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Food safety risks are controlled in agrifood settings by reducing the microbial burden in food
ingredients and food production environments. Hygiene programmes involve an incremental
implementation of chemical treatments (e.g., disinfectants) and engineering controls (e.g., elimination
of susceptible harbourage sites). The strategies to disrupt the presence and transmission of microbial
risks to foods are being refined by advanced microbiology and genomics that provide actionable

evidence on the precise nature of local ecologies.

A culture of food safety

With a commitment to the health and safety of their customers, food
businesses implement a multitude of strategies to influence and reduce the
risk of microbial contamination in the foods they produce. Even with the use
of cleaning and disinfection agents, food production environments (FPEs)
are not sterile. Resident microbiota are shaped by selective pressures,
including temperature, exposure to disinfectants, and the continual intro-
duction of new microbial species from the environment or from food
ingredients'. Ultimately, adapted microbial communities of environmental,
spoilage and pathogenic organisms can establish niches in FPE that can spill
over to contaminate foods and food ingredients. As such, despite long-
standing investment in hygiene, regulation, and testing, foodborne illness
continues to represent a major public health burden, with not all potential
sources identified. For example, in the United Kingdom, the UK Health
Security Agency has recently reported continued increases in cases for each
of Shiga toxin-producing Escherichia coli (STEC), Listeria monocytogenes,
Salmonella, and Campylobacter ranging from 14% to 26%”"". These trends
highlight the pressing need for coordinated action from food producers,
researchers, and the government to strengthen surveillance and develop
more effective tools for control.

Within the overall culture of food safety and processes of a food
business®’, the best defences against the presence and transmission of
microbial risks are to prevent their entry, harbourage, and spread within
FPE (Fig. 1). Commitment to food safety not only protects the health of
consumers, but it also protects the reputation of brands. In many countries,
it is the responsibility of each business to make safe food, and achievable
frameworks for control of microbial contamination involve good hygiene
practices and structured risk management plans such as the Hazard

Analysis and Critical Control Point System (HACCP) that are customised to
the specific circumstances of individual business*". Cleaning and disin-
fection (C&D) are a cornerstone of hygienic practice in food production'""*.
Hygiene is further supported and iteratively improved within individual
food businesses through the principles of ‘quality by design™", whereby
operations, infrastructure, and formulation of disinfectants are optimised
using monitoring programmes that detect microbial risks and enable tar-
geted and precise control measures amongst an overall backdrop of hygienic
design. Guidance and standards are available to businesses from govern-
ment and industry sources'>'® that further identify sector-specific or gen-
eralised control measures. These resources also support the development of
training and certification programmes to support employee knowledge and
to entrench the core principles and awareness of food safety across a busi-
ness. As such, food safety culture is strengthened not only by monitoring
and design, but also by supporting ongoing decision making through
training, mentorship, and staff engagement at all operational levels. It is
against these frameworks that we will provide a perspective on con-
temporary approaches and the scientific needs to develop biocontrol stra-
tegies that can result in demonstrable value to food safety and risk
management.

In this perspective, we consider indoor FPEs that represent indus-
trialised production settings for raw and ready-to-eat foods. We use lan-
guage from microbial ecology' to frame food safety strategies as being
informed and optimised based on evidence of microbial ‘presence’ (at
specific sites within a FPE), followed by ‘transmission’ (via exposure vec-
tors), ‘connectivity’ (or, microbial spread between different components of
a FPE), and ‘evolution’ (including microbial selection and adaptation at
new sites). We use the term ‘resistance’ to refer to microbes that remain
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1 / CONSISTENCY IN OPERATIONS
* Supply chain control (supplier management)

* Treatment of ingredients (e.g. thermal and non-thermal processing)
* Food safety knowledge / competency frameworks for all staff

LOW CARE —

3. / MONITORING & TRENDING
* In-line sensors and targeted environmental monitoring

* Biofilm indicator sprays / swabs

« Consideration to intermediate vectors (wheels, bearings, belts)
» Data sharing within the sector to determine baselines

* Genomics and metagenomics as a guidepoint

HIGH CARE

2. / INFRASTRUCTURE

* Hygienic design that limits inaccessible sites

* Attention to expansion joints and sealants

* Antibacterial coatings / surfaces

* Clean in Place (CIP) systems

* Maintaining low ambient humidity and environmental dryness

Fig. 1 | Opportunities for new scientific tools to implement and validate food
safety control measures to mitigate microbial risks in industrial food production
environments (FPE). Elements of the figure are discussed throughout this per-
spective. Control measures for microbial risks differ substantially between ‘low care’
and ‘high care’ zones. Low care areas, such as product storage zones, handle items
unlikely to pose a contamination risk or that will undergo a kill step later. In contrast,

4. / EVIDENCE ON FORMULATION

* Assays that confirm biocide activity

« Alternative applications (shock treatments, ozone, steam, UV)

* Multi-species biofilm models that inform situation-specific plans

« Standards on validation methodologies

* Metrics for validation (customer complaints, incidence responses)

high care areas manage ready-to-eat products or those with no further processing
steps to reduce contamination risk. These areas may be physically connected, and all
areas are subject to good manufacturing practices, including cleaning, zoning, and
hygiene'”. The central image (excluding the four surrounding text boxes) was created
with a generative AI tool and adapted by the authors. Connected text boxes: Food
Safety Control > Quality by Design Process > Solutions

detectable following application of a biocide at a ‘during use’ concentration -
that is, survival observed in real-world settings or during laboratory testing
that replicates the effective concentration of an agent at a particular site'*"”.
Bland et al. further review terminology such as ‘resistance’ and ‘tolerance’, as
applied in the food industry™. This perspective has been written largely from
a view of UK practices, and we acknowledge that low- and middle-income
countries (LMICs) face challenges, including infrastructural, economic, and
regulatory constraints, that are outside the scope of this perspective.

We also refer the reader to the recent review on bacterial biocide
susceptibility testing”' that presents the state of knowledge on biocides, that
by virtue of their chemical nature, such as chlorine-based disinfectants, can
act broadly against microbial cells; are used commonly and often at high
concentrations; are meant to be fast-acting; and are used in a wide variety of
settings, ranging from domestic, to animal and human health, to industrial
settings. O'Reilly et al. also highlighted the challenges in standardising
methods for assessing biocide activity”'. These challenges arise, in part,
because of the multitude of variables to consider, including biocide con-
centration, exposure time, state of the microbial test species (planktonic or
biofilm associated), and the impact of organic and inorganic components of
the test model on biocidal activity, let alone the sheer multitude of agents and
microbial taxa that could form testing combinations™.

Complexity of FPE microbial communities

The success of food safety and risk management programmes in FPEs can be
defined by the reduction in the level of microbes in the environment and the
disruption of transmission pathways from the environment to foods/
ingredients. Despite the significant efforts to reduce microbial loads in FPE,
they remain inherently non-sterile. Microbial communities, usually in the
form of biofilms, are commonly present”. Under selective pressure, these
microbial communities will establish and adapt. Multiple sources can
continually introduce diverse microbial populations into facilities, including
from food ingredients and supplies, transportation infrastructure,

workforce, and water and air-handling systems. Common reservoirs where
microbes are expected to be present in FPE and that are indicative of the total
flora include ‘non-food contact’ surfaces such as floors, drains, ventilation
systems and walls. These areas can act as sources of contamination and
transmit to food contact surfaces and other connected areas of an FPE”.
Over time, environmental pressures from an FPE’s site-specific circum-
stances co-select for multiple microbial strains uniquely adapted to the
facility, leading to the establishment of adapted and resistant microbial
communities capable of surviving in specific harbouring sites™".

The interactions within these microbial communities can be diverse
and dynamic”**, where microbes may engage in synergistic relationships
that enhance their ability to persist under environmental stressors, such as
through metabolic cooperation, co-adhesion, or quorum sensing. In many
circumstances, complex biofilms evolve that further shield microbial cells
from eradication and potentially promote resistance to commonly used
biocides”**. We expand on their importance in Box 1. These ecological
dynamics have direct implications for hygiene strategy, because the struc-
ture and behaviour of microbial communities determine how well inter-
ventions perform in practice. Antagonistic relationships can also occur, in
which certain microbial species inhibit the growth or survival of others
through competitive exclusion, production of antimicrobial compounds, or
resource limitation®*, These naturally occurring antagonistic interactions
offer promising opportunities for biocontrol strategies, where non-
pathogenic or beneficial microbes may be intentionally promoted or
introduced to suppress the establishment and transmission of pathogens
in FPEs.

As microbial species adapt to these stresses, a more comprehensive
understanding of the facility’s total microbiota, along with continuous
evaluation of disinfectant efficacy, is essential for developing informed
control strategies to mitigate microbial risks and to subsequently monitor
and validate that control measures are effectively shifting microbial popu-
lations towards a lower level of food safety risk.
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Box 1 | Biofilm ecologies in the context of Food Production Environments

Biofilms can be the dominant and resilient state of bacteria in food facil-
ities and are one of the reasons a robust culture of food safety is essential,
going beyond conventional surface cleaning. This Box draws on Liu et al.
(2024) as a primary reference, alongside additional literature cited
throughout this perspective.

Biofilms are structured microbial communities in which cells attach to
surfaces and become embedded within a protective extracellular matrix.
This lifestyle represents a predominant state for many bacteria, enabling
persistence under challenging conditions. Compared to free-floating
(planktonic) cells, biofilm-associated bacteria display markedly higher
tolerance to stress, including disinfectants, antimicrobials, desiccation,
and physical cleaning. These traits arise from several mechanisms, such
as reduced metabolic activity in deeper layers, limited penetration of
disinfectants through the matrix, and coordinated stress responses at the
community level*?.

Current approaches to environmental monitoring and
control

On the likelihood that microbial niches will form in FPE, it is a common
requirement that food producers implement an environmental monitoring
programme to sample and identify the presence or absence of prioritised
food safety risks, such as L. monocytogenes. Swabs of ‘food contact’ and ‘non-
food contact’ surfaces - most commonly from ‘high care/high risk’ areas of a
FPE (e.g., those producing ready-to-eat foods, and susceptible to post-cook
microbial contamination) - are sent to private or reference testing labora-
tories for detection of target microbial pathogens. Depending on legislative
requirements, industry guidance, or specific supply chain standards (e.g.,
specifications set by a retailer for their suppliers), if pathogens are detected
beyond a certain threshold in food products (e.g., EU law - Regulation (EC)
No 2073/2005 - requires less than 100 colony forming units of L. mono-
cytogenes per gram of ready-to-eat products that do not support Listeria
growth™), this may trigger further environmental or product monitoring to
support root cause analyses and risk assessment. Enhanced cleaning and
disinfection measures may also be employed to mitigate immediate risks,
particularly where pathogen-containing biofilms are suspected in the FPE"".

It is also preferred to prevent biofilms rather than to find biofilms.
Trending and analyses of environmental monitoring data provide critical
information on areas within a FPE that are vulnerable to the formation of
microbial harbourage sites, informing customised control measures and
mitigation plans. These new lines of defence can include a series of engi-
neering and infrastructure controls, employee education, supply chain
management and rigorous cleaning and disinfection plans that seek to
prevent the formation of these niches (Fig. 1). Given that a ‘one-size-fits-all’
approach is often ineffective, multiple tailored strategies are typically
required for effective microbial control. In this regard, biofilms have a sig-
nificant part to play in environmental hygiene management plans, where
areas that are less accessible to disinfectants are of particular concern, and
each harbourage site may be unique in relation to the degree of microbial
attachment, density, microbial composition, metabolic processes, and bio-
cide resistance phenotypes.

In developing this perspective, we draw on insights informally shared
by industry stakeholders across roles, including company microbiologists,
quality managers, and technical managers - who have provided a viewpoint
on the practical challenges, evolving strategies, and embedded knowledge
that are the foundation of day-to-day operations to manage microbial risks
in FPEs™”.

The food industry holds a clear responsibility to safeguard the public,
and robust practices in risk management and due diligence are already
embedded across the sector. Within the overarching culture of food safety
that shapes behaviours and decisions in the FPE, these stakeholders

In food production environments, these features mean that once
biofilms establish on equipment, drains, or hard-to-clean niches, they can
act as chronic reservoirs. Biofilms support repeated cycles of con-
tamination, allow gene exchange that can spread resistance traits, and
often harbour “persister” cells that survive even aggressive cleaning
regimes.

For food safety, the implications include:

* Detection gaps: routine presence/absence testing may fail to
accurately characterise the composition of biofilms that can
intermittently release cells into connected areas of the facility.

¢ Difficulty of removal: conventional cleaning and disinfection may not
be sufficient unless specifically designed to disrupt biofilm structure.

* Hygiene first: maintaining dry conditions, purposeful surface design,
and targeted hygiene measures is more effective than attempting to
remove mature biofilms once established.

emphasised four key lines of defence against microbial contamination:
preventing the entry, harbourage, and spread of hazards - and when
contamination does occur, taking swift action to kill and remove pathogens
from the environment:

A. Preventing Entry (Operations)

Microbial risks may enter FPEs via raw ingredients, packaging, personnel, or
equipment - posing particular concern in high-care or high-risk areas where
no subsequent kill step is applied, for example, in post-cook or ready-to-eat
food production. Stakeholders emphasised that, in these settings, risk
mitigation must begin at the source, with enhanced supplier assurance and
quality control measures to reduce bioburden prior to entry. This includes,
using an example from the UK, the adoption of the Microbiological Gui-
dance for Growers (MGG4) issued by the Chilled Food Association'®, which
outlines standards for raw produce intended for high-care use.

Stakeholders also stressed that food safety knowledge and decision-
making capability must extend across all levels of the workforce. Several
participants described challenges in maintaining microbiological awareness
among regulatory inspectors and auditors, noting that limited expertise in
microbial ecology and hygiene may hinder meaningful engagement. A
recurring sentiment was that ‘to understand microbiology means mentor-
ship’- underscoring the value of hands-on learning and knowledge transfer.
To support this, organisations are investing in structured training and
competency frameworks that embed microbiological understanding across
the workforce - not just within technical teams, but in all roles that influence
food safety (e.g. engineers). For many businesses and trade associations, this
has meant renewed efforts to create educational materials that ‘make tech-
nical approachable’ so that they can broadly increase awareness of food
safety principles across their team, regardless of expertise.

In this view, preventing microbial entry is not only a matter of process
and supply chain design, but also of sustained organisational learning.
Ensuring all staff understand why specific practices are implemented was
described as essential to a robust food safety culture®. Confounding this
objective, frequent supplier changes, staff turnover, or the introduction of
new raw materials can introduce variability and vulnerabilities - high-
lighting the need for continuous vigilance.

B. Preventing Harbourage (Infrastructure)

The presence of persistent microbial contamination in FPEs is often linked
to structural features that enable microbes to establish protected niches™.
Biofilms commonly develop in hard-to-reach areas - including crevices,
porous surfaces, and worn or damaged materials - where effective disin-
fection is difficult. Intermediate vectors such as wheeled equipment, con-
veyor belts, cleaning tools, footwear, and airborne droplets generated during
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washdowns can also mobilise microbes between zones”. These pathways
contribute to both the transmission and persistence of contamination and
must be actively managed as part of a broader infrastructure and hygiene
strategy.

Stakeholders emphasised that these risks can be significantly reduced
through the application of hygienic design principles during facility con-
struction, refurbishment, or equipment selection. Designs that favour
smooth, edge-free, and non-absorbent surfaces help reduce the potential for
microbial accumulation and biofilm development™. Additionally, an often-
overlooked but important control measure is maintaining environmental
dryness. Keeping ambient humidity low can disrupt biofilm formation,
while even microscopic areas with moisture in otherwise dry facilities may
still permit surface colonisation* ™.

Facilities with ageing infrastructure or deferred maintenance are
identified as vulnerable. Amongst our stakeholders, expansion joints,
cracked floor seals, degraded polymer surfaces, and poorly fabricated
installations were cited as common harbourage points for L. monocytogenes.
Engineering and maintenance teams may prioritise mechanical function or
throughput over microbiological risk - it is often a surprise to engineers what
is actually susceptible to microbial contamination, because their focus is on
keeping the factory runnming, not on microbiology’ - underscoring the
importance of targeted food safety training aligned with their operational
responsibilities.

To address this, some stakeholders described efforts to better integrate
engineering and hygiene goals - for example, through condition monitoring
and fix before fail’ maintenance strategies that reduce unplanned downtime
while supporting food safety outcomes. Knowledge-sharing through men-
torship and role-specific training was again highlighted as essential to
embedding hygienic thinking into daily operations.

C. Preventing spread (Monitoring)

Environmental monitoring in FPEs not only detects pathogens but also
helps identify individual and connected zones susceptible to microbial
accumulation and biofilm formation. Stakeholders highlighted the use of
low-complexity tools, such as chromogenic sprays, swabs, and hydrogen
peroxide-based detection methods, to visualise potential hotspots***. In the
UK, commercial assays and reagents like FreshCheck®, Biofinder®, and
TBF® 300 are in routine use by some food businesses as rapid, colour-based
indicators of hygiene status, enabling technical teams to quickly survey areas
of concern within a facility. As one stakeholder noted, ‘contamination is
invisible - and simplified results that can be understood by everyone’ are key.
Culture-based approaches, PCR, and genomics are not always accessible at
point-of-use, whereas bright indicator colours offer intuitive feedback, using
food-safe chemistry that triggers rapid colour changes with minimal
ambiguity and no hardware requirements.

Where concern arises, these zones may be flagged for additional
interventions. Targeted treatments with enzymatic or oxidising agents can
be applied to disrupt suspected biofilms, followed by re-evaluation to con-
firm efficacy. Though not substitutes for routine hygiene practices, such
strategies are often rotated into cleaning programmes to reinforce control -
particularly in areas that are structurally or operationally difficult to clean.

These practices reflect a broader principle echoed by stakeholders: the
importance of layered, responsive monitoring and hygiene systems that
integrate routine procedures with targeted actions. At the core of this system
is the imperative to remove what cannot be prevented - through cleaning
and disinfection measures designed to actively reduce microbial presence in
the FPE.

D. Kill and remove (or ‘Seek and Destroy’)

Routine C&D programmes are foundational to microbial risk control in
FPEs''. While disinfection often receives the empbhasis, stakeholders stressed
that effective cleaning - the physical and chemical removal of organic matter
that can shield microbial cells - is the critical first step’’. While the impact of
cleaning is dependent on many factors relating to the soil and substrate and
cleaning agent, the act of cleaning alone can remove up to 99.8% of microbes

from surfaces”, enabling disinfectants to reach their targets and act on
biofilms or residual contaminants.

Cleaning strategies are tailored to the type of soil present. Alkaline
detergents (e.g., sodium hydroxide, potassium hydroxide) are highly
effective for breaking down proteins and fats; acidic agents (e.g., phosphoric
or nitric acid) remove scale; and solvent-based cleaners address grease
residues. Enzyme-based detergents may also be periodically incorporated to
degrade biofilm matrices and improve the efficacy of downstream disin-
fection. Mechanical energy - such as brushing, scraping, scrubbing, or low-
pressure washing - enhances removal, though high-pressure systems must
be used cautiously, as they can aerosolise pathogens and increase the risk of
cross-contamination”.

Following cleaning, disinfectants are selected based on microbial spec-
trum, surface compatibility, and regulatory status. Common agents include
quaternary ammonium compounds (QACs), chlorine-based disinfectants,
hydrogen peroxide, alcohols, peracetic acid, and iodophors*~*. In the UK and
EU, such products are regulated under the Biocidal Products Regulation
(BPR), with oversight from the Health and Safety Executive (HSE) and the
European Chemicals Agency (ECHA). Under the EU BPR (Regulation (EU)
No 528/2012), disinfectants must demonstrate efficacy against relevant
microorganisms using standardised European test methods (for example EN-
series surface and suspension tests) before approval for use. These regulatory
standards set baseline expectations for performance, but as discussed here,
additional facility-specific validation is often required in complex food pro-
duction environments. Disinfectant performance is influenced by a range of
factors - including surface condition, biocide concentration, contact time, and
the presence of organic material™”. While QACs offer broad-spectrum cov-
erage, they are less effective against spores and mature biofilms™, and the
evolution of reduced susceptibility can occur™. In contrast, oxidising agents
such as peracetic acid and hydrogen peroxide are often favoured in enclosed
systems for their efficacy against structured communities™.

There is growing interest in emerging agents such as hypochlorous acid
(HOCI), which combines broad-spectrum efficacy with low toxicity, bio-
degradability, and a relatively mild environmental profile””. These products
are increasingly being adopted to support sustainable hygiene strategies
while reducing reliance on harsher chemistries.

Food businesses may ask: ‘Will traditional chemistry be enough to
control this risk? If not, then seek additional solutions.” Even the most broadly
acting biocides can be constrained by context, and if the ‘chemistry’ is
insufficient, food businesses may adopt incremental control strategies.
Enzyme-based cleaners can be used to delayer biofilms, increasing microbial
susceptibility to subsequent disinfection®. Other enhancements - including
antimicrobial surface materials, UV air treatment, HEPA filtration, ozone,
and time-temperature-controlled delivery systems - can be integrated to
supplement conventional C&D. These are sometimes deployed on a
rotating basis or as part of capital investment projects, particularly where
microbial harbourage or airflow-driven contamination is persistent.

Surface topography, facility layout, and environmental variables (e.g.,
dew point, condensation risk) can all affect outcomes. Regimes must
therefore be tailored to the specific realities of each facility. The goal of
hygiene programmes is to ‘influence as much as you can’ - through layered,
fit-for-purpose controls that reflect an ongoing commitment to food safety
and continuous improvement.

New solutions and opportunities

Innovation in microbial control is not driven by novelty alone - it reflects a
culture of food safety grounded in evidence-based action, economic feasi-
bility, and shared learning. While the fundamentals of hygiene remain
constant, research networks and forward-looking food businesses are col-
laborating to address persistent research needs and to close gaps in detec-
tion, interpretation, and intervention.

A. Pursuit of innovation
Food safety is widely viewed as a shared priority, not a source of competitive
advantage. Increasingly, progressive businesses with a culture of open
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innovation are joining collaborative networks such as the Food Safety
Research Network™ that connect microbiologists, material scientists, engi-
neers, and regulators with the personnel responsible for hygiene on the
factory floor. These partnerships are grounded in practical questions
reflective of a ‘healthy paranoia’ to identify hard-to-reach risks: ‘What
exactly are we trying to clean off? Where are the microbes in the system? What
survives cleaning, and how does the microbiome re-establish itself? How do
organisms transit across equipment, people, and processes? And critically -
which microbes pose the greatest risk to consumer safety?’

These questions can’t be answered in isolation. For businesses attuned
to microbial risk - often through their deep product knowledge - there is a
desire for business-to-business learning. What insights can be shared across
facilities or sectors to better understand where risks reside and how
microbial populations respond to selective pressures? Solutions require
critical thinking and support to evaluate new technologies, interpret com-
plex results, and translate data into meaningful action - all within the real-
world constraints of time, cost, and other operational workloads. We discuss
here innovations and collaborative approaches that are providing solutions.

B. Preventing harbourage: surfaces and coatings

Preventing microbial establishment at the source is a critical component of
effective hygiene practice. While traditional disinfectants focus on reducing
microbial loads after contamination has occurred, newer solutions aim to
block initial attachment and disrupt biofilm maturation before it begins.

Surface engineering plays a central role. Hygienic design, characterised
by smooth, edge-free construction, chemically resistant materials, and
robust sealing compounds, continues to advance in tandem with processing
technologies. Alongside this, passive antimicrobial surfaces offer a supple-
mentary layer of control, especially in areas that are difficult to access or
clean thoroughly*™®'.

These include coatings embedded with silver or copper ions, known for
their broad-spectrum antimicrobial activity™; photocatalytic surfaces that
generate reactive oxygen species under light exposure®; and polymer-based
films infused with quaternary ammonium compounds or organic acids®.
Some approaches rely on contact-kill mechanisms, while others release
antimicrobials gradually over time.

Clean-in-place (CIP) systems represent another major investment in
hygiene infrastructure - automating the cleaning of pipes, tanks, and closed-
loop systems without disassembly. When effectively designed and validated,
CIP systems can significantly reduce harbourage risk in high-throughput,
hard-to-access, or fluid-handling environments™®.

However, cost remains a major barrier to widespread adoption. ‘The
passive approach is a great way forward,” one stakeholder noted, ‘but the costs
to implement are the problem.” Even so, several businesses are beginning to
incorporate surface innovations and CIP upgrades into infrastructure
renewal - prioritising areas with known harbourage risk, and weighing
hygiene gains against the long-term returns on investment.

C. Preventing spread: genomics and metagenomics as a
guidepost

Understanding the fuller microbial ecology of a facility, rather than targeting
only specific pathogens, is emerging as a powerful lens for action. Meta-
genomics, particularly shotgun sequencing combined with whole-genome
sequencing of recovered taxa, is now being increasingly explored to detect
microbial shifts associated with contamination, spoilage, or the application
of disinfectants™*.

These approaches provide both taxonomic and functional insight,
helping teams highlight persistently present taxa across a facility or a tar-
geted process area and support investigations into potential sources and
evaluate whether control measures are truly reshaping microbial popula-
tions. As reviewed by Mather et al., when combined with business-specific
expertise and knowledge of existing hygiene systems, genomics and meta-
genomics offer complementary data to refine risk assessments and inform
hygiene strategies that align with HACCP frameworks, enabling more
precise interventions®.

Several stakeholders noted that metagenomics could help them ‘close
the net’ on unknown risks by identifying gaps in understanding of microbial
communities that may signal emerging issues - though always at a cost to
perform. At present, shotgun metagenomics remains largely research-led in
FPEs; in most cases, lower-cost 16S rRNA or ITS surveys are used instead to
profile microbial communities, though these mainly provide taxonomic
data and lack the functional insights of shotgun sequencing. Sampling in
under-monitored zones requires planning, operator coordination, and
financial investment. While not intended for routine use, metagenomics can
play a critical calibrating role: establishing a broader baseline of a facility’s
microbiota and informing the development of targeted follow-on assays for
key taxa of concern.

While metagenomics offers powerful insights into microbial com-
munity structure, many food businesses are already finding immediate value
in sequencing individual isolates from their facilities. Whole-genome
sequencing of isolates can distinguish persistent from transient strains, trace
their spread within facilities, and highlight potential virulence or resistance
determinants®. In practice, some businesses report that this resolution is a
critical problem-solving tool, enabling targeted hygiene interventions or
process redesign in ways that routine presence/absence testing or even
broader metagenomic profiles cannot. For businesses, the value of these
tools lies in balancing simple, actionable outputs with the richer data needed
for root-cause analysis and long-term control.

At this stage, these methods remain highly specialised and are best
pursued in partnership with research institutes and funders committed to
long-term capability-building. Stakeholders have shared that metagenomics
can ‘help verify what changes after a new control’, offering a before-and-after
view of microbial communities that would otherwise remain invisible to
businesses. Used judiciously, it is a tool to better understand microbial
reservoirs and inform management decisions - especially when safety issues
or spoilage persist under the lens of routine tools.

D. Killing with confidence: standardising disinfectant validation
Despite their central role in microbial control, the tools used to validate
disinfectant efficacy remain poorly aligned with the complexity of FPEs"*".
Standardised laboratory tests - for example, EN 1276, Minimum Inhibitory
Concentration (MIC), or Minimum Bactericidal Concentration (MBC)
assays assess planktonic cultures of reference strains, tested in liquid sus-
pensions or on uniform surfaces in well-controlled experimental settings’".
While these protocols are foundational for regulatory approval and com-
parability, they often fail to reflect real-world performance.

Small changes in parameters - contact time, temperature, soil load,
growth phase - can dramatically alter outcomes’”. For example, published
MIC values for Enterococcus faecalis ATCC 29212 against chlorhexidine
have ranged from <1 mg/L to over 25 mg/L depending on method and
conditions”. Biofilm-associated cells, common in FPEs, often require bio-
cide concentrations many times higher than those effective against plank-
tonic populations™ . Yet most lab assays remain anchored in reductionist
models that overlook these ecological realities.

Even where biofilm-specific metrics exist - such as the minimal biofilm
eradication concentration (MBEC), biofilm prevention concentration
(BPC), or biofilm bactericidal concentration (BBC) - there is no consensus
on standard definitions, test systems, or regulatory benchmarks”~””. And
when commercial disinfectants, often formulated with multiple active
substances and surfactants, are rarely assessed in their full-product for-
mulations, a disconnect between test results and operational confidence can
be created. Without better predictive data, some businesses may feel com-
pelled to either ‘over disinfect’ (at cost) or accept uncertainty. It is preferred
to know ‘what works, and where.”

In response, food businesses can supplement routine testing with
research-driven challenge trials - using facility-relevant soils, resident
microbial strains, or bespoke biofilm models to evaluate how products
actually perform under local conditions. These approaches will allow
technical teams to verify claims, calibrate expectations, and build hygiene
strategies that reflect their true operating environment.
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At the regulatory level, initiatives such as the EU COST Action Reg-
ulatoryToolBox (CA23152) are working to harmonise test criteria and
enable cross-sector consensus on what constitutes meaningful disinfectant
efficacy®. True validation cannot rely on universal tests alone; instead, site-
specific factors, including surface materials, layout, production cycles, cli-
mate, and microbial ecology (e.g., representative strains), can each play a
decisive role in disinfectant performance*®". This evolving framework
acknowledges that some detections are expected, not all reductions signify
success, and context is everything. A single hygiene failure may not reflect
systemic breakdown, while the absence of findings - if supported by robust,
site-tailored verification - can build confidence. As we ‘learn to value null
results’ one stakeholder advised that ‘they may be telling you your system is
working.

The challenge is not only to balance method harmonisation with field
customisation, but also to include non-microbiological measures of success.
Verification must extend to product impact - with indicators such as
reduced recalls, fewer customer complaints, or lower rates of reported ill-
ness. If interventions do not translate into measurable product or consumer
benefit, then their rationale should be re-evaluated. In this context, effective
microbial control becomes not just a regulatory obligation, but a strategic
decision rooted in evidence of the real-world outcomes that matter most to
businesses and consumers.

E. Modelling reality: multi-species and biofilm assays
Considering the essential context of FPE microbes in biofilms, it’s increas-
ingly clear that the gold standard for disinfectant testing must evolve - away
from single strains on polished steel or new plastics, and toward models that
better mimic the ecology and wear-and-tear of real factory surfaces™.

A significant proportion of laboratory biofilm studies still rely on single
strains grown on idealised surfaces, in defined media and fixed conditions®.
These models fail to capture the cooperative and competitive interactions
that emerge within complex microbial consortia. In multispecies biofilms,
certain taxa may produce extracellular polymeric substances (EPS), detox-
ifying enzymes, or signalling compounds that induce stress responses in
neighbouring cells”*. This interspecies interaction can result in markedly
higher tolerance to biocides - especially in biofilms containing families such
as Pseudomonadaceae and Xanthomonadaceae®*. Such findings increas-
ingly challenge the relevance of mono-species assays as benchmarks for
cleaning efficacy in industrial settings.

In response, the development of multi-species biofilm models has
gained momentum, driven by the need for more realistic and predictive test
systems. When integrated with omics approaches, such as metagenomics,
transcriptomics, and metabolomics, these models provide powerful insights
into quorum sensing, metabolic complementation, communal stress
responses, and microbial succession. They are now being used not only to
evaluate disinfectant performance, but also to test new materials, validate
cleaning protocols, and understand how microbial communities adapt over
time. Importantly, however, biocide susceptibility is rarely measured long-
itudinally, meaning we have little understanding of whether, and how,
microbial populations in food production environments are evolving
increased tolerance.

This gap underscores the need for analytical tools that can track biofilm
resilience and recovery more directly. New approaches such as micro-
calorimetry (e.g., CalScreener™) and flow-cell systems enable researchers
and technical teams to monitor metabolic recovery, structural integrity, and
regrowth potential following treatment"”. While standardisation remains a
challenge, given the wide variability in species combinations, nutrient
conditions, surface materials, and methodologies to measure biofilms, we
are now moving toward assays that capture resilience and ecological
behaviour, not just survival endpoints.

As one stakeholder put it: ‘Not all cleaning success is visible - we need
methods that tell us more than just ‘did we kill something in a petri dish?” The
next generation of biofilm assays must reflect not just the presence or
absence of a target organism, but the broader ecological behaviours that
underpin microbial survival. By building models that better simulate the

physical and biological complexity of factory settings, we stand to improve
both the realism and reliability of hygiene verification in the food industry.

Conclusion

Drawing from stakeholder insight and current microbiological research, we
outline the following recommendations for innovation-driven food safety
activities, where food businesses and research partners are jointly working to
future-proof hygiene and microbial control strategies in food production
environments:

A. Innovation and collaboration in a culture of food safety

¢ Invest in long-term partnerships between food businesses and research
institutions to co-develop practical tools that address real-world
hygiene challenges, not just laboratory endpoints.

¢ Leverage internal investment alongside public research programmes to
support microbial ecology studies and build capabilities in risk inter-
pretation and hygiene innovation.

o Assess practicality and trade-offs (e.g., cost, regulation, process
compatibility) early in the development cycle to reduce barriers to
adoption.

B. Advances to prevent and monitor microbial presence and
transmission

* Evaluate alternative antimicrobials and materials - such as bacter-
iophages, enzymatic treatments, antimicrobial polymers, and photo-
catalytic surfaces - based on their context-specific effectiveness, safety
profile, and ecological impact.

* Integrate rapid detection tools (e.g., chromogenic sprays) into existing
hygiene verification systems to guide timely, localised interventions.

* Use genomics and/or metagenomics to establish a microbial baseline of
local biota to detect meaningful shifts in community composition
associated with spoilage or safety risks, including the presence of per-
sisting strains.

C. Modelling and validation of disinfectants to kill and remove
evolved biofilms

* Benchmark in-use disinfectants against facility-relevant MIC/MBC
thresholds using resident strains and representative surface types.

¢ Supplement standardised assays with site-specific challenge models to
validate real-world efficacy and inform hygiene programme
adjustments.

¢ Interpret results probabilistically and longitudinally - not all positives
signal failure, and not all reductions guarantee success.

* Adopt multi-species biofilm models - particularly for validating
interventions in hard-to-clean zones - and integrate them with omics
tools to reveal community-level responses.

¢ Incorporate additional product and process quality indicators (e.g.,
customer complaints), not just CFU counts, to evaluate the longer-
term impact of hygiene measures and residual risk.
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