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Foodborne bacteria in slaughterhouses with
focus on cleaning and disinfection

Abstract

Proper cleaning and disinfection (C&D) in slaughterhouses and meat processing
premises is a prerequisite for production of safe, high-quality meat. An example of
how inadequate C&D can affect human health is provided by the strong increase in
number of human cases of campylobacteriosis in Sweden in 2016-2017 due to
insufficiently cleaned transport crates for chicken. This thesis evaluated the efficacy
of C&D procedures in slaughterhouses and adjacent meat processing premises by
testing for pathogenic and hygiene indicator bacteria on equipment, facilities and
carcasses. Different sampling methods used for assessing surface cleanliness were
compared and slaughterhouses with associated meat processing premises in Sweden
were interviewed regarding their C&D routines and monitoring activities. The
results indicated that the C&D procedures used for surfaces in the slaughterhouse
premises were sufficient regarding removal/inactivation of pathogenic bacteria.
However, only approximately half of the surfaces were assessed as sufficiently
cleaned, as the amount of hygiene indicator bacteria was high. Campylobacter jejuni,
C. coli and Listeria monocytogenes were detected on food contact surfaces,
indicating high risk of contamination of carcasses and meat. The same L.
monocytogenes strain was found in a red meat slaughterhouse environment on three
occasions 15 weeks apart, while a C. jejuni strain showed potential to spread within
a poultry slaughterhouse. Extended-spectrum beta-lactamase (ESBL) Escherichia
coli was not detected. New technologies such as 265 nm UV-C LED irradiation on
chicken transport crates and ultrasound-steam treatment and chilling of broiler
carcasses were shown to give significant bacterial reductions. However, these
techniques require a certain time of action that is difficult to combine with high
slaughter speed in an industrial setting. Dipslides and ATP-bioluminescence were
found to be of varying reliability, but are commonly used by Swedish
slaughterhouses with associated meat processing premises.

Keywords: ATP-bioluminescence, contact plate, dipslides, FEnterobacterales,
Extended-spectrum beta-lactamase (ESBL) E. coli, Campylobacter, Listeria
monocytogenes, meat premises, total aerobic bacteria



Livsmedelsburna bakterier pa slakterier med
fokus pa rengoring och desinfektion

Sammanfattning

Korrekt rengéring och desinfektion (R&D) pa slakterier och styckningsanldggningar
ar en forutsittning for produktion av siker mat av hog kvalitet. Ett exempel pa hur
bristande R&D pé slakterier har paverkat manniskors hdlsa var det kraftigt forhojda
antalet fall av campylobacterios i Sverige 2016-2017 pa grund av otillrackligt
rengjorda transportlador till kyckling. Syftet med avhandlingen var att utvirdera
effekten av olika R&D metoder genom att kartldgga forekomsten av patogena och
hygienindikatorbakterier pa utrustning, i slakterimiljon och pé slaktkroppar.
Dessutom  jamfordes olika  provtagningsmetoder for utvdrdering av
rengoringseffekten. Intervjuer genomfordes med ansvarig personal pa svenska
slakterier och styckningsanldggningar géllande deras R&D rutiner samt
provtagningsmetoder. Resultaten visade att R&D metoderna
avlagsnade/inaktiverade patogena bakterier fran ytor. Ddremot var cirka hélften av
ytorna inte tillrickligt rengjorda, d& antalet hygienindikatorbakterier var hogt.
Campylobacter jejuni, C. coli och Listeria monocytogenes pévisades pa
produktkontaktytor, vilket utgdr stor risk for korskontamination av slaktkroppar och
kott. Dessutom dterfanns samma Listeria monocytogenes stam pa ytor i ett gris- och
ndtslakteri inom ett 15-veckors intervall och en Campylobacter jejuni stam visade
stor spridningspotential pa ett kycklingslakteri. Extended-spectrum beta-lactamase
(ESBL) E. coli pavisades inte. Utvérdering av nya tekniker sasom 265 nm UV-C
LED strdlning av transportldidor for kyckling och behandling av
kycklingslaktkroppar med ultraljud-vattendnga samt kylning innebar en signifikant
minskning av antalet bakterier. Dessa tekniker krdver dock en viss verkningstid
vilket kan vara svért att kombinera med ett hogt slakttempo. Tryckplattor och ATP—
bioluminescens som anvénds for rengdringskontroll pd manga svenska slakterier, ar
av varierande tillforlitlighet.

Nyckelord: ATP-bioluminscens, tryckplattor, Enterobacterales, Extended-spectrum
beta-lactamase (ESBL) E. coli, Campylobacter, Listeria monocytogenes,
styckningsanldggningar, totalantal aeroba bakterier



Dedication

To all of you who are responsible for cleaning, your work is very important
as it helps protecting human health.
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1. Introduction

1.1 Contamination at slaughter

During slaughter, the slaughter equipment and facilities are continually
contaminated with e.g. intestinal content, blood and residues of muscle and
fat (Figure 1). There is risk of contamination at several steps in the slaughter
process, so it is important that these steps are properly performed. In poultry
slaughter, contamination can occur during steps such as bleeding, scalding,
defeathering and evisceration (Buncic & Sofos 2012; Seliwiorstow et al.
2016; Boubendir et al. 2021). In pig slaughter, a risk of contamination arises
e.g. during scalding, dehairing and evisceration (Spescha et al. 2006; De
Busser et al. 2013; Wheatley et al. 2014; Bakhtiary et al. 2016). In cattle
slaughter, proper execution of dressing, evisceration and the meat inspection
process is crucial to avoid contamination (Zweifel et al. 2014; Nakamura et
al. 2023).

)

Figure 1. Contaminated cutting blade in a slaughterhouse (photo by author).
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An important difference in these processes is that large amounts of water are
used in poultry slaughter, which facilitates the survival and spread of bacteria
(Adams & Moss 1995; Ninios et al. 2014; National Advisory Committee on
Microbiological Criteria for Foods 2022).

When meat comes into contact with dirty surfaces, it can become
contaminated with bacteria resulting in a risk of causing human disease or
meat spoilage. Many studies have focused on bacterial contamination of
carcasses (Lindblad et al. 2006; Reich et al. 2008; Hansson et al. 2010;
Manage et al. 2019; Peruzy et al. 2021; Hauge et al. 2023), but fewer on
surface contamination in meat processing premises. Among the few studies
that have investigated microbiological hazards on surfaces in
slaughterhouses, bacteria such as Campylobacter, Listeria monocytogenes,
Salmonella and extended-spectrum beta-lactamase producing Escherichia
coli (ESBL E. coli) have been detected (Olsen et al. 2003; Peyrat et al. 2008;
Piras et al. 2014; Sala et al. 2016; Schéfer et al. 2017; Atlaw et al. 2022). In
addition to bacteria, other microbiological hazards such as Hepatitis E can
contaminate surfaces during slaughter (Di Bartolo et al. 2012), and there is
also possibility of contamination by parasites, although this is rarely studied
(EFSA & ECDC 2021).

Microbiological hazards pose potential risks of foodborne disease and
outbreaks, resulting in severe consequences such as loss of lives and closure
of food businesses (Farber & Peterkin 1991; Tam 2003; Hussain & Dawson
2013). Aside from contamination originating from the slaughtered animals,
other sources of contamination include workers, who may carry pathogenic
bacteria on their hands or clothing, and the slaughter environment itself,
which may harbour residential bacteria (Todd et al. 2010; Ivbule et al. 2017;
Moretrg & Langsrud 2017). Additional hazards which could contaminate
meat are physical (e.g. pieces of metal, cardboard, plastic) and chemical
hazards (e.g. grease used for slaughter equipment and residues after cleaning
and disinfection) (Ninios et al. 2014; Codex Alimentarius 2020).

Bacteria are of particular concern in terms of the safety and quality of raw
meat (Meat Industry Guide 2017; EFSA & ECDC 2022), as they can
multiply in food under the right circumstances, unlike most other hazards.
To prevent contamination of meat, a hygienic slaughter process is essential
and must be followed by efficient cleaning and disinfection (C&D)
procedures (EC 2004; Moura-Alves et al. 2022).

20



1.2 Microbiological hazards in raw meat

Many pathogenic bacteria are associated with raw meat, e.g. Campylobacter,
Salmonella, Shiga toxin-producing E. coli (STEC), L. monocytogenes and
Yersinia (Andersen et al. 1991; Borch et al. 1996; Arguello et al. 2012;
Martin et al. 2014; Skarp et al. 2016; Brusa et al. 2022). At European level,
campylobacteriosis is the most commonly reported zoonosis in humans,
followed by salmonellosis (EFSA & ECDC 2022). However, in Sweden
Salmonella prevalence is very low in cattle, pigs and poultry (Agren et al.
2016; National Veterinary Institute 2023), due to the Salmonella control
programme, which was initiated after a large Salmonella outbreak in 1953
(Wierup et al. 1995). This is reflected in the low number of human domestic
cases reported annually (Public Health Agency of Sweden 2022).

1.2.1 Campylobacter

Campylobacter can be found in different types of meat, e.g. poultry, pork,
beef and mutton (Nauta et al. 2009; Walker et al. 2019). Campylobacter is
the dominant bacterial cause of gastroenteritis worldwide and is associated
with consumption of meat products, especially broiler meat (Doorduyn et al.
2010; WHO 2020). Typical symptoms are bloody diarrhoea, abdominal
cramps, fever and occasionally vomiting, while certain individuals can
experience sequelae such as irritable bowel syndrome (IBS), arthritis and the
neurological disorder Guillain-Barré syndrome (Allos 1997; Pope et al.
2007; Peters et al. 2021).

The Swedish poultry industry encountered significant challenges during
2016-2017 due to a sizable Campylobacter outbreak (Figure 2), which was
traced back to deficient cleaning of chicken transport crates. This facilitated
bacterial colonisation of broilers in conjunction with thinning. During the
subsequent slaughter process, meat contamination occurred via spread of
faecal matter on slaughterhouse surfaces (Hansson et al. 2005; Lofstedt
2019), leading to an outbreak with a five-fold increase in the annual level of
reported campylobacteriosis cases. Deficient cleaning of transport crates and
the following repercussions in Sweden are documented in a previous study
(Hansson et al. 2005). In addition to cross-contamination of meat during
production, Campylobacter has been detected on food contact surfaces
(FCSs) after C&D, from where it contaminated carcasses during the next
slaughter shift (Johnsen et al. 2006; Peyrat et al. 2008; Kudirkiené et al. 2011;
Garcia-Sanchez et al. 2017).
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Figure 2. Number of notified human cases of campylobacteriosis and incidence (per
100,000 inhabitants) in Sweden, 2002-2022. Domestic cases are patients who had not
travelled outside Sweden within the two weeks before onset of symptoms.

1.2.2 Listeria monocytogenes

Listeriosis is the fifth most frequently reported zoonotic disease in humans
in Europe and is also of global concern (WHO 2018; EFSA & ECDC 2022).
Listeria monocytogenes has the highest proportion of hospitalised cases and
fatality rates. Furthermore, Listeria infections are most commonly reported
in the age group over 64 years in the European Union (EU), with a
particularly high fatality rate for invasive listeriosis (16.0-22.5%) (EFSA
Biohazard Panel 2018; Desai et al. 2019). The invasive form may lead to
severe complications such as meningitis and sepsis, particularly among
vulnerable groups, and is known to cause abortion (Pagliano et al. 2017).

Meat and meat products are common food sources causing listeriosis
outbreaks in Europe, although it is a greater threat in facilities processing
ready-to-eat (RTE) meat such as pate and fermented raw sausages
(Hadjicharalambous et al., 2019; EFSA & ECDC 2022). Moreover, L.
monocytogenes is among the pathogenic bacteria capable of growing in
refrigeration temperature (Chan & Wiedmann 2008). Therefore, people with
immunocompromised status, the elderly and pregnant women should follow
the recommendations provided by the authority, for example they should
avoid eating sliced ham that has been stored in refrigeration for more than a
week (Swedish Food Agency 2023).
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It is essential to control this pathogen at slaughterhouse level to prevent its
introduction into meat cutting and processing plants and facilities where RTE
products are prepared further along the meat production chain (Codex
Alimentarius 2007). Poultry and red meat slaughterhouses can act as hotspots
for L. monocytogenes, since the environment can easily be contaminated by
faecal matter during the slaughter process (Sala et al. 2016; Schéfer et al.
2017). In addition, L. monocytogenes has been detected on visually clean
hides (Demaitre et al. 2021).

Listeria monocytogenes is a typical example of a bacterial species that is
capable of producing biofilm, providing protection against factors such as
heat, desiccation and the effect of chemical agents used for C&D (Moretro
et al. 2012; Stoller et al. 2019). This poses significant concerns for food
business operators (FBOs), as it can lead to outbreaks due to cross-
contamination when food products come into contact with inadequately
cleaned surfaces. A recent study detected hypervirulent L. monocytogenes
strains in slaughterhouses (Guidi et al. 2023), which is a particularly
important finding as there is an increasing trend in listeriosis cases in Sweden
(Figure 3).

Cases Incidence

140

120 I Cases

100 Incidence

--------- Linear (Incidence)

o & @ ®

o =] o S
I
f—1
13
e
I, -
—.
I |
|
I -
—‘_
—
= |
.
IEEESSSss——— Y
e,
e
e
EEESSS— -
]
-5

o o o o

o e~ o oo

=] =] =] =]

0 0.00
2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

Figure 3. Number of notified human cases of listeriosis and incidence (per 100,000
inhabitants) in Sweden, 2002-2022, with trend curve.
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1.2.3 ESBL Escherichia coli

Extended-spectrum beta-lactamase-producing bacteria exhibit resistance to
conventional penicillins and most cephalosporins (Perez et al. 2007). This
resistance is transferrable to other bacteria (Gekenidis et al. 2020; Dorr et al.
2022). Extended-spectrum beta-lactamase-producing bacteria have been
found in the gut of both humans and animals (Asir et al. 2015; Tofani et al.
2022). In several European countries, ESBL E. coli has also been detected
on the carcasses of pigs, sheep, cattle and chickens (Bardon et al. 2013;
Pacholewicz et al. 2015; Biasino et al. 2018; Tsitsos et al. 2022). One of the
reasons for presence of ESBL E. coli on poultry meat could be treatment of
commercial birds with ciprofloxacin to protect them from E. coli infections,
which is permitted in some countries (Roth et al. 2019). This is cause for
concern, since E. coli can cross-contaminate meat when food contact
surfaces (FCSs) are not properly cleaned and disinfected (Gill & McGinnis
2000). Few studies have investigated the presence of ESBL-producing
bacteria on surfaces in food premises, however, one study found that ESBL
E. coli was more abundant in a sheep slaughterhouse environment than on
sheep carcasses (Atlaw et al. 2022). Cross-contamination of broiler carcasses
with ESBL E. coli during scalding and defeathering has also been observed
(Projahn et al. 2019).

Antimicrobial resistance (AMR) is a worldwide threat, with at least
700,000 people estimated to die due to drug-resistant diseases each year
(WHO 2019a). The World Health Organization (WHO) has listed critically
important antimicrobials that should be reserved for human medicine. These
include third- and fourth-generation cephalosporins (WHO 2019b). The
resistance of ESBL E. coli poses major therapeutic challenges, as it leads to
lack of effective treatments for conditions such as urinary tract infections
caused by this bacterial species (Hertz et al. 2016). This is evident in the
increase in bloodstream infections caused by E. coli resistant to third-
generation cephalosporins during recent years (WHO 2022).
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1.3 Meat spoilage bacteria

Presence of bacteria that cause spoilage of meat is a major concern for FBOs,
because it decreases product shelf-life. At societal level, longer shelf-life
would lower the environmental footprint of meat production, as spoilage
plays a significant role as a driver of food waste. Globally, approximately
one-third of all food produced is wasted, which represents about 1.3 billion
tons of food per year. It is estimated that in Europe approximately 20% of
the meat produced is lost between harvest and consumption (FAO 2011).
Raw meat provides suitable conditions for bacterial growth due to its rich
nutrient content and sufficient water activity (Adams & Moss 1995;
Nylander et al. 2014). Common bacteria causing meat spoilage include
Gram-negative bacteria belonging to the order FEnterobacterales (e.g.
Serratia spp. and Proteus spp.), non-Enterobacterales (e.g. Pseudomonas
spp. and Acinetobacter spp.) and Gram-positive bacteria (e.g. Enterococcus
spp., Brochotrix thermospacta, Lactic acid bacteria and Staphylococcus spp.)
(Doulgeraki et al. 2012; Meretro & Langsrud 2017; Gong et al. 2019;
Lauritsen et al. 2019; Odeyemi et al. 2020; Carvalheira et al. 2021). Spoilage
bacteria have been detected on important FCSs such as conveyor belts in
slaughterhouses, even after C&D, and in other meat processing premises
(Mgretrg et al. 2013; Maes et al. 2017; Meretre & Langsrud 2017; Wang et
al. 2018; Maes et al. 2019). Moreover, inadequate C&D of surfaces in
slaughterhouses has been found to result in contamination of meat with
spoilage bacteria, which emphasises the need for efficient C&D (Samapundo
et al. 2019).

1.4 Residential bacteria in slaughterhouses

Bacteria that are removed or inactivated by C&D procedures are referred to
as ‘transient’ bacteria. In cases where there are harbourage sites such as
cracks in the floor and scratches in cutting boards, bacteria can resist C&D
measures and establish themselves within the facility, and are then called
‘residential’ bacteria (Meretre & Langsrud 2017). Listeria monocytogenes is
an example of a residential bacterial species, owing to its ability to produce
biofilm. Other common residential biofilm-producing bacteria that have been
detected in meat processing premises are Acinetobacter spp., Pseudomonas
spp., Stenotrophomonas spp., Serratia spp., Citrobacter spp. and
Staphylococcus spp., many of which also cause meat spoilage (Xu et al.
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2011; Meretrg et al. 2013; Nemeghaire et al. 2014; Adegoke et al. 2017; Cai
et al. 2018; Wagner et al. 2020; Zarei et al. 2023). Once residential bacteria
such as L. monocytogenes and Acinetobacter spp. have colonised the
processing environment, they pose significant challenges to FBOs, as they
are difficult to eliminate (Carvalheira et al. 2021). In cases where bacteria
such as L. monocytogenes becomes residential, they can persist in meat
processing plants for extended periods of time (Ortiz et al. 2010; Fagerlund
et al. 2016; Stoller et al. 2019). Moreover, L. monocytogenes has been found
on FCSs such as conveyor belts and cutting tools in both red meat and poultry
slaughterhouses, which increases the likelihood of cross-contamination of
the meat (Martin et al. 2014; Gomez et al. 2015; Muhterem-Uyar et al. 2015).

1.5 Cleaning and disinfection as a control measure in
slaughterhouses

Cleaning and disinfection is an important control measure to prevent
bacterial contamination of meat in slaughterhouses and meat processing
premises, which are often located adjacent to or within the slaughterhouse.
Different methods for cleaning and/or disinfection should be used at different
steps during slaughter and meat processing, which involves C&D of surfaces
of equipment and facilities, C&D of transport crates in poultry
slaughterhouses and occasionally decontamination of carcasses.

1.5.1 Food legislation and guidelines

The European Union food regulation EC No. 852/2004 on the hygiene of
foodstuffs, obliges FBOs to have general hygiene practices (GHP) in place.
This is the initial step before implementation of a Hazard Analysis and
Critical Control Points (HACCP) plan, to ensure production of safe food (EC
2004). Cleaning and disinfection is part of GHP, and the EU legislation
specifies that slaughterhouses should clean and when necessary disinfect
facilities and equipment such as crates and containers “in an appropriate
manner”. However, it does not provide details on the C&D procedure, which
gives FBOs the possibility to choose the most appropriate C&D procedure
for their facility and production.

The international food standard, “General principles of food hygiene” by
Codex Alimentarius, contains similar information to the EU legislation, but
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also provides information on how to perform C&D, such as the general steps
of the C&D procedure (Codex Alimentarius 2020). However, it is very
general, since it is not directed specifically at slaughterhouses. In the EU,
national guidelines for producers of different meat that have been approved
by the national authorities should assist FBOs. For Swedish slaughterhouses
slaughtering cattle, lamb and swine, there is a guideline which provides more
details about C&D procedures. However, for poultry slaughterhouses and
meat processing premises, there are no Swedish national guidelines covering
cleaning and disinfection. This places substantial demands on FBOs’
knowledge of C&D procedures. The Swedish Food Agency provides advice
about C&D procedures that is aimed at food inspectors, but the information
can also be useful for FBOs (Swedish Food Agency 2022). However, while
legislation and some guidelines are available, they still only provide general
information about the C&D procedure. Suggestions on methods, for example
chemical products, dilution of the products and contact times, are lacking.

1.5.2 General cleaning and disinfection procedures

Cleaning and disinfection procedures, also referred to as ‘sanitation’
(Marriott et al. 2018), should cover all spaces in the meat production facility
(Lindahl et al. 2009; Thougaard et al. 2023). Cleaning refers to removal of
undesired material, generally referred to as ‘soil’, such as foreign bodies,
dust, food residues including microorganisms and allergens (Holah 2014).
Cleaning alone can greatly reduce the number of microorganisms in the meat
processing environment (Quinn et al., 2011). In slaughterhouses, cleaning
should be followed by a disinfection step to inactivate microbes to such an
extent that the disinfected surfaces do not contaminate the meat (Lindahl et
al. 2009; Codex Alimentarius 2020). The general steps for C&D in
slaughterhouses are shown in Figure 4.
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Figure 4. General steps in cleaning and disinfection procedures in slaughterhouses.
Source: Modified from Lindahl et al. (2009) and Codex Alimentarius (2020).

The Sinner’s circle diagram in Figure 5 describes a satisfactory C&D result
arising from interaction between four factors that affect the C&D procedure:
mechanical force, chemical process, contact time and water temperature
(Wilson et al. 2022). These factors must act together to achieve efficient
C&D. If one of these factors is reduced (e.g. contact time), another needs to
be increased (e.g. mechanical force).
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Figure 5. Sinner’s circle summarising the four interacting factors in the cleaning and
disinfection procedure (photos by author).

1.5.3 Cleaning and disinfection of equipment and facilities

When selecting a C&D method, it is important that it removes the daily
accumulation of soil from surfaces (Maretrg & Langsrud 2017). Common
detergents used in slaughterhouses and meat processing premises are alkaline
compounds with or without chlorine (Khamisse et al. 2012; Garcia-Sanchez
et al. 2017; Wang et al. 2018). To remove hard mineral deposits, acids can
be applied to surfaces (Stanga 2010; Holah 2014; Marriott et al. 2018). More
recently, another type of chemical, enzyme-based detergents, has become
more commonly used in the food industry. These should be efficient in
removal of biofilm and are less corrosive (Hamza 2017; Nahar et al. 2018).
When enzyme-based detergents are combined with alkaline and acidic
agents, the C&D efficiency has been shown to increase compared with using
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only alkaline or acidic agents (Delhalle et al. 2020). For disinfection,
quaternary ammonium compounds (QACs), chlorine-based compounds and
acidic agents are commonly used (Olsen et al. 2003; Hutchison et al. 2007,
Khamisse et al. 2012; Gantzhorn et al. 2014; Garcia-Sanchez et al. 2017;
Wang et al. 2018; Cherifi et al. 2022). Alcohols (i.e. ethanol and isopropyl
alcohol) can be applied on some surfaces (Holah 2014).

1.5.4 Cleaning and disinfection of chicken transport crates

Transport crates for chickens are potential reservoirs for bacteria such as
Campylobacter and Salmonella (Slader et al. 2002; Hansson et al. 2005;
Frosth et al. 2020). When insufficiently cleaned crates are used for
transporting chickens from farms to the slaughterhouse, there is risk of
spreading Campylobacter between the farms in conjunction with thinning
(Hansson et al. 2005).

Transport crates are cleaned and disinfected in the slaughterhouse,
commonly by using chemicals such as chlorine-based agents with or without
alkaline compounds, peracetic acid and QACs (Hinojosa et al. 2018; Morgan
et al. 2022). However, even with these chemical treatments, the C&D
procedure does not always achieve removal or inactivation of
Campylobacter from transport crates (Hansson et al. 2005; Peyrat et al. 2008;
Atterbury et al. 2020; Perdoncini et al. 2022), which could be due to their
difficult-to-clean structure. More recent studies have investigated treatments
with conventional chemicals, combined with physical methods (drying by
hot forced air), for transport crates, with promising results when drying was
used (Dzieciolowski et al. 2022). Another study did not detect any significant
decrease in Campylobacter after chemical treatment, but did observe an
effect of drying (Morgan et al. 2022). However, practical implementation
and the cost of drying crates after C&D complicate its use. Another physical
method that has been introduced into the food sector (Otto et al. 2011; Hinds
et al. 2019) and hospitals (Ramos et al. 2020) in recent years is irradiation
with ultraviolet (UV) light, which has shown promising results in
disinfection of surfaces (Haughton et al. 2011; Pedrés-Garrido et al. 2018).
In particular, a shorter UV wavelength has been shown to have a higher
bactericidal effect, e.g. it has been found that UV-C treatment with 255-265
nm can achieve a higher level of bacterial inactivation than 275-285 nm (Li
et al. 2017; Schobel et al. 2023). However, there is still a need to evaluate
these novel physical disinfection methods on chicken transport crates.
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1.5.5 Decontamination of carcasses

When preventive hygiene measures (GHP), including C&D and a hygienic
slaughter process, fail to prevent contamination of carcasses with pathogenic
bacteria, additional control measures such as carcass disinfection, more
correctly called ‘decontamination’ can be applied (Hawley & Kozlovac
2005; De Busser et al. 2013). For beef, removal of Salmonella and STEC is
a high priority. For poultry carcasses, many different treatments are available
for dealing with the risk of campylobacteriosis (Gichure et al. 2022). A
number of different decontamination methods are used in slaughterhouses
worldwide and these can be divided into physical methods (e.g. water
rinsing, steam pasteurisation, irradiation and ultrasound) and chemical
methods (e.g. organic acids and chlorine application) (Barco et al. 2015;
Milios et al. 2017; Antic et al. 2021). These methods could also be combined,
for example organic acids with hot water washing (Milios et al. 2017).

In the USA, decontamination is performed on a regular basis by treatment
with e.g. chlorine or peracetic acids on poultry carcasses (Wideman et al.
2016; Cano et al. 2021; Laranja et al. 2023). However, in the EU approach,
decontamination of carcasses should not be considered a substitute for a
hygienic slaughter process and treatments used in a slaughterhouse must be
approved by the official authority (EFSA Biohazard Panel 2013). Currently,
the only substance allowed for decontamination of carcasses in the EU is
lactic acid for washing beef carcasses, cuts and trimmings (EC 2013).
However, physical methods can achieve greater Campylobacter reductions
than chemical treatments (Gichure et al. 2022). At poultry slaughter, several
physical decontamination treatments are allowed and sometimes used in the
EU, including rinsing with potable water (e.g. thermal treatment with hot
water, steam vacuuming and steam pasteurisation) (Milios et al. 2017). Other
authors also include chilling and freezing among the methods for
decontamination of carcasses, as these can reduce the amount of bacteria on
carcasses (Zweifel & Stephan 2012). Applying a combination of steam and
ultrasound is an innovative physical method that has been shown to reduce
bacterial numbers on poultry carcasses (Hansen & Larsen 2007; Boysen &
Rosenquist 2009; Musavian et al. 2014), but to the author’s knowledge, this
treatment has not yet been tested in a large-scale slaughterhouse.
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1.6 Monitoring of cleaning and disinfection procedures

After C&D procedures, an environmental sampling plan must be
implemented to evaluate C&D efficacy, including microbiological and/or
non-microbiological sampling of the meat processing environment (Codex
Alimentarius 2020; Agiieria et al. 2021; De Oliveira Mota et al. 2021). It is
important that the methods selected by the slaughterhouse are standardised
and validated in-house (Moore & Griffith 2007).

1.6.1 Selection of pathogens and hygiene indicators

Under EU legislation, food premises manufacturing RTE foods where L.
monocytogenes might pose a risk are required to sample both equipment and
the processing environment for L. monocytogenes analysis (EC 2005; EFSA
Biohazard Panel 2018). Furthermore, equipment and environment must be
sampled when necessary to ensure compliance with the microbiological
criteria on food. For instance, surfaces in poultry slaughterhouses may need
to be sampled for Campylobacter analysis to assess compliance with the
process hygiene criterion for poultry carcasses (EC 2005).

Important microbial hygiene indicators used to assess C&D efficacy in
different food industries are total aerobic bacteria, E. coli, Enterobacterales
(bacterial order, which formerly only included the family
Enterobacteriaceae), yeasts and moulds. The most widely used hygiene
indicator in the food industry is total aerobic bacteria, which is also called
e.g. total aerobic count and total viable count (Griffith 2016; Meretro &
Langsrud 2017; Agiieria et al. 2021). It is an indicator of the general hygiene
of the food premises, while E. coli is an indicator of faecal contamination
(Ninios et al. 2014; Barco et al. 2015). Even though bacteria included in the
order Enterobacterales can be naturally present in the environment and do
not necessarily originate from faeces (Corbellini et al. 2016; Moretre &
Langsrud 2017), their presence can be interpreted as an indicator of faecal
contamination in slaughterhouses (Hutchison et al. 2007; Barco et al. 2015;
Althaus et al. 2017). Total aerobic bacteria and Enterobacterales are also
commonly used as indicators of meat spoilage (Borch et al. 1996; Ghollasi-
Mood et al. 2016).
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1.6.2 Selection of sampling methods and sampling points

European Union legislation requires ISO standard 18593 for surface
sampling to be used as a reference for sampling (EC 2005; SIS 2018). This
standard describes the use of contact plates (dipslides) and swabbing, but
does not mention adenosine triphosphate (ATP)-bioluminescence testing,
which is a commonly used non-microbiological monitoring method for
assessing C&D efficacy in the food industry (Syguta-Cholewinska et al.
2014). There are advantages and disadvantages with different sampling
methods. For instance, ATP-bioluminescence provides results within just a
few seconds, enabling immediate corrective actions, while for
microbiological methods such as swabbing and dipslides the results take
days (Meretrg et al. 2019; Lane et al. 2020; Erkmen 2022). An advantage of
swabbing with sponges is the use of physical force, which increases the
likelihood of recovering residential bacteria (Meretre & Langsrud 2017).
Dipslides are easy to use, but should only be used on flat surfaces (Griffith
2016). Another important difference between these methods is that ATP-
bioluminescence not only measures bacterial cells, but also other cells from
organic debris (Meretro et al. 2019; Lane et al. 2020).

European Union legislation does not specify which areas to sample (EC
2005). However, according to ISO standard 18593, selection of sampling
points should be based on historical data trends. The standard lists possible
sampling points for FCSs, e.g. conveyor belts, slicers, cutting boards and
containers, and for non-food contact surfaces (NFCSs), such as drains,
floors, hoses, trolley wheels and ceilings.

1.6.3 Interpretation of sampling results

Since the environmental sampling plan should be risk-based and adapted to
each specific facility, there are no thresholds for an acceptably clean surface
in the legislation or guidelines at EU and national level in Sweden. Each FBO
must therefore establish its own thresholds, which means that the values vary
between different premises (Griffith 2016; Agiieria et al. 2021; De Oliveira
Mota et al. 2021; Erkmen 2022; Abdessater et al. 2023). Collection of
quantitative data on the hygiene indicators present on surfaces allows
visualisation of trends at different sampling points over time (Moretre &
Langsrud 2017). When deviations from the established thresholds are
observed, corrective actions must be implemented (Agiieria et al. 2020).
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2. Main aims of the thesis

The overall aim of this thesis was to generate knowledge on the level of
contamination in slaughterhouses and meat processing premises and to
assess possible improvements for the C&D procedures in slaughterhouses
and meat processing premises to prevent spread of foodborne pathogenic and
spoilage bacteria. Specific objectives were to:

» Assess the C&D procedures and monitoring activities currently
being used in the largest red meat and poultry slaughterhouses with
associated meat processing premises in Sweden, and identify the
most important challenges related to C&D.

» Determine the removal/inactivation of pathogenic bacteria,
including Campylobacter spp., L. monocytogenes and ESBL E. coli,
by comparing surfaces of equipment and facilities before and after
commonly used C&D procedures in slaughterhouses with associated
meat processing premises.

» Determine the reduction in hygiene indicator bacteria, specifically
total aerobic bacteria and Enterobacterales, by comparing surfaces
of equipment and facilities before and after commonly used C&D
procedures in slaughterhouses with associated meat processing
premises.

» Evaluate the disinfection efficacy of 265-nm UV-C LED light in
inactivation of C. jejuni, and determine the reduction of total aerobic
bacteria and FEnterobacterales on chicken transport crates in a
laboratory study.
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» Evaluate the decontamination efficacy of ultrasound-steam and
chilling in reducing Campylobacter spp. to below the process
hygiene criteria (<3.0 log CFU/g neck skin), and determine the
resulting reduction in total aerobic bacteria, Enterobacterales and E.
coli on naturally contaminated broiler carcasses in a large-scale
slaughterhouse.

» Determine the efficacy of rapid sampling methods, such as dipslides
and ATP-bioluminescence, in assessing the cleanliness of surfaces
for environmental monitoring purposes, compared with swabbing
for total aerobic bacteria.



3. Considerations on materials and
methods

This section provides a summary and considerations of the material and
methods sections for Paper I-1V and for a descriptive study. The descriptive
study was conducted in order to gain prior knowledge to perform the other
studies. Detailed descriptions of the procedures performed are presented in
the individual papers.

3.1 Selection of slaughterhouses

3.1.1  Descriptive study

To obtain knowledge about the C&D procedures and monitoring activities
used in Swedish slaughterhouses, a descriptive study was performed through
structured interviews with quality assurance managers. Only slaughterhouses
slaughtering poultry, cattle, swine or sheep were included in the study. A list
of red meat slaughterhouses was obtained from the Swedish Food Agency
and a list of the largest poultry slaughterhouses in Sweden was provided by
a representative from the Swedish Meat Poultry Association. The selection
criterion for red meat slaughterhouses was that they slaughtered at least 50
animals/day, while the selection criteria for poultry slaughterhouses was that
they slaughtered at least 50,000 birds/day. Due to the number of animals
slaughtered each day, these red meat and poultry slaughterhouses are subject
to regular official controls. The lists obtained included 21 of the largest red
meat slaughterhouses and four of the largest poultry slaughterhouses in
Sweden.

37



3.1.2. Cleaning and disinfection (Papers | & II) and decontamination
studies (Paper IV)

Two slaughterhouses, one representing poultry slaughter and one the
slaughter of cattle and swine, were included in the studies described in Papers
I, IT and IV. Quality assurance managers at these two slaughterhouses had
previously been interviewed in the descriptive study. The red meat
slaughterhouse included in Paper I and II, slaughtered approximately 100-
120 swine and 25 cattle per day. Inside this slaughter facility, there is an area
for cutting, chopping and packaging beef. The poultry slaughterhouse
included in Paper I, II and IV, slaughtered approximately 220,000 broilers
per day, with line speed around 18,000 birds per hour. Broiler slaughter is
within the same facility as the meat processing area, which includes areas for
cutting and production of meat preparations and RTE products.

To standardise the sampling procedures in Papers I and II, the same
individuals from the research group performed all samplings. All
microbiological analysis were initiated within 12 hours of sampling and
samples were maintained at a temperature of 2-8°C. The selection criteria
were therefore close proximity of the slaughterhouse to the laboratory and
an interest from the slaughterhouse in participating in the research.

To enable comparison of C&D efficacy over time within each
slaughterhouse in Papers I and II, a large sample size for both
slaughterhouses was required. Since there are numerous differences between
slaughterhouses due to factors, such as size, design, personnel and routines,
it would have been difficult to compare the results if more slaughterhouses
had been included. For the same reason, the focus was on the slaughter,
cutting, meat preparation and packaging areas, to generate more reliable data
for evaluation of C&D efficacy and comparison of different sampling
methods.
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3.2 Study design and data collection

3.2.1. Descriptive study

The interviews with quality assurance managers were performed using a
check-list containing 19 questions developed by the research group, with
input from a reference group that included representatives from the Swedish
Meat Poultry Association and the Swedish Food Agency. The questions
centred on the C&D procedures used by the slaughterhouses, including the
main C&D products, and about their monitoring activities, with the focus on
surface samplings (Appendix 1). The interviewees were also encouraged to
freely elaborate on difficulties or challenges associated with C&D. The
interviews were held with one slaughterhouse at a time, via Zoom (Zoom
Video Communications, Inc.), and lasted approximately 1.5 hour. The
interviews were conducted by the author of this thesis and the responses were
recorded in a Word document. Following the interviews, the data were
reviewed for consistency and clarity. In instances of missing or unclear
information, interviewees were contacted for further clarification. Additional
data were also accumulated during the interviews, but are not processed or
presented in this thesis.

3.2.2. Cleaning and disinfection studies on equipment and facilities
(Papers | & II)

The samplings for Paper I and II were conducted simultaneously over a one-
year period, except during winter months (December-March), due to
presumably low Campylobacter prevalence (National Veterinary Institute
2022). The samplings took place on six occasions in each slaughterhouse,
and on each occasion, both before (after the production ended) and after
(before the start of the next production shift) C&D procedures. The cleaning
staff were not notified about the samplings days, to avoid affecting their
performance.

Sampling points on FCSs and NFCSs in both slaughter and processing
areas were included and each sampling point was sampled on each sampling
occasion. Each sampling point (excluding scald water) was sampled with
four sampling methods: swabbing with pre-moistened sponges/swabs with
neutralising broth, swabbing with wiping cloth, dipslides and ATP-
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bioluminescence (Figure 6). Approximately 45 mL of scald water were also
collected.

Microbiological and non-microbiological analyses were then performed as
described in Table 1.

Figure 6. Sampling material: wiping loth, sponge, dipslide and ATP-bioluminescence
swab (photo by author).

Table 1. Hygiene indicators and pathogenic bacteria analysed with each sampling method
(scald water excluded)

Swabbing Sw?b.b ng - ATP-
wiping Dipslides | | . .
sponge/swab bioluminescence
cloth
Total aerobic
bacteria/total
viable count X X
Enterobacterales X
L. monocytogenes X
ESBL E. coli X
Campylobacter spp. X
Relative light units X
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Hygiene indicator bacteria (total aerobic bacteria/total viable count,
Enterobacterales), pathogens (L. monocytogenes, ESBL E. coli,
Campylobacter spp.) and ATP-bioluminescence (relative light units, RLU)
were analysed (see section 3.3). Scald water samples were analysed for total
aerobic bacteria, Enterobacterales, L. monocytogenes, ESBL E. coli,
Campylobacter spp. and ATP-bioluminescence with ATP tests for water
samples.

Since the recommended area for quantification of microorganisms is
<100 ¢cm? (SIS 2018; Erkmen 2022), 100 cm? was swabbed at most sampling
points. However, the area swabbed at some sampling points was smaller, due
to the structure and size of the surface, e.g. on small surfaces an area of 25
cm® was swabbed. Stainless steel frames (100 cm? or 25 ¢m?) were used on
flat surfaces to delineate an exact area (Figure 7). Even though the ISO
standard recommends a larger sampling area (at least 0.1 m?) for detection
of microorganisms if the areas are accessible (SIS 2018), it was decided to
swab a smaller area.

Figure 7. Autoclaved stainless steel frames (100 cm? and 25 cm?) used to delineate an
exact sampling area (photo by author).
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Data on temperature and relative humidity in the premises were recorded on
each sampling occasion and the temperature of the scald water was measured

on one sampling occasion in each slaughterhouse, before and after C&D.
To assess the cleanliness of a surface (Paper 1), thresholds were selected

for each method: 2.5 CFU/cm? total aerobic bacteria (swabbing), 1.0
CFU/cm? Enterobacterales (swabbing), 1.0 CFU/cm? total viable count
(dipslides) and 1.5 RLU/cm? (ATP-bioluminescence). These thresholds were
based on previous research, instructions from manufacturers of sampling
material and the thresholds used in the slaughterhouses included in the study
(Table 1 in Paper I).

3.2.3. UV-C LED light source (Disinfection study, Paper Ill)

The bacterial reduction by treating transport crates with a novel UV-C light
device in Paper III was evaluated in a laboratory setting. The reason for
evaluating UV-C light was that the poultry slaughterhouse studied in Papers
I, IT and IV expressed an interest in installing this device if it proved to be
effective and feasible. The equipment consisted of a cabinet with light-
emitting diodes (LEDs) (Figure 8).

Figure 8. Light-emitting diode (LED) light cabinet for irradiation of chicken transport
crates (photo by Ingrid Hansson).
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To analyse bacterial reductions, pieces of a cleaned, well-used chicken
transport crate were utilised. To mimic inadequately cleaned transport crates,
these pieces were submerged in a mixture of chicken cecum contents and C.
Jjejuni broth (Figure 9).

Figure 9. Simulated contamination of a piece of a chicken transport crate (photo by Ingrid
Hansson).

One side of the crate was then swabbed with a pre-moistened wiping cloth
(with buffered peptone water, BPW) before irradiation with a continuous
LED array (wavelength 260-270 nm, emission peak 265 nm) and the other
side of the crate was sampled the same way after irradiation. The energy
received by the crates depended on the irradiation time, which was set to
either 1 min or 3 min, because these treatment times might be feasible if
installed in a poultry slaughterhouse.

43



3.2.4. Ultrasound-steam equipment (Decontamination study, Paper V)

As a response to the Swedish campylobacteriosis outbreak in 2016-2017,
caused by deficiently cleaned chicken transport crates, the poultry
slaughterhouse installed decontamination equipment as an additional
intervention to reduce Campylobacter on chicken carcasses (Figure 10). This
equipment consisted of a chamber allowing treatment of whole carcasses
while hanging on the shackles on the processing line, just before chilling.
The treatment comprises a combination of ultrasound and steam. The
ultrasound frequency was fixed at 30-40 kHz and the temperature of the
steam was set by the slaughterhouse, based on how it affected the quality of
the chicken skin, to either 84-85 °C or 87-88 °C. The chamber contained
nozzles applying steam inside and outside the carcasses. The treatment time
of each broiler carcass (on average 1.2 to 1.5 s) was determined by the speed
of the production line and the length of the treatment chamber, and was
within the processing time (1-2 s) recommended by the manufacturer of the
equipment.

Figure 10. Chicken carcasses entering and leaving the treatment chamber with ultrasound
and steam installed in the poultry slaughterhouse studied in Papers I, Il and IV (photo by
slaughterhouse staff).
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Sampling days were selected based on when Campylobacter-positive flocks
were presumed to be slaughtered. At the slaughterhouse, random sampling
of carcasses within the selected flocks was performed by sampling 10 g of
neck skin from one side of the carcasses before entering the ultrasound-steam
chamber. The other side of the neck skin was sampled on the same carcasses
after they had been treated with ultrasound-steam treatment, sprayed with
water and chilled with forced air for approximately 2.5 h. Due to space
constraints between the ultrasound-steam chamber and chiller, it was not
feasible to sample carcasses immediately after treatment in the ultrasound-
steam chamber.

3.3 Microbiological and ATP-bioluminescence analyses

Analyses of total aerobic bacteria, Enterobacterales (Papers I, III & 1V), E.
coli (Paper 1V), Campylobacter spp. (Papers 1I-1V) and L. monocytogenes
(Paper II) were performed according to standardised methods (NMKL and
ISO), with some modifications. For analysis of ESBL E. coli, samples were
enriched in 90 mL BPW and then surface-plated on CHROMagar
Orientation plates with added cefotaxime (Paper II). Characteristic colonies
of Campylobacter spp., L. monocytogenes (Figure 11) and E. coli were re-
cultured and identified with matrix-assisted laser desorption ionization-time
flight mass spectrometry (MALDI-TOF) (Paper 11, IV). Campylobacter spp.
and L. monocytogenes isolates were subjected to whole-genome sequencing
(WGS) using Illumina technology and multilocus sequence typing (MLST),
core genome MLST (cgMLST) and identification of genes and/or point
mutations responsible for AMR (Paper II).
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Figure 11. Characteristic Listeria monocytogenes colonies surrounded by opaque zones
on a chromogenic Listeria agar plate (photo by author).

The microbiological analysis began within 12 h (Papers I & II) and 48 h
(Paper 1V) after sampling, on samples transported in a chill box to the
Biomedical Sciences and Veterinary Public Health laboratory at the Swedish
University of Agricultural Sciences, Uppsala, Sweden.

In Paper I, both sides of the dipslides were enumerated after 48 h of
incubation and the results were expressed as total viable counts (TVC). To
determine the level of cellular material on surfaces, ATP-bioluminescence
was measured with a portable ATP-monitoring device in the slaughterhouses
within 2 h after sampling (Figure 12). The results were expressed as relative
light units (RLU).
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Figure 12. ATP-bioluminescence swab and device (photo by author).

Antimicrobial susceptibility testing was performed on Campylobacter
isolates by measuring antimicrobial minimum inhibitory concentrations
(MIC) with broth microdilution, following the manufacturer’s instructions
and epidemiological cut-offs described by the European Committee on
Antimicrobial Susceptibility Testing (EUCAST).

3.4 Statistical analysis

In Papers I-IV, the results were compiled and analysed using Microsoft
Office Excel and R Studio, and bacterial counts (CFU) were logio-
transformed. Differences before and after C&D (Paper I) and treatments
(Papers III & 1V), and between treatment times (Paper I1I) and temperatures
(Paper IV), were deemed significant at p<0.05.

In Paper 1, all results were transformed to CFU or RLU per 100 cm? and
were analysed using Anova. Fixed factors were sampling point, occasion,
and before or after. Post-hoc tests were performed using Tukey’s adjustment.
Residuals were checked to confirm that they fulfilled the assumption of
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normal distribution and equal variances. To assess the diagnostic
performance of the dipslide and ATP-bioluminescence methods, swabbing
and plating (total aerobic bacteria) was chosen as reference, since it is a
widely used and accepted method for surface monitoring (Griffith 2005). The
analysis of total aerobic bacteria was of special interest, since none of the
participating slaughterhouses uses swabbing in its monitoring activities. To
assess the diagnostic performance of dipslides and ATP-bioluminescence,
the following indicators were calculated: accuracy (Ac), sensitivity (Se),
specificity (Sp), positive predictive value (PPV), negative predictive value
(NPV) and Cohen’s kappa agreement coefficient (k).

In Papers III and IV, statistical significance was determined by the paired
t-test, and the Welch two-sample t-test was conducted to determine
significant differences between different treatment temperatures or times for
each bacterial group. In Paper IV, simple linear regression was performed to
determine whether the initial bacterial amount on the neck skin influenced
the level of reduction achieved by the treatment.
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4. Main results and discussion

The studies included in this thesis represent evaluations of different C&D
measures performed at slaughterhouse level to prevent the occurrence and
spread of pathogenic and hygiene indicator bacteria which could cause
foodborne disease and meat spoilage (Figure 13).

Chicken
farms

Slaughter process hygiene

Paper I-1l & Descriptive study:

P?;')er "'3_ Cleaning and disinfection study on
Disinfection study on equipment and facilities
chicken transport crates (Red meat and poultry slaughterhouse)

(Laboratory study)

Preventing
human disease <umm
& meat spoilage

Paper IV:
Decontamination study on broiler carcasses
(Poultry slaughterhouse)

Figure 13. Measures for prevention of spread of pathogenic and hygiene indicator
bacteria by cleaning and disinfection at slaughterhouse level evaluated in the studies
included in this thesis. The arrows represent bacterial transmission routes (photos by
author).
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4.1. Descriptive study

A total of 25 slaughterhouses (21 red meat and four poultry) were approached
for participation in interviews via email or telephone. Seven slaughterhouses
did not answer. Eight slaughterhouses declined to participate, with the most
commonly stated reason for not participating being lack of time. Ten
slaughterhouses (six red meat and four poultry slaughterhouses) consented
to participate in the interviews. The six red meat slaughterhouses accounted
for approximately 32% of the annual slaughter volume in Sweden for
animals such as cattle, pigs, sheep, goats, and horses, while the four poultry
slaughterhouses represented at least 90% of the annual chicken slaughter
volume in Sweden. During two of the interviews, the quality assurance
managers were accompanied by the cleaning manager. On several occasions
during the interviews, the interviewees did not know the answer to all the
questions (e.g. the C&D agents and concentrations used) and had to supply
this complementary information by e-mail after the interviews.

4.1.1 Cleaning and disinfection procedures

All but one slaughterhouse hired an external company for cleaning and
disinfection. All slaughterhouses used alkaline detergents with or without
chlorine at low concentrations (2-5%), applied with a low-pressure system
(Table 2). Chlorine could not be used on all equipment, as it causes corrosion
(Stanga 2010). Almost all (90%) slaughterhouses alternated alkaline with
acidic agents during cleaning. The contact time for detergents varied between
10 and 30 min, in all slaughterhouses except one, which accepted a lower
contact time (5 min) (although this was according to the manufacturer’s
instructions). The temperature of the water used for cleaning varied from
cold (20 °C) to warm (55 °C). The majority (80%) of the slaughterhouses
used chlorine-based agents in the disinfection process, applied with low-
pressure systems. However, there was greater variation in the agents used for
disinfection compared with the detergents, which could be the reason for the
larger variation in concentration (0.1-5%) and the larger range of water
temperature (10-55°). The low concentration of detergents and disinfectants
was expected, as higher concentrations are hazardous to workers (Marriott et
al. 2018). Since none of the slaughterhouses used QACs, it is possible that
cleaning companies hired by slaughterhouses in Sweden are less prone to use
this disinfectant compared with those in other countries, where it is more
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widely used in both poultry and red meat slaughterhouses (Hutchison et al.
2007; Peyrat et al. 2008; Khamisse et al. 2012; Holah 2014; Garcia-Sanchez
et al. 2017; Wang et al. 2018; Cherifi et al. 2020). The use of sodium
hypochlorite instead of QAC might be positive, since biofilm and planktonic
cells of L. monocytogenes show higher resistance to QACs and since QACs
are known to be less efficient against Gram-negative bacteria (Quinn et al.
2011; Chaves et al. 2024).
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4.1.2 Monitoring activities

There was large variation in the number of animals slaughtered in each
slaughterhouse, which influenced the sampling frequency (Table 3). Only
one slaughterhouse used swabbing and plating of total aerobic bacteria. The
majority of the slaughterhouses regularly used dipslides (80%) and ATP-
bioluminescence (70%) and half of the slaughterhouses used a combination
of these two methods. Almost all (90%) slaughterhouses included in the
study sampled for Listeria. Surfaces mentioned as difficult to clean by at
least two slaughterhouse quality assurance managers included cutting tools,
organ tables, inside machines, conveyor belts, dehairing scrapers, platforms
and singeing machine (used for burning the carcass surface). Conveyor belts,
dehairing equipment and cutting tools have previously been shown to be
surfaces that are difficult to clean (Rahkio & Korkeala 1997; Hutchison et
al. 2007; Piras et al. 2014; Langsrud et al. 2016; Wang et al. 2018). For
plastic surfaces such as conveyor belts, a plausible explanation might be the
pronounced bacterial adhesion observed on plastic (Veluz et al. 2012).

Half of the slaughterhouses used thresholds provided by the laboratories
which analysed the samples or by suppliers or manufacturers of the sampling
materials, instead of basing their thresholds on their own risk analysis. When
applying a risk-based approach, a high level of microbiological knowledge
among quality assurance managers is required. This is a challenge, due to the
diverse backgrounds of these individuals. While some of the interviewed had
technical or biological expertise, others had only received in-house training,
often stemming from their ties to family businesses. If thresholds are derived
solely on suggestions from external companies, rather than the FBO’s own
risk analysis, there may be an increased risk of cross-contamination of meat
through e.g. accepting a high bacterial level on FCSs after C&D.
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In general, the quality assurance managers reported lack of knowledge and
experience exchange among different slaughterhouses in relation to C&D, as
evident in the quotes provided below. They also reported difficulties in
knowing whether their C&D procedures were the most adequate for
maintaining sufficiently clean premises. They expressed a need for more
science-based guidelines and recommendations for their C&D procedures
and monitoring activities and wanted to know more about their in-house
microbiota. The perceived lack of science-based guidelines raises concerns,
as it might be an indication of a missing link between the scientific
community and the food industry and thus lack of conversion of science-
based data into real-life practice.

The main difficulties and challenges related to cleaning and disinfection
reported by the quality assurance managers were:

»  Slaughterhouse A: “It is problematic that laboratories don’t analyse all types
of bacteria.” “We don’t know how other slaughterhouses clean and disinfect
their facilities.”

»  Slaughterhouse B: “We want to know if the cleaning and disinfection
products and methods we use are the most appropriate or if there are other
more efficient forms available.” “We want to map the microbiological flora in
our production premises.”

»  Slaughterhouse C: “We would like to verify the efficacy of our cleaning and
disinfection procedures.”

»  Slaughterhouse D: It is important that the cleaning staff is good. “It would
be interesting to investigate specific bacteria causing spoilage and how to
eliminate them. We would like to avoid building up a house flora, including
Pseudomonas.”

»  Slaughterhouse E: “Do we take too few samples? “It would be interesting to
know how other slaughterhouses clean and disinfect their premises and
exchange experiences.” “It would be nice to have guidelines based on
science.” “We would like to get help from experts.”

»  Slaughterhouse F: “We are curious about what chemicals other
slaughterhouses use.” “Leadership and management are important, and the
competence of those who clean. It is hard to find the right management and
competence of cleaning staff.”

»  Slaughterhouse G: “It would be interesting to see how they clean and
disinfect other slaughterhouses. What cleaning and sampling methods do they
use and what results and challenges do they have? It would be nice to get
support and ideas on how to do things differently, to share knowledge.”
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41.3

Slaughterhouse H: “When we see a trend in elevated monitoring results, are
we doing the right thing?” “What affects the production of biofilm? How
much does the surface material influence?”

Slaughterhouse I: “The feathers are squeezed under the conveyor belts and
they have to be taken apart regularly in order to clean the belts properly.
Hygienic design has been forgotten by the manufacturers, they do not have
cleaning in mind, just production.”

Slaughterhouse J: “Are the surfaces clean enough?” “What is present if it is
not clean? Campylobacter?”

Cleaning and disinfection procedures used by the
slaughterhouses (Papers I, Il & V)

The C&D procedures in the red meat slaughterhouse were performed by two
operative staff from an external cleaning company. The slaughterhouse
relied on the C&D products and methods recommended by the external
company, which was alkaline products with/without chlorine altered with
acidic chemicals applied with foam at low pressure (Table 3; Slaughterhouse
B). The C&D procedures used in the poultry slaughterhouse were very
similar to the red meat slaughterhouse, with use of e.g. similar chemicals,
except that higher water temperature was used and the contact time for
chemicals could be longer (Table 3; Slaughterhouse J). A notable distinction
was that this slaughterhouse had its own C&D staff, which included 30-40
cleaning operatives.
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4.2. Control of pathogenic and hygiene indicator
bacteria in slaughterhouses by cleaning and
disinfection measures (Papers I-1V)

4.2.1. Efficacy of cleaning and disinfection procedures of equipment
and facilities (Papers | & )

On most sampling occasions, the sampling points were visually clean after
C&D, however, soil was sometimes present. Another observation was that
most sampling points were wet at the time of sampling especially after C&D,
since none of the slaughterhouses used forced ventilation to dry surfaces after
C&D. The temperature and relative humidity of the slaughter and processing
areas varied greatly during samplings both before and after C&D (Table 4).

Table 4. Observational data on measured temperature (Temp) and relative humidity (RH)
at the time of sampling in the slaughter area and processing area in the red meat and
poultry slaughterhouses, before and after cleaning and disinfection

Slaughter area Processing area
Slaughter- Before After Before After
house Mean Range Mean Range Mean Range Mean Range
Temp (°C)
Red meat 20.6 18.9-224 177 8.4-20.7 10.1 69-125 88 6.5-10.8
Poultry 16.6 12.5-22.0 174 14.7-200 113 7.7-144 145 11.4-17.5
RH (%)

Red meat 68.7 35.0-99.0 64.0 50.0-83.0 53.5 18.0-75.0 67.8 51.0-77.0
Poultry 553 36.0-76.0 67.7 56.0-80.0 54.8 39-84.7 714 39.0-99.9

The temperature of the scald water was measured on one sampling occasion,
and was 60.3 °C and 53.7 °C immediately after slaughter, and 44.5 °C and
443 °C just before the next slaughter shift started, in the red meat
slaughterhouse and poultry slaughterhouse, respectively.

Campylobacter spp.

In Paper II, C. coli, C. jejuni and C. hyointestinalis were identified before
C&D at sampling points in the red meat slaughterhouse, while only C. jejuni
was identified in the poultry slaughterhouse. Similar occurrence rate of
Campylobacter spp. was observed in both slaughterhouses (13% and 15.5%
in the red meat and poultry slaughterhouse, respectively) (Table 5), which is
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interesting as poultry is often the main focus when discussing
Campylobacter. The reasons could be that chicken is the most common
source of campylobacteriosis in humans and that there is lower
Campylobacter prevalence in fresh meat from pigs than from broilers (EFSA
& ECDC 2021). However, the occurrence on surfaces in Paper Il was lower
than the reported Campylobacter prevalence in samples from pigs (49-83%)
and cattle (20-78%) in Europe (Meistere et al. 2019; Hansson et al. 2020;
Papadopoulos et al., 2020; Idland et al. 2022).

Campylobacter spp. were detected on fewer sampling occasions, but were
more widely spread on different surfaces in the poultry slaughterhouse, i.e.
they were detected on eight sampling points on two sampling occasions in
the poultry slaughterhouse compared with five sampling points on five
sampling occasions in the red meat slaughterhouse (Table 6). Even though
preventive measures on farms to control Campylobacter should be in place,
such as biosecurity measures, chickens colonised with Campylobacter
occasionally arrive at the slaughterhouse (Hansson et al. 2005; Perez-Arnedo
& Gonzalez-Fandos 2019). From that moment, the responsibility for
producing safe meat rests with the slaughterhouse FBO and is achieved
through implementation of different control strategies, in which slaughter
process hygiene plays an essential role.

The results confirmed that when Campylobacter-positive chickens are
slaughtered, there is a high risk of contamination of a large proportion of
surfaces, as C. jejuni isolates of ST257 with identical cgMLST profiles were
detected on multiple sampling points in the poultry slaughterhouse on the
same sampling occasion. The same Campylobacter clones have been shown
to survive on different FCSs and NFCSs in another poultry slaughterhouse
(Johnsen et al. 2006). In this thesis, all ST257 isolates were of clonal complex
CC-257, which has previously been the predominant CC in chicken caecal
samples (Wieczorek et al. 2017). Sequence type 257 has also been isolated
from water pipes on a broiler farm in Sweden (Ferrari et al. 2019), showing
its potential to survive in the environment.

It is worrisome that the spread of Campylobacter reached FCSs in the
processing area (i.e. salt injector needles, conveyor belts and cutting blades)
(Figure 14), since the sequence types detected in the poultry slaughterhouse
(ST257 and ST19) have caused disease outbreaks related to chicken meat in
Sweden in recent years (Public Health Agency of Sweden 2018; Public
Health Agency of Sweden & Food Safety Agency 2020).
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Figure 14. Contaminated salt injector needles (photo by author).

Listeria monocytogenes

In Paper II, L. monocytogenes showed higher occurrence in the red meat
slaughterhouse (12.5%), where it was also recovered in one sample after
C&D, compared with the poultry slaughterhouse (5.0%) (Table 5). Listeria
monocytogenes was mainly present in the drains in both slaughterhouses
(10/12 samples) (Table 6), but was only quantifiable in the red meat
slaughterhouse (in two samples before C&D: 3.1 and 1.0 log CFU/100 cm?)
and in one sample after C&D (1.0 log CFU/100 cm?). Listeria
monocytogenes was not detected after C&D in the poultry slaughterhouse.
Even though drains are NFCSs, L. monocytogenes could contaminate nearby
FCS during the C&D procedure when splashing occurs with the low-pressure
application system (Saini et al. 2012).

In Paper II, L. monocytogenes isolates of ST9 with identical cgMLST
profiles were identified in a drain and a nearby FCS. Listeria monocytogenes
was also detected in this drain after C&D, which indicates that it could be a
residential strain. The same strain was identified on three separate sampling
occasions 15 weeks apart, encompassing nearly one-third of the entire year
of sampling. Bacteria detected more than 60 days apart could be considered
residential pathogens (Pettengill et al. 2022). However, the possibility of re-
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introduction of L. monocytogenes by pigs originating from the same farms
cannot be excluded.

Most isolates (13/15) recovered from both slaughterhouses were of
serogroup Ila (serotype 1/2a and 3a), while two isolates belonged to
serogroup llc (serotype 1/2¢ and 3c). These serogroups and serotypes are
commonly occurring in L. monocytogenes outbreaks (Martin et al. 2014;
Okpo et al. 2015; Lindblad & Flink, 2017; EFSA Biohazard Panel 2018;
Ottoson 2019; M. Ricao, Swedish Food Agency, pers. comm., March 7,
2023). This highlights the importance of controlling this pathogen through
C&D measures.

Detection of L. monocytogenes on FCSs before C&D indicates a risk of
transmission of pathogens (Martin et al. 2014). However, its detection was
not surprising, since this bacterial species has previously been detected on
FCSs in other poultry and red meat slaughterhouses (Martin et al. 2014;
Gomez et al. 2015; Muhterem-Uyar et al. 2015; Demaitre et al. 2021; Cherifi
et al. 2022; Oswaldi et al. 2022).

Table 5. Occurrence (%) of Campylobacter spp. and Listeria monocytogenes in the red
meat and poultry slaughterhouses before and after cleaning and disinfection (C&D).
Ratio of positive samples to total number of samples in brackets

Slaughterhouse C&D Red meat Poultry
before 13.0% (8/62) 15.5% (9/58)
Campylobacter spp.
after 0% (0/0) 0% (0/0)
before 12.5% (8/64) 5.0% (3/58)

L. monocytogenes
after 1.6% (1/64) 0% (0/58)
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Enterobacterales

In Paper I, Enterobacterales could be enumerated in more samples before
C&D in the poultry than in the red meat slaughterhouse (88% and 66%,
respectively), but with similar mean count in both slaughterhouses (mean 2.6
+0.5and 2.3 £0.5 log CFU/100 cm?, respectively). In other studies on a total
of 11 pig slaughterhouses, Enterobacterales were enumerated to 1.7-6.3 log
CFU/cm* on FCSs in slaughter and cutting areas during processing
(Prendergast et al. 2008; Piras et al. 2014). The level of Enterobacterales in
Paper [ was thus very low compared with that in those studies.

After C&D, Enterobacterales could be enumerated from 25% of the
samples (mean 2.6 + 0.8 log CFU/100 ¢m?) in the poultry slaughterhouse,
compared with 7% (mean 2.4 + 0.8 log CFU/100 c¢cm?) in the red meat
slaughterhouse. Of the samples taken, 19% from the poultry slaughterhouse
and 5% from the red meat slaughterhouses exceeded the cleanliness
threshold of 1.0 CFU/cm?, which is equivalent to 2.0 log CFU/100 cm?.
Enterobacterales could not be enumerated on FCSs in the processing areas,
while an earlier study detected Enterobacterales in 9-19% of the samples
from FCSs in meat processing premises after C&D (Tomasevic et al. 2016).

In the red meat slaughterhouse, Enterobacterales were only detected in
drains after C&D. In addition to drains in the poultry slaughterhouse (Figure
15), Enterobacterales were detected on important FCSs such as plucking
fingers and shackles (Table 6). Enterobacterales were detected in one scald
water sample in the red meat slaughterhouse, while it was detected in all five
samples (mean 2.5 + 0.9 log CFU/mL) in the poultry slaughterhouse before
C&D. However, Enterobacterales were not detected in any of the scald water
samples in either of the slaughterhouses after C&D. Much higher
Enterobacterales levels (4.6-4.9 log CFU/mL) were observed in studies in
three other poultry slaughterhouses during processing with similar scald
water temperatures (52-54 °C) as in the present study (Goksoy et al. 2004;
Whyte et al. 2004).

In general, Enterobacterales were detected in a higher number of samples
in the poultry slaughterhouse than in the red meat slaughterhouse. This may
indicate that faecal contamination was higher in the poultry slaughterhouse
(Hutchison et al. 2007; Althaus et al. 2017). However, not all bacterial
species of this order originate from faeces, so these bacteria could also have
come from e.g. the slaughter environment (Janda & Abbott 2021).
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Figure 15. Contaminated drain in a slaughterhouse (photo by author).

Total aerobic bacteria

In Paper I, total aerobic bacteria could be enumerated in the majority of
samples before and after C&D in both slaughterhouses, which was expected
since surfaces are not sterile after C&D (Stanga 2010). The selected
threshold (2.5 CFU/cm?, equal to 2.4 log CFU/100 cm?) used to assess
whether a surface was acceptably clean is commonly used in the literature,
relating to both the food industry (Griffith 2005; Lues & Van Tonder 2007;
Cunningham et al. 2011; Carrascosa et al. 2012; Ching et al. 2021) and
hospitals (Cooper et al. 2007; Sherlock et al. 2009; Luick et al. 2013; Huang
et al. 2015). Using this threshold, around half (48-54%) of all sampling
points (FCS and NFCS) in the two slaughterhouses were considered
sufficiently cleaned and disinfected, and in samples from FCS, a higher
number of samples were considered acceptably clean (60-65%). Food
contact surfaces in the processing area had the highest amount of acceptably
clean samples in both slaughterhouses (Table 6).

In general, surfaces in the processing areas in both slaughterhouses were
more properly cleaned and disinfected than surfaces in the slaughter areas,
with higher bacterial reductions achieved (2.2 and 2.8 log CFU/100 ¢cm? in
the red meat and poultry slaughterhouse, respectively) than in slaughter areas
(1.3 log CFU/100 cm? for both slaughterhouses). This was especially obvious
when comparing the same type of sampling points (e.g. conveyor belts and
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cutting blades). Even though dirty FCSs in the slaughter area, such as post-
dehairing table, plucking fingers and shackles, pose a direct risk of cross-
contamination, these sampling points were found not to be properly cleaned
and disinfected. Similar deficiencies have been described in other
slaughterhouses (Rivas et al. 2000; Garcia-Sanchez et al. 2017; Zeng et al.
2021). Moreover, FCSs in the slaughter areas were not always included in
the slaughterhouse sampling plans, which is troubling as the FBO is then
unaware of the C&D efficacy in these areas.

In general, the conveyor belts in the processing areas in both
slaughterhouses were properly cleaned and disinfected, despite the large
differences between the materials and structures of these sampling points and
the degree of wear and tear. These are positive findings, since other studies
have shown that C&D of conveyor belts is often unsuccessful (Gomez et al.
2012; Khamisse et al. 2012; Wang et al. 2018).

Non-food contact surfaces that were found to be dirty after C&D were the
lairage floor and drains in the slaughter and processing areas, which were
dirty on most sampling occasions in both slaughterhouses. Presence of
Campylobacter spp., L. monocytogenes and Enterobacterales was detected
in the same drains. Thus while FCSs should be prioritised during C&D as
part of the risk-based approach, drains and floors should also be properly
cleaned and disinfected to avoid creating an in-house microbiota (Fagerlund
et al. 2017; Agiieria et al. 2021). The level of total aerobic bacteria in scald
water at the poultry slaughterhouse was lower (0.6-0.8 log CFU/mL) than
reported for other poultry slaughterhouses before C&D/during processing
(Goksoy et al. 2004; Whyte et al. 2004).

4.2.2. Disinfection study on chicken transport crates (Paper Ill)

A significant reduction in all target bacteria after UV-C treatment of chicken
transport crates was observed for both treatment times (1 and 3 min). On
extending the treatment time from 1 to 3 min, a significant increase in
reduction in C. jejuni was observed. However, no significant increase in
reduction was seen for total aerobic bacteria and Enterobacterales and, while
the bacterial reduction achieved seemed high, there was still a considerable
amount of bacteria on the crates after UV-C treatment (Table 7). Thus the
aim of inactivating C. jejuni from the crates was not achieved.
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Table 7. Mean bacteria levels and mean reduction (log CFU/mL) on chicken transport
crates before and after irradiation with UV-C light for 1 and 3 min

Mean before Mean after Meaf‘
reduction
Treatment time 1 min
Campylobacter jejuni 4.9+0.4 2.9+0.5 2.0*¥+0.5
Total aerobic bacteria 5.7+¢0.3 4.2+0.2 1.4*+0.4
Enterobacterales 4.4+0.4 2.9+0.4 1.5%+£0.3
Treatment time 3 min
Campylobacter jejuni 5.9+£0.9 2.8+0.4 3.1*+£ 1.0
Total aerobic bacteria 5.3+0.2 3.6£0.6 1.6*£0.8
Enterobacterales 4.2+0.4 2.5+0.8 1.8*%+£0.8

* = significant reduction at p<0.05

This is not consistent with findings in an earlier study using 265 nm UV-C
light, in which the reduction in Pseudomonas aeruginosa was almost
complete, even on highly contaminated tube lumen surfaces (7 log CFU/mL)
(Bak et al. 2010). However, it is impossible to draw any conclusions from
comparison of results from different studies on UV-C light treatment, since
surfaces, treatment times and bacteria tested differ between studies. For
instance, different bacterial species are more or less easy to eliminate (Hinds
et al. 2019). It is also common for different units to be used, as observed on
comparing the results in this thesis with those reported by Raschle et al.
(2019), who investigated the effect of 254 nm UV-C light on slaughterhouse
knives and achieved a reduction in total aerobic bacteria after 30 s of
irradiation of <1 log CFU/cm?, while in Paper III the mean reduction was 1.4
log CFU/mL after 1 min of treatment (Table 7). Although difficult, it can be
concluded that the bacterial reduction achieved by 265 nm UV-C LED light
on transport crates seems promising. However, before installation of this
equipment for disinfection of crates in an industrial setting, a longer
treatment time should be considered, by e.g. building a treatment tunnel
through which the crates would pass. Another solution could be to improve
the cleaning procedure before the disinfecting step, to reduce the initial
bacterial load.
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4.2.3. Decontamination study on broiler carcasses (Paper V)

Treatment of chicken carcasses with ultrasound-steam and chilling gave low
bacterial reductions (0.4-0.6 log CFU/g) in routine slaughter in a large-scale
slaughterhouse (Table 8). High bacteria levels still remained on the
carcasses, with >3 log CFU/g of C. jejuni, Enterobacterales and E. coli on
12%, 17% and 36% of carcasses, respectively, whereas according to the
process hygiene criteria for Campylobacter (EC 2005), the amount of
Campylobacter should not exceed 3.0 log CFU/g neck skin. In 15% of the
neck skins samples, the number of total aerobic bacteria was >5 log CFU/g.
This shows that the reduction in C. jejuni and hygiene indicator bacteria on
broiler carcasses was insufficient in the poultry slaughterhouse studied in
Paper IV. No significant difference in bacterial reductions was observed on
increasing the steam temperature from 84-85 °C to 87-88 °C. According to
staff at the slaughterhouse, it was impossible to increase the steam
temperature above 88 °C, as this made it difficult to remove the skin from
the carcass and for spices to stick to the skin surface during food product
preparation. Impaired carcass quality has been observed in other similar
treatments on broiler carcasses involving use of high temperatures (Whyte et
al. 2003; James et al. 2007). In contrast, when Musavian et al. (2015)
investigated the effects of 2 s of ultrasound-steam treatment on contaminated
chicken transport crates, they observed a reduction to below the limit of
detection from high initial level of total aerobic bacteria similar to that in
Paper IV (i.e. 5-6 CFU/mL). However, in that study a higher temperature (95
°C) was possible since the treated objects were surfaces, not carcasses.

Table 8. Mean bacteria levels and mean reduction (log CFU/g) on chicken neck skins
before and after carcass decontamination in a poultry slaughterhouse

Mean before Mean after Meafl
reduction
Campylobacter jejuni 2.5+0.7 2.1+0.8 0.5*+0.8
Total aerobic bacteria 4.9+0.6 4.5+£0.6 0.4*+0.7
Enterobacterales 3.14£0.6 2.5+0.5 0.6*+0.6
E. coli 3.3+0.7 2.84+0.6 0.5*+0.6

* = significant reduction at p<0.05

Comparing the bacterial reductions observed in the poultry slaughterhouse
with those seen in the laboratory study (UV-C light) illustrates the difficulty
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in achieving sufficient efficacy in an industrial setting. For example, in a
study where ultrasound-steam treatment was tested on pork skin in a
laboratory setting, high bacterial reductions (e.g. 2.9 log CFU/cm? for E. coli)
were achieved even after a short treatment time (1.5 s) (Morild et al. 2011).

In a large-scale poultry slaughterhouse, it is difficult to achieve sufficient
bacterial reduction, especially since the slaughter speed is high. This was
observed on comparing the results from the decontamination study in Paper
IV with those of other studies investigating ultrasound-steam treatment
efficacy in smaller poultry slaughterhouses with slower slaughter speed
(Hansen & Larsen 2007; Boysen & Rosenquist 2009; Musavian et al. 2014,
2022). From a food safety perspective, the advantage of installing this
decontamination equipment lies in whether the treatment can reduce
Campylobacter spp. on chicken meat in a way that decreases the number of
cases of campylobacteriosis in humans. However, one disadvantage was that
the equipment was difficult to clean and disinfect after use. The aspect of
difficult-to-clean equipment was also mentioned in one of the interviews in
the descriptive study.

The high level of C. jejuni and hygiene indicator bacteria, particularly E.
coli, on poultry carcasses both before and after the decontamination also
highlights the importance of high C&D efficacy and hygienic slaughter.

The coefficient of determination R? (equal to the squared correlation
coefficient) between the initial bacterial amount on neck skins before
treatment and the reduction achieved was 0.27, 0.70, 0.60 and 0.60 for C.
Jejuni, Enterobacterales, E. coli and total aerobic bacteria, respectively, and
was significant (p<0.05) in all cases (Figure 4 in Paper IV). This indicates
that there was a greater bacterial reduction in samples with higher initial
bacterial level, which is a known effect (Li et al. 2012).

4.2.4. Assessment of monitoring methods to evaluate surface
cleanliness (Paper I)

Swabbing for total aerobic bacteria was used as the reference method when
assessing rapid sampling methods (dipslides and ATP-bioluminescence
tests). In general, the highest number of acceptably clean samples was
observed when using dipslides, while the opposite was seen for ATP-
bioluminescence (Figure 16). These differences were most obvious in the red
meat slaughterhouse.
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Figure 16. Proportion (%) of acceptably clean food contact surfaces (FCS) and non-food
contact surfaces (NFCS) in the red meat and poultry slaughterhouses when using
swabbing (total aerobic bacteria, TAB), dipslides (total viable count, TVC) and ATP-
bioluminescence (relative light units, RLU).

Dipslide tests

Total viable count could be enumerated in almost all samples before C&D,
which was in agreement with swabbing results for total aerobic bacteria.
However, total viable count could only be enumerated in 35% and 60% of
the dipslides after C&D in the red meat and poultry slaughterhouse,
respectively compared with 90% and 73%, respectively, for total aerobic
bacteria. All sampling points in the processing areas of both slaughterhouses,
except a drain, were considered acceptably clean after C&D (Table 2 in
Paper I), according to the selected threshold (1.0 CFU/cm?, equal to 2.0 log
CFU/100 cm?). A complete reduction in total viable count on all dipslides
was observed in the processing areas for some sampling points (conveyor
belts and trolley in the red meat slaughterhouse, cutting blade in the poultry
slaughterhouse), while for total aerobic bacteria the value was 0.8-2.0 log
CFU/100 c¢cm?. It is problematic that in general, the dipslides detected less
bacteria than swabbing (Figure 16), since dipslides are recommended for use
in slaughterhouses (Lindahl et al. 2009) and are commonly used in Swedish
slaughterhouses, as found in the descriptive study.
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ATP-bioluminescence tests
Relative light unit values >0 were obtained for all samples before C&D and

almost all samples after C&D. Fewer samples were considered acceptably
clean (18% and 35% in the red meat and poultry slaughterhouse,
respectively) according to the selected threshold (1.5 RLU/cm?, equal to 2.2
log RLU/100 ¢cm?), compared with total aerobic bacteria and total viable
count (Figure 16). The only sampling points that were considered acceptably
clean according to ATP-bioluminescence on all sampling occasions were the
trolley in the red meat slaughterhouse and the salt injector needles in the
poultry slaughterhouse (Table 2 in Paper I). Similarly, Rios-Castillo et al.
(2021) observed that ATP-bioluminescence detected more non-successfully
cleaned and disinfected surfaces than swabbing when FCSs in supermarkets
were sampled. This is not surprising, since ATP-bioluminescence also
detects soil residues (Meretro et al. 2019; Ruiz-Llacsahuanga et al. 2021).

Diagnostic performance of dipslide and ATP-bioluminescence tests
The results from both slaughterhouses showed that the overall sensitivity of

the dipslide method was low (Se = 0.52, when using swabbing for total
aerobic bacteria as the reference method), indicating a high number of false
negative samples. In contrast, the overall specificity for ATP-
bioluminescence was low (Sp = 0.45, when swabbing for total aerobic
bacteria as the reference method), indicating a high number of false positive
samples. Low specificity for ATP, compared with swabbing for total aerobic
bacteria as reference, has been observed in another study (Luick et al. 2013).

In addition, both positive and negative predictive values (PPV and NPV)
were determined (Table 3 in Paper I). In general, there is a lack of studies
assessing the diagnostic performance of different sampling methods,
particularly in food industries. Comparison between dipslides and ATP-
bioluminescence has been performed in a handful of studies, but only some
utilised one or more of the diagnostic tests featured in Paper I (Carrascosa et
al. 2012; Luick et al. 2013; Ching et al. 2021). Luick et al. (2013), compared
ATP-bioluminescence with total aerobic bacteria after C&D in a health-care
setting and observed higher positive predictive value (PPV = 0.90) and lower
negative predictive value (NPV = 0.20) than in the present study (PPV 0.54
and NPV 0.89 for the red meat slaughterhouse, PPV 0.71 and NPV 0.93 for
the poultry slaughterhouse). Determining the exact reasons for these
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discrepancies between the two studies is challenging, given that they were
conducted in markedly different environments. However, these differences
could indicate that the prevalence according to the reference method (total
aerobic bacteria) was higher in Luick et al. (2013) than in Paper 1.

The diagnostic indicators are affected by the cut-off value applied. A way
to increase the sensitivity of dipslides and the specificity of ATP-
bioluminescence tests would be to change the previously selected cut-off
values, i.e. decrease the threshold for dipslides and increase the threshold for
the ATP-bioluminescence method.

4.3. Antimicrobial resistance - AMR (Paper Il)

In Paper II, one C. jejuni isolate recovered from the poultry slaughterhouse
showed phenotypic and genotypic resistance to quinolones (ciprofloxacin or
nalidixic acid). Quinolone resistance in Campylobacter spp. is not
uncommon in poultry and poultry meat in Sweden and other European
countries (Torralbo et al. 2015; Garcia-Sanchez et al. 2017; Hansson et al.
2021; Swedres-Svarm 2022). In Paper I, the origin of this resistance was
unlikely to be antimicrobial use, as broilers are not treated with quinolones
and rarely with other antimicrobials in Sweden (Hansson et al. 2021; T.
Dzieciolowski, Swedish Poultry Meat Association, pers. comm., September
19, 2023). Quinolone resistance is worrying, since AMR in animals and
humans is linked (EFSA & ECDC 2023). In addition, quinolones are on the
list of critically important antimicrobials (WHO, 2019b).

In the red meat slaughterhouse studied, 80% (4/5) of the C. coli isolates
were phenotypically and genotypically resistant to streptomycin. The species
from which the isolates originated is unknown, since both pigs and cattle
were slaughtered in the same facility and in Sweden and in other European
countries, streptomycin resistance in C. coli is high in both pigs (47-70%)
and calves (66%) (Swedres-Svarm 2019; EFSA & ECDC 2023). The source
of this resistance is unlikely to be treatment of animals with antimicrobials,
due to the restrictive antimicrobial use in Sweden. However, the resistance
could be due to historical use of streptomycin (Swedres-Svarm 2019; O.
Nilsson, National Veterinary Institute, pers. comm., September 21, 2023).
ESBL E. coli was not detected in Paper II, which could perhaps be explained
by the decreasing prevalence of ESBL E. coli in broilers, broiler meat and
pig meat, especially in northern Europe, which is most probably due to the
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decrease in antimicrobial use in these species (Althaus et al. 2017; Swedres-
Svarm 2021; EFSA & ECDC 2023). In Sweden, there has been a significant
decrease in ESBL E. coli in broiler chickens since 2016, most likely due to

reduced presence of such bacteria within the breeding pyramid (Nilsson et
al. 2020).

71






5. Main conclusions

>

The most common C&D procedures in the largest slaughterhouses
with associated meat processing premises in Sweden included use of
alkaline with or without chlorine and acidic agents for cleaning and
chlorinated agents for disinfection, applied with a low-pressure
system. Dipslides and ATP-bioluminescence were the most
commonly used sampling methods. Selection of efficient C&D
procedures and implementation of a risk-based approach for
monitoring are challenging for quality assurance managers at
Swedish slaughterhouses and they usually rely on external
companies for selection of thresholds for clean surfaces. Some of the
quality assurance managers interviewed expressed desire for more
science-based recommendations for C&D and increased knowledge
about the in-house microbiota in their facilities.

In general, commonly used C&D procedures removed/inactivated
Campylobacter and L. monocytogenes from surfaces. However,
these pathogens were present on food contact surfaces before C&D
and whole-genome sequencing indicated high potential for spread of
C. jejuni in a poultry slaughterhouse and possible persistence of L.
monocytogenes in a red meat slaughterhouse. These findings may
indicate risk of cross-contamination of meat, followed by foodborne
illness, since the pathogen sequence types and serogroups identified
are known to cause human disease. Extended-spectrum beta-
lactamase E. coli was not detected.
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Approximately half of the surfaces were assessed as acceptably
clean. Surfaces in processing areas were more properly cleaned and
disinfected than surfaces in the slaughter areas of the studied
slaughterhouses. Despite C&D, high levels of total aerobic bacteria
still remained on critical food contact surfaces, increasing the
likelihood of cross-contamination of meat with spoilage bacteria.
Enterobacterales were mainly present in drains and were detected in
more samples in the poultry slaughterhouse than the red meat
slaughterhouse.

Disinfection of chicken transport crates with 265 nm UV-C LED
light showed high reductions (1.4-3.1 log CFU/mL) of C. jejuni,
total aerobic bacteria and Enterobacterales in a laboratory study.
However, irradiation did not inactivate C. jejuni and the remaining
bacterial levels of total aerobic bacteria and Enterobacterales were
still high.

Decontamination of broiler carcasses with ultrasound-steam and
chilling resulted in significant but small reductions (<1.0 log CFU/g
reduction) in C. jejuni, total aerobic bacteria, Enterobacterales and
E. coli when installed in a large-scale poultry slaughterhouse. The
level of C. jejuni was still above the process hygiene criterion (3.0
log CFU/g neck skin) in 12% of carcasses.

Dipslides and ATP-bioluminescence sampling methods, which are
commonly used in Swedish slaughterhouses and meat processing
premises for monitoring C&D efficacy, showed low accuracy
compared with swabbing for total aerobic bacteria. Since swabbing
for total aerobic bacteria can be perceived as labour-intensive, a
viable option could be to regularly alternate dipslides and ATP-
bioluminescence, and periodically swab surfaces for total aerobic
bacteria to verify the other methods. Based on the results from
swabbing (total aerobic bacteria), thresholds for dipslides and ATP-
bioluminescence can be adjusted when necessary.



6. Future perspectives

The results presented in this thesis broaden understanding of the foodborne
bacteria present on surfaces within slaughterhouses and meat processing
premises, by showing the efficacy of various C&D procedures and
monitoring activities in Swedish slaughterhouses with associated meat
processing premises. However, certain knowledge gaps remain to be
addressed. The ultimate aim of C&D and monitoring is to prevent foodborne
illness and prolong the shelf-life of meat products. Some potential areas for
further studies and actions are suggested below:

Future studies within this project:

» Investigations on C&D efficacy will continue, with particular focus on
residential bacteria, by sampling surfaces in slaughterhouses after C&D
in a search for biofilm-producing bacteria. The samples will be analysed
by 16S metagenomic sequencing, to determine the bacterial composition
on different surfaces over time.

» Selected bacteria from the above study will be used for biofilm
production in a laboratory study. The biofilm will be produced on
surfaces of different equipment from slaughterhouses and the efficacy of
different C&D agents will be evaluated. In addition to conventionally
used chemicals, novel products that are claimed to inactivate biofilm
efficiently will be tested (i.e. enzyme-based detergents).

75



Dissemination of knowledge to improve practices:

>

Results obtained from the studies included in this thesis will be
disseminated to slaughterhouses and meat processing premises, to assist
them in their choice of C&D procedures and monitoring activities. The
results generated are also valid for other food processing plants and can
contribute to safer meat products with a longer shelf-life, which will be
of benefit to primary producers as consumers demand high-quality food.

Future studies:

>
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It is a knowledge-demanding task for the food industry to select relevant
thresholds for hygiene indicators and there are no guidelines to assist
them in this task. The responsibility for producing safe and wholesome
food rests with the industry. However, the scientific community should
assist in this complicated task by conducting laboratory and industrial
trials to determine acceptable levels of different hygiene indicators,
which should be based on desired shelf-life and safety of food products.
The results from such studies could be used to formulate guidelines for
different food businesses, in Europe and globally, seeking to perform
their own risk analysis.
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Popular science summary

Proper cleaning and disinfection in slaughterhouses and meat processing
premises is a prerequisite for production of safe, high-quality meat. Cleaning
and disinfection should be performed in a way that minimizes the occurrence
of bacteria which cause human disease and food spoilage. All
slaughterhouses and meat processing premises must be cleaned and
disinfected daily, which can be a challenge in these often wet environments
with many pieces of equipment. The high speed of the slaughter process also
increases the likelihood of contamination of surfaces with bacteria. Although
many cleaning and disinfection procedures are available, bacteria that can
cause disease and food spoilage may still be present on surfaces that come
into direct contact with meat after cleaning and disinfection. This poses a risk
of these bacteria contaminating meat, affecting both the safety of consumers
and the shelf-life of the meat. Some bacteria, such as Listeria monocytogenes
can form biofilm, which consists of populations of bacteria enclosed in a
network that adheres to surfaces and to other bacteria. This biofilm protects
bacteria from external forces and makes them difficult to remove with
cleaning and disinfection procedures. Listeriosis in humans is a severe
disease with a high risk of hospitalisation and death, especially in vulnerable
groups such as the elderly, newborns and people with suppressed immune
status. It can also cause spontaneous abortion. Another example of how
inadequate cleaning and disinfection at slaughterhouses can affect human
health is the high spike in human cases of campylobacteriosis in Sweden in
2016-2017, which was caused by insufficiently cleaned transport crates for
chickens.

The aim of this thesis was to obtain better knowledge of how the
occurrence and spread of bacteria in slaughterhouses and meat processing
premises can be reduced, and to provide advice on this issue, by evaluating
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the efficacy of various cleaning and disinfection procedures on equipment,
the slaughterhouse environment and carcasses. In addition to detection and
measuring the amount of bacteria present in different areas, comparison of
different sampling methods through analyses for residual bacteria and
organic material was used to evaluate whether surfaces were sufficiently
clean. Swedish slaughterhouses were also interviewed regarding their
cleaning and disinfection routines and the sampling methods they use to
assess surface cleanliness.

The results showed that the cleaning and disinfection procedures used in
slaughterhouses were sufficient regarding removal of pathogenic bacteria
such as L. monocytogenes and Campylobacter. However, not all surfaces
were sufficiently cleaned and disinfected, as high levels of hygiene indicator
bacteria were detected even on surfaces that were visibly clean. It was also
observed that surfaces in the processing area were more properly cleaned and
disinfected than those in the slaughter area. A cause of concern was that L.
monocytogenes and Campylobacter were detected on surfaces that were in
direct contact with meat before cleaning and disinfection. When bacteria are
present on such surfaces, there is a high risk of the meat being contaminated
with these bacteria during processing and further along in the production
chain, causing disease in the consumer. Extended-spectrum beta-lactamase
(ESBL)-producing E. coli, which is known to cause antibiotic resistant
infections in humans was not detected in any of the slaughterhouses studied.
The results also showed that rapid tests (dipslides, ATP-bioluminescence)
for evaluating surface cleanliness, which are commonly used by Swedish
slaughterhouses and meat processing premises, but also by others such as
food businesses and hospitals for humans and animals, varied in reliability.

Interviews with quality assurance managers at slaughterhouses revealed
that they did not know whether the cleaning and disinfection methods they
used were the most appropriate for their facilities. They had not performed a
risk analysis, which is necessary when deciding on a threshold for assessing
whether a surface is sufficiently clean. Instead, they relied on suggestions
from external companies. The quality assurance managers also reported a
lack of science-based guidelines to assist them in deciding which cleaning
and disinfection procedures to use.

Evaluation of new technologies, such as 265 nm UV-C LED irradiation
of transport crates for chickens and a combination of ultrasound and steam
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followed by chilling for broiler carcasses, revealed significant bacterial
reductions. However, these techniques require a certain time of action, which
is difficult to combine with high slaughter speed.

In conclusion, this thesis showed that current cleaning and disinfection
procedures in slaughterhouses and meat processing premises do not always
reduce bacteria to an acceptable level.
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Popularvetenskaplig sammanfattning

Korrekt rengoring och desinfektion pa slakterier och styckningsanldaggningar
ar en forutséttning for produktion av sékra livsmedel av hog kvalitet. Det bor
gbras pa ett sitt som minimerar forekomst av sjukdomsframkallande och
produktforstorande bakterier. Alla slakterier och styckningsanldggningar
maste rengdras och desinficeras dagligen, vilket kan vara en utmaning i dessa
ofta vata miljéer med mycket utrustning. Det hoga tempot under
slaktprocessen Okar ocksé risken for fororening av kottet med bakterier.
Aven om manga rengdrings- och desinfektionsmetoder finns tillgiingliga s&
avldgsnar de inte alla bakterier fr&n ytor. Det kan forekomma bade
sjukdomsframkallande och livsmedelsforstorande bakterier pad ytor som
kommer i kontakt med kottet efter rengéring och desinfektion. Detta innebar
en risk for att dessa bakterier kontaminerar kottet, vilket paverkar savil om
maten dr sdker att dta samt forsdmrar hallbarheten. Vissa bakterier sasom
Listeria monocytogenes kan bilda sa kallad biofilm, vilket ar flera lager av
bakterier i ett ndtverk som har fast sig till en yta och till varandra. Biofilm
skyddar bakterierna och &r svéra att avlidgsna med rengéring och
desinfektions processer. For de som drabbas av sjukdomen listerios krévs
ofta behandling pa sjukhus och dodligheten ar hog, sarskilt hos riskgrupper,
sédsom dldre, nyfodda och andra med forsvagat immunforsvar. Den kan ocksé
orsaka missfall hos gravida kvinnor. Ett annat exempel pa hur bristande
rengdring av utrustning pa slakterier har paverkat manniskors hilsa var det
kraftigt forhdjda antalet fall av sjukdomen campylobacterios i Sverige 2016-
2017, orsakat av daligt rengjorda transportlador for kyckling.

Syftet med avhandlingen var att f4 6kad kunskap och ddrmed kunna ge
rdd om hur forekomst och spridning av bakterier pd slakterier och
styckningsanlédggningar kan minskas genom att utvirdera effekten av olika
rengOrings- och desinfektionsprocesser pa utrustning, i slakterimiljon och pa
slaktkroppar. I studien ingick en jamforelse mellan olika
provtagningsmetoder som anvénds for att f4 en uppfattning om en yta &r
tillrackligt ren eller inte, genom pavisande av kvarvarande bakterier och

103



organiskt material. Forutom att pdvisa och rdkna antalet bakterier, sa
intervjuades personal pa svenska slakterier och styckningsanldggningar
géllande deras rutiner for rengoring och desinfektion. [ intervjuerna framkom
vilka  provtagningsmetoder som anvdndes for att utvérdera
rengoringseffekten pa ytor. Dessa metoder jimfordes sedan i en separat
studie.

Resultaten visade att reng6rings- och desinfektionsmetoderna for ytor var
tillrackliga géllande avlagsnande av sjukdomsframkallande bakterier sdsom
L. monocytogenes och Campylobacter. Daremot var inte alla ytor tillrickligt
rena, da antalet bakterier var Over de grinsviarden som anvinds for
bedémning av god hygien, dven pa ytor som sag rena ut. P4 bada slakterierna
uppmirksammades ocksa att ytorna i styckningsdelen var mer ordentligt
rengjorda &n i slakteridelen. De var dock oroande att de
sjukdomsframkallande bakterierna L. monocytogenes och Campylobacter
aterfanns pa produktkontaktytor innan rengdring. Nar bakterier forekommer
pa sadana ytor, finns en hog risk for fororening av kottet med dessa bakterier,
som i ett senare skede kan orsaka sjukdom hos konsumenten. Inga extended-
spectrum beta-lactamase (ESBL) producerande E. coli, vilka kan orsaka
antibiotikaresistenta infektioner hos médnniskor, hittades pa ytor.

Studier utfordes av snabbtester for rengéringskontroll sdsom tryckplattor
och ATP-bioluminescence, vilka dr vanligt forekommande pa svenska
slakterier och styckningsanldggningar, andra livsmedelsforetag och sjukhus
for bade ménniskor och djur. Resultaten visade dock att dessa metoder var
av varierande tillforlitlighet.

Intervjuerna med kvalitetscheferna pa slakterierna med tillhdrande
styckningsanldggningar avsldjade att slakterierna inte visste ifall de
rengdrings- och desinfektionsmetoder de anvénder 4r de mest adekvata. De
anvande sig inte av riskanalys, som ir ett redskap som bor anvidndas nar man
sétter gransvarden for hur mycket bakterier och organiskt material som kan
accepteras pa en rengjord yta. Istdllet anvidnde de gridnsviarden som
foreslagits av externa foretag. Kvalitetscheferna uttryckte ocksa avsaknad av
vetenskapsbaserade riktlinjer som skulle kunna anvindas for att vélja den
mest ldmpliga rengdrings- och desinfektions metoden, som t.ex. vilka
kemiska produkter och appliceringsmetoder samt ldmpliga gransvérden for
tillrackligt rengjorda ytor.

I avhandlingen ingick dven utvirderingar av nya desinfektionstekniker
sasom UV-C LED stralning for desinfektion av transportlador som anvénds
for att transportera kycklingar frén garden till slakteriet. Dessutom
undersoktes om en kombination av ultraljud-vattendnga samt kylning av
kycklingslaktkroppar signifikant kunde minska antalet bakterier. Dessa
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tekniker visade pa signifikanta reduktioner av bakterier, de kriver dock en
viss verkningstid vilket kan vara svért att kombinera med ett hogt tempo vid
slakt.

Sammanfattningsvis visade avhandlingen att nuvarande rengdrings- och
desinfektionsprocesser pa slakterier och styckningsanldggningar inte alltid
minskar médngden bakterier till en acceptabel niva.
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Appendix |
Interview questions for quality assurance managers at slaughterhouses

1. What is your educational background?

2. What animal species are slaughtered in your facility?

3. How many animals are slaughtered each day?

4. Who performs cleaning and disinfection in the slaughterhouse/meat
processing premises? (external/internal cleaning staf¥)

Detergents:

5. Which agents are used?

6. At what concentration are they diluted in water?

7. How long is the contact time, i.e. how long are the products left to act
before they are rinsed away?

8. What is the temperature of the water used for cleaning?

9. How are the agents applied on surfaces?

Disinfectants:

10. Which agents are used?

11. At what concentration are they diluted in water?

12. How long is the contact time, i.e. how long are the products left to act
before they are rinsed away?

13. What is the temperature of the water used for cleaning?

14. How are the agents applied on surfaces?

Monitoring activities:

15. Which sampling methods are used to evaluate cleaning and disinfection
efficacy?

16. With what frequency are these sampling methods performed?

17. How did you select the microbial and non-microbial threshold/s for
clean surfaces?

18. Which surfaces do you think are the most difficult to clean?

19. What difficulties and challenges have you experienced in relation to
cleaning and disinfection?
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ARTICLE INFO ABSTRACT

Keywords: Inadequate cleaning and disinfection (C&D) in slaughterhouses can cause bacterial contamination of meat,
ATP resulting in foodborne disease and reduced meat quality. Different methods for monitoring the efficacy of
Dipslide C&D procedures are available, but few studies have assessed their reliability. This study examined C&D efficacy
Enterobacterales in slaughterhouses and evaluated the diagnostic performance of methods for measuring surface hygiene.
Indicator bacteria . s . . .
Meat processing On? red meat and one p?ultry 'slaughterhouse in Sweden wexje each vmtgd on six occasmr.ls before' and six
Total aerobic bacteria occasions after C&D. Sampling points were sampled with: swabbing and plating for total aerobic bacteria (TAB)
and Enterobacterales (EB); dipslides for total viable count; and ATP-bioluminescence tests. To evaluate the diag-
nostic performance of the dipslide and ATP-bioluminescence methods, the results were compared with (TAB)
as a reference.

In total, 626 samples were collected. For the majority of samples, TAB was lower after than before C&D and
EB were mainly detected before C&D, indicating C&D efficacy. Greater reductions in mean TAB were observed
in processing areas (2.2 and 2.8 log CFU/100 cm? in red meat and poultry slaughterhouse, respectively) than in
slaughter areas (1.3 log CFU/100 cm? in both slaughterhouses). Approximately half of all samples were
assessed as non acceptably clean (52% for red meat and 46% for poultry slaughterhouse) according to previ-
ously published thresholds. Critical food contact surfaces that were insufficiently cleaned and disinfected were
plucking fingers, shackles, and a post-dehairing table. Cleaning and disinfection of drains and floors were inad-
equate.

The ATP-bioluminescence method showed low specificity compared with the reference (TAB) in both the red
meat (0.30) and poultry slaughterhouses (0.64). The sensitivity of dipslides was low (0.26) in the red meat
slaughterhouse compared with TAB. A combination of ATP-bioluminescence and dipslides could provide more
accurate estimates of C&D efficacy.

Food legislation within the European Union (EU) requires cleaning
and disinfection (C&D) of surfaces in direct contact with food products
(food contact surfaces, FCS) and non food contact surfaces (NFCS),
including processing equipment on food premises (EC, 2004; Ninios
et al., 2014). Sterilization is not achieved by C&D, so low microbial
load can be expected on surfaces after C&D (Stanga, 2010). A thresh-
old for satisfactory microbial hygiene on FCS or NFCS after C&D is not
defined in EU legislation, meaning that food business operators (FBO)

must decide their thresholds based on hazard analysis and critical con-
trol points (HACCPs), and good hygiene practices (GHPs) (Codex
Alimentarius, 2020). A low microbial load minimizes the risk of
cross-contamination, spread, and multiplication of pathogenic and
food spoilage bacteria, that could have detrimental effects on public
health and decrease the shelf-life of food. The slaughterhouse environ-
ment can easily be contaminated with organic debris such as fecal mat-

Abbreviations: C&D, Cleaning and disinfection; EB, Enterobacterales; TAB, Total aerobic bacteria.
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ter and other body fluids. Therefore, C&D is an important hurdle in the
control of foodborne pathogens and spoilage bacteria.

The active components in detergents used for C&D in red meat and
poultry slaughterhouses are commonly alkaline compounds with or
without chlorine (i.e., sodium hypochlorite, sodium hydroxide, potas-
sium hydroxide), which are recommended to be used alternately with
acidic compounds (i.e., peracetic acid, phosphoric acid, sulfuric acid).
The active components in disinfectants are very similar to those in
detergents (i.e., sodium hypochlorite, sodium hydroxide, alternated
with peracetic acid, acetic acid, hydrogen peroxide). Instead of using
alkaline or acidic agents as disinfectants, quaternary ammonium com-
pounds are commonly used (Garcia-Sanchez et al., 2017; Hutchison
et al., 2007; Khamisse et al., 2012; Wang et al., 2018). When disinfec-
tants are used in food production premises, the antimicrobial efficacy
can be affected by various environmental factors such as temperature,
humidity, surface materials, and residues of organic substances. How-
ever, standardized laboratory tests on the antimicrobial effect of disin-
fectants are usually performed in controlled conditions using
suspension tests, and on surfaces that are easy to clean such as stainless
steel, which is flat and rather resistant to scratching (SS-EN
14349:2012; SS-EN 1276:2019). Different types of surface materials
are used in meat processing premises, and scratches and cracks that
develop after a period of use can become harborage sites for bacteria
(Fagerlund et al., 2017). These resident bacteria become part of the
in-house microbiota, which is not removed by common C&D proce-
dures and adds to continuous cross-contamination of food, thereby
posing a threat to food safety and quality (Fagerlund et al., 2016;
Garcia-Sanchez et al., 2017). Moreover, pathogenic bacteria may per-
sist on surfaces due to insufficient C&D, leading to outbreaks of food-
borne diseases. For example, an outbreak with five-fold higher annual
levels of campylobacteriosis occurred in Sweden in 2016-2017
(Lofstedt, 2019), caused by inadequate cleaning of chicken transport
crates. Listeria monocytogenes is also well known to cause outbreaks
due to its ability to form biofilm, survive in food production environ-
ments, and resist C&D procedures (Fagerlund et al., 2017; Stephan
et al., 2015). Other important pathogens of concern in slaughter and
carcass processing are Salmonella enterica and Shiga toxin-producing
E. coli (STEC). Salmonella enterica has been recovered from cleaned
and disinfected surfaces in swine and poultry slaughterhouses
(Arguello et al., 2012; Marin et al., 2022), while STEC has been
detected on surfaces in cattle slaughterhouses after C&D (Brusa
et al., 2021; Tutenel et al., 2003).

A concern for slaughterhouse FBOs is the risk of cross-
contamination of products by meat spoilage bacteria, i.e., Pseudomonas
spp., Acinetobacter spp., Stenotrophomonas spp., and bacteria belonging
to the order Enterobacterales (EB, a bacterial order which formerly only
included family Enterobacteriaceae). Spoilage bacteria have been
detected on surfaces such as conveyor belts and cutting tools after
C&D (Maes et al., 2017, 2019; Mgretro et al., 2013; Mgretro &
Langsrud 2017; Wang et al., 2018). There are indications that the
microbial population of the slaughterhouse environment affect the
microbial load on carcasses more than the indigenous microbiota of
the slaughtered animal, and spoilage bacteria on meat have been
traced back to contaminated surfaces in the slaughterhouse due to
inadequate C&D (Peruzy et al., 2021; Samapundo et al., 2019).

Total aerobic bacteria (TAB) and EB can be used as indicators of the
hygiene status in meat processing plants, while EB can be used as an
indicator of fecal contamination in slaughterhouses (Althaus et al.,
2017; Hutchison et al., 2007). A study in the UK found that almost
one-third of 94 red meat slaughterhouses failed to meet the specified
measured TAB threshold for acceptably clean surfaces (2 log CFU/
cm?) (Hutchison et al., 2007). Different methods for monitoring the
efficacy of C&D procedures are available, including ATP-
bioluminescence, contact plates (dipslides), and swabbing and plating
of sponge/swab samples (Maes et al., 2017; Moore & Griffith, 2002;
Mgretrg et al., 2019). Methods such as ATP-bioluminescence and dip-
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slides are easy to use compared with swabbing and plating. The EU
standard (SS-EN ISO 18593:2018) for surface sampling does not spec-
ify sampling frequency and sampling points, which are therefore
selected based on risk-based principles. Additionally, the standard
mentioned above only describes two sampling methods, swabbing
and dipslides, and not the ATP-bioluminescence method, which is
widely used by the industry.

Several studies have investigated bacterial contamination on car-
casses in slaughterhouses (Hansson et al., 2010; Hauge et al., 2023;
Lindblad et al., 2006; Moazzami et al., 2021; Peruzy et al., 2021).
However, there still seems to be a gap in knowledge concerning differ-
ent hygiene indicator bacteria on different environmental surfaces and
equipment. Additionally, there is a lack of published studies compar-
ing different hygiene monitoring methods in industrial settings. There-
fore, the aims of the present study were to determine the efficacy of
C&D, and to evaluate the diagnostic performance of methods for
assessing surface hygiene in slaughter areas and adjacent meat pro-
cessing areas.

Materials and Methods

Study design. Two Swedish slaughterhouses were included in the
study: a small/medium-scale red meat slaughterhouse, slaughtering
approximately 100-120 swine and 25 cattle per day, and a large-
scale poultry slaughterhouse, slaughtering approximately 220,000
broilers per day, both with adjacent areas processing raw meat (includ-
ing cutting, meat preparation, and packaging facilities). Both slaugh-
terhouses use a rotation of alkaline and acidic chemicals for C&D,
and a low-pressure water pump (approximate pressure 28-35 bar)
for their application during C&D (Fig. 1). Neither of the slaughter-
houses uses forced ventilation to dry surfaces after C&D. Each slaugh-
terhouse was visited on six occasions before C&D, and on six occasions
after C&D. All visits before C&D were made after the end of the last
working shift, which was immediately before C&D (Monday after-
noon/evening), and all the visits after C&D were made before the start
of the morning shift (Tuesday morning). Sampling was carried out
from October 2020 to October 2021.

Identification of sampling points. The quality assurance staff at
the slaughterhouses were involved in the selection of sampling points.
When practically possible, surfaces known to be difficult to clean and/
or critical due to potential cross-contamination of the meat were
selected as sampling points. Both FCS and NFCS, including scald water,
were selected for sampling, with 11 sampling points in the red meat
slaughterhouse (6 in the slaughter area, 5 in the processing area)
and 10 sampling points in the poultry slaughterhouse (5 in the slaugh-
ter area, 5 in the processing area). In the red meat slaughterhouse, cat-
tle and swine were slaughtered in the same slaughter area, while only
beef was handled in the processing area. All sampling points were sam-
pled on each sampling occasion, before and after C&D procedures.

Sampling procedure and sample analysis. On each sampling
occasion, each sampling point, except scald water, was sampled with
three different methods: swabbing with sponge (Hydra-Sponge 1.5*3
inches Sponge w/10 mL Letheen broth, 3M Health Care, St. Paul,
USA)/swab (Swab-sampler with 10 mL D/E Neutralizing broth, 3M
Health Care, St. Paul, USA), dipslide (Envirocheck® Contact TVC,
Merck KGaA, Darmstadt, Germany), and ATP-bioluminescence tests
(Surface ATP/Water-Free ATP, Clean-Trace™ Test, 3M Health Care,
St. Paul, USA), on surfaces adjacent to each other (Fig. 2). Sampling
was performed aseptically. When possible on flat surfaces, sterilized
stainless steel frames were used to delineate an exact sampling area.
For practical reasons, different size frames were used for swabbing
with sponge/swab (100 cm?) and ATP-bioluminescence (25 cm?).
For sampling points with smaller areas, 25 cm? were swabbed with
sponge/swab. Five plucking fingers, one shackle, and five salt injector
needles were sampled on each occasion, and the total sampling area
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Figure 1. Flow chart of the general cleaning and disinfection procedures at the two slaughterhouses included in this study.

was estimated to be 100 cm?, 25 cm?, and 25 cm?, respectively). The
area of the dipslides was always 19 cm? The same individuals per-
formed all samplings during the study. The temperature of the scald
water was measured on one sampling occasion in each slaughterhouse.

After each sampling, the sponges, swabs, dipslides, and scald water
were transported in an insulated box with refrigerant gel packs to the
Biomedical Sciences and Veterinary Public Health laboratory at the
Swedish University of Agricultural Sciences, Uppsala, Sweden. The
temperature was checked upon arrival. Only samples with temperature
2-8°C were accepted for analysis, which began within 12 h after
sampling.

Swabbing and plating. The prehydrated sponges (7.6 by 4 cm)
were used for swabbing and enumeration of TAB and EB (Fig. 2A).
For practical reasons, cutting blades and salt injector needles were
sampled using a prehydrated swab sampler (Fig. 2B). Swabbing was
performed using firm and even pressure, with overlapping horizontal
and vertical strokes. Approximately 45 mL of scald water was collected
in a sterile plastic bottle from the upper part of the scald water tank,
before C&D (directly after slaughter finished) and after C&D (immedi-
ately before the next slaughter shift started).

In the laboratory, sponges were homogenized for 120 s at 240 rpm
(easyMIX Lab Blender, AES-Chemunex, Weber Scientific, Hamilton,
New Jersey, USA), while swabs and scald water were vortexed for
approximately 10 s. From each sponge/swab/scald water sample, a
10-fold serial dilution in 0.1% (v/v) peptone water (Dilucups, LabRo-
bot Products AB, Stenungsund, Sweden) was prepared. TAB were enu-
merated according to NMKL 86 (5th Ed. 2013). From the dilution
series prepared for each sample, 1.0 mL aliquots of each dilution were
plated on an aerobic count plate (3M Petrifilm™, 3M Health Care, St.

Paul, USA) and left to solidify. Plates were then incubated at 30 + 1 °C
for 72 = 3 h. Bacterial counts were preferably performed on plates
with 25-250 colonies and expressed as log CFU/100 cm?. The detec-
tion limit was 1.0 log CFU/area sampled, or for scald water 1.0 log
CFU/mL.

Analysis of EB was performed according to NMKL 144 (3rd Ed.
2005). The previously prepared 10-fold dilutions were used to esti-
mate EB counts in the samples. From each dilution, 1.0 mL was plated
on an Enterobacteriacae count plate (3M Petrifilm™, 3M Health Care,
St. Paul, USA) and left to solidify. Plates were then incubated at
37 = 1 °C for 24 + 2 h. Bacterial counts were preferably performed
on plates with 15-150 colonies, and the number of EB was expressed
as log CFU/100 cm? The detection limit was 1.0 log CFU/area sam-
pled, or for scald water 1.0 log CFU/mL.

Dipslide method. The dipslide test for total viable count (TVC)
was pressed firmly and evenly onto the surface to be sampled, and
then turned over and the second side was pressed in the same way next
to the first sampling site (Fig. 2C). After transport to the laboratory,
the dipslides were incubated in upright position at 37 = 1 °C and
checked for growth after 48 = 4 h. Colonies on both sides of the dip-
slide (19 cm? were counted, and the TVC was expressed as log
CFU/100 cm?.

ATP-bioluminescence method. To determine the level of cellular
material on surfaces, adenosine triphosphate (ATP)-bioluminescence
was used. The ATP level in scald water was measured with Water-
Free ATP tests. Before use, Surface ATP and Water-Free ATP tests were
kept in foil pouches to protect the ATP reagent from light and stored at
2-8°C. Approximately 24 h before sampling, they were moved to room
temperature (around 20°C) according to the manufacturer’s instruc-
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Figure 2. A) Swabbing conveyor belt with prehydrated sponge, B) swabbing cutting blade with prehydrated swab, C) pressing dipslide on conveyor belt and, D)

swabbing post-dehairing table with ATP-swab.

Table 1

Selected thresholds for clean surfaces regarding total aerobic bacteria (TAB), total viable count (TVC), ATP-bioluminescence (relative light units, RLU), and

Enterobacterales (EB)

Selected threshold/ Source
sz
TAB - swabbing & plating 2.5 CFU Ching et al. (2021); Griffith, 2005; Ninios et al. (2014)
TVC- dipslides 1.0 CFU Eurofins Food & Feed Testing Sweden AB (2021), based on Swedish Food Agency (1998)
ATP - bioluminescence 1.5 RLU Technical bulletin 3M™ Clean-Trace ™ Hygiene Monitoring and Management System (2019)
EB - swabbing & plating 1.0 CFU Gomez et al. (2012); Statutory Instruments (2002). The meat (Hazard Analysis Critical Control Point) (England)

Regulations 2002

tions. Each surface was swabbed with firm and even pressure, using
overlapping horizontal and vertical strokes, and at the same time,
the swab was rotated over its own axis (Fig. 2D). Water ATP swabs
used to measure the ATP levels in scald water were immersed com-
pletely under the liquid surface and shaken gently to remove possible
air bubbles. ATP levels were measured within 2 h of sampling by plac-
ing the swabs into the ATP monitoring device (Clean-Trace LM1, 3M
Health Care, St. Paul, USA). Results were recorded as relative light
units (RLU) within the system device range of 0-6.0 log RLU. Surface
ATP test results were expressed as log RLU/100 cm” and Water-Free

ATP test results as log RLU/145 pL = 15 pL (the volume of liquid
tested).

Thresholds for clean surfaces. To assess whether the estimated
number of bacteria or organic residues remaining on a surface after
C&D was acceptable, thresholds were selected for each sampling
method/bacterial group (Table 1). Due to lack of thresholds for clean
surfaces in current legislation, selected values were first chosen from
instructions from producers of the sampling materials used in the
study (3M Science Applied to Life, 2019; Eurofins Food & Feed
Testing Sweden AB, 2021). If such instructions were lacking, thresh-
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olds from the literature and in proposed legislation were used (Ching
et al., 2021; Gémez et al., 2012; Griffith, 2005; Ninios et al., 2014;
Statutory Instrument, 2002; Swedish Food Agency, 1998). The thresh-
olds used routinely in the two slaughterhouses were also considered.

Statistical analysis. To evaluate the reduction in bacterial and
ATP levels before and after C&D, R Studio software (RStudio version
1.2.1335) was used. To enable comparison of the methods, the results
were transformed into CFU/RLU per 100 cm? The values were log;o-
transformed and modeled using Anova. The factors sampling point,
occasion, and before/after were fixed factors in the model. Post hoc
tests were performed to determine significantly different mean levels
of bacteria before and after C&D for different sampling points, using
Tukey’s adjustment. Residuals were checked to confirm that they ful-
filled the assumption of normal distribution and equal variances. Dif-
ferences between mean values before and after C&D were deemed
significant at P < 0.05.

To evaluate the diagnostic performance of the dipslide and ATP-
bioluminescence methods, swabbing and plating for cultivation of
TAB was used as a reference method. Results were only included in
the comparison of methods when all three sampling methods were suc-
cessfully conducted at the same sampling point on the same sampling
occasion. The sensitivity and specificity calculations were according to
Bonita et al. (2006).

Values were considered true positives when results from the refer-
ence method and the dipslide/ATP-bioluminescence methods indi-
cated non acceptable level of cleanliness. Values were considered
true negatives when results from the reference method and the
dipslide/ATP-bioluminescence methods were considered to indicate
acceptable cleanliness. Values were considered false positives when
acceptably clean according to the reference method but non acceptable
according to the dipslide/ATP-bioluminescence methods. Finally, val-
ues were considered false negatives when not acceptably clean accord-
ing to the reference method, but acceptable according to the dipslide/
ATP-bioluminescence methods. Indicators of diagnostic performance
(accuracy, Ac; sensitivity, Se; specificity, Sp; positive predictive value,
PPV; negative predictive value, NPV; Cohen’s kappa agreement coeffi-
cient, k) were calculated using the statistical software MedCalc Soft-
ware Ltd (Ostend, Belgium). For Cohen’s kappa coefficient, a value
of x > 0.9 indicates almost perfect agreement, values between 0.8
and 0.9 indicate strong agreement, from 0.6 to 0.79 moderate agree-
ment, from 0.4 to 0.59 weak agreement, from 0.21 to 0.39 minimal
agreement, and from 0 to 0.2 no agreement (McHugh, 2012).

Results

In total, 626 samples were collected before (n = 313) and after
(n = 313) C&D procedures (these samples included scald water, the
results for which are presented separately). All sampling points could
not be sampled on all occasions, (e.g., when the cleaning staff started
to clean earlier than planned). Each sampling point was sampled on
4-6 occasions before and 4-6 occasions after C&D. All samples had a
temperature of 2-8°C on arriving at the laboratory and were accepted
for analysis. In both slaughterhouses, most surfaces were visually clean
after C&D, but traces of feces, feathers, meat, fat, etc. were observed on
some surfaces. The majority of the surfaces were wet at the time of
sampling, especially after C&D.

Total aerobic bacteria. In the red meat slaughterhouse, TAB could
be enumerated from 98% (57/58) of the samples taken before C&D
and 90% (52/58) of the samples taken after C&D. For the majority
(90%) of the samples after C&D, the bacterial numbers were lower
than in the corresponding samples before C&D. However, 10%
(6/58) of the samples had TAB levels 0.1-2 log higher after C&D, rep-
resenting samples from the post-dehairing table, the drain in the pro-
cessing area, and the soft conveyor belt (3/6, 2/6, 1/6 samples,
respectively). The greatest mean reduction (>3.0 log CFU/100 cm?)
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was recorded for the cutting board. Overall, for 52% (30/58) of the
samples taken after C&D from the red meat slaughterhouse, the values
were above the selected threshold for clean samples (2.5 CFU/cm?,
equal to 2.4 log CFU/100 cm?) (Table 1). For FCS, the values were
above this threshold for 40% (14/35) of the samples. The highest
mean values after C&D were observed for the drains, the post-
dehairing table, and the conveyor belt for pig organs, with the highest
individual bacterial count in one sample from the post-dehairing table
(6.9 log CFU/100 cm?). The table for cattle organs had the lowest
mean value after C&D (Table 2).

In the poultry slaughterhouse, TAB could be enumerated from all
samples (48/48) taken before C&D and 73% (35/48) of samples taken
after C&D. For the majority (92%) of the samples, the bacterial num-
bers were lower after C&D than in the corresponding samples before
C&D, but for 8% (4/48) of the samples, the values were 0.1-1.3 log
higher after C&D. These samples were from the shackles and lairage
floor (3/5 and 1/5 samples, respectively). The strongest C&D effect
was seen for the salt injector needles (> 3.0 log reduction). Overall,
46% (22/48) of the samples from the poultry slaughterhouse were
non acceptably clean (>2.4 log CFU/100 cm?). All samples of the
plucking fingers and shackles were non acceptably clean after C&D.
For FCS, 35% (13/37) were assessed as non acceptably clean. The
highest mean values after C&D were observed for the plucking fingers,
shackles, lairage floor, and drain, where one sample from the lairage
floor had the highest individual bacterial count (7.0 log CFU/100 cm?).
The lowest mean values after C&D were observed for conveyor belts,
cutting blade, and salt injector needles (Table 2).

In terms of C&D efficacy at the two slaughterhouses, the reduction
in mean TAB at the red meat slaughterhouse was 1.3 and 2.2 log
CFU/100 cm? in the slaughter and processing area, respectively. The
corresponding reductions in the poultry slaughterhouse were 1.3 and
2.8 log CFU/100 cm?, respectively. Moreover, the conveyor belts in
the poultry slaughterhouse had lower bacterial numbers after C&D
than the conveyor belts in the red meat slaughterhouse. A greater
reduction after C&D was observed in the processing areas, except the
drains, and the processing areas had more acceptably clean samples
compared with the slaughter areas in both slaughterhouses. In the
red meat slaughterhouse, the conveyor belts located in the processing
area had a higher number of acceptably clean samples and greater TAB
reductions than the conveyor belt located in the slaughter area. In the
poultry slaughterhouse, TAB could be enumerated after C&D on the
cutting blade in the slaughter area in 4/5 samples, but on the cutting
blade in the processing area in only 2/6 samples. Furthermore, the
mean TAB count after C&D was higher for the cutting blade in the
slaughter area than for the cutting blade in the processing area (1.6
and 0.8 log CFU/100 cm?, respectively), even though these sampling
points were very similar and the same C&D procedure was used. The
drains (in both slaughter and processing areas) and lairage floor were
non acceptably clean on most sampling occasions in both slaughter-
houses. The TAB reduction seen for two drains, one in the red meat
slaughterhouse (sampling point 5) and one in the poultry slaughter-
house (sampling point 21), was 2.4 log and 2.3 log, respectively, which
were among the greatest reductions observed in this study. However,
since the mean TAB values before C&D were very high (5.9-6.0 log
CFU/100 cm?), high bacterial levels still remained after the C&D pro-
cedure (Table 2).

Total viable count-Dipslide. In the red meat slaughterhouse, TVC
could be enumerated from 96% (52/54) of the dipslides before C&D
and from 35% (19/54) of the dipslides after C&D. A total reduction
in TVC on all dipslides was observed for the conveyor belts and the
trolley in the processing area. In 7% (4/54) of the dipslides, the values
were 0.2-1.3 log higher after C&D than on the corresponding dipslides
before C&D, representing dipslides from the post-dehairing table and
the cutting blade for carcasses (3/5, and 1/5 dipslides respectively).
In the slaughter area, the post-dehairing table, the drain, and the cut-
ting blade were considered nonacceptably clean (4/5, 1/5, and
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2/5 dipslides, respectively) (Table 2). All sampling points in the pro-
cessing area were considered acceptably clean after C&D, according
to the selected threshold (1.0 CFU/cm?, equal to 2.0 log CFU/100 cm?)
(Table 1).

In the poultry slaughterhouse, TVC could be enumerated from 98%
(44/45) of the dipslides before C&D and from 60% (27/45) of the dip-
slides after C&D. A complete reduction in TVC was observed on the
cutting blade for thighs on all dipslides. In 4% (2/45) of the dipslides,
which were from the shackles and the hard conveyor belt, the values
were 0.5 log and 1.0 log higher respectively after C&D than on the cor-
responding dipslides before C&D. The lairage floor had the highest
mean values after C&D and the lowest reduction. Almost half of the
samples (47%, 21/45) were considered non acceptably clean after
C&D. The cutting blade for bleeding, plucking fingers, shackles, and
lairage floor had the fewest acceptably clean samples and showed lim-
ited effect of C&D (<1.0 log reductions) (Table 2).

ATP-bioluminescence method. In the red meat slaughterhouse,
RLU values >0 were obtained for all samples before C&D (50/50)
and after C&D (50/50). Only one sample (drain in the processing area)
had a higher RLU value (0.2 log higher) after C&D than in the corre-
sponding sample before C&D. The greatest mean RLU reductions
(>3.0 log) were observed for the hard conveyor belt and the trolley,
both located in the processing area. The highest individual value after
C&D was obtained for one sample from the cutting blade for carcasses
(4.8 log RLU/100 cm?). The majority (82%) of the samples were con-
sidered non acceptably clean according to the selected threshold
a.s RLU/cmZ, equal to 2.2 log RLU/100 cm?) (Table 1). Higher mean
RLU values were observed in the processing than in the slaughter area
before C&D, but the reduction was greater in the processing area,
resulting in similar RLU levels after C&D in both areas. The trolley
was the only sampling point that was acceptably clean on all sampling
occasions (Table 2).

In the poultry slaughterhouse, RLU values >0 were obtained for all
samples before C&D (43/43) and for 98% (42/43) of the samples after
C&D. In 9% (4/43) of the samples, the values were 0.2-1.5 log higher
after C&D than in the corresponding samples before C&D. More than
half of the samples (65%, 28/43) were considered non acceptably
clean after C&D. The highest mean RLU values after C&D were
observed for the lairage floor and plucking fingers, with the latter hav-
ing the highest individual value in one sample (5.6 log RLU/100 cm?).
The only sampling point which was considered acceptably clean on all
sampling occasions was the salt injector needles. Other sampling
points with low mean RLU values after C&D were the hard conveyor
belt and the cutting blade for thighs in the processing area (<2 log
RLU/100 cm?) (Table 2).

Diagnostic performance of dipslide and ATP-bioluminescence
methods. In general, method accuracy, measured as agreement of
the dipslide and ATP-bioluminescence results with the reference
method (TAB), was higher for the poultry slaughterhouse than for
the red meat slaughterhouse. In the red meat slaughterhouse, sensitiv-
ity was very low (Se = 0.26) for the dipslide method, with 17 dipslides
from six different sampling points assessed as acceptable according to
the dipslide method, while the reference method assessed the level of
cleanliness at those points as non acceptable, indicating a high number
of false negatives. The ATP-bioluminescence method showed low
specificity in the red meat slaughterhouse (Sp = 0.30), in which 19
samples from seven different sampling points were assessed as non
acceptable according to the ATP-bioluminescence results while the ref-
erence method assessed the level of cleanliness as acceptable. Cohen’s
kappa () values indicated minimal level of agreement with the refer-
ence method for both the dipslide and ATP-bioluminescence methods
in the red meat slaughterhouse. In the poultry slaughterhouse, the x
values indicated that the dipslide method had moderate agreement
and the ATP-bioluminescence had weak agreement with the reference
method (Table 3).
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Enterobacterales. In the red meat slaughterhouse, EB could be enu-
merated from 66% (38/58) of the samples before C&D, with a mean
count of 2.3 + 0.5 log CFU/100 cm?>. After C&D, EB could only be enu-
merated from 7% (4/58) of the samples, all from the drains (1.6, 2.2,
2.2, 3.4 log CFU/100 cm?). The selected threshold for clean samples
(1.0 CFU/cm?, equal to 2.0 log CFU/100 cm?) (Table 1) was exceeded
in 5% (3/58) of the samples.

In the poultry slaughterhouse, EB could be enumerated from 88%
(42/48) of the samples before C&D, with a mean count of 2.6 + 0.5
log CFU/100 cm?. After C&D, EB could be enumerated from 25%
(12/48) of the samples, representing plucking fingers, shackles, lairage
floor, and drain (3/5, 3/5, 4/5, 2/6 samples, respectively). The
selected threshold for clean samples was exceeded in 19% (9/48) of
the samples. The highest EB values (>3.0 log CFU/100 cm?) were
observed in three samples (shackles and lairage floor).

Scald water. Before C&D, all scald water samples were visibly dirty
and had a strong smell. The mean TAB values before C&D were similar,
and the reductions in TAB and RLU were significant in both slaughter-
houses (Table 2).

In the red meat slaughterhouse, four scald water samples were ana-
lyzed before C&D and four samples after C&D. In all samples (8/8),
TAB and RLU values were above the detection limit, before and after
C&D. After C&D, two samples had TAB values >2.0 log CFU/mL
and one sample had a RLU value >2.0 log RLU/145 pL. Enterobac-
terales were detected in one of the samples before C&D, but not
detected in any of the samples after C&D. The temperature of scald
water was measured on one sampling occasion and was 60.3°C directly
after slaughter/before C&D and 44.5°C after C&D.

In the poultry slaughterhouse, five scald water samples were ana-
lyzed before C&D and five samples after C&D. Total aerobic bacteria
could be enumerated from all samples before C&D, and from four sam-
ples after C&D. RLU values >0 were obtained for all samples (before
and after C&D, 10/10), and three samples after C&D had RLU values
>3.0 log RLU/145 pL. EB could be enumerated from all samples
before C&D (mean 2.5 * 0.9 log CFU/mL), but not from any of the
samples after C&D. The temperature of scald water was measured on
one sampling occasion and was 53.7°C directly after slaughter/before
C&D and 44.3°C after C&D.

Discussion

Most surfaces sampled in this study were visibly clean after C&D.
However, this did not mean that bacteria were absent, which is in
agreement with previous findings (Khamisse et al., 2012). Moreover,
visible dirt was observed after C&D on some sampling points such as
plucking fingers and shackles, the uneven surfaces of which appear dif-
ficult to clean. These sampling points were considered non acceptably
clean and EB were detected in the majority of the samples after C&D.
This is consistent with previous findings that cleaned shackles and
plucking fingers are among the most contaminated surfaces in poultry
slaughterhouses (Garcia-Sanchez et al., 2017; Zeng et al., 2021). In the
poultry slaughterhouse examined in the present study, there was no
standard operating procedure (SOP) for cleaning and disinfecting the
shackles. They were close to other equipment that was cleaned and
disinfected, and thus were only cleaned unintentionally in situ (with-
out removal from the overhead conveyor system). Cleaning of shackles
in situ has previously been observed in another slaughterhouse
(Samapundo et al., 2019). This could explain the inadequate cleaning
of the shackles, which were dirtier after C&D than before on more than
half of the sampling occasions. The plucking fingers were included in
the SOP, but the quality assurance staff reported difficulties in cleaning
this type of irregular rubber surface. Moreover, the slaughterhouse did
not include sampling of plucking fingers and shackles in its hygiene
monitoring protocol, because these surfaces belong to the slaughter
area, which is considered a “dirty” area of the slaughterhouse. In gen-
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Table 3
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Diagnostic accuracy of the dipslide and ATP-bioluminescence methods compared with swabbing and plating for total aerobic bacteria (TAB) as the reference method.

Values in brackets indicate 95% confidence interval

Slaughterhouse Red meat Poultry

TVC-dipslide ATP-biol TVC-dipslid: ATP-bioluminescence
Total No. of samples 50 50 43 43
No. of nonacceptably clean samples 7 41 21 28
No. of nonacceptably clean samples with TAB 23 21
Accuracy 0.64 (0.49-0.77) 0.60 (0.45-0.74) 0.81 (0.67-0.92) 0.79 (0.64-0.90)
Sensitivity 0.26 (0.13-0.47) 0.96 (0.79-0.99) 0.81 (0.60-0.92) 0.95 (0.77-0.99)
Specificity 0.96 (0.82-0.99) 0.30 (0.16-0.49) 0.82 (0.62-0.93) 0.64 (0.43-0.80)

Positive predictive value
Negative predictive value
Cohen’s kappa agreement coefficient

0.86 (0.49-0.97)
0.60 (0.46-0.74)
0.24 (0-0.52)

0.54 (0.39-0.68)
0.89 (0.57-0.98)
0.24 (0-0.50)

0.81 (0.60-0.92)
0.82 (0.62-0.93)
0.63 (0.51-0.75)

0.71 (0.53-0.85)
0.93 (0.70-0.99)
0.58 (0.34-0.82)

eral, it was considered less important to clean the “dirty” area of the
slaughterhouse thoroughly and it was not included in the sampling
protocol. This goes against the hurdle concept, since ignoring contam-
ination of “dirty” areas presumes a sufficient reduction procedure for
carcasses before entering the clean side. Overall, the results showed
that the efficacy of C&D was better in the processing area than in
the slaughter area. This was observed e.g., when comparing the results
for the cutting blade for bleeding in the “dirty” slaughter area of the
poultry slaughterhouse with those for the cutting blade for thighs in
the “clean” processing area. Another example of an inadequately
cleaned surface was the lairage floor, presumably because of limited
time between the slaughter shifts at the poultry slaughterhouse,
caused by a high number of birds slaughtered each day, which left lit-
tle time for C&D procedures (2-4 h). There was only time for rinsing
feces and foaming with detergent before new birds arrived at the
lairage.

Visible dirt was observed after C&D on the post-dehairing table in
the red meat slaughterhouse. In half of the samples after C&D, this sur-
face had very high TAB values. High TAB count (3.8 log CFU/cm?) has
also been observed on post-dehairing tables in other studies (Rivas
et al., 2000). It is a major concern when such a FCS is insufficiently
cleaned, since it creates the risk of cross-contamination of meat
(Okpo et al., 2015; Samapundo et al., 2019). The red meat slaughter-
house included in this study had problems with high TAB values on pig
carcasses, which were believed to be caused by the insufficiently
cleaned post-dehairing table.

High TAB values were found for the drains and the conveyor belt
for pig organs after C&D in the red meat slaughterhouse. The conveyor
belt looked worn and displayed large scratches, which could harbor
bacteria. However, these surfaces were NFCS and were not as critical
for food safety as FCS. However, if NFCS such as drains still contain
a high amount of bacteria after C&D, a resident house microbiota
could be created. A particular L. monocytogenes strain has been found
to persist for many years in a drain in a Norwegian food processing
plant (Fagerlund et al., 2016). Remaining resident bacteria could be
transferred from NFCS to FCS when rinsing the drains if contaminated
aerosols land on nearby FCS such as conveyor belts (Saini et al., 2012).

Both conveyor belts located in the processing area of the poultry
slaughterhouse (sampling point 17 was smooth with lumps, sampling
point 18 was modular) were successfully cleaned. These surfaces had
similar TAB reductions to those reported for clean conveyor belts in
another study (Gémez et al., 2012), although it is unclear whether
the slaughterhouse examined in that study was for poultry or red meat.
The TAB reductions for the conveyor belts in the poultry slaughter-
house in the present study were higher than those observed in a beef
processing plant (Wang et al., 2018), which is surprising since that
study examined manual scrubbing and drying of surfaces, which
should improve the C&D procedure, compared to the present study
where in general, manual scrubbing was not used. In a beef processing
plant in another study, C&D of a conveyor belt in a cutting room did

not lead to a significant reduction in CFU, and large amounts of bacte-
ria were still present even after rigorous C&D (Khamisse et al., 2012).
In the present study, the level of cleanliness of the two conveyor belts
in the poultry slaughterhouse was deemed acceptable based on the
ATP-bioluminescence results, which were similar to those in another
study performed in a poultry slaughterhouse (Rodrigues et al.,
2018). In the present study, EB could not be detected on conveyor
belts after C&D, which is in agreement with the findings by Wang
et al. (2018). Possible reasons are that the cleaning staff prioritized
cleaning conveyor belts and that these particular FCS mostly had intact
surfaces without scratches. It should also be mentioned that, especially
in the processing area of the poultry slaughterhouse, the cleaning staff
were aware of the time and location of the sampling procedure, which
could have influenced the results.

Enterobacterales could be enumerated in more samples before C&D
in the poultry slaughterhouse than in the red meat slaughterhouse.
This may indicate that the poultry slaughtering process causes a higher
level of fecal contamination of surfaces than the slaughter of cattle and
swine. Greater amounts of E. coli, EB, and TAB on poultry meat com-
pared with pork and beef have been observed in a previous study
(Ghafir et al., 2008). This is most likely due to intestinal rupture dur-
ing slaughter occurring more often in poultry slaughter. Moreover,
more water is used when slaughtering poultry compared with slaugh-
tering cattle and pigs, which facilitates the spread of bacteria (Adams
& Moss, 1995; Ninios et al., 2014). However, the TAB reductions in the
present study were higher in the processing area of the poultry than in
the red meat slaughterhouse (2.8 vs. 2.2 log CFU/100 cm?), indicating
a stronger C&D effect. The slaughterhouses used similar C&D products
and procedures, except that the poultry slaughterhouse used 10-15°C
higher water temperature for the C&D procedure. Other factors that
could also have influenced the results included the type of meat, sur-
face, material, and wear and tear.

To enable evaluation of the performance of the dipslide and ATP-
bioluminescence methods in comparison with swabbing and plating
(TAB), acceptable thresholds had to be selected for each sampling
method to decide whether a surface could be considered acceptably
clean. Conventional swabbing and plating was chosen as reference,
because it is a widely accepted bacteriological method and can be used
to swab places difficult to reach (Griffith, 2016). It was not possible to
compare ATP-bioluminescence with EB, since the latter is more spe-
cific. It is important to emphasize that there are no standardized
thresholds for when a surface is sufficiently clean at the European or
national level (Sweden). Even the European standard, which should
be applied in sampling and analysis (SS-EN ISO 18593:2018), does
not mention thresholds or specify how to interpret the results. Thus,
each FBO selects thresholds based on trends measured over time and
different FBOs use different thresholds. In this study, the same thresh-
olds for evaluating cleanliness were used for both slaughterhouses, and
for both FCS and NFCS. However, a FBO may decide to accept a
greater amount of bacteria/organic debris on NFCS and use different
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thresholds on different surfaces. Based on the results of the present
study, lowering the threshold for the dipslide method and increasing
the threshold for the ATP-bioluminescence method should possibly
be considered for the red meat slaughterhouse. In this study, two
assessment outcomes were used (acceptably and non acceptably
clean), but some slaughterhouses also use marginal ranges with values
in between the acceptable and non acceptable values. It should be
noted that the greater sampling area in swabbing and plating could
also have impacted the microbial concentration compared with the
other methods studied.

The indicators of diagnostic performance used here have previously
been used in other studies comparing different methods for monitoring
cleaning and disinfection in food premises (Carrascosa et al., 2012;
Ching et al., 2021) and in health care settings (Luick et al., 2013). In
the present study, the dipslide method showed lower sensitivity
(Se = 0.26) and agreement (k = 0.24) in the red meat slaughterhouse
than in the poultry slaughterhouse (Se = 0.81, k = 0.63). Carrascosa
et al. (2012) observed similar agreement between dipslide and TAB
(contact plates) (k = 0.59) in dairies as seen in the poultry slaughter-
house in the present study. They also found that the dipslide method
detected fewer unacceptably clean surfaces than ATP-
bioluminescence. The lower sensitivity and agreement in the red meat
slaughterhouse could be due to the large difference between the
slaughter process for cattle/swine and poultry. The system in the poul-
try slaughterhouse was mainly automatic, where hanging rotating
blades cut the meat, while the system in the cattle/swine slaughter-
house was manual, using, i.e., cutting boards, which resulted in more
cuts/cracks in which bacteria could hide. The dipslides did not reach
those areas, which could be the reason for the high number of false
negatives for that method compared with swabbing and plating. This
suggests that dipslides may not be scientifically appropriate for draw-
ing conclusions pertaining to the efficacy of C&D and for determining
appropriate microbiological hygiene on cutting boards in cattle and
swine slaughterhouses. Other limitations with dipslides are that it is
difficult to ensure that the entire agar is pressed on the surface, risking
lower detachment of bacteria from the surface, and the lack of
mechanical pressure compared with swabbing, which may lead to less
bacteria being sampled from the surface. Furthermore, the dipslide
method is semi-quantitative, because it is difficult to quantify exactly
the number of bacterial colonies when large numbers of bacteria are
present, due to non dilution of the sample (Griffith, 2005). However,
dipslides are relatively cheap, easy to use, and can be incubated by
the FBO.

Low specificity was observed for the ATP-bioluminescence method
in both slaughterhouses (0.30 and 0.64 for the red meat and poultry
slaughterhouse, respectively). A previous study comparing ATP-
bioluminescence with TAB after C&D in a health care setting (Luick
et al., 2013) observed higher positive predictive value (PPV = 0.90)
and lower negative predictive value (NPV = 0.20) than in the present
study (PPV 0.54 and NPV 0.89 for the red meat slaughterhouse, and
PPV 0.71 and NPV 0.93 for the poultry slaughterhouse). This was
not surprising, since ATP-bioluminescence detects not only bacterial
cells but also other cells from organic debris such as blood cells, fat
cells, etc. This means that even if bacteria were killed during the
C&D process, remaining organic residues could still be detected on
the surfaces sampled. This was observed for the cutting blade for car-
casses, which was partly covered with burned residues after C&D,
which had low TAB values (1.5 log CFU/100 cm?) but high ATP values
(3.9 log RLU/100 cm?). Another issue to be aware of when using ATP-
bioluminescence is that, depending on the type of organic debris pre-
sent on a surface, the results vary greatly (Lane et al., 2020; Moretrg
et al., 2019). Therefore, this method should not be used to assess
microbial cleanliness, but can determine the efficacy of C&D, indicat-
ing whether or not a surface is clean (Griffith, 2016). Additionally,
ATP-bioluminescence is a fast method for monitoring cleanliness, since
it provides a result within seconds and thereby enables immediate cor-
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rective action, so it is very useful for monitoring C&D before slaughter
starts in the morning.

The scald water in the poultry slaughterhouse had higher TAB and
RLU values than that in the red meat slaughterhouse, both before and
after C&D. One explanation could be the lower temperature of scald
water in the poultry slaughterhouse. High bacterial loads pose a risk
of cross-contamination of carcasses submerged in the scald water.
Studies on the level of hygiene indicator bacteria in scald water during
the past 15 years are lacking and few samples have been analyzed in
previous studies. In two small-scale poultry slaughterhouses in South
Africa (Geornaras et al., 1995, 1997), scald water with similar temper-
ature as in the present study (52-54°C) sampled during production
(approximately 2 h after start-up) showed approximately 1.0 log
CFU/mL higher EB values, but 1.0 log CFU/mL lower TAB values than
scald water sampled in the poultry slaughterhouse in the present
study. In another previous study of a small-scale poultry slaughter-
house (Whyte et al., 2004), the levels of TAB and EB in scald water
before and after slaughter were approximately 1.0 log CFU/mL higher
than observed in the present study. Thresholds for an acceptable level
of cleanliness of scald water are lacking, so the scald water was
excluded from the comparative assessment of the different sampling
methods.

In conclusion, the results obtained in this study highlight the main
difficulties for FBOs using common hygiene monitoring methods for
assessing surface cleanliness after C&D. These include the risk of miss-
ing bacteria when using only dipslides and the difficulty of interpret-
ing the ATP-bioluminescence results, as this method does not only
measure the microbial load. Since our results indicate that neither
ATP-bioluminescence nor dipslides provide accurate estimates of
C&D efficacy when used separately, a possibility would be to combine
them. Swabbing and plating (TAB) could be used to verify the reliabil-
ity of the other methods. Additionally, there is difficulty in interpret-
ing the results of monitoring operations, due to the absence of
commonly agreed guidelines on when a surface is sufficiently cleaned.
It is also concerning that the slaughterhouses included in this study put
less effort into monitoring the cleanliness of FCS in slaughter areas,
even though these surfaces may constitute the greatest risk to meat
cross-contamination, considering direct contact with the product. This
may increase the risk of epidemiological spread of bacterial foodborne
pathogens to consumers.
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ARTICLE INFO ABSTRACT

Keywords: It is critical to maintain low levels of microbes in the whole food production chain. Due to high speed of
Ultraviolet light slaughter, lack of time, and structural characteristics of crates, sufficient cleaning and disinfection of crates used
Campylobacter for transporting chickens to abattoirs is a challenge. Inadequately cleaned transport crates for broiler chickens
Enterobacteriaceae

caused a major outbreak of campylobacteriosis in Sweden in 2016-2017, when the contaminated crates in-
troduced Campylobacter to the chickens during thinning. This study evaluated the antibacterial efficacy of 265-
nm ultraviolet (UV-C) LED light on artificially contaminated chicken transport crates. In a laboratory study, a
transport crate artificially contaminated with Campylobacter and cecum contents was irradiated with 265-nm
UV-C light by a continuous LED array in a treatment cabinet. The transport crate was sampled 52 times by cotton
swabs before and after UV-C treatment for 1 min (20.4 mJ/cm?) and 3 min (61.2 mJ/cm?). The swab samples
were analysed for Campylobacter jejuni (C. jejuni), bacteria belonging to the family Enterobacteriaceae, and total
aerobic bacteria. After irradiation with UV-C LED light for 1 min, a mean reduction in C. jejuni of log
2.0 + 0.5 CFU/mL was observed, while after irradiation for 3 min the reduction was log 3.1 + 1.0 CFU/mL.
The mean reduction in Enterobacteriaceae was log 1.5 * 0.3 CFU/mL after 1 min of irradiation and log
1.8 + 0.8 CFU/mL after 3 min. The mean reduction in total aerobic bacteria was log 1.4 + 0.4 CFU/mL after
1 min of irradiation and log 1.6 + 0.5 CFU/mL after 3 min. Significant reductions in bacterial load were
observed in all samples after UV-C treatment and extending the treatment time from 1 to 3 min significantly
increased the reduction in C. jejuni. However, before implementation of UV-C LED treatment in commercial
chicken abattoirs, the irradiation unit would need to be extended and/or the washing procedure before UV-C
treatment, to reduce the amount of organic matter on transport crates, would need to be improved.

Total aerobic bacteria
Transport crate

1. Introduction poisoning. In one example, contaminated chicken transport crates
caused a large outbreak of campylobacteriosis in Sweden in
2016-2017. The contaminated crates introduced Campylobacter to the

chickens during thinning, when part of the flock was delivered to

Campylobacteriosis is the most commonly reported bacterial gas-
trointestinal disease in humans in the United States, Australia, Sweden,

and other European countries. The most important risk factor for hu-
mans contracting campylobacteriosis is consumption of contaminated
chicken products (Australian Government Department of Health, 2019;
Center for Disease Control and Prevention, 2019; EFSA, 2017). It is
critical to maintain low levels of microbes in the whole food production
chain. Proper cleaning and disinfection is essential during the process,
to reduce the occurrence of pathogenic bacteria on production animals,
on food products, and on surfaces. This is of great importance, since
cleaning and disinfection shortcomings have been shown to cause food
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slaughter (Lofstedt, 2019). Studies show that pathogenic bacteria such
as Campylobacter spp. and Salmonella spp. can remain on chicken
transport crates even after cleaning and disinfection (Atterbury,
Gigante, Tinker, Howell, & Allen, 2020; Hansson, Ederoth, Andersson,
Vagsholm, & Engvall, 2005; Northcutt & Berrang, 2006; Peyrat,
Soumet, Maris, & Sanders, 2008; Slader et al., 2002). Bacteria belonging
to the family Enterobacteriaceae and total aerobic bacteria can be used
to assess general cleanliness and to detect pathogenic bacteria at the
abattoir (Haughton et al., 2011; Roccato et al., 2018). Various
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pathogens, total aerobic bacteria, coliforms, and E. coli have been
analysed to evaluate the efficacy of different disinfection methods on
transport crates for chickens (Atterbury et al., 2020; Berrang &
Northcutt, 2005; Hinojosa et al., 2018; Northcutt & Berrang, 2006).

The demand for innovative disinfection approaches in the food in-
dustry is increasing (Morales-de la Pefia, Welti-Chanes, & Martin-
Belloso, 2019). There are alternative methods based on physical dis-
infection, such as ultraviolet light (UV). The forms UV-A (400-320 nm)
and UV-B (320-290 nm) appear naturally as solar radiation, while UV-C
radiation (290-100 nm) occurs mainly in artificial light (Giordano &
Romano, 2015). It is known that UV-C light induces DNA damage in
bacterial cells (Cheigh, Park, Chung, Shin, & Park, 2012). Although
disinfection by conventional 254-nm UV-C light can be used to reduce
the amount of Campylobacter (Haughton et al., 2011; Haughton, Lyng,
Cronin, Fanning, & Whyte, 2012; Isohanni & Lyhs, 2009), the germi-
cidal effect should increase at a wavelength of 265 nm (Kowalski,
2009). Comparison of the germicidal effect of 265 and 280-nm LEDs
against E. coli in petri dishes showed that 265 nm was more efficient (Li,
Wang, Huo, Lu, & Hu, 2017). However, to the best of our knowledge,
there has been no research on the inactivating effect of 265-nm UV-C
light on Campylobacter.

The poultry industry is calling for alternative approaches for dis-
infecting transport crates for chickens, since the cleaning and disin-
fection methods currently used are insufficient to consistently reduce
Campylobacter and other bacteria. The aim of this study was to evaluate
whether 265-nm UV-C LED light can be used to reduce Campylobacter
Jjejuni (C. jejuni), Enterobacteriaceae, and total aerobic bacteria on
transport crates for chickens.

2. Materials and methods
2.1. LED light source

The UV unit used in the study was a WiSDOM DS (LED TAILOR
INNOVAT7ION, Salo, Finland) consisting of light-emitting diodes (LEDs),
housed in an enclosed steel cabinet with external dimensions
615 mm X 445 mm x 330 mm and internal dimensions
500 mm X 325 mm X 140 mm (length x width X height) (Fig. 1). The
internal dimensions represented the maximum size of the object to be
irradiated. The object was placed in the middle of the cabinet, on a glass
shelf at a distance of approximately 140 mm from the LEDs, which were
installed in the roof and floor of the cabinet. Full 360° irradiation was
ensured by the placement of the LEDs and reflective surfaces inside the
cabinet. Samples were irradiated with a continuous LED array (Crystal
IS, NY, USA) with wavelength 260-270 nm, an emission peak of
265 nm, and 12-nm bandwidth at full-width half maximum. The heat
produced by the complete light system was low and had no effect on the
test samples exposed to the UV-C light inside the cabinet. UV-C

Fig. 1. Part of a transport crate in the UV-C irradiation cabinet (WiSDOM DS,
LED TAILOR INNOVA7ZION, Salo, Finland). Internal dimensions of the cabinet
are indicated.
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intensity was measured with a Gigaherz-Optik UV 3719-4 optometer
(Gigahertz, Germany). The UV-C intensity was on average 0.34 mW/
cm? ( £ 0.06 mW/cm?) inside the cabinet, with good uniformity across
the whole irradiated area. The energy received by a sample was
20.4 mJ/cm* ( + 3.6 mJ/cm®) when irradiated for 1 min and 61.2 mJ/
cm? (+ 10.8 mJ/cm?) when irradiated for 3 min. The irradiation ca-
binet was equipped with a time control and safety features necessary
when working with high-intensity UV-C light.

2.2. Transport crates

A cleaned used chicken transport crate (Linco food systems, Trige,
Denmark) of the material high density polyethylene was donated by an
abattoir in Sweden. The upper surface of the crate was relatively
smooth but contained small scratches. It was also composed of multiple
holes (18 mm length X 7 mm width) to facilitate ventilation and re-
moval of feces during transport, and feces and water during cleaning
(Fig. 1). The crate was cut into four pieces with dimensions
480-500 mm X 240-300 mm (length x width) to fit into the LED
cabinet (Fig. 1). The upper surface of each of the pieces was measured
and divided by a line into two equal parts. One piece of the crate at a
time was submerged in a plastic box containing a mixture of chicken
cecum contents and C. jejuni (see section 2.3). A lid was placed on the
plastic box and the contents were mixed by tilting the box from side to
side 10 times, after which it was left to stand for 10 min. The crate was
then removed from the box and any visible caecal material on the
surface of the crate was removed. The caecal mixture on the surface of
the crate was evenly distributed with a sterile cotton swab pre-mois-
tened in the caecal mixture. Samples were then taken by gloved hand,
using a sterile cotton swab measuring 10 cm x 10 cm (Wellkang Ltd. t/
a Wellkang Tech Consulting Suite B, London, UK) moistened with
30 mL buffered peptone water (BPW) (Oxoid CM0509; Basingstoke,
UK). When swabbing the first part of the upper surface, the entire area
was swabbed with overlapping horizontal and vertical strokes. The
cotton swab was then placed in a sterile plastic bag, 90 mL BPW was
added, and the suspension was homogenized in a stomacher for
1 min at 240 rpm (easyMIX Lab Blender, AES-Chemunex, Weber Sci-
entific, Hamilton, New Jersey, USA). This sample served as an un-
treated control of the number of bacteria on the crates (A-samples). The
crate was then placed in the LED cabinet and treated by UV-C light for 1
or 3 min. After UV-C treatment, the other part of the crate was sampled
(B-sample) in exactly the same way as the control. A total of 52 un-
treated (A) + 52 treated (B) samples were collected from the crate
surfaces, 25 (A) + 25 (B) after treatment with UV-C light for 1 min and
27 (A) + 27 (B) after treatment with UV-C light for 3 min.

2.3. Bacteriological analyses

2.3.1. Quantification of C. jejuni

Analysis for C. jejuni was performed according to ISO 10272-2
(2017). Briefly, a 10-fold serial dilution in 0.1% (v/v) peptone water
(Dilucups, LabRobot Products AB, Stenungsund, Sweden) was prepared.
To ensure the possibility to estimate low numbers of Campylobacter,
1 mL from the initial suspension was distributed on the surface of four
regular (90 mm) plates of modified charcoal cephoperazone deso-
xycholate agar (mCCDA) (Oxoid, Basingstoke, UK). For the other dilu-
tions, 0.1 mL was surface plated onto each mCCDA plate. The plates
were incubated at 41.5 * 0.5 °C for 44 = 4 h in a jar with micro-
aerobic atmosphere generated by use of CampyGen™ (Oxoid,
Basingstoke, UK). A blood agar plate (National Veterinary Institute
(SVA), Uppsala, Sweden) with a C. jejuni strain (CCUG 43594) was also
placed in each jar, as a positive control of the microaerobic atmosphere.
After incubation, colonies characteristic of C. jejuni were quantified and
the number of Campylobacter was expressed as log CFU per mL. The
detection limit was log 1.0 CFU/mL.
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2.3.2. Quantification of bacteria belonging to the family Enterobacteriaceae

Analysis for bacteria belonging to the family Enterobacteriaceae was
performed according to NMKL 144 (3rd Ed. 2005). The previously
prepared 10-fold dilutions were also used to estimate counts of
Enterobacteriaceae in samples. From each dilution, 1.0 mL was mixed
carefully with 10-15 mL violet red bile glucose agar (VRBG) (Becton,
Dickinson and Company, Sparks USA) in a Petri dish and left to solidify,
and then an overlay of 5 mL VRBG was added. Plates were then in-
cubated at 37 + 1 °C for 24 + 2 h. Bacterial counts were performed
on plates with 15-150 colonies. Five colonies preliminarily identified as
Enterobacteriaceae were cultured on blood agar and incubated at
37 = 1°Cfor 24 + 2 h. Presence of bacteria belonging to the family
Enterobacteriaceae was confirmed by oxidase test and the number of
Enterobacteriaceae was expressed as log CFU per mL. The detection limit
was log 1.0 CFU/mL.

2.3.3. Quantification of total aerobic bacteria

Total aerobic bacteria was quantified according to NMKL 86 (5th
Ed. 2013). From the initial dilution series prepared for each sample,
1.0 mL aliquots of each dilution were mixed with 15-20 mL of plate
count agar (PCA) (Oxoid, Basingstoke, UK) and left to solidify, and then
an overlay of 5-10 mL PCA was added. Plates were then incubated at
30 = 1°Cfor 72 = 6 h. Bacterial counts were performed on plates
with 25-250 colonies and total aerobic bacteria was expressed as log
CFU per mL. The detection limit was log 1.0 CFU/mL.

2.4. Simulation of inadequately cleaned transport crates

Intestinal contents from 10 to 15 broiler caeca from Campylobacter-
negative flocks according to the Swedish Campylobacter program
(Hansson et al., 2007) were used to simulate caecal contamination of
transport crates. The caeca were stored at —20 °C and thawed by sto-
rage in the refrigerator the day before analyses. The caeca were cut into
1-2 cm pieces using sterile scissors and tweezers, placed in a bottle with
0.5 L BPW, a lid was added, and the bottle was shaken. The contents
were transferred to sterile plastic bags and homogenized for 1 min at
240 rpm in a stomacher. The contents of the bags were then poured into
a clean and disinfected 40 L plastic box. An additional 5 L BPW and
40 mL of an overnight culture of C. jejuni (CCUG 43594) in brain heart
infusion broth (BHI) (CM1135; Oxoid. Basingstoke, United Kingdom)
were poured into the plastic box.

2.5. Initial concentrations of C. jejuni, bacteria belonging to the family
Enterobacteriaceae, and total aerobic bacteria

The initial concentrations of bacteria in the caecal mixture con-
taining chicken caeca, the overnight culture of C. jejuni, and BPW were
quantified as described in section 2.3. Mean concentration of C. jejuni,
Enterobacteriaceae and total aerobic bacteria in the caecal mixture were
log 53 = 0.5 CFU/mL, log 52 =+ 0.3 CFU/mL, and log
6.1 = 0.5 CFU/mL respectively (Fig. 2).

2.6. Statistical analyses

The data obtained in the study were compiled and analysed using
Microsoft Office Excel and R studio (RStudio® version 1.2.1335 -
Windows 7+). Bacterial counts (CFU/mL) were log;o transformed.
Standard deviations of bacterial reductions following 1 and 3 min
treatments were calculated. Statistical significance was determined by
the paired t-test, which was performed for both treatment durations for
each of the three bacterial groups under investigation. The Welch two-
sample t-test was conducted to determine significant differences be-
tween treatment times. Differences before and after treatment, and
between treatment times, were deemed significant at p < 0.05.

Food Control 119 (2021) 107424

log CFU/mL
7

I C jejuni [ Enterobacteriaceae M Total aerobic bacteria

Fig. 2. Initial concentrations of C. jejuni, members of the family
Enterobacteriaceae, and total aerobic bacteria in the mixture used to simulate
caecal contamination of inadequately cleaned transport crates in the 52 ana-
lyses.

3. Results
3.1. Quantification of C. jejuni

The transport crate was irradiated 52 times and reductions in the
number of C. jejuni were observed in all swab samples. Following ir-
radiation of transport crate sections with UV-C light for 1 min, the mean
reduction in C. jejuni was log 2.0 + 0.5 CFU/mL. The concentration
varied between log 4.4 and 5.8 CFU/mL before treatment, and between
log 2.2 and 3.8 CFU/mL after treatment. A significant increase in the
reduction of C. jejuni was observed on extending the treatment time
from 1 to 3 min. In the treatment where the transport crates were ir-
radiated with UV-C light for 3 min, the mean reduction in C. jejuni was
log 3.1 * 1.0 CFU/mL. The concentration varied between log 4.5 and
7.1 CFU/mL before treatment, and between log 2.0 and 3.8 CFU/mL
after treatment, in that case (Fig. 3). The difference in the numbers of C.
Jjejuni on the crate before and after treatment with UV-C light was highly
significant (P < 0.0001) for both treatment times (1 min and 3 min).

Log CFU/mL
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Fig. 3. Concentration of C. jejuni in swab samples from an artificially caeca-
contaminated chicken transport crate taken: (A) before treatment and (B) after
irradiation with UV-C light for 1 or 3 min.

3.2. Quantification of bacteria belonging to the family Enterobacteriaceae

The transport crate was irradiated 52 times and reductions in bac-
teria belonging to the family Enterobacteriaceae were observed in all
swab samples. Countable numbers were present after treatment in all
samples except one, in which the amount was reduced below the limit
of detection after 3 min of irradiation. This value is excluded from
Fig. 4. Following treatment of transport crate sections with UV-C light
for 1 min, the mean reduction in Enterobacteriaceae was log
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Fig. 4. Concentration of bacteria belonging to the family Enterobacteriaceae in
swab samples from an artificially caeca-contaminated chicken transport crate
taken: (A) before treatment and (B) after irradiation with UV-C light for 1 or
3 min.

1.5 * 0.3 CFU/mL. The concentration varied between log 3.3 and
5.2 CFU/mL before treatment, and between log 2.2 and 3.6 CFU/mL
after treatment.

No significant increase in the reduction in Enterobacteriaceae was
observed on extending the treatment time from 1 to 3 min. Following
irradiation with UV-C light for 3 min, the mean reduction in
Enterobacteriaceae was log 1.8 =+ 0.8 CFU/mL. The concentration
varied between log 3.7 and 5.1 CFU/mL before treatment, and between
log 1 and 4.4 CFU/mL after treatment (Fig. 4). The difference in the
number of bacteria belonging to the family Enterobacteriaceae on the
crate before and after treatment with UV-C light was highly significant
(P < 0.0001) for both treatment times (1 min and 3 min).

3.3. Quantification of the total aerobic bacteria

The transport crate was irradiated 51 times and reductions in the
total aerobic bacteria were observed in all swab samples, while one
sample was excluded due to contamination. The number of bacteria
present was countable in all samples subjected to the treatment at both
treatment times. After treatment of the crate with UV-C light for 1 min,
the mean reduction in total aerobic bacteria was log 1.4 + 0.4 CFU/
mL. The concentration varied between log 5.2 and 6.2 CFU/mL before
treatment, and between log 3.8 and 4.6 CFU/mL after treatment. No
significant increase in the reductions in total aerobic bacteria was ob-
served on extending the treatment time from 1 to 3 min. In the treat-
ment where the crate was irradiated with UV-C light for 3 min, the
mean reduction in total aerobic bacteria was log 1.6 = 0.8 CFU/mL.
The concentration varied between log 4.9 and 5.5 CFU/mL before
Log CFU/mL

2
1min 3 min

o

Fig. 5. Concentration of total aerobic bacteria in swab samples from an artifi-
cially caeca-contaminated chicken transport crate taken: (A) before treatment
and (B) after irradiation with UV-C light for 1 or 3 min.
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treatment, and between log 2.7 and 4.8 CFU/mL after treatment
(Fig. 5). The difference in total aerobic bacteria before and after
treatment with UV-C light was highly significant (P < 0.0001) for both
treatment times (1 min and 3 min).

4. Discussion

Significant reductions in bacterial numbers were observed in all
samples after irradiation of the artificially caeca-contaminated trans-
port crate sections with 265-nm UV-C light. However, the bacterial
reductions observed were lower than those reported in other studies
examining the effect of 265-nm UV-C light on other bacteria and ma-
terials, e.g., suspensions of Salmonella spp. and Staphylococcus aureus in
petri dishes (Lee, Yoon, Park, & Ryu, 2018) and E. coli in petri dishes (Li
et al., 2017). In the present study, total inactivation of C. jejuni was not
achieved. One explanation could be a “shadow” effect caused by the
holes and cracks in the crate, in which the bacteria could have been
protected from irradiation (Hinojosa et al., 2018). The upper surface of
the crate was not completely smooth because it was composed of
multiple holes for ventilation and removal of feces. Additionally, the
surface consisted of small scratches from the claws of the chickens due
to its previous use. The “shadow” effect has been observed in experi-
ments performed on chicken meat (Haughton et al., 2011; Haughton,
Lyng, Cronin, Fanning, & Whyte, 2012). Another reason for the failure
to achieve total inactivation of C. jejuni could have been that the caecal
mixture in which the crate sections were submerged was opaque and
UV-light has low penetrating capacity (Ninios, Lundén, Korkeala, &
Fredriksson-Ahomaa, 2014).

It has been observed that the antibacterial efficacy of UV irradiation
treatment may depend on the initial concentration of bacteria (Isohanni
& Lyhs, 2009). In that case, the reduction in bacteria might have been
different if a lower concentration of bacteria had been used to simulate
inadequately cleaned transport crates in the present study. Interest-
ingly, the initial number of bacteria on the transport crate was at the
same level or lower than that found on naturally contaminated trans-
port crates from an abattoir in the UK (Atterbury et al., 2020).

Extending the treatment time from 1 to 3 min resulted in greater
reductions in C. jejuni of log 1.1 CFU/mL being observed, which was
statistically significant (p < 0.05). However, considerable numbers of
C. jejuni were still present on the transport crates after the 3 min
treatment (log 2.0-3.8 CFU/mL). No significant differences were ob-
served in Enterobacteriaceae or total aerobic bacteria when 1 and 3 min
treatments were compared. This might be due to Campylobacter being
more sensitive to UV-light than other Gram-negative bacteria asso-
ciated with poultry, such as E. coli and Salmonella Enteritidis (Haughton
et al., 2011; Murdoch, Maclean, MacGregor, & Anderson, 2010). In the
3 min treatment, the standard deviation in counts was higher for C.
jejuni than for Enterobacteriaceae and total aerobic bacteria. Fluctua-
tions in the amount of Campylobacter have been observed previously,
leading to the suggestion that Campylobacter is less robust to environ-
mental conditions than the other bacteria tested (Atterbury et al.,
2020).

As treatments to reduce Campylobacter, conventional 254-nm UV-C
light and 405-nm blue light have been studied. In studies where chicken
meat was irradiated with 254-nm UV-C light for less than 1 min, the
reduction in Campylobacter was only log 0.6-0.8 CFU/g (Haughton
et al., 2011; Isohanni & Lyhs, 2009). In another study, micro-plates
inoculated with Campylobacter and irradiated with 405-nm blue light
did not show any significant reductions when treated for less than 5 min
(Murdoch et al., 2010). This indicates that short treatment times using
conventional 254-nm UV-C light and 405-nm blue light may not be
sufficient to achieve acceptable reductions in Campylobacter.

Introducing UV-C light as a disinfection method at a commercial
abattoir could be a challenge, due to the high speed of slaughter and the
humidity of the crates. In one of the largest abattoirs in Sweden, around
50 million broilers are slaughtered per year, equivalent to five broilers
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per second. This means that the rate of cleaning and disinfection of
transport crates also has to be very high and that there is just a limited
time for any disinfection procedure. Disinfection of the crates is cur-
rently performed after the cleaning process, and the treatment only
takes a few seconds.

When using UV light for disinfection of objects, the energy received
by a sample depends on treatment time and distance from the light
source. In the present study, only 1 min was needed to reduce C. jejuni
by 2 log CFU/mL (0.02 J/cm?). To reduce C. jejuni by 2.3 log CFU/mL
on micro-plates with 405-nm blue light, 25 min (15 J/cm?) was needed
in a previous study (Murdoch et al., 2010). Levels of C. jejuni can be
reduced below the limit of detection when packaging materials and
food contact surfaces are irradiated for less than 1 min with 254-nm
UV-C light with similar energy dosage to that used in the present study
(Haughton et al., 2011). However, when porous material (polyethylene-
polypropylene) was tested in that study, the energy dose had to be
increased to reduce C. jejuni below the limit of detection. Since chicken
transport crates have a porous surface, this suggests that more LED
diodes should be added to the UV unit to increase the energy exerted on
the samples. This could be a way to achieve greater reductions in
bacteria without having to increase the treatment time.

To enable longer treatment times under commercial conditions, a
longer tunnel lined with UV-C LED lights, through which the crates
would pass during 1 min, could be built. However, this might be a
costly investment for the abattoir and not practically possible in a
commercial setting. Another solution could be to reduce the amount of
fecal matter, and thereby decrease the initial concentration of bacteria
on the crates, by improving the washing procedure prior to UV-C
treatment (Atterbury et al., 2020). Alternatively, the efficiency of the
UV-C unit could be improved by decreasing the distance between the
transport crate and the light source (Haughton, Grau et al., 2012; Lee
et al., 2018) or by adding more LED diodes.

5. Conclusions

Disinfection by UV-C light is not a new technology, but to our
knowledge it has not been used previously for cleaning and disinfection
of transport crates for chickens. Evaluation of the antibacterial efficacy
of 265-nm UV-C LED light on artificially contaminated chicken trans-
port crates in this study revealed significant reductions in C. jejuni,
Enterobacteriaceae, and total aerobic bacteria. Irradiation treatment for
1 or 3 min effectively reduced C. jejuni on the crates, although con-
siderable numbers of bacteria were still present on the crates after the
treatment. Thus UV-C LED light may have good potential for reducing
microbial loads on transport crates for chickens, but if UV-C light
treatment is used in abattoirs, the UV unit would need to be extended
and/or the washing process prior to UV-C treatment would need to be
improved.
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ABSTRACT

Campylobacteriosis is the most frequently reported foodborne illness in Europe and many other parts of the world.
Campylobacter can colonize the intestines of broilers, mostly in large amounts. Broilers are usually slaughtered in a high-speed
automated system that could cause rupture of the intestines during evisceration, resulting in contamination of carcasses with
intestinal bacteria like Campylobacter. This study evaluated the combined effects of ultrasound and steam (SonoSteam) on
naturally contaminated chicken carcasses at a large-scale abattoir in Sweden. Ultrasound at 30 to 40 kHz and steam at 84 to 85°C
or 87 to 88°C were used at slaughter, with a line speed of 18,000 birds per hour. The amounts of Campylobacter spp.,
Enterobacteriaceae, Escherichia coli, and total aerobic bacteria on neck skins from 103 chicken carcasses, sampled before and
after treatment by ultrasound-steam, were analyzed. Campylobacter spp. were quantified in 58 (56%) of the neck skins, from
birds belonging to four of the seven flocks represented. All 58 isolates were identified as Campylobacter jejuni. After the
ultrasound-steam treatment, the mean reductions in C. jejuni, Enterobacteriaceae, E. coli and total aerobic bacteria were 0.5 *+
0.8, 0.6 = 0.6, 0.5 = 0.6, and 0.4 = 0.7 log CFU/g, respectively. No significant differences in reduction between the two
different treatment temperatures were observed for any of the bacteria. Although the bacterial reductions were significant, large
amounts of bacteria remained on the carcasses after treatment. Further studies are needed to identify optimal measures at
slaughter to reduce food spoilage bacteria and pathogenic bacteria, which should be considered in a One Health perspective.

HIGHLIGHTS

¢ Ultrasound-steam treatment reduced the numbers of bacteria on broiler neck skin.

* Campylobacter was present at >3 log CFU/g on some treated chicken neck skins.
* Reductions in bacterial levels were greatest on carcasses with high initial amounts.
* Higher steam temperature did not result in higher bacterial reductions.

Key words: Broiler carcass; Campylobacter; Enterobacteriaceae; Escherichia coli; Total aerobic bacteria; Ultrasound-steam

Campylobacteriosis has been the most frequently
reported foodborne illness in the European Union since
2005 (6). During 2016 to 2018, almost 250,000 confirmed
cases were reported each year in Europe (6), although the
actual number of cases is estimated to be around 9 million
per year (7). The total costs related to campylobacteriosis in
the European Union are estimated to be around 2.4 billion
euros per year (7). Campylobacter is highly prevalent in
broiler flocks worldwide, and handling and consumption of
chicken and contaminated food present a high risk of
campylobacteriosis in humans (3, 73). In a baseline study

* Author for correspondence. Tel: (0046) 18672317; E-mail:
madeleine.moazzami@slu.se.
+ Shared first authorship.

performed in Europe in 2008, Campylobacter prevalence in
cecum samples was detected in 71% of flocks on average,
but it varied considerably (range, 2 to 100%) between
different countries (5).

Campylobacter can colonize the intestine of broilers,
often in very high amounts (up to 8 log CFU/g), without the
birds showing any symptoms of illness (71, 26, 27). The
prevalence of contaminated carcasses postchill has been
shown to increase with higher degrees of intestinal
colonization in the slaughter group (76). High concentra-
tions of Campylobacter on chicken meat are associated with
an increased risk of disease in consumers (77, 21). Risk
assessment studies have shown that the risk of consumers
developing campylobacteriosis would be reduced by 50% at
the European Union level if all broiler flocks met the
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microbiological criterion of <3.0 log CFU Campylobacter
per gram on neck skin (28).

In large-scale broiler processing plants, the slaughter
process is highly automated and occurs at very high speed.
This can cause rupture of the intestines during evisceration,
which can result in contamination of carcasses with
intestinal bacteria like Campylobacter. The numbers of
Campylobacter on carcasses from slaughter groups with
high levels of intestinal colonization have been shown to
increase 10-fold compared with those on Campylobacter-
positive carcasses from slaughter groups with no positive
cloacal samples (76).

Different interventions can be performed to reduce the
numbers of Campylobacter on broilers after slaughter. The
efficiency of steam as a disinfection method has been
evaluated in several studies (7, 15, 18, 29). Steam
pasteurization has been successfully used in a beef
processing plant (25) and has also been tested on broiler
carcasses (15, 18, 29). In some of those tests, the treatment
gave significant reductions (up to 3.3 log CFU/cm?) in the
numbers of Campylobacter on carcasses but also impaired
carcass quality (15, 29). Thus, there is still no solution to
this quality problem, and further research is needed (72). To
reduce the treatment time, a technology that combines
steam with ultrasound has been developed. The ultrasound
destroys the protective sublayer of air that is present around
all objects, facilitating rapid heat transfer. The steam can
then immediately reach the carcass skin. This technology
has been evaluated in a few studies and has been found to
reduce the numbers of Campylobacter on broiler carcasses
by 2.5 log CFU/mL (9), 1.0 log CFU/g (20), and 2.5 log
CFU per carcass (2).

The aim of the present study was to evaluate the effects
of full-scale ultrasound-steam treatment on broiler carcasses
naturally contaminated with bacteria in a slaughterhouse in
Sweden.

MATERIALS AND METHODS

Broiler flocks. In order to select appropriate broiler flocks,
flocks from producers with a previous history of often delivering
Campylobacter-positive flocks at slaughter and enrolled in the
Swedish Campylobacter program were selected (70). Some of the
flocks that were sent to slaughter had previously been tested (using
sock samples in the broiler house) for the presence of
Campylobacter 1 to 2 weeks before slaughter, as part of another
study (8). A total of seven flocks from six farms were included in
the present study, and 10 to 25 carcasses from each flock were
sampled.

Ultrasound-steam treatment. The SonoSteam equipment
(European patent EPO; 116 02 722 020.12113, FORCE Technol-
ogy/Sanovo Technology Group A/S, Brendby, Denmark) uses a
combination of ultrasound at 30 to 40 kHz (25 to 30 kHz) and
steam. In this study, steam temperatures of 84 to 85°C and 87 to
88°C were used. The ultrasound-steam chamber was installed at
the end of the slaughter line (Fig. 1) in a large-scale broiler
chicken processing plant in Sweden. The chamber was positioned
to allow whole carcasses on processing-line shackles to be treated
before chilling. The ultrasound waves were produced simulta-
neously with the steam. The chamber contained two rows of
nozzles, supplying steam for inside and outside treatment of the
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carcasses. The carcasses were treated for 1.2 to 1.5 s. After the
treatment, the carcasses were sprayed with water and chilled with
forced air for approximately 2.5 h.

Sample collection. Carcasses were randomly selected within
the flocks selected for the study, but only carcasses without visible
contamination and with a sufficient amount of neck skin were
sampled. The line speed at the slaughterhouse was around 18,000
birds per hour. The carcasses were removed from the slaughter
line and sampled before they entered the ultrasound-steam
chamber. For this, approximately 10 g of neck skin was cut
aseptically from the left or right side of alternate carcasses and
weighed. The carcasses were then each labeled with a red band
and placed back on the slaughter line. Each neck skin sample was
placed in a separate stomacher bag (Blender bags Standard 400,
Grade Products, Coalville, England) without transport medium
and was labeled with an individual number and the letter A. The
labeled carcasses were sampled in a similar way after treatment,
and the bags were marked with the individual number of the
carcass and the letter B. In this way, each carcass acted as its own
control. Owing to the high line speed and short distance between
the exit of the ultrasound-steam chamber and the entrance to the
chilling room, the second sampling had to be performed after the
chilling area and not immediately after ultrasound-steam treat-
ment. In total, neck skins from 103 individual carcasses were
sampled before and after treatment.

The samples were transported on the day of sampling, in an
insulated box with refrigerant gel packs, to the laboratory at the
Swedish University of Agricultural Sciences. The temperature was
checked upon arrival. Only samples with a temperature of 2 to 8°C
were accepted for analysis.

Bacteriological analysis. Samples were kept at a temperature
of 2 to 8°C at the laboratory until analysis, which began within a
maximum of 48 h after sampling at the processing plant. From
each sample, 10 g of neck skin was aseptically weighed and placed
in a stomacher bag, together with 90 g of buffered peptone water
(CM0509, Oxoid, Basingstoke, UK), and homogenized for 1 min
at 240 rpm (easyMIX Lab Blender, AES-Chemunex, Weber
Scientific, Hamilton, NJ). A 10-fold serial dilution of the fluid in
peptone water (salt from VWR, peptone from Oxoid) was then
prepared.

Enumeration and identification of thermotolerant Cam-
pylobacter spp. Quantification of thermotolerant Campylobacter
spp. was determined according to ISO 10272-2 (74). Modified
charcoal cefoperazone desoxycholate agars (mCCDA; CM0739,
Oxoid) were preincubated at 41.5 = 0.5°C for 30 min before use.
From the initial dilution, 1.0 mL was surface plated equally on
four mCCDA plates (9 cm in diameter). For further dilutions, 0.1
mL was surface plated on a single mCCDA plate. All plates were
incubated at 41.5 = 0.5°C for 44 *= 4 h in a microaerobic
atmosphere, using gas jars containing CampyGen sachets (Oxoid).
A blood agar plate (SVA, Uppsala, Sweden) with Campylobacter
Jejuni (CCUG 43594) was placed in each jar, for qualitative
control of the microaerobic atmosphere. After incubation for 44 *
4 h, colonies characteristic of Campylobacter were counted.
Bacterial counts were performed on plates with less than 150
colonies, and the number of Campylobacter bacteria was
expressed as log CFU per gram, with a detection limit of 1.0
log CFU/g.

When Campylobacter was detected, at least three typical
colonies from each agar plate were recultured on blood agar and
incubated at 41.5 = 1°C in a microaerobic atmosphere for 48 * 4
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FIGURE 1. Ultrasound-steam chamber installed in the slaughter line of a large-scale broiler chicken processing plant.

h. The colonies were then identified to species level using matrix-
assisted laser desorption ionization—time of flight mass spectrom-
etry (Bruker Daltonics, Billerica, MA).

Enumeration of bacteria belonging to the family Entero-
bacteriaceae. Enumeration of bacteria belonging to the family
Enterobacteriaceae was performed according to NMKL 144, 3rd
ed. (22), using the 10-fold serial dilution described above. A 1.0-
mL sample from each dilution was mixed carefully with 10 to 15
mL of violet red bile glucose agar (BD, Sparks, MD) in a petri
dish (9 cm in diameter) and left to solidify, and then an overlay of
around 5 mL of violet red bile glucose agar was added. The plates
were incubated at 37 * 1°C for 24 * 2 h. Bacterial counts were
performed on plates with 15 to 150 colonies. Five colonies
preliminarily identified as Enterobacteriaceae were cultured on
blood agar and incubated at 37 = 1°C for 24 = 2 h. The identity
of bacteria belonging to the family Enterobacteriaceae was
confirmed by oxidase test, and the number of Enterobacteriaceae
bacteria was expressed as log CFU per gram, with a detection limit
of 1.0 log CFU/g.

Enumeration and identification of E. coli. Enumeration of
Escherichia coli was performed according to NMKL 125, 4th ed.
(23). In brief, a 1.0-mL aliquot of each dilution in the initial
dilution series prepared for each sample was mixed carefully with
5 mL of tryptic soy agar (TSA; Oxoid) in a petri dish (9 cm in
diameter) and preincubated at room temperature (20 to 25°C) for 1
to 2 h. An overlay of 10 mL violet red bile agar (Oxoid) was then
added. After solidification, the plates were incubated at 44°C for
24 = 2 h. Bacterial counts were performed on plates with 10 to
100 colonies. Five colonies preliminarily identified as E. coli were

cultured on TSA agar and incubated at 37°C for 24 = 2 h. The
colonies were identified to species level using matrix-assisted laser
desorption ionization—time of flight mass spectrometry. The
number of E. coli bacteria was expressed as log CFU per gram,
with a detection limit of 1.0 log CFU/g.

Enumeration of total aerobic bacteria. Enumeration of
total aerobic bacteria was performed according to NMKL 86, 5th
ed. (24), on the same 10-fold serial dilution described above. A
1.0-mL aliquot from each dilution was mixed carefully with 15 to
20 mL of plate count agar (Oxoid) in a petri dish (9 cm in
diameter) and left to solidify. After agar solidification, the plates
were incubated at 30 * 1°C for 72 * 6 h. Bacterial counts were
performed on plates with 25 to 250 colonies, and the total aerobic
bacteria content was expressed as log CFU per gram, with a
detection limit of 3.0 log CFU/g.

Statistical analysis. The results were compiled and analyzed
using Microsoft Office Excel and R Studio (RStudio version
1.2.1335, Windows 7+). Bacterial counts (CFU per gram) were log
transformed. Standard deviations of bacterial reductions following
treatments were calculated. Statistical significance was determined
by the paired 7 test, which was performed for each of the four
bacterial groups studied. The Welch two-sample 7 test was conducted
to determine significant differences between the two treatment
temperatures (84 to 85°C and 87 to 88°C) for each bacterial group.
Analysis with simple linear regression was performed to determine
whether the initial amounts of Campylobacter, Enterobacteriaceae,
E. coli, and total aerobic bacteria on the neck skin influenced the
level of reduction achieved by ultrasound-steam treatment. Differ-
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ences before and after treatment and between treatment temperatures
were deemed significant at a P value of <0.05.

RESULTS

Enumeration and identification of thermotolerant
Campylobacter spp. Campylobacter was detected on 58
(56%) of the 103 neck skins tested, originating from four of
the seven flocks sampled. All 58 isolates were identified as
C. jejuni. One neck skin sample was found to be
contaminated with Campylobacter at 1.7 log CFU/g before
treatment, but no Campylobacter was quantified after the
treatment. Therefore, this sample was removed from the
statistical analysis.

The amounts of Campylobacter before treatment by
ultrasound-steam varied between 1.0 and 4.4 log CFU/g and
after treatment between 1.0 and 4.2 log CFU/g (Fig. 2). The
mean reduction in C. jejuni was 0.5 = 0.8 log CFU/g. A
reduction in C. jejuni after the ultrasound-steam treatment
was observed in 46 of the 58 samples, an increase was
observed in 7, and 4 of the samples did not show either any
increase or reduction. Samples with Campylobacter levels
above 3 log CFU/g consisted of 14 (24%) of the positive
samples before the ultrasound-steam treatment and 7 (12%)
after the treatment (Fig. 2). The difference in numbers of C.
Jejuni before and after the treatment was highly significant
(P < 0.0001).

Enumeration of bacteria belonging to the family
Enterobacteriaceae. The amounts of bacteria belonging to
the family Enterobacteriaceae before treatment by ultra-
sound-steam varied between 1.6 and 5.2 log CFU/g, while
after treatment, the amounts varied between 1.1 and 3.7 log
CFU/g (Fig. 3). In one pretreatment sample, the amount of
Enterobacteriaceae was not countable, and therefore, that
sample was removed from the analysis. The mean reduction
in Enterobacteriaceae was 0.6 = 0.6 log CFU/g. A

Flock 3
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FIGURE 2. Numbers of Campylobacter
jejuni bacteria on neck skins from broilers
in each of the four flocks that gave positive
samples before (4) and after (B) ultra-
sound-steam treatment.

Flock 4

reduction in the number of Enterobacteriaceae after
ultrasound-steam treatment was observed for 83 of the
100 samples, while an increase was observed for 16 of the
samples. In 17% of the samples, the number of Enterobac-
teriaceae was above 3 log CFU/g after treatment. The
difference in numbers of bacteria belonging to the
Enterobacteriaceae before and after treatment was highly
significant (P < 0.0001).

Enumeration of E. coli. The amounts of E. coli before
treatment by ultrasound-steam varied between 1.7 and 5.0
log CFU/g, and after treatment, the amounts varied between
1.7 and 4.2 log CFU/g (Fig. 3). The mean reduction in E.
coli was 0.5 * 0.6 log CFU/g. A reduction in E. coli after
the ultrasound-steam treatment was observed in 80% of the
samples, while an increase was observed in 20% of the
samples. After the treatment, the number of E. coli was
above 3 log CFU/g in 36% of the samples and above 4 log
CFU/g in 3% of the samples. E. coli was isolated from all
100 samples, both before and after treatment by ultrasound-
steam. The difference in numbers of E. coli before and after
treatment was highly significant (P < 0.0001).

Enumeration of total aerobic bacteria. The amounts
of total aerobic bacteria before treatment by ultrasound-
steam varied between 3.7 and 7.0 log CFU/g, and after
treatment, the amounts varied between 3.4 and 6.2 log CFU/
g (Fig. 3). The mean reduction in total aerobic bacteria was
0.4 = 0.7 log CFU/g. A reduction in total aerobic bacteria
after the ultrasound-steam treatment was observed in 77%
of the samples, while an increase was observed in 23% of
the samples. In 15% of the treated samples, the total aerobic
bacterial count was above 5 log CFU/g, and in two treated
samples, the count was above 6.0 log CFU/g. The highest
value before treatment was 7 log CFU/g, and the lowest
value after treatment was 3.5 log CFU/g. Total aerobic
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FIGURE 3. Distribution of bacteria be- 8
longing to the Enterobacteriaceae, E. coli,

and total aerobic bacteria on broiler neck

skins before (4) and after (B) ultrasound- 7
steam treatment.

log CFU/g
-

bacteria were found in all 103 samples both before and after
treatment. The difference in numbers of total aerobic
bacteria before and after treatment was highly significant
(P < 0.0001).

Different treatment temperatures. Ten of the 58
samples where C. jejuni could be enumerated were treated
at 84 to 85°C, and the remaining 48 samples were treated at
87 to 88°C. Of the 100 samples where E. coli and
Enterobacteriaceae could be enumerated, 34 were treated
at 84 to 85°C and 66 at 87 to 88°C. For total aerobic
bacteria, 34 samples were treated at 84 to 85°C and 69
samples at 87 to 88°C. No significant difference in the
reduction in any of the bacteria was observed between the
different temperatures (P = 0.1 to 1.0).

Reduction of bacteria. Analysis of C. jejuni with
simple linear regression showed that in general, there was a
weak correlation (R* = 0.27) between the levels of C. Jejuni
bacteria on the neck skin samples before the treatment and
the reduction achieved in this bacterial species (Fig. 4). The
regression model resulted in a weak positive slope (0.2) that
was statistically significant (P = 0.04, R* = 0.08). For the
other parameters, the correlation was stronger (R2 =0.7,0.6,
and 0.6 for Enterobacteriaceae, E. coli, and total aerobic
bacteria, respectively). The regression models for these
groups resulted in a positive slope (0.6, 0.6, and 0.7,
respectively) and were all highly significant (P < 0.0001;
R*= 0.4, 0.3, and 0.7, respectively).

DISCUSSION

The reduction in Campylobacter achieved by the
ultrasound-steam treatment in this study was not as high
as reported in previous studies. In a Danish study, the mean
reduction in Campylobacter on carcasses following ultra-
sound-steam treatment was around 1.0 log CFU/g (20). The
line speed in that slaughterhouse was, on average, 8,500
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chickens per hour, while in our study, it was 18,000
chickens per hour. Higher line speed meant that the
carcasses were exposed to the ultrasound-steam treatment
for a shorter period. Other studies have indicated that longer
treatment times result in higher reductions in bacteria (2, 9,
19). Ultrasound-steam treatment for 5 s on the inside of the
carcasses and 10 s on the outside has been found to result in
a reduction in Campylobacter of around 2.5 log CFU/mL
(9) or 2.5 log CFU per carcass (2). The reductions in total
viable bacteria also seem to be dependent on the duration of
treatment, with, e.g., increased treatment time from 0.5 to 4
s on pork skin resulting in a final reduction in total viable
bacteria of up to 3.3 log CFU/cm? (19). Other studies
examining steam pasteurization without the ultrasound
component have also found a relationship between longer
treatment times and higher reductions in bacteria (15, 29).

The ultrasound-steam equipment can produce steam at
up to 90 to 94°C. In this study, the temperature applied was
either 84 to 85°C or 87 to 88°C, because the spices used
later for some chicken products do not adhere properly to
carcass skin treated at temperatures above 90°C. We did not
find any significant difference in bacterial reductions
between the two different treatment temperatures. In some
cases, ultrasound-steam treatment at higher temperature has
damaged the skin of the carcass, altering the product quality
(2, 20), whereas in other cases, no visual changes have been
detected (9).

We found a weak correlation (P = 0.04) between the
initial concentration of Campylobacter and the reduction
achieved by treatment. However, this correlation was
stronger (P < 0.0001) for the other bacteria studied
(Enterobacteriaceae, E. coli, and total aerobic bacteria),
probably because it is easier to reduce the amount of
bacteria if the level is high from the beginning. Since the
samples in our study were obtained after treatment by
ultrasound-steam and air chilling, we cannot exclude the
possibility that air chilling contributed to the reduction in
bacteria. Other studies have shown varying results for the
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FIGURE 4. Results of simple linear regression. The horizontal axis indicates the levels of C. jejuni, Enterobacteriaceae, E. coli, and total
aerobic bacteria before the treatment, while the vertical axis shows the reductions (differences) in C. jejuni, Enterobacteriaceae, E. coli,
and total aerobic bacteria numbers after the ultrasound-steam treatment.

effect of air chilling on concentrations of bacteria. A
significant reduction of 0.4 log CFU/g due to air chilling
was found in one study (2), while another study found no
significant effect of air chilling by itself without ultrasound-
steam (20).

The increase in Campylobacter observed in seven
samples could be due to difficulties in enumeration of
Campylobacter because the amounts of the other bacteria
analyzed were reduced in these samples. Colonies of
thermotolerant Campylobacter, especially C. jejuni, tend
to spread, which results in difficulties in counting on some
mCCDA plates because of swarming of Campylobacter
colonies (ISO 10272-2 (14)). Another reason for the
increase in Campylobacter observed in some samples could
be variation in oxygen levels during transport, as Campylo-
bacter spp. are microaerophilic and the atmosphere during
transportation affects their survival. Although the reduction
in C. jejuni was significant in this study, there were still
large amounts of Campylobacter on the carcasses after
treatment, with 12% of the samples having levels that
exceeded 3 log CFU/g. It should be noted that the flocks
chosen for this study were delivered from broiler producers

that had previously often delivered chickens colonized with
Campylobacter to slaughter. According to the process
hygiene criterion for slaughter of broilers in the European
Union (4), slaughterhouses have to ensure that the amount
of Campylobacter bacteria on the neck skin does not exceed
3 log CFU/g, due to the risk of humans getting
campylobacteriosis. However, in this study, we quantified
the neck skins individually, whereas in the process hygiene
criterion, a pool of at least 15 neck skins is analyzed. If the
criterion is not fulfilled, the slaughterhouse must take action
to improve slaughter hygiene, review process controls,
identify the farm of origin, and review biosecurity measures
on the farm of origin (4).

This study examined full-scale ultrasound-steam treat-
ment of broiler carcasses naturally contaminated with
bacteria and found that the treatment achieved a significant
reduction (P < 0.0001) in bacteria, but the levels of bacteria
left on the carcasses after treatment were still high. Further
studies are needed to determine whether the effectiveness of
ultrasound-steam treatment is dependent on the duration of
treatment and/or the temperature of the steam. In a One
Health perspective, optimal measures must be implemented
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at slaughter to reduce the numbers of food spoilage bacteria
and pathogenic bacteria.
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