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Biofilms are structured bacterial communities encased in an extracellular matrix. The structure
and complexity of biofilms depend on the microorganism and the local environment [1,2].
Biofilms form on tissues and foreign implants during human infections and confer pathogens
resistance to drugs and immune responses, making biofilm-associated infections extremely
difficult to treat [1]. Clostridioides difficile, a major healthcare-associated gastrointestinal path-
ogen, causes C. difficile infection (CDI), which is associated with high rates of recurrence, espe-
cially in the elderly [3]. CDI is strongly associated with long-term antibiotic therapy, which
results in disruption of the native gut microbiota. In recent years, C. difficile biofilms have
been considered to be important for persistence of the bacterium in the gut and for recurrent
infections. Here we review the current knowledge on C. difficile biofilms in the context of the
gut environment and infection.

C. difficile forms biofilms in vitro

Biofilm formation by C. difficile was first reported by Donelli and colleagues where they identi-
fied the role of polymicrobial biofilms in clogging of biliary stents using confocal and field
emission scanning electron microscopy [4]. Soon after, biofilm formation by C. difficile strains
of clinical origin (strains 630, R20291) on abiotic surfaces was reported, as quantitated by crys-
tal violet staining [5,6]. Viable cell counts, as well as LIVE/DEAD viability staining showed
that bacterial viability was higher in 1- to 3-day-old biofilms and decreased in 6-day-old bio-
films [4-7]. C. difficile biofilms are multilayered, encased in a thick matrix composed of bacte-
rial proteins, extracellular DNA (eDNA), and polysaccharide II; however, it is noteworthy that
the composition and structure of biofilms are both time- and strain-dependent [5,7]. Numer-
ous C. difficile factors which modulate biofilm formation have been identified, including pili,
flagella proteins, the S-layer, Cwp84, quorum sensing, germination receptor SleC, and sporula-
tion. Mutants deficient in stress-related proteins including the SOS response regulator, LexA,
the RNA chaperone, Hfq, and the heat stress-associated chaperone, DnaK, have been associ-
ated with increased biofilm formation [8-10]. Interestingly, the toxins TcdA and TcdB were
identified in the biofilm matrix of 3- and 6-day-old biofilms, suggesting that biofilms may play
arole in C. difficile virulence [7]. Cyclic di-GMP (c-di-GMP) is thought to play an important
role in the motile to sessile biofilm state shift through repression of flagellar synthesis and
induction of pili [11]. In a recent global gene expression analysis of microfermentor biofilms,
several genes controlled by the SinR-like regulators CD2214 and CD2215, including pilAl,
were differentially expressed in biofilms, although pilA1 appeared to contribute to biofilm/
aggregate formation only in c-di-GMP overexpressing strains [12]. Thus, C. difficile forms
complex biofilms in vitro which involves multiple regulatory pathways and several virulence-
associated proteins.
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Biofilms—A niche for C. difficile spore formation?

Spores are critical for transmission of CDI, and sporulation is a key pathway in C. difficile path-
ogenesis which is initiated under conditions of stress. Viable cell counts from biofilms formed
by the clinically relevant strain, R20291, show that the majority of C. difficile cells are vegetative
in 3-day-old biofilms. However, the number of spores increased over time, with spores form-
ing the majority of cells in 6-day-old biofilms [6,7]. A sporulation-deficient C. difficile strain
lacking Spo0A, a master transcriptional regulator which induces the sporulation pathway
upon phosphorylation, formed significantly reduced biofilms compared to the wild type [5,6].
The spo0A mutant biofilms were easily detached and had significantly less resistance to oxygen
stress than the wild type [6]. Together, these findings suggest that biofilm formation may be
regulated by Spo0A, indicating an intriguing link between spore formation and biofilms. Fur-
thermore, Semenyuk and colleagues found that spores from biofilm cultures had a reduced
germination efficiency compared to conventionally cultured spores [7]. Differences observed
in the exosporium structure of spores from planktonic and biofilm cultures may contribute to
increased thermotolerance and reduced germination efficiency in biofilm-derived spores
[7,13,14]. Collectively, although we lack direct evidence from infection, these findings suggest
that C. difficile biofilms can serve as a niche for generating modified spores, which favour
maintenance of a dormant population, aiding bacterial persistence and disease recurrence.

C. difficile biofilms protect from antibiotics

Biofilm-associated antibiotic tolerance is the result of a myriad of factors, including the type of
antibiotic, bacterial species, biofilm stage, and availability of resources [1]. The ability to form
biofilms allows C. difficile to resist antibiotics and oxidative stresses [2,5,6]. When C. difficile is
exposed to varying levels of vancomycin, a drug commonly used to treat CDI, bacteria sur-
vived better and displayed resistance in a biofilm compared to planktonic culture [5]. In a tri-
ple-stage human gut model, vancomycin treatment reduced planktonic C. difficile to below the
detection limit, while the biofilm population remained unchanged [15]. Utilising a colony bio-
film model, treatment of C. difficile biofilms grown on black polycarbonate membranes with
100x minimum inhibitory concentration (MIC) of metronidazole, another drug used to treat
CDJ, resulted in a significant decrease in bacterial numbers compared to vancomycin at 100x
MIC [16]. However, for both vancomycin and metronidazole, the biofilms only delayed killing
and neither were successful in reducing viable spores [16]. Fidaxomicin, a newer antibiotic
that is effective for recurrent infections, at 25x MIC, was able to reduce biofilm bacterial and
spore viability by approximately 2.5- and 1.5-fold, respectively. Surotomycin, a cyclic lipopep-
tide, showed similar abilities, yielding a 3-fold reduction of vegetative cells and 1.5-fold reduc-
tion in spore viability, suggesting a quicker penetration and greater disruptive ability of
fluorescently labelled fidaxomicin compared to surotomycin [16]. A recent larger scale study
which assayed antimicrobials including thuricin CD, tigecycline, vancomycin, teicoplanin,
rifampicin, and nitazoxanide, against a variety of C. difficile strains in sessile and planktonic
modes, showed that pairwise combinations of antimicrobials were more effective than single
antibiotic treatments against R20291 biofilms, except nitazoxanamide, whose potency was
reduced when combined with thuricin CD. Sensitivity to drugs or drug combinations was
shown to be strain-dependent, with strains producing varied levels of biofilms in vitro [17].
With regard to the mechanisms underlying antibiotic resistance, the dense biofilm matrix
can act as a physical barrier, providing resistance to antimicrobial penetration, and disrupted
biofilms were more susceptible to antibiotics compared to intact biofilms [1,5]. Paradoxically,
subinhibitory concentrations of metronidazole and vancomycin induced biofilm formation
and seemingly reduced antibiotic susceptibility [5,18]. Therefore, it is possible that low levels
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of antibiotics could induce C. difficile biofilm production, thus promoting persistence and
recurrence of infection.

C. difficile interactions with the microbiota

C. difficile establishes itself in the intestine only when the native gut microbiota is altered, usu-
ally by treatment with broad spectrum antibiotics like fluoroquinolones. Colonisation resis-
tance provided by intestinal bacteria prevents C. difficile from colonising through different
mechanisms, including generation of nutritional niches, production of antimicrobial peptides,
metabolites, and quorum sensing [3]. Commensals like Clostridium scindens have been associ-
ated with resistance to infection through production of secondary bile acids like deoxycholate,
which prevent C. difficile growth [19]. Bacteroides spp. can prevent C. difficile growth, both in
vitro and in vivo; interestingly, B. fragilis appears to inhibit C. difficile only when in close con-
tact within mixed biofilms, through an autoinducer-2-mediated mechanism [20]. In a culturo-
mics study, 66 species isolated from microbiota were found to inhibit C. difficile. When
bacterial species combinations were tested for their inhibitory effects, species composition and
blend size were found to be important for C. difficile inhibition, suggesting that bacterial inter-
actions play a role in the inhibitory effects [21].

However, recent research has indicated that C. difficile also closely interacts with the gut
microbiota during colonisation. A recent study showed that deoxycholate from the gut com-
mensal species, C. scindens, induced C. difficile biofilm formation, indicating that deoxycholate
effects on C. difficile may be concentration-dependent [22]. C. difficile and the commensal
Fusobacterium nucleatum were reported to coaggregate in vitro, increasing biofilm formation
and extracellular polysaccharide production [23]. Studies employing a triple stage human gut
chemostat model have shown that C. difficile was present within sessile microbiota communi-
ties from faecal emulsions [15]; spores were predominantly found in these communities,
which appeared to germinate over time. In one of the early in vivo studies to examine the pres-
ence of C. difficile multicellular communities during infection, the Driks laboratory showed
that low numbers of C. difficile were present within mixed communities containing Bacteroi-
detes and Firmicutes species on the outer mucus layer of the gut in a C. difficile murine infec-
tion model [24]. Thus, the data point to C. difficile forming adherent communities in close
association with the commensal microbiota species.

C. difficile biofilms during infection

During infection, biofilms may serve as reservoirs of C. difficile, which allow bacteria to persist
in the gut in the presence of antibiotic therapy, potentially reestablishing infections and result-
ing in recurrent disease. Nevertheless, a direct role for biofilms in the recurrence of C. difficile
infection is yet to be demonstrated. Bacterial factors that are necessary for biofilm formation
are essential for colonisation and virulence in many gastrointestinal pathogens. Some C. diffi-
cile surface and regulatory factors key for biofilm formation such as flagella, pili, and Spo0OA
also have colonisation defects in murine models of infection, indicating that adherence to gut
surfaces is important during infection [3]. However, a role for these factors in biofilm forma-
tion during infection has not been formally demonstrated.

A general challenge with defining the role of biofilms during infection by gastrointestinal
pathogens is the visualisation of biofilm communities, which is confounded by the microbiota
lining the gut. C. difficile microcolonies and filaments were observed on epithelial cells during
infection in an in vitro gut infection model [25], and biofilm-like C. difficile cell aggregates
have also been reported from hamster and murine infection models [26,27]. A recent study
demonstrated that C. difficile forms mono-species biofilm communities in gnotobiotic mice
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Fig 1. A model of C. difficile biofilms during infection. C. difficile initially attaches to the mucosal layers in the gut, when the native gut microbiota is
disrupted by broad spectrum antibiotics. Increased c-di-GMP levels resulting in decreased bacterial motility enables attachment and establishment of
microaggregates or communities. These communities could exist as single species or in close association with the gut microbiota, serve as a niche for
production of spores and toxins (toxins A, B, and binary C. difficile toxin), and provide protection from oral antibiotics using for treatment (e.g., vancomycin,
metronidazole) in the lumen. Surface factors (e.g., pili, flagella, S-layer), quorum sensing (e.g., LuxS), and regulators (e.g., Spo0A, CD630_2214) control
biofilm/aggregate formation. Direct bacterial interactions of C. difficile and action of toxins trigger cell death and disruption of epithelial barrier, allowing
bacteria to penetrate the epithelial cell layer to the underlying basement membrane and myofibroblasts. C. difficile may form communities in underlying tissue
which may protect bacteria from oxygen and immune responses. Bacterial communities in the gut mucosa may allow bacterial persistence, and under
conducive conditions, bacteria may be dispersed, leading to reseeding and recurrence of infection. Image created with BioRender.com.

https://doi.org/10.1371/journal.ppat.1009348.g001

[2]. Different C. difficile strains were reported to colonise the murine gut similarly with bacte-
rial aggregates associated to the mucus layer rather than with the epithelial cells [2]. Although
this study suggests that C. difficile is capable of building communities in vivo, the formation of
such communities in the context of the native microbiota needs further study. While commu-
nities likely form in conjunction with the microbiota, communities may also form within
deeper cell layers during invasive infection. Based on our current knowledge, we propose a
model for how C. difficile biofilms may form during infection (Fig 1).

Future perspectives

C. difficile biofilm communities are likely critical in recurrent CDI. Although we have a good
understanding of C. difficile biofilm formation and regulation in vitro, several questions
regarding the relevance of such biofilm communities in bacterial persistence and the bacterial
and host factors regulating their formation in vivo remain unanswered. New visualisation
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tools and cutting-edge gut infection models for C. difficile combined with further studies on
clinical samples will likely provide better insight into the role of C. difficile biofilms in CDI.
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