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Gut microbiota biofilms: From regulatory

mechanisms to therapeutic targets

Andre G. Buret!® and Thibault Allain!®

Gut microbiota contain communities of viruses, bacteria, fungi, and Eukarya, and live as biofilms. In health, these biofilms
adhere to the intestinal mucus surface without contacting the epithelium. Disruptions to the equilibrium between these
biofilms and the host may create invasive pathobionts from these commensal communities and contribute to disease
pathogenesis. Environmental factors appear to dominate over genetics in determining the shifts in microbiota populations and
function, including when comparing microbiota between low-income and industrialized countries. The observations discussed
herein carry enormous potential for the development of novel therapies targeting phenotype in microbiota dysbiosis.

Gut microbiota integrity is key to the
maintenance of gastrointestinal and overall
body homeostasis. The regulatory nature of
this interaction has become the topic of in-
tense research activities. In nature, bacteria
can live as planktonic swimmers or sessile
biofilms. Biofilms are multi-species micro-
bial communities encased in their extracel-
lular matrix containing exopolysaccharides,
proteins, extracellular DNA, and environ-
mental and host components. The biofilm
mode of growth has been linked to a variety
of medical and industrial concerns (Costerton
et al,, 1995; Camara et al, 2022; Pannekens
et al, 2019; Yuan et al, 2022; Yin et al,
2019), such as: colonization on medical de-
vices and surgical implants, where biofilms
can cause severe infections that require re-
moval of the device; chronic infections, in-
cluding in the lungs of patients with cystic
fibrosis, in burn wounds, or in gum diseases;
colonization of food products, where biofilm
colonization and persistence are responsible
for spoilage and food-borne diseases; coloni-
zation of air-conditioning and ventilation
ducts (where they contribute to the spread of
pathogenic bioaerosols), of ship hulls, oil
wells and pipelines, where they are respon-
sible for malfunction and corrosion.

Due to their extracellular matrix, bio-
films are extremely resilient, and are

shielded from ultraviolet radiation, extreme
temperature, extreme pH, high salinity, high
pressure, poor nutrients, and antimicrobials.
The enormous economic and health costs
associated with biofilms in nature offer a
solid rationale for translational research
across many sectors where biofilm growth
should be inhibited. In contrast, growth as a
biofilm promotes homeostasis at various
mucosal surfaces, and disruptions of this
mode of growth in such settings are detri-
mental to health. Microbial biofilms natu-
rally colonize various surfaces of the body,
including the gastrointestinal tract, the
lungs, the vagina, and the skin (Flemming
and Wuertz, 2019; Motta et al., 2021a). Re-
cent discoveries illustrate how homeostatic
maintenance of these complex microbial
ecosystems is critical to health, and how
their disruptions are a direct cause for
pathophysiology (Flemming and Wuertz,
2019; Motta et al., 2021a; Zoetendal et al.,
2002). In the gut, the microbiome is made
up of mixed communities of viruses, bacte-
ria, fungi, and Eukarya that co-habit with
mucus layers. Microbial colonization, di-
versity, and density vary along the length of
the gastrointestinal tract, with the lowest
numbers of microbes only forming scattered
biofilm fragments in the stomach and upper
gut, whereas a rich and dense microbial

biofilm lines the large intestinal mucosa
(Flemming and Wuertz, 2019; Motta et al,,
2021a). Not surprisingly therefore, there
are well-established differences between the
composition, genetics, and behavior of fecal
versus mucosal microbiota (Motta et al.,
2021a; Zoetendal et al., 2002). Under some
circumstances, sessile microbiota con-
stituents may leave these gut biofilms and
behave as planktonic, swimming micro-
organisms (Buret et al., 2019). So, do gut
microbiota normally live as swimming mi-
crobes or as biofilms?

Gut microbiota: Planktonic versus
biofilm phenotype

The data available today, including quanti-
tative evidence, clearly support the hy-
pothesis that the biofilm mode of growth is
the dominant phenotype in the gut, as it is
elsewhere in nature (Flemming and Wuertz,
2019; Motta et al., 2021a). However, it also
has become apparent that mature biofilms
may release planktonic bacteria that may
then further colonize other sites. Disrupted
gut microbiota biofilms may also generate
the release of planktonic bacteria that can
become pathogenic, adherent, and invasive
pathobionts (Motta et al., 2021a; Buret et al.,
2019). Pathobionts are temporarily be-
nign microbes, or commensals, that under
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environmental or host pressure may cause
disease. These observations stem, at least in
part, from gut microbiota biofilm charac-
terization in human tissues from patients
with inflammatory bowel diseases or colo-
rectal cancer (Motta et al., 2021a; Dejea et al.,
2018; Kalischuk et al., 2009). Interestingly, it
is only recently that the critical relevance of
the gut microbiota biofilm phenotype in-
tegrity, and its regulatory processes, has
become a focal point of research. The biofilm
mode of growth is influenced by a variety of
environmental and host factors, including
proteases, fatty acids, oxygen, nutrients, or
iron (Motta et al, 202la). Recent ob-
servations also demonstrated that enter-
opathogens were hitherto unrecognized
determinants of the microbiota biofilm
phenotype. Indeed, using models of Campy-
lobacter jejuni and Giardia sp. infections,
findings have first demonstrated that enteric
infections may activate latent virulence
genes in otherwise commensal microbiota,
and fragment the biofilm structure (Buret
et al, 2019). C. jejuni or Giardia infection
promotes bacterial translocation, an event
that is associated with elevated expression of
fimbrial and flagellar genes (Kalischuk et al.,
2009; Gerbaba et al., 2015). Atomic force
microscopy revealed that these “activated”
bacteria are indeed able to stick to the epi-
thelial surface with increased force of ad-
herence, and that these events worsened
colitis (Reti et al., 2015; O’Hara et al., 2012).
Further research then showed that Giardia
induces similar changes in human micro-
biota, which in turn causes inflammation in
germ-free mice, and lethality in Caeno-
rhabditis elegans (Beatty et al., 2017; Gerbaba
et al,, 2015). The observation that a Proto-
zoan parasite may alter the behavior of
microbiota bacteria points to novel trans-
kingdom communications that warrant fur-
ther research. The invasion of pathobionts
during the acute phase of giardiasis was
found to be directly responsible for gastro-
intestinal hypersensitivity, consistent with
the common reports of post-infectious irri-
table bowel syndrome following enteric in-
fections (Halliez et al., 2016). Recent findings
uncovered a key role for epithelial thrombin
in keeping microbiota biofilms at bay, at
least in part by proteolytically cleaving
components of the biofilm matrix, thus
emphasizing the host’s role in regulating
gut biofilm structures (Motta et al., 2019).
The findings also demonstrated how the
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presence of commensal microbiota directly
regulated mucosal thrombin, and that such
epithelia-biofilm interactions also occurred
in the skin, the lungs, and the bladder (Motta
etal., 2019). Recent evidence also implicated
elevated thrombin levels in necrotizing en-
terocolitis (NEC) and Crohn’s disease, where
the protease was a direct cause of inflam-
mation and tissue damage (Namachivayam
et al, 2020; Motta et al, 2021b). While
studies in NEC demonstrated that increased
production of tissue factor by macrophages
was a key trigger for elevated thrombin
(Namachivayam et al., 2020), the regulatory
pathways of epithelial thrombin, and their
consequence on health and disease, remain
obscure. Regardless, these observations
reveal the undeniable significance of gut
microbiota biofilms in health, and that
disruptions of this phenotype cause dis-
ease pathogenesis at a variety of mucosal
surfaces.

Therapeutic opportunities

Despite the great complexity that comes
with characterizing gut microbiota biofilms
in situ, attempts at developing novel thera-
pies for diseases which result from micro-
biota dysbiosis should assess phenotypic
biofilm damage, beyond the common char-
acterization of relative bacterial abondance.
Recent research in models of inflammatory
bowel disease found that the formation of
pathobionts required free environmental
iron; and indeed, an experimental hydrogen
sulfide-releasing drug with potent anti-
colitis effects was further bolstered if the
compound had iron-chelating properties
that inhibited pathobiont formation (Motta
et al., 2018). Imbalances in iron homeostasis
are also implicated in biofilm-induced res-
piratory diseases, such as chronic obstruc-
tive pulmonary disease, cystic fibrosis, and
lung cancer (Thomsen et al., 2022; Neves
et al., 2019). In view of the mitigating ben-
efits of hydrogen sulfide in mucosal iron
imbalances, the findings have led to a
heightened interest in the investigation of
the toxicity versus therapeutic benefits of
exogenous hydrogen sulfide (Buret et al.,
2022). Hydrogen sulfide confers a broad
range of health properties, in addition to the
recently discovered stabilizing properties on
the mucosal microbiome. Hydrogen sulfide
is known to inhibit platelet aggregation, to
promote vasodilation, and to open ATP-
sensitive ion channels, all of which casting

a promising therapeutic light in the context
of cardiovascular disorders (Streeter et al.,
2013; Wallace and Wang, 2015). The effects
may also contribute to the benefits of hy-
drogen sulfide in inflammatory bowel dis-
eases, where it was found to stabilize the
mucus lining, to have anti-inflammatory
properties, to generate cytoprotective ef-
fects, and to promote the resolution of tissue
injury at least in part by activating sulfur-
containing amino acid metabolism, inhibiting
oxidative stress, and stimulating angiogenesis
(Buret et al., 2019; Motta et al., 2018; Wallace
et al, 2018). Indeed, hydrogen sulfide is a
known free radical scavenger, neutralizing
reactive oxygen species and enhancing the
potency of endogenous antioxidant molecules
(Buret et al, 2022; Streeter et al, 2013;
Wallace and Wang, 2015). Stabilization of the
gut mucus lining and protection of the gut
microbiome via an iron-chelating effect
therefore add to the long list of health bene-
fits generated by exogenous administration
hydrogen sulfide. Together, observations
made to date emphasize the importance of
environmental factors in defining features of
the gut microbiota.

Inheritance versus environmental
pressures in human gut

microbiota communities

Comparative research in wild apes and hu-
mans from Africa and the northern hemi-
sphere has shed light on our understanding
of environmental influences on gut micro-
biota composition. The findings established
that the major gut microbiota families have
evolved from a common ancestor for more
than 15 million yr (Moeller et al., 2016). The
significant Phyla shifts we observe today in
people of the industrialized world versus
those in low-income countries may have
arisen due to various factors, including ad-
aptation to diverse diets, incidence of en-
teric infections and diseases, and general
habitat features. Overall, environmental
factors seem to trump genetics in defining
microbiota constituents. Regardless of the
differences in microbiota composition, the
propensity of microbiota to grow as a bio-
film appears to be conserved. Indeed, bac-
terial communities in the honeybee’s ileum
are characterized with genes associated
with the formation of adherent biofilms;
these genes encode for Type IV pili, adhe-
sins, flagella, motility, intracellular traf-
ficking, and biofilm-associated proteins
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Gut microbiota biofilm disruption and pathogenesis: a role for pathobionts. (A) Enteric infections (e.g., Giardia sp., C. jejuni) and intestinal diseases (inflammatory
bowel disease [IBD], colorectal cancer, etc.) are associated with a disruption of intestinal microbiota biofilms, which may ultimately lead to the generation and
release of pathogenic planktonic bacteria. These pathobionts show (1) elevated expression of fimbrial and flagellar genes, (2) increased adherence to epithelial
surfaces, and (3) increased trans- and paracellular translocation, causing gastrointestinal hypersensitivity and post-infectious disorders. Pathobionts dispersed
from the biofilms adhere to and invade the epithelium, (4) are lethal in models of C. elegans nematodes, (5) induce inflammation, and (6) cause visceral
hypersensitivity in rodent models of gastrointestinal infections. (B) Serine proteases such as epithelial thrombin constrain biofilms away from the epithelium by
cleaving elements of the biofilm matrix (7). This spatial segregation no longer exists when thrombin expression is altered as observed in IBD, allowing adhesion
of biofilm fragments onto mucosal surfaces (8). (C) The findings pave the way towards strategies targeting pathobiont formation for the treatment of gas-
trointestinal diseases associated with microbiota dysbiosis. (9) Hydrogen sulfide-releasing drugs functioning as iron chelators by reducing free mucosal iron
levels may inhibit the formation of pathobionts and reduce their virulence.

(Engel et al., 2012). The presence of these
genes carries the potential that the honey-
bee too may alter its gut biofilm phenotype
in response to environmental triggers, and,
in this way, perhaps cause disease via the
production of invasive pathobionts from
previously commensal gut microbiota. The
conserved aspects of at least some of the key
microbiome biofilm properties is at least in
part what allows researchers to use a variety
of animal models systems for this field of
research, including rodents, non-human
primates, or pigs, but also non-mammalian
species such as C. elegans, Drosophila mela-
nogaster, and zebrafish (Leulier et al., 2017).

While microbiota will directly modulate
host factors, a variety of host factors are also
able to affect the gut microbiome, including
proteases, fatty acids, oxygen, nutrients, or
iron (Motta et al., 2021a; de Vos et al., 2022).
The gut microbiota activates the expression
and production of inflammasome proteins
that modulate health and disease in the gut
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(de Vos et al, 2022). Conversely, recent
evidence also indicates that inflammasomes
contribute to shaping the biogeography, di-
versity, and functions of the gut microbiome
to regulate gut function, metabolism, as well
as gut-brain homeostasis (Manko-Prykhoda
et al., 2020; Privitera et al.,, 2022; Man,
2018). Since birth, the complex interactive
co-development between the host and the
microbiome will help establish functional
homeostasis, while disruptions of this pro-
cess will predispose to possibly life-long
inflammatory and metabolic diseases.
Physical exercise, age, medication, stress,
hygiene, gender, diet, smoking, environ-
ment, enteric infections, geographical loca-
tion, and birth and lactation methods are
known regulators of microbiome structure
and function (Pirr and Viemann, 2020;
Lkhagva et al., 2021; Olm et al., 2022; Cani
et al,, 2021). As such, the development of
these complex interactions are cornerstones
of the maintenance of human health.

In view of the critical role played by the
gut microbiota biofilm phenotype in health,
more research is warranted on a number of
fronts. Clearly, the iron- and thrombin-
dependent regulatory mechanisms that
maintain biofilm integrity must be further
explored. Also, little is known about the ef-
fects for healthy gut microbiota constituents
to transit through upper and lower mucus
layers, as well as through strata with dif-
ferent oxygen tension. Similarly, more re-
search is needed to characterize host
immune responses and associated inflam-
matory consequences when triggered by
homeostatic commensals versus patho-
bionts. Finally, metatranscriptomic, meta-
genomic, and metabolomic analyses, as well
as research on sex-dependent microbiota
regulations, will help guide our efforts to-
wards targeted therapies. In view of the
dominating effect of environmental factors
over genetics in determining gut microbiota
composition, and the relatively conserved
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biofilm phenotype in health, it is possible
that similar therapeutics attempts aiming at
preserving a homeostatic microbiota phe-
notype may be applied across various ge-
netic backgrounds.

Conclusion

In homeostatic conditions, microbiota bio-
films are the dominant phenotype of the
human gut microbiota, and the relative a-
bundance of their constituents is driven
more by environmental than host genetic
factors. In the gut, the mere presence of gut
microbiota biofilms does not represent a
detrimental force as it does in the broad
range of medical and industrial conditions
listed in the introduction. Rather, it is the
disruption of this mucosal biofilm phenotype
and its abnormal adherence to the epithelial
surface that may cause pathophysiology. Diet,
habitat, enteric infections, and disease for
example may all alter the integrity of these
biofilms, and/or promote the release of
pathobionts. Causal studies of great clinical
relevance are emerging and reveal several
commonalities in the mechanisms initiated
by enteropathogenic infections, inflamma-
tory bowel disease, and colorectal cancer.
Clearly, the early view of “good” versus “bad”
bacteria is a vast oversimplification of the
complexities that dictate host-microbiota in-
teractions. The field of microbiome research
needs to take into account the significant
pathogenic potential of commensal microbes
that, under environmental pressures, have
escaped the microbiota biofilm and become
invasive planktonic organisms. Despite the
many challenges associated with character-
izing the gut biofilm phenotype, these new
observations may offer opportunities for a
paradigm shift in our understanding of what
a healthy biofilm is, and better educate our
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attempts at restoring a healthy microbiome
for therapeutic purposes.
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