strain to produce valuable bioactive 

compounds. 

 

1.3.2. Quorum-sensing signal molecules 

Bacterial cell-to-cell signaling, also known as Quorum Sensing, is a mechanism 

that enables cells to communicate with each other through the secretion and sensing 

of small, diffusible signaling molecules. This process allows bacteria to 

communicate and modify the behavior of the same or other species in response to 

environmental conditions and perturbations. Both Gram-positive and Gram-

negative bacteria use quorum-sensing molecules, which in the former are usually 

bioactive peptides, while in the latter include non-peptide molecules such as acyl-

homoserine lactone (Bassler & Losick, 2006). As they play a role in determining 

the diversity and composition of the enteric microbiome, the profile of QSMs 

reflects the state or impending changes in the microbiota (Fujiya et al., 2007). 
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QUORUM-SENSING SIGNAL MOLECULES 

The quorum-sensing signal mechanism exerted by probiotic Bacillus occurs via two 

pathways. One is via the quorum-sensing signal molecules (QSSM) associated with 

immunomodulation and cytoprotection, and the other is via the quorum-sensing 

inhibition molecules (QSIMs) that have antimicrobial activity by inhibiting the 

quorum-sensing mechanism of pathogenic bacteria (Lu et al., 2022). 

An example of QSSM is the Competence and Sporulation Factor (CSF) produced 

by B. subtilis, which is a secreted pentapeptide that once internalized, is able to 

stimulate the quorum response and sporulation. Researches have shown that CSF 

activates important survival pathways in Caco-2 intestinal epithelial cells, including 

p38 MAP kinase and protein kinase B (Fujiya et al., 2007). Additionally, it can 

induce cytoprotective Heat-Shock Proteins (Hsps), which help to prevent cell 

damage caused by oxidants and maintain barrier function. It has also been shown 

to induce anti-inflammatory cytokine IL-10 and reduce the release of pro-

inflammatory mediators IL-4, IL-6 and CXCL-1 in Caco-2 cells, and to 

significantly reduce gut inflammation in mice when tested in vivo with synthetic 

CSF (Okamoto et al., 2012).  

CSF is produced exclusively by members of the B. subtilis species. However, recent 

studies have shown that other species, such as B. megaterium, B. pumilus, B.clausii, 

produce different quorum sensing peptides (CSF-like peptides) which are also 

capable of inducing a cytoprotective stress response with a similar mechanism in 

human intestinal cells in vitro (Di Luccia et al., 2016; Vittoria et al., 2023). 
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EXRACELLULAR MATRIX  

 

1.3.3. Extracellular matrix and exopolysaccharides 

Biofilm formation is the process through which microbial cells aggregate to form 

an extracellular matrix that encapsulates the cells and facilitates their attachment to 

surfaces, enabling their persistence in diverse environments, including the 

gastrointestinal tract (GIT) of mammals (Yahav et al., 2018). The extracellular 

matrix (ECM) is primarily composed of polysaccharides, proteins, and extracellular 

DNA (eDNA). Its formation begins with the initial adsorption of bacteria to 

surfaces, followed by the activation of quorum sensing signaling, which leads to 

cellular attachment and polysaccharide production. Once the microcolony is 

formed, the biofilm undergoes a process of maturation and dispersion into the 

environment (Figure 9).

Figure 9 | Different stages of biofilm formation 
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EXRACELLULAR MATRIX  

Matrix production in Bacillus spp. mainly depends on the transcription of two 

operons: epsA-O and tapA-sipW-tasA. The epsA-O operon consists of 15 genes 

responsible for exopolysaccharide (EPS) synthesis, the primary component of 

biofilm (Sowmiya et al., 2024). EPS helps bacterial cells adhere to each other and 

shields them from environmental stress. The  tapA-sipW-tasA operon is responsible 

for the secretion of protein TasA that organizes into long amyloid-like fibers 

connected to the cell wall by an anchoring another protein, TapA.  

Biofilm formation by Bacillus species in the intestinal tract can have beneficial 

effects. The biofilm provides a protective barrier against harmful bacteria, viruses, 

and other pathogens in the gut. These biofilms can also aid in the breakdown of 

complex carbohydrates and other nutrients, making them more accessible for 

absorption by the host (Sowmiya et al., 2024).  

EPS purified from different Bacillus sources have shown diverse functions, 

including anticancer, antioxidant, antibacterial, anti-inflammatory, and 

immunomodulatory activities (Lu et al., 2022). A mouse model study showed that 

wild-type B. subtilis provided protection against Citrobacter rodentium, an enteric 

pathogen that causes acute colitis. In contrast, an EPS-deficient B. subtilis strain did 

not exhibit the same effect (Jones & Knight, 2012).  

However, some studies suggest that EPS can protect by modulating the host's 

immune response rather than solely preventing pathogen colonization or epithelial 

destruction. Research has shown that TLR-4 signaling is essential for EPS-mediated 

protection. In fact, purified EPS from B. subtilis induces anti-inflammatory M2 

macrophages both in vitro and in vivo in a TLR4-dependent manner. When TLR-4 is 

bound, EPS causes M2 macrophages to inhibit CD4+ and CD8+ T cells by producing 

TGF-β and PD-L1 (Paynich et al., 2017). 
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1.3.4. Interaction of spores and vegetative cells with epithelial and immune 

cells 

The outer layers of the bacterial cell wall and other cell components play a crucial 

role in bacteria-host interactions and immunomodulatory responses. Both spores 

and vegetative cells of different Bacillus spp. can interact with intestinal and 

immune cells (Figure 10) through complex mechanisms that are not yet fully 

understood. Bacillus spores are believed to primarily act through a “passive effect” 

as they are metabolically inert. This effect is achieved either by direct interaction 

of the surface components of the spores, eliciting a response from the intestinal 

cells, or indirectly through modification of the commensal microbiota. On the other 

hand, vegetative cells, with their active metabolism, can influence the 

gastrointestinal environment in the same way, but through an "active effect" 

(Williams & Weir, 2024). 

The specific interaction between spores and host cells has been studied with killed 

spores or with extracted spore coat proteins (Lu et al., 2022). It has been shown that 

when administered to mice infected with H5N1 influenza virus, heat-killed (121 

°C) spores of the B. subtilis laboratory strain PY79 enhanced both humoral and 

cell-mediated immune responses. Additionally, they promoted maturation of DC 

cells and retrieval of NK cells, while enhancing Th1-type cytokines expression in 

DC cells (Song et al., 2012).  

In a separate study, it was found that heat-inactivated spores of B. subtilis PY79 

enhanced the response of antigen-specific CD4+ and CD8+ T cells and antibody 

responses when co-administered with tetanus toxin C fragment (TTFC). 

Additionally, they increased antigen-specific IgA and IgG antibodies in both the 

draining lymph nodes and blood (Barnes et al., 2007). 
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Another study demonstrated that B. subtilis PY79 and its isogenic strain unable to 

germinate in the GIT, induced cell proliferation in the spleen and mesenteric lymph 

nodes, as well as the production of IFNγ, but not IL-4 and IL-10. These results 

indicate that spores preferentially stimulate a robust cell-mediated immune 

response with a Th1 phenotype, regardless of their ability to germinate in the GIT 

(Mauriello et al., 2007).  

A recent study showed that B. subtilis spores protected human keratinocytes from 

oxidative stress and chemical injury in vitro, by adhering to the keratinocyte surface 

and inducing nuclear translocation of the transcription factor Nrf-2, which activates 

stress-response pathways (Petruk et al., 2018).  

Antioxidant activity has also been associated with spores of other species, such as 

B. megaterium spores. These spores have shown good antioxidant properties both 

in vitro, by reducing intracellular ROS in Caco-2 cells, and in vivo, in a mouse 

model of dextran sodium sulphate (DSS)-induced oxidative stress, where pre-

treatment with spores protected mice from chemically induced damage (Mazzoli et 

al., 2019). The interaction between Bacillus vegetative cells and the GIT has been 

extensively studied over the years because, once ingested, spores are known to 

germinate, as discussed in paragraph 1.3.  

A recent work showed that vegetative cells of B. subtilis Bs29784 were able to 

upregulate the expression of tight junction proteins of Caco-2 cells exposed to IL-

1β and significantly reduce IL-8 production by limiting nuclear translocation of 

NF-κB and preventing IκB degradation (Rhayat et al., 2019). Similar activity was 

noted for other strains of B. subtilis, but to varying degrees depending on the strain 

used. The effects were observed in both the supernatants and the cells, indicating 

that they can be attributed to both secreted metabolites and molecules associated 

with the cell surface.
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Another study evaluated the ability of probiotic candidate B. amyloliquefaciens 

SC06 to influence obesity and associated liver injury (Wang et al., 2019). It was 

found that B. amyloliquefaciens SC06 cells ameliorated body weight gain, glucose 

metabolism and lipid accumulation in mice, as well as liver injury, by regulating 

the antioxidant capacity and gut microbiota of the host. 

In vitro analysis of the four strains of B. clausii present in Enterogermina® 

demonstrated their immunomodulatory properties. The vegetative form of B. 

clausii strains can induce the activity of nitric oxide synthase II (NOS II), IFN-γ 

production, and CD4+ T cell proliferation (Urdaci et al., 2004), while other Bacillus 

strains, including B. licheniformis 31, B. cereus IP 5832, B. cereus NT, B. cereus 

DM-423, and B. subtilis 168, had a lower stimulatory effect than B. clausii strains. 

Bacillus species play a crucial role in the development of the gut-associated 

lymphoid system (GALT), as demonstrated by Huang et al. (2008). In this study, 

three species (B. subtilis, B. licheniformis, and B. flexus) were found to induce cell 

proliferation in Peyer's patches, stimulate APC cells and T lymphocytes, modulate 

the release of pro-inflammatory cytokines, and up-regulate the levels of Toll-like 

receptors TLR-2 and TLR-4 (Huang et al., 2008). 

Overall, Bacillus species, in both vegetative and spore forms, can interact with cells 

and exhibit immunomodulatory properties that can differ from species to species 

and often even between strains of the same species. The Figure 10 illustrates the 

mechanisms contributing to the phenomenon described in this paragraph
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1.3.5. Effect on gut commensal microbiota 

An increasing number of studies indicate that probiotic treatments may effectively 

treat or prevent certain illnesses by maintaining or rebalancing the microbiota. 

Dysbiosis, or an imbalance in the microbial community, can lead to the colonization 

and invasion of opportunistic pathogens in the gut, increasing the host's immune 

response and the risk of developing Inflammatory Bowel Diseases (IBDs) (Qiu et 

al., 2022), such as Ulcerative Colitis (UC) or Chron’s Disease (CD). Several 

metagenomic and meta-analysis studies have shown changes in the gut microbiota 

of patients with these diseases. In some cases, variations in microbial community 

composition have also been found between UC and CD microbiota (Pittayanon et 

al., 2020; Sankarasubramanian et al., 2020).

Figure 10 | Interaction between spores and vegetative cells with host cells and their mechanisms of 

immunoregulation 
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Recent research has shown that administering a B. subtilis HH2 strain, isolated from 

healthy animals, to rabbits with chemically induced colitis had numerous beneficial 

effects. These included improving barrier function by increasing occludin 

expression, modulating cytokine expression (TNF-α, IL-1β and IL-10), and 

increasing microbial diversity that had been reduced by the induction of the 

pathology. The administration of spores resulted in an increase in the abundance of 

the Bifidobacteriaeceae family and a reduction in Bacteroidetes and Proteobacteria 

(Luo et al., 2020). 

Similarly, the administration of B. coagulans FCYS01 spores supplemented with 

chito-oligosaccharides to mice with DSS-induced UC, improved the overall 

inflammatory status and positively affected the composition of the gut microbiota 

through the enrichment of SCFA-producing bacteria, such as Akkermansia and 

Ruminococcus species (Liu et al., 2022). 

In a previous study, the probiotic strain B. clausii UBBC-07 was administered to 

IBD patients and was found to modulate the gut microbiota in the treated group 

compared to the placebo group. Specifically, there was an increase in the Firmicutes 

and a decrease in the Bacteroidetes phyla. At the genus level, there was an increase 

in the abundance of Lactobacillus, Bifidobacterium, and Faecalibacterium 

compared to the placebo group (Bamola et al., 2022). 

It is now widely accepted that Bacillus spp. play a key role in the remodeling of the 

commensal microbiota, not only in humans but also in animals, such as in 

aquaculture, where Bacillus-based probiotics can be used to improve nutrient 

uptake, regulate the microbiota by promoting anti-pathogenic activity as an 

alternative to the massive use of antibiotics (Olmos Soto, 2021). 
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In summary, Figure 11 illustrates the various mechanisms by which Bacillus 

probiotics can be involved in bacterium-host interactions: (1) Supporting the 

growth of beneficial bacteria to balance the gut microbiota; (2) Eliminating 

pathogens through the production of antimicrobials which exhibit both direct 

inhibitory activity and indirect quorum-sensing inhibition activity; (3) Producing 

bioactive compounds, such as digestive enzymes (e.g. galactosidase, amylase, 

lipase, and protease), that increase nutrient absorption; (4) Improvement of barrier 

function by directly stimulating tight junctions/mucin production or producing 

compounds that prevent oxidative damage, such as CSF; (5) Improvement of 

immune homeostasis through the interaction of bacterial cellular components with 

intestinal and immune cells or the production of compounds that exert immune 

stimulation, such as EPS.

Figure 11 | Overview of the main mechanisms of action of spores and 

vegetative cells of the probiotic Bacillus species 
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Despite the widespread use of bacterial spores in commercial probiotic products, 

ongoing research is actively exploring the beneficial effects of Bacillus-based 

probiotics. Specifically, this research is focused on isolating novel strains that may 

exhibit unique properties or produce novel compounds. In addition, an effort is 

underway to clarify the mechanisms underlying their beneficial functions, which 

still remain not fully understood. Some of these studies are opening up new avenues 

in the world of Bacillus-based probiotics, proposing Bacillus spores as a versatile 

platform for the delivery of beneficial molecules. This approach combines the 

recognized benefits of probiotics with the potential of additives, thereby expanding 

the scope of their applications. Moreover, emerging research suggests that Bacillus 

probiotics show promise in addressing neurodegenerative diseases. These studies 

highlight the potential of probiotics as innovative therapeutic interventions 

targeting previously unexplored pathways. 

As our understanding of Bacillus probiotics continues to evolve, their diverse 

applications and therapeutic potential are increasingly recognized, opening up new 

directions for research and clinical translation in the field of microbiome-based 

therapeutics.
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 CONCLUSIONS  

This PhD thesis highlights the importance of isolating and characterizing new 

spore-forming bacteria from the human gut, with the aim of exploring their 

potential use as probiotics. Although spore-based probiotic products are already on 

the market, the main species currently used in these products are B. clausii, B. 

subtilis or B. coagulans. However, many Bacillus species are being studied for their 

beneficial properties, so much so that the list of Bacillus considered safe for human 

use has been extended to include other species such as B. velezensis, B. megaterium 

(renamed Priestia megaterium), B. pumilus and others (EFSA Panel on Biological 

Hazards (BIOHAZ), 2024). The study and typification of different species is very 

important, as already explained in the introductory chapter, for the determination 

of new properties, including the production of new metabolites, or for a more 

detailed understanding of the mechanisms by which these microorganisms interact 

with the host organism.  

Through my thesis work, I was able to isolate, identify, and select spore-forming 

bacterial strains that have the potential to provide health benefits to the host. I also 

characterized their functional properties both in vitro and in silico. Of the 32 aerobic 

spore-forming strains isolated from intestinal samples of healthy children, four 

strains (MV4, MV11, MV24, MV30) were selected as potential probiotics as they 

were non-hemolytic and sensitive to all antibiotics indicated by EFSA as relevant 

for bacteria of the genus Bacillus (EFSA Panel on Additives and Products or 

Substances used in Animal Feed (FEEDAP), 2012).  

The four strains were assigned to species on the EFSA Qualified Presumption of 

Safety (QPS) list, indicating that they could be considered safe for human use (B. 

velezensis MV4 and MV11, B. subtilis MV24 and P. megaterium MV30). 
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This hypothesis is supported by the in silico observation that the four MV genomes 

do not carry putative genes encoding known Bacillus toxins. In fact, the only gene 

present in all four genomes that encodes a putative toxin is the hlyIII gene, which 

is common to pathogenic and non-pathogenic bacteria. However, the hlyIII product 

was not sufficient to cause an alpha- or beta-hemolytic phenotype in the four MV 

strains. A gene encoding a putative phytotoxin, cysC, is carried by MV4, MV11 and 

MV30, while only the latter strain contains the cylR2 gene, a homologue of a 

transcriptional repressor of an Enterococcus cytolysin operon. Additionally, the 

genomes of MV4, MV11, and MV30 contain homologous genes of Nattokinase, 

with over 85% identity in all three genomes. Nattokinase is a serine protease of the 

subtilisin family that exhibits fibrinolytic activity, as well as antithrombotic and 

antihypertensive effects when ingested orally (Nijland et al., 2010). Furthermore, 

the genome of MV30 includes a homologous gene (77.9% identity) that encodes 

the enzyme glutamic acid decarboxylase (GAD), responsible for converting 

glutamate into γ-aminobutyric acid (GABA), which is the most prevalent inhibitory 

neurotransmitter in the central nervous system. 

All four strains formed biofilms and exhibited antioxidant activity in vitro. Both of 

these properties are important for a probiotic strain to favor colonization of the 

intestinal environment and protect intestinal cells from damage (Mazzoli et al., 

2019).  The four MV strains considered in this study were also tested for the 

production of CSF and CSF-like peptides which in addition to inducing anti-

inflammatory and cytoprotective responses both in vitro and in vivo, also play a role 

in the anti-neurodegenerative activity of B. subtilis in the model organism C. 

elegans (Donato et al., 2017, Cogliati et al., 2020). Ingested spores of strains that 

produce such molecules may have potential benefits for treating inflammatory and 

age-related neurodegenerative diseases.
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The tested bacteria secreted CSF (MV24) or CSF-like (MV4, MV11, and MV30) 

peptides that induced the expression of the heat shock protein Hsp27 in HT-29 cells 

that were treated with bacterial conditioned medium, resulting in cytoprotective 

effects. 

Although antimicrobial production is not the primary mechanism of action of 

probiotics against infectious diseases, it is certainly a relevant characteristic for a 

probiotic strain to be used as a potential alternative to antibiotics. In vitro 

experiments demonstrated that MV strains, except MV30, exhibited antimicrobial 

activity against selected target strains, including L. monocytogenes, B. cereus, S. 

faecalis, E. coli, and others. In addition to the in vitro approach, an in silico analysis 

was conducted to evaluate the presence of gene clusters encoding antibacterial 

molecules and secondary metabolites. The analysis revealed that both B. velezensis 

strains have the potential to produce macrolactin H, bacillaene, fengycin, 

bacillibactin, and bacilysin. Only MV4 encodes difficidin and surfactin, whereas 

the genome of B. subtilis strain MV24 encodes bacillibactin, bacilysin, subtilosin 

A, and fengycin. 

Genes encoding products dissimilar to known antimicrobials have been identified 

in all four genomes. This is promising as these genes may encode variants of 

previously identified molecules with different targets and mechanisms of action, or 

entirely new antimicrobials. Further research is required to characterize these 

genes, which will provide valuable information for identifying new antimicrobials. 

This preliminary characterization indicates that the MV4, MV11, MV24 and MV30 

strains are safe and have beneficial properties, and can be considered for in vivo 

testing as alternatives to antibiotics in both humans and animals. 
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The second phase of the research evaluated the probiotic activity of Bacillus spores 

through in vivo testing in animal models. These tests were carried out during my 6-

month term as a Visiting Research Student at Royal Holloway University of 

London, where a study was already underway to evaluate the efficacy of probiotics 

in mouse models of inflammatory bowel disease, allowing my research to be 

integrated with the expertise and resources of the host university. To conduct these 

experiments, I used purified spores of bacteria isolated from the human gut, 

previously validated in my laboratory, to test their probiotic activity in vivo. 

In this context, purified spores of two strains B. subtilis SF106 and B. clausii SF174 

(recently renamed Alkalihalobacillus clausii) were administered orally to mice 

before and after chemical induction of Ulcerative Colitis using Dextran Sodium 

Sulphate (DSS). The spores of the two strains behaved similarly, but those of the 

SF174 strain were more effective and, in fact, animals pretreated with SF174 

showed lower disease rates and histological indices than those observed in mice 

pretreated with SF106 spores. Treatment with both types of spores showed an 

immunomodulatory trend in mice with DSS-induced colitis, as shown by qPCR 

analyses of key genes involved in intestinal inflammatory processes. Both spores 

significantly reduced the expression of the pro-inflammatory cytokine TNF-α, 

while only SF174 spores induced a statistically significant increase in the 

expression of the anti-inflammatory cytokine IL-10. This increase was higher than 

that observed in control (naïve) animals, suggesting a general anti-inflammatory 

effect independent of DSS-induced inflammation. 
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Toll-like receptors TLR-2 and TLR-4 recognize commensal and pathogenic bacteria, 

with TLR-2 primarily active on Gram-positive bacteria and TLR-4 on Gram-

negative bacteria. This recognition is essential for the release of pro- and anti-

inflammatory cytokines and thus for the maintenance of intestinal homeostasis 

(Latorre et al., 2018). The balance between TLR-2 and TLR-4 receptors can trigger 

intracellular signaling cascades and modulate cytokine expression (Latorre et al., 

2018; Jia et al., 2020). In my experiments, analysis of TLRs expression showed a 

down-regulation of TLR-2 and a slight up-regulation of TLR-4 in the DSS group, 

likely contributing to the increased production of pro-inflammatory cytokines and 

decreased production of the anti-inflammatory cytokine IL-10 observed as a result 

of DSS treatment. These effects were restored to statistical significance for TLR-2, 

and almost significant (p=0.08) for TLR-4 by SF174 spores. SF106 spores induced 

a similar but weaker effect on TLR-2 expression, while the effect on TLR-4 was 

unclear due to the high variability of expression observed in the SF106 group of 

mice. The different balance of TLR-2 (upregulated) and TLR-4 (downregulated) 

expression caused by spore pretreatment is a likely cause of the observed increase in 

IL-10 and suggests that oral administration of SF174 spores promotes an anti-

inflammatory response in mice.  
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The analysis of the gut microbial composition in mice revealed that both spore 

treatments modified the gut microbiota community. Compared to animals treated 

with DSS only, both spore treatments reduced the abundance of the same thirteen 

genera (e.g. Lachnospiraceae UCG-001, Clostridioides, Entherorhabdus, 

Roseburia and others). In twelve of these thirteen genera, relative abundance was 

increased by DSS treatment compared to naïve animals and was restored by both 

types of spores. Only the genus Lactobacillus was reduced by treatment with DSS 

and further reduced by treatment with SF106 and SF174 spores. Both types of 

spores had a positive effect on the abundance of Bacteroidetes and Akkermansia 

genera. However, the increase was only statistically significant with SF174. 

Previous studies have reported similar effects with spores of other Bacillus strains, 

which were able to increase the abundance of these bacteria in vitro (Ji et al., 2022) 

or in vivo (Marzorati et al., 2021). Bacteroidetes and Akkermansia are 

microorganisms that are considered to be the "next generation of probiotics" and 

are thought to have beneficial effects (Depommier et al., 2019). It has been 

demonstrated that Akkermansia muciniphila enhances colonic mucin production, 

resulting in a thicker mucosal barrier to the underlying epithelial layer. This may 

explain the increased expression of MUC-2 gene observed in this study and, to 

some extent, the protective effects of SF174. 
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As part of the study aimed at isolating and characterizing the Bacillus spore-

forming strains mentioned above, strain MV19 was selected due to its unique 

morphological properties. Specifically, MV19 was distinguished from all other 

isolated strains by the presence of cytoplasmic granules and spores with an unusual 

curved morphology. MV19 is a strain that has been isolated from the human 

intestine and assigned to the species B. cereus sensu stricto through genome 

sequencing and phylogenetic analysis. Its genome contains genes that code for most 

of the known toxins and virulence factors of B. cereus, with the exception of the 

genes required for Cereulide synthesis. MV19 cells can grow in a temperature range 

of 20 to 44 °C, with optimum growth at 37 and 42 °C. At the optimal growth 

temperature of 42 °C, spore production occurs faster than at the sub-optimal 

temperature of 25 °C. However, the slow and prolonged growth at 25 °C delays 

entry into sporulation, allowing for more cell divisions and the production of over 

15 times more free spores than those produced at 42 °C. Physiological assays 

showed that spores produced at 25 °C were more resistant to lysozyme, H2O2, and 

heat, more efficient in germination, and more hydrophobic than those produced at 

42 °C. The results were surprising because previous research has shown that spores 

produced at low temperatures are typically less resistant to heat and chemicals than 

those produced at high temperatures (Melly et al., 2002). This finding may be a 

unique feature of strain MV19. 
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Transmission electron microscopy (TEM) analysis revealed that spores produced 

by slow-growing cells (25 °C) and fast-growing cells (42 °C) have different coat 

ultrastructures. Spores produced by slow-growing cells have a structure similar to 

those produced by the reference strain B. cereus ATCC14579 at 20 °C or 37 °C 

(Bressuire-Isoard et al., 2016). In contrast, the coat of spores produced by fast-

growing cells is irregular in shape and around 30% of spores produced by fast-

growing cells exhibit an atypical curved morphology and wrinkled surface, 

indicating a structural defect that likely affects spore characteristics. Therefore, 

although spore formation is faster and more efficient at the optimal growth 

temperature of 42 °C, some of the spores produced are structurally and functionally 

defective. This suggests that the lower speed and efficiency of sporulation at 25 °C 

is compensated by a higher quality and quantity of spores released.  

These observations suggest that temperature during growth and sporulation is a 

critical environmental factor influencing the structure and functionality of the 

spores produced, which are extremely stable cellular forms that do not require 

nutrients or water and are produced as a survival strategy when environmental 

conditions do not allow cell growth. Therefore, the production of different spores 

under varying environmental conditions can be considered a 'risk-spreading' 

strategy to enable the survival and adaptation of spore-formers to diverse 

environments.
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In B. subtilis, delaying spore formation has a negative impact on germination but 

increases the number of spores produced. This quality-quantity trade-off is believed 

to contribute to the evolutionary adaptation of spore formers (Mutlu et al., 2018; 

Mutlu et al., 2020). In B. cereus MV19, more cells and fully functional spores are 

produced at suboptimal growth and sporulation temperatures than at the optimal 

growth temperature, compensating for the faster growth and efficient sporulation 

observed at 42 °C. Although the molecular mechanisms regulating this balance are 

not yet fully understood, several determinants of spore quality have been proposed 

in B. subtilis. These include the electrical polarization of the outer membrane of 

developing spores (Sirec et al., 2019), the enzyme alanine dehydrogenase (Mutlu 

et al., 2018), and isoleucyl-tRNA synthase (Kermgard et al., 2017). The genome of 

MV19 contains homologues of both alanine dehydrogenase (MV19_2153) and 

isoleucyl-tRNA synthase (MV19_0519), which share 72% and 73.86% identity 

with B. subtilis proteins, respectively. Addressing the role of these spore quality 

determinants in B. cereus would be a relevant future research challenge.
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