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Cleaning and disinfection (C&D) procedures are essential components of farm
biosecurity, aiming to reduce microbial load and eliminate the pathogenic
microorganisms in livestock farms facilities. This review examines the various
methods used to assess the effectiveness of both cleaning and disinfection,
exploring their strengths, limitations, and optimal-use scenarios. For cleaning
evaluation, common methods include basic visual inspections, ultraviolet (UV)
fluorescence, adenosine triphosphate (ATP) bioluminescence, rapid protein tests
(RPT), redox potential, and microbiological swabbing. However, visual inspections
and UV fluorescence alone provide only qualitative insights. ATP offers quantitative
data, though the accuracy can be influenced by the presence of detergents or
disinfectants, requiring careful calibration. Additionally, ATP and RPT testing demands
standardization to ensure consistent results. A new promising redox method is
fast and more accurate, however still has limited field applicability. Microbiological
methods, while highly accurate in detecting microbial contamination, are resource-
intensive and therefore not in frequent use for routine evaluation of the cleaning
procedures. For assessment of disinfection procedures microbiological tests such
as colony-forming unit counts on agar plates, as well as the use of selective media
for target microbes or hygiene indicator organisms are more appropriate than
non-microbiological tests as they offer direct evidence of microbial elimination.
However, these methods can be labor-intensive and time-consuming. Molecular
methods can be powerful tools in detecting hard-to-culture organisms, however,
are more expensive and require specialized equipment. Given these challenges,
our study recommends a comprehensive C&D evaluation protocol, incorporating
multiple methods tailored to the farm’s specific biosecurity needs and epidemiological
context. This integrated approach improves the reliability and efficiency of C&D
monitoring, ensuring robust hygiene management in farm settings.

KEYWORDS

ATP, ACP, farm hygiene, efficacy of C&D, evaluation of cleaning, evaluation of
disinfection, microbiological methods

1 Introduction

Hygiene monitoring of farm animal facilities encompasses the observation and evaluation
of farm cleanliness. Through this, potential on-farm contamination sources can be identified,
and likewise, possible lapses in the implementation of the cleaning and disinfection (C&D)
procedures can be identified (1, 2). Inadequate hygiene practices can be associated with
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various risks and negative outcomes, including disease outbreaks,
compromised animal health and welfare, the spread of zoonotic
pathogens, economic losses, contamination of animal products,
increased antibiotic use, environmental pollution, and finally damage
to the industry’s reputation (3-5). Thus, the importance of hygiene
management in livestock has been steadily increasing, particularly
within the broader context of farm biosecurity (1, 2, 6).

From a biosecurity perspective, proper C&D procedures are
important to reduce or eliminate organic and microbial load at the
farm level to minimize the infection pressure (3, 7, 8). As was
confirmed in previous studies the implementation of proper C&D
measures in pig and poultry housing reduced pathogens like
Salmonella spp. and Campylobacter spp. (9-13). Additionally,
maintaining adequate hygiene on farms also mitigates the risk of
colonization by antibiotic-resistant bacteria (1, 14). At the same time,
it was emphasized that inadequate C&D procedures result in residual
organic material, which can reduce the effectiveness of disinfectants
(15) and create conditions favorable for microbial persistence,
including the development of protective matrices that shield
pathogens from inactivation (16). Considering that C&D incurs
expenses related to working time, purchase of equipment, and
consumables, improper C&D can result in a wasteful expenditure of
resources (17). That is more concern, that even when C&D procedures
are properly implemented, using the correct disinfectant,
concentration, contact time, proper temperature, and applied to
pre-cleaned surfaces, the elimination of all pathogens cannot
be guaranteed (18). This is due to factors such as the formation of
biofilms, the development of resistance to cleaning chemicals and/or
disinfectants, or the presence of difficult-to-clean or disinfect locations
(such as drains and lairage pens’ cracks and holes) (19, 20). Therefore,
assessing the efficacy of C&D procedures in livestock facilities is
essential to confirm the successful elimination or inactivation of
pathogens (21-23).

Generally, checking the efficacy of C&D procedures in animal
housing facilities can be carried out as part of routine practices,
periodically (scheduled audits), or as emergency response. However,
the evaluation of C&D practices on animal farms is often not
conducted at the recommended level due to time constraints, limited
awareness of available evaluation methods, and insufficient
understanding of hidden risks (24, 25). A similar tendency was
identified in a study assessing the application of C&D evaluations
procedures on pig farms across 10 European countries revealed that
only 1% of farms regularly assess the effectiveness of their C&D
measures (e.g., with hygienogram) (23). This finding can suggest that
farmers, workers, and occasionally veterinarians may lack adequate
awareness of proper methods for the evaluation of C&D procedures.

10.3389/fvets.2025.1581217

While there are different methods available for evaluation of C&D
practices in human hospitals and food industries (17, 26-28), however
in farm environments it is still complicated due to several key factors.
These include the variability of farm settings, the abundance of organic
matter, and the challenges in consistently applying and evaluating the
C&D practices across different types of equipment, surfaces, and
animal housing areas. Therefore, the aim of the present review is to
analyze and evaluate the various methods used to assess the
effectiveness of C&D practices/measures and to translate these
findings into practical recommendations for animal health
professionals /farmers.

2 Materials and methods

The literature search for this narrative review was conducted in
two rounds, a first one from October 2023 to December 2023 and a
second one from May 2024 to June 2024. For both, three primary
databases, PubMed, Web of Science, and Scopus, were selected to
ensure comprehensive coverage of relevant scientific publications. The
search was based on a set of carefully chosen keywords related to the
assessment of C&D procedures and farm hygiene, including terms
such as: “evaluation of cleaning”; “evaluation of hygiene”; “monitoring
of hygiene”; “hygiene monitoring on farms”; “hygiene control’

», «

“hygiene in stables”;

», «

hygiene of surfaces”; “evaluation of disinfection;

“efficacy of disinfection”; “effectiveness of disinfection”; “effectiveness
of C&D”; “efficiency of C&D”; “cleaning and disinfection efficacy”

A thorough evaluation of the selected papers was performed by
two co-authors in accordance with the inclusion and exclusion criteria
outlined in Table 1.

From all relevant publications, a comprehensive review was
conducted to extract applicable data on current and potential methods
for evaluating the effectiveness of C&D procedures. This systematic
analysis yielded key insights into the various approaches/methods
used to assess the efficacy of hygiene interventions across different
types of farm facilities and production systems. Given the limited
number of studies specifically focused on hygiene in animal housing,
the review was further expanded to include information from related
fields such as the food industry and human medicine as an example
of the possibility to expand it to the farm environment. This broader
scope provided a more comprehensive understanding of potential
methodologies that could be adapted for varied farm conditions. The
data extracted were synthesized and presented through a combination
of visual representations and detailed tables to enhance clarity
and understanding.

TABLE 1 The inclusion and exclusion criteria adopted in the literature review process.

Inclusion criteria Exclusion criteria

1 Peer-reviewed original research articles, book chapters, and standard guidelines | Manuscripts that were not peer-reviewed, commentary, and conference abstracts
2 Manuscripts written in English Manuscripts not written in English

3 Studies focusing on pigs, poultry, and cattle farms Studies focusing on pets, companion animals, wild animals and aquatic species
4 Studies including the effect of C&D on farm surfaces and equipment Studies including the farm air and water systems
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2.1 Data extraction and synthesis

The selected studies were classified into three main thematic
sections based on the type of hygiene monitoring methods used
on farms:

(1) Non-microbiological assessment methods including studies
focusing on visual, biochemical, and chemical assessment
without direct microbial testing.

(2) Microbiological assessment methods including studies with a
focus on detection of targeted microbial contamination and/or
assessment of hygiene indicator organisms.

(3) Molecular methods including studies describing molecular

identification

techniques for the detection and

of microorganisms.

For each of the identified methods, the strengths, limitations, and
practical implications were listed and discussed.

3 Results

3.1 Overview of C&D procedures in farm
facilities

The present review has identified distinct categories of methods
used to evaluate the hygiene status in animal housing facilities,
whether after cleaning, after disinfection or following the complete
C&D process.

An effective C&D regime comprises seven essential steps: (1)
Dry cleaning (to remove all organic material); (2) Soaking with a
detergent (soaking of all surfaces preferably with detergent for
appropriate contact time); (3) Pressure washing (high pressure
cleaning with water to remove all dirt); (4) Drying (to avoid dilution
of the disinfectant applied in the next step); (5) Disinfection (to
achieve a further reduction or elimination of the concentration of the
pathogens); (6) Final drying (drying of the stable to assure that
animals afterwards cannot come into contact with the residues of
used disinfectant); (7) Evaluation (testing of the efficiency of the
procedure through sampling of the surface by using applicable
methods). The final step (7) should involve testing of the efficiency
of the procedure through sampling of the surface by using applicable
methods such as visual inspection, ATP testing, or microbial
swabbing, etc., to ensure the overall effectiveness of the entire process
(8,18, 29).

3.2 Non-microbiological assessment
methods

3.2.1 Visual assessment

3.2.1.1 Basic visual inspection

Visual inspection is a common and conventional method for
assessing hygiene in animal facilities, offering a quick evaluation of the
cleaning effectiveness of stables, equipment, and materials, without
requiring specialized tools (30). It can be applied both before and after
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cleaning. Performing it after dry cleaning but before detergent
cleaning or disinfection helps addressing gaps and may reduce
residual organic material.

Description of the test. This approach is widely used, but only few
studies described in detail the procedure. In a poultry farm study,
the inspection was conducted for equipment and buildings after
cleaning and before disinfection. Each building was divided into
four sections identifying the specific control points for assessment
based on the grid approach described by Rose et al. (31), and
calculated cumulative scores as percentages, with 100% indicating
perfect cleanliness (32). In pig farms, a three-point grading system
was applied to evaluate visible soiling: 1 = satisfactory (no visible
soiling), 2 = sufficient (minor soiling), and 3 = unsatisfactory
(visible soiling) (24). Similarly, a poultry farm study adopted a
three-tier scale: 0 = soiled, 1 = partially cleaned, and 2 = clean (20).
However, as was highlighted by Heinemann (33), the lack of
standardized definitions for “clean” and “dirty” makes such
assessments subjective. Visual hygiene assessments of milking and
feeding equipment in cattle farms have been employed in multiple
studies using standardized scoring systems based on the presence of
visible organic residues. A commonly adopted 4-point scale
evaluates equipment surfaces that come into contact with colostrum
or milk, where: score 1 denotes visibly clean equipment with no
detectable fecal, milk, or colostrum residues; score 2 indicates
minimal residual traces; score 3 reflects clearly visible contamination;
and score 4 represents extensive contamination, often involving
manure, milk, or colostrum deposits (34, 35). In some studies, visual
scoring charts were used for evaluating items such as buckets and
nipples (36), with additional modifications for esophageal and
automatic milk feeders, taking into account factors like tube
transparency to assess internal cleanliness. All assessments were
performed by a single evaluator to ensure consistency (34). The goal
should always be to achieve the better possible visual hygiene score
immediately after the cleaning process and just before the equipment
is used again (37).

Advantages. Visual inspection is a quick and simple method to do
the checking, allowing evaluators (staff, auditors, and other
stakeholders) to spot visible dirt or residue efficiently. If a surface
fails this test, the use of more advanced methods like rapid tests,
microbiological analyses, or even proceeding with disinfection is
unnecessary (8, 18).

Limitations. The main limitations of basic visual inspection are its
subjectivity, reliance on the inspector’s perception, and external factors
such as lighting and surface color (24). Only visible areas can
be assessed, potentially missing hidden spots. For example, a poultry
farm study found high adenosine triphosphate values on drinking
cups, drain holes, and floor cracks after cleaning, which confirmed
that these areas still contained notable amounts of organic material
and/or bacteria after cleaning despite visual inspections showing
cleanliness for the last two (20). Similar findings from studies on
colostrum-feeding equipment in cattle farms revealed that nipples
appearing clean upon visual inspection were found to be contaminated
when assessed using luminometry, likely due to hard-to-see internal
surfaces, especially in dark or narrow designs (34).
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Overall reflection. Visual assessment is generally considered a poor
). Although it is highly
) and only offers a qualitative assessment, making it

indicator of cleanliness on farm (34—
subjective (
difficult to track improvements, it remains a valuable and integral tool
within a comprehensive C&D evaluation protocol (39, 40). To improve
reliability, the visual inspection process on farms should
be standardized by defining clear criteria (8, 31), training and
calibrating inspectors regularly (37,
and checklists (

for more objective assessment. Emerging Al tools, such as computer

), using detailed scoring systems
), and incorporating digital imaging or AI tools (41)

vision and machine learning algorithms, can enhance the objectivity
of farm visual inspections by automatically detecting hygiene
deficiencies and standardizing image-based evaluations.

3.2.1.2 Ultraviolet (UV) fluorescence

UV fluorescent markers, also known as UV tracers or UV
fluorescent dyes, provide a visual indication of areas in animal houses
that are not properly cleaned (42).

Description of the test. UV fluorescent markers emit visible
fluorescence under UV light and are easily removed by wet mopping.
In animal housing facilities, these dye-based markers are typically
applied to surfaces prior to cleaning, and the cleaning process is
considered effective if more than 90% of the marker is visibly removed.
In studies of veterinary and hospital cleanliness, outcomes are
categorized as “clean” (mark faded) or “dirty” (mark persists)

( ) (42,
in hospitals using UV light boxes (

). UV markers are also used to assess hand hygiene
), with a 4-point scale from “very
dirty” to “very clean” (45).

An American study on pig farms highlighted the broad application
of specialized fluorescent gels and powders, such as “Glo Germ’, which
can simulate germs or contaminants visible under UV light. These
tools have demonstrated effectiveness as educational aids, improving
biosecurity practices across various contexts. They are particularly
valuable for training individuals in identifying contamination risks,
serving as practical and engaging tools in swine facilities and other
agricultural settings (46).

In addition, a study conducted in the USA applied deep learning
algorithms, Xception and DeepLabv3+, to analyze images of surfaces

10.3389/fvets.2025.1581217

and equipment in the food industry. The models accurately
distinguished between contaminated and clean surfaces with 98.78%
accuracy (41). This approach holds potential for future application in

farm facilities.

Advantages. UV fluorescent markers are relatively easy to use and
have low costs related to them (47). They do not require specialized
equipment or complex procedures, making them accessible and
practical for routine assessments. UV fluorescent markers are
non-destructive to surfaces and most of them are non-toxic, posing

minimal risk to humans or animals (41).

Limitations. Major limitations are additional work/time for marking
surfaces prior to cleaning procedures and that this methodology
requires a UV light source (42). Its effectiveness depends on the
observer’s ability to detect fluorescence, which can be influenced by
lighting conditions and improper use of UV light. Additionally, it does
not provide microbial contamination data.

Overall reflection. UV fluorescence can be useful for assessing the
efficacy of cleaning procedures. They are especially used as a training
and educational tool to raise awareness and promote better cleaning
). Works best when
subjectivity is minimised using pre-printed scoring templates (such as

as well as hand hygiene practices (44,
% of marker removed) or pictures.

3.2.1.3 Adhesive tape evaluation

Adhesive tape sampling methods have been used in clinical,
). This
sampling method can be used for porous surfaces or uneven areas that

environmental, and food microbiology since the early 1950s (

may be difficult to inspect visually directly or to sample using swabs
or agar contact plates (49).

Description of the test. The test methodology involves pressing
adhesive tape onto a surface to collect residual particles, both organic
and inorganic, which are subsequently visually inspected or
microbiologically cultured to evaluate C&D efficiency (48). Advanced
techniques like spectroscopy or microscopy may be used for further
analysis, helping to identify specific particles or microorganisms.

FIGURE 1

Hand examination under UV light in a box: (A)—pre-cleaning view (after applying UV gel the fluorescent light marks the whole hand) and (B)—post-
cleaning view (fluorescent spots mark the areas that are not properly cleaned).
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Advantages. The method is simple, cost-effective, and requires
minimal equipment, making it suitable for routine use. It is versatile,
easily covering irregular surfaces and hard-to-reach areas. The
collected samples are manageable, transportable, and non-destructive
(50). This method furnishes a qualitative appraisal of the presence of
visible residues, aiding in the identification of areas necessitating
further attention.

Limitations. The use of adhesive tape sampling is limited to collecting
contaminants from small surface areas and does not capture those
embedded in deeper layers of rough surfaces (e.g., concrete). Its
effectiveness is influenced by factors such as the sampling technique,
applied pressure, and the type of tape used. Additionally, it may miss
larger or non-adherent contaminants, leading to potential
inconsistencies in results. If only visual analysis is done, interpretations
can be subjective.

Overall reflection. The technique is simple and requires minimal
equipment, making it an accessible option for routine monitoring of
small surface areas in animal farm environments It is primarily suited
for detecting visible residues rather than accurately quantifying the
microbial load on surfaces.

3.2.2 Biochemical assessment methods

3.2.2.1 Adenosine triphosphate (ATP) bioluminescence
technology

ATP analysis is a quantitative method that can be used for
monitoring hygiene after C&D (8, 20). It is typically applied to high-
touch surfaces and critical control points, focusing on areas prone
to contamination.

Traditionally, this technique is more commonly implemented
in human medicine and the food industry to assess potential
contamination points as well as C&D regimen. However, recent
studies have demonstrated that this method has gained popularity
and is increasingly utilized to assess hygiene effectiveness in
veterinary medicine, especially for the evaluation of specific
surfaces in scientific studies (38, 39, 51). For example, in dairy

10.3389/fvets.2025.1581217

farms, studies highlighted the potential of ATP as an on-farm tool
for evaluating the hygiene of rubber liners (35), for cleanliness of
equipment used to collect and feed colostrum (36, 52), for
assessing the cleanliness of feeding equipment in pre-weaning
calves (34), and for cleanliness of milking equipment (53). In the
poultry industry, ATP bioluminescence was used to assess
cleanliness in broiler houses from 12 different sample points (such
as floor, wall, drinking cup, feed hopper, loose material, etc.) (20),
in battery cages and on-floor layer houses (32), in carcass
processing environments to identify critical control points and
equipment surfaces (54). In pig farming, ATP assay was used for
testing floor corners, floor centers, and feeding troughs in an
empty pig farrowing unit before and after standard cleaning
procedures (55).

Description of the test. ATP analysis detects biological residues,
including cells from plants, animals, and microorganisms, as ATP is
the universal energy source in living cells (17). As the dirt that is left
in farm animal housing is often a mixture of feces, urine, leftover feed,
animal cells, and bacteria, the ATP levels provide an indication of
surface cleanliness (33).

ATP analysis operates on the principle of introducing a solution
containing a lysis reagent, luciferin substrate, and luciferase enzyme
to a swab sample. The lysis reagent facilitates the release of ATP from
all living cells. When ATP is released, it is utilized by the luciferase
enzyme to convert the luciferin substrate, resulting in a bioluminescent
reaction that produces light. The intensity of this light correlates with
ATP levels (8). The light is measured in relative light units (RLUs),
where higher RLUs indicate greater contamination (Figure 2). ATP
levels vary by cell type (e.g., yeast, bacteria) and growth phase, but
regulatory mechanisms maintain a consistent ATP pool (17). Thus,
routine cleaning assessments should be compared with baseline data
of acceptable cleanliness values. ATP bioluminescence thresholds for
hygiene assessment vary considerably across studies, depending on
animal species, facility type, and the specific surface or equipment
being tested. For instance, Lindell et al. (35) reported ATP cutofs for
milking equipment ranging from <150 relative light units (RLU) to
indicate cleanliness, to >300 RLU as indicative of contamination. In

FIGURE 2

testing device; waiting for results 10 s; receiving the results).

ATP procedures: measuring surface contamination levels (swabbing the boots after cleaning; mixing with reactive solution; placing the vial into ATP
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the context of colostrum feeding equipment, Buczinski et al. (52)
proposed a general threshold of <1,000 RLU for clean devices, and
>1,000 RLU for contaminated ones. Similarly, Van Driessche et al.
(38) classified ATP readings as follows: <500 RLU (clean), 501-1,000
RLU (alert), and >1,000 RLU (fail). A wider range was observed by
Vilar et al. (53), who reported thresholds from <152 to <1,1824 RLU,
depending on sampling sites within cattle operations. In poultry
barns, Mateus-Vargas et al. (56) considered values <150 RLU as
indicative of effective cleaning, with readings above this level reflecting
insufficient hygiene. For pig fattening units, Heinemann et al. (33)
identified >500 RLU as a threshold indicating inadequate cleanliness
of pen surfaces. These variations underscore the importance of
establishing facility-specific pass/fail benchmarks when using ATP
monitoring as a routine hygiene assessment tool, as recommended by
Heinemann et al. (24).

Advantages. ATP bioluminescence tests swiftly detect organic
residues, providing quantitative results within a short time (around
5-10 s) without the need for microbial cultivation. This allows for
immediate feedback on surface cleanliness, enabling real-time
adjustments and interventions.

Limitations. A major limitation is the absence of specific standards
for the RLUs to define cleanliness (57). Each ATP device manufacturer
employs its own RLU scale, based on their specific ATP luminescence
curve, making all measurements and RLU values relative to that
particular system. Furthermore, users should understand that the ATP
value does not relate directly to the microbial load of surfaces, even
when only bacteria are measured. Similarly, non-microbial sources of
ATP, such as plant material, could lead to an overestimation of
microbial contamination (33). Therefore, if ATP values are very high,
additional microbial testing is recommended for verification.
Although the ATP assay can lead to a false positive result, the cost of
an additional cleaning is typically lower than the potential expenses
associated with an infectious disease outbreak, such as PEDV (Porcine
Epidemic Diarrhea Virus) or PRRSV (Porcine Reproductive and
Respiratory Syndrome Virus) (39, 58).

Another limitation of the methodology is that residual
detergents and disinfectants may interfere with the ATP
bioluminescence reaction and alter RLU values leading to
inaccurate results (27, 59, 60). As was observed in previous
studies, among the nine chemicals that were tested for impact on
ATP, quaternary ammonium was the only one that increased log,
RLU measurements. In contrast, hydrogen peroxide and
peroxyacetic acid sanitizer caused larger log,, RLU reductions in
ATP measurements from organic sources (chicken exudate)
compared to pure ATP sources (61). For this reason, it is advisable
to use commercial bioluminescence detection kits that include
neutralizers to mitigate the effects of detergents and sanitizers
(61) or leave a drying period of a minimum of 12h after
disinfection of a surface before using ATP to evaluate cleanliness.
In addition, it’s important to note that ATP systems are also
unable to detect spores, viruses, or prions, as they do not contain
ATP (61). Moreover, when samples are collected from areas that
are not visibly clean, the contamination load of the swab may
be too high, preventing an accurate ATP measurement, which
could result in false negative results. Thus, it is recommended to
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use this technique exclusively on visually clean surfaces, as advised
by the manufacturers (52). A similar statement was confirmed in
a study in pig barns which found a strong correlation (r = 0.698,
p <0.001) between ATP and total aerobic bacteria (TAB) levels
after cleaning. However, the correlation was weakened in the
presence of fecal bacteria, emphasizing the need for thorough
cleaning and visual inspection before testing (55).

In comparison to the food industry, where ATP testing is already
standardized, its application for veterinary purposes still requires
further standardization. Until this is achieved, each manufacturer
should, at the very least, provide its own upper and lower RLU limits
for application within the veterinary context (55). To accurately
interpret the hygiene status while using ATP testing on a regular basis,
the user must set a pass or fail benchmark as was suggested by
Heinemann et al. (24).

Overall reflection. Despite its limitations, ATP bioluminescence is
increasingly popular (especially in the frame of scientific projects)
for environmental cleanliness monitoring in farm facilities serving
as a technique suitable for real-time assessment of surfaces by
focusing on dirt absence, not microbial count where cleanliness, but
not sterility, is required (20, 35, 57). However, opinions on the
effectiveness of ATP testing vary. Some argue that ATP testing
should not replace quantitative methods for determining microbial
load and should, therefore, be supplemented with microbiological
methods (35, 57, 58, 62-64). On the contrary, other researchers
have confirmed that ATP testing can be a cost-effective alternative
to microbiological methods along with visual inspection (55) and
alone (24).

However, based on the analysis of the different studies there are
important prerequisites: in case of use after cleaning, the ATP
testing should be used only on visually clean surfaces, and in case
of using ATP testing after disinfection, it can only be applied when
surfaces are completely dry, in both cases in order to avoid false
results. A future standard approach requires identifying a
benchmark and establishing a cut-off value to alert farmers when
extra cleaning is needed (65).

3.2.2.2 A3 system (ATP+ADP+AMP)

The A3 test quantifies the total adenylate content, ATP, ADP
(adenosine diphosphate), and AMP (adenosine monophosphate),
collectively on surfaces to assess cleanliness. Therefore, measuring
total adenylates (ATP + ADP + AMP, known as A3) may provide a
more reliable indicator of residual contamination that can lead to
biofilm formation and other contamination (65).

Description of the test. In this method, samples collected from
surfaces are processed to convert all adenylates into ATP using
enzymatic reactions. The resulting ATP is then measured using a
standard bioluminescence reaction catalyzed by the luciferase
enzyme. Because the test captures all forms of adenylates rather
than ATP alone, it provides a more accurate measure of residual
organic matter, including degraded biological material, on
cleaned surfaces.

Advantages. By measuring all three adenylates (ATP, ADP, AMP), the
test captures residual organic matter even when ATP has partially
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degraded, increasing detection accuracy. A3 levels correlate with
residues that promote biofilm formation, enabling earlier identification
of sanitation issues. Like ATP bioluminescence, A3 testing can
be performed quickly with portable luminometers (66).

Limitations. A3 testing equipment and reagents are less common
and can be more expensive than standard ATP tests. The inclusion
of ADP and AMP can complicate result interpretation, requiring
calibration and training. Some cleaning agents or sample matrices
may affect adenylate stability or detection, causing false
readings (67).

Overall reflection. The A3 test offers a more comprehensive and
reliable alternative to traditional ATP testing by accounting for
ATP degradation products, improving cleanliness assessments in
environments where heat or chemicals degrade ATP. Finally, this
approach allows detection of degraded organic residues that may
not contain intact ATP but still pose hygiene risks, providing a
more reliable indicator of surface contamination. Although
promising, its broader adoption depends on further validation, cost
reduction, and user training to interpret results accurately.
Integrating A3 testing with other hygiene monitoring methods can
enhance overall sanitation control.

3.2.2.3 Luciferase-based methods

All ATP bioluminescence tests use luciferase, but not all luciferase-
based tests are ATP tests. Some are designed to find live pathogens.
These tests are more specific than general ATP tests and can confirm
if harmful microbes (such as Salmonella, Listeria, or E. coli) are still
present after C&D procedures.

Description of the test. Luciferase-based microbe detection
combines the bioluminescent reaction of the luciferase enzyme with
biological targeting mechanisms, such as bacteriophage-based
systems or pathogen-specific genetic probes. Phage-based tests use
luciferase as a biosensor to detect specific microbe, often via
genetically modified bacteriophages or molecular probes that only
activate the luciferase signal when a viable target pathogen is present
(68, 69). Genetic probe-based methods use nucleic acid amplification
coupled with luciferase to quantify specific bacterial DNA (70). These
approaches ensure that luminescence occurs exclusively in response
to viable and correctly identified microbe, enhancing both specificity
and reliability.

Advantages. Offers high specificity, as it targets viable pathogens
rather than general organic material, allowing for accurate
confirmation of disinfection effectiveness. The test delivers results
within hours, significantly faster than traditional culture methods, and
is sensitive enough to detect low pathogen levels. It is also
non-destructive, requiring minimal sample preparation, and the
intensity of luminescence correlates quantitatively with pathogen
concentration (68, 71).

Limitations. More complex, time consuming and expensive than ATP
tests. Require specific reagents and instruments, require skilled lab
personnel to carry them out, typically suited for lab or semi-lab
settings, which limit field applicability. The test generally targets
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specific pathogens, so it is not suitable for broad-spectrum screening.
Additionally, sample matrices can sometimes interfere with the
luciferase reaction, causing false results. Proper sample collection and
handling, as well as operator training, are critical to ensure accuracy
(68, 71).

Overall reflection. Luciferase-based pathogen detection provides
a valuable balance between rapid turnaround and specificity for
viable pathogens, making it a useful tool for verifying the
effectiveness of C&D protocols on farms. However, it is best
employed as part of an integrated hygiene monitoring strategy that
also includes complementary methods such as ATP bioluminescence
and microbiological cultures to ensure comprehensive pathogen
detection and control (68).

3.2.2.4 Rapid protein tests (RPT)

RPTs are widely used across multiple industries, including the
food industry, healthcare, and environmental monitoring. On farms,
rapid protein tests can be applied to assess the cleanliness and hygiene
of equipment, surfaces, and animal housing facilities. By detecting
protein residues, these tests can reveal the presence of organic
contaminants, such as manure, feed residues, or milk, which may
potentially carry harmful microorganisms (24).

Description of the test. Rapid protein tests detect protein residues
through chemical reactions that cause a color change, typically within
1-15 min. Using swabs, test strips, or pads, samples are mixed with a
reagent to induce a color shift, which indicates the presence and extent
of protein contamination. The color change is often assessed using a
predefined scale, such as the 5-point scale used in a German study to
evaluate the intensity of the shift from green to violet after 15 min
(24). The semi-quantitative scoring system typically ranges from 1 (no
detectable color change) to 5 (intense color change), with scores
exceeding 2 or 3 generally interpreted as indicative of insufficient
cleaning or inadequate hygiene.

Advantages. RPTs allow for the immediate semi-quantitative
assessment of surface cleanliness. According to Heinemann et al. (24),
rapid protein tests are highly inviting for on-farm monitoring due to
their short duration, in contrast to microbiological techniques. While
the interpretation of color changes could potentially be subjective, this
can be supplemented by inexpensive tools to measure and/or record
results when needed (24).

Limitations. These tests do not detect non-organic substances,
chemical or residues (24, 33, 53, 72). Their sensitivity can vary across
surfaces and test brands, leading to inconsistent results that require
Additionally,

disinfectant residues may interfere with test outcomes, causing false

validation and standardization. detergent or
positives or negatives. To address this, low-residue disinfectants or
post-application residue removal methods can be used, although the
term “low residue” does not guarantee zero residues, and levels are

typically defined as <25 ppm (24).
Overall reflection. Results of rapid protein tests are often qualitative

(pass/fail) or semi-quantitative, providing less precise information.
When comparing ATP and RPT, ATP tests more accurately reflect
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subtle differences, whereas rapid protein tests only allow for the visual
recognition of coarse color graduations (24).

3.2.3 Chemical assessment method

3.2.3.1 Redox potential measurement

The redox potential method is one of the complex indicators of
the physiological state of microbial cultures and its measurement
could be a useful tool for the qualitative and quantitative determination
of microbial contamination (73).

Description of the test. The redox potential method relies on
oxidation-reduction reactions in biological systems, driven by
microbial activity. During microbial growth, biological oxidation leads
to oxygen depletion and the production of reducing compounds,
causing a measurable decrease in the redox potential (Eh) of the
medium (74). This change, governed by the Nernst equation, serves
as an indicator of microbial activity and contamination levels (73).
Researchers have validated this approach for coliform bacteria, finding
a strict linear correlation between termed time-to-detection and the
log of the initial CFU count (73, 75). Where the ‘time-to-detection’ is
the interval between inoculating the sample into the redox-sensitive
medium and the moment when the measured redox potential (Eh)
drops to the chosen cutoff, indicating significant microbial oxidation
and reduction activity.

Advantages. Redox potential measurement can detect microbial
activity within 16 h, faster than the minimum 24-h incubation
required for the reference plate culture method. This technique is
efficient and can be tailored to specific bacterial strains by using
selective media, as each bacterial strain exhibits a unique kinetic
pattern in terms of redox potential change. This makes the method
not only faster but also adaptable to different types of microbial
contamination (75). Recent studies have led to the development of
mobile devices for measuring microbiological activity on farms (still
in progress), utilizing the redox potential measurement technique,
opening new ways to its use by the sector. Also, mathematical
models have been successfully used to describe the specific shape of
redox potential curves for several bacteria optimizing the readings
and leading to higher accuracy when classifying bacterial
species (75).

Limitations. The redox potential is a complex indicator influenced by
various factors, requiring careful interpretation. Automation is
possible but demands advanced redox electrodes and measurement
systems. Despite its potential, the method has historically seen limited
application (73, 75, 76). Due to the non-availability of devices for field
conditions (available devices are only non-portative), this method
needs more improvement.

Overall reflection. This method can be a cost-effective alternative for
monitoring microbial contamination. Its adaptability and minimal
environmental control requirements make it a valuable tool, though
broader adoption and technological improvements are necessary to
fully leverage its capabilities (73, 75). Therefore, integrating redox
potential monitoring, based on microbial metabolic activity reducing
oxidation-reduction potential, can provide faster, indirect microbial
detection and offers potential for field-adapted C&D evaluation.
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3.3 Microbiological assessment methods

Microbiological assessment is critical for detecting and measuring
microorganisms on surfaces, encompassing a wide range of
microorganism types (55). Unlike non-microbiological testing,
microbiological ones may provide quantitative data on contamination
levels through viable colony counts (77) offering insight into the
efficacy of C&D (78).

Culturing techniques form the cornerstone of microbiological
assessments, enabling the growth and enumeration of
microorganisms from collected samples. The mesophilic aerobic
total viable count (TVC) is a widely used parameter for assessing
surface cleanliness, reflecting the presence of a total number of
aerobic and facultative anaerobic microorganisms. Additionally,
indicator microbes like Enterobacteriaceae, E. coli, and total
coliforms are used to assess faecal contamination, aiding in
identifying hygiene lapses (20, 22, 33). Specific pathogens such as
Salmonella spp., Campylobacter spp., and methicillin-resistant
Staphylococcus aureus (MRSA) are also commonly targeted in
assessments (18, 33, 79).

Microbiological assessment involves collecting microorganisms
from surfaces using various techniques, including swabbing and agar
contact plates (ACP) (17). A brief description of these two commonly
used techniques is provided below.

3.3.1 Swabbing

Swabbing is a versatile sampling technique that involves wiping
targeted surfaces with swabs made of materials like cotton, rayon, or
nylon, which are then processed for microbiological analysis.

Description of technique. For direct swabbing, a sterile frame marks
the sample area, and a dry or pre-moistened swab is wiped horizontally
and vertically with rotation. The swab is then placed in a transport
media for microbiological analysis (Figure 3).

This technique is highly effective for sampling irregular or
hard-to-reach areas, such as artificial teats or inside equipment
(53). Swabbing is commonly used to sample the animal farms
from the floor, wall, drinkers, and feeders (Figure 4). The boot
sock or boot swab sample method is recommended to examine
Salmonella spp. occurrence in poultry houses (CR (EU) No
200/2010) (24). This technique also involves pulling sterile
disposable hairnets or cotton covers over disinfected shoes
(“sock” samples) and walking a defined number of steps through
the barn. This method was previously used to detect
Campylobacter spp., MRSA, total aerobic bacteria, and fecal
indicator bacteria such as Enterococci and Enterobacteriaceae

33, 79). In the study by Mateus-Vargas et al. (56), boot swab
samples collected by walking over poultry barn floors were used
to evaluate C&D efficacy through log;, reductions in total aerobic
counts (TAC). The results demonstrated a 3 log;o reduction in
TAC following cleaning and a reduction of less than 2.5 log;, after
disinfection. Similarly Luyckx et al. (20, 22), reported a decrease
in total aerobic flora from 7.7 + 1.4 to 4.2 + 1.6 log CFU/625 cm’
after disinfection using swab-based culture methods in poultry
barns. Although no definitive threshold was proposed, lower
bacterial counts were consistently associated with improved
hygiene status. In cattle farm settings, Lindell et al. (35) employed
swab sampling followed by culture for TAC assessment, where
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FIGURE 3

assessment.

Boot swab sampling process: a swab is wiped horizontally and vertically with rotation over a marked area and placed in a transport media for further

FIGURE 4
Swabbing of equipment, drink pillars, and walls in farm environments.

post-cleaning levels below 2-3 log CFU/cm® were generally
considered indicative of acceptable surface cleanliness.

Advantages. Swabs can be further processed to quantify total
microbial contamination, detect specific pathogens, or identify
indicator organisms. The type of swab and the choice of
moistening and transport solution can significantly impact the
recovery of microorganisms, with studies showing nylon flocked
swabs with non-growth-enhancing moistening solutions as
particularly effective for wet surfaces (28). In cases where swabs
are taken after disinfection, the use of a neutralising transport
medium ensures that residual disinfectants in the sample are
inactivated, enabling an accurate bacterial count during
processing. A key advantage of swabs is the ability to dilute the
transport solution, which helps prevent microbial overgrowth, an
option not available with ACP. Additionally, unlike ACPs, swabs
allow the same sample to be plated onto multiple types of agar,
enabling the detection and enumeration of different bacterial
species from the exact same swabbed surface.

Limitations. Swabs as a sampling method have some limitations,

including being labor-intensive and highly susceptible to variability in
sampling technique. The process is time-consuming, detects only
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culturable bacteria, and requires access to laboratory facilities.
Additionally, there is no universally accepted cut-off for interpretation,
and results typically take 2-3 days to obtain (8, 17, 56).

Overall reflection. Swabs are useful for certain surfaces that are
challenging to sample and provide evidence-based feedback on the
effectiveness of C&D protocols.

3.3.2 Agar contact plating (ACP) method

ACP is another essential tool for microbial sampling, particularly for
smooth, dry surfaces. In agricultural settings, such samples are frequently
taken as part of evaluations after production cycles to evaluate the
effectiveness of C&D protocols. Additionally, regulatory bodies may
implement ACP testing if specific pathogens are suspected on a farm.

Description of the methodology. The choice of culture medium
depends on the targeted bacterial species (33). ACP involves pressing
(for several seconds) convex agar plates onto surfaces to capture
microbial contaminants (Figure 5).

Further, these plates are incubated to allow bacterial colonies to
grow, which are then counted to estimate microbial contamination
levels. ACP results are typically expressed in CFU (Colony-Forming
Units) or TAC (Total Aerobic Count), and these metrices are
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FIGURE 5
Sampling stables, walls, and floors by using agar contact plating.

commonly referred to as a hygienogram. The CFU count reflects
viable, colony-forming microorganisms, indicating microbial activity,
while TAC measures all aerobic microorganisms present on a
non-selective agar plate. The low CFU/TAC indicating the good
hygiene and high CFU/TAC pointing to inadequate cleaning or
contamination. The application of ACP for hygiene monitoring has
been described in previous studies, where results are translated into a
hygienogram scoring system that assigns values from 0 (very good
disinfection) to 5 (very poor disinfection) based on colony counts
(20). According to Mateus-Vargas et al. (56), this scoring system
allows for the categorization of C&D outcomes as: “good” (score <
1.5), “satisfactory” (score 1.6-2.9), and “poor” (score > 3.0). In
practical applications, Huneau-Salaiin et al. (32) reported that, for
poultry farms, total aerobic counts below 200 CFU/25cm? are
considered acceptable, while higher counts reflect microbial
overgrowth and inadequate hygiene. On pig farms, the upper
threshold for acceptable contamination has been set at 33.3 CFU/
cm? (33).

Advantages. ACP provides standardized sampling of smooth surfaces
with minimal processing and allows for direct colony enumeration,
making them particularly suitable for use in hygienograms (20, 33).
Compared to swab sampling, ACP offers a simpler and less labor-
intensive alternative by enabling direct contact with surfaces, thereby
eliminating the need for additional tools such as transport media or
extra steps like enrichment and plating. Typically, ACPs use basal agar
media, which support the growth of a broad spectrum of
microorganisms. However, the agar plates can be customized by using
selective media to target specific bacterial types. ACP is particularly
advantageous for providing quantitative data about the microbiological
load and tracking contamination trends.
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Limitations. ACPs are limited to flat, smooth surfaces and
cannot be used effectively on curved, uneven, or porous
surfaces. They may also underestimate contamination from
biofilm-embedded microorganisms and are prone to colony
overgrowth if the sampled surface is heavily contaminated or
24). Like other
microbiological assays, ACP demands an incubation period,

not properly cleaned beforehand (8,

ranging from hours to days, depending on species and
conditions. This might not suit real-time result needs. Also, the
interpretation and counting of the colonies on ACP might
be subjected to observer variation due to variability in colony
size, colour, and morphology (24).

Overall reflection. Agar contact plates are a practical sampling
method for evaluating C&D in animal farms, making them a reliable
method for surface contamination checks.

3.3.3 Targeting specific pathogens

Both swabs and ACP can be applied for selective plating
techniques, which enable the identification and quantification of
specific microorganisms (80). Selective media, such as Eosin
Methylene Blue agar for E. coli, Xylose Lysine Deoxycholate agar for
Salmonella spp., and Campylobacter Blood-Free Selective Medium for
Campylobacter spp., are commonly used for targeting pathogens of
interest (33, 81). These selective media are particularly valuable during
outbreaks or persistent health issues, as they allow for precise
pathogen detection and quantification (82, 83). Microbiological
plating focuses only on viable cells, allowing selective plating
techniques to provide a more accurate assessment of disinfection
efficacy by confirming the survival or elimination of targeted
pathogens (Figure 6).
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However, while selective plating is effective in identifying
specific bacteria, it may not capture the full spectrum of microbial
diversity present on surfaces, potentially overlooking non-target
organisms (84). Nevertheless, these approaches remain essential
for evidence-based evaluation of C&D protocols or during
investigation of the disease outbreaks due to suspected
pathogen(s).

The use of indicator organisms such as Enterobacteriaceae, E. coli,
and Enterococcus spp. provides valuable information about the overall
hygiene status of a facility (17, 20). In general, criteria for hygiene
indicators include being more abundant than the pathogen to enhance
detection (85), having a survival rate similar to or greater than the
pathogen in the environment (24, 33) and being easily detectable with
reliable, faster, and safer methods than those used for the pathogen
(86). For example, E. coli serves as an indicator of fecal contamination
and correlates with the likelihood of detecting other enteric pathogens.
Past studies have shown that E. coli can be a suitable index organism
for detecting the possible presence of Salmonella spp. (85). Further
Luyckx et al. (20), observed that Enterococcus spp., due to their
resilience, persistence on surfaces, and higher probability of
recovering, may be even more effective indicators of cleaning efficacy
compared to E. coli. The choice of hygiene indicators depends on the
farm’s specific needs, the type of animals, and potential pathogens of
concern. Since current hygiene indicators primarily focus on fecal
contamination; the ideal goal is to develop hygiene indicators
specifically designed to address biosecurity lapses in different
farm areas.

3.4 Molecular assessment methods

Molecular methods are particularly advantageous for their
potential to identify microbial species strains, and even discrete
subtypes, including pathogenic variants, with enhanced sensitivity and
specificity (33). Molecular tools like traditional polymerase chain
reaction (PCR) and real-time PCR, along with advanced

10.3389/fvets.2025.1581217

next-generation sequencing (NGS) techniques, are highly effective in
characterizing pathogens down to the genetic level. Typically, these
techniques (NGS) are applied either to trace back outbreaks by
identifying the pathogen and its possible source through phylogenetic
analysis or for experimental or research purposes.

Description of the methodology. These methods require genetic
material (Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)),
which can be extracted from samples collected on animal farms using
commercially available kits (87). The repertoire of techniques includes
PCR, quantitative polymerase chain reaction (qQPCR), reverse
transcriptase PCR  (RT-PCR),
amplification, as well as NGS techniques such as 16S rRNA gene

nucleic acid sequence-based

sequencing and metagenomics (88).

Advantages. Molecular methods are considered as highly sensitive
and specific, capable of detecting even very small quantities of genetic
material to ensure accurate identification (89). These methods provide
rapid results, which is especially valuable in outbreak investigations
and in situations where culturing is difficult or impractical. NGS
techniques offer comprehensive analysis, revealing detailed
information about the genetic makeup of pathogens, including
potential resistance genes and virulence factors. Their versatility
allows application to a wide range of samples, including environmental,
animal, and food samples, making them highly adaptable for various
research and diagnostic purposes. Real-time PCR, in particular,
facilitates the quantification of pathogen load, crucial for assessing
infection severity and the effectiveness of C&D measures. The details
on NGS techniques are beyond the scope of this review; however,
readers are encouraged to refer to applied aspects of NGS for further
information (90, 91).

Limitations. These methods can be costly, requiring expensive and
specialized instrumentation and reagents, and trained personnel to
perform and interpret the results (17). The complexity of these
techniques can lead to technical errors and contamination.

FIGURE 6

fermenting, while non-pink colonies are non-lactose fermenting).

Use of selective MacConkey agar for detecting Gram-negative bacteria and differentiating based on lactose metabolism (pink colonies are lactose
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Additionally, these methods typically require high-quality genetic
material, and the presence of inhibitors in the samples can interfere
with the accuracy of the analysis. The extensive data generated by NGS
can be challenging to analyze and interpret, requiring sophisticated
bioinformatic tools and expertise.

However, a major limitation of this methodology, particularly the
qPCR approach, is its inability to differentiate between nucleic acids
from viable and non-viable organisms. This can lead to an
overestimation of microbial contamination or infection risk, especially
in post-disinfection assessments where non-viable cells may still
be present (92). In a laboratory-based study by Buttner et al. (93), a
comparative assessment was performed between traditional
cultivation methods and qPCR across various surface substrates using
a single target microorganism. The results demonstrated that
cultivation methods detected only a small number of viable cells,
whereas qPCR produced considerably higher measurements.
Therefore, careful interpretation of threshold cycle values is needed to
accurately interpret the relevance of qPCR results (24). Emerging
techniques like the propidium monoazide qQPCR method (PMA-
qPCR) aim to address this, but routine on-farm application remains
limited by cost and complexity (94).

Overall reflection. Molecular methods can serve as powerful tools for
evaluating the quality of the C&D process, especially in detecting
hard-to-culture or fastidious organisms that might evade detection
through traditional methods. Molecular methods, particularly PCR
and qPCR, are increasingly used in farm settings for detecting
pathogens such as Coxiella burnetii and Mycobacterium avium subsp.
paratuberculosis in environmental swabs or dust samples (95, 96).
Furthermore, they can identify pathogens on a strain or even subtype
level and offer significantly faster turnaround times compared to
culture-based approaches, making them applicable for real-time
monitoring of farm hygiene. However, due to the cost and effort
involved, these methods are more practical for addressing persistent
issues rather than for routine use.

4 Comparison of methods

Given the importance of hygiene measures within animal
production systems, an effective method to evaluate hygiene
should serve as more than just an indicator of the success of C&D
procedures. It should also serve as a stringent control measure
with proper identification of critical control points, validating the
proper execution of every step of the process (56). An ideal
assessment method for the evaluation of C&D should possess
several critical attributes, including high sensitivity and specificity
in detecting microorganisms, user-friendliness, rapidity, cost-
effectiveness, consistent performance on both wet and dry
surfaces, suitability for curved or rough surfaces,
non-destructiveness, non-toxicity, resilience to chemical residues,
strong repeatability and reproducibility. It should also provide
recordable, and tamper-proof results, deliver objective and
quantitative data, be suitable for real-time monitoring, and allow
for trend analysis (22, 33, 60).

However, based on the analyzed studies in this review, there is no

single method meeting all the above-mentioned criteria, with each
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method having both advantages and disadvantages concerning its use
in evaluating C&D in a farm context.

Table 2 highlights the comparison of various methods for
assessing the effectiveness of C&D procedures. In general, the
convenient and most widespread method for assessments of C&D
efficacy on farms is visual inspection, but visual inspection alone is
considered as an unreliable indicator of cleaning effectiveness and is
insufficient for accurately assessing the hygiene status (20, 97).
Similarly, other kinds of visual examination such as UV fluorescence
are subjective methods that are more applicable to the training of
farmers. The ATP measurements can provide a more objective
(quantitative) identification for use in critical or difficult-to-clean
sampling points in comparison with the visual examination (20, 22).
Additionally, total adenylate content, which consists of ATP, ADP, and
AMP, can be used as a more reliable indicator of residual
contamination in different conditions. At the same time, ATP
bioluminescence measures overall cleanliness by detecting ATP in all
living cells and organic matter, but it cannot distinguish harmful
pathogens. In contrast, luciferase-based tests target specific viable
pathogens with higher accuracy but are costlier and need specialized
equipment, limiting their use in routine field inspections. The redox
potential measurement technique to assess microbiological activity,
which does not depend on surfaces, can be innovative applications for
the agricultural sector. Yet it requires further technological
development (75). One feasible approach could involve combining
visual inspections with rapid tests to mitigate the added expenses
associated with microbiological examinations (24).

However, a combination of visual examination and
microbiological tests is more relevant in the case of a longer-term
study/evaluation. For example, in pig production, according to
Heinemann et al. (24), hygiene has already been proposed as a
critical control point for on-farm assessment with daily visual
inspections and additional monitoring of C&D procedures. One
potential suggestion was to implement hygienogram scores similar
to those already established in poultry farming, by investigating the
TVC using agar plates to enhance the regular assessment of C&D
practices (11). Introducing a system akin to hygienogram scores in
piggery farm management could potentially enhance cleanliness but
requires further development, particularly since the highest
bacterial loads were detected at sampling points where ACP are not
suitable for use (20, 98). Furthermore, microbiological tests could
be used to target suspected pathogens in cases of persistent health
issues and severe illnesses. The molecular methods can be applied
during outbreak investigation, especially when the causative agent
is unknown or to carry out evidence-based trace backing of
contamination source(s). Moreover, the higher cost and complexity
of molecular assays compared to traditional culture methods may
restrict their routine application in livestock facilities.

It’s also critical to comprehend how each technique contributes to
the detection of biofilms, which significantly reduce the effectiveness
of C&D by shielding microorganisms from disinfectants and
contributing to the development of antimicrobial resistance (15).
Standard visual and ATP-based assessments fail to detect biofilm-
embedded microbes. Culture-based methods may also underestimate
contamination from biofilm-embedded microorganisms, and PCR
may detect DNA from dead biofilm cells, complicating interpretation
(93). Chemical methods testing and emerging biosensors (e.g., redox)
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TABLE 2 Comparison of methods for evaluating the efficacy of cleaning and disinfection (C&D) procedures.

\[o) Method Price Speed Ease of use Reliability of Sensitivity = Quantitative Applicable Key applications in Surface Study
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evaluation
of C/D/
Cc&D

assessing C&D at
the farm level

results for context with applicability references

Visual assessment
1 Visual inspection Lowest
2 Adhesive tape sampling Lowest
3 UV fluorescent markers Low
Biochemical assessment
4 Adenosine triphosphate Low
(ATP) bioluminescence
testing

Cleaning Simple and immediate; For any surfaces and | (24, 32, 33, 38,
provides a basic assessment | equipment available = 40)
of cleanliness but is for visual
subjective and may miss assessment (easy to
microscopic contaminants. | see).
Cleaning Primarily applicable for For any surfaces, (17, 48-50).
detecting visible residues. of | especially porous or
more substantial debris, and | uneven areas that
other discernible may be difficult to
contaminants. sample using swabs
or agar contact
plates.
Cleaning Highlights residual For any areas that (41-45, 47)
contamination invisible to | potentially can
the naked eye; useful for be missed during
training and immediate the cleaning process
feedback but requires a UV | (easy to access).
light source.
C&D Measures organic matter, For specific areas of | (8, 17, 20,27,

including living and dead
cells, via ATP presence in
more stable conditions;
rapid results and useful for
overall cleanliness but not
specific to pathogens, not

standardized.

concern, high-touch
surfaces, or critical
control points to
focus on areas that
are more prone to
contamination (in

difficult places).

32-36, 38, 39,
52-55, 58, 60,
61, 66,111)
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(Continued)

Method

A3 system
(ATP+ADP+AMP)

6 Luciferase-based
methods

7 Rapid protein tests
(RPT)

Chemical assessment

8

Redox potential method

Price

Speed

Ease of use

Reliability of
results

Sensitivity

Quantitative Applicable
for
evaluation
of C/D/
C&D

Key applications in
context with
assessing C&D at
the farm level

Measures organic matter,

Surface
applicability

Study
references

Useful for specific

Bakke (65),

including living and dead areas of concern, Bakke and
cells in environments where | such as high-touch | Suzuki (66)
heat or chemicals can surfaces or critical
degrade a molecule of ATP | control points that

are more prone to

contamination,

especially in

difficult-to-clean

areas.

C&D Detect viable microbes Recommended for | (68-71)
high-risk zones and
post-disinfection
verification in food
or veterinary
environments

Cleaning Detects protein residues as | For particular areas | (24, 33, 55, 72)

an indicator of organic of concern, high-
contamination; quick and risk surfaces, or
easy to use, giving critical control
immediate results but not points.
specific to microbial
contamination.
Cleaning Measuring microbiological | For various surfaces | (73, 75)
activity on farms, utilizing
the redox potential
measurement technique
(Continued)
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TABLE 2 (Continued)

No

Method

Microbiological assessment

9 Agar contact plates
(ACP)
10 Swabs samples for

microbiological

examination

Molecular methods

11 PCR based assays

12 16 s RNA gene
sequencing

13 Metagenomics and next

generation sequencing

The table uses a color-coded system to visually represent the performance and applicability of various methods used to evaluate the efficacy of cleaning and disinfection. Shades of green indicate positive performance, with dark green corresponding to the highest rating

Price

Speed

Ease of use

Reliability of
results

Sensitivity

Quantitative Applicable

for
evaluation
of C/D/
Cc&D

Key applications in
context with
assessing C&D at
the farm level

Surface
applicability

Study
references

More applicable
after disinfection,

for C&D

Allows for the growth and
identification of surface
microbes; useful for
detecting viable organisms
but takes time for colonies

to grow (24-48 h)

For smooth surfaces
in different settings
such as floors, walls,

feed hoppers

(11, 17, 20, 33,
77,78, 85, 86,
98)

More applicable
after cleaning, for

C&D

Collects samples from
surfaces for subsequent

culture analysis

For various surfaces,
useful for
challenging areas,
like inside artificial

teats or pipes

(28, 33, 53, 56,
79)

Disinfection

Detects and quantifies
specific microbial DNA;
highly sensitive and specific,
useful for detecting low levels
of pathogens but requires lab

equipment and expertise.

For various surfaces

(87-91, 93)

Disinfection

Identifies and quantifies
bacterial populations; provides
detailed microbial community
profiles but requires extensive
data analysis and is more

time-consuming.

For various surfaces

(87-91, 93)

Disinfection

Offers a comprehensive
analysis of all microbial DNA
in a sample; highly detailed
and informative about
microbial communities and
resistance genes but is

complex and costly.

For various surfaces

(87-91,93)

(+++), medium green to good (++), and light green to moderate or fair performance (+). These shades are applied to parameters such as speed, ease of use, reliability, and sensitivity. Red cells represent poor or low performance, typically marked with a minus sign (-),
and are commonly associated with limitations in reliability and sensitivity for visual methods.
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e Dry cleaning

r Initial visual l
— inspection 4
If satisfactory @
Detergent cleaning

Rinsing
{

Drying

If unsatisfactory

l&——  Post-cleaning visual
inspection

If satisfactory l

If unsatisfactory

If unsatisfactory i
Conduct rapid assays
(e.g., ATP, RPT,
UV fluorescent, etc.)

If satisfactory | v

Disinfection

|

Drying

——

If unsatisfactory l
Conduct rapid assays (ATP, RPT)
and/or microbiological
assessment or molecular

|

If satisfactory
Protocol complete
FIGURE 7

An illustration of the decision tree for the comprehensive evaluation
protocol for C&D procedures.

e

provide improved sensitivity for early biofilm detection (65, 75). A
multipronged strategy including mechanical removal, biofilm-active
disinfectants, and enhanced monitoring is essential for robust biofilm
control. However, the detailed discussion on biofilm detection and
control strategies in livestock farming environments is beyond the
scope of this review. Readers seeking in-depth insights are encouraged
to consult recent comprehensive reviews focused specifically on
biofilm management in agricultural and veterinary contexts (99-101).

Generally, it is important to select appropriate sampling methods
based on the specific objectives and requirements of the assessment
(29). The selection of testing methodologies should be an evidence-
based process, aligning with key variables such as potential surface
contamination, the specific hazards targeted by the C&D regimen, and
the required level of cleanliness specific to each surface. Moreover,
factors like when, where, and how to sample should be considered.
Consequently, these considerations must guide decisions regarding
the timing and methodology of sampling (29). Subjectivity and
variation in individual perception may affect the precision of outcome.
If a single individual is responsible for both the cleaning process and
the visual inspection of farm facilities, there exists the possibility of
overlooked areas during cleaning being similarly disregarded during
the inspection (38, 55). Similarly, interpreting monitoring results is
hindered by the absence of universally accepted guidelines defining
when a surface is adequately cleaned (51).

Our analysis indicates that there are currently a limited number
of studies describing the various techniques for evaluating hygiene in
farm facilities and comparing their sensitivity and specificity under
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field conditions. Furthermore, research on the impact of different
materials surfaces (wood, plastic, metal, concrete, etc.) on hygiene
outcomes is limited, highlighting the need for further investigation in
this area.

Finally, the evaluation of hygiene effectiveness in diverse settings,
particularly in the context of livestock farming, presents a complex
challenge. To address this challenge effectively, it is imperative to
integrate various assessment methods within a comprehensive
protocol (Figure 7). This multi-step approach ensures that the C&D
process is thoroughly assessed at each stage to maintain appropriate
standards of hygiene. It is an ideal scenario which will probably not
always be feasible under field condition.

As shown in Figure 7, the proper evaluation protocol should
involve the following key steps:

(a) Initial visual inspection: A thorough visual examination should
be conducted before cleaning begins.

(b) Post-cleaning visual inspection: After the cleaning and drying
process, another visual inspection can be performed.

o Decision point: If notable organic residues or missed areas are
detected during the visual examination, the detergent cleaning
process should be repeated. If not, can proceed with rapid tests
(such as ATP, or RPT).

(c) Post-test evaluation: If the results from rapid tests fail to meet
established benchmarks, detergent cleaning should be repeated.
If the results are satisfactory, proceed with disinfection.

(d) Post-disinfection testing: After disinfection and drying, samples
should be tested using rapid tests, microbiological methods, or
a combination of both. In the case of an outbreak, molecular
testing can also be employed.

o Final decision: If the results of the applied tests fall below
acceptable standards, the disinfection must be repeated.

Finally, to enhance hygiene management, it is highly beneficial to
develop a farm-specific C&D protocol in collaboration with a
supervising veterinarian, tailored to the farm’s needs, health status, and
current epidemic conditions, as suggested by Heinemann et al. (24).
This protocol would involve task verification similar to self-monitoring
controls in the food industry. Regular in-house training sessions,
possibly led by a specialized consultant and conducted periodically,
could improve procedural efficiency and prevent lapses. Effective C&D
also depend on the qualifications and understanding of risks by the
personnel involved (13, 102, 103). Engaging professional cleaning
contractors is advantageous, a practice commonly adopted in poultry
production. Past studies have demonstrated that the efficacy of C&D
performed by professional cleaning firms surpasses that conducted by
in-house farm staff (11, 24). Therefore, it is essential to enhance
awareness of the critical importance of hygiene in livestock production.

Furthermore, improving the evaluation approach and developing
a comprehensive protocol should involve the integration of cutting-
edge technologies, along with a forward-looking discussion on future
advancements and trends in the field. Emerging technologies such as
nanomaterial-based antimicrobials, photodynamic treatments, and
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pulsed light disinfection offer promising future alternatives to
conventional disinfectants, particularly for targeting biofilm-
associated pathogens (104-106). Additionally, intelligent sensors
using electrochemical or optical biosensing, often integrated with
artificial intelligence (AI) and Internet of Things (IoT) platforms, are
being developed for real-time hygiene monitoring in food and farm
environments (107, 108). These tools can detect residual ATP,
pathogens, or environmental markers with high precision, enabling
proactive sanitation management (41, 109). The integration of diverse
technologies, such as biotechnology, physical technologies, and
information technology, offers promising opportunities to enhance
the evaluation of C&D effectiveness (92, 110, 111). Biotechnology
enables the development of sensitive diagnostic tools and biosensors
for rapid pathogen detection, while physical technologies can provide
objective measurements of hygiene levels. Information technology,
including AT, machine learning, and IoT systems, can further support
real-time data collection, automated analysis, and decision-making.
By combining these approaches, a more comprehensive, efficient, and
data-driven framework for hygiene assessment can be established.
This multidisciplinary integration not only improves accuracy and
response time but also promotes the development of smart, scalable
systems tailored for modern farm environments.

5 Limitations

This review has some limitations. First, it is a narrative review, while
based on a systematic literature search, no quantitative synthesis or meta-
analytic statistics were performed. Instead, the review offers a qualitative
and comparative evaluation of methods used to assess C&D efficacy in
reducing pathogen presence. Second, the scope was deliberately limited
to farm livestock housing. Studies related to companion animals,
laboratory animals, or other facility types were excluded to maintain a
focused and practically relevant discussion. Finally, the review does not
cover all existing C&D practices. Rather, it emphasizes the field
applicability and comparative performance of selected field applicable
evaluation methods, including biochemical, chemical, cultural, and
molecular techniques. While this targeted approach enhances practical
relevance, it may exclude broader methodological perspectives.

6 Conclusion

Assessing hygiene and microbial contamination in farm
environments necessitates an evidence-based approach that
leverages the strengths of multiple assessment methods. While no
single method is flawless, the judicious combination of various
techniques within a comprehensive C&D evaluation protocol
provides a more holistic and accurate understanding of hygiene
conditions. This integrated approach enables more precise
monitoring and control of microbial contamination, ultimately
enhancing the effectiveness of hygiene practices. The present study
recommends choosing the appropriate combination of methods
based on the specific needs of the farm, the frequency of evaluation,
and the epidemiological status of the farm, district, and region. This
strategic selection is crucial not only for improving hygiene
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management but also for ensuring the overall well-being of the
animals and improving animal health. Also, periodic sensitization
and training of the farm staff can improve the compliance and
procedural efficiency. Future research should focus on developing
comprehensive evaluation models for assessing C&D effectiveness,
optimizing sampling strategies to improve accuracy and efficiency,
and advancing automated and intelligent detection technologies.
The integration of Al-driven systems, real-time biosensors, and
IoT-based tools holds strong potential to enhance the reliability and
responsiveness of hygiene monitoring in farm settings.
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