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Abstract

Antimicrobial resistance (AMR) is widely recognized as a One Health (OH) challenge requiring coordinated action across the human, veterinary, and
environmental sectors. However, current frameworks primarily focus on antimicrobial use, transmission pathways, and resistant organisms, while
largely overlooking the ecological source from which resistance develops. Biofilms, the predominant lifestyle of many clinically relevant
microorganisms, represent such a source. Their extracellular matrix and phenotypic heterogeneity contribute to antimicrobial tolerance, while their
spatial arrangement facilitates horizontal gene transfer, making biofilms reservoirs for AMR evolution. Biofilm-associated infections are common in
both human and veterinary medicine, including surgical site infections (SSIs), chronic wounds, periodontal disease, and device-related infections.
Despite similarities in causative pathogens, infection biology, antimicrobial exposure, and clinical management, these infections are largely
investigated independently. Opportunities to identify shared biological mechanisms and develop cross-sector preventive, diagnostic, and therapeutic
strategies remain unexplored. This opinion article proposes to implement the OH biofilm framework, recognizing biofilms as shared ecological and
evolutionary entities across human and veterinary medicine. SSIs and periodontitis are used as illustrative examples to demonstrate the similarities
between the two sectors. Integrating biofilm biology into OH surveillance, research, prevention, diagnostics, and antimicrobial stewardship may
provide a more mechanistic and effective framework for combating AMR.
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Introduction

Antimicrobial resistance (AMR) is widely recognized as
one of the most prominent global health threats, requiring
coordinated action across the human, animal, and
environmental sectors under the umbrella of the One
Health (OH) framework. Over the past decade, the OH
framework has highlighted the relationship between these
different sectors, with respect to antimicrobial use and
AMR development. This has helped to significantly
improve awareness of the interconnectedness of
antimicrobial use in clinical medicine, veterinary practice,
and agriculture. However, despite this substantial
progress and changing of perspectives, current OH
strategies to combat the spread of AMR remain too
narrowly focused, centering on antimicrobial prescription
and use patterns, isolation and characterization of
resistant pathogens, and transmission routes within and
between defined sectors [1, 2]. While this conceptual
thinking has proven valuable, it implies that resistance is
primarily an attributable property of individual microbial
strains moving between hosts and sectors, thereby
neglecting a fundamental biological reality of infections.
Specifically, the fact that most clinically relevant
microorganisms do not cause infections in a state of single
planktonic cells, but rather in the form of aggregates or
biofilms [3]. These aggregates represent highly organized
and structured microbial ecosystems (Figure 1). They are
surrounded by an extracellular matrix layer, which confers
protection against host immune responses, antimicrobial
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therapy, and disinfectants [4, 5]. In addition, profound
changes in gene and protein expression, among others,
occurring within the biofilm aggregate community further
promote physiological adaptations that enhance
antimicrobial tolerance and facilitate the emergence of
resistance towards antimicrobial treatment [6, 7].

In both human and veterinary medicine, biofilm-
associated infections are not the exception, but rather the
prominent form of chronic and recurrent infections [8].
Common examples in humans as well as animals include
catheter-associated urinary tract infections, orthopedic
infections with or without implant involvement, mastitis,
periodontal disease, and chronic wound infections.
Despite their prevalence, biofilms are frequently regarded
as a complication rather than a potential reservoir for the
development of AMR, or at least tolerance towards
antimicrobials [9, 10]. This concept has recently been
developed within the OH framework and termed One
Biofilm by Jacques and Malouin [11]. In contrast to
conventional OH approaches, which primarily emphasize
resistant microorganisms and their transmission, the one
biofilm concept proposes that biofilm formation might be
a conserved feature of microorganisms and also pose the
unique trait linking AMR development across all the OH
sectors. Indeed, biofilm formation enables long-term
survival of microorganisms under sustained antimicrobial
or disinfectant pressure. Furthermore, the biofilm
environment favors the emergence of tolerant or
persistent phenotypes, which are less susceptible to
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antimicrobials but may also not be detected by standard
culture-based surveillance approaches as easily as
planktonic bacteria [12]. This might lead to an

underestimation of the true epidemiological significance
of biofilm formation in the context of AMR and persistent,
as well as recurrent infections.
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Figure 1: Conceptual model depicting polymicrobial biofilm aggregate formation as a protective strategy of bacteria against
antimicrobials, host immune response, and disinfectants. Protection is governed by direct physical properties of the biofilm matrix
itself, but also by diverse phenotypic heterogeneity which arises within the biofilm, such as the emergence of tolerant (persistent) and

resistant bacteria.

Although the similarities between human and
veterinary biofilm-associated infections are increasingly
evident, these conditions are rarely investigated in a
comparative manner to identify shared biological
mechanisms, or regarded as equivalent models for the
development of preventive and therapeutic strategies.
Both sectors rely on similar technologies, such as
indwelling medical devices, orthopedic or dental implants,
intensive care interventions, and invasive diagnostic
procedures. All of which can create an ideal environment
for biofilm formation and AMR development. The OH
framework has led to the successful integration of
antimicrobial stewardship in humans and animals as well
as zoonotic disease surveillance across sectors. However,
the notion that biofilm formation is a common trait across
the human and veterinary sectors and that it might be
among the main drivers of AMR development has mostly
been neglected. Hence, the OH framework and the goal of

curbing AMR development would benefit greatly from
interdisciplinary collaborations and initiatives that bring
human and veterinary medicine closer together. Closer
integration of human and veterinary biofilm research
therefore offers a unique opportunity to identify shared
mechanisms of biofilm formation, persistence, and
resistance  development. = Such interdisciplinary
collaboration could generate broadly applicable
preventive, diagnostic, and therapeutic strategies and
provide a critical missing component in current OH
approaches to combating AMR.

Surgical site infections associated with implants

Across both human and veterinary medicine, the most
clinically significant biofilm-associated infections are
closely linked to the increasing use of indwelling medical
devices and implanted materials. In human healthcare,
well-recognized examples include catheter-associated
urinary tract infections [13], central line-associated
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bloodstream infections [14], ventilator-associated
pneumonia [15], and surgical site infections (SSIs)
associated with prosthetic joints (peri-prosthetic joint
infection [16]), fixation devices for fractures (fracture
fixation-related infection [17]), cardiovascular (e.g.,
pacemaker endocarditis [18] or vascular graft infections
[19]), and dental implants (peri-implantitis [20]). These
infections are difficult to treat due to biofilm formation in
the vicinity of foreign body material, often necessitating
surgical intervention for successful disease management.
Importantly, similar clinical scenarios are increasingly
encountered in veterinary medicine, particularly in
companion animals, such as dogs and cats, and in horses
[21, 22]. These animals are more frequently undergoing
procedures involving fracture fixation with plates and
screws, orthopedic joint replacement implants [23],
urinary catheters [24], central venous catheters [25], and
intensive care support [26]. All of these are scenarios that
can provide favorable conditions for infections associated
with biofilm formation [27]. Importantly, in both human
and veterinary medicine, it is postulated that the vast
majority of SSIs are caused by bacteria colonizing the
patient's skin or mucosal surfaces, or from the surgical
team [27, 28, 29]. Furthermore, these infections in
animals share remarkable similarities in both their clinical
presentation and microbial etiology. While the Gram-
positive, non-motile, coccoid bacterium Staphylococcus
aureus (S. aureus) is a leading cause of SSIs in humans,
the closely related Staphylococcus pseudintermedius (S.
pseudintermedius) is the primary cause of SSIs in
companion animals, especially dogs and cats [30, 31, 32].
Both can colonize their respective host and active
colonization status is a risk factor for infection. Of note,
while cases documenting infections of S.
pseudintermedius in humans exist (although they are
rare), S. aureus infections in companion animals are
reported more frequently [33]. These observations
underscore the importance of bidirectional transmission
between humans and companion animals, but instead of
the usual, expected direction from animals to humans, it
matters in the opposite direction, from humans to
animals, as well.

Beyond the similar patterns underlying colonization,
the two pathogens also share common traits in terms of
biofilm formation (Figure 2). Surface-associated adhesins,
including fibronectin-binding proteins (FnBPA and
FnBPB), clumping factors (CIfA and CIfB), and the
collagen adhesin (Cna), facilitate initial attachment and
biofilm formation in S. aureus [34, 35], while homologous
surface proteins such as the staphylococcal proteins SpsD,
SpsL, and SpSO mediate adhesion in S. pseudintermedius
[36, 37, 38]. Regarding biofilm matrix formation, both
organisms produce extracellular matrix components,
including the polysaccharide intercellular adhesin (PIA),
synthesized by the icaADBC operon; extracellular DNA

(eDNA); and surface-associated proteins such as Bap and
SasG or their homologues, which facilitate intercellular
adhesion and biofilm matrix stability [39, 40, 41]. Both
pathobionts also produce coagulase (Coa), which
promotes fibrin deposition within the biofilm matrix [42,
43].

Additional virulence factors are also highly conserved
between the two species, such as a-hemolysin (Hla) and 3-
hemolysin (HIb) [44, 45, 46]. Regarding bicomponent
leukocidins, S. aureus is well known to produce a wide
array of them (PVL, LukAB, LukED, HIgAB, HIgCB,
LukMPF’, LukPQ) [47], while for S. pseudintermedius, a
PVL homologue, termed Luk-I (consisting of LukS-I and
LukF-I), has been described [38, 39], which similarly
targets host leukocytes. Both organisms also produce
extracellular proteases and lipases that facilitate tissue
invasion, nutrient acquisition, and biofilm remodeling.
Immune evasion is further mediated by protein A (SpA) in
S. aureus and the protein A homologue SpsQ in S.
pseudintermedius [48]. The emergence of methicillin-
resistant lineages, namely methicillin-resistant S. aureus
and methicillin-resistant S. pseudintermedius, largely
associated with acquisition of the mecA gene, delivers
further evidence for shared evolutionary traits between
human and veterinary medicine [49, 50].

Periodontal infections

Periodontitis is among the most prevalent types of
infections in both human and veterinary medicine [51,
52]. Its development is consistently associated with the
establishment of complex, multispecies biofilms that
cause inflammation of the gingiva and the underlying jaw
bone, irrespective of the host species [53]. In humans,
periodontitis is associated with a dysbiotic shift in the oral
microbiome that favors anaerobic and proteolytic bacteria
capable of inducing inflammation and tissue destruction
[54]. Species such as Porphyromonas gingivalis (P.
gingivalis), Tannerella forsythia, Treponema denticola,
Fusobacterium nucleatum, Prevotella intermedia, and
Aggregatibacter actinomycetemcomitans have long been
recognized as major contributors to periodontal
inflammation [55]. The formation of polymicrobial
biofilms with complex microbial networks promotes
persistence, immune evasion, and progressive destruction
of periodontal tissues.

Periodontitis in companion animals is characterized by
the accumulation of structured biofilms containing
predominantly anaerobic bacterial populations [52].
Especially in dogs, it is highly prevalent and affects up to
80% of dogs over three years of age [56]. Several bacterial
taxa commonly associated with veterinary periodontal
disease belong to the same genera that are implicated in
human periodontitis, including Porphyromonas spp.,
Bacteroides spp., Prevotella spp., Actinomyces spp., and
Tannerella spp. [57]. Among these organisms,
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Porphyromonas gulae (P. gulae) has received
considerable attention because of its high prevalence and
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Figure 2: Comparison of virulence traits and mechanisms of S. aureus and S. pseudintermedius, involved in human and veterinary
SSIs, respectively. Note: No direct evidence for the presence and functionality of all the listed proteins in S. pseudintermedius exists.

Instead, some of them are inferred from gene presence analysis.

A shared virulence trait of the Gram-negative, non-
motile, anaerobic bacteria is the expression of fimbrial
structures that mediate adhesion to host tissues,
extracellular ~matrix proteins, and neighboring
microorganisms (Figure 3). In P. gingivalis, the major
fimbria is FimA, encoded by the fim gene -cluster,
consisting of fimA, fimB, fimC, fimD, and fimE, and the
minor fimbria is Mfal, encoded by the mfa cluster,
consisting of mfal, mfa2, mfa3, mfa4, and mfa5 [59]. In
P. gulae, homologous fimbrial genes, especially various
fimA genotypes (type A, type B and type C), have been
described as well as homologues of the mfa operon (mfal
and mfa2) [60, 61, 62], suggesting similar mechanisms of
adhesion and biofilm development between the human
and veterinary isolates. In addition, both produce
gingipains, a family of cysteine proteases. In P. gingivalis,
the arginine-specific proteases RgpA and RgpB and the
lysine-specific protease Kgp are major virulence factors
involved in the degradation of host proteins, acquisition of
nutrients, tissue invasion, and modulation of immune
responses [63]. Proteolytic activity resembling the

gingipain system of P. gingivalis, including Kgp-like and
Rgp-like enzymes, has been described in P. gulae,
although these virulence determinants remain less
extensively characterized [64, 65].

The persistence of infection and inflammation in both
P. gingivalis and P. gulae is further supported by biofilm
formation and the production of extracellular biofilm
matrix components. In P. gingivalis, biofilm architecture
is stabilized by proteins, eDNA, polysaccharides, lipids,
and outer membrane vesicles (OMVs) [66]. OMVs
represent particularly important virulence factors. In P.
gingivalis, OMVs contain numerous bioactive molecules,
including gingipains, lipopolysaccharides (LPS), adhesins,
and hemin-binding proteins, which facilitate nutrient
acquisition, tissue invasion, and modulation of host
immune responses [67]. Although considerably less
studied than P. gingivalis, available evidence suggests that
P. gulae produces extracellular matrix components,
including eDNA, proteins, and OMV-like structures, that
contribute to biofilm development and persistence [68].
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Figure 3: Comparison of virulence traits and mechanisms of P. gingivalis and P. gulae, involved in human and veterinary
periodontitis, respectively. Note: Evidence for P. gulae stems from various sources, such as genomic, proteomic, experimental

(functional), and biochemical analyses.

Both species possess additional strategies to evade or
manipulate host immunity. The atypical LPS of P.
gingivalis differentially activates Toll-like receptors
(TLRs), particularly TLR2 and TLR4, leading to altered
inflammatory signaling [69, 70, 71]. In addition,
gingipains degrade complement components such as C3
and C5, impair neutrophil function, and dysregulate
cytokine production [72]. Regarding P. gulae, surface-
associated LPS may likewise influence innate immune
signaling by modulating cytokine responses. Experimental
studies in canine periodontal disease models have
reported increased expression of pro-inflammatory
mediators, including interleukin-1, interleukin-6, and
tumor necrosis factor-a, in association with P. gulae
colonization and biofilm formation [73, 74, 75]. Although
less extensively described than in P. gingivalis, these
findings highlight additional shared characteristics
between the two Gram-negative bacteria across human
and veterinary medicine.

Biofilms as reservoirs for AMR development

Biofilms employ multiple complementary mechanisms
that collectively reduce the efficacy of antimicrobial
agents. The extracellular polymeric matrix acts as both a
physical and chemical barrier that impedes antibiotic

penetration [76]. Within the biofilm architecture,
gradients of oxygen, nutrients, and waste products
generate physiologically distinct subpopulations of
bacteria, many of which adopt slow-growing or
metabolically altered states [77]. Because most antibiotics
target actively dividing cells, this reduced metabolic
activity significantly enhances tolerance. In addition,
biofilm-associated bacteria frequently upregulate stress
response pathways, including the upregulation of drug
efflux pumps, which further enhance survival under
antimicrobial pressure [78]. Collectively, these features
result in a phenotype of antimicrobial tolerance rather
than classical resistance, enabling bacterial communities
to withstand treatment without necessarily acquiring
specific  resistance-conferring mutations, thereby
promoting persistent infection, clinical relapse, and
chronic colonization. Importantly, prolonged survival
under antimicrobial pressure favors the emergence of
genetic AMR through spontaneous mutation [79]. Once
AMR has emerged, horizontal gene transfer promotes its
dissemination throughout the biofilm community [80].
The close spatial proximity of microbial cells within the
biofilm, combined with the accumulation of eDNA and
OMVs, facilitates the transfer of plasmids, integrons,
transposons, and other mobile genetic elements [81].
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Importantly, biofilm-associated AMR evolution is not
restricted to single-species communities but also occurs
within  polymicrobial biofilms, where resistance
determinants can be exchanged between commensal and
pathogenic bacteria, thereby contributing to the expansion
of the microbial resistome [82].

Discussion: towards implementation of the One
Biofilm framework

Despite growing recognition of AMR as an OH priority,
current frameworks conceptualize AMR through the
transmission of pathogens, resistance genes, and
antimicrobial compounds across the human, animal, and
environmental sectors. While valuable, this perspective
remains incomplete because it underrepresents an
ecological and structural foundation from which AMR
emerges, evolves, and persists: biofilms. Biofilms are not
mere consequences of infection dynamics but represent
the predominant lifestyle of many clinically relevant
microorganisms and a central mechanism underlying
persistence, tolerance, and horizontal gene transfer, all of
which contribute to AMR development. This necessitates
a conceptual shift toward implementing the One Biofilm
framework [11]. In the One Biofilm framework, AMR is
reframed not solely as the spread of resistant organisms,
but as an emergent property of interconnected biofilm
ecosystems spanning human and veterinary healthcare
systems. Within this framework, hospitals, veterinary
clinics, and associated infrastructures are functionally
analogous nodes within a broader network of biofilm
habitats shaped by shared selective pressures, including
antimicrobial exposure, disinfectant use, invasive medical
devices, surgical interventions, and immunocompromised
hosts. Similar biofilm-driven ecological and evolutionary
processes operate across both sectors, supporting a “study
one for two” principle, where insights from one system are
likely transferable to the other. Across both human and
veterinary medicine, biofilms underlie many of the most
clinically significant infections, including SSIs, chronic
wounds, and periodontal disease. While the biofilm matrix
acts as a physical and chemical barrier, biofilm formation
further promotes drug tolerance and resistance
development through close spatial organization, enhanced
horizontal gene transfer, and prolonged microbial
persistence, which can result in persistent and recurring
infections linked to AMR.

A key limitation of current OH AMR strategies is that
surveillance primarily targets planktonic isolates, thereby
underestimating the contribution of biofilm-associated
bacteria, which often display distinct phenotypic tolerance
and genotypic resistance profiles. This extended
framework therefore advocates incorporating biofilm-
focused sampling from high-risk reservoirs such as
indwelling medical devices, surgical sites, chronic
wounds, and oral biofilms, in both human and veterinary

settings. This would provide a more accurate
representation of the resistome circulating within
healthcare ecosystems and its potential connection to
biofilm formation. Effective implementation also requires
harmonized, cross-sectoral biofilm research.
Standardized methodologies for assessing biofilm
formation, antimicrobial tolerance and AMR development
are needed to enable meaningful comparisons between
human and veterinary studies. This also facilitates
identification of shared mechanisms of persistence and
AMR evolution. Such harmonization would strengthen the
evidence base for interventions and support translational
applications across host and bacterial species.

A coordinated OH response must also extend beyond
the conventional antimicrobial stewardship program to
include targeted anti-biofilm strategies. These can include
surface modification of medical devices, quorum sensing
interference, enzymatic matrix degradation,
bacteriophage therapy, and localized antimicrobial
delivery systems. In addition, prevention strategies aimed
at reducing the colonizing pathobiont reservoir, either in
patients themselves or the hospital staff, should also be
prioritized. The same applies to novel diagnostic
approaches aimed at identifying biofilm-associated
infections more accurately. Crucially, healthcare
environments themselves, such as water and ventilation
systems [83, 84], should be recognized as active
ecosystems harboring biofilms with the potential to spread
AMR within the clinical setting. This could shift infection
control from solely interrupting transmission to actively
modifying ecological conditions that support biofilm
establishment and persistence.

Importantly, the herein presented viewpoint is merely
intended to provide a conceptual perspective rather than a
review or quantitative synthesis of the available evidence.
The two chosen examples, SSIs and periodontitis, were
selected to illustrate the similarities between human and
veterinary biofilm-associated infections and should not be
interpreted as encompassing the full diversity of biofilm-
associated infections across sectors. Although the
representative pathogens S. aureus, S. pseudintermedius,
P. gingivalis, and P. gulae share conserved virulence
mechanisms and traits, including biofilm formation and
similarities in the composition of the biofilm matrix,
species-specific differences undoubtedly exist and should
not be neglected.

In conclusion, integrating biofilm biology into OH
thinking through the One Biofilm framework might
provide an additional perspective to more fully address the
global challenge posed by AMR. Without recognizing
biofilms as central ecological and evolutionary entities,
current strategies risk targeting only the visible fraction of
resistance while leaving intact the underlying systems that
sustain it, hidden in plain sight. The One Biofilm
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framework, applied to the human and veterinary medical
sectors, therefore provides a first step toward the
necessary expansion of the AMR paradigm, offering a
unified, mechanism-based approach to understanding
and mitigating AMR across human and veterinary
medicine. The proposed extension of the One Biofilm
framework is not intended to imply that biofilm-
associated infections are identical across sectors, but
rather that they are comparable to justify integrated
investigation. Future studies should systematically
evaluate the extent to which biofilm biology, antimicrobial
tolerance, and resistance evolution are conserved across
human and veterinary settings, and determine whether
biofilm-targeted prevention, diagnostic, and therapeutic
strategies can be translated between sectors.
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