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Abstract

Livestock transport trailers can act as important vehicle of microbial persistence. After
transport, trailer surfaces may retain fecal material and moisture, which can reduce the
effectiveness of cleaning and disinfection. Escherichia coli can survive under these conditions
and persist as aggregates or biofilm microbial communities, making disinfection more difficult to
achieve. Innovative and effective cleaning and disinfection strategies are therefore needed to
reduce microbial persistence and limit the risk of cross-contamination in live-haul environments.

The objective of this research was to evaluate cleaning and disinfection strategies to
control E. coli aggregates and biofilms associated with swine transport environments and to
evaluate a selected treatment under field conditions. Two complementary studies were
conducted.

In the first study, E. coli TVS 353 was used to form aggregated cells and biofilms on
aluminum coupons. Coupons were subjected to one of three mechanical cleaning procedures,
scraping, vacuuming, or air, followed by disinfection treatments: 3% hydrogen peroxide (30 s),
400 ppm quaternary ammonium compounds (1 min), 400 ppm sodium hypochlorite (1 min),
steam (100 °C, 30 s), carbon dioxide (30 s), and chlorine dioxide gas (500 ppm, 10 min).
Treatments were evaluated at 30, 18, and 10 °C to represent seasonal transport conditions.
Treatment efficacy was influenced by cleaning methods, disinfection treatment, temperature, and
bacterial cell state (P < 0.05). Aggregated cells were more susceptible than biofilm cells (P <
0.001). The greatest reductions for aggregated cells ranged from 4.50 to 5.06 log CFU/cm?, while
the greatest reductions for biofilm cells ranged from 3.78 to 3.87 log CFU/cm?.

In the second study, 3% hydrogen peroxide applied for 30 s after pressure washing was evaluated

in a naturally contaminated swine trailer. Aerobic counts were measured before cleaning, after



pressure washing, and after hydrogen peroxide application. Aerobic counts were affected by
intervention step (P < 0.001), surface type (P <0.001), and their interaction (P = 0.004).
Hydrogen peroxide produced additional significant reductions of 1.36 to 1.80 log CFU/cm?
across trailer sections and 1.13 to 1.95 log CFU/cm? across surfaces after pressure washing. Total
reductions from initial counts to after hydrogen peroxide application ranged from 1.67 to 2.52
log CFU/cm? across trailer sections and were 1.76 and 2.27 log CFU/cm? on the floor and wall.
However, counts were higher on the floor than on the wall initially and after hydrogen peroxide
application.

Overall, the laboratory study identified treatment combinations that reduced E. coli
aggregates and biofilms, while the field study showed that hydrogen peroxide further reduced
aerobic counts after pressure washing, although its effect varied by surface type. These findings
emphasize that C&D performance depends on microbial cell state, cleaning method, disinfectant,

temperature, and surface characteristics.
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Chapter 1- Literature review

Cleaning and disinfection strategies to control aggregates and biofilm Escherichia coli in

trailer models for the swine transportation industry

Search strategy

The literature included in this review was identified through searches conducted in
Google Scholar, PubMed, and ResearchGate, as well as through direct access to peer-reviewed
journals. Relevant articles were sourced from journals in microbiology, food safety, and
veterinary science (e.g., Applied and Environmental Microbiology, Journal of Food Protection,
Frontiers in Microbiology, Porcine Health Management, Preventive Veterinary Medicine,
Transboundary and central Emerging Diseases). The search combined keywords such as
cleaning, disinfection, livestock transportation, biofilms, aggregates, Escherichia coli, organic
matter and surface contamination. Artificial intelligence-assisted tools helped refine search terms
and identify relevant documents. Articles were screened for peer-review status, direct relevance
to cleaning and disinfection, biofilm or aggregate formation, microbial persistence in livestock or
food systems, publication between 2012 and 2026. Approximately 1,200 articles were initially
identified across databases through searches using different combinations of keywords. In total,
93 references were included, incorporating additional governmental and international guidelines
(e.g. USDA, CDC, WOAH, Codex Alimentarius) and institutional sources to provide regulatory

and practical context. When necessary, older foundational studies were considered.



1.1 Introduction to pathogen transmission in the animal transportation

industry

Pathogen transmission in animal production systems is a key research area within the
One Health framework, which emphasizes how animal, human, and environmental health are
connected (CDC, 2025). Modern pork production operates through phases: breeding, farrowing,
nursery, and grow—finish, designed to optimize efficiency and animal performance (Ciuoderis-
Aponte et al., 2022; Nakrachata-Amon et al., 2024). However, the movement of pigs among
these stages requires frequent transport between facilities, generating repeated contact points
among farms, vehicles, and processing plants. These routine movements open pathways for
pathogens to disseminate across the supply chain and create repeated connections that would
otherwise remain independent (Dee et al., 2020; Lowe et al., 2014).

The importance of biosecurity systems has grown as high-consequence diseases,
including those caused by bacterial pathogens like Escherichia coli (E.coli). In response,
international organizations such as the World Organization of Animal Health (WOAH) and the
Food and Agriculture Organization of the United Nations (FAO), along with industry groups,
have developed standardized and practical guidelines to help producers assess risk, train
employees, and prepare for emergencies Resources like the National Farm Biosecurity Manual
for Pork Production, outline expectations for managing people, animals, and equipment on
farms. Likewise, programs such as the U.S. Secure Pork Supply Plan offer producers tools to
build site-specific biosecurity plans, improve traceability, and support business continuity during
disease outbreaks (Animal Health Australia & Australian Pork Limited, 2021; FAO, 2023;
National Pork Board, 2025; WOAH, 2024)

Biosecurity practices refer to the set of protocols and management strategies applied on a

farm to minimize the risk of diseases being introduced or spread, both within the farm and
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between different farms. These practices include measures aimed at preventing pathogenic E.coli
from entering the herd, known as external biosecurity, as well as actions designed to limit the
spread of pathogenic E.coli within the herd, referred to as internal biosecurity (Ciuoderis-Aponte
et al., 2022). External biosecurity focuses on practices such as controlling animal purchases,
enforcing visitor restrictions, quarantining incoming animals, and regulating vehicle entry
(Animal Health Australia & Australian Pork Limited, 2021). Internal biosecurity incorporates
measures like age-group separation, all-in/all-out management, structured cleaning and
disinfection, and consistent protocols for handling sick animals (Alarcon et al., 2021). These
measures fall into four categories: herd management, facility hygiene, cleaning and disinfection,
and personnel practices (Alarcon et al., 2021; Bernaerdt et al., 2023). The most widely used
approach to evaluating biosecurity has been the development of scoring systems. In most cases,
these scores rely on values assigned to different biosecurity practices based on the judgment of
expert panels (Alarcon et al., 2021). Nowadays, tools like Biocheck.UGent™ and ATP
bioluminescence help quantify different aspects of farm biosecurity status. Biocheck.UGent™
evaluates biosecurity management practices through a structured questionnaire. In contrast, ATP
bioluminescence provides a rapid surface-level assessment of hygiene. It measures adenosine
triphosphate, an indicator of organic contamination after cleaning and disinfection procedures
(Bernaerdt et al., 2023; Letsch et al., 2024). However, the best way to maintain biocontainment
integrity is to avoid direct and indirect contact between groups of animals, especially high-risk
groups (Divya et al., 2025).

Biosecurity must be viewed across the entire supply chain, not just at the farm level. To
evaluate cleaning and disinfection (C&D) practices, it is important to understand how animals,

people, and equipment move through the pork supply chain. Transport trailers, loading docks,



and lairage areas are key points of frequent movement where contamination can build up and
spread quickly between farms (Alarcon et al., 2021; Letsch et al., 2024; Lowe et al., 2014).
Transportation plays a particularly influential role, as trucks and trailers routinely move between
production sites, buying stations, and slaughterhouses. Without effective C&D, these vehicles
can become major sources of pathogen dissemination (Alarcén et al., 2021; Animal Health
Australia & Australian Pork Limited, 2021; National Pork Board, 2025). Even well-designed on-

farm programs can be compromised by a single contaminated trailer.

1.2 Role of transportation in disease dissemination

In this section, we focus on the role of transport trailers in the dissemination of disease,
an aspect of biosecurity that is often overlooked. According to the National Pork Producers
Council, most of the approximately 66,000 pork farms in the United States are family owned.
Many of these farms rely on shared or externally managed transportation services. (Cook & Lee,
2023; National Pork Producers Council, 2023). Recent studies by Galvis et al. (2022) using GPS-
based tracking of livestock transport vehicles have improved our understanding of farm
connectivity and disease spread. Analyses of vehicle movement networks have shown that trucks
visiting multiple farms create connected structures. These networks facilitate the indirect
transmission of pathogens (Galvis et al., 2022). Increased frequency of visits by vehicles
previously exposed to infected farms has been associated with higher odds of infection.
Moreover, epidemiological models that incorporate transportation networks have improved the
ability to explain and predict outbreak patterns. They help identify highly connected farms that
may act as superspreaders, using network analysis of vehicle movement data collected through

GPS- tracking systems to quantify connectivity between farms (Yang et al., 2025).



During transport, pigs shed feces, urine, saliva, and other residues that settle on trailer
floors, walls, gates, and corners (HIPRA, 2025). Handling, feed withdrawal, mixing with
unfamiliar pigs, and environmental changes can disrupt intestinal homeostasis. This could
increase fecal shedding of enteric bacteria (Lee et al., 2024). Under these conditions, the
probability of pathogen exposure increases. This applies to pen mates and subsequent loads
(Barros et al., 2023). Furthermore, debris provides protection for microorganisms, allowing them
to remain viable (Galvis et al., 2022). If trailers are not thoroughly cleaned and disinfected
between loads, residual contamination can be carried from one farm to the next. Evidence from
epidemiological studies shows that fomites (objects able to convey infectious agents) play a
significant role in dissemination. Routine veterinary visits may also contribute to the spread of
infectious agents within and between livestock operations (Rossi et al., 2017).

Industry guidelines identify transportation as a critical point for disease prevention. Some
systems promote the use of heat or drying steps to improve pathogen inactivation inside trailers
(Animal Health Australia & Australian Pork Limited, 2021). However, compliance varies. This
is often due to short turnaround times, weather limitations, or limited access to proper washing
facilities (Galvis et al., 2022; Lowe et al., 2014). High-pressure washing (power washing)
remains one of the most commonly used methods for cleaning livestock transport trailers due to
its ability to remove visible organic debris and manure (USDA, 2026). Even so, studies in
agricultural environments have shown that high-pressure cleaning can generate bioaerosols
(Madsen & Matthiesen, 2013). The mechanical force of pressurized water may contribute to the
dispersion of microorganisms within the surrounding environment. This risk increases when

contamination is not adequately contained (USDA, 2026).



1.3 Importance of Escherichia coli in swine health and implications for food

safety

E. coli is a normal inhabitant of the intestinal tract of pigs. Some E. coli strains are
broadly classified into intestinal (diarrheagenic) pathotypes and extraintestinal pathotypes
(ExPEC). Collectively, these conditions are referred to as colibacillosis (Fratamico et al., 2016).
In swine production, colibacillosis is associated with increased mortality, growth retardation,
treatment costs, and animal welfare concerns, leading to important economic losses at the farm
level (Barros et al., 2023). Some strains may also exhibit antimicrobial resistance, increasing
their impact on swine herds (Kim et al., 2022).

The most relevant E. coli strains for the swine industry include enterotoxigenic E. coli
(ETEC), Shiga toxin—producing E. coli (STEC), and enteropathogenic E. coli (EPEC). Among
these, ETEC is considered the most significant in swine production (Barros et al., 2023). ETEC
strains use fimbria adhesins such as F4 and F18 to attach receptors on the small intestinal
epithelium. They also secrete enterotoxins that disrupt fluid and electrolyte balance (Fairbrother
et al., 2005; Kim et al., 2022). Post-weaning diarrhea often leads to increased use of
antimicrobials because preventive and treatment-based medications are still widely used in many
production systems (Barros et al., 2023; Kim et al., 2022).

Outbreaks of ETEC-associated colibacillosis can generate considerable economic impact.
In severe outbreaks, the estimated cost per sow has been reported to range from approximately
$45 to $360 in Europe (Luppi, 2017). STEC strains producing Shiga toxin type 2e are associated
with edema disease in grower pigs, a condition characterized by neurological signs and sudden
death (Van Hoorde et al., 2025). Some diarrheagenic and extraintestinal E. coli strains also have
zoonotic potential. They can carry virulence gene combinations similar to those found in human

cases and, in some situations, can colonize both pigs and people (Barros et al., 2023; Colello et
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al., 2016). These pathogenic strains coexist with commensal E. coli, forming a reservoir that
enables the exchange and maintenance of virulence and antimicrobial-resistance genes (Tawfick
et al., 2022).

E. coli has also been detected in the feed manufacturing environment and in finished
swine feed, highlighting feed as a potential vehicle for introducing enteric bacteria within
production systems (Magossi et al., 2020). In the U.S., a study of Midwestern swine feed mills
collected a large set of environmental and product-associated samples. They reported that E. coli
was detected across facilities, emphasizing that contamination can occur at multiple points in
feed-mill operations. Additional evidence from U.S. commercial feed-manufacturing sampling
shows that E. coli contamination levels may be higher before thermal processing, with reductions
observed after pelleting and possible recontamination (Munoz et al., 2021).

At the level of the finished product, generic E. coli is commonly used as an indicator
organism and remains one of the most detected bacterial groups in pork meat. A systematic
review and meta-analysis of studies along the pork chain estimated an average prevalence of
generic E. coli in around 35.6% samples, and pathogenic E. coli in around 4.7 %, confirming that
contamination can occur at several points from farm to retail (Blanco-Lizarazo & Sierra-
Cadavid, 2023). Other investigations that followed STEC through the pork production chain
recovered these strains from farm, slaughter, and boning room samples. This illustrates how pigs
can act as reservoirs and how failures in the process may allow zoonotic E. coli to reach
consumers (Colello et al., 2016).

Detection of pathogenic E. coli in swine farms typically involves both traditional culture
methods and molecular techniques targeting virulence factors. On-farm detection operations

typically start with targeted sampling during clinical events. Common on-farm sample types



include individual rectal/fecal samples from clinically affected piglets, as well as pen-level
composites (pooled feces) to capture within-pen variability and reduce costs (Paiva et al., 2025).
Samples such as feces or intestinal contents are first cultured on selective media, like
MacConkey or blood agar, to isolate E. coli, and colonies can be differentiated based on their
growth and biochemical characteristics (Hariri, 2022). Once isolates are obtained, pathotypes are
identified by detecting specific virulent genes such as enterotoxins, fimbrial adhesins, or Shiga
toxins using polymerase chain reaction (PCR). This combined approach enables differentiation

of ETEC, STEC, and other disease-associated strains (Son & Kim, 2025).

1.3.1 Survival and persistence of E. coli on surfaces

The ability of E. coli to persist outside the host is a key factor of concern within animal
production and transport environments. Once shed in feces, E. coli can remain viable on a variety
of environmental surfaces, particularly when moisture and organic material are present (Remfry
et al., 2021). Experimental studies have shown that E. coli survives for extended periods of time
on nonporous materials, including metal surfaces, and that environmental conditions such as
humidity play an important role in pathogen persistence (Lim et al., 2020).

Surfaces commonly used in livestock transportation, including aluminum and stainless
steel, are considered easier to clean than porous materials. However, surface irregularities, joints,
and areas shielded from mechanical action can retain organic residues and moisture. Figure 1
illustrates protected microenvironments that may allow E. coli cells to survive after routine
washing procedures, particularly when fecal material is not completely removed (Dhiman et al.,
2024). As a result, surfaces that appear visually clean may still harbor viable bacteria capable of

contaminating subsequent animal loads (Parker et al., 2025).



In addition, E. coli can form biofilms, which significantly enhance its persistence in
transport and processing environments. Biofilms are structured microbial communities
embedded within a self-produced extracellular matrix that adheres strongly to surfaces (Beloin et
al., 2008; Flemming et al., 2016). This matrix protects bacterial cells from environmental stresses
such as desiccation, temperature fluctuations, and exposure to disinfectants, making biofilm cells
considerably more difficult to eliminate than aggregate bacteria (Flemming et al., 2016; Liu et
al., 2024). Biofilm development is a dynamic and highly regulated process that typically occurs
in sequential stages (Flemming et al., 2016; Kostakioti et al., 2013). It begins with the reversible
attachment of planktonic cells to a surface, mediated by physicochemical interactions such as
van der Waals forces, hydrophobic interactions, and electrostatic forces (Berne et al., 2018). This
is followed by irreversible attachment, during which cells produce extracellular polymeric
substances (EPS) that anchor them to the substrate and to neighboring cells (Flemming et al.,
2016). The EPS matrix, composed primarily of polysaccharides, proteins, lipids, and
extracellular DNA, provides structural stability and facilitates nutrient retention and intercellular
communication (Seviour et al., 2019). As the biofilm matures, cells proliferate and form complex
three-dimensional architectures characterized by microcolonies and water channels that enable
nutrient and waste transport (Flemming et al., 2016). In the final stage, dispersion occurs,
allowing cells to detach and return to a planktonic state, contributing to colonization of new
surfaces (Kostakioti et al., 2013).

More recently, the concept of dry surface biofilms (DSB) has gained attention in
scientific literature. These biofilms tend to be thinner and can survive under conditions of low
moisture and limited nutrient availability (Ledwoch et al., 2022). Despite their potential

relevance, dry surface biofilms remain poorly understood, and further research is needed to



clarify their role in pathogen persistence and their potential impact on the swine industry

(Amaeze et al., 2024).

1.4 Cleaning and disinfection strategies in the animal transport industry

While various methods exist for assessing C&D procedures in human healthcare facilities
and the food industry, their evaluation in farm environments remains challenging (Makovska et
al., 2025). This difficulty is driven by the wide variability among farm settings, the high presence
of organic material, and the difficulties of implementing C&D procedures. These conditions are
especially challenging in winter, when low temperatures can affect cleaning procedures and limit
disinfectants performance (Juszkiewicz et al., 2025).

Effective cleaning is a prerequisite for successful disinfection. Cleaning refers to the
physical removal of organic matter such as feces, bedding material, feed residues, and dirt from
the surface (Codex Alimentarius, 2023). The United States Department of Agriculture (USDA)
Food Safety and Inspection Service (FSIS) defines disinfectant as a “substance used on
inanimate surfaces that destroys or eliminates a specific species of infectious or other public
health microorganism, but not necessarily bacterial spores”. Without proper cleaning,
disinfectants work poorly because organic material can inactivate them or shield bacteria from
exposure (Rutala & Weber, 2014; USDA FSIS, 2016).

An effective C&D program involves a series of sequential steps designed to progressively
reduce microbial contamination on surfaces. The process begins with the removal of visible
organic matter through cleaning, followed by the application of detergents to loosen adhered
residues during a defined contact period. Surfaces must be adequately dried before disinfectants
are applied to prevent dilution and ensure optimal antimicrobial activity. Finally, the

effectiveness of the entire procedure should be verified through appropriate surface sampling.
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Verification methods include microbiological swabs or ATP bioluminescence testing, both of
which determine whether contamination has been successfully reduced (APHIS, 2023;

Makovska et al., 2025; USDA, 2018).

1.4.1 Cleaning strategies in animal transportation

As illustrated in Figure 2, mechanical scraping is one of the most applied physical
cleaning methods in livestock trailers. This technique involves the manual removal of dried or
compacted residues from floors, ramps, and corners using scrapers or shovels. Scraping is
particularly effective for removing bulk material that adheres strongly to surfaces and would
otherwise reduce the efficiency of subsequent cleaning steps (USDA, 2018; WOAH, 2021).

Compressed air may be used to loosen organic material from surfaces, especially in areas
that are difficult to reach with manual tools. However, guidance documents caution that the use
of compressed air can redistribute organic materials and microorganisms rather than remove
them. This redistribution may deposit contaminants onto previously clean surfaces or equipment,
increasing the risk of cross-contamination if containment measures are not in place (OSHA,
2025).

Vacuuming represents an alternative physical cleaning approach that removes loose
debris while minimizing particle dispersion (Figure 3). This method is particularly useful in
enclosed spaces or during cold conditions when wet cleaning is impractical (Fonstad, 2015;

USDA, 2018; WOAH, 2021).

1.4.2 Disinfection methods in the animal transportation industry

Selecting the appropriate disinfectant is one of the most important steps in the animal
transport industry (USDA APHIS, 2025). The goal is to choose a product capable of effectively

inactivating microorganisms to prevent contamination of the subsequent load. Several factors
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must be evaluated when making this decision. Key questions include: What is the required
contact time? Does the product have an acceptable toxicity rating? Does it remain effective in the
presence of organic matter? Is it water-soluble? And is the overall cost reasonable? These
considerations align with the five components proposed by Rutala & Weber (2014).

Disinfectants are classified into two major groups: oxidizing and non-oxidizing agents.
Oxidizing disinfectants include compounds that release halogens. In contrast, non-oxidizing
disinfectants are those that act by binding to cellular structures, such as quaternary ammonium
compounds (Jefti et al., 2022). The effectiveness of disinfectants depends not only on the
intrinsic susceptibility of the target microorganism but also on environmental factors such as
temperature, surface type, moisture, and the presence of organic material (Cheng et al., 2025;
Chowdhury et al., 2019). Microorganisms embedded within biofilms often exhibit reduced
susceptibility to disinfectants due to limited penetration and physiological adaptations (Weber et
al., 2007). Among the different disinfectant classes, oxidizing agents are commonly used in
livestock production and transport systems because of their broad antimicrobial activity and
practical applicability in these environments (Kamal et al., 2019).

1.4.2.1 Hydrogen peroxide

Hydrogen peroxide is an oxidizing disinfectant that causes damage to essential cellular
components such as membranes, proteins, and nucleic acids (McLaren et al., 2011). It is
effective against a wide range of bacteria, viruses, and fungi and breaks down into water and
oxygen, leaving no chemical residues (CDC, 2023; McDonnell, 2014).

1.4.2.2 Sodium hypochlorite

Sodium hypochlorite is one of the most widely used disinfectants in animal production
systems due to its low cost and strong antimicrobial activity (Fukuzaki, 2006). Its main limitation

1s its sensitivity to organic matter, which can quickly reduce the availability of free chlorine. In
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addition, its effectiveness depends on pH, temperature, and proper pre-cleaning of surfaces
(Chen & Hung, 2017; Fukuzaki, 2006).

1.4.2.3 Chlorine dioxide

Chlorine dioxide is used as an oxidizing disinfectant. Its antimicrobial action against
bacteria, fungi, and viruses is well established; however, researchers still have not fully
determined the exact cellular components it targets during the inactivation process (Jiang et al.,
2024). Its main advantage is that it reduces the formation of harmful organic chlorinated
compounds and minimizes the production of by-products (Jefti et al., 2022; Sharma & Sohn,
2012). Chlorine dioxide remains effective over a wide pH range and shows better tolerance to
organic matter than other disinfectants (Obinata, 2022; Rougé et al., 2018). Both liquid and
gaseous forms of chlorine dioxide have been studied for surface and environmental disinfection.
Gaseous chlorine dioxide, in particular, has been shown to reach difficult-to-clean areas, making
it relevant for enclosed spaces (Jefti et al., 2022; Meireles et al., 2016).

1.4.2.4 Quaternary ammonium compounds

Quaternary ammonium compounds (QACs) are widely used disinfectants in livestock
production due to their ease of application, relatively low cost, and broad activity against Gram-
negative and Gram-positive bacteria (Wesgate & Maillard, 2026). Their antimicrobial effect
results from the disruption of the bacterial cell membrane, which compromises cell integrity and
leads to cell death (Buffet-Bataillon et al., 2016; Hora et al., 2020). QACs are biodegradable
under aerobic conditions, which enhances their environmental appeal compared to other
chemical disinfectants (Tezel & Pavlostathis, 2015).

1.4.2.5 Dry carbon dioxide

Dry carbon dioxide (dry CO») has been studied as a non-chemical physical approach for

microbial reduction (Witte et al., 2017). Its antimicrobial effect is mainly attributed to oxygen
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displacement, CO» -induced stress, and temperature changes, rather than direct chemical damage
to microbial cells (Vo et al., 2013). The decontamination with supercritical CO; is considered
attractive because it leaves no chemical residues, is non-flammable, non-toxic, physiologically
safe, and readily available (Tarafa et al., 2010).

Experimental studies evaluating pressurized CO; treatments have shown that microbial
inactivation is dependent on process parameters such as pressure, temperature, and exposure time
(Vo et al., 2013). These findings indicate that CO»-based treatments alone may result in variable
levels of microbial reduction, highlighting limitations when considered as a sole disinfection
approach (Koutsoumanis et al., 2021; Maillard, 2018). Therefore, dry CO; has been used as a
physical carrier facilitating the delivery and dispersion of alcohol-based disinfectant. Pressurized
COz has been described as an effective medium for transporting active compounds, enhancing

surface contact and penetration without leaving chemical residues (Tarafa et al., 2010).

1.4.2.6 Steam

Thermal treatments based on steam applications have been evaluated as an effective non-
chemical approach for microbial inactivation (Rana et al., 2022). Steam acts primarily through
rapid heat transfer, leading to protein denaturation, membrane damage, and loss of cellular
functionality in vegetative microorganisms (Bhana et al., 2013). Dry steam is effective against
biofilms (Song et al., 2012). In food processing environments, steam has been used for the
disinfection of equipment, floors, and hard surfaces, demonstrating > 6 log CFU/coupon
reduction of bacterial pathogens, including Escherichia coli O157:H7, Salmonella Typhimurium,
and Listeria monocytogenes (Park & Kang, 2014). The efficacy of steam depends on factors such
as the surface temperature achieved, exposure time, and how easily the area can be reached (Park

& Balasubramaniam, 2025). In addition, steam application alone does not remove organic debris,
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highlighting the importance of prior mechanical cleaning to ensure effective heat transfer to

contaminated surfaces (Yang et al., 2023).

1.5 Recent studies on disinfection in livestock transportation

In recent years, several studies summarized in Table 1 have evaluated C&D practices in
livestock transport systems under commercial conditions. Rather than focusing only on
laboratory efficacy, these studies examined how C&D performed in real-world settings. Such
evaluations are important because routine transport operations involve practical challenges.
Taken together, studies report incomplete microbial elimination after C&D. Bacteria such as
Campylobacter, Salmonella, and generic E. coli have been detected. Studies also highlight
variability in cleaning practices and compliance. This variability may contribute to inconsistent

biosecurity outcomes in livestock transport systems.

1.6 Conclusion

Based on the literature reviewed, transportation represents a critical point for pathogen
dissemination within swine production systems. Transport trailers frequently accumulate fecal
material and microorganisms during animal movement. Inadequate C&D allows contaminated
vehicles to facilitate indirect transmission between farms. E. coli, commonly present in swine
environments, can persist on metal surfaces once shed in feces. It may also form aggregates or
biofilms that increase resistance to disinfectants. Multiple chemical and physical disinfection
strategies are available; however, their performance can be influenced by factors such as surface
characteristics, environmental temperature, and the consistency of cleaning practices. These
considerations highlight the importance of optimizing and standardizing C&D protocols in
livestock transportation to maximize their effectiveness and reduce the risk of pathogen spread

throughout the production chain.
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Figures and tables

Figure 1. Interior of a livestock transport trailer highlights typical structural features relevant to
cleaning and disinfection.
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Figure 2. Manual removal of bedding and organic material from a
livestock transport trailer (Karcher, 2026)

Figure 3. Vacuum cleaning in a livestock transport trailer (Hein, 2015).
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Table 1. Recent experimental studies focused on evaluating cleaning and disinfection in live-haul

transport trailers.

Article Main Findings Reference
Cleaning and disinfection of Integration of chemical disinfectants (Dzieciolowski
transport crates for poultry with drying achieved greater microbial et al., 2022)

reductions of Campylobacter.

Comparison of transport
crates contamination with
Campylobacter spp. before and
after the cleaning and
disinfection procedure in

broiler slaughterhouses

Campylobacter was detected in 46% of
crates with no significant reduction after
C&D. The study suggests that
ineffective cleaning and disinfection
facilitate the spread of bacteria in

poultry establishments.

(Morgan et al.,
2022)

Disinfection reduces but does
not eliminate drug resistant
Escherichia coli from livestock
trailers following transport of

calves

The study found frequent contamination
of livestock trailers with

antibiotic-resistant £. coli.

(Urbaniec et al.,

2025)

The role of short journey

Antibiotic-resistant E. coli was detected

(Masserdotti et

transportation in the after C&D of transport trailers. It al., 2024)
spreading of swine pathogens  highlights that ineffective C&D

and antimicrobial-resistant procedures may represent a breach in

bacteria the biosecurity of the farms.

Prevalence and The study identified that broiler (Choi et al.,
characterization of Salmonella  transporting trucks may play a critical 2014)

species in entire steps of a
single integrated broiler

supply chain

role in disseminating Salmonella
between broiler farms and

slaughterhouses.

18



Isolation of Salmonella spp. in
pigs during transport, lairage,

slaughter line and quartering

Salmonella was detected during
transport and lairage, supporting the role
of these stages in pathogen persistence

and potential cross-contamination.

(Hernandez et

al., 2011)

Cleaning practices of transport
vehicles by commercial and
non-commercial livestock

markets users in Scotland

Several respondents declared hiring a
private haulage vehicle to transport their
animals and leave the responsibility of
C&D the vehicle up to the driver. The
study reported that 65% of respondents

were not using disinfectants.

(Allen et al.,
2024)
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Chapter 2. Research gap and thesis objective

Most available studies addressing disinfection efficacy focus on food processing facilities
or on-farm environments, leaving a clear knowledge gap regarding transport systems. Livestock
transport trailers are recognized as critical points for the dissemination of bacterial pathogens
between farms and production stages (Lowe et al., 2014). Much of the existing research
evaluating cleaning and disinfection (C&D) efficacy has been conducted using aggregate
bacterial cells grown under simplified laboratory conditions, which do not adequately represent
the complexity of real-world sanitation environments (Bridier et al., 2011; Penesyan et al., 2021).
These laboratory-based approaches often fail to account for critical factors such as bacterial
attachment to surfaces, biofilm formation, and the presence of organic matter, which
substantially influence microbial survival and resistance to disinfection (Maillard, 2018).
Consequently, results derived from aggregate-based assays may overestimate the true
effectiveness of C&D strategies when applied to complex settings like livestock transport trailers
(Rutala & Weber, 2014; Simdes et al., 2010). Environmental variables, such as temperature, are
often overlooked despite their impact on disinfection outcomes. Even when C&D are
implemented, evidence shows that cross-farm contamination risk can remain high due to
bacterial persistence (Galvis & Machado, 2024; Téaubel et al., 2024). Considering these
limitations, this thesis aims to evaluate and compare the efficacy of selected C&D strategies
against E. coli aggregates and biofilm experimentally inoculated on a laboratory-scale trailer
model while also assessing the influence of disinfection methods, bacterial physiological state,
and temperature on microbial reduction. By addressing these factors under conditions that better

reflect real-world scenarios, this research seeks to generate experimentally grounded evidence to
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support the development of more effective and practical disinfection solutions for livestock

transport trailers.
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Chapter 3 - Evaluation of cleaning and disinfection strategies to
control Escherichia coli aggregates and biofilms using a lab-scale

trailer model

Abstract

Livestock transport trailers represent critical points where microorganisms can persist and
transfer between animals. Escherichia coli can survive for extended periods and form aggregates
and biofilms, which increase their resistance to cleaning and disinfection. There is a need to
develop and evaluate effective cleaning and disinfection strategies to reduce microbial
persistence and mitigate the risk of pathogen transmission in live-haul environments. E. coli TVS
353 was incubated at 37 °C for 24 h to form aggregated cells and 48 h for biofilms on aluminum
coupons. Coupons underwent one of three mechanical cleaning procedures (scraping,
vacuuming, or air) followed by disinfection treatment: 3% hydrogen peroxide (30 s), 400 ppm
quaternary ammonium compounds (1 min), 400 ppm sodium hypochlorite (1 min), steam (100
°C, 30 s), carbon dioxide (30 s), and chlorine dioxide gas (500 ppm, 10 min). Treatments were
conducted at 30, 18, and 10 °C to simulate seasonal transport conditions. Surfaces were sampled
using swab sponges, neutralized, diluted, and plated for enumeration. Treatments were
performed in triplicate with appropriate controls. The efficacy of cleaning and disinfection
interventions was dependent on cleaning, disinfection, temperature, and bacterial physiological
state (P < 0.05). For aggregated cells, the greatest reductions (4.50 - 5.06 log CFU/cm?) were
observed with vacuum cleaning combined with chlorine dioxide gas at 10 °C, vacuum cleaning
with carbon dioxide at 18 °C, and air with sodium hypochlorite at 30 °C. Biofilm-associated cells

were more resistant. The highest biofilm reductions (3.76 — 3.87 log CFU/cm?) occurred with
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vacuum combined with chlorine dioxide gas at 10 °C, vacuum cleaning with dry carbon dioxide
at 18 °C, and vacuum with hydrogen peroxide at 30 °C. These findings highlight the importance
of evaluating cleaning and disinfection to control microbial contamination and reduce cross-

contamination risks in livestock transport environments.

3.1 Introduction

Transportation plays a critical role in swine production systems because pigs are
frequently moved between breeding, nursery, grow-finish, and processing facilities (Ciuoderis-
Aponte et al., 2022). However, the continuous movement of animals, personnel, and equipment
also creates multiple opportunities for pathogen dissemination throughout the production chain
(Dee et al., 2020; Lowe et al., 2014). Among the microorganisms associated with these
transmission routes, Escherichia coli (E. coli) is of particular concern due to its importance in
swine health, food safety, and environmental persistence (Barros et al., 2023). Within the One
Health framework, transportation has become an important area of concern for controlling the
spread of pathogens throughout animal production systems (CDC, 2025).

Although many E. coli strains are commensal inhabitants of the intestinal tract of pigs,
pathogenic strains are responsible for enteric and systemic diseases collectively referred to as
colibacillosis (Fratamico et al., 2016). These infections are associated with diarrhea, edema
disease, reduced growth performance, increased antimicrobial use, and economic losses in swine
herds (Barros et al., 2023; Luppi, 2017). In addition, generic E. coli is commonly used as an
indicator organism for fecal contamination and hygienic status in livestock and food production
environments (Blanco-Lizarazo & Sierra-Cadavid, 2023). During transport, pigs shed feces,
urine, saliva, and organic debris onto trailer floors, ramps, gates, and walls, allowing

microorganisms to persist on contaminated surfaces (HIPRA, 2025). If C&D procedures are
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incomplete or inconsistently applied, contaminated trailers may facilitate indirect pathogen
transmission between farms (Alarcon et al., 2021; Lowe et al., 2014). Previous epidemiological
investigations demonstrated that vehicles visiting multiple production sites contribute to disease
dissemination and increase connectivity among farms (Galvis et al., 2022; Yang et al., 2025).
Furthermore, practical limitations such as short turnaround times, low environmental
temperatures, and restricted access to washing facilities may compromise disinfection
effectiveness and biosecurity compliance (Galvis et al., 2022; Lowe et al., 2014).

The persistence of E. coli in livestock environments is strongly influenced by its ability to
survive on surfaces and form biofilms (Beloin et al., 2008). Biofilms are structured microbial
communities attached to surfaces and embedded within a self-produced extracellular polymeric
substances (EPS) matrix that promotes adhesion and protection against environmental stressors
(Flemming et al., 2016). Biofilm cells are generally more tolerant to disinfectants, desiccation,
and temperature fluctuations than aggregate cells, making them more difficult to eliminate
during routine disinfection procedures (Flemming et al., 2016; Liu et al., 2024). Environmental
factors such as moisture, organic material, temperature, and surface characteristics may further
influence bacterial attachment and persistence (Lim et al., 2020). In livestock trailers, structural
irregularities, joints, and protected corners may retain moisture and organic residues even after
washing procedures, allowing microorganisms to survive despite routine disinfection (Dhiman et
al., 2024; Parker et al., 2025). Recent attention has also focused on dry surface biofilms, which
may persist under low-moisture conditions commonly encountered in transportation
environments (Amaeze et al., 2024).

Effective C&D procedures are essential for reducing microbial contamination in livestock

transportation systems. Cleaning focuses on the physical removal of feces, feed residues, and
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organic material, whereas disinfection aims to inactivate remaining microorganisms on cleaned
surfaces (Codex Alimentarius, 2023; USDA, 2018). However, disinfectant efficacy may be
reduced in the presence of organic matter (Chowdhury et al., 2019). Studies conducted under
commercial conditions demonstrated that C&D procedures often reduce, but do not completely
eliminate, microorganisms from livestock trailers (Masserdotti et al., 2024; Urbaniec et al.,
2025).

Although transportation is recognized as an important component of farm biosafety,
limited information is available on the effectiveness of different C&D strategies against
aggregate and biofilm E. coli under conditions representative of those in livestock trailers. One
of the few studies evaluating trailer disinfection was conducted by Rajkowski et al., (1998), who
assessed the reduction of E. coli in swine transport trailers disinfected during different seasons of
the year. Their results showed that all trailers remained positive for E. coli after C&D, with some
surfaces exceeding 5 log CFU/cm?. Later, Bohm (1998) proposed a target of <3 log CFU/cm? for
total viable counts (TVC) following C&D in animal housing facilities; however, no universally
accepted standard currently exists for live haul trailer disinfection. More recent studies
evaluating C&D practices in live haul trailers have also reported that current protocols are often
insufficient to achieve adequate microbial reductions or meet the targets proposed by B6hm
(Perrucci et al., 2026). In addition, most available studies have focused primarily on viral
pathogens, while information regarding bacterial biofilms in environments relevant to live haul
trailers remains scarce (Martinez et al., 2025; Parker et al., 2025). Given these gaps in the
literature, this study evaluated E. coli in different physiological states, including aggregates and

biofilms, to compare the efficacy of selected C&D strategies under different temperature
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conditions and generate information that may support the development of more effective

disinfection practices for swine transportation systems.

3.2 Materials and methods

3.2.1 Bacteria strain

A Biosafety Level 1 (BSL-1) Escherichia coli TVS 353 strain was used in this study. The
strain was originally isolated by Dr. Trevor Suslow at the University of California, Davis
(McKenzie-Reynolds et al., 2025). Two days before the experiment, the strain was recovered
from frozen stock stored at —80 °C, streaked onto Tryptic Soy Agar (TSA; BD Difco, Sparks,
MD), and incubated at 37 °C for 24 h. One day prior to the experiment, a single colony of E. coli
was inoculated into Tryptic Soy Broth (TSB; BD Difco, Sparks, MD) and incubated at 37 °C for

24 h to obtain approximately 9 log CFU/mL.

3.2.2 Aggregate and biofilm formation

To form aggregated cells and biofilms, 10 x 10 cm aluminum textured and smooth
coupons (Figure 4) were obtained from Technology and Development Institute (TDI) at Kansas
State University. Coupons were previously autoclaved. Each coupon was placed into a sterile
stomacher bag (15.24 x 22.86 cm; Whirl-Pak, Pleasant Prairie, WI), followed by the addition of
200 mL of Tryptic Soy Broth (TSB), 2 mL of an overnight culture of E. coli TVS 353, and 2 g of
autoclaved (121 °C, 60 min) swine feces. Coupons were completely submerged in the inoculated
media. The bags were sealed to create a closed system and incubated under static conditions at
37 °C for 24 h to promote aggregate formation and an additional 48 h to allow biofilm
development. Swine feces were obtained from the Swine Research Center at Kansas State
University. Fresh feces were collected directly from the floor where finished pigs were housed

(4—6 months old). After autoclaving, the swine feces were stored at —20 °C.
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3.2.3 Lab scale trailer model

A lab-scale trailer model illustrated in Figure 5 was used to perform experiments. The
trailer dimensions were 0.50 m wide % 0.70 m tall x 0.60 m long. The trailer walls were
constructed of smooth aluminum panels with multiple circular perforations along the sides. The
floor consisted of diamond-plate aluminum, providing a textured surface. The unit was
constructed in collaboration with TDI. For each experiment, inoculated aluminum coupons were
clipped onto the interior surfaces of the trailer model (Figure 5). Previously sprayed with 70%
ethanol binder clips (32 mm) were used to attach the smooth coupons to the left wall (L1) and

right wall (L2). Textured coupon was placed on the trailer floor (L3).

3.2.4 Cleaning

Inoculated coupons were retrieved from the stomacher bags using sterile tweezers and
placed in sterile glass trays inside a biosafety cabinet (Labculture Reliant, ESCO, Horsham, PA)
for 15 min to allow surface drying. After the 15-min drying period, coupons were clipped into
the trailer model. The trailer was then placed inside an incubator and allowed to reach the target
temperatures of 30 °C, 18 °C, or 10 °C. Surface temperature was monitored using a
thermocouple (Traceable, Weber, TX) in direct contact with the aluminum surface. The trailer
took 30 min to decrease to 10 °C and 10 minutes to reach 30 °C, while 18 °C corresponded to
room temperature. Once the desired temperature was reached, cleaning treatments were applied.
For scraping, a stainless steel 10 cm wide scraper (Greenbrier International, Canada) was used.
One pass was performed covering the entire surface area of the coupon. For vacuuming, a
portable 12-volt vacuum (Meloho, China) with a 5 cm wide attachment was used. One vertical

pass was applied, covering the full surface area of the coupon. For air cleaning, an electric air
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blower of 40,000 rpm was used (Afmat, China). Air was applied for 10 s at 20 cm from each

coupon.

3.2.5 Disinfection

Following cleaning procedures, several disinfectants were evaluated. These disinfectants
were selected based on their common use in farm biosecurity programs, differences in mode of
action, compatibility with a range of environmental temperatures, broad microbial spectrum and
practical applicability under field conditions. The liquid disinfectants were applied using a
handheld sprayer (Chapin 2000, China). The evaluated treatments included: 3% hydrogen
peroxide (HP; Aqua Solutions, Deer Park, TX; 30 s contact time); 400 ppm sodium hypochlorite
(SH; Dibac, Charlotte, NC; 1 min contact time), with concentration confirmed using a chlorine
test kit (ChemWorld, Kennesaw, GA); 400 ppm quaternary ammonium compounds (Quat;
Diversey, Charlotte, NC; 1 min contact time), verified using test strips (LaMotte, Chestertown,
MD); chlorine dioxide gas (CDG; Environmental, Allentown, PA) at 500 ppm for 10 min,
monitored using a portable gas detector (Analytical Technology Inc., Collegeville, PA); steam
(100 °C) applied for 30 s, monitored with thermocouples (Traceable, Weber, TX); and CO», a
commercial formulation containing 58% isopropyl alcohol and 0.015% quaternary ammonium
compounds and applied with 800 psi CO> (IQC; Biospray D2, Stamford, CT) for 30 s. To ensure
reproducibility across runs, all C&D procedures were performed by the same operator using a
consistent application technique. This included maintaining a fixed distance of 30 cm between
the nozzle and the laboratory trailer surface during disinfectant application and following a
triangular spray pattern. The spray sequence began at L1, moved to L3, and then to L2, with
spray location changing every second. This sequence was repeated throughout the disinfectant

application period.
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3.2.6 Recovery and enumeration of E. coli cells.

Immediately after disinfection treatments, coupons were swabbed for bacterial recovery.
Neutralizing sponges (Neogen, Lansing, MI) containing 10 mL of a neutralizing solution in a
15.24 x 27.94 cm bag were used for swabbing. An additional 10 mL of the corresponding
neutralizing solution was aseptically added to each sponge prior to sampling. For SH, Dey-
Engley neutralizing broth (Difco, Sparks, MD) was used. For Quat, HP, CDG and CO,,
Neutralizing Buffer (Difco, Sparks, MD) was used. After sample collection, sponges were
individually processed in a stomacher (400 Lab Blender, West Sussex, United Kingdom) for 30
s. Following homogenization, serial dilutions were prepared in 0.1% peptone water (Bacto,
Sparks, MD) and spread plated onto MacConkey Agar (BD BBL, Sparks, MD). Plates were
incubated at 37 °C for 24 h. Colonies were enumerated using an automated colony counter
(Interscience, Woburn, MA), and results were reported as log CFU/cm?. The limit of detection
(LOD) was 0.2 CFU/cm?, based on the detection of 1 colony from 1 mL of undiluted sample, a
recovery volume of 20 mL, and a sampling area of 100 cm?. All observed values were above this
threshold. The limit of quantification (LOQ) was 5 CFU/cm?, based on the quantification of 25

colonies from an undiluted sample. All samples collected were above this limit.

3.2.7 Experimental design and statistical analysis

The experiment consisted of a 3 x 2 x 3 x 3 x 6 x 3 factorial treatment structure. The
factors included three temperatures (10, 18, and 30 °C), two cell states (aggregates and biofilms),
three sampling locations (L1, L2, and L3), three cleaning methods, six disinfection treatments
and three repetitions. The design structure was a split-plot in an incomplete block design, with

the combination of temperature-cleaning-disinfectant factors as the whole-plot factor and the
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location as the split-plot factor. Days were considered as blocks to account for variability among
experimental runs.

A run consisted of one cleaning and disinfection application performed under a specific
combination of temperature and cell state (Figure 6). Aggregate and biofilm experiments were
conducted in separate runs, and treatment repetitions were performed across different
experimental days. Each run included its own positive and negative controls, and positive
controls were used to calculate log reductions. Sampling locations L1, L2, and L3 were placed
within the same laboratory trailer and received the same treatment simultaneously. This led to
972 observations between aggregate cells and biofilm.

A linear mixed-effects model was fitted to the data. Log reduction (RED; log CFU/cm?)
was the response variable. All factors and their interactions were included as fixed effects:
temperature, cell state, location, cleaning, and disinfection, including their interactions, were
treated as fixed effects, and day and temperature:cleaning:disinfectant as random effects.
Analysis of variance (ANOVA) was performed to evaluate the significance of fixed effects.
When significant interactions were detected, estimated marginal means (emmeans) were
calculated. Statistical significance was defined at P < 0.05. All analyses were conducted in R
version 4.5.0 (R Core Team, 2026, Vienna, Austria). The following packages were used: Ime4,
ImerTest, emmeans, multcomp, dplyr, tidyr, ggplot2, ggpubr, ggtext, scales, stringr, readxl,

writexl, multcompView, and MuMIn.

3.3 Results

The ANOVA indicated that all evaluated factors, except for location, significantly

influenced the log reduction of E. coli (Appendix A Table 4). Significant interactions are
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presented in Table 2. Double interactions were significant, as well as three-way interactions.

Biofilms and aggregate cells were analyzed separately.

In commercial settings, organic matter, limited disinfectant contact times, and difficult-
to-clean surfaces can reduce disinfection efficacy, making consistent 5-log reductions difficult to
achieve (Martelli et al., 2017). Although 5-log reductions are commonly used as a benchmark
under controlled laboratory conditions, trailer C&D in commercial production systems is
performed under more variable environments where lower, yet meaningful, reductions may still
contribute to reducing microbial loads and limiting cross-contamination risks. Therefore, based
on previous studies and the practical limitations associated with trailer C&D, reductions greater
than 3 log CFU/cm? for biofilm cells and greater than 4 log CFU/cm? for aggregate cells were
considered indicative of adequate treatment performance under field-relevant conditions

(Clayton et al., 2021; Martelli et al., 2017).

3.3.1 Aggregate cells

3.3.1.1 Influence of cleaning and disinfection

C&D influenced aggregate cell reductions, with responses depending on the treatment
combination evaluated (Table 2; Figure 7). The positive control for aggregate cells was 7.31 +
0.37 log CFU/cm?, while treated samples showed reductions from 1.93 to 5.06 log CFU/cm?. The
lowest estimated reduction was observed with steam combined with vacuuming at 18 °C,
whereas the highest reduction was obtained with CO, combined with vacuuming at 18 °C. This
broad range shows that aggregate cell removal was strongly influenced by how the cleaning
method and disinfectant were paired.

Differences among cleaning methods were observed for several disinfectants (P < 0.001).

At 10 °C, differences were observed for SH and HP; at 18 °C, for steam, CO», and CDG; and at
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30 °C, for steam, SH, Quat, CO> and CDG. CO» was less affected by cleaning methods at 10 °C
(P >0.05), but differences were observed at 18 and 30 °C. Scraping and vacuuming increased
reductions compared with air cleaning, particularly for Quat, HP, and CDG. However, this
improvement was not the same for every disinfectant. Air cleaning supported higher reductions
with SH at 30 °C, and with CO» at 18 °C.

The emmeans showed different reduction patterns across disinfectants, temperatures, and
cleaning methods. CO; was associated with high estimated reductions across several conditions.
For CDG, estimated reductions exceeded 4 log CFU/cm? for all cleaning methods at 10 °C. High
values were also observed for HP and SH under some cleaning conditions. Quat showed
intermediate estimated reductions, with the highest values observed with scraping. Steam
showed lower estimated reductions at 10 and 18 °C. Statistical differences among treatment
combinations are indicated by the letter groupings in Figure 7.

3.3.1.2 Influence of temperature

Temperature affected aggregate cell reduction through its interaction with cleaning and
disinfection, as indicated by the significant interaction observed in the model (P < 0.05).
Temperature did not simply increase or decrease reductions across all treatments; instead, it
changed the response of each disinfectant differently (Figure 7). CDG showed its highest
estimated reductions at 10 °C; however, at 30 °C, reductions decreased. Steam showed the
opposite tendency. Reductions were lower at 10 and 18 °C but increased at 30 °C, particularly
when steam was combined with scraping. At 30 °C, steam did not differ from the chemical
disinfectants when combined with scraping (P > 0.05).

HP reductions changed less across temperatures than most other disinfectants. CO-
maintained high reductions at 10 and 18 °C, including the highest reduction observed in the

study with vacuuming at 18 °C. At 30 °C, CO: estimates with air cleaning and scraping were
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lower than at 10 °C, while the reductions with vacuum remained above 4 log CFU/cm?. The
patterns for SH and Quat across temperatures were influenced more by the cleaning method
used. Together, these patterns show that the cleaning-disinfectant combinations with the highest

estimated reductions varied across temperatures, rather than following one common response.

3.3.2 Biofilms

3.3.2.1 Influence of cleaning and disinfection

Compared with aggregate cells, biofilm cells showed a lower and narrower reduction range
(Table 2; Figure 8). The positive control for biofilm cells was 7.35 £ 0.41 log CFU/cm?, while
treated samples showed reductions from 1.87 to 3.87 log CFU/cm?. The lowest reduction was
observed with steam combined with vacuuming at 18 °C, as also seen for aggregate cells. The
highest biofilm reduction was observed with HP combined with vacuuming at 30 °C, with CO-
under the same cleaning condition also among the highest reductions. All biofilm reductions
remained below 4 log CFU/cm?. Averaged across temperature, cleaning, disinfection, and
location, estimated reductions were 0.648 log CFU/cm? higher for aggregates than for biofilms
(P <0.001), indicating that biofilms were more difficult to reduce.

The role of cleaning was also more selective for biofilms. Differences among cleaning
methods were observed for SH at 10 °C; for CDG, CO-, and HP at 18 °C; and for SH, Quat, HP,
and CO: at 30 °C (P < 0.05). In contrast to aggregate cells, steam did not show differences
among cleaning methods at any temperature (P > 0.05).

Enhanced cleaning supported several chemical treatments, but the benefit depended on
the disinfectant. HP and CO- showed some of the strongest biofilm reductions when paired with
scraping or vacuuming. SH also achieved high reductions with scraping at 10 and 30 °C. As

observed for aggregate cells, the reductions for CDG were among the highest at 10 °C across all
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cleaning methods. Quat showed intermediate estimated reductions, with higher values in specific
scraping or vacuuming combinations. Steam was among the treatments with the lowest estimated
biofilm reductions, with all values below 3 log CFU/cm?. Thus, the biofilm results did not simply
mirror the aggregate cell pattern at a lower scale. The pattern of reductions differed between cell
states: CO-2 and CDG achieved higher reductions for aggregate cells, whereas HP and CO:
reductions became more prominent for biofilms when paired with enhanced cleaning. This
contrast highlights the greater resistance of biofilm cells and the need for cleaning-disinfection

combinations that can act beyond surface-level removal (Galié et al., 2018).

3.3.2.2 Influence of temperature

Temperature influenced biofilm reductions through its interaction with C&D, as indicated
by the significant interaction observed in the model (P < 0.05). Across temperatures, the
emmeans showed treatment-specific patterns (Figure 8). These patterns partly overlapped with
those observed for aggregate cells, but some important differences were evident. CDG showed
its highest reductions at 10 °C in both aggregate and biofilm cells and decreased at warmer
temperatures. Steam, compared to the other disinfectants, showed the lowest reductions for
biofilms at 10 °C and 18 °C, although it did not significantly differ from every chemical
disinfectant within each cleaning method. Unlike aggregate cells, where steam improved log
reductions at 30 °C with scraping, this increase was not enough for steam to approach the
reductions observed with SH or CO».

HP was one of the more stable treatments across temperatures and reached the highest
biofilm reduction with vacuuming at 30 °C. CO- also maintained high reductions in several
combinations, particularly at 10 °C and when paired with vacuuming or scraping at warmer
temperatures. However, CO> log reductions decreased at 30 °C when only air cleaning was used,

indicating that its biofilm performance at warmer temperatures relied more strongly on the
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cleaning step. SH and Quat showed temperature responses that were closely tied to cleaning
methods. SH improved log reductions with air cleaning or scraping at 30 °C, while Quat showed
its strongest log reduction with vacuum at 10 °C. These results show that the descriptive
temperature trends varied with the specific cleaning-disinfectant pairing rather than following
one common response. Compared with aggregate cells, effective biofilm reduction required both

an effective disinfectant and a cleaning method that improved access to attached cells.

3.4 Discussion

3.4.1 Factors influencing E.coli reduction

As shown in Table 2, multiple factors influenced the reduction of E. coli. These findings
are consistent with what would be expected under real-world scenarios, where temperature,
surface characteristics, presence of organic matter, disinfectant type, and prior cleaning all play a
role in microbial reduction (Arthur et al., 2025). One of the clearest findings was the difference
between aggregate and biofilm cells. Several aggregate cell treatments exceeded 4 log CFU/cm?
and reached reductions above 5 log CFU/cm?, whereas biofilm reductions remained below 4 log
CFU/cm?, with the highest response close to 3.9 log CFU/cm?. This difference is consistent with
the protective role of the EPS, which can limit disinfectant diffusion and reduce chemical access
to embedded cells (Flemming et al., 2016; Galié et al., 2018; Liu et al., 2024). In addition,
biofilm attachment to surfaces makes physical removal more difficult than removal of loosely
associated aggregate cells (Fagerlund et al., 2017; Srey et al., 2013). This helps explain why
treatments that were highly effective against aggregate cells did not necessarily produce the same
reductions against biofilms. Similar trends have been reported in previous studies where biofilms
showed lower susceptibility to antimicrobial treatments than aggregates or less attached cells

(Nett et al., 2008; Shi et al., 2024; Smith & Hunter, 2008). This difference between cell states is
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important because it changes how treatment performance should be interpreted. CO2 and CDG
were among the strongest treatments for aggregate cells, whereas HP and CO: became more
prominent for biofilms, particularly when combined with scraping or vacuum cleaning. This shift
suggests that biofilm control depended not only on the antimicrobial strength of the disinfectant
but also on whether the cleaning step improved access to attached cells.

Organic matter played a major role in these treatment differences. Organic residues can
reduce disinfectant efficacy by reacting with active ingredients, increasing disinfectant demand,
shielding cells, and preventing direct contact between disinfectant and the target organism
(Corcoran et al., 2014; Gomez-Lopez, 2012; Maillard, 2018). This is especially relevant for
livestock trailers, where manure, moisture, and surface roughness can create protected areas that
are difficult to disinfect (Parker et al., 2025). Scraping and vacuum cleaning generally supported
higher reductions than air cleaning. These methods likely removed more organic material and
exposed cells that were otherwise protected within residues or biofilm material. Air cleaning, in
contrast, may remove loose debris but is less effective at removing adherent material and may
redistribute particles across the surface rather than fully removing them. However, enhanced
cleaning did not improve every disinfectant equally. Treatments such as Quat, CDG, SH, and
steam appeared more sensitive to cleaning method, whereas HP and the CO- treatment
maintained higher reductions across cleaning conditions. Chlorine-based compounds, chlorine
dioxide, and quaternary ammonium compounds can lose activity through reaction with or
binding to organic material, reducing the amount of active compound available to inactivate cell
(Maillard, 2018; Virto et al., 2005). In contrast, HP and the CO- formulation may have retained
more activity after limited cleaning, although their strongest biofilm reductions still occurred

when paired with scraping or vacuuming.
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Temperature modified treatment performance, but it did not produce a single response
pattern across disinfectants. This was expected because temperature can affect disinfection
through several mechanisms, including reaction rate, chemical stability, volatility, drying time
and surface wetting (Bancroft & Richter, 1931; Beltrame et al., 2012; Cheng et al., 2025;
Gomez-Lopez et al., 2009). A warmer surface can increase chemical reaction rates for some
products, but it can also accelerate evaporation or reduce the time that a disinfectant remains wet
on the surface (CDC, 2023). In this study, CDG performed best at 10 °C, steam improved at 30
°C against aggregate cells, HP remained comparatively stable, and CO: decreased under some 30
°C conditions unless paired with vacuum cleaning. These results suggest that temperature acted
as a modifier of disinfectant behavior rather than as a direct predictor of higher or lower

microbial reduction.

3.4.2 Disinfectants performance

The CO: treatment produced some of the strongest and most consistent reductions,
especially against aggregate cells and in several biofilm combinations. In this study, CO2 was
used as a carrier for an alcohol-based disinfectant containing isopropyl alcohol and quaternary
ammonium compounds. Therefore, its efficacy should be interpreted as the effect of a CO.-
assisted alcohol-quat application rather than CO: alone. The alcohol component may have
provided rapid antimicrobial activity through membrane disruption and protein denaturation,
while the quaternary ammonium component may have contributed additional membrane damage
in exposed cells (Boyce, 2023; McDonnell & Russell, 1999). Similar reductions have been
reported for alcohol-quat formulations against bacterial contaminants (Kenters et al., 2017). The
CO: carrier may also have improved surface distribution of the disinfectant, allowing the

formulation to reach areas that would otherwise receive less uniform liquid coverage (Tarafa et
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al., 2010). However, the decrease in log reductions observed for the CO: treatment under some
30 °C conditions may be related to the volatility of the alcohol component. Isopropyl alcohol
evaporates readily at ambient temperatures, and evaporation increases as temperature rises
(Boyce, 2018).

HP also showed strong performance, particularly when combined with scraping or
vacuum cleaning. Reductions reached up to 4.57 log CFU/cm? for aggregate cells and
approximately 3.9 log CFU/cm? for biofilms. HP acts as an oxidizing agent that damages
membranes, proteins, and nucleic acids (McLaren et al., 2011). Its relatively stable performance
across temperatures suggests that it maintained antimicrobial activity within the evaluated range.
However, its best biofilm response occurred with vacuuming at 30 °C, supporting the idea that
improved surface exposure was still needed for attached cells. These findings are consistent with
previous studies reporting reductions of approximately 2.8 to 3 log CFU for static biofilms of
Pseudomonas aeruginosa and Staphylococcus aureus, and reductions approaching 4.8 log CFU
for aggregate cells treated with hydrogen peroxide (Fedorova & Ilyakova, 2023; Raval et al.,
2021).

CDG showed a different behavior. It was highly effective against aggregate cells at 10
°C, with all cleaning combinations exceeding 4 log CFU/cm?, and it also performed well against
biofilms at this temperature. At 18 and 30 °C, CDG reductions decreased, especially for
biofilms. This response may be related to chlorine dioxide stability and residual concentration.
Lower temperatures may help retain more available CDG during exposure, whereas warmer
temperatures may increase decomposition or reaction with organic matter before sufficient
contact with cells occurs (Gomez-Lopez et al., 2009; S.-H. Park & Kang, 2018; Trinetta et al.,

2011). In biofilms, this limitation may be amplified because the EPS matrix and remaining
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organic material increase disinfectant demand and slow penetration into the attached cell
structure (Flemming et al., 2016).

SH and Quat showed more condition-dependent responses. SH produced useful
reductions in selected aggregate and biofilm combinations, but its performance shifted with
cleaning method and temperature. This variability may be related to the sensitivity of SH to
organic matter, which can rapidly consume active chlorine and reduce the concentration
available for microbial inactivation (Maillard, 2018; Virto et al., 2005). Quat showed an
intermediate response and appeared to benefit from scraping or vacuuming in specific
combinations. Quaternary ammonium compounds are membrane-active disinfectants, but their
efficacy can be reduced by organic material, surface residues, and biofilm matrices that limit
access to embedded cells (Boyce, 2023; Saverina et al., 2023). This helps explain why Quat
improved with enhanced cleaning in some conditions but did not reach the highest reductions
observed with CO., CDG, or HP.

Steam was the most unexpectedly limited treatment. Steam is often considered an
effective non-chemical intervention because microbial inactivation can occur when sufficient
heat reaches the contaminated surface for an adequate exposure time (Park & Kang, 2018; Rana
et al., 2022). However, in this study, steam produced lower reductions against both aggregate
and biofilm cells compared to the other disinfectants. Although steam improved against
aggregate cells at 30 °C when combined with scraping, this improvement was not enough to
approach the reductions achieved by the strongest chemical treatments. For biofilms, steam
remained below 3 log CFU/cm? reductions across all evaluated conditions. The steam response
may have resulted from limited heat transfer. Steam efficacy depends not only on the

temperature generated by the equipment, but also on surface temperature, distance from the
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nozzle, exposure time, and whether heat reaches protected cells before the surface cools (Bhana
et al., 2013; Park & Balasubramaniam, 2025). Therefore, the limited steam performance
observed in this study reflects insufficient delivered heat on the contaminated surface rather than
a complete lack of antimicrobial potential of steam. Translating these findings into practical
settings, trailer surfaces, organic residues, and biofilm material may function as insulating

barriers, preventing cells from reaching lethal temperatures during short exposures.

3.4.3 Practical implications for trailer C&D

These findings have practical implications for commercial trailer C&D. Shared livestock
transportation creates repeated opportunities for microbial transfer between animal groups (Cook
& Lee, 2023). Some production systems attempt to reduce this risk by separating trailers
according to production stage or animal destination, but these practices do not eliminate the need
for effective C&D (Mannion et al., 2008). The experimental conditions used in this study were
selected to reflect challenges encountered in live-haul environments, including pig feces,
biofilms, variable temperatures and limited contact time. Even when C&D procedures are
standardized, variation in cleaning thoroughness, disinfectant coverage, and contact time can
occur in practice (Alarcon et al., 2021; Parker et al., 2025). Therefore, disinfection success
depends on cleaning steps to remove enough organic material for the disinfectant to reach the
microbial target.

The results also suggest that biofilm evaluations provide a more conservative assessment
of disinfection efficacy than aggregate cell models alone. Aggregate cells were more susceptible
and often reached reductions that met the reduction target used in this study. Biofilms required
more specific combinations of C&D, and most treatments did not reach 4 log CFU/cm?. This

agrees with previous reports showing that mature biofilms can persist after exposure to sodium
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hypochlorite, sodium hydroxide, benzalkonium chloride, and other disinfectants, even with
longer contact times than those used in this study (Bridier et al., 2011; Corcoran et al., 2014;
Koti et al., 2024; Van Houdt & Michiels, 2010). For trailer biosecurity programs, this distinction
is important because cells protected in biofilms or residual organic matter may survive routine

C&D and contribute to recontamination.

3.4.4 Study limitations

This study has limitations that should be considered when interpreting the results. First,
the contact time of the liquid disinfectants was less than 1 min. This short exposure reflects the
practical difficulty of maintaining wet contact on trailer surfaces, but it may have limited the full
antimicrobial potential of some products. Longer exposure could produce greater reductions
under controlled conditions, although maintaining extended contact in trailers may be difficult
because of drainage, surface angle, airflow, and rapid drying (Cheng et al., 2025; Parker et al.,
2025; Rutala & Weber, 2014). Second, this study used single-species E. coli biofilms.
Multispecies biofilms may differ in matrix composition, microbial interactions, and susceptibility
to disinfectants (Van Houdt & Michiels, 2010). Third, biofilm development occurred under
controlled laboratory conditions, which may not fully reproduce the environmental variability of
commercial trailers. In practice, biofilms may develop under fluctuating temperature, moisture

and nutrient availability, which could alter their structure and resistance (Flemming et al., 2016).

3.5 Conclusions

The results showed that treatment efficacy depended on cell state, disinfectant, cleaning
method, and temperature. Aggregate cells were more susceptible than biofilm cells, reaching
reductions up to 5.06 log CFU/cm?, whereas biofilm reductions remained below 4 log CFU/cm?.

CO: and CDG produced the strongest reductions for aggregate cells, while HP and CO: were the
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most effective options for biofilms when combined with vacuuming or scraping. Temperature
modified treatment performance differently depending on the disinfectant, with CDG performing
better at 10 °C and steam showing limited efficacy, especially against biofilms. These findings
suggest that trailer C&D protocols should pair effective disinfectants with cleaning methods that

reduce organic material and improve access to contaminated surfaces.

Figures and tables

Figure 4. Aluminum coupons (10 x 10 cm). The left coupon was used for L3, and the right
coupon was used for L1 and L2.
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Figure 5. Lab trailer model, made of aluminum. L1 and L2 coupons clipped onto the wall. L3
coupon placed on the floor.
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Figure 6. Experimental design overview.
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Figure 7. Heatmap showing log CFU/cm? reduction of aggregate E. coli cells across cleaning
methods, disinfectants, and temperatures.
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Note. Values represent least squares mean reduction values and standard deviations of the
reductions calculated across the three sampling locations. Lower SD values indicate more
consistent results across locations in the trailer. Cleaning methods: air, SC = scraping; VAC =
vacuum. Disinfectants: CO2 = carbon dioxide; CDG = chlorine dioxide gas; HP = hydrogen
peroxide; QUAT = quaternary ammonium; SH = sodium hypochlorite; STEAM = steam.
Lowercase letters indicate differences between cleaning methods within the same temperature,
while uppercase letters indicate significant differences between disinfectants within the same
cleaning method (P < 0.05). Experiments were conducted in triplicate.
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Figure 8. Heatmap showing log CFU/cm? reduction of E. coli biofilms across cleaning methods,
disinfectants, and temperatures
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Note. Values represent least squares mean reduction values and standard deviations of the
reductions calculated across the three sampling locations. Lower SD values indicate more
consistent results across locations in the trailer. Cleaning methods: air, SC = scraping; VAC =
vacuum. Disinfectants: CO2 = carbon dioxide; CDG = chlorine dioxide gas; HP = hydrogen
peroxide; QUAT = quaternary ammonium; SH = sodium hypochlorite; STEAM = steam.
Lowercase letters indicate differences between cleaning methods within the same temperature,
while uppercase letters indicate significant differences between disinfectants within the same
cleaning method (P < 0.05). Experiments were conducted in triplicate.
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Table 2. ANOVA of fixed effects for log reduction of E. coli

Effect P-value
Temperature % disinfection <0.0001
Temperature x location 0.28954
Temperature x cleaning 0.14030
Location x cleaning 0.96205
Location x disinfection 0.20389
Cleaning x disinfection <0.0001
Temperature x location x cleaning 0.57508
Temperature x location X disinfection 0.08095
Temperature x cleaning X disinfection <0.0001
Location x cleaning X disinfection 0.76511

Location x cleaning X disinfection x temperature 0.77670

Note. P-values were obtained from the analysis of variance. Effects were considered statistically
significant when P < 0.05.
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Chapter 4 - Evaluating hydrogen peroxide disinfection in live haul

trailers under field conditions

Abstract

Live haul trailers can retain organic material, moisture, and microorganisms after animal
transport, which may limit the performance of cleaning and disinfection. Although hydrogen
peroxide has shown antimicrobial activity under laboratory conditions, its field performance in
naturally contaminated trailers may be affected by surface characteristics. The objective of this
study was to evaluate 3 % hydrogen peroxide applied for 30 s after pressure washing in a
naturally contaminated swine trailer using aerobic counts as an indicator of overall hygiene.
Field evaluations were conducted on three separate days at ambient temperatures of 3, 18, and 26
°C. Samples were collected from the front, middle, and back sections of the trailer and from floor
and wall surfaces before cleaning, after power washing, and after hydrogen peroxide application.
Aerobic counts were affected by intervention step (P < 0.001), surface type (P <0.001), and their
interaction (P = 0.004). Hydrogen peroxide produced significant additional reductions of 1.36 to
1.80 log CFU/cm? across trailer sections and 1.13 to 1.95 log CFU/cm? across surface types after
pressure washing. Total reductions ranged from 1.66 to 2.52 log CFU/cm? across trailer sections
and 1.76 to 2.27 log CFU/cm? across surface types. Aerobic counts did not differ among trailer
sections at any intervention step. However, counts were higher on the floor surface than on the
wall surface initially and after hydrogen peroxide application. Overall, hydrogen peroxide

contributed to aerobic count reduction when applied after pressure washing.

4.1 Introduction

The transportation of live animals is an essential component of meat production (Miranda

et al., 2014). However, it also represents an important point for the introduction and spread of
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microorganisms throughout the production chain (Parker et al., 2025). During transport, animals
are exposed to environments where fecal material, moisture, and microorganisms accumulate,
creating conditions that favor microbial survival and transfer between animal groups (Barham et
al., 2002; Berry & Wells, 2016). Transportation-related stress has also been associated with
increased pathogen shedding and greater susceptibility to disease in animals (Rostagno, 2009). In
some cases, animals may shed high concentrations of pathogens through fecal material, further
increasing the microbial load within transport environments (Robinson et al., 2004). As a result,
live haul trailers can become contaminated environments that may contribute to cross-
contamination between production cycles if not properly C&D.

Microorganisms can survive for extended periods on surfaces commonly found in
agricultural environments, particularly under conditions involving fluctuating temperatures and
high organic loads (Bonardi et al., 2015; Dos Santos et al., 2023). In live haul trailers, these
conditions are common after animal transport because fecal material, moisture, and organic
residues can remain on floors, walls, and joints even after visible debris is removed (Urbaniec et
al., 2025). In these environments, microorganisms may persist as individual cells, aggregates, or
biofilms (Flemming et al., 2016). Biofilms are especially difficult to control because cells are
attached to surfaces and embedded within an extracellular matrix that can reduce the penetration
and activity of disinfectants (Simdes et al., 2010). Moreover, organic material left after transport
can also protect microorganisms and interfere with disinfection (Bridier et al., 2011). Together,
these factors can reduce disinfection effectiveness and make field performance more variable
than what is typically observed under controlled laboratory conditions.

In commerecial settings, power washing (PW) is one of the most commonly used methods

for cleaning live haul trailers due to its practicality, speed, and ability to remove visible
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contamination (USDA APHIS, 2025). Disinfection, however, can be less consistently applied
because it adds a step that requires product preparation, adequate application, and contact time
before the trailer can be returned to service (Parker et al., 2025). In addition, disinfectant
applications may vary under commercial conditions depending on product mixing and the
amount of residual water left on trailer surfaces after PW. When disinfectants are applied to wet
surfaces, residual moisture may dilute the active concentration and reduce the effectiveness of
the product, particularly on porous surfaces (USDA APHIS, 2025). Although allowing surfaces
to drain or dry before disinfection would be preferable, this step is often limited by time
constraints in routine trailer cleaning. Still, visible cleanliness does not necessarily indicate
microbial reduction. Studies evaluating trailer C&D practices have shown substantial variability
in procedures across the livestock industry (Galvis et al., 2026; Magalhaes et al., 2026; Parker et
al., 2025). Therefore, trailers that appear clean may still retain microbial contamination,
highlighting the need to evaluate disinfection performance under practical operating conditions.
Aerobic counts are commonly used as a general indicator of surface hygiene. It provides an
estimate of the overall viable bacterial population present in an environment. This approach has
been used in previous studies to evaluate the effectiveness of C&D in animal production
facilities and was therefore selected in the present study to evaluate C&D performance (Luyckx
et al., 2015; Makovska et al., 2025).

Before being approved for commercial use, disinfectants are evaluated under
standardized laboratory protocols that require substantial microbial reductions, often including a
5-log reduction of selected reference microorganisms (EPA, 2025). However, reductions
observed under controlled laboratory settings are not always achieved in the field, even when

products are applied according to manufacturer guidelines. For example, Luyckx et al. (2015)
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showed that C&D under commercial conditions can result in variable microbial reductions,
reflecting the difficulty of achieving consistent performance outside controlled laboratory
settings. In this study, field evaluation refers to the assessment of hydrogen peroxide disinfection
under naturally contaminated trailers to determine how its performance differs from previous
laboratory findings. This distinction is important because field conditions introduce factors that
are difficult to reproduce in the laboratory, including organic matter, biofilm formation, surface
variability, temperature changes, and differences in C&D application. These factors can
influence both microbial survival and the effectiveness of disinfection (Arthur et al., 2025;
Simdes et al., 2010).

Hydrogen peroxide (HP) has been widely used as a disinfectant because of its broad
antimicrobial activity and its ability to oxidize cellular components (Abdelshafy et al., 2024; Tao
et al., 2024). In previous work, HP showed promising reductions against bacterial biofilms and
aggregate cells under different temperature conditions. Although that study was designed to
reproduce some of the challenges expected under field conditions, laboratory experiments cannot
fully capture the variability present in live animal transport environments (Makovska et al.,
2025; Wales et al., 2021). Therefore, field evaluation is needed to determine how HP performs
under practical conditions, where contamination is naturally occurring, and environmental and
operational factors may influence disinfection performance. Despite the use of disinfectants in
live animal transport systems, limited information is available regarding their validation under
commercial field conditions. It was hypothesized that HP disinfection would provide an
additional reduction in aerobic counts after PW, but that reductions under field conditions would
be lower and more variable than those observed in the laboratory. Therefore, the objective of this

study was to evaluate the field performance of HP disinfection in a live haul trailer under
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different ambient temperatures using aerobic counts as an indicator of overall hygiene and

discuss field reductions in relation to previous laboratory findings.

4.2 Materials and methods

The trailer used for this experiment was a Cimarron (Oklahoma, USA) livestock trailer,
approximately 4 years old, with a tandem axle and slat-side ventilation design constructed of
aluminum. The trailer belongs to the Kansas State University Department of Animal Science and
Industry and is used every 3 weeks to transport approximately 12-15 pigs per load, with pigs
averaging 2 years of age. Under routine conditions, the trailer is cleaned in the afternoon after
pigs are unloaded, using pressurized water at ambient temperature only. The trailer measured
5.49 m in length, 2.13 m in width, and 2.13 m in height (Figure 9). The interior walls were
constructed of smooth aluminum panels reinforced with vertical aluminum supports. Horizontal
support bars were located along the midline of the walls. The trailer floor consisted of a porous
rubber material (Figure 10). Although the construction materials were similar to those used in
commercial livestock trailers in the United States, the trailer evaluated in this study was smaller.
A typical commercial pig transport trailer measures approximately 14.7 m in length, 2.6 m in
width, and 4.11 m in height, and can transport 170-175 market-weight pigs at full capacity

(Sutherland et al., 2009; Xiong et al., 2018).

4.2.1 Cleaning and disinfection

C&D were performed at the Kansas State University Farm Shop (2900 College Avenue,
Manhattan, KS 66506). The experiments were conducted on three different days at temperatures
of 3, 18, and 26 °C. Each experiment began at 2:30 pm, and the ambient temperature at that time
was recorded from a local weather station (Weather Underground, USA). For the cleaning step,

PW was performed using a gas-powered pressure washer (RYOBI, 3000 PSI, China). Cleaning
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was carried out by facility personnel who routinely perform trailer cleaning as part of their
normal job responsibilities. Operators were instructed to clean from the back to the front of the
trailer until no visible fecal material remained (Figures 11 & 12). The trailer was positioned on a
slight incline to allow water and organic residues to drain toward the front. The cleaning process
took approximately 45 minutes on average. Immediately after PW, without a drying period,
disinfection (DIS) was performed using 3% hydrogen peroxide (HP; Aqua Solutions, Deer Park,
TX) with a contact time of 30 s. This contact time was selected to reflect a practical field
scenario, where trailer turnaround time is limited and prolonged disinfectant contact periods may
not be feasible under routine commercial challenges. The disinfectant was applied using a
handheld sprayer (Chapin 2000, China) at a reported flow rate of 1.51 L/min. Based on this flow
rate, approximately 0.76 L of disinfectant was delivered during the 30-s application period. The
nozzle was held 30 cm from the surface, resulting in an estimated spray dispersal area of 40 % 40
cm. The sprayer was repositioned every 2 s to promote uniform coverage across both wall and
floor surfaces, and the ceiling was not treated. The estimated operating pressure ranged from 40

to 60 PSI. The disinfectant was applied by the same individual across all experimental runs.

4.2.2 Treatment and sampling areas

To better characterize contamination within the trailer, it was divided into three sections:
front, middle, and back. This approach allowed microbial levels to be evaluated across different
areas of the trailer, since fecal material accumulation, drainage, and animal movement during
transport may vary by location. The front section was defined as the area where pigs are loaded
and unloaded. Within each section, two sampling surfaces were selected: floor (L1 and L.3) and
wall (L2). The sampling area for each location was 40 x 40 cm. Samples were collected as

controls prior to C&D, representing the condition in which pigs left the trailer. Additional
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samples were collected after PW and after DIS. Neutralizing sponges (Neogen, Lansing, MI)
containing 20 mL of neutralizing solution were used for sample collection. After sampling,
sponges were processed individually in a stomacher (400 Lab Blender, West Sussex, United
Kingdom) for 30 s. Following homogenization, serial dilutions were prepared in 0.1% peptone
water (Bacto, Sparks, MD) and plated onto aerobic count Petrifilm (Neogen, Lansing, MI).
Petrifilm plates were incubated at 35 °C for 48 h. Aerobic count (AC) colonies were enumerated
using an automated colony counter (Interscience, Woburn, MA), and results were reported as log
CFU/cm?. The LOD was 20 CFU/cm?, and the LOQ was 300 CFU/cm?. All observed values

were above these limits.

4.2.3 Experimental design and statistical analysis

The field evaluation was conducted on three experimental days using the same pig
transport trailer. The ambient temperatures recorded during the trials were 3, 18 and 26 °C. Each
trial corresponded to one ambient-temperature condition and one pig load. Samples were
collected from three trailer sections (front, middle and back), two surface type (floor and wall)
and three intervention stages: before cleaning (Control), after PW, and after HP disinfection.

A total of 81 samples were collected, with 27 samples collected per trailer. For each
trailer section and intervention step, two floor samples and one wall sample were collected. The
floor samples were collected in duplicate from the same 40 x 40 cm area to better represent the
porous floor surface and averaged for the analysis. Wall samples were collected from a
corresponding vertical surface. There were 54 observations for analysis, because the two floor
samples were averaged.

Aerobic counts were expressed as log CFU/cm? and analyzed using a linear mixed-effect

model. Experimental day, trailer section, surface type, intervention, and the interaction between

81



surface type and intervention stage were included as fixed effects. The experimental day x
intervention combination was included as the random effect. Estimated marginal means were
calculated using the emmeans package. Reductions associated with PW, HP, and the complete
C&D were estimated using contrasts between intervention stages. All statistical analyses were

performed in R, and statistical significance was defined at P < 0.05.

4.3 Results
The analysis of variance showed significant effects of intervention step (P < 0.001),
surface type (P <0.001), and their interaction (P = 0.004) on aerobic counts. Trailer section was
not significant (P = 0.972), and none of the interactions involving trailer section were significant.
The intervention step and surface interaction indicates that changes in aerobic counts across

intervention steps depend on the type of surface.

4.3.1 Overall intervention steps

Overall estimated reductions in aerobic counts, averaged across trailer sections and
surface types, are presented in Appendix B Table 5. Compared with initial counts, PW resulted
in an estimated reduction of 0.48 log CFU/cm? (95% CI: —0.007 to 0.969); however, this
reduction was not statistically significant. Following HP application, aerobic counts decreased by
an additional 1.54 log CFU/cm? (95% CI: 1.047 to 2.024) relative to counts after PW. Together,

PW and HP resulted in a total estimated reduction of 2.02 log CFU/cm? (95% CI: 1.528 to 2.505.

4.3.2 Trailer section and intervention step

Estimated aerobic counts for each trailer section and intervention step are presented in
Table 3, and pairwise comparisons among trailer sections at each intervention step are presented
in Appendix C Table 6. Aerobic counts did not differ among the front, middle and back sections
at any intervention step (P > 0.05). Initial counts ranged from 3.74 to 4.18 log CFU/cm?. The
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estimated count in the front section was 0.45 log CFU/cm? lower than the back section, although
the difference was not significant (P = 0.078). After PW, estimated counts were similar across
sections, ranging from 3.43 to 3.46 log CFU/cm?. After HP, estimated counts ranged from 1.67
to 2.07 log CFU/cm?. The front section was 0.41 log CFU/cm? higher than the back section, but
this difference was not statistically significant (P = 0.116). The interaction between section and
intervention step was not significant (P = 0.061), indicating insufficient evidence that changes
across intervention steps differed among trailer sections.

Within each trailer section, the contrasts were used to evaluate changes in aerobic counts
across intervention steps. Estimated PW, HP, and total reductions by trailer section are presented
in Appendix B Table 5. After PW, estimated counts were 0.30 and 0.42 log CFU/cm? lower than
initial counts in the front and middle sections; however, neither reduction was statistically
significant (P = 0.440 and P = 0.220). In the back section, the estimated count after PW was 0.72
log CFU/cm? lower than the initial counts (P = 0.026). After HP, estimated counts were
significantly lower than initial counts in all three sections, with reductions of 1.67, 1.87 and 2.52
log CFU/cm? in the front, middle and back sections (P < 0.001). Compared with after PW, counts
after HP were 1.36 log CFU/cm? lower in the front, 1.45 log CFU/cm? lower in the middle, and

1.80 log CFU/cm? lower in the back. These reductions were significant in all three sections.

4.3.3 Surface type and intervention step

The intervention step by surface type interaction was significant (P = 0.004), indicating
that the difference between floor and wall surfaces changed across intervention steps. Pairwise
comparisons between floor and wall surfaces at each intervention step are presented in Appendix
C Table 6. Initially, estimated aerobic counts were higher on the floor than in the walls (4.13 vs.

3.73 log CFU/cm?), with an estimated difference of 0.40 log CFU/cm? (P = 0.020). After PW,
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estimated counts were similar between the floor and wall (3.49 vs. 3.41 log CFU/cm?; P =
0.610). After HP, estimated aerobic counts were higher on the floor than on the wall (2.36 vs.
1.46 log CFU/cm?), with an estimated difference of 0.91 log CFU/cm? (P < 0.001).

Estimated PW, HP and total reductions by surface type are presented in Appendix B
Table 5. On the floor surface, estimated aerobic counts decreased by 0.64 log CFU/cm? after PW
compared with initial counts (P = 0.039). Counts after HP were 1.76 log CFU/cm? lower than
initial counts (P <0.001) and 1.13 log CFU/cm? lower than after PW (P = 0.002). On the wall,
counts after PW were 0.33 log CFU/cm? lower than initial counts, but this difference was not
significant (P = 0.321). Counts after HP were 2.27 log CFU/cm? lower than initial counts and
1.95 log CFU/cm? lower than after PW (both P < 0.001). The interaction between section and
surface type was not significant (P = 0.193). The triple interaction between section, intervention

step and surface type was also not significant (P = 0.300).

4.4 Discussion

In this field evaluation, PW followed by HP disinfection reduced aerobic counts by
approximately 2 log CFU/cm?. This corresponds to a 98-99% reduction in the initial microbial
load. Aerobic counts were reduced but not eliminated. This difference between reduction and
elimination is important because field conditions introduce challenges that are difficult to
reproduce in the laboratory, including residual organic matter, surface moisture, surface material,

drainage, and trailer geometry, all of which can affect C&D performance (Stallings et al., 2025).

4.4.1 Field effectiveness of PW and HP

In commercial swine production, trailer C&D protocols may include washing,
disinfection, and thermo-assisted drying before trailers return to the farm. However, the use of

heated drying systems can increase operating costs, particularly because of propane use. As a
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result, some farms may rely mainly on visual inspection when resources for more intensive C&D
procedures are limited (Letsch et al., 2024). Visual cleanliness, however, does not necessarily
reflect the microbial condition of trailer surfaces (Alvarado et al., 2022). In the present study,
PW was intended to physically remove visible organic material and prepare trailer surfaces for
HP disinfection. According to the National Animal Health Emergency Management System
guidelines (USDA-NAHEMS, 2014), cleaning can remove 90% of microorganisms from
contaminated surfaces, which corresponds to about 1 log reduction. In this field evaluation,
however, PW achieved an overall reduction of 0.48 log CFU/cm?. One possible explanation is
that visible organic material removal alone was not enough to achieve a substantial microbial
reduction. Residual organic material was not measured after PW, so this interpretation remains a
possible explanation rather than a demonstrated conclusion. Future field studies could evaluate
surface cleanliness by combining ATP, as a rapid indicator of residual biological material, with
aerobic counts to quantify viable bacterial contamination, as described by Letsch et al. (2024).
The complete field treatment, consisting of PW followed by HP disinfection, resulted in
total overall reduction of 2.02 log CFU/cm?. This reduction was lower than those observed in
previous work. In that laboratory study, reductions obtained with HP ranged from 2.79 to 3.87
log CFU/cm? for E. coli biofilms and from 3.40 to 4.57 log CFU/cm? for E. coli aggregates,
depending on temperature and cleaning method. However, this comparison is not direct because
the field evaluation used naturally occurring aerobic counts, whereas the laboratory study
evaluated inoculated E. coli aggregates and biofilm. Despite these differences, HP produced a
significant additional overall reduction of 1.54 log CFU/cm? after PW. In the trailer sections
counts decreased by 1.36 to 1.80 log CFU/cm?. This additional reduction is relevant because HP

was applied immediately after PW, without a drying period, and with a short contact time of 30
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seconds. HP is classified as an oxidizing agent with broad-spectrum antimicrobial activity. Its
antimicrobial effect is associated with oxidation of cellular components, including proteins and
lipids, which can lead to membrane disruption and loss of cell integrity (Linley et al., 2012).
However, HP solutions can degrade over time, so fresh solutions are recommended for effective
disinfection (USDA-NAHEMS, 2014). A previous field study in pig transport trucks reported
aerobic count reductions close to 2 log after C&D using a non-corrosive 2% glutaraldehyde
disinfectant applied without a prior drying step (Perrucci et al., 2026). Although the disinfectant
differed from the present study, the similar reduction range provides useful context for

interpreting HP performance when disinfection is applied immediately after washing.

4.4.2 C&D response by trailer section and surface type

Trailer section did not significantly affect aerobic counts, and the interaction of section
by intervention step was also not significant. Initial aerobic counts were similar among the front,
middle, and back sections. This indicates no evidence of differences among sections before
C&D. Although the total reduction was numerically greater in the back section (2.52 log
CFU/cm?) than in the middle (1.87 log CFU/cm?) and the front section (1.67 log CFU/cm?), there
was insufficient statistical evidence that aerobic counts differed among trailer sections.
Nevertheless, previous research has found that residual contamination can vary among sampling
locations within livestock trailers (Alvarado & Predicala, 2022; Letsch et al., 2024).The absence
of detectable differences in the present study may be related to the smaller size of the
experimental trailer compared with commercial trailers. Commercial swine trailers can transport
more than 180 pigs per load, resulting in greater trailer contamination (Sutherland et al., 2009).

The possible effects of washing direction, drainage, and residual moisture could not be
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determined in the present study because these factors were not measured. Future field studies
could evaluate whether these operational conditions contribute to differences in C&D outcomes.
Surface type influenced both initial aerobic counts and the response to C&D. The
significant interaction between intervention step and surface type indicated that the difference
between floor and wall surfaces changed across intervention steps. Initially, floor surfaces had
higher initial aerobic counts than wall surfaces, suggesting that the floor retained more
contamination after pig transport. After PW, aerobic counts decreased on the floor but did not
significantly change on the wall, resulting in similar counts between these two surfaces. A
possible explanation for the limited reduction on the wall is that PW dispersed contaminated
particles within the trailer, which may have limited the reduction observed on this surface. PW
has been shown to generate aerosols and transfer bacteria from contaminated sites to other
surfaces in a commercial meat processing environment (Yadav et al., 2025). After HP, counts
remained higher on the floor than on the wall surfaces. Following the complete treatment,
aerobic counts decreased by 2.27 log CFU/cm? on the wall and 1.76 log CFU/cm? on the floor.
These findings suggest that the floor was more difficult to clean and disinfect under the
conditions of this field evaluation. This difference may be related to the surface materials
because the trailer walls were made of smooth aluminum, whereas the floor was composed of
porous rubber. Previous research has shown that surface material can affect bacterial attachment
and the cleaning process (Waldhans et al., 2023; Zheng et al., 2021). From a practical standpoint,
the surface-dependent response after HP suggests that surface type should be considered when

evaluating C&D performance and selecting locations for microbiological verification.
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4.5 Conclusion

In conclusion, this field evaluation supports the use of HP as a component of C&D
protocols for pig transport trailers. Its application after PW improved the reduction of aerobic
bacterial contamination, even without a drying period. The surface-dependent response indicates
that field performance depends not only on the disinfectant but also on the characteristics of the
surface being treated. These findings highlight the importance of evaluating disinfectants under
field conditions and considering surface type when developing C&D protocols. Future studies
should include additional field replications and the evaluation of other disinfectants that

performed well under laboratory conditions, such as CO: alcohol-quat-based disinfectant.

Figures and tables

Table 3. Aerobic counts before, after PW and HP disinfection.

Factor Level Initial After PW After HP
Front 374+ 027 aA 3.43+0.31 aA 2.07+0.57 bA
Section Middle 3.87+0.22 aA 3.45+0.50 aA 2.00+0.61 bA
Back 4.18 + 0.40 aA 3.46 + 0.49 bA 1.67 +0.75 cA
Floor 413 +0.32 aA 3.49 + 0.40 bA 236+ 0.41 cA
Surface
Wall 373+ 0.25 aB 3.41 + 045 aA 1.46 + 0.47 bB

Note. Values are estimated marginal means + descriptive SD (log CFU/cm?). PW = power wash,
HP = hydrogen peroxide. Different lowercase letters within a row indicate significant differences
among interventions. Different uppercase letters within a column indicate significant differences
among levels of the corresponding factor (P < 0.05). Letters should be interpreted separately for
section and surface
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Figure 9. Cimarron livestock trailer with a tandem axle and slat-side ventilation design
constructed of aluminum.
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Figure 10. Floor of the trailer (porous rubber).
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Figure 11. Operator cleaning the trailer
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Figure 12. Trailer after cleaning
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Chapter 5 - Conclusions

Transportation is an important stage in livestock biosecurity because contaminated
vehicles can contribute to the transfer of microorganisms between animal groups and farms. Live
haul trailers are challenging environments to clean and disinfect because organic material can
accumulate in hard-to-clean areas and on different surface types. Materials that improve animal
safety, such as porous flooring, can also retain moisture, organic material, and microorganisms,
limiting C&D efficacy.

The laboratory experiments showed that C&D outcomes were influenced by temperature,
cleaning method, disinfectant, and cell state. Biofilm E. coli cells were more resistant than
aggregate cells. Temperature affected treatment performance, but its effect depended on the
disinfectant and cleaning method used. Scraping and vacuuming generally improved treatment
performance compared with air. Among the disinfectants evaluated, HP and CO: alcohol-quat-
based disinfectant showed some of the most consistent reductions across temperatures and
cleaning methods. Steam, compared with the other evaluated treatments, showed the poorest
performance, especially against biofilms.

The field study evaluated HP in a naturally contaminated trailer after pig transportation.
When applied after PW, HP further reduced aerobic counts, although the reduction pattern
differed between floor and wall surfaces. This difference shows how difficult it can be to transfer
results from controlled laboratory experiments to live haul trailers, where surfaces and
contamination are more variable. Together, the two studies show that laboratory and field
evaluations are both needed: laboratory experiments help identify promising treatments and the
factors that affect them, while field studies help determine how those treatments perform on

naturally contaminated trailers.
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Improving trailer C&D requires attention to the entire process. Cleaning must remove
enough organic material to allow disinfectant to reach the contaminated surface, and the protocol
must account for the type of material being treated. Future studies should evaluate multiple full-
size trailers in different seasons. This work would provide a stronger basis for developing

practical and reliable C&D protocols for swine transportation
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Appendix A- ANOVA for the main effects only.

Appendix A Table 4
Effect P-value
Temperature <0.001
Location 0.395
Cleaning <0.001
Disinfection <0.001

Note. P-values were obtained from the analysis of variance. Effects were considered statistically
significant when P < 0.05.
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Appendix B - Estimated reductions in aerobic counts after PW, after HP, and total reduction

Appendix B Table 5.

Factor Level Reduction Estimate SE 95% C1 P-value
PW reduction 0.481 0.176 —0.007, 0.969 0.0522
Z'f'ft:crtve“ﬁo“ Overall HP reduction 1.536 0.176 1.047,2.024 0.0009
Total reduction 2.016 0.176 1.528, 2.505 0.0003
PW reduction 0.302 0.239 —0.333, 0.936 0.4402
Front HP reduction 1.360 0.239 0.726, 1.994 0.0002
Total reduction 1.662 0.239 1.027, 2.296 <0.0001
PW reduction 0.422 0.239 —0.212, 1.057 0.2206
Trailer section Middle HP reduction 1.449 0.239 0.814,2.083 0.0001
Total reduction 1.871 0.239 1.237,2.505 <0.0001
PW reduction 0.718 0.239 0.084, 1.352 0.0266
Back  HP reduction 1.799 0.239 1.164,2.433 <0.0001
Total reduction 2.517 0.239 1.882, 3.151 <0.0001
PW reduction 0.637 0.210 0.036, 1.237 0.0390

Surface type Floor

HP reduction 1.125 0.210 0.524, 1.726 0.0018
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Total reduction 1.761 0.210 1.161, 2.362 <0.0001

PW reduction 0.325 0.210 —0.276, 0.926 0.3211
Wall HP reduction 1.947 0.210 1.346, 2.548 <0.0001
Total reduction 2.272 0.210 1.671,2.872 <0.0001

Note. Estimated reductions are expressed as log CFU/cm? and were obtained from pairwise contrasts of estimated marginal means.
PW reduction was calculated as Initial — After PW, HP reduction as After PW — After HP, and total reduction as Initial — After HP.
PW = pressure washing; HP = hydrogen peroxide.
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Appendix C- Pairwise comparisons of aerobic counts between surface types and trailer

sections at each intervention step.

Appendix C Table 6.
Factor Intervention step Contrast Estimate SE 95% C1 P-value
(log CFU/cm?)

Initial Floor vs. Wall 0.395 0.162  0.065, 0.726 0.0207

Surface type After PW Floor vs. Wall 0.084 0.162  —0.247,0.414 0.6096
After HP Floor vs. Wall 0.906 0.162 0.575,1.236 <0.0001

Front vs. Middle —0.133 0.198  —0.622, 0.356 0.7814

Initial Front vs. Back —0.447 0.198  —0.936, 0.041 0.0780

Middle vs. Back -0.314 0.198  —0.803, 0.175 0.2678

Front vs. Middle —0.013 0.198  —-0.502,0.476 0.9976

Trailer section After PW Front vs. Back —0.031 0.198 —0.520, 0.458 0.9865

Middle vs. Back —0.018 0.198  —0.507, 0.470 0.9954

Front vs. Middle 0.076 0.198  —0.413,0.565 0.9226

After HP Front vs. Back 0.408 0.198 —0.081, 0.896 0.1164

Middle vs. Back 0.332 0.198  —0.157, 0.820 0.2319

Note. Estimates were calculated as the first level listed minus the second and reported in log CFU/cm?. Positive values indicate higher
aerobic counts for the first level, whereas negative values indicate higher counts for the second. SE = standard error; CI = 95%
confidence interval; PW = pressure washing; HP = hydrogen peroxide.
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