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Louisa B. Faherty-McGrath ™2, Douwe van Sinderen ', and Hilary P. Browne "2

Anaerobic gut bacteria have highly evolved functions that promote transmission
between human hosts. These include resilient spores produced by many
Bacillota (formerly Firmicutes) bacteria, which are tolerant to extended ambient
oxygen exposure. Recent culturing and genomic studies have revealed the taxo-
nomic diversity of gut spore-formers and their prevalence in human populations.
However, due to a reliance on spore-forming model organisms that are not repre-
sentative of commensal gut bacteria, we still have a limited understanding of gut
microbiome-specific sporulation processes and their underlying genetics. In this
opinion article, we outline a rational path for development of new model organ-
isms derived from commensal spore-forming gut bacteria in order to obtain
fundamental insights into sporulation and to provide a discovery platform for
novel probiotic or microbiome-based therapeutic development.

Sporulation in the human intestinal microbiome

Bacteria constantly encounter stress, including temperature changes, excess or insufficient
oxygen, shortage of nutrients, and predation [1]. To counter these challenges, sophisticated
dormancy mechanisms ensure long-term survival by arresting growth and metabolic activity
until more favourable conditions occur. The production of highly stress-resilient, metabolically
dormant structures, such as endospores (spores for short), by members of the Bacillota phylum
enhances survival by protecting bacterial DNA and retaining cellular integrity in a dehydrated core
surrounded by a cross-linked peptidoglycan cortex and an outer coat [2,3]. While metabolically
dormant, spores can quickly recognise environmental signals, resulting in germination and
outgrowth of a newly formed vegetative cell [4,5]. Spore-forming bacteria are found in many habi-
tats, including soil, marine sediments, thermal vents, and host microbiomes [6,7]. Their resilience
is remarkable, with spores of some species surviving exposure to outer space, as well as temper-
atures and pressures fatal to humans; hence, spores are considered one of the most durable
biological entities [8].

Sporulation is a prevalent phenotype among bacterial members of the human gut microbiome
[7,9-12]. Spores promote transmission by providing a stable, dormant state tolerant to
environmental challenges encountered during transmission between hosts. As a result,
sporulation is associated with greater transmissibility of gut microbiome species, as measured
by prevalence [7,13,14]. These spore-formers are predominantly health-associated, with
species-specific abilities to protect against pathogen infection, impact gut motility through
the promotion of host biosynthesis of serotonin, and modulate the host immune system by
inducing regulatory T cells through short-chain fatty acid production [15-19]. The ability to
maintain bacterial viability as an extremely durable spore also gives spore-formers advantages
over non-spore-forming bacteria for development as probiotics or microbiome-based thera-
peutics, including survival during formulation, long-term storage without a cold chain or
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lyophilisation, and intact (i.e., viable with retained cellular integrity) delivery to the intestinal
target site [20].

However, to realise their therapeutic benefits, a greater understanding of gut spore-former
biology is required, including their metabolic capabilities, microbiome community interactions,
as well as host interactions and sporulation processes. Due to their role in disease, several
spore-forming species are well studied, including food-associated pathogens such as Clostridium
perfringens and Bacillus cereus [21,22]. C. perfringens is also a risk factor for necrotising enteroco-
litis in infants [23]. The best-studied gut-associated spore-former, C. difficile (formerly Clostridium
difficile), currently acts as a guidepost for characterising gut microbiome sporulation. However,
the pathogenicity of these species makes them unsuitable as model organisms for gut commensal
spore-formers. Although non-toxigenic strains of C. difficile exist, they are not as strongly associ-
ated with human health compared with more prevalent spore-forming species found in the gut
[23-25]. More broadly, B. subtilis is the best-studied spore-former and a commonly consumed
probiotic [3,26,27]. However, as we will outline in the subsequent sections, B. subtilis is phylo-
genetically distinct from prevalent gut spore-formers and is not commonly detected in the gut.
Therefore, we feel that there is an obvious and imperative need for new commensal gut
microbiome spore-forming model organisms.

In this opinion article, we discuss current spore-former model organisms and their purported
probiotic characteristics. We outline a path for isolating and characterising commensal gut
spore-formers that, based on ecological principles and phylogenetic placement, may act
as new and relevant model organisms. We also discuss the knowledge gaps these species
can address in terms of understanding sporulation in the gut microbiome and their therapeutic
potential.

Sporulation in the model spore-formers B. subtilis and C. difficile

Most of our knowledge of sporulation genes and gut sporulation processes in commensal gut
bacteria is based on comparative genomic studies using B. subtilis and C. difficile [7,28-30].
B. subtilis (family Bacillaceae) is a facultative anaerobe and one of the most intensively studied
bacterial species based on published literature, as well as the best-studied spore-former due
1o its extensive history of research, natural genetic competence, and diverse molecular toolbox
[26,31]. Both detected and metabolically active in multiple environments, including soil and
other environmental samples, recent studies have also recovered B. subtilis strains from the
human gut [26,32,383]. C. difficile (family Peptostreptococcaceae) is a strict anaerobe and a
major nosocomial pathogen, being the leading cause of hospital-associated diarrhoea.
C. difficile spores are resistant to oxygen and disinfectants, ensuring their persistence and
promoting transmission in clinical settings [2,5,34]. Depletion of the commensal intestinal micro-
biota through antibiotic consumption in hospitalised patients reduces colonisation resistance,
allowing C. difficile to exploit available niches with consequent gut colonisation.

Sporulation is an energetically expensive biological process, with entry into sporulation tightly
controlled through a phosphorelay system, in which histidine kinases, phosphotransferases,
and phosphatases modulate the level of phosphorylated response regulator SpoOA (SpoOA-P).
Spo0A is the master regulator of sporulation, and accumulation of SpoOA-P beyond a critical
threshold triggers the sequential activation of four cell compartment-specific RNA polymerase
sigma (o) factors (o7, of, 6%, and o) that coordinate the spatiotemporal transcription of down-
stream sporulation genes, ultimately resulting in lysis of the mother cell and release of the mature
spore. Figure 1 provides an overview of some key sporulation genes shared between, and unique
to, C. difficile and B. subtilis.
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Figure 1. (A) Schematic overview of sporulation stages and key sporulation genes. Spore germination leads to outgrowth of a vegetative cell capable of forming
a new spore and completing the sporulation life cycle. SpoOA-P is phosphorylated SpoOA. (B) Conservation of sporulation genes associated with different sporulation
stages in B. subtilis and C. difficile, highlighting genes that are shared and unique to both species. This list illustrates the commonalities and differences in sporulation
gene architecture between the two species and includes a subset of the total number of genes required to form and germinate a spore. Stage O (sporulation onset)
and stage | (axial filament formation) are combined. This figure was created using BioRender (https://BioRender.com/nravg7s). FS: forespore; MC: mother cell.

While spo0OA and the genes encoding the sporulation-specific sigma factors are conserved in
all spore-former genomes analysed to date, other sporulation genes are not, thus providing
evolutionary flexibility to adapt to different environments. For example, the multicomponent
phosphorelay system required for SpoOA activation in B. subtilis is not conserved in many
Clostridia. In addition, the majority of sporulation genes are not conserved between C. difficile
and B. subtilis, and only approximately 25% of spore coat proteins are conserved between
both species [28,29,35]. These proteins are important for environmental interactions and adhe-
sion to external surfaces, and this divergence reflects the different ecological niches these species
typically occupy. Furthermore, the exosporium layer surrounding the spore coat is absent in
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B. subtilis, despite being present in B. cereus, B. anthracis, B. thuringiensis, and C. difficile [36].
Bacteriophages can also contain sporulation genes, including spo0OA, providing a means to
potentially regulate sporulation and disseminate sporulation genes within the gut microbiome
[37]. Future studies of spore-formers in distinct taxonomic families based on new model organ-
isms are likely to reveal additional differences in sporulation gene content compared with
B. subtilis and C. difficile [29].

Spores generally remain dormant until they encounter small molecules detected by spore recep-
tors, initiating a cascade of germination events and restoring active metabolism and outgrowth of
the vegetative cell [2,5]. Germinants include physical factors such as hydrostatic pressure, nutri-
ents such as sugars and amino acids, and non-nutrients such as bile salts [5,7,38-40]. CspC,
along with CspA, are the germinant receptors in C. difficile that form a heterodimer in response
to bile acids such as taurocholate and amino acid cogerminants. This leads to activation of the
protease CspB and subsequently the cortex-lytic enzyme SleC, resulting in spore cortex degra-
dation, spore core hydration, and outgrowth of the vegetative cell [41]. However, C. difficile lacks
the Ger germinant receptors found in many other spore-formers, including B. subtilis [29,41,42]
(Figure 1). These function as transmembrane channels that release ions in response to nutrients,
leading to germination [43]. Other gut spore-formers, such as Clostridium innocuum and
Erysipelatoclostridium ramosum (family Erysipelotrichaceae), also lack GerB and GerC [29].
This further illustrates differences in germination processes between phylogenetically diverse
gut bacteria.

Gut spore-formers beyond C. difficile also readily germinate in response to intestinal bile salts,
highlighting shared evolutionary adaptations to the intestinal environment. Different germination
responses are observed between species depending on the bile acid encountered. For example,
16S rRNA amplicon-based identification of taxa from ethanol-treated stool demonstrated that
glycocholate was a more potent germinant compared with taurocholate, whereas our previous
work using six purified isolates showed taurocholate to be more effective [7,38]. While methodo-
logically different, this still highlights poorly understood adaptations of gut bacteria to bile acid-
induced germination and the requirement for new gut model spore-formers.

Current spore-forming probiotics and microbiome therapeutics

Members of the Bacillus genus, including B. subtilis and Bacillus coagulans, are currently the
most widely consumed spore-forming probiotics, reflecting their long and safe use in food
manufacturing and generally recognised as safe (GRAS) status (Table 1). Enterogermina
(produced by Sanofi/Opella), an over-the-counter Bacillus clausii spore-based supplement for
the prevention of infantile diarrhoea, marked the first use of the genus Bacillus as a probiotic in
1958 [27]. The proposed health benefits of Bacillus probiotics, primarily demonstrated through
in vitro studies or animal models, include colonisation resistance mechanisms to inhibit patho-
gens, host immunomodulation, and reduction of inflammation [27,44].

While it is difficult to establish the provenance of the exact strains used as probiotics listed in
Table 1, these Bacillus species are rarely detected in the human gut microbiome. In four recent
studies using large-scale culturing approaches from European, North American, and Asian popu-
lations, only 48 Bacillus isolates were retrieved by cultivation from a total of 16 601 isolates (thus
representing 0.3%) [9,45-47]. Furthermore, metagenome studies profiling gut microbiomes of
distinct human populations demonstrate that Bacillus species are not common gut colonisers.
Bacillus species were detected in less than 0.16% of a large Dutch cohort of 8208 individuals
and were not detected in metagenomes from 1801 individuals from Burkina Faso, Ghana,
Kenya, and South Africa using read mapping approaches [48,49]. Based on this, we conclude
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Table 1. Spore-based probiotics currently on the market

Product Claims Species Dose
(CFU/m)
Bio-Kult Everyday Digestive and immune B. subtilis PXAN® 21® and 13 2 x10°
support other bacterial strains
Lactoflorene Plus Gut microbiome restoration B. coagulans BC513 and 4 x107
three other bacterial strains
Primal Defense Ultra Promotes healthy digestion B. subtilis and 12 other species 5% 10°
Gut Health All-in-one Supports regular digestion B. coagulans (MTCC 5856) 2 x10°
Youtheory Spore Probiotic Supports digestive health B. clausii (MTCC 5980) 6 x 10°
B. subtilis (MTCC 5981)
B. coagulans (MTCC 5856)
MegaSporeBiotic Maintains a healthy gut barrier ~ B. subtilis (HU58) 4 %x10°
and supports immune B. coagulans (SC-208)
function B. clausii (SC-109)
Bacillus licheniformis (SL-307)
Bacillus indicus (HU36)
Clinical Daily Smart Defense Advanced immune and B. subtilis DE111® and six 5.75 x 10°
Mega Spore Probiotic digestive support other species
Cura Sporebiotics Reduces gut inflammation, B. subtilis (HU58) 3x10°
supports immune health, and B. coagulans (SC-208)
gut microbiome restoration B. clausii (SC-109)
Spore-Based Bio Cultures Supports digestive and B. coagulans (MTCC 5856) 2 x10°
immune health
Digestive Advantage® Daily Helps with immune health, B. coagulans GBI-30, 6086 2 x10°

Probiotic 4 in 1

occasional bloating and

(BC30)

diarrhoea, and minor
abdominal discomfort

that the majority of Bacillus species are not prevalent in the human gut microbiome and lack
functional adaptations needed for stable colonisation, unlike more prevalent species.

While probiotics, by definition, do not have to colonise, for some desired outcomes, it is
reasonable to assume colonisation to sufficient abundance levels and temporal scales is required
to exert a therapeutic effect (e.g., to produce sufficient levels of an antimicrobial peptide or an
immunomodulatory molecule) [50]. For example, FDA-approved, human microbiome-derived
spores are currently in use as live biotherapeutic products (LBPs) with demonstrated colonisation
(or engraftment) to prevent recurrent C. difficile infection (rCDI) following antibiotic treatment [51].
VOWST contains purified intestinal spores in an oral capsule and resolves infection through
several proposed mechanisms, including depletion of primary bile acids, enrichment of second-
ary bile acids, and increased short-chain fatty acid production [52]. As VOWST contains fraction-
ated spores, it can be stored for up to 36 months at room temperature without the need for
lyophilisation or freeze-drying to preserve bacterial viability. In contrast, REBYOTA, another
FDA-approved live faecal microbiota-based therapeutic used for the prevention of rCDI that
lacks spores, requires thawing prior to use and must be stored at 2-8°C, with a shelf life of up
to 5 days [53]. VOWST highlights the benefits of using human-derived spores to resolve infection
and underscores the value of developing new model spore-formers that have future therapeutic
potential.

Given their low prevalence in the gut microbiome of human populations, we suggest Bacillus
species are unsuitable to act as model organisms of commensal spore-forming gut bacteria,
as they lack sufficient ecological relevance and are not as impactful for human health compared

¢? CellPress
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with species more commmonly found in the gut environment. Using the same culture-based and
metagenome studies, C. difficile is also present at very low levels (0.08% prevalence in culturing
studies and absent from the metagenomics-based studies); hence, nontoxigenic C. difficile
strains are also unsuitable. A more appropriate option is to study one or more spore-forming
species that are (i) highly adapted to the gut, (i) prevalent in human populations, and (jii) associated
with human health. Detailed characterisation can then pave the way for probiotic or therapeutic
development. Next, based on these criteria, we outline a rational path for the selection of new
model organisms to study gut sporulation and the role of spore-formers in human health.

Rational selection of species as model commensal gut spore-formers

Model organisms share several features that make them suitable for extensive research, including
a long history of use generating increased knowledge over time, ease of growth under laboratory
conditions, and amenability to genetic manipulation [54]. They can act as exemplars of important
closely related organisms; for example, B. subtilis is used to understand the biology of Bacillus
pathogens such as B. anthracis [26]. To provide ecological relevance, model organisms should
also ideally be prevalent in the environment under study. Using these criteria, Figure 2 outlines
a workflow for the development of commensal gut spore-formers as model organisms. While
there is some overlap of common features required for therapeutic and model organism develop-
ment (e.g., ease of use and consistent high spore yields), we also highlight distinguishing features
where appropriate (e.g., for therapeutic development, the lack of virulence factors and amenabil-
ity to industrial formulation will be more relevant).

The first step (step 1) is the isolation of spore-forming bacteria from faecal samples (i.e., of
presumed gut origin). Recent studies have isolated over 150 different bacterial species that
produce ethanol-resistant spores from faeces [7,9,45]. Immersion of faecal samples in ethanol
kills vegetative cells, and only ethanol-resistant spores survive. Following ethanol shock, plating
of faecal samples on rich nutrient agar, such as yeast casitone fatty acid (YCFA) or Gifu anaerobic
medium (GAM), with appropriate germinants such as bile acids, leads to the outgrowth of spores,
allowing their isolation as pure colonies [38]. While ethanol is extremely effective at killing non-
spore-formers, this approach may kill ethanol-sensitive spores that are still hardy enough to toler-
ate environmental insults encountered during transmission. Exposure to high temperatures (such
as 80°C for 30 min) is an alternative approach to select for spores [55]. Many of these isolates

Bacteriophage

Absence of Quorum

nutrients\\,\ } sensing
\\ Sporulation
|| Germination
Presence of \\Gastric
nutrients i pH
Bile acids
1. Isolation of intestinal spore- 2. Genomic characterisation 3. Identify phylogenetically 4. Characterisation of sporulation
forming bacteria and functional annotation representative species processes and metabolic capabilities

Trends In Microblology

Figure 2. Workflow for developing commensal gut spore-forming bacteria as model organisms. The workflow consists of four distinct steps: (1) isolation of
spore-forming bacteria, (2) genomic characterisation and functional annotation, (3) identification of phylogenetically representative species, and (4) characterisation of
sporulation processes and metabolic capabilities. This figure was created using BioRender (https://BioRender.com/ol3jn3h).
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have been deposited in public international repositories, ensuring long-term and easy access for
researchers [7,45,47,56].

Following isolation, whole genome sequencing permits accurate taxonomic identification and
functional profiling to characterise encoded metabolic pathways and sporulation gene content
(step 2). For example, the commercial probiotic Enterogermina was originally reported to contain
B. subtilis; however, using genome sequencing, it was later determined to contain B. clausii, a
more distantly related Bacillus species [27,57]. For probiotic or therapeutic development, both
isolates and genomes enable screening for the presence of virulence factors and antimicrobial
resistance genes, which are necessary to ensure safety for human consumption, as well as
health-associated properties.

The next step (step 3) is to identify species that are phylogenetically representative and prevalent,
as findings from these species can be applied to other closely related species. Type strains may
be unsuitable, as they are described as the first isolate designated for a new species without
necessarily being phylogenetically representative. Extracting the Bacillota phylogeny from the
Genome Taxonomy Database (GTDB) using AnnoTree reveals extensive diversity, with nearly
18 000 different species and 170 taxonomic orders (Figure 3) [58,59]. Within these orders are
spore-forming species that colonise multiple environments, including deep-sea vents, soil, salt
plains, and multicellular eukaryotic hosts, including humans [6]. Sporulation is not conserved
across the Bacillota, with clade-specific and even species-specific inability to form spores. For

Erysipelotrichales (SF/NSF) Host associated:

Human Gut
@Human Skin
@Human Oral
Selenomonadales (SF/INSF)g Mouse Gut
Pig Gut
Staphylococcales (NSF) %

Heliobacteriales (SF) @ Environmental:

Soil
@ Compost

) @ Landfill
Bacillales (SF) Clostridiales (SF/NSF) @ Wastewater

Peptostreptococcales (SF/NSF) @ Groundwater

Lactobacillales (NSF) @

@ Lachnospirales (SF/NSF) Sediment
Food

Oscillospirales (SF/INSF)
Prevalence in environment:

Desulfuribacillales (SF) .“ 41-60%
® Acetivibrionales (SF) 21-40%
1-20%

Limnochordales (SF) 0.

Trends in Microbiology
Figure 3. Phylogenomics and environmental prevalence identify species within the Lachnospirales order as candidates for commensal gut spore-
forming model organisms. GTDB phylogeny of the Bacillota phylum was extracted using AnnoTree and presented at the taxonomic level of order. Specific orders
are highlighted by name, and their source environments were determined using prevalence information in Sandpiper, a resource for screening metagenome databases.
The size of the bubble indicates prevalence in a particular environment; only the three most prevalent environments for the selected orders are presented. Bubble
colour indicates environment. The Lachnospirales (underlined) contain species identified as potential new model spore-formers. GTDB: Genome Taxonomy Database;
NSF: non-spore-forming; SF: spore-forming.
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example, the Erysipelotrichales order contains both spore-forming and non-spore-forming
species present in the gut.

We have previously shown that the loss of sporulation in gut Erysipelotrichales is associated with
features of host adaptation, including genome reduction and a more restricted carbohydrate
metabolism profile [11]. The loss of sporulation in these bacteria is linked with colonisation to
higher abundance levels compared with spore-formers. This suggests an evolutionary trade
off, where the lower intestinal abundance of spore-formers increases the chances of expulsion
or extinction within a host, which is compensated by the ability to survive as a spore. In contrast,
the higher abundance levels of species that have lost the ability to sporulate indicate greater levels
of host adaptation linked to genome reduction and a greater reliance on within-host persistence.
Thus, depending on the question of interest (e.g., maintenance vs. loss of sporulation), different
species within the Bacillota phylogeny will be more relevant.

We assigned environment-specific metagenome prevalence using Sandpiper to identify
three highly prevalent human gut taxonomic orders (>41% prevalence in human gut
metagenome datasets): Peptostreptococcales, Lachnospirales, and Erysipelotrichales [60].
The Peptostreptococcales contain species such as pathogenic C. difficile and commensal
Intestinibacter bartlettii. The Erysipelotrichales contain gut spore-forming species such as
C. innocuum and non-spore-forming Catenibacterium mitsuokai. Of these three orders, the
Lachnospirales contain the highest number of gut spore-formers, including highly prevalent
species from Roseburia (e.g., R. hominis and R. intestinalis), Blautia (e.g., B. wexlerae and
B. producta), Anaerostipes (e.g., A. caccae), and Coprococcus (e.g., C. eutactus) genera, all
contained within the Lachnospiraceae family [61-63]. Considering our workflow described
earlier, species from these genera have been isolated, whole genome sequenced, and depos-
ited in public culture collections. Some are demonstrated spore-formers, are prevalent in
human populations, and are associated with beneficial functions, including pathogen inhibition
by bacteriocin production, cross-feeding with other gut microbiome species, reduced risk of
type Il diabetes, and lower rates of food allergies [15,64-66]. Taken together, these are credible
candidates for future gut spore-forming model organisms.

Having identified potentially suitable species, the final step (step 4) is characterisation of sporula-
tion processes and metabolic capabilities. Species that produce resilient and stable spores in
large numbers will enable downstream functional profiling. This will also be a requirement for
scaling up during the manufacturing and production of probiotics. However, based on our own
unpublished research, we have observed that some species produce spores (i.e., they were
isolated from ethanol-treated stool samples), but sporulation cannot be induced in vitro
(i.e., isolate colonies are not recovered after ethanol treatment in pure culture). This highlights a
knowledge gap where we are currently unable to replicate the necessary conditions for sporula-
tion in the laboratory. Potential intestinal sporulation triggers could include host mucus, bile acids,
nutrients, bacterial interactions, quorum sensing, or bacteriophage. Until these triggers are
elucidated, some species we highlight as potential new model organisms may yet prove to be
unsuitable due to a lack of or low numbers of produced spores.

Finally, long-term genetic tools are required to understand gene functions underlying metabolic func-
tions and sporulation. Vectors for genetic manipulation of spore-formers are available, such as the
ClosTron gene knockout system, developed from the original TargeTron system and based on
group Il introns, and the plasmid-based pMTL80000 module, as well as versatile transposons
(TNs) to generate TN-labelled and tractable mutant lioraries [67—70]. More recently, genetic manip-
ulation of Lachnospiraceae species has been demonstrated using conjugative plasmids and the
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development of clustered regularly interspaced short palindromic repeats interference (CRISPRI) and
group Il intron-based genetic tools [71,72]. However, the widespread implementation of these tools
is limited and remains a considerable hurdle to establishing these species as model organisms. The
availability of genomes and isolates provides starting material for the development of new vectors
and overcoming obstacles to genetic manipulation, such as restriction-modification systems.

We propose that, in the short term, research should focus on those species satisfying the criteria
we have outlined earlier (phylogenetically representative, whole genome sequenced isolates
associated with human health), as genetic tools are not required to characterise their metabolism,
host interactions, and intestinal triggers of sporulation and germination. In the long term, the goal
should be the development of genetic tools for these Lachnospiraceae species. A pragmatic
approach will involve the selection of species from different genera and then focusing on those
for which effective genetic tools become available to validate metabolism, host interactions,
and sporulation-related discoveries.

Concluding remarks

Spores are an ancient and incredibly resilient phenotype that have made a major contribution to
bacterial diversity, survival, and colonisation of different environments. While research on gut
spore-formers has focused on enteric pathogens such as C. difficile, it is increasingly evident
that many health-promoting gut bacterial species are capable of spore formation and use spores
to effectively transmit between hosts. As human gut spore-formers remain understudied, there
are many outstanding questions related to their intestinal ecology and spore production (see
Outstanding questions). Developing new commensal gut model spore-formers will improve our
understanding of the diversity of sporulation gene architecture within the gut microbiome, the meta-
bolic capabilities of spore-formers and their host interactions, and the extent of sporulation and
germination triggers. Understanding the processes that underpin the sporulation life cycle and ecol-
ogy of spore-formers will provide new insights into the mechanisms by which our intestinal micro-
biota transmit between hosts and create new opportunities for translational research applications.
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