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Abstract

Environmental biofilms are persistent structural components of livestock production sys-
tems and represent under-recognized drivers of pathogen persistence and antimicrobial
resistance (AMR). This review examines the engineering, ecological, and operational factors
that promote biofilm formation in dairy, poultry, and swine environments, with empha-
sis on drinking water distribution systems, feeding infrastructure, housing surfaces, and
waste channels. Biofilms develop preferentially in low-shear zones, dead ends, and aging
materials, where they enhance microbial tolerance to sanitation and facilitate horizontal
gene transfer. Conventional monitoring approaches, largely based on planktonic sampling
and single-time-point testing, underestimate attached biomass and fail to capture spatial
heterogeneity. Although molecular and sensor-based technologies provide improved reso-
lution, their farm-level implementation remains limited by cost, standardization challenges,
and the absence of validated operational thresholds. Current EU surveillance frameworks
focus primarily on antimicrobial use and resistance prevalence in animal isolates, while
environmental compartments are rarely incorporated as monitored system elements. This
review proposes a proportionate, risk-based approach that integrates existing farm data
streams such as antimicrobial use metrics and biosecurity scoring systems with targeted
environmental assessment of high-risk infrastructure. Mitigation strategies emphasize
mechanical disruption, combined chemical sanitation, hydraulic optimization, material
selection, and infrastructure lifecycle management. Embedding environmental biofilm
control within existing engineering and stewardship frameworks supports more resilient,
systems-based management of infectious and AMR risks in livestock production.

Keywords: environmental biofilms; livestock production; antimicrobial resistance;
biosecurity; drinking water systems; sanitation engineering; risk-based framework

1. Introduction

Environmental biofilms are surface-attached microbial communities embedded in
a self-produced extracellular polymeric substance (EPS) matrix composed primarily of
polysaccharides, proteins, lipids, and extracellular DNA. This matrix confers structural
integrity and functional heterogeneity, enabling microorganisms to persist under fluctuating
physicochemical conditions and repeated stress exposure [1-4].

The three-dimensional EPS “matrixome” anchors cells to abiotic surfaces and regulates
diffusion, cell-cell signaling, and local microenvironments, thereby enhancing tolerance
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to disinfectants, antimicrobials, and environmental stressors [3-5]. As a result, biofilm-
associated cells frequently exhibit markedly greater survival capacity than their planktonic
counterparts, even in systems subject to routine sanitation.

Biofilms represent the dominant microbial lifestyle in most natural and engineered
moist environments, where they are highly adapted to oligotrophic conditions, variable
hydrodynamics, and repeated disturbance [1,6]. In applied settings such as food produc-
tion, healthcare, and agriculture, surface properties, nutrient availability, organic loading,
temperature, and biofilm age jointly promote adhesion and maturation on abiotic materials,
while progressively reducing susceptibility to cleaning and disinfection [4,7-9]. Continuous
moisture availability, repeated organic inputs, complex infrastructure, and sustained mi-
crobial introduction create interconnected niches that favor long-term biofilm persistence.
Routine sanitation rarely eliminates established biofilms, allowing these communities to
shape the long-term microbial ecology of production environments [10-13].

The persistence of these biofilms has important implications for animal health, an-
timicrobial resistance, internal biosecurity, and food safety [9,10,14-17]. Understanding
how biofilms establish, persist, and interact with management practices is therefore essen-
tial for interpreting disease recurrence, antimicrobial use patterns, and the limitations of
conventional control strategies in livestock systems.

This review synthesizes current evidence on environmental biofilms in livestock
production systems, with a focus on: (i) the ecological and structural features that promote
biofilm persistence, (ii) key biofilm-forming microorganisms relevant to animal health and
hygiene, (iii) the role of biofilms in the maintenance and dissemination of antimicrobial
resistance, and (iv) the consequences for biosecurity, productivity, and welfare. Particular
attention is given to detection challenges and to realistic EU-aligned frameworks for risk
assessment and mitigation that acknowledge biofilms as inherent components of livestock
production environments.

This narrative review synthesizes foundational and recent literature on environmental
biofilms in livestock production systems, with particular emphasis on dairy, poultry, and
swine environments. Relevant studies were identified through targeted searches conducted
in PubMed, Web of Science, Scopus, ScienceDirect, and Google Scholar using combinations
of keywords and controlled vocabulary related to environmental biofilms, livestock produc-
tion, antimicrobial resistance, sanitation, water systems, and farm biosecurity. Search terms

7o

included combinations of “biofilm”, “environmental biofilm”, “livestock”, “dairy”, “poul-

try”, “swine”, “pig”, “cattle”, “drinking water system”, “waterline”, “milking equipment”,
7oA i s

“feeding system”, “housing surface”, “drain”, “wastewater”, “manure”, “antimicrobial

a7

resistance”, “antimicrobial resistance genes”, “AMR”, “ARG”, “disinfection”, “sanitation”,
“cleaning-in-place”, “biosecurity”, and “One Health”.

Studies were considered eligible when they addressed biofilm formation, persistence,
microbial composition, sanitation tolerance, antimicrobial resistance, pathogen survival,
environmental monitoring, or mitigation in livestock, food-production, water-distribution,
or closely related farm and processing environments. Priority was given to studies ad-
dressing environmental persistence, infrastructure-associated biofilms, livestock-relevant
microorganisms, and practical implications for monitoring, stewardship, and risk mitiga-
tion. Studies were excluded when they focused exclusively on unrelated clinical biofilms,
human medical devices, marine systems, plant biofilms, or laboratory models without
clear relevance to livestock production or environmental biofilm management. Additional
references were identified through backward and forward citation tracking of key papers.

https:/ /doi.org/10.3390/1ife16060888
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2. Livestock Production Systems as Ideal Niches for Biofilm Persistence
2.1. Multispecies Biofilms and Ecological Stability

Livestock production systems provide a combination of physical, biological, and
operational conditions that strongly favor the establishment and long-term persistence
of surface-associated biofilms. Unlike clinical or laboratory settings, these systems are
characterized by continuous or recurrent moisture, repeated organic loading, complex in-
frastructure, and sustained microbial introduction from animals, feed, water, and personnel.
Together, these features create stable surface—environment interfaces that support microbial
attachment and EPS—mediated persistence across production cycles [12,18,19].

Biofilm development in livestock environments is therefore not episodic but systemic,
emerging across interconnected compartments such as drinking water distribution systems,
feeding equipment, housing structures, drainage channels, and production-specific installa-
tions. These niches differ in material composition, hydrodynamics, nutrient availability,
and accessibility for cleaning, yet collectively form a network of reservoirs that sustain
microbial populations, despite routine sanitation [20,21].

A defining feature of environmental biofilms in livestock systems is their multispecies
organization. Rather than being dominated by single pathogens, these biofilms typically
consist of diverse consortia of environmental and commensal microorganisms that estab-
lish the structural and functional foundation of the community. This diversity enhances
matrix production, metabolic cooperation, and resilience to environmental fluctuations,
contributing to long-term ecological stability under repeated disturbance [22-24].

Within these multispecies matrices, pathogenic bacteria, such as Salmonella spp. or
Shiga toxin—producing Escherichia coli (STEC), are typically present at low relative abun-
dance, but benefit disproportionately from the protective properties of the biofilm environ-
ment. Experimental and field studies consistently demonstrate that pathogens embedded
within diverse biofilms exhibit substantially greater tolerance to disinfectants and environ-
mental stress than when present in monoculture biofilms, facilitating long-term survival
and intermittent release [15,22,25]. Table 1 provides a comparative overview of the principal
niches supporting biofilm persistence in dairy, poultry, and swine production.

https:/ /doi.org/10.3390/1ife16060888
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2.2. Drinking Water Distribution Systems

Drinking water distribution systems (DWDS) represent one of the most consistent
and widespread niches for biofilm formation in livestock production. More than 90% of
microbial biomass in DWDS is typically attached to internal pipe surfaces rather than
suspended in bulk water, confirming biofilms as the dominant microbial lifestyle within
these networks. The microbial communities inhabiting DWDS biofilms differ substantially
from those detected in bulk water or animal fecal samples, reflecting selection pressures
unique to the waterline environment [39].

Internal pipe walls, dead ends, valves, and pressure-regulating components cre-
ate low-shear microenvironments that favor microbial attachment and EPS-protected
growth [39-41].

Hydraulic regimes shape biofilm architecture rather than determining presence or ab-
sence. Low or intermittent flow promotes thicker and more porous biofilms, whereas higher
shear stress results in thinner but denser layers rather than removal [39,41]. Combined
with moderate temperatures and intermittent water use typical of livestock facilities, these
conditions strongly support biofilm persistence within waterlines and drinkers [18,31].

Pipe material further influences biofilm biomass and composition. Plastic and
polymer-based materials can leach biodegradable organics that enhance biofilm growth
and enrichment of opportunistic taxa compared with more inert materials [40,42—44]. Ac-
cordingly, poultry studies frequently report dense biofilms dominated by Pseudomonas,
Stenotrophomonas, and Acinetobacter on PVC-based systems despite routine disinfec-
tion [18,45].

Because internal pipe surfaces are rarely inspected or sampled, DWDS function as
long-term, often undetected reservoirs that repeatedly expose animals throughout pro-
duction cycles. Waterline biofilms frequently harbor opportunistic pathogens and an-
timicrobial resistance genes and represent ecological reservoirs distinct from animal fecal
microbiota [19,31].

2.3. Production-Specific Equipment and Internal Surfaces

Production equipment introduces additional high-risk niches for environmental
biofilms due to repeated exposure to warm temperatures, nutrient-rich residues, complex
geometries, and material aging. In dairy systems, milking liners, hoses, joints, pipelines,
and storage tanks are exposed to milk residues that rapidly form conditioning films on stain-
less steel, plastics, and rubber components, strongly enhancing microbial attachment [27,37].
Heat-denatured milk proteins further intensify fouling and microbial adhesion [27].

Despite cleaning-in-place (CIP) protocols, multispecies biofilms containing spoilage and
pathogenic bacteria, including Pseudomonas spp., Listeria monocytogenes, and Staphylococcus
aureus, are frequently detected on product-contact materials [27,46,47]. Pipelines, dead-legs,
and bulk tank outlets act as persistent hotspots that contaminate milk with microorganisms
and heat-stable enzymes, reducing shelf life and safety [48].

Material aging plays a central role in persistence. Rubber components and aging poly-
mers support higher biofilm loads than stainless steel or glass due to increased surface rough-
ness and microdamage, which limit detergent contact and mechanical removal [37,47,49].

In swine production, liquid feeding systems represent analogous environments. High
organic loads, incomplete drainage, and prolonged feed residence times promote stable
biofilms dominated by fermentative microorganisms, leading to feed quality deterioration.
Although intensive cleaning can temporarily disrupt these communities, rapid recoloniza-
tion limits long-term efficacy [50].

https:/ /doi.org/10.3390/1ife16060888
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2.4. Housing Structures and Animal-Contact Surfaces

Housing environments provide extensive surface areas that sustain persistent biofilms
under continuous organic contamination and frequent animal contact. Floors, walls, par-
titions, gratings, and hutches are repeatedly exposed to feces, urine, litter, dust, and
secretions, creating conditions that favor rapid microbial colonization [12,51]. Field studies
demonstrate that polymeric and metallic housing surfaces can develop dense biofilms
within weeks of use [51].

Unlike enclosed systems, biofilm persistence on housing surfaces is driven primarily
by repeated animal-mediated contamination and limited drying between production cycles.
Opportunistic and pathogenic bacteria such as Escherichia coli, Klebsiella spp., Pseudomonas
aeruginosa, and Staphylococcus aureus can survive for extended periods on housing materials,
reinforcing their role as environmental reservoirs [30,52].

Routine cleaning and disinfection reduce surface contamination but rarely eliminate
established biofilms, particularly on rough, vertical, or overhead surfaces where access and
coverage are limited [12,53].

2.5. Key Biofilm-Forming Microorganisms in Livestock Production Systems

Across poultry, swine, and cattle operations, as well as downstream meat and dairy
processing environments, a relatively consistent set of bacterial groups is repeatedly de-
tected, indicating strong ecological selection rather than random contamination [11,19,54].

2.5.1. Opportunistic Gram-Negative Biofilm Formers as Structural Scaffolds

Pseudomonas spp. are among the most frequently detected biofilm formers in live-
stock drinking water systems, milking equipment, housing surfaces, and food-processing
drains [18,19,54]. Their high EPS production, quorum-sensing regulation, and tolerance to
disinfectants allow them to act as structural scaffold organisms, stabilizing multispecies
biofilms and protecting co-colonizing bacteria from sanitation stress [21,55,56].

Other Gram-negative genera, including Acinetobacter spp., Stenotrophomonas spp.,
Aeromonas spp., Psychrobacter spp., and Brochothrix spp., are recurrently identified in wa-
ter systems, drains, and cold or wet niches across livestock and processing environ-
ments [21,45,57,58].

2.5.2. Gram-Positive Biofilm Formers Relevant to Animal Health and Hygiene

Staphylococcus aureus and coagulase-negative staphylococci are key biofilm formers on
animal-contact surfaces, housing materials, and dairy equipment, particularly in poultry
and dairy systems [36,59,60]. Biofilm-associated staphylococci exhibit increased tolerance
to antimicrobials and disinfectants, contributing to chronic infections such as mastitis and
to persistent environmental contamination between production cycles [55,61].

Enterococcus spp., including E. faecalis and E. faecium, are widely detected in swine
and poultry environments and frequently demonstrate strong biofilm-forming capacity
combined with multidrug or vancomycin resistance [62,63].

2.5.3. Classical Zoonotic and Foodborne Pathogens Within Environmental Biofilms

Foodborne and zoonotic pathogens such as Salmonella spp., Campylobacter jejuni, Es-
cherichia coli, Listeria monocytogenes, and Klebsiella spp. are frequently recovered from
environmental biofilms at low relative abundance across livestock farms and processing
facilities [11,15,24,64]. Although these organisms rarely dominate biofilm biomass, their sur-
vival within multispecies matrices enables long-term persistence and intermittent release,
sustaining exposure even in the absence of active animal shedding [17,22,56].

https:/ /doi.org/10.3390/1ife16060888
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In poultry waterlines, Campylobacter spp. and Salmonella spp. are repeatedly linked to
biofilm reservoirs that survive between flocks, contributing to reinfection despite cleaning
and downtime [11,19].

Similarly, in meat and dairy processing environments, background biofilm flora domi-
nated by Pseudomonas spp. and psychrotrophic genera shelter pathogens such as L. monocy-
togenes and E. coli O157:H7, complicating eradication efforts [21,54,65,66].

In cattle, all major agents of the bovine respiratory disease complex (BRD), namely
Mannheimia haemolytica, Pasteurella multocida, Histophilus somni, and Mycoplasma bovis, have
demonstrated biofilm-forming capacity [13]. Biofilm formation by these organisms is in-
creasingly hypothesized to contribute to chronic, treatment-refractory respiratory infections
in feedlot systems [13,61].

Understanding which microorganisms underpin biofilm persistence provides a bi-
ological basis for risk-based monitoring, targeted sanitation, and mitigation strategies,
reinforcing the integration of microbiological ecology into livestock biosecurity and an-
timicrobial stewardship frameworks [56,67]. Table 2 provides an overview of common
materials in livestock production environments, their characteristic biofilm-forming mi-
crobial communities, and how these associations intersect with EU recommendations for
hygienic design and risk mitigation.

2.5.4. Non-Bacterial Components of Environmental Biofilms

Although bacterial communities represent the main focus of this review, environmental
biofilms in livestock production systems should not be interpreted as exclusively bacterial
structures, because fungi, yeasts, and viral particles, particularly bacteriophages, may be em-
bedded within biofilm matrices and influence surface colonization, nutrient cycling, microbial
interactions, pathogen persistence, and tolerance to cleaning and disinfection [12,68].

Yeasts and filamentous fungi can colonize moist, organic-rich farm niches, including
milking equipment, pipelines, bedding interfaces, feed-contact surfaces, drains, and water-
associated environments [12,36,69,70].

In dairy systems, yeasts have been reported as relevant members of milking-system
surface biofilms, with Candida parapsilosis identified among dominant yeast taxa [36].

These organisms may contribute to extracellular matrix development and persistence
because fungal and yeast biofilms produce matrices containing polysaccharides, proteins,
nucleic acids, lipids, and other structural components that protect embedded cells against
environmental stress, disinfectants, and antifungal agents [71-73].

In food, dairy, and livestock-associated environments, yeast and fungal biofilms on
stainless steel, filtration membranes, drains, bedding materials, and other abiotic surfaces
may act as persistent reservoirs of spoilage organisms and undesirable microorganisms,
reducing sanitation efficacy and contributing to microbial carryover between production
stages [12,54,69,74].

Non-bacterial biofilm members may also shape bacterial community structure through
direct and indirect interactions, as mixed bacterial-yeast—-fungal biofilms can form stratified
structures, alter nutrient availability, modify local pH and oxygen gradients, and influence
microbial metabolism [74-76].

Although much of the mechanistic evidence comes from food, fermentation, and
processing environments, these interactions are relevant to livestock production because
similar organic-rich, moist, and surface-associated niches occur in animal buildings, feed
systems, bedding interfaces, drinkers, drains, and equipment surfaces [12,18,30,69,70].

Viral particles, particularly bacteriophages, may also be retained within or interact
with extracellular polymeric substances in biofilm matrices [68,77,78].

https:/ /doi.org/10.3390/1ife16060888
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While viruses do not form biofilms independently in the same way as bacteria, yeasts,
or filamentous fungi, the biofilm matrix can influence viral retention, diffusion, persistence,
and interactions with microbial hosts [68,77].

Bacteriophages may affect bacterial population dynamics and, under certain condi-
tions, contribute to gene transfer processes, while phage-based approaches are increasingly
explored as tools for disrupting polymicrobial biofilms in food, water, and livestock-related
environments [54,77-79].

Overall, yeasts, filamentous fungi, and viral particles should be recognized as part
of the broader ecology of environmental biofilms in livestock systems, although available
livestock-specific evidence remains more limited than for bacterial biofilms.

https:/ /doi.org/10.3390/1ife16060888
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3. Environmental Selection and Maintenance of Antimicrobial Resistance

In livestock production systems, environmental biofilms may contribute to AMR
persistence by maintaining resistant bacteria and antimicrobial resistance genes under
chronic, low-intensity selection pressures embedded in routine environmental conditions, in
addition to episodic therapeutic antimicrobial use [56,67,86]. Consequently, environmental
biofilms function as long-term stabilizing reservoirs of resistance, sustaining AMR across
production cycles even in the absence of continuous antimicrobial use.

Environmental and drinking water biofilms in agricultural settings are consistently
identified as reservoirs of antimicrobial resistance genes (ARG) and multidrug-resistant
bacteria, reflecting their capacity for prolonged retention, protection from washout, and
repeated exposure to sublethal stress [12,19,87,88].

Livestock production environments are routinely exposed to sub-inhibitory concentra-
tions of antibiotics and disinfectants, arising from antimicrobial administration, residual
disinfectants in water systems, manure and wastewater contamination, and incomplete
cleaning and disinfection procedures [56,86,89]. Unlike therapeutic exposure, these pres-
sures are spatially heterogeneous and temporally prolonged, generating selection gradients
within environmental biofilms [67,90].

Under these conditions, antimicrobial pressure does not eliminate biofilm-associated
populations but instead selectively removes susceptible cells, allowing tolerant and re-
sistant phenotypes to persist and dominate over time [56,86]. Repeated exposure to low
concentrations of biocides has been shown to induce adaptive responses such as efflux
pump activation and membrane modification, frequently accompanied by cross-resistance
to clinically relevant antimicrobials [87,91]. Evidence from agricultural water and waste-
associated biofilms further demonstrates that ARG accumulation can occur under low
but persistent antimicrobial pressure, emphasizing exposure duration rather than peak
concentration as a key determinant of resistance maintenance [56,86].

The physical and physiological architecture of environmental biofilms plays a central
role in stabilizing AMR once established. The EPS matrix restricts antimicrobial penetra-
tion and creates microenvironments characterized by reduced exposure intensity, oxygen
limitation, and metabolic heterogeneity [10,90]. As a result, biofilm-associated cells can
exhibit higher tolerance than planktonic cells without necessarily acquiring new resistance
determinants [9,92].

This structural protection favors the retention and concentration of existing resistance
traits, including ARG-carrying lineages and persister subpopulations, while repeated
sanitation cycles preferentially remove more exposed, susceptible cells [11,12,89]. High
cell density, prolonged residence time, and abundant extracellular DNA further enhance
horizontal gene transfer and plasmid stability, reinforcing AMR persistence within biofilm
communities over extended periods [86,90,93].

Influence of Antimicrobial Administration Routes on Biofilm-Mediated AMR Maintenance

Antimicrobial administration routes in livestock production systems strongly shape
where and how environmental selection pressure is exerted, thereby influencing the role of
biofilms in AMR maintenance (Table 3). Group treatments delivered via drinking water
or liquid feed introduce antimicrobials directly into infrastructure components that are
intrinsically prone to biofilm formation. Consequently, antimicrobial administration via
these routes exposes not only animals but also resident biofilm communities within the
infrastructure to direct antimicrobial inputs [19,94,95].

https:/ /doi.org/10.3390/1ife16060888
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In swine production, administration of sulfonamides and trimethoprim through lig-
uid feeding systems selected for resistant Enterobacteriaceae within pipeline biofilms, with
resistance levels remaining elevated after treatment cessation, indicating sustained contam-
ination originating from biofilm reservoirs [94-96].

Importantly, antimicrobial exposure is not confined to the treatment period. Antimi-
crobial residues and resistant microorganisms sorb into biofilms and accumulate in manure,
wastewater, and runoff, extending selection pressure beyond clinical decision-making
and into connected environmental compartments, including wildlife reservoirs that may
contribute to the environmental circulation of resistant bacteria [56,86,97-99]. As a result,
antimicrobial use patterns determine not only immediate therapeutic outcomes but also
the duration and spatial reach of environmental selection pressure.

As illustrated in Figure 1, environmental biofilms represent a critical link between an-
timicrobial use and reinfection cycles. Addressing this link requires shifting from short-term
microbial reduction strategies toward sustained environmental management approaches
that limit biofilm persistence and unintended selection pressure.

Environmental Niches

o i

WaterLines "1 PeY Surfaces

Biofilm Establishment & Persistence

@ - Surface Attachment

Sublethal Exposure & Selection Pressure

b AR ‘) « Residual Disinfectants

+ Low-Dose Antimicrobials
Q * Chronic Stress

Recontamination of the Environment

57 &. - rathogen shedding ‘ .
‘ * Organic Enrchment

s -+ Bioim Reinforcement &

n Resistance

* Multspecies Biofilms

Clinical or Subelinical Infection

0 « Reduced Performance
+ Disease & Welfare Impact

Pathogen & AMR Maintenance

’ 9 o G - sunvel persisence

q « Resistant Populations
4 6 '+ Horizontal Gene Transfer

Figure 1. Schematic representation of contamination and reinfection cycles driven by environmental
biofilms in livestock production systems.

4. Consequences for Animal Health, Productivity, Welfare,
and Biosecurity

Persistent environmental biofilms in intensive livestock systems exert cumulative
effects on animal health, production efficiency, and internal biosecurity [12,17,18].

Biofilm-associated infections in livestock are difficult to eradicate, contributing to
persistent mastitis, respiratory, skin, wound, and reproductive disorders across production
systems [59,60]. These infections, often subclinical or low-grade, reduce growth perfor-
mance, milk yield, meat quality, and reproductive efficiency, while increasing veterinary
costs, culling rates, and overall production losses [59,60,85]. Beyond economic impacts,
prolonged biofilm-mediated disease and repeated treatments compromise animal welfare
through sustained discomfort and cumulative stress, particularly in high-density environ-
ments with continuous exposure [11,60].

Why Control Strategies Fail in Livestock Production Systems

A primary cause of control failure is the physical and operational structure of live-
stock systems. Even well-designed cleaning-in-place systems cannot deliver uniform
shear forces, contact times, or disinfectant concentrations across complex geometries.
As infrastructure ages, surface roughness, microdamage, and material fatigue further

https:/ /doi.org/10.3390/1ife16060888
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reduce sanitation efficacy, allowing protected biofilm cores to persist despite repeated
interventions [12,21,82,83].

Operational realities compound these structural constraints. Time pressure, labor avail-
ability, production schedules, and safety considerations inevitably introduce variability in
cleaning execution. Small deviations in concentration, temperature, or exposure time, often
unavoidable in practice, disproportionately affect biofilm control, even when protocols
are nominally followed. Standardized hygiene procedures applied across heterogeneous
facilities therefore produce inconsistent outcomes, masking site-specific risks rather than
resolving them [11,82,83].

These surface reservoirs also create internal biosecurity vulnerabilities that facilitate
pathogen dissemination within and between production units. Movement of personnel,
shared equipment, contaminated water, and incomplete sanitation facilitate within-farm
and between-unit dissemination when environmental reservoirs persist [100,101].

Poor microclimate control, inadequate water quality, and ineffective cleaning practices
are consistently associated with higher disease incidence and increased antimicrobial use,
highlighting biofilms as critical weak points in internal biosecurity [11,102].

Environmental biofilms also compromise internal biosecurity by enabling pathogen
carryover between production cycles, even in systems operating under all-in/all-out man-
agement, where sanitation is assumed to reset infection risk [11,101]. This is particularly
relevant in broiler production, where biofilm-associated bacteria may survive cleaning
and disinfection between batches and contribute to house recolonization after chick place-
ment [11,18,30,83].

Moreover, chronic low-dose exposure from environmental biofilms promotes subclini-
cal carriage, allowing pathogens to circulate silently within herds and flocks while escaping
routine clinical detection and biosecurity audits [11]. As a result, apparent compliance
with biosecurity protocols may coexist with ongoing internal dissemination, underscoring
that effective biosecurity depends not only on procedural adherence but on controlling
environmental persistence within production systems [102].

To translate the qualitative impacts of environmental biofilm persistence into opera-
tionally relevant outcomes, Table 4 summarizes key system-level consequences for animal
health, productivity, biosecurity, and antimicrobial stewardship, together with quantitative
indicators routinely monitored within livestock production systems.

Table 4. Operational indicators reflecting the system-level consequences of environmental biofilm
persistence in livestock production systems.

Relevance to Environmental

Indicator Operational . . .
Catego II; dicator Biofilm Applied Interpretation References
gory Persistence
L . o . Elevated treatment incid
Treatment incidence rate Persistent biofilms sustain inSchaa:e u;re:sglljg d ?;iiril:lﬁérr:gl
(treatments per animal or recurrent infection pressure, . . [11,17,102]
. . reservoirs rather than isolated
per cycle) increasing treatment frequency o ..
prescribing decisions
Reinfection from biofilm High retreatment rates suggest
Antimicrobial use Retreatment/relapse reservoirs necessitates failure to eliminate persistent [55,60,61]
frequency - . sources of contamination or o
repeated antimicrobial courses . .
infection
Background exposure from High reliance on group treatment
Proportion of group environmental biofilms may ~ may reflect persistent exposure not [19,04]
treatments favor repeated mass adequately controlled by hygiene !
medication and infrastructure management

https:/ /doi.org/10.3390/1ife16060888
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Table 4. Cont.
. . Relevance to Environmental
Indicator Operational . . .
. Biofilm Applied Interpretation References
Category Indicator .
Persistence
Continuous low-level Elevated or unstable SCC values
Somatic cell count (dairy expostire from biofilms may indicate persistent
) ) X o [12,59,60]
systems) contributes to subclinical environmental contamination
mastitis affecting udder health
Animal health and Chronic biofilm-mediated R.educ.e d A].)G may reflect
nimal health an Average daily gain exposure reduces erowth sustained infection pressure rather [60,84,85]
productivity 8 Y & P o & than acute, short-term disease Y
efficiency
events
Suclnil diseand DI bl ticiony ey
Feed conversion efficiency chronic inflammation impair en ying . [11,102]
. S health constraints linked to
nutrient utilization . . .
persistent biofilm reservoirs
Recurrent positive Biofilms survive sanitation Repeated positive findings suggest
P and recolonize surfaces and persistence rather than sporadic [12,21,24]

Biosecurity and

environmental samples

water systems

hygiene failure

Persistence of identical
isolates across cycles

Environmental biofilms act as
stable microbial reservoirs

Recovery of similar isolates over
time supports the presence of
internal contamination sources not

[15,103,104]

hygiene -
eliminated between cycles
Lack of improvement despite
Increased sanitation Biofilm resilience limits the intensified sanitation suggests a
frequency without effectiveness of repeated mismatch between hygiene effort [11,53,105]
improvement cleaning and infrastructure design or
biofilm location
. . Biofilms maintain resistant AMR trend.s may lag behind
Stable or increasing AMR L stewardship efforts because
. populations independently of ) . . [9,56,67]
despite reduced use - 1 resistant populations persist
current antimicrobial input s : .
Antimicrobial within environmental reservoirs
resistance iohli i
Discrepancy between Short-term treatment success ?;%?Eégrl};;i;?slrﬁiiit&) ;r.]l:eg;latf
clinical success and AMR may coexist with long-term 8 [93,106]

trends

resistance persistence

AMR assessment and
interpretation

System-level
efficiency

Increased downtime
between production cycles

Extended sanitation may be
required to compensate for
persistent biofilms

Longer downtime can reflect
hidden operational costs
associated with persistent
environmental contamination

[12,17,21,24]

Performance variability
within cohorts

Uneven spatial exposure to
environmental reservoirs may
produce heterogeneous
outcomes

Marked within-cohort variability
may suggest localized biofilm
hotspots within the production
environment

[21,24]

Legend: ADG = average daily gain; SCC = somatic cell count; AMR = antimicrobial resistance. The table
summarizes operational indicators that may reflect unresolved environmental biofilm persistence within livestock
production systems and supports their interpretation in the context of biosecurity, antimicrobial stewardship, and
production performance.

5. Detection and Monitoring Challenges in Farm Environments

Despite increasing recognition of environmental biofilms as critical reservoirs of
pathogens and antimicrobial resistance in livestock systems, their routine detection on farms
remains limited and inconsistent [51,96]. This gap reflects three interacting challenges: struc-
tural inaccessibility, methodological bias toward planktonic cells, and temporal variability.

Livestock environments contain numerous biofilm-prone surfaces, including con-
crete, metals, and polymer-based water and feed lines that are difficult to sample non-
destructively. Conventional swabbing or plating methods recover only a fraction of attached
biomass and disrupt spatial organization, yielding unrepresentative estimates of contamina-
tion [51]. No currently available detachment method reliably removes all surface-associated
cells, further constraining accurate quantification. In practice, routine hygiene monitoring
remains largely plankton-biased: swabs, ATP assays, and culture-based methods primarily

https:/ /doi.org/10.3390/1ife16060888
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assess detached or loosely associated cells rather than intact biofilms [51,96]. Reviews of
EPS confirm that no universally validated biofilm-specific marker exists to clearly distin-
guish sessile from planktonic populations, and EPS analytical methods remain insufficiently
standardized [107,108].

Quantitative evidence underscores the scale of under-recovery. In dry-surface biofilms,
optimized foam swabs recovered approximately 30% of contamination, while cotton or
viscose swabs recovered as little as 3-6% [109]. Sonication-assisted methods demonstrate
substantially higher detachment efficiency compared with standard swabbing [110,111].
Microscopy further reveals that industrial biofilms form heterogeneous, clustered structures
with protected “hotspots,” making friction-based sampling highly dependent on sampling
location and operator technique [112]. As a result, limited or superficially selected sam-
pling points can leave dense multispecies communities undetected, creating a misleading
perception of hygiene control.

Temporal variability adds another layer of complexity. Longitudinal studies across
aquatic and farm-linked systems show that biofilm biomass and composition can shift
markedly over days to months in response to hydraulic changes, temperature, disturbance,
and operational dynamics [113-116]. Transient release events often coincide with hy-
draulic demand or disturbance, meaning that single-time-point sampling frequently misses
episodic shedding and generates false-negative or overly reassuring results [114,116,117].

To overcome these limitations, in situ coupon-based capture systems have been devel-
oped and successfully applied in livestock environments [51,118]. Removable standardized
surfaces allow biofilms to form under realistic conditions and preserve three-dimensional
structure for imaging, culture, and molecular analysis. Compared with classical swabbing,
coupon-based approaches yield more reproducible and structurally representative assess-
ments of biomass and diversity and enable longitudinal tracking of biofilm dynamics and
intervention effects [12,51].

Advanced molecular and real-time analytical tools provide further resolution but re-
main largely research-bound. High-throughput sequencing, metagenomics, and resistome
analyses are challenged in farm settings by low microbial biomass, host DNA interference,
and complex organic matrices that complicate extraction and interpretation [35,119,120].
Methodological variation in sample processing can substantially alter detected signals,
limiting comparability across studies [121]. Although resistome profiling offers conceptual
advantages for linking biofilms to AMR risk, harmonized surveillance pipelines remain
limited [11,60].

Mass spectrometry-based approaches also provide valuable high-resolution tools for
biofilm characterization, although their use in routine livestock farm monitoring remains
limited. LC-MS/MS can support detailed profiling of extracellular polymeric substances, in-
cluding proteins, lipids, polysaccharide-associated compounds, and metabolites involved in
biofilm maturation, stress tolerance, and antimicrobial or biocide exposure responses [4,122].
MALDI-TOF MS has been widely used for rapid microbial identification and has additional
value for comparing biofilm-associated microbial phenotypes, while MALDI imaging mass
spectrometry can spatially map metabolites, lipids, signaling molecules, and antimicrobial-
associated compounds within structured microbial communities [122,123]. These platforms
are particularly relevant for linking biofilm structure with functional traits such as EPS
composition, lipidomic adaptation, metabolomic activity, and AMR-associated biochemical
signatures [4,123]. However, their translation to farm-level surveillance is constrained by
cost, sample preparation complexity, matrix effects from manure, feed residues, bedding,
and water sediments, and the lack of standardized workflows or operational thresholds for
interpreting biofilm-associated risk in livestock environments [122].
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Similarly, emerging in situ technologies, including electrochemical impedance spec-
troscopy, optical interferometry, and microsensors, demonstrate high sensitivity for continu-
ous, non-destructive biofilm detection under controlled conditions [117,124-128]. However,
field-scale validation in livestock facilities remains rare, and few systems define operational
thresholds linking signal changes to actionable management decisions [5,129]. Conse-
quently, a translational gap persists between advanced biofilm analytics and farm-level
decision-making.

This monitoring gap extends to policy frameworks. Current EU and national AMR
surveillance systems emphasize antimicrobial use, resistance in clinical or animal isolates,
and health outcomes, while environmental biofilms are rarely incorporated as monitored
compartments [96,130]. Environmental research consistently identifies biofilms as hotspots
of horizontal gene transfer, yet surveillance designs typically focus on bulk water or clinical
isolates rather than attached communities [56,67,97,98,131].

Evidence from wastewater and aquatic systems demonstrates that sub-inhibitory an-
tibiotic residues and co-selective agents can sustain ARG selection within biofilms even after
reductions in antibiotic inputs [56,86,132]. Biofilm matrices stabilize resistomes over time,
buffering short-term fluctuations and serving as long-term reservoirs capable of reseeding
surrounding communities. Within this ecological framework, stable or rising resistance
despite reduced antimicrobial use is consistent with delayed ecological response and ongo-
ing low-level selection within persistent biofilm reservoirs. Without explicit integration
of environmental biofilms into One Health surveillance architectures, distinguishing true
temporal lag from active biofilm-driven AMR maintenance remains difficult [19,67,86,97].

Practical EU-Aligned Framework for Environmental Biofilm Risk Assessment

Effective management of environmental biofilms in livestock production systems
requires monitoring approaches that are feasible at the farm level, proportionate to op-
erational constraints, and compatible with existing EU benchmarking, biosecurity, and
antimicrobial stewardship frameworks [11,133]. This approach is consistent with Regula-
tion (EU) 2019/6, which updated EU rules on veterinary medicinal products and supports
responsible veterinary antimicrobial use, and with EU-level recommendations emphasizing
improved animal health, hygiene, biosecurity, husbandry, and preventive management
as core measures for reducing the need for antimicrobial treatment [102,134-136]. Rather
than relying on exhaustive testing, which is rarely sustainable or informative in complex
farm settings, a risk-based framework that integrates routinely collected farm indicators
with targeted assessment can provide actionable insights while minimizing disruption to
production [11,12].

EU livestock systems already generate extensive data streams through antimicrobial use
(AMU) monitoring, AMR surveillance, productivity benchmarking, and biosecurity scoring
tools, which together form a robust foundation for early risk detection [133,135-137].

The European Sales and Use of Antimicrobials for Veterinary Medicine (ESUAvet)
annual surveillance reports provide harmonized data from EU and European Economic
Area countries and support monitoring of progress toward prudent antimicrobial use in
animals [138]. Similarly, the JJACRA IV report integrates antimicrobial consumption and
resistance data from humans and food-producing animals across the EU/EEA, illustrating
how AMU and AMR trends can be interpreted jointly under a One Health framework [139].
The EU Summary Report on antimicrobial resistance in zoonotic and indicator bacteria
further provides harmonized AMR monitoring data from humans, food-producing animals,
and food, including Salmonella spp., Campylobacter jejuni, and Campylobacter coli from
relevant livestock sectors and derived meat products [140].
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Risk-based biosecurity scoring systems, such as Biocheck.UGent quantify, internal and
external biosecurity and allow benchmarking across farms, while integrated platforms such
as ClassyFarm combine AMU, AMR, animal welfare, and biosecurity indicators to classify
farms by risk and guide interventions [133,141,142]. Poultry biosecurity databases across
Europe further demonstrate how standardized checklists can feed national surveillance
and benchmarking, while also highlighting heterogeneity in implementation and gaps in
data use [143].

Within this context, the first tier of the proposed framework relies on routine bench-
marking indicators already embedded in EU surveillance and stewardship programs,
including treatment incidence and retreatment frequency, the proportion of group an-
timicrobial treatments, key productivity metrics such as somatic cell count, average daily
gain, and feed conversion efficiency, and available AMR trend data from routine diagnos-
tics [133,141,142]. Monitoring these indicators longitudinally allows farms and advisors to
detect deviations from baseline performance that may signal unresolved environmental
infection pressure rather than isolated clinical events [11,102]. Threshold-based interpreta-
tion, such as sustained increases in treatment incidence, persistent failure to reduce AMU
despite stewardship efforts, or deterioration of productivity across consecutive monitoring
periods, provides a transparent and reproducible trigger for further investigation [133,141].

When Tier 1 indicators suggest elevated risk, the framework escalates to a second
tier of targeted environmental assessment designed to confirm or refute suspected biofilm
persistence [12,35]. Rather than broad environmental sampling, this tier focuses on pre-
defined sentinel sites known to support stable biofilms, such as drinking water systems,
high-risk equipment interfaces, and persistently wet housing or drainage surfaces [11,12].
This approach reflects growing evidence that only a limited subset of structural sites act as
long-term biofilm hotspots, while most surfaces contribute little to sustained risk [12,35].
Interpretation emphasizes patterns over absolute counts, with recurrent detection after
cleaning, inconsistent results relative to sanitation history, and fluctuating signals indicative
of biofilm-mediated release rather than transient contamination [11,12].

A core element of the framework is structured intervention verification, recognizing
that apparent short-term improvements may mask rapid biofilm regrowth [11,12]. Sen-
tinel sites are assessed before interventions, shortly after implementation, and again after
a defined regrowth period to determine whether reductions are sustained or transient,
thereby distinguishing effective mitigation from cosmetic sanitation effects [11]. Persis-
tent rebound across monitoring points indicates the need for infrastructural, design, or
management-level changes rather than further intensification of cleaning or antimicrobial
use [12,144].

Environmental findings are interpreted alongside AMU, AMR, and animal health indica-
tors to support integrated stewardship and biosecurity decisions [133,141]. Evidence from
cattle and broiler systems shows that improved internal biosecurity is associated with lower
antimicrobial use, although effective solutions are highly farm-specific and require coordi-
nated action across hygiene, infrastructure, and management [102,133,141,145]. Within this
framework, persistent environmental signals combined with stable or increasing AMR trends
prioritize environmental and infrastructural mitigation, whereas concurrent improvement in
environmental indicators and reduced treatment incidence supports continuation of current
strategies [11,142].

Annual review and system optimization close the monitoring loop by identifying
recurring hotspots, updating sentinel sites and thresholds, and prioritizing long-term
structural or maintenance interventions as system characteristics evolve [133,142,143]. By
framing environmental biofilms as operational risk factors rather than isolated hygiene
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failures, this framework embeds biofilm management within routine benchmarking and
stewardship workflows already accepted across EU livestock systems [11,12].

Overall, this two-tier, EU-aligned framework translates the complex ecology of envi-
ronmental biofilms into a practical decision-support tool that links routine farm indicators
with targeted verification and structured response [133,142]. By focusing on trends, thresh-
olds, and intervention verification rather than exhaustive testing, it provides a realistic
pathway for integrating environmental biofilm risk into antimicrobial stewardship, biose-
curity assessment, and long-term farm management planning.

Figure 2 summarizes the tiered, EU-aligned monitoring framework and illustrates
how routine performance indicators, targeted environmental assessment, and stewardship
decisions are linked within a practical biofilm risk management cycle.
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Iii!" Treatment Incidence ¥ Group Antimicrobial Use
PP Group Antimicrobial Use m Production Performance
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4 4 Treatment Rates ‘
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Figure 2. EU-aligned framework for environmental biofilm risk assessment in livestock systems.

6. Mitigation Approaches Within Realistic Farm Constraints

Because environmental biofilms are structurally embedded in livestock production
systems, complete eradication is rarely achievable under real farm conditions, making risk
reduction rather than elimination the practical objective [11,12,14]. Effective mitigation,
therefore, requires risk-based strategies that reduce biofilm persistence, limit AMR main-
tenance, and disrupt reinfection cycles while remaining compatible with economic, labor,
and infrastructure constraints [102].

Infrastructure design strongly influences long-term biofilm risk, and even in existing
facilities, targeted design-oriented adjustments can meaningfully reduce persistence [12,21].
Reducing dead ends in waterlines, improving drainage to prevent stagnation, and prioritizing
smoother, wear-resistant materials limit the formation of protected biofilm niches without
requiring full system redesign [21,95,129]. Equipment renewal strategies should account for
hygiene degradation over time, as aging seals, hoses, and connectors frequently become stable
biofilm reservoirs [11,12]. Regular flushing, consistent disinfectant dosing, and verification of
residual concentrations can reduce biofilm-associated microbial release even when complete
removal is not achieved [95,146].
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7. Knowledge Gaps and Future Perspectives

Biofilm persistence reflects a disconnect between engineering and microbiological
research, with infrastructure design, fluid dynamics, material aging, and microbial ecology
often studied in isolation. Evidence increasingly indicates that effective mitigation requires
integrated approaches that jointly address design constraints, maintenance strategies, and
microbial behavior [13,35,51,96,147]. Bridging this gap will be critical for developing
interventions that are both technically robust and practically deployable on farms.

Another persistent gap is the scarcity of longitudinal, system-level studies. Most avail-
able research remains cross-sectional, providing snapshots of biofilm presence or resistance
profiles rather than capturing persistence, regrowth, and response to interventions across
production cycles [13,35,51,96]. Longitudinal studies that follow environmental biofilms
through sanitation events, management changes, and infrastructure aging are needed
to distinguish transient contamination from stable reservoirs and to evaluate mitigation
strategies under realistic operational variability.

Looking forward, environmental biofilm management should be framed as a contin-
uous risk-management process rather than a problem with a definitive solution. Future
progress will depend on integrating environmental biofilm risk into routine benchmarking,
strengthening verification and feedback mechanisms, and adopting adaptive management
strategies that reflect system-specific constraints. Aligning research, monitoring, and farm-
level decision-making with the operational realities of livestock production offers the most
realistic pathway to reducing the long-term impact of environmental biofilms on animal
health, AMR, and food safety.

8. Conclusions

From a One Health perspective, environmental biofilms represent critical interfaces
linking animal health, environmental management, and food safety, contributing to re-
current exposure, antimicrobial reliance, and potential downstream transmission. Their
management is therefore essential not only for farm-level performance but also for broader
public health and environmental objectives.

Within the European Union, existing stewardship and surveillance frameworks pro-
vide strong tools for monitoring antimicrobial use, resistance, and productivity, yet their
explanatory power remains limited without explicit consideration of environmental per-
sistence. Integrating biofilm-related risk into benchmarking, intervention verification,
and system-level decision-making would strengthen these frameworks without requiring
fundamental structural change.

Overall, effective control requires a shift from eradication-focused approaches toward
realistic, system-level biofilm management based on targeted monitoring, infrastructure-
aware mitigation, and continuous verification. Recognizing biofilm reservoirs as predictable
features of livestock systems is central to achieving sustainable improvements in animal
health, antimicrobial stewardship, and long-term production resilience.
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ADG Average daily gain

AISI American Iron and Steel Institute

AMR Antimicrobial resistance

AMU Antimicrobial use

ARG Antimicrobial resistance genes

ATP Adenosine triphosphate

BRD Bovine respiratory disease

CIP Cleaning-in-place

DNA Deoxyribonucleic acid

DWDS Drinking water distribution systems

EEA European Economic Area

EPDM Ethylene propylene diene monomer

EPS Extracellular polymeric substances

ESUAvet European Sales and Use of Antimicrobials for Veterinary Medicine
EU European Union

JIACRA Joint Inter-Agency Antimicrobial Consumption and Resistance Analysis
LC-MS/MS Liquid chromatography-tandem mass spectrometry

MALDI-TOF MS  Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
MDR Multidrug-resistant

MS Mass spectrometry

PE Polyethylene

pPvC Polyvinyl chloride

SCC Somatic cell count

STEC Shiga toxin-producing Escherichia coli

VRE Vancomycin-resistant enterococci

1. Muhammad, M.H,; Idris, A.L.; Fan, X.; Guo, Y,; Yu, Y,; Jin, X.; Qiu, J.; Guan, X.; Huang, T. Beyond Risk: Bacterial Biofilms and

Their Regulating Approaches. Front. Microbiol. 2020, 11, 928. [CrossRef]

Yin, W.; Wang, Y.; Liu, L.; He, J. Biofilms: The Microbial “Protective Clothing” in Extreme Environments. Int. J. Mol. Sci. 2019, 20,
3423. [CrossRef]

Karygianni, L.; Ren, Z.; Koo, H.; Thurnheer, T. Biofilm Matrixome: Extracellular Components in Structured Microbial Communi-
ties. Trends Microbiol. 2020, 28, 668—681. [CrossRef] [PubMed]

Flemming, H.-C.; Van Hullebusch, E.D,; Little, B.J.; Neu, T.R.; Nielsen, P.H.; Seviour, T.; Stoodley, P.; Wingender, J.; Wuertz, S.
Microbial Extracellular Polymeric Substances in the Environment, Technology and Medicine. Nat. Rev. Microbiol. 2025, 23, 87-105.
[CrossRef] [PubMed]

Maillard, J.-Y.; Centeleghe, I. How Biofilm Changes Our Understanding of Cleaning and Disinfection. Antimicrob. Resist. Infect.
Control 2023, 12, 95. [CrossRef] [PubMed]

Caruso, G. Microbial Colonization in Marine Environments: Overview of Current Knowledge and Emerging Research Topics. |.
Mar. Sci. Eng. 2020, 8, 78. [CrossRef]

Abdallah, M.; Benoliel, C.; Drider, D.; Dhulster, P.; Chihib, N.-E. Biofilm Formation and Persistence on Abiotic Surfaces in the
Context of Food and Medical Environments. Arch. Microbiol. 2014, 196, 453—472. [CrossRef]

Bridier, A.; Sanchez-Vizuete, P.; Guilbaud, M.; Piard, J.-C.; Naitali, M.; Briandet, R. Biofilm-Associated Persistence of Food-Borne
Pathogens. Food Microbiol. 2015, 45, 167-178. [CrossRef]

Abebe, G.M. The Role of Bacterial Biofilm in Antibiotic Resistance and Food Contamination. Int. J. Microbiol. 2020, 2020, 1705814.
[CrossRef]

https:/ /doi.org/10.3390/1ife16060888



Life 2026, 16, 888 23 of 28

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Silva-de-Jesus, A.C.; Ferrari, R.G.; Panzenhagen, P.; Conte-Junior, C.A. Staphylococcus Aureus Biofilm: The Role in Disseminating
Antimicrobial Resistance over the Meat Chain. Microbiology 2022, 168, 001245. [CrossRef]

Butucel, E.; Balta, I.; McCleery, D.; Morariu, E,; Pet, I.; Popescu, C.A.; Stef, L.; Corcionivoschi, N. Farm Biosecurity Measures and
Interventions with an Impact on Bacterial Biofilms. Agriculture 2022, 12, 1251. [CrossRef]

Guéneau, V.; Plateau-Gonthier, J.; Arnaud, L.; Piard, J.-C.; Castex, M.; Briandet, R. Positive Biofilms to Guide Surface Microbial
Ecology in Livestock Buildings. Biofilm 2022, 4, 100075. [CrossRef]

Andrés-Lasheras, S.; Zaheer, R.; Jelinski, M.; McAllister, T.A. Role of Biofilms in Antimicrobial Resistance of the Bacterial Bovine
Respiratory Disease Complex. Front. Vet. Sci. 2024, 11, 1353551. [CrossRef]

Goetz, C.; Sanschagrin, L.; Jubinville, E.; Jacques, M.; Jean, ]J. Biofilm Formation in Dairy: A Food Safety Concern—Recent
Progress in Antibiofilm Strategies in the Dairy Industry. J. Dairy Sci. 2025, 108, 8157-8175. [CrossRef]

Vogeleer, P.; Tremblay, Y.D.N.; Mafu, A.A.; Jacques, M.; Harel, |. Life on the Outside: Role of Biofilms in Environmental Persistence
of Shiga-Toxin Producing Escherichia Coli. Front. Microbiol. 2014, 5, 317. [CrossRef] [PubMed]

Sharan, M.; Vijay, D.; Dhaka, P; Bedi, ].S.; Gill, ].P.S. Biofilms as a Microbial Hazard in the Food Industry: A Scoping Review. |.
Appl. Microbiol. 2022, 133, 2210-2234. [CrossRef] [PubMed]

Ban-Cucerzan, A.; Imre, K.; Morar, A.; Marcu, A.; Hotea, I.; Popa, S.-A.; Patrinjan, R.-T.; Bucur, I.-M.; Gaspar, C.; Plotuna, A.-M.;
et al. Persistent Threats: A Comprehensive Review of Biofilm Formation, Control, and Economic Implications in Food Processing
Environments. Microorganisms 2025, 13, 1805. [CrossRef]

Maes, S.; Vackier, T.; Nguyen Huu, S.; Heyndrickx, M.; Steenackers, H.; Sampers, I.; Raes, K.; Verplaetse, A.; De Reu, K. Occurrence
and Characterisation of Biofilms in Drinking Water Systems of Broiler Houses. BMIC Microbiol. 2019, 19, 77. [CrossRef]
Piccirillo, A.; Tolosi, R.; Mughini-Gras, L.; Kers, ].G.; Laconi, A. Drinking Water and Biofilm as Sources of Antimicrobial Resistance
in Free-Range Organic Broiler Farms. Antibiotics 2024, 13, 808. [CrossRef] [PubMed]

Ripolles-Avila, C.; Garcia-Herndndez, N.; Cervantes-Huaman, B.H.; Mazaheri, T.; Rodriguez-Jerez, ].J. Quantitative and Composi-
tional Study of Monospecies Biofilms of Spoilage Microorganisms in the Meat Industry and Their Interaction in the Development
of Multispecies Biofilms. Microorganisms 2019, 7, 655. [CrossRef]

Alves, V.F,; Tadielo, L.E.; Pires, A.C.M.D.S.,; Pereira, M.G.; Bersot, L.D.S.; De Martinis, E.C.P. Hidden Places for Foodborne
Bacterial Pathogens and Novel Approaches to Control Biofilms in the Meat Industry. Foods 2024, 13, 3994. [CrossRef]
Chitlapilly Dass, S.; Bosilevac, ].M.; Weinroth, M.; Elowsky, C.G.; Zhou, Y.; Anandappa, A.; Wang, R. Impact of Mixed Biofilm
Formation with Environmental Microorganisms on E. Coli O157:H7 Survival against Sanitization. npj Sci. Food 2020, 4, 16.
[CrossRef] [PubMed]

Maciel-Guerra, A.; Baker, M.; Hu, Y.; Wang, W.; Zhang, X.; Rong, J.; Zhang, Y.; Zhang, J.; Kaler, ].; Renney, D.; et al. Dissecting
Microbial Communities and Resistomes for Interconnected Humans, Soil, and Livestock. ISME J. 2023, 17, 21-35. [CrossRef]
[PubMed]

Wang, R.; Guragain, M.; Chitlapilly Dass, S.; Palanisamy, V.; Bosilevac, ].M. Impact of Intense Sanitization on Environmental
Biofilm Communities and the Survival of Salmonella Enterica at a Beef Processing Plant. Front. Microbiol. 2024, 15, 1338600.
[CrossRef]

Sadiq, FA.; De Reu, K.; Yang, N.; Burmelle, M.; Heyndrickx, M. Interspecies Interactions in Dairy Biofilms Drive Community
Structure and Response against Cleaning and Disinfection. Biofilm 2024, 7, 100195. [CrossRef]

Ogundipe, T.T.; Obe, T. Effectiveness of Sanitizers on Different Biofilm-Forming Microorganisms Associated with the Poultry
Drinking Water System. Poult. Sci. 2025, 104, 105122. [CrossRef]

Marchand, S.; De Block, J.; De Jonghe, V.; Coorevits, A.; Heyndrickx, M.; Herman, L. Biofilm Formation in Milk Production and
Processing Environments; Influence on Milk Quality and Safety. Compr. Rev. Food Sci. Food Saf. 2012, 11, 133-147. [CrossRef]
Flint, S.; Bremer, P; Brooks, J.; Palmer, ].; Sadiq, F.A.; Seale, B.; Teh, K.H.; Wu, S.; Md Zain, S.N. Bacterial Fouling in Dairy
Processing. Int. Dairy J. 2020, 101, 104593. [CrossRef]

Vlkové, H.; Babdk, V.; Seydlové, R.; Pavlik, I.; Schlegelova, ]. Biofilms and Hygiene on Dairy Farms and in the Dairy Industry:
Sanitation Chemical Products and Their Effectiveness on Biofilms—A Review. Czech. ]. Food Sci. 2008, 26, 309-323. [CrossRef]
Ibrahim, A.; Khalefa, H.; Mubarak, S. Residual Contamination and Biofilm Formation by Opportunistic Pathogens Escherichia
Coli, Klebsiella Pneumoniae, and Pseudomonas Aeruginosa in Poultry Houses Isolated from Drinking Water Systems, Fans, and
Floors. Egypt. ]. Vet. Sci. 2023, 54, 1041-1057. [CrossRef]

Hayer, J.J.; Heinemann, C.; Schulze-Dieckhoff, B.G.; Steinhoff-Wagner, J. A Risk-Oriented Evaluation of Biofilm and Other
Influencing Factors on Biological Quality of Drinking Water for Dairy Cows. J. Anim. Sci. 2022, 100, skac112. [CrossRef]
Hebishy, E.; Yerlikaya, O.; Reen, EJ.; Mahony, J.; Akpinar, A.; Saygili, D.; Datta, N. Microbiological Aspects and Challenges of
Dairy Powders—II: Biofilm /Biofouling. Int. J. Dairy Technol. 2024, 77, 691-712. [CrossRef]

Latorre, A.A.; Oliva, R.; Pugin, ].; Estay, A.; Nualart, F; Salazar, K.; Garrido, N.; Mufoz, M.A. Biofilms in Hoses Utilized to Divert
Colostrum and Milk on Dairy Farms: A Report Exploring Their Potential Role in Herd Health, Milk Quality, and Public Health.
Front. Vet. Sci. 2022, 9, 969455. [CrossRef]

https:/ /doi.org/10.3390/1ife16060888



Life 2026, 16, 888 24 of 28

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Rather, M.A.; Gupta, K.; Bardhan, P,; Borah, M.; Sarkar, A.; Eldiehy, K.5.H.; Bhuyan, S.; Mandal, M. Microbial Biofilm: A Matter of
Grave Concern for Human Health and Food Industry. J. Basic Microbiol. 2021, 61, 380-395. [CrossRef] [PubMed]

LaPointe, G.; Wilson, T.; Tarrah, A.; Gagnon, M.; Roy, D. Biofilm Formation in Dairy: A Food Safety Concern—Microbial
Community Tracking from Dairy Farm to Factory; Insights on Biofilm Management for Enhanced Food Safety and Quality. J.
Dairy Sci. 2025, 108, 8101-8119. [CrossRef] [PubMed]

Gagnon, M,; Jean, S.; De Toro-Martin, J.; LaPointe, G.; Guévremont, E.; Dufour, S.; Roy, D. Biofilm Formation in Dairy: A Food
Safety Concern—Insights into the Prevalence of Pseudomonadota and Yeasts on Milking System Surface Biofilms. J. Dairy Sci.
2025, 108, 8141-8156. [CrossRef]

Weber, M.; Liedtke, J.; Plattes, S.; Lipski, A. Bacterial Community Composition of Biofilms in Milking Machines of Two Dairy
Farms Assessed by a Combination of Culture-Dependent and -Independent Methods. PLoS ONE 2019, 14, e0222238. [CrossRef]
Chowdhury, M.A.H.; Reem, C.S.A.; Ashrafudoulla, M.; Rahman, M.A.; Shaila, S.; Jie-won Ha, A.; Ha, S. Role of Advanced
Cleaning and Sanitation Techniques in Biofilm Prevention on Dairy Equipment. Conpr. Rev. Food Sci. Food Saf. 2025, 24, e70176.
[CrossRef]

Liu, S.; Gunawan, C.; Barraud, N.; Rice, S.A.; Harry, E.J.; Amal, R. Understanding, Monitoring, and Controlling Biofilm Growth
in Drinking Water Distribution Systems. Environ. Sci. Technol. 2016, 50, 8954-8976. [CrossRef]

Douterelo, I; Jackson, M.; Solomon, C.; Boxall, J. Spatial and Temporal Analogies in Microbial Communities in Natural Drinking
Water Biofilms. Sci. Total Environ. 2017, 581-582, 277-288. [CrossRef] [PubMed]

Cowle, M.W.; Webster, G.; Babatunde, A.O.; Bockelmann-Evans, B.N.; Weightman, A.J. Impact of Flow Hydrodynamics and Pipe
Material Properties on Biofilm Development within Drinking Water Systems. Environ. Technol. 2020, 41, 3732-3744. [CrossRef]
[PubMed]

Learbuch, K.L.G.; Smidt, H.; Van Der Wielen, PW.] .. Influence of Pipe Materials on the Microbial Community in Unchlorinated
Drinking Water and Biofilm. Water Res. 2021, 194, 116922. [CrossRef]

Trusz, A.; Gorlach, J.; Gazda, D.; Piekarska, K. Biofilm Formation in the Drinking Water Distribution System, on Selected Pipe
Materials in Flow Reactors—Preliminary Investigations. Ecohydrol. Hydrobiol. 2024, 24, 535-542. [CrossRef]

Morvay, A.A.; Decun, M.; Scurtu, M.; Sala, C.; Morar, A.; Sarandan, M. Biofilm Formation on Materials Commonly Used in
Household Drinking Water Systems. Water Supply 2011, 11, 252-257. [CrossRef]

Aboelseoud, H.; Ismael, E.; Zakaria Moustafa, G.; Mohamed Badawy, E. Hygienic Studies on Biofilms in Drinking Water Systems
in Poultry Farms: Isolation, Molecular Identification, and Antibiotic Sensitivity. J. Anim. Health Prod. 2021, 9, 443-454. Available
online: https://mail.researcherslinks.com/nexus_uploads/files/JAHP_9_4_443-454.pdf (accessed on 20 May 2026). [CrossRef]
Diarra, C.; Goetz, C.; Gagnon, M.; Roy, D.; Jean, J. Biofilm Formation by Heat-Resistant Dairy Bacteria: Multispecies Biofilm
Model under Static and Dynamic Conditions. Appl. Environ. Microbiol. 2023, 89, e00713-23. [CrossRef] [PubMed]

Medina, C.; Manriquez, D.; Gonzalez-Cérdova, B.A.; Pacha, P.A ; Vidal, ] M.; Oliva, R.; Latorre, A.A. Biofilm-Forming Ability
of Staphylococcus Aureus on Materials Commonly Found in Milking Equipment Surfaces. J. Dairy Sci. 2025, 108, 3382-3389.
[CrossRef]

Didouh, N.; Khadidja, M.; Campos, C.; Sampaio-Maia, B.; Boumediene, M.B.; Araujo, R. Assessment of Biofilm, Enzyme
Production and Antibiotic Susceptibility of Bacteria from Milk Pre- and Post-Pasteurization Pipelines in Algeria. Int. J. Food
Microbiol. 2023, 407, 110389. [CrossRef]

Mu, M.; Liu, S.; DeFlorio, W.; Hao, L.; Wang, X.; Salazar, K.S.; Taylor, M.; Castillo, A.; Cisneros-Zevallos, L.; Oh, J.K,; et al.
Influence of Surface Roughness, Nanostructure, and Wetting on Bacterial Adhesion. Langmuir 2023, 39, 5426-5439. [CrossRef]
[PubMed]

Cullen, ].T.; Lawlor, P.G.; Cormican, P.; Gardiner, G.E. Investigating the Impact of Sanitization of a Liquid Feeding System for Pigs
on the Bacteriome and Mycobiome of the Liquid Feeding System Surfaces and Liquid Feed. J. Appl. Microbiol. 2025, 136, 1xaf143.
[CrossRef]

Guéneau, V,; Rodiles, A.; Piard, ].-C.; Frayssinet, B.; Castex, M.; Plateau-Gonthier, J.; Briandet, R. Capture and Ex-Situ Analysis of
Environmental Biofilms in Livestock Buildings. Microorganisms 2021, 10, 2. [CrossRef]

Vargovd, M.; Zigo, E; Vyrostkova, J.; FarkaSové, Z.; Rehan, LE. Biofilm-Producing Ability of Staphylococcus Aureus Obtained
from Surfaces and Milk of Mastitic Cows. Vet. Sci. 2023, 10, 386. [CrossRef]

Nakanishi, E.Y.; Palacios, ].H.; Godbout, S.; Fournel, S. Interaction between Biofilm Formation, Surface Material and Cleanability
Considering Different Materials Used in Pig Facilities—An Overview. Sustainability 2021, 13, 5836. [CrossRef]

Wagner, E.M.; Pracser, N.; Thalguter, S.; Fischel, K.; Rammer, N.; PospiSilov4, L.; Alispahic, M.; Wagner, M.; Rychli, K. Identifica-
tion of Biofilm Hotspots in a Meat Processing Environment: Detection of Spoilage Bacteria in Multi-Species Biofilms. Int. J. Food
Microbiol. 2020, 328, 108668. [CrossRef]

Ciofu, O.; Moser, C.; Jensen, P.&J.; Hoiby, N. Tolerance and Resistance of Microbial Biofilms. Nat. Rev. Microbiol. 2022, 20, 621-635.
[CrossRef]

https:/ /doi.org/10.3390/1ife16060888



Life 2026, 16, 888 25 of 28

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

Flores-Vargas, G.; Bergsveinson, J.; Lawrence, ].R.; Korber, D.R. Environmental Biofilms as Reservoirs for Antimicrobial Resistance.
Front. Microbiol. 2021, 12, 766242. [CrossRef]

Wagner, EM.; Fischel, K.; Rammer, N.; Beer, C.; Palmetzhofer, A.L.; Conrady, B.; Roch, E-F; Hanson, B.T.; Wagner, M.; Rychli, K.
Bacteria of Eleven Different Species Isolated from Biofilms in a Meat Processing Environment Have Diverse Biofilm Forming
Abilities. Int. J. Food Microbiol. 2021, 349, 109232. [CrossRef]

Palanisamy, V.; Bosilevac, ].M.; Barkhouse, D.A; Velez, S.E.; Chitlapilly Dass, S. Shotgun-Metagenomics Reveals a Highly Diverse
and Communal Microbial Network Present in the Drains of Three Beef-Processing Plants. Front. Cell. Infect. Microbiol. 2023, 13,
1240138. [CrossRef]

Song, M.; Tang, Q.; Ding, Y.; Tan, P.; Zhang, Y.; Wang, T.; Zhou, C.; Xu, S.; Lyu, M.; Bai, Y.; et al. Staphylococcus Aureus and
Biofilms: Transmission, Threats, and Promising Strategies in Animal Husbandry. J. Anim. Sci. Biotechnol. 2024, 15, 44. [CrossRef]
Aratjo, D.; Silva, A.R.; Fernandes, R.; Serra, P.; Barros, M.M.; Campos, A.M.; Oliveira, R ; Silva, S.; Almeida, C.; Castro, ].
Emerging Approaches for Mitigating Biofilm-Formation-Associated Infections in Farm, Wild, and Companion Animals. Pathogens
2024, 13, 320. [CrossRef]

Nesse, L.L.; Osland, A.M.; Vestby, L K. The Role of Biofilms in the Pathogenesis of Animal Bacterial Infections. Microorganisms
2023, 11, 608. [CrossRef]

Kaleva, M.D,; Ilieva, Y.; Zaharieva, M.M.; Dimitrova, L.; Kim, T.C.; Tsvetkova, I.; Georgiev, Y.; Orozova, P.; Nedev, K.; Najdenski,
H. Antimicrobial Resistance and Biofilm Formation of Escherichia Coli Isolated from Pig Farms and Surroundings in Bulgaria.
Microorganisms 2023, 11, 1909. [CrossRef]

Grudlewska-Buda, K.; Skowron, K.; Bauza-Kaszewska, J.; Budzyniska, A.; Wiktorczyk-Kapischke, N.; Wilk, M.; Wujak, M.;
Paluszak, Z. Assessment of Antibiotic Resistance and Biofilm Formation of Enterococcus Species Isolated from Different Pig Farm
Environments in Poland. BMC Microbiol. 2023, 23, 89. [CrossRef]

Morar, A.; Sala, C.; Imre, K. Occurrence and Antimicrobial Susceptibility of Salmonella Isolates Recovered from the Pig Slaughter
Process in Romania. J. Infect. Dev. Ctries. 2015, 9, 099-104. [CrossRef]

Sala, C.; Morar, A.; Tirziu, E.; Nichita, I; Imre, M.; Imre, K. Environmental Occurrence and Antibiotic Susceptibility Profile of
Listeria Monocytogenes at a Slaughterhouse Raw Processing Plant in Romania. J. Food Prot. 2016, 79, 1794-1797. [CrossRef]
Ban-Cucerzan, A.; Morar, A.; Tirziu, E.; Imre, K. Evaluation of Antimicrobial Resistance Profiles of Bacteria Isolated from Biofilm
in Meat Processing Units. Antibiotics 2023, 12, 1408. [CrossRef]

Nahum, Y.; Muhvich, J.; Morones-Ramirez, ].R.; Casillas-Vega, N.G.; Zaman, M.H. Biofilms as Potential Reservoirs of Antimicro-
bial Resistance in Vulnerable Settings. Front. Public Health 2025, 13, 1568463. [CrossRef]

Sentenac, H.; Loyau, A.; Leflaive, ].; Schmeller, D.S. The Significance of Biofilms to Human, Animal, Plant and Ecosys-tem Health.
Funct. Ecol. 2022, 36, 294-313. [CrossRef]

Zara, G.; Budroni, M.; Mannazzu, I.; Fancello, E.; Zara, S. Yeast Biofilm in Food Realms: Occurrence and Control. World ]. Microbiol.
Biotechnol. 2020, 36, 134. [CrossRef]

Neher, D.A.; Andrews, T.D.; Weicht, T.R.; Hurd, A.; Barlow, ].W. Organic Farm Bedded Pack System Microbiomes: A Case Study
with Comparisons to Similar and Different Bedded Packs. Dairy 2022, 3, 587-607. [CrossRef]

Costa-Orlandi, C.; Sardi, J.; Pitangui, N.; De Oliveira, H.; Scorzoni, L.; Galeane, M.; Medina-Alarcén, K.; Melo, W.; Marcelino, M.;
Braz, ].; et al. Fungal Biofilms and Polymicrobial Diseases. J. Fungi 2017, 3, 22. [CrossRef]

Balducci, E.; Papi, E; Capialbi, D.E.; Del Bino, L. Polysaccharides’ Structures and Functions in Biofilm Architecture of
Antimicrobial-Resistant (AMR) Pathogens. Int. J. Mol. Sci. 2023, 24, 4030. [CrossRef]

Pruitt, HM.; Zhu, ].C.; Riley, S.P.; Shi, M. The Hidden Fortress: A Comprehensive Review of Fungal Biofilms with Emphasis on
Cryptococcus Neoformans. J. Fungi 2025, 11, 236. [CrossRef]

Alonso, V.P.P; Lemos, ].G.; Nascimento, M.D.S.D. Yeast Biofilms on Abiotic Surfaces: Adhesion Factors and Control Methods. Int.
J. Food Microbiol. 2023, 400, 110265. [CrossRef]

Yao, Y.; Maddamsetti, R.; Weiss, A.; Ha, Y.; Wang, T.; Wang, S.; You, L. Intra- and Interpopulation Transposition of Mobile Genetic
Elements Driven by Antibiotic Selection. Nat. Ecol. Evol. 2022, 6, 555-564. [CrossRef] [PubMed]

Kang, J.; Li, R,; Hu, Y;; Huang, X.; Chen, X.-X.; Han, B.-Z. Microbial Interactions in Mixed-Species Biofilms on the Surfaces of
Baijiu Brewing Environments. Food Res. Int. 2024, 191, 114698. [CrossRef] [PubMed]

Kragh, K.N.; Tolker-Nielsen, T.; Lichtenberg, M. The Non-Attached Biofilm Aggregate. Commun. Biol. 2023, 6, 898. [CrossRef]
Mayorga-Ramos, A.; Carrera-Pacheco, S.E.; Barba-Ostria, C.; Guaman, L.P. Bacteriophage-Mediated Approaches for Biofilm
Control. Front. Cell. Infect. Microbiol. 2024, 14, 1428637. [CrossRef]

White, J.K.; Nielsen, J.L.; Madsen, A.M. Microbial Species and Biodiversity in Settling Dust within and between Pig Farms.
Environ. Res. 2019, 171, 558-567. [CrossRef] [PubMed]

Erdei-Tombor, P; Kiské, G.; Taczman-Briickner, A. Biofilm Formation in Water Distribution Systems. Processes 2024, 12, 280.
[CrossRef]

https:/ /doi.org/10.3390/1ife16060888



Life 2026, 16, 888 26 of 28

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Cherif-Antar, A.; Moussa—Boudjemaa, B.; Didouh, N.; Medjahdi, K.; Mayo, B.; Flérez, A.B. Diversity and Biofilm-Forming
Capability of Bacteria Recovered from Stainless Steel Pipes of a Milk-Processing Dairy Plant. Dairy Sci. Technol. 2016, 96, 27-38.
[CrossRef]

Fagerlund, A.; Moretro, T.; Heir, E.; Briandet, R.; Langsrud, S. Cleaning and Disinfection of Biofilms Composed of Listeria
Monocytogenes and Background Microbiota from Meat Processing Surfaces. Appl. Environ. Microbiol. 2017, 83, e01046-17.
[CrossRef] [PubMed]

Makovska, I; Biebaut, E.; Dhaka, P.; Korniienko, L.; Jerab, ].G.; Courtens, L.; Chantziaras, I.; Dewulf, J. Methods for Assessing
Efficacy of Cleaning and Disinfection in Livestock Farms: A Narrative Review. Front. Vet. Sci. 2025, 12, 1581217. [CrossRef]
Stevenson, P. Links between Industrial Livestock Production, Disease Including Zoonoses and Antimicrobial Resistance. Anim.
Res. One Health 2023, 1, 137-144. [CrossRef]

Liu, X.; Yao, H.; Zhao, X.; Ge, C. Biofilm Formation and Control of Foodborne Pathogenic Bacteria. Molecules 2023, 28, 2432.
[CrossRef]

Brienza, M.; Sauvétre, A.; Ait-Mouheb, N.; Bru-Adan, V.; Coviello, D.; Lequette, K.; Patureau, D.; Chiron, S.; Wéry, N. Reclaimed
Wastewater Reuse in Irrigation: Role of Biofilms in the Fate of Antibiotics and Spread of Antimicrobial Resistance. Water Res.
2022, 221, 118830. [CrossRef]

De Brito, FA.E.D.; De Freitas, A.P.P.D.; Nascimento, M.S. Multidrug-Resistant Biofilms (MDR): Main Mechanisms of Tolerance
and Resistance in the Food Supply Chain. Pathogens 2022, 11, 1416. [CrossRef]

Rus, A.; Bucur, L-M.; Imre, K,; Tirziu, A.T.; Ivan, A.A_; Gros, R.V.; Moza, A.C.; Popa, S.A.; Ban-Cucerzan, A.; Tirziu, E. Phenotypic
and Genotypic Characterization of ESBL and AmpC (3-Lactamase-Producing E. Coli Isolates from Poultry in Northwestern
Romania. Antibiotics 2025, 14, 578. [CrossRef] [PubMed]

Charron, R.; Boulanger, M.; Briandet, R.; Bridier, A. Biofilms as Protective Cocoons against Biocides: From Bacterial Adaptation to
One Health Issues. Microbiology 2023, 169, 001340. [CrossRef] [PubMed]

Uruén, C.; Chopo-Escuin, G.; Tommassen, ].; Mainar-Jaime, R.C.; Arenas, . Biofilms as Promoters of Bacterial Antibiotic Resistance
and Tolerance. Antibiotics 2020, 10, 3. [CrossRef]

Fernandes, A.R;; Rodrigues, A.G.; Cobrado, L. Effect of Prolonged Exposure to Disinfectants in the Antimicrobial Resistance
Profile of Relevant Micro-Organisms: A Systematic Review. J. Hosp. Infect. 2024, 151, 45-59. [CrossRef] [PubMed]

Singh, S.; Datta, S.; Narayanan, K.B.; Rajnish, K.N. Bacterial Exo-Polysaccharides in Biofilms: Role in Antimicrobial Resistance
and Treatments. ]. Genet. Eng. Biotechnol. 2021, 19, 140. [CrossRef]

Liu, HY,; Prentice, E.L.; Webber, M.A. Mechanisms of Antimicrobial Resistance in Biofilms. npj Antimicrob. Resist. 2024, 2, 27.
[CrossRef] [PubMed]

Heller, O.; Stephan, R.; Thanner, S.; Héssig, M.; Bee, G.; Gutzwiller, A.; Sidler, X. Effect of Antimicrobials Administered via Liquid
Feed on the Occurrence of Sulphonamide and Trimethoprim Resistant Enterobacteriaceae: Case-Control Study. Porc. Health
Manag. 2017, 3, 20. [CrossRef] [PubMed]

Hahne, E; Jensch, S.; Hamscher, G.; Meifiner, J.; Kietzmann, M.; Kemper, N.; Schulz, J.; Mateus-Vargas, R.H. Innovative
Perspectives on Biofilm Interactions in Poultry Drinking Water Systems and Veterinary Antibiotics Used Worldwide. Antibiotics
2022, 11, 77. [CrossRef]

Irshad, Z.; Laconi, A.; Vougat Ngom, R.; Tolosi, R.; Piccirillo, A. Antimicrobial Resistance and Residues from Biofilms in Poultry,
Swine, and Cattle Farms: A Scoping Review. Animals 2025, 15, 2756. [CrossRef]

Balcézar, J.L.; Subirats, J.; Borrego, C.M. The Role of Biofilms as Environmental Reservoirs of Antibiotic Resistance. Front.
Microbiol. 2015, 6, 1216. [CrossRef]

Sousa, M.; Machado, I.; Simoées, L.C.; Simoes, M. Biocides as Drivers of Antibiotic Resistance: A Critical Review of Environmental
Implications and Public Health Risks. Environ. Sci. Ecotechnol. 2025, 25, 100557. [CrossRef]

Bucur, I.; Dumitrescu, V.; Imre, K.; Herman, V.; Nichita, I.; Cristina, R.; Tirziu, E. Research on the frequency of resistance
phenotypes in bacterial strains isolated from chamois (Rupicapra rupicapra carpatica). Rev. Rom. Med. Vet. 2020, 30, 66-70.
Galvis, J.A.; Corzo, C.A.; Machado, G. Mitigating Between-Farm Disease Transmission through Simulating Vehicle Rerouting and
Enhanced Cleaning and Disinfection Protocols. Prev. Vet. Med. 2025, 244, 106650. [CrossRef]

Galvis, J.A.; Machado, G. The Role of Vehicle Movement in Swine Disease Dissemination: Novel Method Accounting for Pathogen
Stability and Vehicle Cleaning Effectiveness Uncertainties. Prev. Vet. Med. 2024, 226, 106168. [CrossRef]

Dhaka, P.; Chantziaras, I.; Vijay, D.; Bedj, J.S.; Makovska, I; Biebaut, E.; Dewulf, J. Can Improved Farm Biosecurity Reduce the
Need for Antimicrobials in Food Animals? A Scoping Review. Antibiotics 2023, 12, 893. [CrossRef]

Heinemann, C.; Leubner, C.D.; Savin, M; Sib, E.; Schmithausen, R.M.; Steinhoff-Wagner, J. Research Note: Tracing Pathways of
Entry and Persistence of Facultative Pathogenic and Antibiotic-Resistant Bacteria in a Commercial Broiler Farm with Substantial
Health Problems. Poult. Sci. 2020, 99, 5481-5486. [CrossRef] [PubMed]

Wilson, T.; Siddiqi, M.; Xi, Y.; LaPointe, G. Tracking the Microbial Communities from the Farm to the Processing Facility of a
Washed-Rind Cheese Operation. Front. Microbiol. 2024, 15, 1404795. [CrossRef]

https:/ /doi.org/10.3390/1ife16060888



Life 2026, 16, 888 27 of 28

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.
124.

125.

126.

127.

128.

129.

Carrascosa, C.; Raheem, D.; Ramos, E; Saraiva, A.; Raposo, A. Microbial Biofilms in the Food Industry—A Comprehensive
Review. Int. J. Environ. Res. Public Health 2021, 18, 2014. [CrossRef]

Almatroudi, A. Biofilm Resilience: Molecular Mechanisms Driving Antibiotic Resistance in Clinical Contexts. Biology 2025, 14,
165. [CrossRef]

Xu, Y.; Dhaouadi, Y.; Stoodley, P.; Ren, D. Sensing the Unreachable: Challenges and Opportunities in Biofilm Detection. Curr.
Opin. Biotechnol. 2020, 64, 79-84. [CrossRef]

Tuytschaever, T.; Raes, K.; Sampers, . Biofilm Detection in the Food Industry: Challenges in Identifying Biofilm Eps Markers and
Analytical Techniques with Insights for Listeria Monocytogenes. Int. J. Food Microbiol. 2025, 432, 111091. [CrossRef]

Watson, E; Wilks, S.; Chewins, J.; Keevil, B. Efficiency and Novelty of Using Environmental Swabs for Dry-Surface Biofilm
Recovery. Access Microbiol. 2024, 6, 000664. [CrossRef] [PubMed]

Branck, T.A.; Hurley, M.].; Prata, G.N.; Crivello, C.A.; Marek, PJ. Efficacy of a Sonicating Swab for Removal and Capture of
Listeria Monocytogenes in Biofilms on Stainless Steel. Appl. Environ. Microbiol. 2017, 83, €00109-17. [CrossRef] [PubMed]
Niboucha, N.; Goetz, C.; Sanschagrin, L.; Fontenille, J.; Fliss, I.; Labrie, S.; Jean, J. Comparative Study of Different Sampling
Methods of Biofilm Formed on Stainless-Steel Surfaces in a CDC Biofilm Reactor. Front. Microbiol. 2022, 13, 892181. [CrossRef]
Brauge, T.; Barre, L.; Leleu, G.; André, S.; Denis, C.; Hanin, A.; Frémaux, B.; Guilbaud, M.; Herry, J.-M.; Oulahal, N.; et al.
European Survey and Evaluation of Sampling Methods Recommended by the Standard EN ISO 18593 for the Detection of Listeria
Monocytogenes and Pseudomonas Fluorescens on Industrial Surfaces. FEMS Microbiol. Lett. 2020, 367, fnaa057. [CrossRef]

Smith, H.J.; Zelaya, A.].; De Leén, K.B.; Chakraborty, R.; Elias, D.A.; Hazen, T.C.; Arkin, A.P; Cunningham, A.B.; Fields,
M.W. Impact of Hydrologic Boundaries on Microbial Planktonic and Biofilm Communities in Shallow Terrestrial Subsurface
Environments. FEMS Microbiol. Ecol. 2018, 94, fiy191. [CrossRef] [PubMed]

Chen, L.; Li, X.; Van Der Meer, W.; Medema, G.; Liu, G. Capturing and Tracing the Spatiotemporal Variations of Planktonic and
Particle-Associated Bacteria in an Unchlorinated Drinking Water Distribution System. Water Res. 2022, 219, 118589. [CrossRef]
Bonacina, L.; Fornaroli, R.; Mezzanotte, V.; Marazzi, F. Temporal Patterns of Stream Biofilm in a Mountain Catchment: One-Year
Monthly Samplings across Streams of the Orobic Alps (Northern Italy). Hydrobiologia 2024, 851, 2081-2097. [CrossRef]
Robinson, R.L.; Fisk, A.T.; Crevecoeur, S. Temporal and Depth-Driven Variability of Pelagic Bacterial Communities in Lake Erie:
Biofilm and Plankton Dynamics. Environ. Microbiol. Rep. 2025, 17, €70079. [CrossRef] [PubMed]

Klopper, K.B.; De Witt, R.N.; Bester, E.; Dicks, L.M.T.; Wolfaardt, G.M. Biofilm Dynamics: Linking in Situ Biofilm Biomass
and Metabolic Activity Measurements in Real-Time under Continuous Flow Conditions. npj Biofilms Microbiomes 2020, 6, 42.
[CrossRef] [PubMed]

Deines, P.; Sekar, R.; Husband, P.S.; Boxall, ].B.; Osborn, A.M.; Biggs, C.A. A New Coupon Design for Simultaneous Analysis of in
Situ Microbial Biofilm Formation and Community Structure in Drinking Water Distribution Systems. Appl. Microbiol. Biotechnol.
2010, 87, 749-756. [CrossRef]

Azeredo, |.; Azevedo, N.E; Briandet, R.; Cerca, N.; Coenye, T.; Costa, A.R.; Desvaux, M.; Di Bonaventura, G.; Hébraud, M.; Jaglic,
Z.; et al. Critical Review on Biofilm Methods. Crit. Rev. Microbiol. 2017, 43, 313-351. [CrossRef]

Zhang, Y.; Young, P; Traini, D.; Li, M.; Ong, H.X.; Cheng, S. Challenges and Current Advances in in Vitro Biofilm Characterization.
Biotechnol. J. 2023, 18, 2300074. [CrossRef]

ljzerman, M.M.; Izma, G.B.; Kudla, Y.; Gawronski, J.; Rosniak, R.; Black, T.; Letwin, N.V.; Raby, M.; Sibley, PK.; Prosser, R.S.
Refining the Use of Stream Biofilms as a Pesticide Monitoring Tool: Impact of Sample Processing and Periphytometer Replication
on Detection Accuracy. Environ. Toxicol. Chem. 2025, 44, 2918-2926. [CrossRef]

Sandrin, T.R.; Goldstein, ].E.; Schumaker, S. MALDI TOF MS Profiling of Bacteria at the Strain Level: A Review. Mass Spectrom.
Rev. 2013, 32, 188-217. [CrossRef]

Watrous, ].D.; Dorrestein, P.C. Imaging Mass Spectrometry in Microbiology. Nat. Rev. Microbiol. 2011, 9, 683—694. [CrossRef]
Ameer, S.; Ibrahim, H.; Yaseen, M.U.; Kulsoom, E; Cinti, S.; Sher, M. Electrochemical Impedance Spectroscopy-Based Sensing of
Biofilms: A Comprehensive Review. Biosensors 2023, 13, 777. [CrossRef]

Pereira, A.; Melo, L.F. Online Biofilm Monitoring Is Missing in Technical Systems: How to Build Stronger Case-Studies? npj Clean
Water 2023, 6, 36. [CrossRef]

McGlennen, M.; Dieser, M.; Foreman, C.M.; Warnat, S. Monitoring Biofilm Growth and Dispersal in Real-Time with Impedance
Biosensors. |. Ind. Microbiol. Biotechnol. 2023, 50, kuad022. [CrossRef]

Funari, R.; Shen, A.Q. Detection and Characterization of Bacterial Biofilms and Biofilm-Based Sensors. ACS Sens. 2022, 7, 347-357.
[CrossRef]

Kulshrestha, A.; Gupta, P. Real-Time Biofilm Detection Techniques: Advances and Applications. Future Microbiol. 2024, 19,
1003-1016. [CrossRef]

Wang, X.; Chen, C.; Hu, J.; Liu, C.; Ning, Y.; Lu, E. Current Strategies for Monitoring and Controlling Bacterial Biofilm Formation
on Medical Surfaces. Ecotoxicol. Environ. Saf. 2024, 282, 116709. [CrossRef]

https:/ /doi.org/10.3390/1ife16060888



Life 2026, 16, 888 28 of 28

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Sassi, A.; Basher, N.S.; Kirat, H.; Meradji, S.; Ibrahim, N.A.; Idres, T.; Touati, A. The Role of the Environment (Water, Air, Soil) in
the Emergence and Dissemination of Antimicrobial Resistance: A One Health Perspective. Antibiotics 2025, 14, 764. [CrossRef]
Flores-Vargas, G.; Bergsveinson, J.; Korber, D.R. Environmentally Relevant Antibiotic Concentrations Exert Stronger Selection
Pressure on River Biofilm Resistomes than AMR-Reservoir Effluents. Antibiotics 2024, 13, 539. [CrossRef]

Matviichuk, O.; Mondamert, L.; Geffroy, C.; Dagot, C.; Labanowski, J. Life in an Unsuspected Antibiotics World: River Biofilms.
Water Res. 2023, 231, 119611. [CrossRef]

Damiaans, B.; Renault, V.; Sarrazin, S.; Berge, A.C.; Pardon, B.; Saegerman, C.; Dewulf, J. A Risk-Based Scoring System to Quantify
Biosecurity in Cattle Production. Prev. Vet. Med. 2020, 179, 104992. [CrossRef]

Regulation (EU). 2019/6 of the European Parliament and of the Council of 11 December 2018 on Veterinary Medicinal Products and
Repealing Directive 2001/82/EC. Off. ]. Eur. Union 2019, L4, 43-167. Available online: http://data.europa.eu/eli/reg/2019/6/0j
(accessed on 20 May 2026).

EMA Committee for Medicinal Products for Veterinary Use (CVMP) and EFSA Panel on Biological Hazards (BIOHAZ); Murphy,
D.; Ricci, A.; Auce, Z.; Beechinor, J.G.; Bergendahl, H.; Breathnach, R.; Bures, J.; Duarte Da Silva, ].P.; Hederov4, J.; et al. EMA
and EFSA Joint Scientific Opinion on Measures to Reduce the Need to Use Antimicrobial Agents in Animal Husbandry in the
European Union, and the Resulting Impacts on Food Safety (RONAFA). EFSA ]. 2017, 15, e04666. [CrossRef]

More, S.J. European Perspectives on Efforts to Reduce Antimicrobial Usage in Food Animal Production. Ir. Vet. J. 2020, 73, 2.
[CrossRef] [PubMed]

Sanders, P.; Vanderhaeghen, W.; Fertner, M.; Fuchs, K.; Obritzhauser, W.; Agunos, A.; Carson, C.; Borck Hog, B.; Dalhoff Andersen,
V.; Chauvin, C.; et al. Monitoring of Farm-Level Antimicrobial Use to Guide Stewardship: Overview of Existing Systems and
Analysis of Key Components and Processes. Front. Vet. Sci. 2020, 7, 540. [CrossRef]

European Medicines Agency. European Sales and Use of Antimicrobials for Veterinary Medicine; Publications Office of the Euro-
pean Union: Luxembourg, 2025. Available online: https://www.ema.europa.eu/en/documents/report/european-sales-use-
antimicrobials-veterinary-medicine-annual-surveillance-report-2023_en.pdf (accessed on 20 May 2026). [CrossRef]

European Centre for Disease Prevention and Control (ECDC); European Food Safety Authority (EFSA); European Medicines
Agency (EMA). Antimicrobial Consumption and Resistance in Bacteria from Humans and Food-producing Animals. EFSA J.
2024, 22, €8589. [CrossRef]

European Food Safety Authority (EFSA); European Centre for Disease Prevention and Control (ECDC). The European Union
Summary Report on Antimicrobial Resistance in Zoonotic and Indicator Bacteria from Humans, Animals and Food in 2023-2024.
EFSA J. 2026, 24, €9887. [CrossRef]

Mallioris, P.; Teunis, G.; Lagerweij, G.; Joosten, P.; Dewulf, J.; Wagenaar, J.A.; Stegeman, A.; Mughini-Gras, L. The EFFORT
consortium. Biosecurity and Antimicrobial Use in Broiler Farms across Nine European Countries: Toward Identifying Farm-
Specific Options for Reducing Antimicrobial Usage. Epidemiol. Infect. 2023, 151, e13. [CrossRef]

Tomassone, L.; Scali, F.; Formenti, N.; Alborali, G.L.; Aragrande, M.; Canali, M.; Romanelli, C.; Suprani, V.; De Meneghi, D.
Evaluation of ‘ClassyFarm’, the Italian Integrated Surveillance System of Livestock Farms, in the Context of Antimicrobial Use
and Antimicrobial Resistance. Ital. |. Anim. Sci. 2024, 23, 1426-1438. [CrossRef]

Delpont, M; Salazar, L.G.; Dewulf, J.; Zbikowski, A.; Szeleszczuk, P.; Dufay-Lefort, A.-C.; Rousset, N.; Spaans, A.; Amalraj, A.;
Tilli, G.; et al. Monitoring Biosecurity in Poultry Production: An Overview of Databases Reporting Biosecurity Compliance from
Seven European Countries. Front. Vet. Sci. 2023, 10, 1231377. [CrossRef]

Bowler, P.; Murphy, C.; Wolcott, R. Biofilm Exacerbates Antibiotic Resistance: Is This a Current Oversight in Antimicrobial
Stewardship? Antimicrob. Resist. Infect. Control 2020, 9, 162. [CrossRef] [PubMed]

Vougat Ngom, R.; Laconi, A.; Tolosi, R.; Akoussa, A.M.M.; Ziebe, S.D.; Kouyabe, V.M.; Piccirillo, A. Resistance to Medically
Important Antimicrobials in Broiler and Layer Farms in Cameroon and Its Relation with Biosecurity and Antimicrobial Use.
Front. Microbiol. 2025, 15, 1517159. [CrossRef]

Oliveira, LM.; Gomes, I.B.; Simées, L.C.; Simées, M. A Review of Research Advances on Disinfection Strategies for Biofilm
Control in Drinking Water Distribution Systems. Water Res. 2024, 253, 121273. [CrossRef] [PubMed]

Asma, S.T,; Imre, K.; Morar, A.; Imre, M.; Acaroz, U.; Shah, S.R.A.; Hussain, S.Z.; Arslan-Acaroz, D.; Istanbullugil, ER.; Madani,
K.; et al. Natural Strategies as Potential Weapons against Bacterial Biofilms. Life 2022, 12, 1618. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/1ife16060888



