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CHAPTER I  

Introduction 

1. Livestock meat production 

The livestock sector is highly dynamic. According to FAOSTAT, global livestock meat 

production increased by 35% between 2000 and 2013 (Table I.1). During the same period, the 

greatest increases were seen in broiler (64%), pig (31%) and cattle (14%) meat production 

(Table I.1). (FAOSTAT, 2015). 

In the European Union (EU), livestock production increased by 2.6% between 2000 and 2013. 

In 2013, broiler and pig production comprised 74% of the European meat production. 

(FAOSTAT, 2015). Within Belgium in the same year, broiler and pig production represented 

85% of the total meat production (FAOSTAT, 2015).  

As the broiler and pig production contribute the most to the global, European and Belgian meat 

production, the focus in this thesis was on these two sectors. Both sectors are further discussed 

below. 

Table I.1: Livestock, broiler and pig meat production (tons) from 2000 - 2013 globally, in the European Union and Belgium, 

respectively. Evolution of production between 2000 and 2013 is given in percentage between brackets. Data was obtained 

from FAOSTAT (2015). 

 Global European Union Belgium 

 2000 2013 2000 2013 2000 2013 

Livestock 2.3×108 3.1×108 

(35%) 

4.3×107 4.4×107 

(2.6%) 

1.7×106 1.8×106 

(2%) 

Broiler 5.9×107 9.6×107 

(64%) 

8.2×106 1.1×107 

(28%) 

4.0×105 3.8×105 

(-5%) 

Pig 8.6×107 1.1×108 

(31%) 

2.2×107 2.2×107 

(3%) 

1.0×106 1.1×106 

(8%) 

Cattle 5.6×107 6.4×107 

(14%) 

8.4×106 7.4×106 

(-14%) 

2.8×105 2.5×105 

(-10%) 
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1.1.  Broiler production 

The broiler meat industry has had a great contribution to livestock production growth. Several 

factors have contributed to the success of the increasing broiler production: (i) genetic progress 

in poultry strains for meat and egg production; (ii) better understanding of nutrition 

fundamentals; and (iii) disease control (Ravindran, 2013). 

In 2013, the five biggest broiler meat producing countries were the United States of America, 

China, Brazil, Russian Federation and Mexico. Belgium was listed as 40th of the 207 countries 

in this ranking. Of the 28 EU countries listed, Belgium comes in at 8th (FAOSTAT, 2015). In 

addition, Belgium is one of the biggest exporters within the EU (VEPEK, 2012).  

In 2015, around 23 million broiler chickens were present in Belgium (Table I.2). In that same 

year, a total of 994 farms with ≥ 1000 broilers were found in Belgium (FOD Economie, 2015a). 

Of these farms, 75% and 25% were located in the Flemish and Walloon region, respectively. In 

Flanders, the number of broiler farms decreased while the number of broilers per farm increased 

between 2004 and 2013 (Figure I.1).  

Table I.2: Evolution of broiler chickens in Belgium (FOD Economie, 2015a). 

  2000 2009 2010 2011 2012 2013 2014 2015 

Number of broilers (x 1000) 24 498 20 659 21 899 23 084 22 705 23 285 21 161 23 838 

 

Figure I.1: Evolution of broilers and broiler farms in Flanders (LARA, 2015). *, estimation.  
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1.1.1 Broiler production chain 

Figure I.2 represents the position of broiler farms in the broiler production chain. The chain 

starts with the primary breeding sector comprising large international enterprises (e.g. Cobb-

Vantress, Aviagen and Hubbard). Primary breeders consist of pureline elite stock, great 

grandparents and grandparents generations. The progeny of these last flocks are highly efficient 

breeding lines (i.e. parent lines), which are then sold to specialised farms where breeders are 

housed (parent breeding farms). The parent breeders will produce hatching eggs for the broiler 

industry. These eggs are transported to the hatchery and subsequently placed in incubators. 

Eggs are then hatched into day-old chickens. Afterwards, day-old chickens are delivered to 

broiler farms (VEPEK, 2012). Recently, increasingly more eggs are hatched on-site in the 

broiler houses. Flocks are thinned around week 5 and remaining broilers are collected, placed 

into crates and transported to the slaughterhouse at week 6 (age around 38-40 days). 

 

Figure I.2: Overview of the broiler production chain (modified figure from VEPEK, 2012). 

1.1.2 Housing of broilers 

 Building 

In Belgium, broilers are generally reared in floor housing systems with bedding material (e.g. 

wooden shavings), where they can move freely. Standard houses have no windows and are 

Primary breeding farm

Parent breeding farm

Hatchery

Hatching eggs

Parent breeders

Broiler
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Day-old broilers
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ventilated with forced air. The walls and the roof are insulated and the floor consists of concrete 

(Scientific committee on animal health and animal welfare, 2000). Several feed chains and 

drinker lines are installed, covering the whole length of the house.  

Materials used in the broiler houses vary from house to house, but generally consist of concrete 

(e.g. floors and walls), plastic (e.g. feed pans and drinking cups), metal (e.g. feed chains and 

heating pipes), synthetic material (e.g. ventilation system, walls and roof), wood (e.g. 

ventilation system), etc..  

 Stocking density 

For farms with more than 500 broilers, stocking density in broilers houses should not exceed 

33 kg/m² (i.e. 15 broilers/m²). However, upon compliance with additional criteria concerning 

the ventilation system, heating, low mortality etc., a higher stocking density up to a maximum 

of 42 kg/m² (i.e. 19 broilers/m²) may be authorised (Anonymous, 2007).  

 Temperature, relative humidity and ventilation 

The temperature in broiler houses is maintained around 33 – 35 °C on arrival of the day-old 

chicks. From the fourth week until slaughter age, the temperature may decrease up to 3 – 4 °C 

weekly, resulting in a final temperature around 20 – 22 °C (Table I.3). Relative humidity should 

be minimum 40% and maximum 70% (Van Gansbeke and Van den Bogaert, 2011). The 

ventilation system, i.e. air inlets and outlets, is designed to provide and spread fresh air 

throughout the animal house and to decrease relative humidity, toxic gasses (e.g. CO2, NH3, 

H2S) as well as any unpleasant odours (e.g. indole). The ventilation system should provide a 

minimum of 3.6 to 4 m3 of fresh air per kg body weight and hour (Scientific committee on 

animal health and animal welfare, 2000). 
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Table I.3: Recommended ambient temperature and relative humidity (RH) according to the age of broilers (adjusted from 

Van Gansbeke and Van den Bogaert, 2011). 

Age (days) Recommended 

ambient temperature 

% RH 

1 33-35 50-60 

3 33-35 50-60 

7 30-31 55-65 

14 26-28 <70 

21 23-26 <70 

28 20-24 <70 

35 20-33 <75 

40 20-22 <75 

1.2. Pig production 

Globally speaking, 36% of meat production in 2013 was obtained from pigs (FAOSTAT, 2015). 

Belgium is situated at number 17 of the 189 pig producing countries worldwide. In the EU, 

Belgium is one of the top ten pig producing countries (FAOSTAT, 2015).  

The number of fattening pigs (> 50 kg) in Belgium increased by 174 000 between 2000 and 

2014 (Table I.4). In total, 4 727 pig farms were present in Belgium in 2015, of which 87.7%, 

and 12.3% were situated in the Flemish region and Walloon region, respectively (FOD 

Economie, 2015b).  

Table I.4 Evolution of fattening pigs in Belgium (FOD Economie, 2015a). 

  2000 2009 2010 2011 2012 2013 2014 

Number of fattening pigs 

>50 kg (x 1000) 
2 749 2 799 2 882 2 955 3 051 3 075 2 923 

In the Belgian pig industry, the same trend was observed as in the broiler industry: numbers of 

pigs per farm are increasing while the number of farms are decreasing (Figure I.3).  

In 2014, Belgium was situated in the top 5 exporters of pig meat in the EU and top 10 worldwide 

(VLAM vzw - Belgian meat office, 2015).  
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Figure I.3: Evolution of pigs and pig farms in Flanders (LARA, 2015). 

1.2.1 Pig production chain 

In the pig industry in Europe, three types of farms can be identified: (i) breeding farms, (ii) 

fattening farms and (iii) farrow-to-finish farms. On breeding farms, sows produce piglets that 

are subsequently moved to fattening farms after the nursery period. At the fattening farms, 

piglets are fattened until slaughter age. Farrow-to-finish farms produce piglets, that are fattened 

on-site (Figure I.4) (FOD Economie, 2015c). In Belgium, fattening pigs are slaughtered at 

around 115 kg of live weight. Several hybrid systems between the three described systems also 

exist. 

Sows and piglets can be found in different units: breeding, gestation and farrowing units on the 

one hand and farrowing, nursery and finishing units on the other hand. First, sows are 

inseminated in the breeding units. During gestation, sows are placed for 15 – 16 weeks in the 

gestation units (which can be in combination with the breeding unit). From 1 January 2013 

onwards, pregnant sows must be group housed during a period from 4 weeks of gestation to 1 

week before the expected farrowing date (Anonymous, 2009). One week before farrowing, 

sows are moved to the farrowing units where they stay until weaning of the piglets (3 – 4 weeks; 

lactation period). After weaning, piglets are then moved to nursery units where they stay for 5 
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Figure I.4: Overview of the pig production chain. 

1.2.2 Housing of piglets 

As the focus of this thesis is cleaning and disinfection (C&D) of pig nursery units (in addition 

to broiler houses), the housing of weaner pigs is described. 

 Building 

The design of pig nursery units is highly variable between pig farms. Fully or partly slatted 

floors are widely used in pig nursery units throughout the EU. Excreta from pigs can fall through 

these slatted floors and be stored in a physically separate place from that occupied by the 

animals (Scientific panel on animal health and welfare, 2005). In case of concrete slatted floors, 

the maximum width of the openings is 18 mm and the minimum slat width is 50 mm 

(Anonymous, 2009). Slatted floor systems are also available in plastic (-coated), steel and 

aluminum. A nursery unit can be divided into several pens by low separation walls (e.g. metal, 

plastic). Each pen contains feed (e.g. metal, plastic, wood) and water (e.g. metal) dispensers. In 

addition, enrichment materials (e.g. chains) should be available for the piglets.  

 Stocking density 

In pig nursery units, an unobstructed floor area of 0.20 and 0.30 m² is required per piglet of 10 

- 20 kg and 20 - 30 kg, respectively (Table I.5). 
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Table I.5: Minimal unobstructed floor area that must be available for each weaner or rearing pig kept in a group, excluding 

gilts after service and sows (Anonymous, 2009). 

Live weight (kg) Unobstructed floor area (m²) 

Not more than 10 0.15 

More than 10 but not more than 20 0.20 

More than 20 but not more than 30 0.30 

More than 30 but not more than 50 0.40 

More than 50 but not more than 85 0.55 

More than 85 but not more than 110 0.65 

More than 110 1.00 

 

 Temperature, relative humidity and ventilation 

The temperature in pig nursery units is about 28 °C upon arrival of the weaned piglets. Once 

the piglets reach a weight of 20 kg, the temperature is decreased to 22-23 °C (Varkensloket, 

2012). A relative humidity between 50 and 80% in pig houses is advised (Van Gansbeke et al., 

2009).  

Ventilation in pig nursery units is of great importance to reduce toxic gases as these may cause 

respiratory diseases in pigs and are harmful for the environment. During the winter, 

recommendations for ventilation are 0.35 - 0.40 m³ per kg body weight and hour and during the 

summer 1.60 - 2.10 m³ per kg body weight and hour, as more heat and water vapour (produced 

by the pigs) must be removed (Madec et al., 2003).  

2. Prevention of the introduction and spread of infectious agents on 

farms (biosecurity) 

Biosecurity includes all measures preventing pathogens from entering a herd (i.e. external 

biosecurity) and reducing the spread of pathogens within a herd (i.e. internal biosecurity) 

(Amass and Clarke, 1999). Biosecurity in animal production is key for both farm management 

(e.g. disease prevention) and meeting consumer demands concerning food safety. Good hygiene 

practices on farms can reduce the risk of introduction and spread of animal diseases and 

infectious agents that are transmittable from animals to humans (zoonoses). These infectious 

agents not only lead to disease outbreaks resulting in suboptimal production and flock mortality, 

but also to an increase of veterinary costs and condemnation rates as well as animal welfare 

issues. All of this leads to high economic losses for the farmer (Jung and Rautenschlein, 2014) 

and in case of epidemic diseases, preventive measures such as quarantine or even destruction 
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of animals (Gelaude et al., 2014). It is therefore of great importance to prevent disease outbreaks 

through biosecurity measures rather than cure them (Gelaude et al., 2014; M Laanen et al., 

2014).  

2.1. External biosecurity 

External biosecurity can be divided into different categories, such as purchase of animals; 

removal of manure and dead animals; feed, water and equipment supplies; personnel and 

visitors; biological vector control; and location of the farm (Gelaude et al., 2014; Laanen et al., 

2014).  

2.1.1 Purchase of animals 

Direct contact between infected animals (e.g. through skin contact) or excretions (saliva, milk, 

urine, manure, etc.) of infected animals and susceptible animals is an efficient way to introduce 

diseases (Amass and Baysinger, 2006). To limit the risk of introducing pathogens, it is 

important that animals are purchased from a farm having the same or higher sanitary status. 

The same applies for the purchasing of semen. In addition, when animals are purchased, they 

should preferably be quarantined, during which time they should be observed and tested for 

possible infectious diseases (Kraeling and Webel, 2015). 

2.1.2 Removal of manure and dead animals 

Dead animals are often a source of pathogens, as they may have died due to an infection, and 

should be removed as quickly as possible (Gelaude et al., 2014). 

Collecting manure and cadavers by transport lorries is a risk for introducing pathogens because 

these vehicles enter many farms (Doyle and Erickson, 2006; Fritzemeier, 2000; Hege et al., 

2002). It is therefore recommended that vehicles, or at least their wheels, are disinfected before 

entering the farm (Casal et al., 2007; Gelaude et al., 2014; Lister, 2008). 

2.1.3 Feed, water and equipment supplies 

Feed is generally produced under strict hygienic procedures, but several studies have shown 

that contaminated feed may be linked to the occurrence of pathogens in animal houses (Davies 

et al., 2004; Dee et al., 2014; Fink-Gremmels, 2012; Morgan-Jones, 1981). Feed producers 

have studied a variety of treatments to decontaminate feed, including chemicals, heat and 

irradiation (Doyle and Erickson, 2006). 



INTRODUCTION 

12 

  

In addition to feed, drinking water can be a source of infectious agents (Herman et al., 2003; 

Heyndrickx et al., 2002; Nyachoti and Kiarie, 2010). Water can be contaminated by dust, 

faeces, wildlife or rodents, hence it is important to store drinking water in closed reservoirs 

(Lister, 2008). Also, the formation of biofilms in water pipes can lead to contamination of water. 

Sharing of equipment between farms can be a risk factor for spreading diseases as well (Brennan 

and Christley, 2012). 

2.1.4 Personnel and visitors 

People have been proven to act as mechanical vectors, i.e. vectors that can pick up infectious 

agents and transmit them through physical contact (EFSA, 2016), of several pathogens 

(Heyndrickx et al., 2002). It is therefore advised to restrict access for visitors, including 

veterinarians, and limit the number of animal care takers per animal house (Herman et al., 2003; 

Refrégier-Petton et al., 2001). Farm workers and visitors should comply with all biosecurity 

measures regarding washing hands and farm-specific clothing and boots (Amass, 2000). 

Moreover, basic measures such as a hygiene lock (e.g. dressing room) are strongly 

recommended. Disinfectant footbaths on farms are often highly contaminated with organic 

material because of improper use. Footbaths, if used inappropriately, may be a risk of pathogen 

spread rather than a preventive measure (Amass, 2000). Removing all visible manure by 

scrubbing, followed by soaking the boots in a clean disinfectant bath for a time period according 

to the disinfectant manufacturer is effective for disinfecting boots (Amass, 2000).  

2.1.5 Biological vector control 

 Vermin 

Several studies showed that vermin can be an important vector of pathogens (Dewaele et al., 

2012b; Hald et al., 2004; Meerburg et al., 2007). 

An important example are flies, which are potential reservoirs and transmitters of several 

bacteria such as Salmonella (Dewaele et al., 2012b; Holt et al., 2007; Olsen and Hammack, 

2000), Campylobacter (Hald et al., 2004; Szalanski et al., 2004), E. coli O157:H7 (Szalanski 

et al., 2004) and Staphylococcus aureus (Owens et al., 1998).  

Also rodents are recognised as important biological and mechanical vectors for pathogens. 

House mice (Mus musculus) and brown rats (Rattus norvegicus) are the most common rodent 

species on farms (Backhans and Fellström, 2012). Literature showed that wild rodents can carry 

pathogens such as Salmonella, Campylobacter, methicillin resistant Staphylococcus aureus 
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Lawsonia intracellularis, Brachyspira hyodysenteriae and Yersinia, and can act as transmitters 

to production animals on farms (Backhans and Fellström, 2012; Dewaele et al., 2012b; Pearson 

et al., 2016; Pletinckx et al., 2013; van de Giessen et al., 2009). In order to limit rodent nesting, 

feed should be stored in a vermin-free place and buildings should be rodent proof. Other rodent 

control methods include rodenticides and traps. Using cats for rodent control is not advisable 

as the cats may transmit diseases as well (Dewaele et al., 2012b; Kinde et al., 1996). 

 Wildlife 

Besides vermin, wild birds can play an important role in the spread of diseases on farms, 

especially on free-range farms. Several studies showed that faeces of wild birds can be 

contaminated with pathogens such as Salmonella Enteritidis (Davies and Breslin, 2001) 

Campylobacter jejuni (Hiett et al., 2002; Stern et al., 1997) and Escherichia coli (Pearson et 

al., 2016). 

Wild boars (Sus scrofa) can harbour many important infectious agents that are transmissible to 

domestic pigs and other animal species, such as classical swine fever, Aujeszky disease, 

brucellosis and trichinellosis (Meng et al., 2009). As wild boar populations are growing and 

spreading in several European countries (Apollonio et al., 2010) including Belgium, the risk of 

disease transmission through direct (contact with other animals) or indirect (air or other vectors) 

contact with farm animals increases, especially on outdoor and organic farms. 

 Pet animals 

Pet animals can be infected by pathogens by consuming infected mice, carcasses or by contact 

with a contaminated environment. Kijlstra et al. (2004) showed that cats can be a risk for 

Toxoplasma infection on pig farms. Desrosiers (2011) indicated that Brachyspira 

hyodysenteriae can be transmitted by dogs to pigs. In addition, Salmonella has been isolated 

from dog faeces (Dewaele et al., 2012b; Leonard et al., 2011). Because of these observations, 

it is important to prevent contact between pets and farm animals. 

2.1.6 Location of the farm 

Airborne transmission of pathogens is possible through several distance related factors such as: 

other near farms and backyard animals (Lister, 2008; Van Steenwinkel et al., 2011), animal 

transport on public roads (Graham et al.; Vieira et al., 2009) and litter spread on nearby arable 

lands (Lister, 2008). If the farm is located near wild boar populations, preventive measures 

should be carried out, e.g. building fences. 
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2.2. Internal biosecurity 

Internal biosecurity measures aim at prevention or reduction of spread of pathogens within the 

herd. These measures can be divided into different categories, such as farm management, 

compartmentalisation, implementing working lines, disease management and cleaning and 

disinfection (Backhans et al., 2015; Gelaude et al., 2014; Postma et al., 2015). In addition, 

several categories of external biosecurity (e.g. removal of dead animals and measures for pet 

animals, personnel and visitors) are also part of internal biosecurity measures. 

2.2.1 Farm management 

On farms, an all-in/all-out system (for each phase/unit) is recommended, whereby premises are 

emptied, cleaned and disinfected between production cycles to limit the contact between the 

arriving animals and the dust, manure and debris of the previous round. 

Ideally the farm premises are divided into clean and dirty areas (Figure I.5) with clearly 

identifiable clean-dirty barriers. Allocation of ‘clean’ and ‘dirty’ areas is farm dependent, but 

in general a ‘clean’ area is the area around and part of the production site with restricted access 

and a ‘dirty’ area comprises the cadaver storage facility and the farm entrances for employees, 

visitors and external transport vehicles. Several clean-dirty locations on farms are discussed 

below. The location and design of the loading bay should ensure that external vehicles arrive 

and stay at the dirty entrance of the farm. Another example is the changing room on farms: the 

dirty zone is where the employees and visitors enter the room, store their personal clothes and 

shoes and wash/disinfect their hands; and the clean zone is where farm specific overalls and 

boots are put on. On farms with high hygiene standards, showering is mandatory before entering 

the clean zone. The two zones should preferable be separated by a physical barrier. 

Finally, cross-over between the dirty road/traffic (e.g. feed deliveries) and clean road/traffic 

(employee cars) should be avoided and the number of visitors should be limited to minimise 

introduction of pathogens. 
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2.2.2 Compartmentalisation  

On pig farms, animals should be housed in separate premises according to age (i.e. farrowing, 

nursery and fattening units) in order to minimise disease transmission between the older animals 

(least susceptible) and young piglets (most susceptible). For each age group, clothing and boots 

should be provided to prevent contamination with excreta, and equipment such as shovels and 

brushes should be available. It is advised to wash and disinfect hands between units. 

2.2.3 Working lines 

Applying working lines or routes on farms, with the youngest age group (most susceptible) at 

the beginning and the oldest (least susceptible) and diseased at the end, helps to prevent transfer 

of pathogens to susceptible animals.  

2.2.4 Disease management 

It is important to separate diseased pigs (possible sources of infectious agents) as soon as 

possible from healthy pigs and isolate them in closed sickbays.  

In addition, it is discouraged to return piglets with retarded growth to a susceptible younger age 

group, as they are likely to be carriers of pathogens. If these piglets are very weak and 

considered not to become profitable fattening pigs, euthanasia is a better choice. The same 

applies for broilers: it is advised to euthanize severe sick broilers, as they may never be a broiler 

Figure I.5: An example of clean and dirty areas on a farm 

(modified from Blaken (2008)). 

 



INTRODUCTION 

16 

  

of good quality, due to the short production cycle, and may be a source of infection for healthy 

broilers. Therefore it is important to check the broiler houses regularly for sick animals. In 

addition, a high stocking density may increase the spread of infectious agents rapidly, hence it 

is advised to rear broilers in lower stocking densities. 

Moreover, implementing an effective vaccination programme on pig farms improves the 

immunity of animals and reduces spread of pathogens within a herd (Amass and Baysinger, 

2006). 

2.2.5 Cleaning and disinfection 

Cleaning and disinfection (C&D) is an important aspect of the internal biosecurity. Not only 

the interior of the premises should be cleaned and disinfected, but also the hardened 

environment (e.g. concrete) around the premises, as studies showed the presence of pathogens 

in the vicinity of animal houses (Schulz et al., 2012, 2004; Studer et al., 1999). In addition, 

some bacteria can survive for long periods under various conditions in the environment, such 

as Salmonella, Escherichia coli, Staphylococcus aureus (including MRSA) and Enterococcus 

spp. (Kramer et al., 2006). Effective C&D is therefore a crucial step in reducing the infection 

pressure in animal houses and preventing both endemic animal diseases and food-borne 

zoonoses (van de Giessen et al., 1998). 

Finally, also clothing, boots and equipment should be washed and disinfected, as they could be 

contaminated with pathogens. Improper disinfection could place the herd at risk of pathogen 

spread (Amass, 2000). 

Cleaning and disinfection of animal houses will be further described below. 

3. Cleaning and disinfection of animal houses 

3.1 General aspects 

A good cleaning and disinfection programme consists of 6 steps. The first 4 take place during 

cleaning and the last 2 during disinfection. Moreover, 2 additional steps (i.e. step 7 and 8) after 

disinfection could be implemented (Table I.6). After C&D, the hygiene status of animal houses 

can be evaluated (step 9). 
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Table I.6: 9 steps of an ideal cleaning and disinfection (C&D) and evaluation programme between production rounds. 

Step Category Description 

1 

Cleaning 

Dry cleaning 

2 Wet cleaning: washing premises with water 

3 Wet cleaning: soaking premises with cleaning product 

4 Wet cleaning: rinsing premises with water 

5 Drying 

6 Disinfection Disinfection of premises 

7 Rinsing with water 

8 Vacancy 

9 Evaluation Monitoring the hygiene status after C&D 

 

3.1.1 Cleaning 

Cleaning refers to physical removal of foreign material from a surface (McDonnell and Russell, 

1999). In animal houses, a distinction between dry and wet cleaning is made. Dry cleaning is 

generally the first step (step 1, Table I.6) that is carried out after removal of animals, whereby 

manure, dust, feed etc. is mostly removed. Appropriate equipment, such as shovels and brushes 

(in some cases mounted on agricultural vehicles), are used during this step. After dry cleaning, 

wet cleaning takes place. Wet cleaning is a process that consists of four factors: time, 

mechanical action, chemistry and temperature (i.e. Sinner’s circle) (Friis and Jensen, 2005). If 

one of the factors is reduced, the other three factors should compensate by increasing them. For 

example, if a lower concentration of detergent is used, a longer cleaning time is necessary to 

obtain the same result as cleaning with a higher concentration of detergent. 

In the optimal case on farms, premises are first cleaned with water under high pressure to 

remove loose organic matter (OM) (step 2, table I.6). Subsequently, premises are soaked with 

a cleaning product (CP) (step 3, table I.6) and afterwards residual dirt and CP are removed with 

water under high pressure (step 4, table I.6). The soaking with detergent is preferably performed 

from the floor towards the ceiling, which makes it visually easier to differentiate soaked and 

non-soaked surfaces, while washing is performed vice versa, to reduce the chance of splashing 

dirt particles from the floor (heavily soiled) on the walls and ceiling (i.e. foaming up, rinsing 

down principle). When working with high pressure, a pressure of 50 to 200 bar is used with a 

recommended flow rate of 12 to16 L/min (Cox and Van Meirhaeghe, 2009). Between dry and 

wet cleaning (i.e. before step 2), animal houses can be soaked with water (overnight) in order 
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to loosen the dirt and facilitate and optimise the C&D process. However, to our knowledge, this 

hypothesis has not yet been proven in literature. It is also often advised to use warm water and 

detergent during cleaning as it (theoretically) dissolves fats more easily (Gibson et al., 1999), 

yet there is little recent data underlying its practical relevance in animal houses. 

 Working mechanism of detergents 

A detergent has an amphipathic structure: a hydrophilic region and a hydrophobic region 

(hydrocarbon tail) (Field, 2014). First, detergent monomers will reduce the surface and 

interfacial tension between air/water and soil/surface, which increases contact surface with 

detergents (mobilization phase). When the detergent monomer concentration exceeds the 

critical micelle concentration (CMC), molecules will associate to form micelles (Figure I.6). 

This formation increases the solubility of hydrophobic compounds (solubilisation phase). The 

insoluble OM and/or bacteria are dispersed as micelle droplets in water (emulsification phase) 

and will be washed away (Pacwa-Płociniczak et al., 2011). 

 

Figure I.6: The relationship between surfactant concentration, surface tension and formation of micelles (adjusted figure from 

Pacwa-Płociniczak et al., 2011). 

 

 Cleaning product compounds 

One of the major compounds of cleaning products are detergents. Depending on the type of 

detergent, the purpose of the cleaning product can differ. Four groups of detergents can be 

distinguished according to the head group (RIZA, 1998; Salager, 2002): anionic, cationic, non-

ionic and amphoteric. Anionic detergents are the most commonly used detergents, and are 

preferred for cleaning animal houses (Aceto, 2015).  
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In addition to the type of detergent, pH modifiers also determine the application possibilities of 

the CP. Alkaline cleaners (pH> 7) are used to remove organic compounds based on carbon (e.g. 

fats, proteins, animals wastes) and acidic cleaners (pH< 7) to remove inorganic compounds 

(e.g. rust, corrosion, scale deposits) (CIMCOOL, 2007). For cleaning animal houses, an alkaline 

cleaner is chosen (Reus et al., 2008).  

The use of tap water with a high mineral content (i.e. hard water) during cleaning can diminish 

the efficacy of anionic detergents, as these detergents have a higher binding affinity to minerals 

than soil. The content of dissolved minerals in tap water can vary from region. To counteract 

this problem, chelating agents are added to CP. These agents will bind the minerals and form 

soluble complexes, whereby the free detergent monomers can actively bind soil (Jennings, 

1965).  

Moreover, cleaning products are often corrosive. To counteract this problem, inhibitors are 

added to inhibit corrosion formation on ferrous and non-ferrous metals. 

In addition to the above mentioned components, also other components are often added to the 

CP such as solvents, foam modifiers and antimicrobials (ECOLAB, 2009).  

3.1.2 Disinfection 

Disinfectants are biocides that are generally used on inanimate objects or surfaces (McDonnell 

and Russell, 1999). Biocide is a term used for chemical agents that inactivate organisms. 

Because biocides vary in antimicrobial activity, more specific terms are used, including “-

static” (e.g. bacteriostatic, fungistatic and sporistatic) and “-cidal” (e.g. bactericidal, fungicidal 

and sporicidal) referring to biocides which inhibit and kill the target organism, respectively.  

When animal houses are dried after cleaning (step 5, table I.6), disinfection (step 6, table I.6) 

can be applied by surface disinfection, thermal fogging or fumigation (Gradel, 2007). Surface 

disinfection or wet disinfection is often carried out with a pressure cleaner or an orchard 

sprinkler. In case of thermal fogging (i.e. dry disinfection), the biocide, in a higher 

concentration than in case of surface disinfection, is heated and subsequently converted to a fog 

by a mobile or fixed fogger. In addition, premises have to be completely sealed off, which is 

not always easy to do in animal houses. Finally, fumigation can be carried out, whereby the 

disinfectant is evaporated and spread throughout the premises (Gradel, 2007). On some farms, 

two disinfection rounds are carried out in which disinfection-methods can be alternated. 
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 Alternatives for disinfection, such as solutions of competitive exclusion (CE) bacteria are sold 

for environmental application in animal houses. The efficacy of CE bacteria against pathogens 

in the gut of animals has been shown in several scientific studies (Doyle and Erickson, 2006; 

Genovese et al., 2003; Mead, 2000; Schneitz and Hakkinen, 2016), however the value of a CE 

protocol in the environment of animal houses is yet to be determined. Possible mechanisms to 

explain the working mechanism of CE products are that the introduced bacteria (i) physically 

obstruct attachment sites preventing attachment of pathogens, (ii) compete for essential 

nutrients, limiting growth of pathogens, (iii) produce antimicrobial compounds (e.g. 

bacteriocins) and/or (iv) inactivate quorum sensing (Patterson and Burkholder, 2003). Though, 

the true mode of action of CE bacteria remains unknown.  

After disinfection, animal houses or parts (e.g. feeding troughs) can be rinsed with water (step 

7, table I.6), to remove disinfectant residuals as they can be toxic for animals. Furthermore, a 

vacancy (8th step, table I.6) may be applied in order to dry the animal houses and further reduce 

the residual bacteria, however it is not known how long this period should last. In 2009, six 

member states of the EU required a specific minimum vacancy period after disinfection of 

broiler houses, in case of Salmonella contamination: i.e. Austria (14 days), Estonia (21 days), 

Luxemburg (21 days), Norway (30 days), Denmark (10-14 days), Spain (12 days) (EFSA, 

2011). Backhans et al. (2015) showed that 92% of the studied Swedish pig farms (n= 60) 

applied a mean vacancy of 5.3 days. Moreover, few scientific literature is available about the 

effect of a vacancy on the bacterial load in animal facilities. In addition, a vacancy step is often 

carried out for practical reasons such as restoration works or a delay of animal delivery. 

A disinfection product (DP) contains, besides several compounds common with CP, one or 

several active components. The type of these components determine against which micro-

organisms the DP is active. The ideal animal house DP meets the following criteria (Gradel, 

2007): (i) it eliminates micro-organisms rapidly; (ii) it is active against a broad spectrum of 

micro-organisms; (iii) it is unaffected by low temperatures; (iv) it is unaffected by OM; (v) it 

retains its activity during storage; (vi) it is non-corrosive; (vii) it is non-hazardous for the 

farmer; and (viii) it is environment friendly.  

The top 5 most commonly components in DP used for the primary sector (SCENIHR and 

GreenFacts, 2009) and their properties are described below. 
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 Active components 

Alcohols 

Alcohols are commonly used for skin and hard-surface disinfection. The most commonly used 

alcohols are ethanol, isopropanol and n-propanol (especially in Europe). Alcohols exhibit a 

rapid and broad-spectrum antimicrobial activity against vegetative bacteria (not spores), viruses 

and fungi. Because of its fast evaporation, other biocides are added in low concentration to DP 

to increase efficacy (McDonnell and Russell, 1999). The activity of alcohol is slightly affected 

by OM (Gorman and Scott, 2004).  

Aldehydes 

The most known aldehydes used as disinfectants, are glutaraldehyde and formaldehyde. 

Glutaraldehyde has a broad spectrum of activity against bacteria, including spores, fungi and 

viruses. Formaldehyde is bactericidal, sporicidal and virucidal (McDonnell and Russell, 1999). 

However, the activity is lower at a temperature beneath 20 °C and relative humidity (RH) should 

be at least 70% (Reus et al., 2008). Moreover, the use of formaldehyde as active substance in 

biocides is now under review by the European chemicals agency because it has carcinogenic 

properties (see chapter I – section 3.3) (European Chemicals Agency, 2016). In addition, OM 

has little influence on the activity of both aldehydes (Reus et al., 2008).  

Quaternary ammonium compounds 

Quaternary ammonium compounds (QAC), are cationic surface-active agents that are used as 

detergents and disinfectants. Because of their range in chemical structures, the specific activity 

is quite diverse. Therefore, there is a lot of debate about the activity of QAC against micro-

organisms (Walker, 2002). However studies have proved the activity of QAC against vegetative 

bacteria (mostly Gram positive), yeast, fungi and some viruses (especially enveloped) (Fazlara 

and Ekhtelat, 2012; McDonnell and Russell, 1999; Reus et al., 2008). QAC have a rapid action 

against micro-organisms, however they are very susceptible to OM and are detrimental to the 

environment (Gradel, 2007, 2004).  

Peroxygens 

Hydrogen peroxide and peracetic (peroxyacetic) acid are commonly used peroxygen based 

disinfectants. Hydrogen peroxide is an environmentally friendly product as it dissolves rapidly 

in water and oxygen. In addition, it exhibits a broad spectrum and rapid activity against bacteria 

(especially Gram positive), yeast, viruses and bacterial spores. However, a disadvantage is that 

these products are corrosive. Peracetic acid (PAA) is considered bactericidal, virucidal and 

fungicidal at low concentrations. In addition, it remains active in the presence of OM 
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(McDonnell and Russell, 1999). A combination of both peroxygens is very effective as farm 

disinfectant (Reus et al., 2008).  

A more recently developed disinfectant is peroxymonosulfate, with an increasing use as 

footbath and surface disinfectant. It has a broad microbial spectrum of activity (i.e. bactericidal, 

virucidal and fungicidal) and is effective in the presence of OM (Perry and Caveney, 2012). 

Chlorine based compounds 

The most important chlorine releasing agents (CRA) are sodium hypochlorite, chlorine dioxide 

and N-chloro compounds such as sodium dichloroisocyanurate (McDonnell and Russell, 1999). 

They exhibit a rapid kill against a broad spectrum of micro-organisms. High levels of available 

chlorine will even eradicate mycobacteria and bacterial spores (Gorman and Scott, 2004). 

However, these agents are highly susceptible to OM and are very corrosive (Gradel, 2004).  

 Antibacterial action 

The mechanism of action of disinfectants is poorly understood, as they have multiple bacterial 

target sites. The overall mechanism may depend on the bacterial structure against which it has 

its activity. Three levels of interaction of a biocide with the vegetative bacterial cell exist: (i) 

interaction with the outer cellular components, (ii) interaction with the cytoplasmic membrane 

and (iii) interaction with cytoplasmic constituents. It is possible that a biocide acts on one or all 

three levels to produce its antibacterial effect, though the cytoplasmic membrane is considered 

as major target site (Maillard, 2002).  

Examples of these interactions between biocides and the bacterial cell on each level are 

described below. 

First level (outer components) 

One effect caused by the interaction between biocides and the bacterial cell, is the change in 

hydrophobicity of the cell wall. For example, it has been observed that the hydrophobicity of 

the Gram negative bacterial cell wall can be altered by cationic compounds (e.g. QAC), leading 

to damage and uptake of the biocide so the target sites can be reached (Ferreira et al., 2011; 

Maillard, 2002; Marcotte et al., 2005). In addition, cationic disinfectants have a high binding 

affinity for negatively charged outer components of both Gram positive (e.g. teichoic acid and 

polysaccharide elements) and Gram negative bacteria (lipopolysaccharide) (Fazlara and 

Ekhtelat, 2012). 

Glutaraldehyde is thought to cross link outer membrane components, e.g. peptidoglycan (Gram 

positive bacteria) and lipoproteins (Gram negative bacteria), subsequently leading to hinder of 
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essential functions (e.g. nutrient uptake) and cell death (Russell, 2001). The interaction between 

alcohols and the cell wall results in coagulation/denaturation of proteins (Ascenzi, 2005).  

Second level (cytoplasmic membrane) 

The target site of membrane active agents is the cytoplasmic membrane of the bacterial cell. 

Disruption of the membrane is often demonstrated by the release of intracellular materials, 

potassium, inorganic phosphates, amino acids, proteins, etc. Alcohol denatures proteins in the 

cytoplasmic membrane, including enzymes, leading to cell leakage and cell death (Ingram, 

1990). Quaternary ammonium compounds bind membrane phospholipids and subsequently 

induce leakage of intracellular components (Ferreira et al., 2011; Ioannou et al., 2007). 

Moreover, it has been shown that hydrogen peroxide can cause membrane damage in bacteria, 

by oxidising lipids and proteins (Baatout et al., 2006; Brandi et al., 1991; Peterson et al., 1995). 

Chlorine dioxide exerts a non-specific oxidative attack on membrane proteins, including 

enzymes involved in transport (Auer, 2009; Jeng and Woodworth, 1990), disrupting the 

permeability (Oyarzabal, 2005).  

Third level (cytoplasmic constituents) 

Chlorine dioxide is also associated with oxidative modification and denaturation of constituent 

proteins, critical to the integrity and functioning of bacteria (Ogata, 2007). Besides, oxidation 

of DNA and RNA can occur (Auer, 2009). Formaldehyde causes cell death by cross linking 

proteins and DNA (Schouten, 2002). Hydrogen peroxide causes DNA and protein damage, due 

to the release of ferryl radicals and hydroxyl radicals, respectively (Linley et al., 2012).  

Few active components, i.e. glutaraldehyde, formaldehyde, PAA and hydrogen peroxide, are 

actively sporicidal. These components require higher concentrations and longer contact times 

for this effect than for bactericidal activity (Russell, 1990). The mechanisms of sporicidal 

activity is poorly understood, probably due to the complex nature of the bacterial spore and the 

possibility that disinfectants have more than one actual or potential target site. 

 Factors influencing the antibacterial effect 

The activity of disinfectants on bacteria depends on several factors. It is believed that the 

antibacterial effect is concentration dependent, whereby at low concentrations more specific 

interactions might occur, while at higher concentrations non-specific damage likely occurs. The 

bacteriostatic effects, usually achieved by a lower concentration of a biocide, might correspond 

to a reversible activity on the bacterial target (Maillard, 2002). The concentration of the 

disinfectant can be reduced by the presence of diluting water and/or extraneous material (e.g. 



INTRODUCTION 

24 

  

OM and surface active agents). Moreover, it is known that the cidal activity of disinfectants is 

strongly impaired under soiled conditions, because of the reaction between OM and the 

disinfectant. This reduced activity is especially seen with highly reactive compounds (e.g. 

hydrogen peroxide) (Russell, 2004; Smith, 2004). According to kinetic studies, a lower 

concentration of the disinfectant requires a longer contact time. Theoretically, if the 

concentration of QAC is halved, it requires a double disinfecting time (Russell, 2004). Several 

disinfectants based on aldehydes, peroxides, QAC, bis-phenols and iodines were tested in the 

presence and absence of OM in a study of Ruano et al. (2001). In absence of OM, most 

disinfectant products were effective within 10 minutes of contact time. However, when OM 

was present, the efficacy decreased and longer contact times and/or higher dosages were 

necessary. This was also shown by Moustafa Gehan et al. (2009) who tested 5 commonly used 

disinfectants in the poultry industry. This study showed that in presence of OM, a longer contact 

time than 30 minutes was needed to demonstrate the efficacy.  

OM also affects disinfection by adhering to microbial cells and blocking adsorption sites 

necessary for disinfectant activity (Smith, 2004). As some surfaces in animal houses are 

difficult to clean and hence possibly still contain OM, these are likely sources for infectious 

agents. Wooden surfaces are more difficult to clean than plastic or metal, likely due to the 

porosity of wood (Rathgeber et al., 2009). Also, concrete in animal houses is often affected by 

numerous environmental factors, such as wear caused by animals and vehicles and chemical 

degradation caused by feeds and manure (Kymalainen et al., 2009), making them difficult to 

clean and disinfect. A study showed that the performance of biocides was reduced on porous or 

rough surfaces such as wood and concrete compared to smooth surfaces such as metals and 

plastics (Harding et al., 2011). In addition to the type of material, the design of surfaces has an 

impact on the cleanability.  

It has also been shown that surface active agents present in CP can significantly reduce the 

antibacterial activity of QAC (Russell, 2004). Therefore, it is important that animal houses are 

thoroughly rinsed with water after applying the CP. Moreover, when high levels of cations (i.e. 

Ca2+ and Mg2+) are present in water, the activity of certain disinfectants, e.g. chlorhexidine 

(Rutala and Weber, 2008) and QAC (Bessems, 1998; Fredell, 1994), can be reduced as they 

interact to form insoluble precipitates. Therefore, hard water should be used in the laboratory 

to test the efficacy of disinfectants. 

Furthermore, the environmental temperature may influence the antibacterial activity of the 

disinfectant. It is often stated that the activity of a disinfectant increases with an increasing 
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temperature, but some disinfectants are more temperature dependent than others (Russell, 

2004). In addition to temperature, the relative humidity in animal houses can influence gaseous 

disinfectants, e.g. formaldehyde and chlorine dioxide. The relative humidity (RH) for 

disinfection with formaldehyde is advised to be at least 70% (Reus et al., 2008). 

It has also been shown that freshly made disinfectants are more efficient in the presence of OM, 

than stored disinfectants (Stringfellow et al., 2009). Some disinfectants can lose their 

antibacterial properties due to several factors, such as pH changes and the temperature during 

storage (Boucher, 1978; Costa et al., 2015; Kunigk et al., 2001).  

Finally, also characteristics of bacteria may influence the activity of disinfectants, i.e. vegetative 

planktonic cells are more susceptible than biofilm cells (Allison and Gilbert, 1995; Costerton 

et al., 1987; Gradel, 2004; Stewart and Costerton, 2001) or spores (McDonnell and Russell, 

1999; Russell, 1999). In case of biofilm cells, the biocide concentration is strongly affected by 

the reduced diffusion of active components through the biofilm (SCENIHR, 2009). In addition, 

intrinsic, adaptive or acquired resistance mechanism may lead to survival of bacteria (see 

chapter I - section 4). Also the number of bacteria can affect the efficacy of disinfectant, as they 

can provide protection to other bacterial cells. Therefore, high inoculation levels of bacteria are 

used in laboratory tests (Maillard, 2013). It would be interesting to identify the residual bacterial 

flora after disinfection of animal houses and test their susceptibility against the disinfectant in 

order to understand their survival.  

3.2 Monitoring hygiene status in animal houses 

After cleaning and disinfection, the hygiene status can be monitored (9th step, Table I.6). Several 

methods to perform hygiene controls, either as a routine control or after a sanitary crisis, have 

been used and described, e.g. agar contact plates (ACP), swab samples, air samples, ATP 

analysis and visual inspection (Table I.7). In Belgium, ACP for enumeration of total aerobic 

bacteria are used to assess the efficacy of disinfection of poultry houses in the Salmonella 

control programme. However this is not the case for neighbouring countries: Germany, the 

Netherlands, France and the United Kingdom (personal communication). Vangroenweghe et 

al. (2009) suggested the use of ACP for enumeration of total aerobic bacteria, to monitor 

hygiene after C&D in pig facilities. In addition, farmers can join a quality system (e.g. Belplume 

and IKB) that impose standards including hygiene control with ACP. 

It would be useful to select the most suitable sampling methods for monitoring C&D in broiler 

houses and pig nursery units. In addition, it would be interesting to sample locations that are 
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difficult to clean and disinfect, as they give a better idea about the hygiene status, i.e. presence 

or absence of pathogens, after C&D. These need to be identified for each type of animal house. 

Bacteriological monitoring after C&D, often focus on total aerobic bacteria (Corrégé et al., 

2003; Hancox et al., 2013; Ward et al., 2006) and/or a specific pathogen analyses (Carrique-

Mas et al., 2009; Merialdi et al., 2013; Mueller-Doblies et al., 2010; L J Pletinckx et al., 2013; 

Rose et al., 1999). Besides total aerobic bacteria also various specific microbiological indicator 

organisms such as Escherichia coli, Enterococcus spp., Salmonella and methicillin resistant 

Staphylococcus aureus can be used to evaluate the hygiene of animal houses. Escherichia coli 

has been shown to be a suitable index organism for monitoring the possible presence of 

Salmonella (Dewaele et al., 2011; Gradel et al., 2004a; Winfield and Groisman, 2003).  

An advantage of monitoring E. coli is that the detection and enumeration method is less time 

consuming and laborious than analysing Salmonella. In addition, the index organism should 

occur in higher numbers than the pathogen, increasing the chance of detecting/enumerating it 

(Dewaele et al., 2011). However, a drawback is that the survival rate of the index organism in 

a given environment should be similar or greater than of the pathogen, which may not always 

be the case. 

Enterococcus spp. is suggested to be an adequate hygiene-indicator organism for faecal 

contamination of surfaces (Gradel et al., 2004b). In 2008, a high prevalence of LA-MRSA in 

European pig breeding (n= 1600) and production (n=3473) holdings was found: 37.6% and 

43.6%, respectively (EFSA, 2010). Therefore, it seems interesting to monitor MRSA during 

C&D.  

In addition to bacteriological monitoring, also non-bacteriological analyses can be carried out, 

such as adenosine triphosphate (ATP) monitoring and a visual inspection (Table I.7). Both 

methods are generally conducted after cleaning. ATP is an energy molecule, present in all 

eukaryotic and prokaryotic living cells. The principle of the analysis is based on the addition of 

a solution containing lysis reagent, the substrate luciferin and the enzyme luciferase to the swab 

sample. The lysis reagent allows the release of ATP from all living cells. Released ATP 

molecules are used by luciferase to convert the substrate resulting in a bioluminescent reaction. 

Measurements of the produced light can be immediately carried out with a measurement 

apparatus.  
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Table I.7: Advantages and disadvantages given for each monitoring method to assess the bacterial load or hygiene status. Examples of scientific studies, carried out in chicken or pig facilities, 

are given for each method. Bold and underlined characters represent studies carried out in chicken and pig facilities, respectively. 

How to monitor? 
What can be 

monitored? 
Advantages Disadvantages Studies 

ACP 1 Bacteria - Ease of use 

- Fixed sampling area 

- No need for further processing 

after sampling 

- Premade available 

- Objective  

 

- Limited sampling surface (25 cm²) 

- Only smooth, firm surfaces 

- Colony overgrowth 

- One ACP per specific organism 

- Need for standardised pressure 

- Results after incubation period and 

enumeration 

 

De Reu et al. (2006); Huneau-Salaün et 

al. (2010); Kim and Kim (2010)  

Swab sampling Bacteria - Larger sampling surfaces 2 

- Able to sample irregular surfaces 

- ≥1 analyse/ swab 

- High upper enumeration limit 

- Objective 

- Laboratory manipulation  

- No standardised protocol 

- Results after incubation period and 

enumeration 

Banhazi and Santhanam, (2013); Beloeil 

et al. (2007); Carrique-Mas et al. 

(2009); Davies and Breslin (2003); 

Hancox et al. (2013); Mannion et al. 

(2007); Merialdi et al. (2013); Oliveira et 

al. (2006); Rathgeber et al. (2009); Rose 

et al. (2003); Schmidt et al. (2004); 

Ward et al. (2006) 

Air sampling Bacteria Dependent on the sampling device 

and method 3 

- Objective 

 

Dependent on the sampling device and 

method 3 

- No standardised protocol 

- Results after incubation period and 

enumeration 
 

De Reu et al. (2005); Hao et al. (2013); 

Kim and Kim (2010); O’Mahony et al. 

(2011); Oliveira et al. (2006)  

ATP 4 swab 

 

Eukaryotic and 

prokaryotic cells 

- Results within 1 minute 

- Able to sample irregular surfaces 

- No need for further processing 

after sampling 

 

- Limited sampling surface (100 cm²), 

depended on manufacturer 

- Interpretation of results  

Corrégé et al. (2003); Roelofs and Plagge 

(1998) 
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Visual inspection Dirt - Immediate results - Subjective 

- No standardised protocol 

 

 Huneau-Salaün et al. (2010) 

1 ACP, agar contact plates; 2 Sponge swabs and environmental swabs may be used for surfaces that are at least 100 cm², however in case of sponge swabs it is recommended to sample larger areas 

(Lahou and Uyttendaele, 2014); 3 Sampling can be carried out by air plating (i.e. sedimentation) or with a mechanical air sampling device (Banhazi et al., 2009). Each method has its advantages 

and disadvantages; 4 ATP, adenosine triphosphate.



INTRODUCTION 

 

29 

 

3.3 Experimental studies on the efficacy of C&D on bacteria 

Several studies have been carried out to test and compare the efficacy of disinfectants and C&D 

protocols. Generally, two approaches are followed: laboratory studies and/or field studies. 

3.3.1 Laboratory studies 

 Suspension tests 

In suspension tests, a volume of suspension with bacteria is added to the disinfectant, with or 

without OM. After a predetermined contact time, the aliquot is tested for survival. In order for 

a farm disinfection product to gain approval for the European market, it must pass a quantitative 

suspension test with simulation soiling conditions according to the European Standard EN1656. 

Tested reference bacteria must show a minimum 5 log reduction after exposure to the 

disinfectant (European Commitee for Standardization, 2000). Various studies conducted 

suspension test (i.e. in vitro tests) to determine the difference in efficacy of disinfectants by 

standardised laboratory methods. An example of a suspension test with simulating organic soiling 

is the study of Thomson et al. (2007), whereby 7 disinfectant compounds were tested against 10 

species of porcine bacterial pathogens (including Salmonella Typhimurium, E. coli, Streptococcus 

suis, Brachyspira hyodysenteriae). They showed that under high OM concentrations (simulating 

poorly cleaned conditions), the efficacy of the disinfectant compounds was markedly reduced. Also 

a low temperature and short contact time affected the efficacy of the compounds.  

The main disadvantage of suspension tests, is that they are often unrealistic and yield favourable 

results because bacteria in suspension are more susceptible than when they are attached to 

surfaces (Gradel, 2004). Therefore, it is not always correct to extrapolate results from suspension 

tests to field conditions, expecting the same efficacy of the disinfectant (Gradel, 2004).  

 Field-like tests 

Another approach is to mimic field conditions whereby artificially inoculated samples are used 

(i.e. field-like tests) (Gradel, 2004). The objective of field-like tests is to verify whether the 

proposed use-dilution of the disinfectant is still adequate in a real-life conditions (Reybrouck, 1998). 

These tests are performed in the laboratory, so they can be standardised (Reybrouck, 1999). Gradel 

et al. (2004b) tested the efficacy of (i) formaldehyde;  

(ii) glutaraldehyde/benzalkoniumchloride; (iii) peroxide compound; and (iv) water (i.e. control) 

on commonly found materials (concrete paving stones, steel feed chain links, wooden dowels 

and jute egg belts) and OM (feed, fats and egg yolk) from poultry houses, artificially inoculated 
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with two Salmonella serotypes or Enterococcus faecalis. McLaren et al. (2011) used 2 model 

systems to test the efficacy of 14 commonly-used farm disinfectants against Salmonella: a wet 

(representing boot dips) and dry (representing soiled surfaces and equipment) model. In both 

models, faecal slurry was used as OM. This study simulated field conditions relevant to poultry 

and pig units.  

3.3.2 Field studies 

Although the above mentioned studies mimic farm conditions, it is essential to also conduct 

experiments in field situations. However, it is difficult to include an identical control in field 

studies. Gradel et al. (2004a) tested the outcome of a field-like test (Gradel et al., 2003), in 

which a temperature-humidity-time treatment for eliminating E. coli and Salmonella in OM 

(i.e. poultry faeces and feed) was determined, in a field study. These studies showed that the 

steam treatment at >60 °C and 100% RH with addition of 30 ppm formaldehyde at the beginning 

was most effective in eliminating Salmonella and the indicator bacteria in OM in layer houses. 

Similar results regarding the effect of formaldehyde were shown by the study of Carrique-Mas 

et al. (2009), in which the effectiveness of different disinfection protocols were compared in 60 

Salmonella positive laying houses. They indicated that the use of 10% formalin led to a greater 

reduction of Salmonella. Also Mueller-Doblies et al. (2010), demonstrated the importance of 

disinfection with formaldehyde-based products in reducing Salmonella prevalence in 50 turkey 

houses. However, since 2004, formaldehyde has been proven to be carcinogenic by the World 

Health Organization (WHO) for the nasopharynx (the throat) and the nasal cavities. The use of 

formalin (i.e. 37% formaldehyde solution) as disinfectant in animal houses is banned in Europe 

since 2007 under the Biocidal Products Directive. Formaldehyde as substance of a disinfectant 

for veterinary hygiene, is now also under review by the European commission (European 

Chemicals Agency, 2016). 

A more environmentally friendly disinfectant is slightly acidic electrolysed water (SAEW). 

SAEW contains primarily hypochlorous acid (HOCl), which is an effective form of chlorine 

and possesses antimicrobial activity (Hao et al., 2013a; Len et al., 2000). Hao et al. (2013) 

demonstrated that disinfection with SAEW (available chlorine concentration (ACC) of 250 

mg/L) significantly reduced bacteria on the equipment and surfaces and decreased survival rates 

of Salmonella and E. coli in layer houses. The same researcher group also showed that SAEW 

disinfection (ACC of 300 mg/L) of pig barns could significantly reduce Salmonella, 

Staphylococcus aureus and coliforms on surfaces (Hao et al., 2013b). 
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In addition to studies that mostly focus on the efficacy of DP, studies evaluating cleaning and 

disinfection programmes have also been performed. Huneau-Salaün et al. (2010) compared 

common C&D methods, routinely used by the farmers, in 30 layer houses. This study showed 

that programmes followed by two disinfection rounds (by spraying and/or fogging), were more 

efficient against streptococci. In addition, surface disinfection (i.e. spraying) seemed more 

efficient than fogging in cage houses. Davies and Breslin (2003) reported that fogging was more 

efficient on horizontal surfaces, rather than vertical and less accessible surfaces, whereas 

spraying allowed the direct treatment of all surfaces. Finally, a lower standard of cleaning was 

observed in cage houses than in on-floor houses. Mannion et al. (2007) studied the efficacy of 

C&D protocols in finisher units on 14 pig farms. They indicated that intensive cleaning and 

disinfection was effective for reducing the levels of Enterobacteriaceae on floors. The study of 

Merialdi et al. (2013) showed that C&D practices, carried out in different units (i.e. gestation, 

farrowing, nursery and fattening units) on 6 pig herds, reduced the MRSA environmental 

contamination, but were inadequate to eliminate MRSA.  

Hancox et al. (2013) tested 2 cleaning protocols in pig pens: dry cleaning followed by one hour 

soaking with cold water or dry cleaning followed by one hour soaking with detergent. Both 

protocols were followed by a high pressure cleaning with cold water and a disinfection step. 

This study showed that detergent and disinfectant had varying bactericidal effects depending 

on different materials (i.e. concrete, stock board, metal) and bacterial parameters (total aerobic 

bacteria and Enterobacteriaceae). They could not show a synergetic or additive effect between 

detergent and disinfectant, but recommended the use of a suitable detergent during cleaning. 

However, also other parameters such as a soaking step, the applied pressure, water hardness, 

temperature of the water, etc. during cleaning might affect C&D of animal houses. Therefore, 

it would be interesting to carry out field studies that look at the effect of these parameters on 

the bacterial load in order to subsequently optimise the C&D process. 

4. Bacterial resistance to disinfectants 

Disinfectants are one of the several detrimental conditions that micro-organisms encounter in 

the environment (Gradel, 2007). Table I.8 shows the relative susceptibility of bacteria to 

disinfectants compared to other groups of micro-organisms.  
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Table I.8: Relative susceptibility of groups of micro-organisms to disinfectants (Fraise et al., 2012). 

Range Group of micro-organisms  

Resistant Prions 

 Bacterial endospores 

 Protozoal oocysts 

 Mycobacteria 

 Small non-enveloped viruses 

 Protozoal cysts 

 Fungal spores 

 Gram negative bacteria 

 Moulds 

 Yeasts 

 Protozoa 

 Large non-enveloped viruses 

 Gram positive bacteria 

Susceptible Enveloped viruses 

 

Antibiotics are mainly selectively toxic, while disinfectants have several bacterial cell targets. 

Resistance against these compounds can be either a natural property (i.e. intrinsic resistance); 

acquired by one or more target gene mutations or acquisition of genetic elements (e.g. plasmids 

and transposons) (i.e. acquired resistance) (McDonnell and Russell, 1999; Russell, 1999). 

However, a third mechanism of resistance has been described, i.e. adaptive resistance, that it is 

relatively poorly understood. Adaptive resistance is a phenomenon that can be described as an 

induction of resistance to one or more antibacterial agents in response to a specific signal such 

as subinhibitory concentrations of an antibacterial agent, an environmental cue (e.g. pH) and/or 

social activities (biofilm formation) (Fernández et al., 2011). This resistance involves a 

temporary increase in the ability of a bacterium to survive an antibacterial agent, mainly as the 

result of alterations in gene and/or protein expression (Fernandez and Hancock, 2012).   

The development of reduced susceptibility increases the probability of further disinfection 

failure (Chapman, 2003). 

4.1 Intrinsic resistance 

Intrinsic resistance is due to inherent characteristics of the bacteria. An important intrinsic 

resistance mechanism is the cell permeability, also referred to as "permeability barrier" 
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(SCENIHR, 2009). In addition, the phenotypic adaptation in biofilms is also classified as 

intrinsic (Russell, 1999).  

4.1.1 Cell permeability 

The outer membrane of bacteria acts as the main permeability barrier, which may reduce uptake 

of disinfectants. Therefore, spores and mycobacteria are intrinsically more resistant than 

vegetative non-mycobacterial bacteria (McDonnell and Russell, 1999; Russell, 1999). Spores 

are formed by spore forming bacteria under stressful conditions. Bacteria in spore form can 

survive in this state for many years. Because of the presence of a spore-coat, composed of highly 

cross-linked proteins, spores are intrinsic resistant to antimicrobials (Cole and Robison, 1996; 

Knapp, 2014).  

Mycobacteria possess a complex cell wall structure, i.e. a lipid-rich cell envelope composed of 

mycolic acids, that forms an effective barrier (Knapp, 2014; McDonnell and Russell, 1999; 

Portevin et al., 2004).  

Gram negative bacteria are generally more resistant to disinfectants than non-sporulating, non-

mycobacterial Gram positive bacteria (McDonnell and Russell, 1999). This is due to the outer 

membrane, that consists of strong linked lipopolysaccharides, fatty acids and phospholipids and 

repulses hydrophobic disinfectants away from the cell (Gradel, 2004; Knapp, 2014; Nikaido 

and Vaaro, 1987). In this outer membrane, also porins that form hydrophilic channels and efflux 

pump components are embedded. Changes to these components (e.g. alteration of porin size, 

loss of porin proteins, induction of efflux systems) can have an effect on the permeability and 

consequently on the susceptibility to biocides (Denyer and Maillard, 2002). 

4.1.2 Biofilm formation 

Biofilms are defined as exopolysaccharide matrix-enclosed bacterial populations that are tightly 

attached to each other and to surfaces. Bacteria in biofilms are generally more resistant to 

disinfectants than their planktonic (non-biofilm) counterparts (Allison and Gilbert, 1995; 

Costerton et al., 1987; Gradel, 2004; Stewart and Costerton, 2001). Bacteria in biofilms can be 

less susceptible to disinfectants as a consequence of multiple reasons such as (i) reduced access 

of a disinfectant to cells within biofilms; (ii) chemical interaction between the disinfectant and 

the biofilm; (iii) modulation of the micro-environment; (iv) production of degradative enzymes; 

and (v) acquired bacterial resistance due to genetic exchange between cells within the biofilm 

(Gradel, 2007, 2004; McDonnell and Russell, 1999; Rutala and Weber, 2008).  
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4.2 Acquired resistance 

Acquired resistance to disinfectants can occur by either mutation or acquisition of genetic 

material in the form of plasmids or transposons (Gradel, 2007; McDonnell and Russell, 1999; 

Russell, 1999). Plasmids and transposons are transferable between bacteria of the same species 

or bacteria of different species. A gap in scientific knowledge is the effect of biocide exposure 

on the maintenance and transfer of these extra-chromosomal elements (Knapp, 2014). 

When several genes specifying a resistant phenotype are located together on a mobile genetic 

element such as a plasmid or transposon, co-resistance can occur. Subsequently, the 

development of resistance to one antibacterial agent can be accompanied by the appearance of 

resistance to another agent (Chapman, 2003; Condell et al., 2012). The same is seen with cross-

resistance, when different antimicrobial agents act on the same target, initiate a common 

pathway to cell death or share a common route of access to their respective targets (Chapman, 

2003; Condell et al., 2012). There is concern that in case of an impairment of the used 

disinfectant (due to presence of organic material or diluting water) resulting in exposure to 

lower active levels of these agents, selection for antibiotic resistant strains could occur. Slifierz 

et al. (2015) showed that the use of quaternary ammonium compound-based disinfectants is a 

risk for selecting antibiotic resistant MRSA in commercial swine herds. Randall et al. (2004) 

suggested that the use of biocides alone or combined with antibiotic treatment may also increase 

selective pressure towards antibiotic resistance of Salmonella enterica. Furthermore, the 

induced stress in bacteria by biocides may favour the expression of resistance mechanisms, and 

their dissemination by horizontal gene transfer (SCENIHR, 2009). 

4.3 Resistance against commonly used farm disinfectants 

 Resistance against alcohols 

Several studies indicated intrinsic resistance of bacteria to alcohol. In a study of Kubota et al., 

(2008), the resistance to ethanol of planktonic and biofilm cells of Lactobacillus plantarum was 

tested. Results showed that biofilm cells were resistant to 30% and 40% ethanol, while no 

surviving planktonic cells were detected. Woo et al. (2002) showed a prolonged survival of 

four mycobacterial strains in 75% alcohol compared to other skin flora, using a quantitative 

suspension test. In addition, ineffectiveness against bacterial endospores of genera Bacillus and 

Clostridium spp. has been described (Marquis, 2002; Thomas, 2012). Thomas (2012) indicated 

that alcohol tolerance of spore-forming bacteria is dependent on the stage of spore development 
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and spore hardiness, which varies between species, strains, age of cultures, growing conditions 

and other factors. 

 Resistance against aldehydes 

Intrinsic resistance to aldehydes is developed during spore formation, whereby resistance to 

formaldehyde is developed in the early stage and glutaraldehyde in the latest stage. Therefore, 

resistance to formaldehyde may be linked to cortex formation, while resistance to 

glutaraldehyde may be linked to coat formation (Knott et al., 1995; McDonnell and Russell, 

1999). Also some mycobacterial strains of different species (e.g. M. chelonae, smegmatis and 

abscessus), showed resistance to aldehyde-based disinfectants (Carson et al., 1978; De Groote 

et al., 2014; Griffiths et al., 1997; Nomura et al., 2004; Svetlíková et al., 2009). Vikram et al. 

(2015) demonstrated that efflux pumps contributed to glutaraldehyde resistance in 

Pseudomonas fluorescens and P. aeruginosa biofilms. In addition, known modulators (e.g. lipid 

and polyamine biosynthesis) of biofilms may contribute to this resistance. In addition, several 

studies showed the presence of aldehyde dehydrogenase, plasmid mediated resistance (Kato et 

al., 1983; Kümmerle et al., 1996; Zhang et al., 2013) and cell surface alterations (Azachi et al., 

1996; Kaulfers et al., 1987) in several bacterial species. 

 Resistance against QAC 

QAC are regarded as sporistatic and mycobacteriostatic, however Cortesia et al. (2010) showed 

that QAC can select for non-genetically determined reversible resistant phenotypes of 

Mycobacterium abscessus. In a Pseudomonas aeruginosa biofilm, the level of bacterial 

resistance to benzalkonium chloride increased with the C-chain length of this QAC (C12 to 

C18). Increase of the chain length is combined with an increase in hydrophobicity of QAC, 

which could limit the penetration through the hydrophilic matrix (Campanac et al., 2002). 

Staphylococcus aureus in biofilm, shows a significant reduction of cell surface hydrophobicity, 

which makes them highly resistant to QAC (Campanac et al., 2002).  

In addition, breakdown and inactivation of QAC has been reported. Nishihara et al. (2000) 

isolated a Pseudomonas fluorescens from sludge, that was able to degrade QAC via an N-

dealkylation process (Knapp, 2014). Moreover, plasmid borne efflux pump genes that confer 

resistance against QAC has been described among clinical and environmental bacteria, such as 

S. aureus, including MRSA, Pseudomonas, Enterococcus spp., Salmonella and other 

Enterobacteriaceae (Jaglic and Cervinkova, 2012; Knapp, 2014; Kücken, 2000; Smith et al., 

2008; White and McDermott, 2001). These genes code for an energy dependent efflux pump, 
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which confers also resistance to other compounds such as chlorhexidine, intercalating dyes and 

triclosan (Jaglic and Cervinkova, 2012; Knapp, 2014; Smith et al., 2008). 

 Resistance against peroxygens 

Some studies isolated Bacillus spores that survive treatment with oxidising agents (Casillas-

Martinez and Setlow, 1997; Kempf et al., 2005), however a number of oxidising agents have 

been used to kill spores including chlorine dioxide, hydrogen peroxide and organic 

hydroperoxides (Cortezzo et al., 2004).  

Many bacteria have developed resistance that confer tolerance to peroxide stress (in particular 

hydrogen peroxide), which includes production of neutralising enzymes (e.g. catalases, 

peroxidases and glutathione reductases) (Baureder et al., 2012; Harris et al., 2002; McDonnell 

and Russell, 1999; Uhlich, 2009). This was also seen for bacteria in biofilm form (Elkins et al., 

1999; Stewart et al., 2000). In addition, Dubois-Brissonnet et al. (2011) demonstrated increased 

tolerance to peracetic acid by a membrane modification of Salmonella enterica.  

 Resistance against chlorine based compounds 

A major factor in spore resistance to hypochlorite and chlorine dioxide appears to be the spore 

coat (Young and Setlow, 2003). However, resistance against sodium dichloroisocyanurate by 

Bacillus subtilus spores during sporulation happens when the spore coat is not yet fully 

produced (McDonnell and Russell, 1999). This means that not only the spore coat but also the 

cortex confers resistance to chlorine releasing agents (Lambert, 2004). Opportunistic 

environmental mycobacteria, including M. kansasii, M. marinum, M. fortuitum, M. phlei, 

and M. chelonae, have been shown to be relatively resistant to chlorine (Carson et al., 1988; 

Falkinham, 2003; Pelletier et al., 1988; Taylor et al., 2000). In addition, it has been shown that 

strains of M. avium were more than 500 times more resistant to chlorine than E. coli 

(Falkinham, 2003; Taylor et al., 2000).  

Also, a 600× higher concentration of hypochlorite was needed to achieve a 4 log killing of 

Staphylococcus aureus in biofilms, than the concentrations needed to achieve this level of 

killing with the European phase 1 suspension test cells (Luppens et al., 2002). Reactions 

between strongly oxidizing biocides, such as hypochlorous acid, and biofilm constituents, and 

the resulting neutralization, have been shown to provide some protection against killing (Chen 

and Stewart, 1996).  

An increased resistance to chlorine has been described for Vibrio chloreae by forming cell 

aggregates (Morris et al., 1996).  
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CHAPTER II 

General aims 

Cleaning and disinfection (C&D) of animal houses is an essential part of a good hygiene 

management on a farm, which is of great importance to prevent the spread of animal and 

zoonotic diseases. An on-farm evaluation of different C&D protocols could help farmers in 

reducing the infection pressure in the animal houses. Therefore, the aim of this thesis was to 

evaluate commonly used and alternative C&D protocols carried out in broiler houses and pig 

nursery units.  

More specifically, the first aim was to study different sampling methods and microbiological 

and non-microbiological parameters to evaluate the efficacy of C&D protocols (chapter III).  

Cleaning of animal houses not only removes organic material and bacteria, but also ensures that 

the disinfection step has a great impact on the remaining bacteria. Many studies have evaluated 

the efficacy of disinfectants in practice, however little scientific work has been carried out on 

cleaning of animal houses. In chapter IV, the objective was to determine the effect of a preceding 

overnight soaking step before high pressure cleaning and to compare the influence of warm or cold 

water during cleaning on the bacterial load in broiler houses. A second aim was to identify critical 

locations during C&D. 

A prolonged vacancy of animal houses after C&D has been described as a measure to decrease 

the survival rate of bacteria. The aim in chapter VI was to test this theory on several 

bacteriological parameters in pig nursery units. 

Because of the ongoing concern about excessive use of disinfectants and potential resistance 

development and cross-resistance to clinically important antibiotics, the use of competitive 

exclusion (CE) agents has often been suggested as an alternative method to antagonise the 

growth of these pathogens. The purpose in chapter V, was to compare the effect of a CE 

protocol on the bacterial infection pressure in pig nursery units against a classical C&D 

protocol. 

The aim in chapter VII was to gain a better understanding of the general and specific dominant 

bacteria present after cleaning as well as after disinfection. Furthermore the susceptibility 

against disinfectants of bacteria present after cleaning and surviving disinfection in broilers 

houses was investigated. 
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CHAPTER III 

Comparison of sampling procedures and 

microbiological and non-microbiological parameters 

to evaluate cleaning and disinfection in broiler houses 

1. Abstract 

Cleaning and disinfection (C&D) of the broiler stable environment is an essential part of farm 

hygiene management. Adequate C&D is essential for prevention and control of animal diseases 

and zoonoses. The goal of this study was to shed light on the dynamics of microbiological and 

non-microbiological parameters during the successive steps of C&D and to select the most 

suitable sampling methods and parameters to evaluate C&D in broiler houses. The effectiveness 

of C&D protocols was measured in six broiler houses on two farms through visual inspection, 

adenosine triphosphate (ATP) monitoring and microbiological analyses. Samples were taken at 

three time points: before cleaning, after cleaning, and after disinfection. Before cleaning and 

after disinfection, air samples were taken in addition to agar contact plates (ACP) and swab 

samples taken from various sampling points for enumeration of total aerobic bacteria, 

Enterococcus spp. and Escherichia coli and the detection of E. coli and Salmonella. After 

cleaning, air samples, swab samples and ATP swabs were taken and a visual score was also 

assigned for each sampling point. The mean total aerobic bacteria determined by swab samples 

decreased from 7.7 + 1.4 to 5.7 + 1.2 log colony forming units (CFU)/625 cm² after cleaning 

and to 4.2 + 1.6 log CFU/625 cm² after disinfection. ACP are used as the standard for evaluating 

C&D, but in this study they were found to be less suitable than swabs for enumeration. In 

addition to measuring total aerobic bacteria, Enterococcus spp. seemed to be a better hygiene 

indicator to evaluate C&D protocols than E. coli. All stables were Salmonella negative, but the 

detection of its index organism E. coli provided additional information for evaluating C&D 

protocols. ATP analyses gave additional information about the hygiene level of the different 

sampling points. 
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2. Introduction 

Hygiene in animal production is key for both farm management (e.g. disease prevention) and 

meeting consumer demands concerning food safety. Cleaning and disinfection (C&D) of farm 

stables form the basis of hygiene management. Good hygiene practice on farms can reduce the 

risk of introduction and persistence of animal diseases and infectious diseases that are 

transmittable from animals to humans (zoonoses). A good C&D protocol is based on a thorough 

cleaning of the stable environment followed by a disinfection step. Cleaning is as crucial as 

disinfection, because any residual organic material (dirt) can reduce or nullify the efficiency of 

the disinfectant. In recent years, many C&D guidelines have become available to help farmers 

to reduce the infection pressure on the farm. Several countries even require official periodic 

control of the general hygiene status of broiler houses after C&D. In Belgium, this is controlled 

by determining the total aerobic bacteria with agar contact plates (ACP) taken at different places 

in the broiler house. However many practical questions regarding optimal temperature of 

cleaning water, method of cleaning and disinfecting, etc. are not yet thoroughly studied which 

often results in guidelines that are based on opinions rather than sound scientific data. A 

prerequisite for the evaluation of the effectiveness of C&D protocols can only be properly 

evaluated via systems that effectively measure the effectiveness of the different C&D steps.  

Many different methods to perform hygiene controls have been used and described. Evaluating 

C&D of stables can be done as a routine control or after an outbreak of infection. Agar contact 

plates can be used routinely to assess the efficiency of C&D. Huneau-Salaün et al., 2010 used 

ACP based on enumeration of streptococci to assess the effectiveness of C&D in battery cage 

and on-floor layer houses. In addition, a visual control inspection was carried out. De Reu et 

al., 2006 used ACP for the enumeration of total aerobic bacteria and Enterobacteriaceae to 

compare the C&D in different housing systems for laying hens. Adenosine triphosphate (ATP) 

monitoring is capable of providing information about the level of biological residues 

(eukaryotic cells as part of soil and prokaryotic cells) in less than one minute, to evaluate the 

quality of C&D. Previous research has shown that ATP analyses can be used to monitor hygiene 

in pig stables after cleaning (Corrégé et al., 2003; Roelofs and Plagge, 1998). With 

microbiological swabs, larger areas can be sampled to detect for example Salmonella 

persistence after disinfection in contaminated broiler houses. Swab methods have also been 

used in several studies to evaluate C&D in layer and broiler houses (Carrique-Mas et al., 2009; 

Davies and Breslin, 2003a; Rose et al., 2003; Ward et al., 2006).  



CHAPTER III: EVALUATION SYSTEM 

 

45 

 

Besides total aerobic bacteria also various specific microbiological indicator-index organisms 

such as Enterococcus spp., Escherichia coli and Salmonella have been used to evaluate the 

hygiene of stables. Salmonella is an important food-borne pathogen and its presence in the 

poultry sector plays an important role in the spreading of this pathogen in the food production 

chain. Escherichia coli has been shown to be a suitable index organism for monitoring the 

possible presence of Salmonella (Dewaele et al., 2011; Gradel et al., 2004a; M.D. Winfield and 

Groisman, 2003). Finally, Enterococcus spp. is suggested to be an adequate hygiene-indicator 

organism for faecal contamination of surfaces (Gradel et al., 2004b).  

Although many different methods have been proposed to perform hygienic controls, few studies 

have compared different C&D methods. To evaluate the effectiveness of different C&D 

protocols, better understanding of the advantages and limitations of the available methods for 

evaluating C&D is required, together with observation of the evolution of indicators of bacterial 

load and cleanliness after performing the different steps of a C&D procedure.  

This study was designed to meet the above mentioned requirements for evaluating different 

C&D procedures. The objectives are thus 1) to compare different sampling methods and 

parameters best suited to evaluate the effectiveness of C&D in broiler houses and 2) to get more 

insight into the dynamics of microbiological parameters in the successive steps of C&D in 

broiler houses. In this study, both easy and exhaustive methods are used and compared. 

3. Materials and methods 

3.1 Farms, broiler houses and C&D protocols  

This study was carried out in six broiler houses on two farms in Belgium. Three C&D rounds, 

carried out between flocks, were evaluated in four broiler houses on farm A and in two broiler 

houses on farm B. The various C&D protocols used on both farms consisted of three steps: dry 

cleaning, wet cleaning and disinfection. During dry cleaning, manure and feed are removed. 

The wet cleaning protocols were different on the two farms (Table III.1). The cleaning products 

used were Keno™san (CID LINES, Ieper, Belgium) on farm A and Intra Power Foam 

(IntraCare, Veghel, the Netherlands) on farm B. Disinfection on farm A and B during the three 

C&D rounds was carried out by fogging and using an orchard sprinkler, respectively. The 

disinfection product used on farm A was Cid 20 (CID LINES, Ieper, Belgium); on farm B, 

Desbest 700 (Frans Veugen, Bedrijfshygiëne, Nederweert, the Netherlands). Both cleaning 

products consisted of commercial solutions containing sodium hydroxide and both disinfection 
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products consisted of combination of quaternary ammonium compounds (QAC), aldehydes and 

alcohol (Table III.1). 

Table III.1: Different cleaning protocols carried out repeatedly in six broiler houses on two farms (A and B). The overnight (8 

hours) soaking step was carried out with cold water without cleaning product. *Spraying was done using an orchard sprinkler. 

Warm: 60 °C. 

Farm Stable  

Number of 

C&D 

rounds 

Overnight 

soaking 

step? 

High 

pressure 

cleaning 

Cleaning 

compounds 

Disinfection 

compounds 

Disinfection 

method 

A 

 

 

1 3 Yes Warm 
Sodium 

hydroxide 

QAC 1 + 

aldehydes + 

alcohols 

Fogging 

2 3 Yes Cold 
Sodium 

hydroxide 

QAC + 

aldehydes + 

alcohols 

Fogging 

3 3 No Cold 
Sodium 

hydroxide 

QAC + 

aldehydes + 

alcohols 

Fogging 

4 3 No Warm 
Sodium 

hydroxide 

QAC + 

aldehydes + 

alcohols 

Fogging 

B 

1 1 No Cold None 

QAC + 

aldehydes + 

alcohols 

Spraying* 

1 2 No Warm 
Sodium 

hydroxide 

QAC + 

aldehydes + 

alcohols 

Spraying* 

2 1 No Warm 
Sodium 

hydroxide 

QAC + 

aldehydes + 

alcohols 

Spraying* 

2 2 No Cold 
Sodium 

hydroxide 

QAC + 

aldehydes + 

alcohols 

Spraying* 

1 QAC, quaternary ammonium compounds 

Disinfection compounds on farm A: QAC: alkyldimethylbenzylammoniumchloride (61.5 g/L); Aldehydes: glutaraldehyde 

(58 g/L), formaldehyde (84 g/L) and glyoxal (19.8 g/L); Alcohols: isopropanol (40 g/L). 

Disinfection compounds on farm B: QAC: didecyldimethylammoniumchloride (100 g/L); Aldehydes: formaldehyde (32 g/L) 

and glutaraldehyde (80 g/L); Alcohols: 2-propanol/methanol and ethanol (10-50 g/L). 

3.2 Sampling plan and types of samples 

Sampling was performed at the following moments before and during C&D: 

 Immediately after depopulation of the broiler house (manure still present), but before 

the onset of cleaning (BC); 

 24 hours after cleaning but before disinfection (AC) (implemented from the 2nd C&D 

round); 

 24 hours after disinfection but before chick placement (AD). 
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Different types of samples (ACP, swab samples and ATP swabs) were taken at 10-12 different 

sampling points (upon availability) per quarter of a broiler house, resulting in 40-48 sampling 

points per broiler house (Table III.2).  

3.2.1 Before cleaning 

Per stable, 10 sampling points were each sampled four times for each type of agar used. This 

yielded a total of 120 ACP per stable: 40 samples for each type (n=3) of agar used (Table III.2). 

The agar media used in the ACP were Plate Count Agar (PCA, Oxoid, CM0325, Basingstroke, 

Hampshire, England) for total aerobic bacteria, Slanetz and Bartley (S&B, Oxoid, CM0377, 

Basingstroke, Hampshire, England) for Enterococcus spp. and Rapid E. coli (Biorad, 356-4024, 

Marnes-la-Coquettes, France) for E. coli counts, respectively. ACP had a surface of 25 cm². 

Additionally, 40 sponge swab samples (10 sampling points x four samples) premoistened with 

10 mL Buffered Peptone Water (BPW) (3M, SSL10BPW, St-Paul, USA) were taken per stable. 

A surface of 625 cm² (i.e. A4 format) was swabbed whenever possible. Since the surface of the 

drinking cups was smaller than 625 cm², five drinking cups in each quarter of the stable were 

sampled. After dilution, enumeration of the swab samples was also carried out on PCA, S&B 

and Rapid E. coli. The lower limits for enumeration of the aforementioned types of swab 

samples were 4 log, 4 log and 2 log colony forming units (CFU)/625 cm², respectively. Seven 

air samples per broiler house were also taken, while walking through the stable, using the Reuter 

Centrifugal Air Sampler (Hycon® Biotest AG, Dreieich, Germany). This apparatus pulls air 

over agar filled airstrips containing PCA, S&B or Rapid E. coli. Air volumes were sampled in 

duplicate. The volumes sampled for each type of agar medium were 50 L, 50 L and 100 L, 

respectively. In addition, 800 L of air was sampled using air strips filled with PCA. These strips 

were further processed in the lab for the detection of E. coli and Salmonella. 
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D
irt 

Floor 4/-/4 4/-/4 4/-/4 4/4/4 4/4/4 4/4/4 4/4/4 4/4/4 -/4/- 

6/6/6 1/1/1 

-/4/- 

Air outlet 4/-/4 4/-/4 4/-/4 4/4/4 4/4/4 4/4/4 4/4/4 4/4/4 -/4/- -/4/- 

Wall 4/-/4 4/-/4 4/-/4 4/4/4 4/4/4 4/4/4 4/4/4 4/4/4 -/4/- -/4/- 

Air inlet 4/-/4 4/-/4 4/-/4 4/4/4 4/4/4 4/4/4 4/4/4 4/4/4 -/4/- -/4/- 

Drinking cup 4/-/4 4/-/4 4/-/4 4/4/4 4/4/4 4/4/4 4/4/4 4/4/4 -/4/- -/4/- 

Feed pan 4/-/4 4/-/4 4/-/4 4/4/4 4/4/4 4/4/4 4/4/4 4/4/4 -/4/- -/4/- 

Feed hopper 4/-/4 4/-/4 4/-/4 4/4/4 4/4/4 4/4/4 4/4/4 4/4/4 -/4/- -/4/- 

Pipes 4/-/4 4/-/4 4/-/4 4/4/4 4/4/4 4/4/4 4/4/4 4/4/4 -/4/- -/4/- 

Drain hole -/-/4 -/-/4 -/-/4 -/4/4 -/4/4 -/4/4 -/4/4 -/4/4 -/4/- -/4/- 

Loose material 4/-/4 4/-/4 4/-/4 4/4/4 4/4/4 4/4/4 4/4/4 4/4/4 -/4/- -/4/- 

Roof 4/-/4 4/-/4 4/-/4 4/4/4 4/4/4 4/4/4 4/4/4 4/4/4 -/4/- -/4/- 

Floor crack -/-/4 -/-/4 -/-/4 -/4/4 -/4/4 -/4/4 -/4/4 -/4/4 -/4/- -/4/- 

Table III.2: Analyses performed during the successive C&D steps for each sampling location at each time point. (Number of samples taken before cleaning/number of 

samples taken after cleaning /number of samples taken after disinfection, -: no samples were taken). 
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3.2.2 After cleaning  

Forty-eight premoistened swab samples for microbiological analyses were taken at 12 sampling 

points (Table III.2) in each quarter of the broiler house and enumerated on PCA, S&B and 

Rapid E. coli. The lower limit for enumeration was 1 log CFU/625 cm². The same sampling 

methods and agar media were used for air sampling. The air volumes were as follows: 100 L 

(enumeration of total aerobic bacteria) and 800 L (detection of E. coli and Salmonella), 100 L 

(enumeration of Enterococcus spp.) and 200 L (enumeration of E. coli). Moreover, 48 ATP 

swabs (Hygiena, US2020, Camarillo, CA, USA) were taken at the defined 12 sampling points 

x four samples. Sampling area of ATP swabs was 100 cm². Analyses were performed 

immediately after sampling according to the manufacturer’s instructions. The principle of the 

analyses is based on the addition of a solution containing lysis reagent, the substrate luciferin 

and luciferase. The lysis reagent allows the release of ATP from prokaryotic and eukaryotic 

cells. Released ATP molecules are used by the enzyme luciferase to convert the substrate 

resulting in a bioluminescent reaction. Measurements of the produced light were immediately 

carried out with the Ensure ATP measurement apparatus (Hygiena, Camarillo, CA, USA). In 

addition, a visual cleaning inspection was performed four times at the 12 sampling points. A 

visual score to evaluate cleaning was assigned based on Huneau-Salaün et al. (2010). A 

minimum score of 0 was given to the sampling points that were still very dirty and a maximum 

score of 3 to the completely clean ones, resulting in a possible maximum of 12 (each type of 

sampling point was evaluated four times). 

3.2.3 After disinfection  

In total, 144 ACP and 48 swab samples were taken at the same sampling points as AC. The 

lower limit for enumeration on swab samples was 1 log CFU/625 cm². Air samples and volumes 

were taken as described at AC. To neutralise the residual action of the disinfectants on the 

microbiological growth, 10 mL Dey Engley neutralizing broth (Sigma Aldrich, Fluka, D3435, 

St-Louis, USA) was used to premoisten the sponge swab samples (3M, SSL100, St-Paul, USA). 

A disinfectant neutralizing solution was also added to the agar media for ACP and airstrips. 

Three percent (v/v) polysorbate (Merck-Schuchardt, 8.17072.100, Hohenbrunn, Germany) and 

0.3% (w/v) L α-lecithin soy bean (Calbiochem, 429415, Darmstadt, Germany) was added to 

S&B medium (ACP and airstrips) and 3% polysorbate, 0.3% L α-lecithin soy bean, 0.2% (w/v) 

sodium bisulfite (UCB, Belgium) and 4.2% (w/v) sodium thiosulfate (VWR, 27910260, 

Leuven, Belgium) was added to PCA (airstrips) and Rapid E. coli (ACP and airstrips) media. 
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The ACP for total aerobic bacteria also contained a neutralizing solution (RODAC, PL-agar, 

P309.16.0017.025). 

3.3 Sample processing  

Samples were transported to the lab under refrigeration. Incubation of ACP and airstrips was 

started on the day of sampling and swab samples were stored at 3 + 2 °C for 18 h before further 

processing. One hundred milliliters of BPW was added to the BC swab samples; 10 mL BPW 

was added to the AC swab samples and to the AD swabs. Prior to plating, swab samples were 

homogenised by placing them in a Masticator (IUL instruments, S.A., Barcelona, Spain) and 

diluted in peptone water (Oxoid, TV50I6D, Wesel, Germany) required to produce countable 

results on the selected agar media. Plating of dilutions was performed by pour plating and on 

agar plates using a spiral plater (Eddy Jet, IUL instruments, S.A., Barcelona, Spain). ACP, air 

strips and agar plates were incubated 72 h at 30 °C for PCA, 48 h at 37 °C for S&B and 24 h at 

44 °C for Rapid E. coli, respectively. The remaining BPW fraction of the BC and the AD swab 

samples was incubated at 37 °C during 24 h for the detection of E. coli and Salmonella. One 

hundred milliliters of BPW was added to PCA air strips (800 L air) and also incubated overnight 

at 37 °C for the detection methods. Detection of E. coli was carried out by plating 10 µl of the 

enrichment broth on Rapid E. coli medium. Salmonella detection on the broth was carried out 

according to ISO 6579:2002 Annex D protocol (Anonymous, 2002). Positive Salmonella 

colonies on Xylose Lysine Deoxycholate agar medium (XLD, Oxoid, CM0469, Basingstroke, 

Hampshire, England) were subcultured on Nutrient Agar (NA, Oxoid, CM0003, Basingstroke, 

Hampshire, England). After incubation, polymerase chain reaction (PCR) confirmation on cel 

lysates as described by Aabo et al. (1993) was performed. Table III.2 provides an overview of 

the analyses performed at the different time points during C&D. 

3.4 Statistical data analysis 

Statistical analyses were carried out with Statistical Analysis System software (SAS®, version 

9.4, SAS Institute Inc., Cary, NC, USA). A histogram and Q-Q plot was made of the obtained 

data to characterise the distribution of the variables. Mean with standard deviation are given for 

counts that were normally distributed and median with first and third quartile are given for 

counts that didn’t follow this distribution. In order to detect significant differences in total 

aerobic bacteria counts (dependent variable) during C&D, a linear regression model was 

performed with sampling time as categorical independent variable. In case of significant 

influence of sampling time, a tukey post hoc test was carried out. A Spearman’s rank correlation 
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test was done to evaluate the correlation between the visual scores and ATP values. P-values ≤ 

0.05 were considered as significant. 

4. Results 

During three C&D rounds on two farms (six broiler houses), a total of 4508 ACP and 2047 

swab samples were taken for microbiological analyses. In addition, 252 air samples and 810 

ATP swabs were taken and analysed and 810 visual cleaning scores were assigned to different 

sampling points.  

4.1 Before cleaning  

Twenty-two percent of all ACP (n=2102) taken on the two farms were unreadable, mostly 

caused by trapped dirt particles. Of the ACP, 82%, 70% and 34% for total aerobic bacteria (n= 

706), Enterococcus spp. (n=698) and E. coli (n=698), respectively, were positive for growth 

(Figure III.1), of which 13%, 36% and 31% were countable ([1-300] CFU/25 cm²) and the 

remainder were overgrown (> 300 CFU/25 cm²). Descriptive values for ACP of total aerobic 

bacteria, Enterococcus spp. and E. coli are given in table III.3. Much higher numbers, i.e. 98%, 

95% and 82%, of the swab samples (n=705) for total aerobic bacteria, Enterococcus spp. and 

E. coli were countable (Figure III.1), respectively. The mean counts of total aerobic bacteria 

and Enterococcus spp. on the countable swab samples were 7.7 ± 1.4 log and 6.6 ± 1.0 log, 

respectively. The median count for E. coli on countable swab samples was 4 log CFU/625 cm² 

(Table III.3). The results of the air samples showed higher counts for total aerobic bacteria 

followed by Enterococcus spp. and no counts for E. coli (Figure III.2). After enrichment, E. 

coli was detected in 92% of the swab samples and 33% or 4 out of 12 air samples. No 

Salmonella was found in any of the samples. 

4.2 After cleaning 

After cleaning, 97%, 87% and 15% of the swab samples (n= 540) were countable for total 

aerobic bacteria, Enterococcus spp. and E. coli, respectively (Figure III.1). The results of the 

countable swab analyses showed that the mean contamination of the six stables after cleaning 

was 5.7 ± 1.2 log CFU total aerobic bacteria and 4.0 ± 1.2 log CFU Enterococcus spp. per 625 

cm². The median count for E. coli was 2.7 log CFU E. coli per 625 cm² (Table III.3). The 

average visual score and median ATP values per type of sampling point is shown in Figure 

III.3. Median ATP values per sampling point ranged from 29 RLU (the roof) to 7671 RLU 

(drinking cups). Moreover, a large range of ATP values per type of sampling point was found. 
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No correlation was found between visual scores and ATP values (ρs=-0.24, P< 0.0001, n=810). 

The median bacterial count in 1 m³ of air was 2.36 log CFU for total aerobic bacteria (Figure 

III.2). In the air samples (n=12), no E. coli was enumerated and detected and no Salmonella 

was found. 

 

 

 

Figure III.1: Categories of microbiological results obtained on agar contact plates (ACP) and swabs for total 

aerobic bacteria, Enterococcus spp. and E. coli. Samples taken during 3 C&D rounds in six broiler houses. 

(Overgrown, > 300 colony forming units (CFU)/25 cm²; unreadable, dirt particles trapped in agar; n, number 

of samples taken). 
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Parameter 
Time 

point 

ACP Swab samples 

Q1 Q2 Q3 Mean ± SD Q1 Q2 Q3 

TAB          

 

BC 65 149 228 7.7 1.4 

 AC  5.7 1.2 

AD 2 7 30 4.2 1.6 

Ent. spp.          

 

BC 14 58 115 6.6 1.0 
 

AC  4.0 1.2 

AD 0 0 0  1.9 2.8 3.7 

E. coli          

 

BC 0 0 3 

 

3.1 4 4.9 

AC  1.9 2.7 3.9 

AD 0 0 0 1.5 2.4 3.7 

Table III.3: Contamination of total aerobic bacteria (TAB), Enterococcus spp. (Ent. spp.) and E. coli on countable agar contact 

plates (ACP) and swab samples. Samples taken during 3 C&D rounds in six broiler houses. Mean log colony forming units (CFU) 

and standard deviations are given for counts that are normally distributed. First quartile (Q1), median (Q2) and third quartile 

(Q3) are given for counts that didn’t follow this distribution. 
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Figure III.2: Median log colony forming units (CFU) counts of total aerobic bacteria (TAB), Enterococcus spp. (Ent. spp.) and 

E. coli (EC) in CFU per m³ air in six broiler houses. A total of 72 samples of each medium for TAB, Ent. spp. and EC enumeration 

were taken during C&D, respectively. (BC, before cleaning; AC, after cleaning; AD, after disinfection). Vertical bars denote 

standard deviation 
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4.3 After disinfection 

After disinfection, 13% and 1% of the ACP (n= 802) were positive for growth of Enterococcus 

spp. and E. coli, respectively (Figure III.1). In contrast, 81% of the total aerobic bacteria ACP 

(n= 802) were positive for growth, 17% of which were overgrown (> 300 CFU/25 cm²). 

Besides, 8% of the ACP were unreadable by growth of mold or trapped dirt particles. Forty-

eight percent, 12% and 0.6% of the ACP for total aerobic bacteria, Enterococcus spp. and E. 

coli had counts between 1-40 CFU/25 cm², respectively (Figure III.4). Descriptive values are 

given in table III.3. Of the swab samples (n= 802), 92%, 56% and 4% gave countable results 

for total aerobic bacteria, Enterococcus spp. and E. coli, respectively (Figure III.1). The results 

of the countable swab samples showed that the mean total aerobic bacteria contamination of 

the six stables after disinfection was 4.2 ± 1.6 log CFU per 625 cm². Median counts for 

Enterococcus spp. and E. coli were 2.8 log CFU and 2.4 log CFU per 625 cm², respectively 

(Table III.3). After enrichment, E. coli was found in 7% of the swab samples, mostly from drain 
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Figure III.3: Mean visual cleaning inspection scores and median adenosine triphosphate (ATP) values given per sampling point 

after 3 cleaning rounds in six broiler houses. ATP values are expressed in relative light units (RLU). The higher the visual 

cleaning score, the cleaner the sampling point visually was and vice versa. *, ** and *** denotes that in total 72, 66 and 24 

individual visual scores and 72, 66 and 24 ATP values were obtained, respectively. Vertical bars denote standard deviation. 
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holes (Figure III.5). No Salmonella was detected in the air or in the swab samples taken at the 

different sampling points of the stables. The median bacterial count for total aerobic bacteria in 

the air was 2.34 log CFU per m³ of air (Figure III.2). No E. coli was detected in the air samples. 

 

Figure III.4: Distribution of proportion of samples (n= 802) within different categories of enumeration on agar contact plates 

(ACP) for total aerobic bacteria (TAB), Enterococcus spp. (Ent. spp.) and E. coli (EC). ACP taken after 3 disinfection rounds 

in six broiler houses. (NI, not interpretable or unreadable). 
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Figure III.5: Percentage of swab samples positive for E. coli within each category of sampling point after 3 disinfection rounds 

in six broiler houses. Twenty-four and sixty samples of the drain hole and loose material were taken, respectively. All other 

sampling points had 72 samples each. 
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5. Discussion 

5.1 Sampling methods 

ACP are often used to evaluate the hygiene of surfaces. They have the advantage of being fast 

to apply and easy to process, but can only sample 25 cm². In contrast, swab sampling is better 

suited for sampling irregular and larger surfaces but swabs needs more handling and laboratory 

manipulation.  

Before cleaning, the ACP were mostly unreadable or overgrown, which gave us little 

information about the initial bacterial status of the broiler houses. Similar results were found 

by Huneau-Salaün et al., 2010 at layer farms: 36% of the ACP for Enterococcus spp. taken 

before cleaning were overgrown (> 200 CFU/25 cm²). Moreover, enumeration on ACP 

selective for E. coli obtained fewer countable results compared to enumeration of swab samples. 

With the swabs, more than 82% were countable for total aerobic bacteria, Enterococcus spp. 

and E. coli, thus this type of sampling was more suitable for proper estimation of the initial 

bacterial status of the stables. 

After disinfection, enumeration of Enterococcus spp. and E. coli on ACP gave few countable 

results. Huneau-Salaün et al., 2010 showed that 62% of the ACP taken after disinfection in 

layer houses were negative for Enterococcus spp. growth compared to 86% in our study. On 

the other hand, in our study more than half of the swab samples gave countable results for 

Enterococcus spp.. For total aerobic bacteria only, a considerable number of ACP showed 

bacterial growth after disinfection. Enumeration of the swab samples revealed only a small 

fraction of countable sample for E. coli. In conclusion, ACP for total aerobic bacteria and 

enumeration of total aerobic bacteria and Enterococcus spp. on swab samples give the most 

information about the final bacterial status of the stables after disinfection. 

Air samples gave us little valuable information about the effectiveness of C&D, as the supply 

of outside air in the stable differs between BC and AD. Therefore, this parameter not only 

reflected the influence of C&D on the contamination but also the bacterial load of outside air.  

5.2 Hygiene monitoring by ATP analyses and visual cleaning 

inspection  

After cleaning, high ATP values were still found for drinking cups, drain holes and floor cracks, 

despite the latter two having been visually evaluated as clean. The ATP values indicate that 

these sampling points still contain a high amount of biological residues (eukaryotic cells as part 

of soil and prokaryotic cells) after cleaning and that ATP measurements can identify critical 



CHAPTER III: EVALUATION SYSTEM 

 

57 

 

sampling points that are difficult to clean more thoroughly. Results of swab samples also 

showed that mostly drain holes and floor cracks were still contaminated with E. coli after 

disinfection. On the other hand, air outlets appeared visually to be one of the most soiled points 

after cleaning, but ATP measurements were low. This indicates that some sampling points look 

soiled, but that they have actually little biological matter. Tear of materials probably led to this 

negative visual assessment. After performing Spearman’s rank correlation test, results showed 

that no correlation was found between ATP values and visual cleaning inspection scores. An 

explanation could be that the cleanliness of some sampling points, such as drain holes and floor 

cracks, are difficult to assess visually, leading to erroneous visual scoring. Huneau-Salaün et 

al., 2010 showed that a visual inspection can be an unreliable indicator of surface cleanliness. 

Our observations demonstrate that visual cleaning inspection alone is not reliable to assess the 

hygiene status of broiler houses.  

5.3 Dynamics of microbial counts 

The number of swab samples countable for total aerobic bacteria decreased from 98% to 97% 

AC and to 92% AD. The mean total aerobic bacteria count on these countable swab samples 

decreased from 7.7 ±1.4 to 5.7 ± 1.2 log CFU/625 cm² AC and to 4.2 ± 1.6 log CFU/625 cm² 

after disinfection. Surprisingly, total aerobic bacteria was significantly (P< 0.0001) reduced by 

an average of 1.5 log after the disinfection step, which was less than the 2 log reduction obtained 

by cleaning (P< 0.0001). Before a disinfection product gains approval for the European market, 

it must pass a quantitative suspension test according to the European Standard EN1656. That 

test simulates soiling conditions. The test results must show a minimum 5 log reduction of some 

reference bacteria (European Commitee for Standardization, 2000). Our study indicates that in 

the field, the 5 log reduction is far from achieved during disinfection for total aerobic bacteria. 

The average decrease of Enterococcus spp. after a cleaning step was 2.6 log CFU per 625 cm² 

(from 6.6 ±1.0 to 4.0 ± 1.2 log CFU). In 44% of the swabs after disinfection, numbers of 

Enterococcus spp. were lower than 1 log. Therefore, the median count after disinfection was 

even lower than 2.8 log CFU per 625 cm². ACP data yielded insufficient information about the 

dynamics of the bacterial contamination during C&D. The number of positive samples for E. 

coli detection was reduced from 92% BC to 7% AD. Drain holes (71%), floor cracks (13%) and 

pipes (10%) were still positive for E. coli after disinfection. Drain holes as well as floor cracks 

were previously identified as critical sampling points for C&D in stables and the most risky 

places for Salmonella contamination (Bolder, 2004; Dewaele et al., 2012b; Mueller-Doblies et 
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al., 2010; Rajic et al., 2005). Sampling drain holes and floor cracks is advised to evaluate C&D 

of these locations. 

5.4 Suitable measurement system  

Besides enumeration of bacteria, one important aim of our study was to generate sufficient 

information for selecting sampling methods and identifying analytical parameters for later study 

of differences between C&D protocols. After disinfection, ACP of Enterococcus spp. and E. 

coli are not suitable enough to make comparisons between C&D protocols compared to swab 

analysis of the same parameters. On the other hand, ACP of total aerobic bacteria after 

disinfection resulted in sufficient numbers (64%) of countable results and ACP are easy to use. 

Enumeration of E. coli after cleaning and after disinfection yielded very few countable results, 

allowing only to evaluate the presence or absence of E. coli in our evaluation system.  

In conclusion, enumeration of swab samples showed that the mean total aerobic bacteria in 

the broiler houses decreased from 7.7 ± 1.4 to 4.2 ± 1.6 log CFU/625 cm² due to C&D. ACP, 

the standard used for evaluating the effectiveness of C&D, were shown to be less suitable 

compared to swab sampling. ATP analyses gave us more objective information about the level 

of hygiene compared to visual evaluations. The measurements system that provide valuable 

information for evaluating C&D protocols consists of: ACP for total aerobic bacteria counts 

AD; swab enumeration for total aerobic bacteria and Enterococcus spp. BC, AC and AD; and 

the detection of E. coli on those swab samples. After cleaning, ATP analyses could also be 

carried out. 
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CHAPTER IV 

On-farm comparisons of different cleaning protocols 

in broiler houses 

1. Abstract 

The present study evaluated the effectiveness of four cleaning protocols in order to reduce the 

bacteriological infection pressure on broiler farms and prevent food-borne zoonoses. 

Additionally, locations that are difficult to clean and possible sources of infection were 

identified. Cleaning and disinfection rounds were evaluated in 12 broiler houses on five farms 

through microbiological analyses and adenosine triphosphate hygiene monitoring. Samples 

were taken at three time points: before cleaning, after cleaning, and after disinfection. At all 

time points, swab samples were taken from various sampling locations for enumeration of total 

aerobic bacteria and Enterococcus spp. In addition, before cleaning and after disinfection, also 

detection of Escherichia coli and Salmonella was carried out. Finally, adenosine triphosphate 

swabs and agar contact plates for total aerobic bacteria counts were taken after cleaning and 

after disinfection, respectively. Total aerobic bacteria and Enterococcus spp. counts on swab 

samples showed that cleaning protocols preceded by an overnight soaking step with water, 

caused a higher bacterial reduction compared to protocols without a preceding soaking step. 

Moreover, soaking of broiler houses leads to less water consumption and working time during 

high pressure cleaning. No differences were found between protocols using cold or warm water 

during cleaning. Drinking cups, drain holes and floor cracks were identified as critical locations 

for cleaning and disinfection in broiler houses.  
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2. Introduction 

In 2011, most reported food-borne outbreaks (69553 human cases) in the European Union were 

associated with food originating from animals. Salmonella was the most frequently detected 

causative agent (26.6% of outbreaks) (European Food Safety Authority (EFSA), 2014). 

Salmonella is present in the intestinal tract of a wide range of animals such as birds, making 

commercial poultry flocks a potential reservoir for Salmonella. This pathogen can contaminate 

carcasses and equipment during processing of poultry meat (Tadesse and Cízek, 1994). To 

decrease the contamination level on poultry carcasses, it is important to control Salmonella 

infection at farm level (Rose et al., 2000). Other organisms such as Enterococcus cecorum 

(Borst et al., 2012; Chadfield et al., 2004; Jung and Rautenschlein, 2014), Enterococcus 

faecalis (Tankson et al., 2001) and Escherichia coli (Dho-Moulin and Fairbrother, 1999) have 

been associated with clinical diseases in broiler chickens. These infectious agents not only lead 

to disease outbreaks and flock mortality, but also to an increase of veterinary costs and 

condemnation rates at slaughterhouses. This all leads to high economic losses for the farmer 

(Jung and Rautenschlein, 2014). 

An effective cleaning and disinfection (C&D) of broiler houses at the end of a production round 

is a crucial step in reducing the infection pressure on broiler farms and preventing both food-

borne zoonoses (van de Giessen et al., 1998) and endemic animal diseases. One of the important 

risk factors for contamination of flocks is the Salmonella status of the broiler house after C&D 

(Marin et al., 2011). Also, residual organic debris (faeces, feathers, etc.) has to be removed 

properly before disinfection because it has an adverse effect on disinfectants (Hoff and Akin, 

1986). Furthermore, organic material still present after cleaning can form a physical barrier that 

protects bacteria from disinfectants (Stringfellow et al., 2009). 

Little research has been published on the effectiveness of cleaning methods in animal houses. 

An on-farm evaluation and comparison of different cleaning protocols could help farmers in 

selecting the most appropriate cleaning method and in reducing or even eliminating zoonotic 

and pathogenic infectious organisms. Also, insight in working time, consumption of water, 

electricity and heating oil could have an impact on selecting a cleaning protocol.  

The identification of locations that are difficult to clean could help in improving C&D protocols 

to better prevent infections through these residual sources of infectious material. Mueller-
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Doblies et al. (2010) showed that areas that are difficult to clean, such as floor cracks, had a 

higher Salmonella prevalence than an intact floor, which is easier to clean. 

Costs associated with the analyses needed for evaluating cleaning protocols should also be 

considered. A reduction of the number of samples to be analysed results in a lower work load 

and costs for the lab. 

The first objective of this on-farm study was to compare the effectiveness of different cleaning 

protocols. The difference between whether or not applying an overnight soaking step after dry 

cleaning and/or the use of warm (60 °C) or cold water during cleaning was studied. 

Additionally, the number of samples needed for the evaluation of C&D was determined. 

Finally, critical locations that are difficult to clean in broiler houses were searched for.  

3. Materials and methods 

3.1 Cleaning and disinfection  

Four different cleaning protocols were carried out and compared in 12 broiler houses on five 

farms, including one pilot farm, in Northern Belgium. Selection of farms was based on the 

willingness of the farmers to participate and the presence of at least two comparable (age, size, 

construction of the building, use of building materials, etc.) broiler houses on each farm. Three 

C&D rounds were evaluated in 4 broiler houses on the pilot farm (farm A) and two C&D rounds 

in 2 broiler houses on each of the four other farms (farm B-E). The C&D protocols consisted 

of different steps: dry cleaning (manure and feed removal), whether or not overnight soaking 

of the stable with water, wet cleaning (either with warm or cold water) and disinfection. Wet 

cleaning was further divided into three steps: 1) removal of organic material by high pressure 

cleaning with warm or cold water, 2) soaping and 3) removal of soap and any remaining dirt by 

high pressure cleaning with warm or cold water. On each farm, different cleaning protocols 

were carried out (Table IV.1): Protocol 1: overnight (8 hours) soaking with cold water followed 

by cleaning with warm water (60 °C) and cleaning product (CP), protocol 2: overnight (8 hours) 

soaking with cold water followed by cleaning with cold water and CP, protocol 3: no overnight 

soaking and cleaning with warm water (60 °C) using CP and protocol 4: no overnight soaking 

and cleaning with cold water using CP. All CP consisted of sodium hydroxide (and potassium 

hydroxide) and all disinfection products consisted of a combination of quaternary ammonium 

compounds (QAC), aldehydes and alcohols.
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 Table IV.1: Four cleaning protocols carried out repeatedly in 12 broiler houses on five different farms.  

 

Farm 
Cleaning protocols 

CP 1 
Active components 

CP  
Conc. 2 

CP 
D 3 

Disinfection 

method 

Active components 

D: QAC 7 + aldehydes + alcohols 

Conc. 

D 1 2 3 4 

A 3x 4 3x 3x 3x KenoTMSan 8 Sodium hydroxide 1.0% Cid 20 8 Fogging 

Alkyldimethylbenzylammoniumchloride 

(61.5 g/L) + glutaraldehyde (58 g/L); 

formaldehyde (84 g/L); glyoxal 19.8 g/L + 

isopropanol (40 g/L) 

2.0% 

B   2x 5 2x Intra Power Foam 9 Sodium hydroxide 3.0% Desbest 700 12 Spraying 6 

Didecyldimethylammoniumchloride (100 

g/L) +  glutaraldehyde (80 g/L); 

formaldehyde (32 g/L) + isopropanol; 

methanol; ethanol (conc.: 10-50 g/L) 

1.0% 

C  2x 2x  KenoTMSan 8 Sodium hydroxide 1.0% ViroCid 8 Spraying 

Alkyldimethylbenzylammoniumchloride 

(170.6 g/L); 

didecyldimethylammoniumchloride  

(78  g/L) +  glutaraldehyde (107.25 g/L) + 

isopropanol (146.25 g/L) 

1.8% 

D   2x 2x 
Sodium Hydroxide 

50% 10 
Sodium hydroxide 1.0% Cid 20 8 Spraying 

See above 
2.0% 

E 2x   2x Ino Net 11 

Sodium hydroxide 

+ potassium 

hydroxide 

3.0% Hyprelva SL11 Fogging 

Benzylalklyldimethylchloride (80 g/L) ; 

didecylmethylammoniumchloride (15 g/L) 

+ glutaraldehyde (130 g/L) + isopropanol; 

methanol (conc. <10 g/L) 

2.0% 

1 CP, cleaning product; 2  Conc., concentration; 3 D, disinfectant; 4 3x, cleaning protocol conducted during three C&D rounds; 5 2x, cleaning protocol conducted during two C&D rounds; 6 Spraying 

was done by using an orchard sprinkler; 7 QAC, quaternary ammonium compounds; 8, CID LINES, Ieper, Belgium; 9, IntraCare, Veghel, Netherlands; 10, Brenntag NV, Deerlijk, Belgium; 11, 

Distrifarm, Deerlijk, Belgium; 12, Frans Veugen, Bedrijfshygiene, Nederweert, Netherlands 
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3.2 Sampling and sampling processing 

Sampling was performed on following moments during C&D: 

 Immediately after depopulation of the broiler house (manure still present) (before 

cleaning, BC); 

 24 hours after cleaning but before disinfection (after cleaning, AC); 

 24 hours after disinfection but before chick loading (after disinfection, AD). 

The method of sampling (number of samples per house, sampling points, surface…), sample 

processing and microbiological analyses was based on Luyckx et al. (2015) (i.e. chapter III). 

Briefly, at each time point 10-12 locations were sampled in quadruplicate (625 cm² area was 

sampled). Drain holes were usually present in smaller amounts than four per broiler house. 

Swab samples (3M, St-Paul, USA) were used at each sampling point (BC, AC and AD) and 

adenosine triphosphate (ATP) swabs (Hygiena, US2020, Camarillo, CA, USA) and agar contact 

plates (ACP) were taken AC and AD, respectively. On the swab samples, enumeration of total 

aerobic bacteria and Enterococcus spp. was carried out. In addition, the BC and AD swab 

samples were enriched in Buffered Peptone Water (BPW, Oxoid, CM0509, Basingstroke, 

Hampshire, England) during 24 h at 37 °C for the detection of E. coli and Salmonella. Detection 

of E. coli was followed by plating 10 µl of the enrichment broth on Rapid E. coli medium 

(Biorad, 356-4024, Marnes-la-Coquettes, France). Salmonella isolation was also attempted 

according to ISO 6579:2002 Annex D protocol (Anonymous, 2002). Agar contact plates were 

used for the enumeration of total aerobic bacteria (RODAC, PL-agar, P309.16.0017.025). 

3.3 Monitoring power consumption and working time 

Consumption of water, electricity, heating oil, cleaning product and working time was 

monitored for each protocol during four successive C&D rounds on farm A. 

3.4 Statistical processing of the results 

Statistical analyses were carried out with Statistical Analysis System software (SAS®, version 

9.4, SAS Institute Inc., Cary, NC, USA). A histogram and Q-Q plot was made of the obtained 

data to characterise the distribution of the variables. The log transformed counts of total aerobic 

bacteria on swab samples and the log transformed ATP values followed a normal distribution. 

Log transformed counts of Enterococcus spp. on swab samples, detection results of E. coli on 

swab samples and counts of total aerobic bacteria on ACP did not follow this distribution.  
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For ACP with counts higher than 300 colony forming units (CFU) or with non-countable CFU 

counts (completely overgrown), counts were altered to 350 CFU and 450 CFU, respectively. 

For all swab samples, 1 CFU was added up to the absolute counts before a log transformation 

was performed, in that way counts of zero CFU were first transformed to the value one and then 

log transformed which turned them back to the value zero.  

To assess the effect of each individual cleaning measure and their combinations (independent 

variables: soaking; temperature; time; interaction soaking*temperature and interaction 

time*soaking) on the total aerobic bacteria counts on swab samples (AC and AD) and ATP 

values (AC) (dependent variables), a linear mixed regression model was used. The not normally 

distributed data was transformed to a binomial dataset (dependent variables) with the group 

with zero-values containing counts that were lower than the detection limit and the group with 

one-values counts higher than the detection limit. On this dataset a logistic regression test was 

carried out. Counts on swab samples (BC) were added as continuous independent variables and 

the variable farm was included as a random effect in the model to correct for measurements 

within one farm. Post-hoc comparison was performed with a Bonferroni test. P-values≤ 0.05 

were considered as significant. 

In order to determine the number of samples needed to evaluate C&D protocols a two way-

ANOVA was carried out on the normal distributed data and a Friedman’s two way 

nonparametric ANOVA test was performed when data was not normally distributed 

(independent variables: sampling time and section, dependent variable: counts on swab 

samples). These tests were conducted on results obtained for total aerobic bacteria and 

Enterococcus spp. counts on swab samples, respectively. In both tests, a contrast statement was 

carried out, whereby samples taken in 1, 2 and/or 3 sections (e.g. 14 different combinations) 

were compared to samples taken in all 4 sections. 

A linear discriminant analysis was conducted using location as grouping variable. The stepwise 

variable selection algorithm selected specific variables (ATP values from AC, counts of total 

aerobic bacteria and Enterococcus spp. AD on swab samples, E. coli detection AD on swab 

samples and the decrease of total aerobic bacteria counts on swab samples during C&D) that 

were capable of classifying a sample to a specific location (1 to 13).  
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4. Results 

From October 2012 until February 2014, C&D rounds were studied in 12 broiler houses on five 

different farms. The four different cleaning protocols were compared. A total of 3473 swab 

samples for microbiological analyses were taken, whereof 1107 BC, 1091 AC and 1275 AD. 

In addition, 1274 ATP samples and 1275 ACP for total aerobic bacteria counts were taken AC 

and AD, respectively.  

4.1 Comparison of Cleaning Protocols 

4.1.1 Comparisons between total aerobic bacteria counts  

Of all the swab samples, 98%, 98% and 95% were countable BC (lower limit: 4 log CFU/625 

cm²), AC (lower limit: 1 log CFU/625 cm²) and AD (lower limit: 1 log CFU/625 cm²), 

respectively. After disinfection, 11% of ACP were negative for growth of total aerobic bacteria 

(< 1 CFU/ACP). In addition, 6% of ACP were unreadable, which was caused by trapped dirt 

particles, and 83% were positive for growth of which 15% were overgrown (> 300 CFU/25 

cm²). Descriptive values for total aerobic bacteria counts on swab samples and ACP are given 

for each protocol in table IV.2. After cleaning, little differences in counts on swab samples were 

found for the four cleaning protocols (maximum difference of 0.2 log CFU/625 cm²). Swab 

samples showed that mean total aerobic bacteria contamination after disinfection was the lowest 

for protocols with soaking step (protocols 1 and 2 – variable 1 in table IV.2) and the highest for 

protocols without soaking step (protocols 3 and 4 – variable 2 in table IV.2). In addition, the 

number of countable swab samples was the lowest for protocols with soaking step (10% of the 

swab samples showed no growth after disinfection). Linear regression analysis on results of 

swab samples showed a significant lower amount of total aerobic bacteria (P< 0.01) after 

disinfection for protocols using a soaking step (0.5 log CFU/625 cm² difference in least square 

means). No significant differences were found when broiler houses were cleaned with warm or 

cold water. Also, no interaction was found between the variables soaking and temperature of 

water during cleaning (soaking*temperature). Median total aerobic bacteria counts on ACP 

after disinfection were the lowest for protocols with soaking step (protocols 1 and 2). Also, 14% 

of ACP showed no growth for protocols with soaking step compared to 10% for protocols 

without a soaking step (protocols 3 and 4). No differences in ACP counts between cleaning 

protocols were found after logistic regression analysis.  
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Table IV.2: Descriptive values for total aerobic bacteria (TAB) and Enterococus spp. (Ent spp) counts on swab samples and 

ACP during C&D. Samples taken during C&D in 12 broiler houses on 5 farms. Variable 1: soaking (protocol 1 and 2), 2: not 

soaking (protocol 3 and 4), 3: warm (protocol 1 and 4) and 4: cold (protocol 2 and 3). Mean and standard deviation are given 

for results that are normally distributed. First quartile (Q1), median (Q2) and third quartile (Q3) are given for results that 

didn’t follow this distribution.  

Swab samples (log CFU/625 cm²) 

V 1 PM 2 

BC 4 AC 5 AD 6 

N 3 Countable 7 

(%) 
Count N 

Countable 8 

(%) 
Count N 

Countable** 

(%) 
Count 

1 

TAB 

393 391 (98) 7.6 ± 1.7 371 363 (98) 5.8 ± 1.5 463 417 (90) 3.7 ± 1.8  

2 709 621 (97) 7.4 ± 1.8 720 711 (99) 6.0 ± 1.5 812 790 (97) 4.3 ± 1.7 

3 552 542 (98) 7.6 ± 1.7 540 531 (98) 5.8 ± 1.5 634 607 (96) 4.0 ± 1.7 

 4 555 540 (97) 7.3 ± 2.0 551 543 (99) 6.0 ± 1.5 641 600 (94) 4.2 ± 1.8 

1 

Ent 

spp 

393 363 (92) 6.1 ± 2.0 369 310 (84) 3.5 ± 1.8 432 171 (37) 0.0 – 0.0 – 2.3 

2 705 659 (93) 6.0 ± 1.9 720 668 (93) 4.1 ± 1.7 811 442 (55) 0.0 – 1.3 – 3.2 

3 547 578 (95) 6.2 ± 1.8 538 485 (90) 3.9 ± 1.7 632 292 (46) 0.0 – 0.0 – 2.8 

4 551 504 (91) 5.8 ± 2.0 551 493 (89) 3.9 ± 1.8 641 321 (50) 0.0 – 1.3 – 3.0 

ACP (CFU/25 cm²) 

V PM 
  AD 

  N 
Positive for 

growth (%) 
Count  

1 

TAB   

429 369 (86) 2 – 7 – 31 

2 764 686 (90) 4 – 21 – 132 

3 601 537 (89) 3 – 13 – 62 

4 592 518 (88) 3 – 17 – 90 

1 V, variable; 2 PM, parameter; 3 N, number; 4 BC, before cleaning; 5 AC, after cleaning; 6 AD, after disinfection; 7 lower limit: 

4 log CFU/625 cm²; 8 lower limit: 1 log CFU/625 cm². 

 

4.1.2 Comparisons between Enterococcus spp. counts 

More than half of the swab samples AD were negative (< 1 log CFU/625 cm²) for enumeration 

of Enterococcus spp.. When comparing the proportion of countable samples after C&D, 

protocols with soaking step showed the smallest proportion: 37% (Table IV. 2). Logistic 

regression analysis showed a stronger decrease of Enterococcus spp. after disinfection for C&D 

protocols with a soaking step (P< 0.05). These results confirmed the observations with total 

aerobic bacteria counts. No differences were found between protocols using warm and cold 

water.  
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4.1.3 Detection of E. coli 

 Before cleaning, 93% (ranging from 92% to 94% per variable) of the swab samples were 

positive for E. coli, while after disinfection only 7% were positive. Of swab samples taken after 

disinfection, 8% (35 out of 463), 7% (59 out of 810), 6% (37 out of 634) and 9% (57 out of 

639) were positive for E. coli for protocols with soaking step, without soaking step, using warm 

water and using cold water, respectively. Logistic regression analyses on results of E. coli 

detection showed no significant differences between the four protocols.  

4.1.4 Comparisons between ATP values 

Mean ATP values were 2.5 ± 0.9, 2.4 ± 1.0, 2.4 ± 1.0 and 2.5 ± 0.9 log RLU (relative light 

units) for protocols with soaking step, without soaking step, using warm water and using cold 

water, respectively. Linear regression analysis showed that protocols without a soaking step, 

had lower ATP values after cleaning than protocols with a soaking step (P< 0.05), with a least 

square means difference of 0.1 log RLU. No differences were found between protocols using 

warm or cold water. 

4.1.5 Comparisons between power consumption and working time  

Results on working time during cleaning, consumption of water, electricity and cleaning 

product used during the different protocols are listed in table IV.3. Because consumption of 

heating oil is strongly dependent on type of high pressure cleaners, data is not shown.  

 

Table IV.3: Comparison of power consumption and working time between cleaning protocols. Variable 1: soaking (protocol 

1 and 2), 2: not soaking (protocol 3 and 4), 3: warm (protocol 1 and 4) and 4: cold (protocol 2 and 3). 

Parameters 1 2 3 4 

Working time during high pressure cleaning 

(min/m²) 2.02 1 2.20 1.94 2.27 

Water needed for soaking step (m³/m²) 0.0010    

Water during high pressure cleaning (m³/m²) 0.016 1 0.018 0.016 0.018 

Electricity (Wh/m²) 0.0023    

Cleaning product (L/m²) 0.0066 0.0057 0.0064 0.0059 
1 Soaking step was not taken into consideration for calculation of working time and water consumption during cleaning.  
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4.2 Sampling locations. 

4.2.1 Bacterial analyses 

Means (with standard deviations) and medians (with first and third quartiles) are shown for 

each parameter, time point and location in table IV.4. Before cleaning, drinking cups had total 

aerobic bacteria counts higher than 9 log CFU/625 cm² and floors (manure still present), pipes 

and loose materials (heating devices) had counts higher than 8 log CFU/625 cm³. Enterococcus 

spp. counts were also found in high amounts in the same 4 locations (> 6.5 log CFU/625 cm²). 

After cleaning, drinking cups and drain holes had the highest counts (total aerobic bacteria: > 

7.5 log CFU/625 cm² and Enterococcus spp.: ≥ 4.9 log CFU/625 cm²) and feed hoppers and 

roofs had the lowest counts (total aerobic bacteria: < 5 log CFU/625 cm² and Enterococcus 

spp.: 2.4 log CFU/625 cm²). Results of swab samples taken after disinfection confirmed these 

results. Also, total aerobic bacteria enumerations of air outlets were below 3 log CFU/625 cm² 

after disinfection. Mean total aerobic bacteria counts for roofs were higher after cleaning (4.9 

± 1.3 log CFU/625 cm²) than before cleaning (4.5 ± 2.5 log CFU/625 cm²). After disinfection, 

E. coli was mostly still found at drain holes (53% of the samples), floor cracks (24%) and 

drinking cups (10%). Other locations had a prevalence of less than 10%. At farm C, Salmonella 

was detected in 11 swab samples BC (taken from floor, air outlet, drinking cups and loose 

material) and 2 samples AD (taken from drinking cups and floor cracks). No Salmonella was 

found on the other farms.  

Results of ACP ([0-450] CFU/ACP) after disinfection showed that floors, drain holes and floor 

cracks had highest total aerobic bacteria counts. More than 30% of ACP taken at drain holes, 

floor cracks and floors were overgrown (> 300 CFU).  
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Table IV.4: Microbiological and ATP values given for each sampling location. Samples taken during C&D in 12 broiler houses on 5 farms. Number of samples ranged BC from 108 to 112, AC 

from 42 (drain hole) to 96 and AD from 51 (drain hole) to 112 per location. Results in log CFU/625 cm² for swab samples, CFU/25 cm² for ACP and RLU/100 cm² for ATP values. Mean and 

standard deviation are given for results that are normally distributed. First quartile (Q1), median (Q2) and third quartile (Q3) are given for results that didn’t follow this distribution. 

Sampling 

location 

TAB 1 Enterococcus spp. EC 2 detection ATP 3 

BC AC 

AD 
BC AC AD BC AD AC 

Swab samples ACP 4 

 Count [0, 450] Overgrown       

Floor 8.6 ± 1.0 6.1 ± 0.9 4.5 ± 1.1 32 – 94 – 350 35% 7.0 ± 0.8 4.2 ± 1.0 0.0 – 1.3 – 2.5 100% 9% 2.8 ± 0.7 

Air outlet 7.2 ± 0.9 5.9 ± 0.9 3.0 ± 1.8 1 – 4 – 14 7% 5.6 ± 1.8 3.9 ± 1.6 0.0 – 0.0 – 1.3 100% 0% 2.0 ± 0.6 

Wall 7.1 ± 0.6 5.7 ± 1.2 4.6 ± 1.0 15 – 38 – 74 9% 6.0 ± 1.2 3.5 ± 1.7 0.0 – 2.6 – 3.5 100% 3% 1.8 ± 0.6 

Air inlet 7.5 ± 1.8 6.0 ± 1.4 4.8 ± 1.4 3 – 24 – 144 18% 6.2 ± 2.0 3.8 ± 1.9 0.0 – 2.3 – 3.7 97% 5% 2.3 ± 0.8 

Drinking cup 9.5 ± 0.8 7.7 ± 0.9 5.5 ± 1.7 2 – 15 – 199 25% 7.1 ± 0.7 4.9 ± 1.3 0.0 – 2.0 – 3.9 100% 10% 3.7 ± 0.4 

Feed pan 7.0 ± 1.1 5.8 ± 1.3 3.5 ± 1.8 1 – 5 – 14 6% 5.5 ± 1.7 4.6 ± 1.0 0.0 – 0.0 – 2.8 100% 2% 2.3 ± 0.7 

Feed hopper 6.7 ± 0.8 4.3 ± 1.9 2.6 ± 1.5 1 – 4 – 20 8% 5.4 ± 1.7 2.4 ± 2.0 0.0 – 0.0 – 0.0 99% 0% 1.4 ± 0.7 

Pipe 8.5 ± 0.9 6.2 ± 1.1 4.5 ± 1.4 7 – 19 – 64 19% 7.4 ± 0.9 4.3 ± 1.7 0.0 – 1.3 – 3.3 99% 4% 2.6 ± 0.7 

Drain hole  n.a. 5 7.6 ± 0.8 6.0 ± 1.2 221 – 400 – 450 75% n.a.  5.2 ± 0.7 1.3 – 3.4 – 4.8  n.a. 53% 3.4 ± 0.5 

Loose material 8.1 ± 1.0 5.4 ± 1.5 3.5 ± 1.5 3 – 9 – 29 12% 6.8 ± 0.8 3.5 ± 1.8 0.0 – 0.0 – 2.0 100% 2% 2.5 ± 0.6 

Roof 4.5 ± 2.5 4.9 ± 1.3 3.2 ± 1.7 1 – 5 – 19 11% 3.1 ± 2.7 2.4 ± 1.9 0.0 – 0.0 – 1.8 99% 2% 1.5 ± 0.6 

Floor crack  n.a. 6.5 ± 1.0 4.5 ± 1.5 17 – 60 – 350 34% n.a.  4.6 ± 1.0 0.0 – 1.3 – 3.0 n.a.  24% 3.4 ± 0.5 
1 TAB, total aerobic bacteria; 2 EC, E. coli; 3 ATP, adenosine triphosphate; 4 ACP, agar contact plates; 5 n.a., not accessible. 
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4.2.2 Number of samples 

No differences in mean and median total aerobic bacteria and Enterococcus spp. contamination 

respectively, was seen when samples were taken in quadruplicate (n=3473) or when samples 

were taken in one fold (n=893), duplicate (n=1775) or threefold (n=2627) (P> 0.05).  

4.2.3 ATP analyses 

ATP values were the highest for drinking cups, drain holes and floor cracks  

(≥ 3.4 log RLU/100 cm²). Lowest ATP values (≤ 1.5 log RLU/100 cm²) were found for feed 

hoppers and roofs.  

4.2.4 Locations  

A linear discriminant analysis showed a separation of drinking cups, drain holes and floor 

cracks. ATP values and enumeration of total aerobic bacteria AC and AD on swab samples 

contributed the most to this observation. A new analysis was conducted with only these 

parameters and comparable results were obtained. Detection of E. coli and Salmonella at these 

sampling points after disinfection confirmed these results.  

 

5. Discussion 

5.1 Cleaning of broiler houses 

When broiler houses were soaked during C&D, a greater reduction of total aerobic bacteria and 

Enterococcus spp. counts on swab samples was found, whether or not warm or cold water was 

used during cleaning. Although counts on ACP after disinfection showed the same trend, 

logistic regression analysis on these counts couldn’t confirm this observation. 

Considering ATP values, only a small difference of 0.1 log RLU/100 cm² was found between 

protocols without a soaking step and protocols preceded by a soaking step. ATP-metry 

measures the amount of eukaryotic (as part of soil) and prokaryotic (bacteria, molds…) cells. 

These ATP measurements gave contradictory results, since lower bacterial counts were found 

after disinfection for protocols with a soaking step. Green et al. (1999) showed that commercial 

sanitisers and cleaning products may quench or increase the light signal during ATP 

measurements, which could lead to false positives and negatives. This was not taken into 

account in this study. Also, a poor repeatability and reproducibility for commercially available 
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rapid ATP monitoring systems has been reported (Shama and Malik, 2013). Therefore, the 

found differences in ATP values between protocols seemed negligible. 

Recommendations for using warm water are based on the easier dissolution of fats (Gibson et 

al., 1999), improved action of the cleaning product and quicker drying of the house. In practice 

however, no differences were found between cleaning protocols using warm water and cold 

water concerning total aerobic bacteria and Enterococcus spp. contamination (whether or not a 

soaking step was applied). Other studies in animal houses also showed that the use of warm 

water in practice is negligible (Morgan-Jones, 1981; Walters, 1967). One explanation could be 

that the actual cleaning products in combination with cold water are sufficiently able to dissolve 

fats. However, when broiler houses were cleaned with warm water, less water and working time 

were spend in comparison with protocols using cold water. It should also be taken into 

consideration that the use of warm water contributes to the comfort of farmers during cleaning.  

Water consumption was higher for protocols without a soaking step. Even though broiler houses 

were soaked with water overnight (mean water consumption during soaking: 0.0010 m³/m²), 

the water consumption was still lower. This means that a preceding soaking step reduced the 

amount of water needed to clean broiler houses afterwards. Soaking can loosen organic 

material, making removing it is easier during high pressure cleaning. In addition, working time 

spent on cleaning after soaking were less than cleaning without a preceding soaking step. 

However, it should be taken into account that soaking of broiler houses can be time consuming 

by postponing the high pressure cleaning. Automatic sprinkler systems, mostly present in the 

broiler house for cooling broilers during summer, can be used overnight for soaking the stable.  

5.2 Sampling 

Statistical analyses showed that sampling 12 locations in one fold per broiler house was 

sufficient to evaluate C&D. This means that costs and working time can be reduced for future 

research on evaluating C&D methods.  

5.3 Identification of critical locations 

High counts on swab samples showed that drinking cups, drain holes and floor cracks are 

critical locations during C&D in broiler houses. Next to the high bacterial load BC and AD, 

these locations also contained a lot of water after cleaning, causing dilution of the used 

disinfection products. High bacterial counts found after disinfection confirmed this observation. 

Also, ATP values were the highest for these three locations, which could give an indication that 

there was still a high amount of organic material present after cleaning. Drain holes as well as 
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floor cracks were previously identified as critical locations and possible sources for pathogens 

(Dewaele et al., 2012b; Mueller-Doblies et al., 2010; Rajic et al., 2005). Because these 

locations are covered with pellet before chick loading, there is no direct contact with the 

animals, but they still remain a risk. To reduce this risk, floor cracks can be regularly repaired 

by filling and more attention can be given to C&D of drain holes. On the other hand, drinking 

cups are capable of immediately contaminating a new flock. Because of their fragile and angular 

construction, drinking cups are difficult to clean and are therefore critical locations. In addition, 

broiler chickens can contaminate these drinking cups by defecating in them or by (particularly 

when they are young) stepping and walking in it. Heyndrickx et al. (2002) showed that drinking 

water in broiler houses is one of the risk factors significantly related to the Salmonella flock 

status. Renwick et al. (1992) also showed that there was a greater risk of contamination of 

drinking water with Salmonella from trough drinkers and plastic bell drinkers than from nipple 

drinkers.  

Feed hoppers, roofs and air outlets seemed the cleanest locations (low bacterial counts and ATP 

values) in broiler houses after C&D. A logical explanation is that these locations do not come 

into direct contact with any manure or chickens because they are (one of) the highest locations 

in broiler houses. Another explanation would be that these locations have a smooth surface and 

are therefore also easy to clean. Remarkably, roofs were more contaminated with total aerobic 

bacteria after cleaning than before cleaning. This could be explained by the fact that when 

cleaning floors, dirt (manure) can be splashed on the roof. 

Results showed that ATP-metry could be capable of providing additional information to 

identify critical locations in broiler houses, although results should be interpreted cautiously. E. 

coli detection can also be used to quickly detect the less sanitised and critical locations. 

6. Conclusion 

Total aerobic bacteria and Enterococcus spp. counts on swab samples showed that C&D 

protocols using a soaking step caused a higher bacterial reduction compared to protocols 

without a soaking step. Although total aerobic bacteria counts on ACP showed the same trend, 

statistical analyses could not confirm this. Furthermore, a preceding soaking step leads to less 

water consumption and working time during high pressure cleaning. No differences were found 

between protocols using cold or warm (60 °C) water. The number of samples needed for the 

evaluation of broiler houses can be reduced from samples taken in fourfold (i.e. 48 samples) to 
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samples taken in one fold (i.e. 12 samples). Drinking cups, drain holes and floor cracks are 

critical locations during C&D in broiler houses and therefore possible sources of pathogens. 
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CHAPTER V 

Comparison of competitive exclusion with classical 

cleaning and disinfection on bacterial load in pig 

nursery units 

1. Abstract 

Colonisation of the environment of nursery units by pathogenic bacteria is an important factor 

in the persistence and spread of endemic diseases in pigs and zoonotic pathogens. These 

pathogens are generally controlled by the use of antibiotics and disinfectants. Since an 

increasing resistance against these measures has been reported in recent years, methods such as 

competitive exclusion (CE) are promoted as promising alternatives.  

 

In this study the effect of a CE protocol on the bacterial infection pressure in nursery units was 

compared to a classical cleaning and disinfection (C&D) protocol (control). Tests were 

performed during 3 successive production rounds using multiple identical nursery units. CE 

protocol consisted of microbial cleaning (Bacillus spp. spores) and spraying the Bacillus spp. 

spores during down-time and production. Sampling was performed: immediately after pig 

removal; 24 h after cleaning (CE units) or disinfection (control units) and after 1 and 5 weeks 

of production (piglets present). On these samples, analyses of bacterial spores, Enterococcus 

spp., Escherichia coli, faecal coliforms, methicillin resistant Staphylococcus aureus and 

Salmonella were performed. In addition to the bacterial analyses, feed conversion, faecal 

consistency and antibiotic use were monitored.  

 

This study showed that the infection pressure in CE units after microbial cleaning was not 

reduced to the same degree as in control units. Despite sufficient administration of probiotic-

type spores, the analysed bacteria did not decrease in number after 3 production rounds in CE 

units, indicating no competitive exclusion. These results indicate that the CE protocol is not a 

valuable alternative for classical C&D. 
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2. Introduction 

Colonisation of the environment in nursery units by pathogenic bacteria is an important factor 

in the persistence and spread of endemic diseases in pigs and of zoonotic pathogens. These 

infections are often controlled by the use of antibiotics and disinfectants. However, an 

increasing level of resistance against these substances has been observed in recent years 

(Callens et al., 2013; Mateu and Martin, 2001; Russell, 1998; Soumet et al., 2012). Since 2005, 

methicillin resistant Staphylococcus aureus sequence type 398 (MRSA ST398) has been found 

on farms and farm animals, especially pigs (Smith and Pearson, 2011; Vanderhaeghen et al., 

2010; Weese, 2010). MRSA ST398 has a multiresistant phenotype (Kehrenberg et al., 2009), a 

zoonotic character (Catry et al., 2010) and can also pick up new resistance genes (Pletinckx et 

al., 2013). Wong et al., 2013 described the presence of disinfectant resistance genes in porcine 

MRSA. Although the minimum inhibitory and bactericidal concentrations (MIC and MBC) of 

resistant strains remain lower than the recommended working concentrations of disinfectants, 

there is concern that an impairment of the used disinfectant (due to presence of organic material) 

resulting in exposure to lower active levels of these agents, selection for more resistant strains 

harbouring these genes may occur (Wong et al., 2013). Slifierz et al. (2015) showed that the 

use of quaternary ammonium compound-based (QAC) disinfectants is a risk for selecting 

(antibiotic resistant) MRSA in commercial swine herds. Antibiotic multiresistant Salmonella 

strains on pig farms have been described in several countries (Chuanchuen and Padungtod, 

2009; Rajic et al., 2004; Sisak et al., 2008). Randall et al. (2004) suggested that the use of 

biocides alone or combined with antibiotic treatment may also increase selective pressure 

towards antibiotic resistance of Salmonella enterica. Beier et al. (2008) showed that β-

haemolytic enterotoxigenic Escherichia coli (E. coli) strains isolated from neonatal pigs, were 

resistant to chlorhexidine and QAC. Some of these resistant strains had also multiple antibiotic 

resistance.  

Because of the ongoing concern about excessive use of biocides and potential resistance 

development and cross-resistance to clinically important antibiotics, the use of bacterial 

biocontrol agents has often been suggested as an alternative method to antagonise the growth 

of these pathogens. The working mechanism of these biocontrol agents is based on the concept 

of bacteria that should compete with pathogens in the environment by competitive exclusion, 

influencing quorum sensing, producing antimicrobial compounds (e.g. bacteriocins) and/or 

competition for attachment sites (Patterson and Burkholder, 2003). However, only very few 

reports describing the use and the effectiveness of microbial biocontrol agents on farms are 
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available in literature. The aim of this study was to compare the effectiveness of a commercial 

competitive exclusion (CE) protocol with a classical cleaning and disinfection (C&D) protocol 

in decreasing Salmonella; (haemolytic) E. coli, faecal coliforms, Enterococcus spp. and MRSA 

contamination of nursery units during 3 successive rounds. 

3. Materials and methods 

3.1 Management in control and CE units 

This study was carried out in 6 identical nursery units at the experimental pig farm of the 

Institute for Agricultural and Fisheries Research (ILVO) during 3 successive production 

rounds. Piglets were moved to these units immediately after weaning (4 weeks of age) and 

stayed there for 6 weeks. Three units were assigned to the control group (classical C&D 

protocol) and 3 to the treatment group (CE protocol). Each unit consists of eight identical pens 

of 1.8 m² (Figure V.1). Piglets were raised per six in one pen. After 6 weeks, piglets were 

transported to fattening units and pens were cleaned (and disinfected) according to the tested 

protocols.  

            

            

            

            

 

 

  

 

 

 

 

Figure V.1: Overview of the experimental set up in the pig nursery units at the experimental pig farm. Three units were assigned 

to the competitive exclusion (CE) group and three to the control group. 
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Classical C&D protocol was carried out after pigs were removed. Manure was removed by 

cleaning with cold water. Twenty-four hours later, pens were soaked with 2% MS Topfoam 

(sodium hydroxide) (Schippers, Bladel, The Netherlands) for 30 min. The cleaning product and 

any remaining dirt was removed under high pressure with cold water (150 bar) and pens were 

disinfected with 1% (v/v) MS Megades (glutaraldehyde and quaternary ammonium 

compounds) (Schippers). Finally, the pens were kept empty during two weeks of down-time. 

The CE units pens were first hosed down with cold water to remove manure; 24 h later they 

were soaked with 1.5% (v/v) PIP AHC (Probiotics In Progress Animal House Cleaner, Chrisal, 

Lommel, Belgium) at 40 °C for 10 min and rinsed with warm water (40 °C). PIP AHC consists 

of cleaning compounds, Bacillus spp. spores and enzymes. In CE units, no disinfection was 

carried out. In addition, during the 2-week down-time period as well as during production, CE 

units were sprayed 2 – 3 times per week with pure PIP AHS (Animal Housing Stabilizer, 

Chrisal) to bring and retain biocontrol agents into the stall environment. In the first week of 

production during the third round, CE units were sprayed every day of the week with PIP AHS. 

The AHC and AHS PIP products contained Bacillus spp. spores of five different species in a 

concentration of 8.5 and 7.5 log colony forming units (CFU)/ mL, respectively.  

Both protocols were carried out according to the manufacturers guidelines. For each protocol 

an individual and identical high pressure jet (Kärcher, HDS 6/14-4CX, Temse, Belgium) was 

used. 

3.2 Sampling scheme 

Sampling was performed at different time points (“ sampling moments”): (1) immediately after 

pig loading (before cleaning, BC); (2) 24 h after cleaning (CE units) (AC) or 24 h after 

disinfection (control units) (AD); (3) after 1 week (W1) and (4) after 5 weeks of production 

(W5) (piglets present). Three pens per unit were sampled at each sampling moment. 

Premoistened sponge swab samples with 10 mL Buffered Peptone Water (BPW) (3M, 

SSL10BPW, St-Paul, USA) were taken at five locations per pen: synthetic grid floor, concrete 

wall, synthetic wall, drinking nipples and feeding trough. Samples were taken in triplicate per 

type of location resulting in 15 swab samples per nursery unit at each sampling moment. After 

disinfection, 10 mL Dey Engley neutralising broth (Sigma Aldrich, Fluka, D3435, St-Louis, 

USA) was used to premoisten the sponge swab samples (SSL100, 3M) used. When possible, a 

surface of 625 cm² was swabbed.  
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3.3 Sample processing 

Samples were transported to the lab under refrigeration and stored at 3 + 2 °C for 18 h before 

further processing. Samples were first diluted with 30 mL of BPW (Oxoid, CM0509, 

Basingstroke, Hampshire, England) and then homogenised by placing them in a Masticator 

(IUL instruments, S.A., Barcelona, Spain). Prior to plating, swab samples were further diluted 

in peptone physiological salt water (Bio Trading, K110B009AA, Mijdrecht, The Netherlands) 

to produce countable results on the selected agar media: Slanetz-and-Bartley (Oxoid, CM0377) 

for Enterococcus spp., Rapid E. coli (Biorad, 356-4024, Marnes-la-Coquettes, France) for E. 

coli and faecal coliforms and chromID® MRSA-SMART (MRSM, bioMérieux, 413050,Marcy 

l’Etoile, France) for MRSA enumerations. A 3 mL BPW-fraction was heated for 10 minutes at 

80 °C, diluted in peptone water and plated on Plate Count Agar (Oxoid, CM0325) for spore 

enumerations in order to determine the CFU count in both PIP products and to test if Bacillus 

spp. spores were well distributed and sufficiently present in pens. Also, a 10 mL BPW-fraction 

was mixed with 10 mL double concentrated Mueller Hinton Broth (Oxoid, CM0405) and 13% 

(w/v) sodium chloride (Merck, 1.06404.500, Darmstadt, Germany). After overnight incubation 

at 37 °C, 100 µl was plated on MRSM for detection of MRSA. The remaining BPW fraction 

(original sample) was also overnight incubated at 37 °C for detection methods. Detection of E. 

coli and faecal coliforms was carried out by plating 10 µl of the enrichment broth on Rapid E. 

coli medium. Salmonella detection on the broth was carried out according to ISO 6579:2002 

Annex D protocol (Anonymous, 2002).  

3.4 Confirmation of, MRSA, Salmonella and haemolytic E. coli  

Five positive MRSA colonies (if present) were subcultured on Tryptone Soy Agar (Oxoid, 

CM0131) and DNA was extracted according to the method of Stranden et al. (2003). A 

multiplex PCR, as described by Maes et al. (2002), was performed for MRSA and a CC398 

specific PCR, as described by Stegger et al. (2011), for MRSA ST398 confirmation. 

Positive Salmonella colonies on Xylose Lysine Deoxycholate agar medium (Oxoid, CM0469) 

were subcultured on Nutrient Agar (Oxoid, CM0003). After incubation, PCR confirmation on 

cel lysates was performed as described by Aabo et al. (1993).  

From the third down-time and production round, five positive E. coli colonies (when possible) 

were subcultured on Columbia base Blood Agar (Oxoid, CM0331) with 5 % sheep blood and 

incubated for 24 hours at 37 °C for enumeration of hemolytic E. coli. If a plate was negative 

after 24 hours, it was incubated for a further 24 hours. To calculate the enumerations of 
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haemolytic E. coli, the ratio of the number of positive haemolytic E. coli colonies on the 5 

selected colonies was multiplied by the mean E. coli enumeration of that sample. 

3.5 Other analyses 

Piglets were weighed individually at the age of 4, 6 and 9 weeks. Also feed intake was 

monitored per pen on the same moments allowing to calculate feed conversion ratio of every 

pen.  

In addition, faecal consistency was evaluated according to Pedersen and Toft (2011): a score 

from 1 (no diarrhea) to 4 (serious diarrhea) was assigned per pen.  

Finally, clinical manifestations and treatment with antibiotics were registered. Treatments days 

per 100 days at risk (TD100) was calculated per pen for each protocol. This was done by 

calculating the ratio of treatments days (number of days that piglets received antibiotics) and 

the number of days at risk (time that pigs could be exposed to antibiotics), taking the number 

of dead piglets into account. This ratio was then multiplied by 100. 

3.6 Statistical analysis 

The distribution of the variables was characterised with a histogram and Q-Q plot. Log 

transformed enumerations of spores and Enterococcus spp. and results of average daily gain, 

daily feed intake, feed conversion ratio and TD100 ratio followed a normal distribution. Log 

transformed enumerations of E. coli, haemolytic E. coli, faecal coliforms and MRSA did not 

follow this distribution.  

The 4 point scale faecal consistency score was reduced to a binary scale: 0 = pens with score 1 

and 1 = pens with score > 1.  

The effect of the predictor variables on the normal distributed data (dependent variables) was 

assessed using multivariate linear regression. The effect of predictor variables on the non-

normally distributed outcome variables describing the enumeration and detection of the 

different bacteria (absence or below the detection limit =0, presence =1) was tested by means 

of multivariate logistic regression analysis.  

A backward stepwise elimination was performed to determine the final statistical model for 

each bacteriological parameter, starting with the global model (predictor variables: protocol 

used, sampling moment, production round and location) and subsequently removing all non-

significant terms. Only biologically relevant interaction effects were considered. In each model, 

the variables unit and pen were included as a random effect to correct for measurements within 
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one pen and unit. The predictor variable sampling moment was included as a repeated measure. 

Post-hoc comparison was performed with a Tukey-Kramer test. Throughout the analyses, P-

values ≤ 0.05 were considered as significant. 

All statistical analyses were carried out with Statistical Analysis System software (SAS®, 

version 9.4, SAS Institute Inc.). 

4. Results 

In total 1074 swab samples were taken during 3 successive rounds. At each sampling moment 

approximately 90 samples were taken: i.e. 45 in CE units (n = 3) and 45 in control units (n = 

3).  

4.1 Spore enumerations 

At every sampling moment and in each production round, higher spore enumerations were 

found for CE units compared to control units (P< 0.01) (Figures V.2a and V.2b), with a minimal 

difference of 0.70 log (BC) and 1.15 log (first round) CFU (colony forming units)/sampling 

surface. Further, spore enumerations increased after every round in CE units (P< 0.01) (Figure 

V.2b). Mean spore enumerations ranged from 2.88 log CFU/sampling surface AC to 4.89 log 

CFU/sampling surface at W5 during production piglets present and from 1.25 log 

CFU/sampling surface AD to 2.61 log CFU/sampling surface at W5 for CE and control units, 

respectively. 
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Figure V.2: Mean spore enumerations in log colony forming units/sampling area for CE and control units. At each sampling 

moment per round (b), 135 and 180 samples were taken per unit type, respectively. Significant differences between sampling 

moments or rounds within one type of unit are indicated by different letters above bars. Significant differences between 

protocols within one sampling moment or round are indicated by a star (*) on the horizontal axis. Vertical bars denote standard 

errors. BC, before cleaning; AC/ AD, after cleaning (CE unit) or after disinfection (control unit); W1, after 1 week of 

production; W5: after 5 weeks of production.  

4.2 Enterococcus spp. enumerations 

When considering the overall contamination level in both units, higher Enterococcus spp. 

enumerations, with a mean difference of 0.80 log CFU/sampling surface, were found in CE 

units (P< 0.01). After disinfection of control units, lower Enterococcus spp. enumerations were 

observed compared to cleaned CE units (P< 0.01) (Figure V.3a). The mean difference was 2.88 

log CFU/sampling surface. Cleaning of CE units caused a reduction of 0.42 log CFU/sampling 

surface, while in disinfected control units a reduction of 3.54 log CFU/sampling surface was 

noticed. Before cleaning and after 1 week of production, no differences in Enterococcus spp. 

enumerations were found between units. However, at W5, higher Enterococcus spp. 

enumerations were found in CE units (P= 0.05). In addition, Enterococcus spp. enumerations 

were higher in every production round for CE units (P< 0.01) (Figure V.3b).  
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Figure V.3:Mean Enterococcus spp. enumerations in log colony forming units/sampling area for CE and control units. At each 

sampling moment (a) and per round (b), 135 and 180 samples were taken per unit type, respectively. Significant differences 

between sampling moments or rounds within one type of unit are indicated by different letters above bars. Significant 

differences between protocols within one sampling moment or round are indicated by a star (*) on the horizontal axis. Vertical 

bars denote standard errors. BC; before cleaning, AC/ AD, after cleaning (CE unit) or after disinfection (control unit); W1, 

after 1 week of production and W5: after 5 weeks of production. 

4.3 E. coli enumerations 

More E. coli countable samples were found for CE units after cleaning compared to control 

units after disinfection (P< 0.01) (Figure V.4a). Proportion of countable samples was reduced 

by 9% AC of CE units, while a reduction of 41% was obtained after disinfecting control units. 

During production and before cleaning, no differences were found in amount of countable E. 

coli samples between both types of units.  

In control units, lower amounts of countable samples were found AD compared to amounts 

found BC and W1 (P< 0.01) while this was not seen AC of CE units (Figure V.4a).  

Descriptive values of E. coli enumeration at each sampling moment are given in Table V.1. 
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Table V.1:Descriptive values for Escherichia coli (E. coli), faecal coliforms and methicillin resistant Staphylococcus aureus 

(MRSA) enumerations (log colony forming units/sampling area) given for each sampling moment for CE units and control 

units. Mean and standard deviation are given for enumerations that are normally distributed. First quartile (Q1), median (Q2) 

and third quartile (Q3) are given for enumerations that did not follow this distribution. 

4.4 Haemolytic E. coli enumerations 

Of all samples taken in CE units (n = 180) and control units (n = 180) during the 3rd round, 24% 

and 23% were positive for haemolytic E. coli, respectively. Of these positive samples, 16% 

were obtained AC (CE units) and 0% were obtained AD (control units), respectively. Mean 

enumerations were 3.0 log CFU/sampling surface for both types of units. No significant 

differences were noticed between units. 

4.5 Faecal coliform enumerations 

When comparing CE and control units, results of faecal coliform enumeration confirmed the 

observations obtained with E. coli analyses (Figure V.4c). A reduction of 26% and 51% of 

faecal coliform countable samples was obtained AC and AD of CE and control units, 

respectively.  

After cleaning as well as AD, a significant reduction of faecal coliform countable samples was 

obtained (P< 0.01). 

Faecal coliform enumerations at each sampling moment for both types of units are given in 

Table V.1. 

Sampling moment  E. coli Faecal coliforms MRSA 

CE units 

BC 1 0.0 – 1.6 – 2.8 2.7 ± 1.5 2.9 ± 1.4 

AC/ AD 2 0.0 – 0.0 – 2.8 0.0 – 1.9 – 3.8 0.0 – 0.0 – 0.0 

W1 3 0.0 – 0.0 – 2.8 0.0 – 2.7 – 3.8 3.3 ± 1.1 

W5 4 2.5 ± 1.6 3.1 ± 1.5 3.2 ± 1.1 

Control units 

BC 0.0 – 0.0 – 3.0 2.6 ± 1.7 2.9 ± 1.4 

AC/AD 0.0 – 0.0 – 0.0 0.0 – 0.0 – 0.0 0.0 – 0.0 – 0.0 

W1 0.0 – 0.0 – 3.0 0.0 – 2.0 – 3.6 3.2 ± 1.3 

W5 2.5 ± 1.8 3.1 ± 1.6 2.9 ± 1.3 

1 BC, before cleaning; 2 AC/ AD, after cleaning/ after disinfection; 3 W1, after 1 week of production; 4 W5, after 5 weeks of 

production. 
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4.6 E. coli and faecal coliform detection 

Detection results of E. coli (Figure V.4b) and faecal coliforms (Figure V.4d) confirmed the 

enumeration results of both parameters. 

4.7 MRSA enumerations 

After cleaning, countable samples were reduced 61% for CE units, 20% less than the observed 

reduction in disinfected control units (P<0.01) (Figure V.4e). When pens were soiled (BC, W1 

and W5), no differences in MRSA contamination were found between both types of units.  

Mean and median enumerations for MRSA are given for each sampling moment in Table V.1. 

4.8 MRSA detection 

Detection results showed that the number of MRSA positive samples was the highest (90%) for 

CE units compared to the control units (81%) (P<0.01) (Figure V.4f).  
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Figure V.4: Percentage of positive samples before (enumerations) and after enrichment (detection) for E. coli, faecal coliforms 

and MRSA given for CE and control units. At each sampling moment and in total 135 and 540 samples were taken per unit 

type, respectively. Significant differences between sampling moments within one type of unit are indicated by letters above 

bars. Significant differences between protocols within one sampling moment are indicated by a star (*) on the horizontal axis. 

BC, before cleaning; AC/ AD, after cleaning or after disinfection; W1, after 1 week of production and W5: after 5 weeks of 

production. 

4.9 Salmonella detection 

No Salmonella was found in this study. 

4.10 Sampling locations  

Mean enumerations (with standard deviation) and median enumerations (with first and third 

quartile) of Enterococcus spp., E. coli, faecal coliforms and MRSA after cleaning (CE units) 

and disinfection (control units) are given per type of sampling location in table V.2. In addition, 

the percentage of countable swab samples (enumerations) and positive samples after 

enrichment (detection) is shown for both types of units. Also, mean spore and Enterococcus 

spp. counts on all samples taken in CE and control units are given for each type of location in 

figures V.5 and V.6, respectively. 

After cleaning of CE units, enumerations of Enterococcus spp. were the highest for floors, 

concrete walls and drinking nipples. In addition, highest percentage of countable E. coli samples 

and median enumerations were found for floors and concrete walls. Moreover, after enrichment 

also drinking nipples were still often contaminated with E. coli. Results of faecal coliforms and 

MRSA confirmed these observations.  

In control units, high numbers of Enterococcus spp. were found on floors and drinking nipples. 

Most E. coli positive samples after enrichment were found for floors, drinking nipples and 

feeding troughs. In addition, highest enumerations for faecal coliforms were also found at these 

locations. Finally, for MRSA, drinking nipples were the most contaminated after disinfection. 

More spore enumerations were found at every location for CE units (Figure V.5), with a 

minimal difference of 1.2 log CFU/sampling surface.  

In addition, when considering the overall Enterococcus spp. contamination level, higher levels 

were found for each location in CE units (Figure V.6).
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Table V.2: Descriptive values for Escherichia coli (E. coli), faecal coliforms and methicillin resistant Staphylococcus aureus (MRSA) enumerations (log colony forming units/sampling area) and 

detection after cleaning (CE units) and disinfection (control units) for each type of sampling location. Detection method was carried out after an overnight enrichment of samples. Mean and 

standard deviation are given for enumerations that are normally distributed. First quartile (Q1), median (Q2) and third quartile (Q3) are given for enumerations that did not follow this 

distribution.  

 

Location 

Enterococcus spp.  E. coli Faecal coliforms MRSA 

CS (%) 6 Enumerations  CS (%) Enumerations D (%) 7 CS (%) Enumerations D (%) CS (%) Enumerations D (%) 

CE units 

1 1 100 5.0 ± 0.8 59 0.0 - 1.6 - 3.0 85 67 0.0 - 3.2 - 3.7 96 44 0.0 - 0.0 - 1.9 81 

2 2 100 4.8 ± 1.0 67 0.0 - 1.6 - 4.1 78 90 2.6 - 3.9 - 4.9 92 22 0.0 - 0.0 - 0.0 74 

3 3 100 4.4 ± 0.9 4 0.0 - 0.0 - 0.0 48 19 0.0 - 0.0 - 0.0 50 11 0.0 - 0.0 - 0.0 56 

4 4 100 4.9 ± 0.4 41 0.0 - 0.0 - 3.0 85 52 0.0 - 2.5 - 3.7 96 19 0.0 - 0.0 - 0.0 63 

5 5 96 4.4 ± 1.3 41 0.0 - 0.0 - 2.2 59 62 0.0 - 2.5 - 3.6 83 7 0.0 - 0.0 - 0.0 44 

Control units 

1 70 2.1 ± 1.6 11 0.0 - 0.0 - 0.0 26 33 0.0 - 0.0 - 2.5 58 0 0.0 - 0.0 - 0.0 26 

2 48 0.0 – 0.0 – 3.0 0 0.0 - 0.0 - 0.0 4 10 0.0 - 0.0 - 0.0 46 0 0.0 - 0.0 - 0.0 19 

3 33 0.0 – 0.0 - 1.7 0 0.0 - 0.0 - 0.0 7 5 0.0 - 0.0 - 0.0 17 4 0.0 - 0.0 - 0.0 19 

4 89 3.3 ± 1.5 19 0.0 - 0.0 - 0.0 30 43 0.0 - 0.0 - 3.2 67 4 0.0 - 0.0 - 0.0 37 

5 48 0.0 – 0.0 - 2.9 4 0.0 - 0.0 - 0.0 30 29 0.0 - 0.0 - 2.8 42 4 0.0 - 0.0 - 0.0 15 

1 1, floors; 2 2, concrete walls; 3 3, synthetic walls; 4 4, drinking nipples; 5 5, feeding trough; 6 CS (%), proportion of countable samples given in percentage; 7 D (%), proportion of positive 

samples after detection given in percentage. 
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Figure V.5: Mean spore enumerations in log colony forming units/sampling area for CE and control units for each location. 

At each location, 108 samples were taken per type of unit. Significant differences between sampling moments within one type 

of unit are indicated by different letters above bars. Significant differences between protocols within one sampling moment are 

indicated by a star (*) on the horizontal axis. Vertical bars denote standard errors. 1, grid floor; 2, concrete wall; 3, synthetic 

wall; 4, drinking nipples; 5, feeding trough. 

 

 

Figure V.6: Mean Enterococcus spp. enumerations in log colony forming units/sampling area for CE and control units for 

each location. At each location, 108 samples were taken per type of unit. Significant differences between sampling moments 

within one type of unit are indicated by different letters above bars. Significant differences between protocols within one 

sampling moment are indicated by a star (*) on the horizontal axis. Vertical bars denote standard errors. 1, grid floor; 2, 

concrete wall; 3, synthetic wall; 4, drinking nipples; 5, feeding trough. 
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4.11 Performance results 

Mean starting weight of piglets in CE and control pens was 7.4 ± 1.5 and 7.1 ± 1.5 kg, 

respectively. A mean feed intake of 0.539 ± 0.078 and 0.521 ± 0.065 kg/ day was observed for 

CE and control units, respectively. No significant differences were found between feed intake 

of piglets raised in CE and control pens. When considering results of daily gain, no significant 

differences were found. Average daily gain was 0.407 ± 0.056 and 0.395 ± 0.053 kg for piglets 

in CE and control pens, respectively. In addition, no significant differences in mean feed 

conversion were found: 1.327 ± 0.072 and 1.324 ± 0.085 for pigs in CE and control units, 

respectively. 

4.12 Faecal consistency  

No significant differences in scores of faecal consistency between protocols were noticed (data 

not shown).  

4.13 Antibiotic treatment 

The mean TD100 for CE and control units was 27.9 ± 0.9 % and 28.3 ± 2.1 %, respectively. No 

significant differences were found between protocols. 

 

5. Discussion 

The emergence of multiresistant (pathogenic) bacteria is of great concern for animal and human 

health. Excessive use of antibiotics (Gullberg et al., 2014; Nikaido, 2009) and disinfectants 

(Karatzas et al., 2007; Randall et al., 2005; Whitehead et al., 2011) in for example the animal 

primary production, could possibly contribute to this phenomenon. Therefore, alternative 

methods such as competitive exclusion (CE) are promoted as promising. In this study a 

commercial CE protocol (by probiotic-type bacteria) was compared with a classical C&D 

protocol in nursery units.  

According to the manufacturer of the PIP products, a reduction of pathogenic bacteria and 

improvement in hygiene after CE during 3 successive production rounds should be obtained. 

The first statement could not be confirmed by this study: E. coli (Salmonella-indicator), 

haemolytic E. coli and MRSA analyses showed that the infection pressure after CE cleaning 

was not reduced to the same extent as implementing a disinfection step. Furthermore, during 

production no differences were noticed. Also no improvement in hygiene was seen compared 
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to the control units: during the 2nd and 3rd production round higher Enterococcus spp. 

enumerations (hygiene indicator) were observed compared to the 1st round and no differences 

in faecal coliforms (faecal indicator) contamination between the two types of units were found. 

Because, higher contamination levels of MRSA and pathogen-indicator organisms (E. coli) 

were found in CE units after cleaning, there may be a greater chance of infecting young piglets 

arriving in those nurseries.  

Several hypotheses have been proposed to explain the mechanisms of CE cultures. One is that 

CE bacteria should compete with other bacteria for adhesion sites, nutrients and energy, which 

results in preventing growth and proliferation of pathogenic bacteria in the environment 

(Cummings and Macfarlane, 1997). Another hypothesis is that these bacteria influence the 

quorum sensing communication and therefore inhibit expression of virulence and colonisation 

genes of pathogens (Vilà et al., 2010). Besides CE bacteria, also enzymes were administered 

during cleaning, with the aim of helping to eliminate biofilms. In this study, no reduction of the 

analysed bacteria after 3 production rounds in CE units was seen. Several explanations were 

found to clarify this observation: (i) adhesion sites are abundantly present in animal houses, 

hence there is no need for competition; (ii) removal of organic debris is only carried out when 

piglets are removed from pens, therefore CE-, pathogenic and other bacteria have an abundance 

of nutrients during production, eliminating the need for competition between bacteria; (iii) 

however, in order to compete for nutrients, spores need to germinate, which may not be the case 

for all spores.  

Moreover, Luyckx, et al. (2015a) (i.e. chapter III) showed that a cleaning step in broiler houses 

caused a reduction of total aerobic bacteria with 2 log CFU/sampling surface and that a 

disinfection step caused a further reduction of 1.5 log CFU. Although, cleaning caused a greater 

reduction of total aerobic bacteria, both the above study and this one showed that a disinfection 

step is still an important step for further reducing the bacterial infection pressure in barns with 

naturally high levels of environmental bacteria. 

Improvement of feed conversion efficiency by probiotic-type bacteria could be obtained by a 

shift in intestinal flora, stimulating growth of nonpathogenic facultative anaerobic bacteria, 

inhibiting growth of pathogens, and enhancing digestion and utilisation of nutrients (Lutful 

Kabir, 2009). However, no differences were found between piglets raised in CE and control 

units in our study. Also, no differences in faecal consistency was noticed. A possible 
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explanation could be that not enough CE bacteria could be administered directly to the animals 

through the environmental spray application.  

Finally, the contamination levels of the different sampling locations were analysed after 

cleaning of CE units and disinfection of control units. In CE units, grid floors, concrete walls 

and drinking nipples were still mostly contaminated by Enterococcus spp., E. coli, faecal 

coliforms and MRSA after cleaning. Although spore counts showed that high numbers of CE 

bacteria were present at these locations, the contamination level of different bacteria was still 

much higher compared to the microbial load after disinfection of control units. In addition, the 

overall Enterococcus spp. contamination of all locations during the experiment was higher in 

CE units. In control units, grid floors and drinking nipples seemed critical locations after 

disinfection. Luyckx, et al. (2015b) also showed that drinking cups are critical locations for 

C&D in broiler houses. 

6. Conclusions 

Very few studies about the impact of microbial cleaning and administration during production 

on the environment in animal houses are available. Our results showed that competitive 

exclusion by probiotic-type bacteria could not meet the claims provided by the manufacturer. 

Moreover, this study showed that a good C&D protocol during down-time is still very important 

for reducing infection pressure in nursery units. However, more research should be carried out 

for a valuable alternative, because disinfectant resistance might be an upcoming problem. 
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CHAPTER VI 

A 10-day vacancy period after cleaning and 

disinfection has no effect on the bacterial load in pig 

nursery units 

1. Abstract 

Biosecurity measures such as cleaning, disinfection and a vacancy period between production 

cycles on pig farms are essential to prevent disease outbreaks. No studies have tested the effect 

of a longer vacancy period on bacterial load in nursery units.  

The present study evaluated the effect of a 10-day vacancy period in pig nursery units on total 

aerobic flora, Enterococcus spp., Escherichia coli, faecal coliforms and methicillin resistant 

Staphylococcus aureus (MRSA). Three vacancy periods of 10 days were monitored, each time 

applied in 3 units. The microbiological load was measured before disinfection and at 1, 4, 7 and 

10 days after disinfection. 

 

No significant decrease or increase in E. coli, faecal coliforms, MRSA and Enterococcus spp. 

was noticed. Total aerobic flora counts were the lowest on day 4 after disinfection (i.e. 4.07 log 

CFU/625 cm²) (P<0.05), but the difference with other sampling moments was limited (i.e. 0.6 

log CFU/625 cm²) and therefore negligible. Furthermore, this observation on day 4 was not 

confirmed for the other microbiological parameters. After disinfection, drinking nipples were 

still mostly contaminated with total aerobic flora (i.e. 5.32 log CFU/625 cm²) and Enterococcus 

spp. (i.e. 95% of the samples were positive) (P<0.01); the feeding troughs were the cleanest 

location (total aerobic flora: 3.53 log CFU/625 cm² and Enterococcus spp.: 50% positive 

samples) (P<0.01). 

 

This study indicates that prolonging the vacancy period in nursery units to 10 days after 

disinfection with no extra biosecurity measures has no impact on the environmental load of 

total aerobic flora, E. coli, faecal coliforms, MRSA and Enterococcus spp..  
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2. Introduction 

Weaned piglets are subjected to many environmental, behavioural and dietary stresses. 

Moreover, the intestinal gut flora is still precarious, which makes them highly susceptible to 

enteric diseases (Hopwood and Hampson, 2003). Disease outbreaks in animal houses can lead 

to animal mortality and higher condemnation rates at slaughterhouses. The resulting economic 

damage can be severe (Jung and Rautenschlein, 2014) together with preventive measures (e.g. 

quarantine in case of epidemics) and even destruction of farm animals (Gelaude et al., 2014). 

In addition, foodborne zoonotic diseases are a significant and widespread global public health 

threat.  

In nursery units, diarrhoea is one of the most important causes of economic losses in the pig 

industry. Post-weaning diarrhoea is multifactorial but the proliferation of pathogenic E. coli 

strains throughout the intestinal tract of piglets after weaning has been shown to play a 

significant role (Hampson, 1994; Richards and Fraser, 1961). Another important pathogen for 

the pig industry is Salmonella. In 2011, most of the reported food-borne outbreaks (69 553 

human cases) in the European Union were associated with food originating from animals. 

Salmonella was the most frequently detected causative agent (26.6% of outbreaks) (European 

Food Safety Authority (EFSA), 2014).  

Methicillin resistant Staphylococcus aureus sequence type 398 (MRSA ST398) is an emerging 

opportunistic pathogen among farm animals, especially pigs (Smith and Pearson, 2011; 

Vanderhaeghen et al., 2010; Weese, 2010). Epidemiological studies have shown that they not 

only colonise pigs, but can also be transmitted to persons with direct livestock exposure. 

Moreover, it is indicated that MRSA ST6398 represents an increasing cause of infections in 

humans (Köck et al., 2013).  

It is of great importance to prevent disease outbreaks through biosecurity measures rather than 

cure them (Gelaude et al., 2014). Biosecurity includes all measures that prevent pathogens from 

entering a herd (external biosecurity) as well as reducing the spread of pathogens within the 

herd (internal biosecurity) (Sarrazin et al., 2014). Between production cycles, internal 

biosecurity measures such as cleaning, disinfection and a vacancy period are applied. Every 

biosecurity measure can influence the degree of infection pressure before new animals arrive. 

Luyckx et al. (2015a) showed that a cleaning step in broiler houses caused a reduction of total 

aerobic flora by 2 log CFU/625 cm² and that a disinfection step caused a further reduction of 

1.5 log CFU. In piglet nursery units, the importance of a prolonged vacancy period is unknown. 

The aim of the present study was to assess the evolution of the bacterial load of total aerobic 



CHAPTER VI: 10-DAY VACANCY PERIOD AFTER CLEANING AND DISINFECTION 

 

101 

 

flora, Enterococcus spp., Escherichia coli (E. coli), faecal coliforms and MRSA during a 10-

day vacancy period in piglet nursery units.  

3. Materials and methods 

3.1 Sampling plan 

This study was carried out in 6 identical nursery units (A1 to A3 and B1 to B3) on the 

experimental pig farm at the Institute for Agricultural and Fisheries Research (ILVO, 

Merelbeke, Belgium) (Figure VI.1) . Each unit consists of 8 pens of 1.8 m². Piglets were moved 

to these units immediately after weaning (4 weeks of age) and stayed there for 6 weeks. Each 

pen housed 6 piglets. Pen flooring was a synthetic grid, under which a board slopes towards a 

centrally-located slurry pit. Units A1 to A3 were monitored during 2 successive vacancy periods 

in February and April 2015 and units B1 to B3 during 1 vacancy period in March 2015. After 

pig removal, the units were cleaned with warm water, then disinfected with 1% (v/v) MS 

Megades (Schippers, Bladel, The Netherlands) on the same day. The disinfection product 

consists of glutaraldehyde and quaternary ammonium compounds. After cleaning and 

disinfection, the pen remained vacant for 10 days. During this vacancy period, the temperature 

and relative humidity (RH) were monitored hourly using thermo-hygrometers (Ilog EI-HS-D-

32-L, ESCORT data logging systems). Three random pens per unit were sampled before 

disinfection and at 1, 4, 7 and 10 days after disinfection. Per sampling moment, 135 samples 

were taken, for a total of 675 samples.  

 

        

        

        

        

        

        

        

        

 

 

 

A1 A2 

A3 

B1 B2 

B3 

Figure VI.1: Schematic overview of the pig nursery units at the experimental pig farm.  
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3.2 Sample processing 

Sponge swab samples (3M, SSL100, St. Paul, MN, USA), pre-moistened with 10 mL Ringers 

solution (Oxoid, BR0052G, Basingstroke, Hampshire, England), were taken at 5 locations per 

pen: floor, concrete wall, synthetic wall, drinking nipples and feeding trough. Sampling of 3 

pens per unit resulted in triplicates per type of location or 15 swab samples per unit at each time 

point. To neutralise the residual action of the disinfectants on the microbiological growth, 10 

mL Dey Engley neutralising broth (Sigma Aldrich, Fluka, D3435, St-Louis, MO, USA) was 

used to pre-moisten the sponge swab samples that were used on day 1 after disinfection. A 

surface of 625 cm² (A4 paper format) was sampled whenever possible. Because the surface of 

the drinking nipples was smaller than 625 cm², 2 drinking nipples per pen were sampled. 

Samples were transported to the lab under refrigeration and were processed immediately. For 

all measured pathogens, selected relevant bacteriological parameters and enumeration or 

detection analyses were based on Luyckx et al. (2015a). Swab samples were first diluted with 

30 mL of Buffered Peptone Water (BPW, Oxoid, CM0509) and then homogenised by placing 

them in a Masticator (IUL instruments, S.A., Barcelona, Spain). Prior to plating, swab samples 

were further diluted in dilution series in saline peptone water (Bio Trading, K110B009AA, 

Mijdrecht, The Netherlands) to produce countable results on the selected agar media: Plate 

Count Agar (Oxoid, CM0325) for total aerobic bacteria and Slanetz and Bartley (Oxoid, 

CM0377) for Enterococcus spp. (lower enumeration limit 30 CFU/ 625 cm²). Plate Count Agar 

and Slanetz and Bartley plates were incubated at 30 °C and 37 °C during 72 h and 48 h, 

respectively. A 10 mL BPW fraction was also transferred to a Stomacher® bag and mixed with 

10 mL double concentrated Mueller Hinton Broth (Oxoid, CM0405) and 13% (w/v) sodium 

chloride (Merck, 1.06404.500, Darmstadt, Germany). After overnight incubation of this 

solution at 37 °C, 100 µl was plated on chromID® MRSA SMART (MRSM, bioMérieux, Marcy 

l’Etoile, France) for the detection of MRSA. ChromID® MRSA SMART were incubated at 37 

°C for 24 h – 48 h. The remaining BPW fraction (original sample) was also incubated overnight 

at 37 °C for additional analyses: for detection of E. coli and faecal coliforms, 10 µl of the 

enrichment broth was plated onto Rapid E. coli medium (Biorad, 356-4024, Marnes-la-

Coquettes, France) and incubated for 24 h at 44 °C. 
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3.3 Statistical analysis 

The distribution of the log-transformed enumerations of total aerobic bacteria and Enterococcus 

spp. was analysed via graphs (Q-Q plot and histogram). The log-transformed enumerations of 

total aerobic bacteria followed a normal distribution. A linear regression model was conducted 

to evaluate the effect of a vacancy period and location on the log-transformed total aerobic 

bacteria enumerations (dependent variable). To assess the effect of predictor variables (vacancy 

period and location) on the non-normally distributed outcome variables, variables describing 

the enumeration and detection of the different bacteria (Enterococcus spp., E. coli, faecal 

coliforms and MRSA) were transformed into binary variables (absent or below the detection 

limit = 0, present = 1). Subsequently a logistic regression analysis was carried out. Temperature 

and RH were added as covariates in both models. Variable “unit” was included as a random 

effect in both models to correct for measurements within one unit. 

Post-hoc comparison was performed with a Tukey-Kramer test. P-values ≤ 0.05 were 

considered as significant. All statistical analyses were carried out using Statistical Analysis 

System software (SAS®, version 9.4, SAS Institute Inc., Cary, NC, USA). 

4. Results 

Before disinfection, the mean enumeration of total aerobic flora was 5.64 log CFU/625 cm² 

(Figure VI.2a). The proportion of positive samples for E. coli, faecal coliforms and MRSA 

(after enrichment) and Enterococcus spp. was 49%, 65% and 16% (Figure VI.3a) and 95% 

(Figure VI.4a), respectively.  

On day 1 after disinfection, mean enumeration of total aerobic bacteria was significantly 

reduced to 4.44 log CFU/625 cm² (P<0.01) (Figure VI.2a). Of the 135 samples taken on day 1, 

13%, 23% and 7% were positive for E. coli, faecal coliforms and MRSA detection, respectively 

(Figure VI.3a). In addition, 70% of the samples gave countable results for Enterococcus spp. 

(Figure VI.4a). The proportion of positive samples for E. coli, faecal coliforms and 

Enterococcus spp. was significantly lower compared to the proportions found before 

disinfection (P< 0.01). 
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Figure VI.2: Mean enumeration of total aerobic bacteria with standard errors. Mean enumerations or given for each sampling 

moment (a) and location after disinfection (b). Samples (n = 135) were taken before disinfection (0d) and 1 day (1d), 4 days 

(4d), 7 days (7d) and 10 days (10d) after disinfection. Samples (n=108) were taken from each location. Significant differences 

between sampling moments/ locations are indicated by different letters above bars. 

 

Figure VI.3:Proportion of positive samples given for detection of E. coli, faecal coliforms and MRSA, respectively. Proportions 

are given for each sampling moment (a) and location after disinfection (b), in percentage. Samples (n = 135) were taken before 

disinfection (0d) and 1 day (1d), 4 days (4d), 7 days (7d) and 10 days (10d) after disinfection. Samples (n = 108) were taken 

from each location. Significant differences between sampling moments/ locations per bacteriological parameter are indicated 

by different letters above bars. 
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Figure VI.4:Proportion of countable samples given in percentage for Enterococcus spp.. Proportions are given for each 

sampling moment (a) and location after disinfection (b). Samples (n = 135) were taken before disinfection (0d) and 1 day (1d), 

4 days (4d), 7 days (7d) and 10 days (10d) after disinfection. Samples (n =108) were taken from each location. Significant 

differences between sampling moments are indicated by different letters above bars. 

Three days later (day 4), total aerobic bacteria were significantly reduced to 4.07 log 

CFU/sampling area (P< 0.05). Only 7% of the samples were positive for E. coli, but the number 

of positive samples found for faecal coliforms and MRSA were higher (25% and 14%, 

respectively). Countable results for Enterococcus spp. also increased to 77%. 

On day 7 after disinfection, mean enumeration of total aerobic bacteria was 4.24 log 

CFU/sampling area. Of all samples, 15%, 29% and 13% were positive for E. coli, faecal 

coliforms and MRSA detection, respectively and comparable to day 1, 70% of the samples gave 

countable results for Enterococcus spp.. 

On day 10, total aerobic bacteria increased further to 4.64 log CFU/ sampling area, which was 

0.6 log CFU more than 4 days after disinfection (P< 0.01), but not significantly different from 

day 1. Proportion of positive samples for E. coli, faecal coliforms and MRSA were 12%, 24% 

and 8%, respectively. In addition, 79% of the samples were countable for Enterococcus spp.. 

Overall, no significant differences were noticed between sampling moments after disinfection 

for E. coli, faecal coliforms, MRSA and Enterococcus spp..  

During the entire 10-day vacancy period, the overall contamination level (total aerobic bacteria) 

was the highest for drinking nipples (i.e. 5.32 log CFU/625 cm²)  (P<0.01) and the lowest for 

feeding troughs (i.e. 3.53 log CFU/625 cm²)  (P<0.01) (Figure VI.2b). Results of Enterococcus 

spp. confirmed these observations (P<0.01) and also showed that the floors were still highly 

contaminated (i.e. still 84% of the samples were positive)  (P<0.01) (Figure VI.4b). Results for 

E. coli, faecal coliforms and MRSA did not indicate the most critical locations after cleaning 

and disinfection (C&D) (Figure VI.3b). 

a

b

b

b

b

0

10

20

30

40

50

60

70

80

90

100

0d 1d 4d 7d 10d

P
ro

p
o

rt
io

n
 o

f 
co

u
n

ta
b

le
 s

a
m

p
le

s 
(%

)

ab

a a

b

c

0

10

20

30

40

50

60

70

80

90

100

Floor Concrete

wall

Synthetic

wall

Drinking

nipples

Feeding

trough



CHAPTER VI: 10-DAY VACANCY PERIOD AFTER CLEANING AND DISINFECTION 

106 

  

During the vacancy period, the mean temperature ranged from 15 °C to 16 °C and RH from 

57% to 67% (Figure VI.5). 

 

 

Figure VI.5: Mean temperature (°C) and relative humidity (RH, %) with standard deviations given per sampling moment. 

Sampling moments: day 1 (1d), 4 (4d), 7 (7d), 10 (10d) after disinfection. 

 

5. Discussion 

Biosecurity measures, such as cleaning and disinfection (C&D) and a prolonged vacancy period 

of the animal houses are an essential part of the hygiene management on the farm to prevent 

disease outbreaks. The effect of a vacancy period of 10 days after disinfection on several 

bacteriological parameters was examined during this study. 

Disinfection reduced the total aerobic flora by 1.2 log CFU/ sampling surface. During the 

following 10 day vacancy, only a small reduction was observed on day 4, though this seemed 

microbiological negligible (maximum difference of 0.6 log CFU/625 cm²). One possible 

explanation for the observed small fluctuations and the decline of total aerobic flora on day 4 

is that some bacteria can survive stressful conditions by entering a viable but nonculturable 

state (M. D. Winfield and Groisman, 2003). These nonculturable bacteria were not enumerated 

nor detected by the methods used in this study. Another possible explanation is that residual 

flora could proliferate again after disinfection, due to lack of niche and nutrient competition 

with other bacteria. These residual bacteria could have survived the disinfection step by the 

presence of a resistance mechanism (Callens et al., 2013; Mateu and Martin, 2001; Russell, 
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1998; Soumet et al., 2012) or by detrimental factors present during disinfection, such as residual 

organic material. 

Moreover, a longer vacancy period can even have a negative effect, not only financially because 

of a lower number of production cycles (i.e. lower income) but also bacteriologically. For 

example, recontamination could occur by vectors such as vermin and rodents in case of 

biosecurity breaches (Dewaele et al., 2012b; Hald et al., 2004; Meerburg et al., 2007), especially 

when other compartments in the same building are still occupied with animals or if residual 

organic material (e.g. faeces and feed) is present after C&D. Flies may be reservoirs and vectors 

of several bacteria such as Salmonella (Dewaele et al., 2012b; Holt et al., 2007; Olsen and 

Hammack, 2000), E. coli O157:H7 (Szalanski et al., 2004), Staphylococcus aureus (Owens et 

al., 1998) and Streptococcus suis type 2 (Marois et al., 2007). Wild rodents can also carry 

pathogens such as Salmonella, Campylobacter, Yersinia and MRSA ST398 (Backhans and 

Fellström, 2012; Dewaele et al., 2012a; L J Pletinckx et al., 2013; van de Giessen et al., 2009). 

As biosecurity measures are very well implemented on the pilot farm, it can be assumed that 

on other farms, the bacteriological load and infection pressure may even increase during 

vacancy. 

Some bacteria can survive for long periods under various conditions in the environment, such 

as Salmonella, Staphylococcus aureus (including MRSA) and Enterococcus spp. (Kramer et 

al., 2006). The results from the present study indicate that a prolonged vacancy period without 

extra biosecurity measures creates no reduction in these bacteria. Extra biosecurity measures 

such as specific pathogen control programs and pest control during the vacancy period could 

therefore be beneficial.  

Finally, the contamination levels of several locations were analysed during the vacancy period. 

Drinking nipples were still mostly contaminated with total aerobic flora and Enterococcus spp.. 

Luyckx et al. (2015b) showed that drinking cups are critical locations for C&D in broiler 

houses. Drinking water from these contaminated sources could be a possible cause for disease 

in animals. Therefore extra attention should be given to these locations during C&D and during 

the vacancy period. In addition, also disinfection of drinking lines is recommended as they can 

be contaminated with biofilms, including pathogenic bacteria (Gannon et al., 2012). As this 

study is carried out on an experimental farm, also other locations can be identified as critical 

locations for C&D, due to their different specific structural design or composition compared to 

the studied farm. 
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6. Conclusion 

This study indicates that a vacancy period up to 10 days after cleaning and disinfection with no 

extra biosecurity measures has no beneficial effect on the bacterial load of total aerobic bacteria, 

E. coli, faecal coliforms, MRSA and Enterococcus spp. in piglet nursery units. 
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CHAPTER VII 

Identification and biocide susceptibility of dominant 

bacteria after cleaning and disinfection of broiler 

houses 

1. Abstract 

Hygiene in animal production is key for both farm management and food safety. Cleaning and 

disinfection (C&D) of broiler houses is essential to manage farm hygiene. Still high levels of 

total aerobic flora after C&D in broiler houses are reported. However, little is known about the 

microbial composition after cleaning (AC) and after disinfection (AD). In addition, the question 

why some bacterial species/isolates are still present AD whereas other are killed remains.  

The study was carried out in 4 broiler houses. Sampling was performed AC and AD. The 

disinfectant was based on hydrogen peroxide and peracetic acid. Enumerations were carried out 

for total aerobic flora, Enterococcus spp. and Enterobacteriaceae. The dominant bacteria 

present was assessed by (GTG)5 analysis and 16S rRNA gene sequence analysis. In addition, 

minimum bactericidal concentration (MBC) tests were carried out on 18 selected isolates 

belonging to the Enterobacteriaceae family and 10 Enterococcus faecium isolates.  

A wide variety of bacteria were detected AC and AD. In total, 363 and 255 isolates were 

identified AC and AD, respectively, resulting in a total of 109 identified species. The most 

dominant bacteria belonged to Brevibacterium, Brachybacterium and Staphylococcus AC and 

Bacillus, Brevibacterium and Staphylococcus AD. In addition, at both sampling moments, 

Enterococcus faecium was dominant amongst the Enterococcus spp. isolates. On the selective 

medium for Enterobacteriaceae, the genera Enterobacter and Pantoea and Aeromonas (non 

Enterobacteriaceae) were dominant AC while Escherichia, Lelliottia and Pantoea were 

dominant AD. In addition, species pathogenic to poultry and humans were identified not only 

AC but also AD. MBC results showed no trend in selection of less susceptible isolates for the 

used disinfectant AD compared to AC. In addition, the recommended concentration of the 

disinfectant (i.e. 0.5% commercial solution of hydrogen peroxide and peracetic acid) seemed 

too low to kill Enterobacteriaceae.  
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2. Introduction 

Hygiene in animal production is key to good farm management (e.g. disease prevention) as well 

as meeting legal and consumer demands concerning food safety. Good hygiene practices on 

farms can reduce the risk of introduction and persistence of animal and zoonotic diseases. 

Cleaning and disinfection (C&D) of animal houses form the basis of hygiene management. 

Luyckx et al. (2015) show that the mean total aerobic flora count after cleaning and after 

disinfection of broiler houses was still high at 5.7 ± 1.2 log CFU/ 625 cm² and 4.2 ± 1.6 log 

CFU/ 625 cm², respectively. It is important to assess the risk associated with this observation 

for both human and broiler health. However, little is known about these residual bacteria after 

cleaning and disinfection (C&D). In addition, the question remains why some bacterial isolates 

are still present after disinfection whereas others are eliminated. One hypothesis is that isolates 

could have become resistant against the used disinfection compounds (Russell 1998; Soumet et 

al., 2012). In addition, some bacterial species are intrinsically resistant to certain disinfectant 

compounds, often caused by cell impermeability (Russell, 1998). Further, biofilm formation by 

bacteria is not only a protection against disinfectants but can also induce tolerance against 

disinfectants (Bridier et al., 2011). Organic debris (faeces, feathers, etc.) remaining after 

improper cleaning may also form a physical barrier that protects bacteria from disinfectants 

(Stringfellow et al., 2009) and may have an adverse effect on disinfectants (Hoff and Akin, 

1986).   

The aim of this study was to better understand which general and specific dominant bacteria 

remain present after cleaning and after disinfection. A selection of bacteria remaining after 

cleaning and disinfection were investigated for their susceptibility against disinfectants. 

3. Materials and methods 

3.1 Cleaning and disinfection of broiler houses 

The study was carried out in 4 identical broiler houses, of 5400 broilers, all located on a pilot 

farm (Experimental Poultry Centre, EPC) in Geel, Belgium. Broilers were raised in floor 

housing systems with wooden shavings as bedding material (“deep litter system”). After 

approximately 6 weeks of broiler production, cleaning and disinfection (C&D) took place. The 

C&D protocol consisted of 4 steps: dry cleaning, soaking with water, wet cleaning and 

disinfection. Immediately after removal of broilers, manure and feed were removed (“dry 

cleaning”). After dry cleaning, broiler houses were soaked with water overnight. On the 
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following day, the houses were washed and soaked for 30 minutes with a foaming cleaning 

product containing sodium hydroxide as active component (1% Keno™san, CID LINES, Ieper, 

Belgium) and warm water. Twenty-four hours later, disinfection was carried by fogging with a 

solution of hydrogen peroxide (220 g/L) and peroxyacetic acid (55 g/L) (D50, CID LINES, 

Ieper, Belgium). Three litres of the disinfectant and 6 litres of water were used per broiler house 

(1005 m³). According to the manufacturer, a minimum of 1 litre of the disinfectant in 4 litres of 

water is recommended per 1000 m³ for thermal fogging. 

3.2 Sampling 

Sampling was performed at the following moments during C&D: 

 24 hours after cleaning but before disinfection (AC)  

 24 hours after disinfection (AD) 

Pre-moistened sponge swab samples (3M, SSL100, St-Paul, USA) with 10 mL Ringers solution 

(Oxoid, BR0052G, Basingstroke, Hampshire, England) were taken AC at seven predefined 

locations per broiler house: floor, wall, air inlet, drinking cups, pipe, drain hole and floor crack. 

The study of Luyckx et al. (2015b) showed that these locations were still mostly contaminated 

AC and AD with total aerobic flora, Enterococcus spp. and/ or E. coli. To neutralise the residual 

action of the disinfectants on the microbiological growth, 10 mL Dey Engley neutralising broth 

(DE broth, Sigma Aldrich, Fluka, D3435, St-Louis, MO, USA) was used to pre-moisten the 

sponge swab samples used AD. 

A surface of 625 cm² (i.e. A4 format) was sampled whenever possible. Because the surface of 

a drinking cup was smaller than 625 cm², 5 drinking cups per broiler house were sampled and 

pooled as one sample.  

3.3 Sample processing 

Swab samples were first diluted with 10 mL of Buffered Peptone Water (BPW, Oxoid, 

CM0509, Basingstroke, Hampshire, England) and then homogenised by placing them in a 

masticator (IUL instruments, S.A., Barcelona, Spain). Prior to plating, swab samples were 

further diluted in 10 fold dilution series in peptone physiological salt water (Bio Trading, 

K110B009AA, Mijdrecht, The Netherlands) to produce countable results on the selected agar 

media: Plate Count Agar (PCA, Oxoid, CM0325) for total aerobic flora, Slanetz and Bartley 

(S&B, Oxoid, CM0377) for Enterococcus spp. and Violet Red Bile Glucose Agar (VRBGA, 

Oxoid, CM1082) for Enterobacteriaceae. PCA, S&B and VRBGA plates were incubated at 30 

°C, 37 °C and 37 °C for 72 h, 48 h and 24 h, respectively.  
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3.4 Isolate collection 

Isolates were collected from agar plates with the highest serial 10 fold dilution, representing the 

most dominant flora. Depending on the number of colonies on these agar plates, plates were 

divided into 4 (when [100-200] colonies/agar plate) or 8 areas (when >200 colonies/agar plate). 

Five colonies from S&B and VRBGA and 10 colonies from PCA were randomly collected from 

one area. In this way, colonies were randomly selected without taking their morphology into 

account. Colonies were streaked onto new agar plates to obtain single colonies. This process 

was repeated three times to obtain pure isolates. Isolates were stored as glycerol stocks at -80 

°C. In total, 800 isolates were collected. 

3.5 Isolate identification 

From each isolate, DNA was extracted according to Stranden et al. (2003). On the same day, a 

repetitive-element PCR, i.e. polytrinucleotide (GTG)5 PCR, was carried out on each DNA 

extract based on Calliauw et al. (2015). PCR products were analysed using the QIAxcel 

Advanced System (QIAGEN GmbH, Hilden, Germany) and QIAxcel DNA High Resolution 

Kit (QIAGEN) (method OM1200 with an additional 120-second separation time). For each 

PCR product, a QX Alignment Marker (15 bp/3 kb, QIAGEN) was included in the run. The 

obtained fingerprints were then clustered in BioNumerics version 6.5 (Applied Maths, Sint-

Martens-Latem, Belgium) based on their similarity using UPGMA (unweighted pair group 

method with arithmetic averages algorithm) with 1% curve smoothing. For isolates where no 

(GTG)5 fingerprint was obtained with DNA prepared according to Stranden et al. (2003), DNA 

was extracted additionally with GenElute Bacterial Genomic DNA Kit (Sigma Aldrich, 

NA2100, Diegem, Belgium). For 182 of 800 isolates, the (GTG)5 fingerprint of DNA extracted 

using both methods contained weak or no bands. These isolates were excluded from the study. 

Out of the 618 isolates included in the (GTG)5 fingerprint clusters, 355 were selected for partial 

16S rRNA gene analysis. They were chosen based on the occurrence of their pattern and as 

representatives for visually defined clusters. A minimum of 2 isolates per cluster was selected 

to identify each complete cluster. For identification, the 16S rRNA gene was partially amplified 

using universal bacterial primers 16F72 and 16R1522 according to Brosius et al. (1978). PCR 

products were analysed using the QIAxcel Advanced System and QIAxcel DNA High 

Resolution Kit (method OM500). QX Alignment Marker (15 bp/3 kb) was included in the run. 

PCR products were sequenced with both primers (Macrogen Europe, Amsterdam, the 

Netherlands). Sequence reads of at least 500 bp were used for further analysis in EZtaxon (Kim 



CHAPTER VII: IDENTIFICATION AND BIOCIDE SUSCEPTIBILITY 

 

115 

 

et al., 2012). The species with the highest similarity ( ≥ 98.5%) and completeness was used to 

identify the isolates to the putative species level. When similarity and completeness percentage 

was the same for different species found for one isolate, the first match of the list was used. 

3.6 Minimal Bactericidal Concentrations (MBC) 

The minimal bactericidal concentration (MBC) method used during this study was based on 

Knapp et al. (2015) and described below. 

3.6.1 Isolate selection for MBC study 

Collection of isolates on genus/species level was based on their abundance AC and AD within 

the Enterobacteriaceae and Enterococcus group. Moreover, isolates were chosen based on their 

(GTG)5 fingerprint: when possible, isolates obtained AC and AD were selected from the same 

(GTG)5 cluster. A total of 18 isolates (9 AC and 9 AD) of the Enterobacteriaceae group were 

selected for MBC tests: 3 Pantoea agglomerans (AC), 2 Escherichia vulneris (AC), 5 Lelliottia 

amnigena (2 AC and 3 AD), 4 Enterobacter soli (2 AC and 2 AD), 3 Escherichia albertii (AD) 

and 1 Pantoea rodasii (AD). Isolates were obtained from drinking cups, pipes and drain holes 

in the 4 investigated broiler houses. In addition, 10 Enterococcus faecium isolates (5 AC and 5 

AD, i.e. the most dominant species of the Enterococcus spp. group AC and AD) from the same 

(GTG)5 cluster (> 90% related) were selected. The isolates were isolated from 3 of the broiler 

houses at the following locations: floor, air inlets, drinking cups, pipes and floor cracks. 

3.6.2 Optical density versus enumeration  

An optical density (OD600) range was calculated for each species, to determine at which OD600 

1 – 5 × 108 CFU bacteria/ mL were present, according to (Knapp, 2014).  

3.6.3 Neutralisation efficacy 

The neutralising efficacy of DE broth was tested against disinfectant D50. One millilitre liquid 

bacterial culture (1 – 5 × 108 CFU/ mL) was added to a solution of one mL 0.5 % (v/v) D50 

and 8 mL DE broth and left in contact for 5 min (Knapp, 2014). As positive and negative 

control, disinfectant was replaced by 1 mL Ringers solution and DE broth by 8 mL Ringers 

solution, respectively. Because ≤ 1 log difference in CFU/mL was observed between initial 

counts of liquid bacterial culture and counts taken after bacterial exposure to biocide treated 

with neutraliser, DE broth was considered effective to neutralise the disinfectant. No growth 

was observed when DE broth was replaced by Ringers solution. 
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3.6.4 Test inocula  

The selected isolates were grown on PCA (i.e. Enterobacteriaceae) or S&B (Enterococcus 

faecium) and incubated 24 h and 48 h at 37°C, respectively. Three different colonies per agar 

plate were each grown in 10 mL Tryptone Soya Broth (TSB, Oxoid, CM1108) at 37 °C during 

16 h to obtain fresh liquid cultures. Subsequently, cultures were centrifuged at 5, 000 × g for 

10 min and resuspended in Ringers solution to an OD600 corresponding to a viable count of 1 – 

5 × 108 CFU bacteria/ mL. As control, enumerations on PCA or S&B were carried out. 

3.6.5 MBC 

Tests were carried out in 96 microtiter plates with U-shaped bottoms (Novolab, KIM650111). 

To test the reproducibility of the assay, one isolate was tested on 3 different occasions in 

triplicate. The other isolates were tested in triplicate. Microtiter plates contained dilutions of 

D50 (end concentration: 1.0 % - 0.03125 % (v/v); 0.5% is the recommended concentration 

according to the manufacturer for killing bacteria) in TSB. Fifty microlitres of test inocula (1 – 

5 × 108 CFU bacteria/ mL) were added resulting in a total volume of 100 µL per well. Plates 

were incubated at 37 °C during 24 h. After incubation, 20 µL of each suspension was transferred 

into 180 µL DE broth and left in contact for 5 min. Subsequently, 12.5 µL of each suspension 

was spotted in duplicate on agar plates and incubated at 37°C. The MBC was defined as the 

lowest concentration of D50 at which no bacterial growth was observed on the agar plate. When 

triplicates of one isolate showed different MBC, the highest MBC result was reported. 

Statistical analysis 

Statistical analyses were carried out with Statistical Analysis System software (SAS®, version 

9.4, SAS Institute Inc., Cary, NC, USA). The proportion of isolates belonging to a certain genus 

versus the total number of isolates collected AC or AD was compared between both sampling 

moments using Fisher’s exact test (in case of a frequency <5) or a chi-square test (in case of all 

frequencies >5). In addition, the proportion of Enterobacteriaceae isolates surviving the 0.5% 

disinfectant solution was compared between sampling moments using Fisher’s exact test.  

4. Results 

4.1 Bacteriological analysis 

Of all samples taken AC, 100 %, 100% and 25% were countable for total aerobic bacteria, 

Enterococcus spp. and Enterobacteriaceae, respectively. Of these countable samples, the mean 



CHAPTER VII: IDENTIFICATION AND BIOCIDE SUSCEPTIBILITY 

 

117 

 

enumeration was 5.87 ± 0.75 log, 4.09 ± 0.52 log and 3.04 ± 1.98 log CFU/sampling surface, 

respectively. In addition, 280, 140 and 26 colonies per medium were isolated, respectively. 

After disinfection, 93%, 64% and 18% of the samples gave countable results for total aerobic 

bacteria, Enterococcus spp. and Enterobacteriaceae, respectively. The mean countable 

enumeration was 4.47 ± 1.43 log, 2.78 ± 0.94 log and 3.11 ± 1.15 log CFU/sampling surface, 

respectively. In total 354 colonies were isolated AD: 249, 82 and 23 colonies per medium, 

respectively. 

4.2 Identification results 

Identification results (family, genera, species) of isolates dominantly present on VRBGA, S&B 

and PCA are given in Tables VII.1, VII.2 and VII.3, respectively. In addition, the mean log 

CFU enumeration of agar plates from which isolates were collected was calculated and 

subsequently classified into one of the 3 abundance classes. Finally, the obtained P-values, 

using Fisher’s exact or a chi-square test, are given. 

4.2.1 Isolates from VRBGA  

Genera Enterobacter and Pantoea (both Enterobacteriaceae); and Aeromonas (non 

Enterobacteriaecea) were most abundant AC and Escherichia, Lelliottia and Pantoea (all 

Enterobacteriaceae) were most abundant AD. In addition, Curtobacterium (not belonging to 

the Enterobacteriaecea family) grew on the selective medium VRBGA.  

No significant changes were observed between proportions of isolates identified as 

Enterobacter, Escherichia, Leclercia, Lelliottia and Pantoea AC and AD. 

Most isolates were isolated from samples originating from drain holes (58% AC and 85% AD). 

Other than drain holes, samples (and thus isolates) also originated from floors (4% AC and 15% 

AD), drinking cups (21% AC), air inlets (4% AC) and pipes (13% AC). 
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4.2.2 Isolates from S&B  

Enterococcus faecium was the most dominant species belonging to the genera Enterococcus on 

S&B both AC and AD, with mean enumerations between 2 and 4 log CFU/sampling surface. 

A significant decrease was observed between the proportion of isolates identified as 

Enterococcus faecium AC and AD. Nonspecific genera Aerocococcus, Desemzia and 

Staphylococcus (representing the majority within the nonspecific genera) were also found on 

S&B. In addition, a significant increase in proportion of isolates identified as Staphylococcus 

was observed AD. Staphylococcus spp. isolates from AD originated from all locations, while 

Enterococcus spp. isolates were mostly isolated from drain holes. An exception was 

Enterococcus faecium isolates, which also originated from floors, air inlets and pipes. 

  

Family Organism 

AC AD 

P-value4 

%1 
Classes (log)3 

%2 
Classes (log)3 

<1.5 [1.5 - 3[ >3 <1.5 [1.5 - 3[ >3 

Gram negative           

Enterobacteriaecae Citrobacter gillenii 4.17   X n.i.     

Enterobacter cancerogenes*, 

kobei, soli 

16.67   X 15.00   X P=1.00 

Erwinia persicina 4.17   X n.i.     

Escherichia albertii and 

vulneris 

12.5 X   25.00  X  P=0.43 

Leclercia adecarboxylata 4.17 X   10.00   X P=0.58 

Lelliottia amnigena 8.33  X  30.00   X P=0.11 

Pantoea agglomerans and 

rodasii 

16.67  X  20.00  X  P=1.00 

Providencia rettgeri 4.17  X  n.i.     

Siccibacter turicensis 4.17   X n.i.     

Aeromonadaceae Aeromonas hydrophila subsp. 

hydrophila and media 

20.83   X n.i.     

Gram positive           

Microbacteriaceae Curtobacterium plantarum 4.17  X  n.i.     

Table VII.1: Family, genera and species isolated from Violet Red Bile Glucose Agar (VRBGA, Enterobacteriaceae selective medium) after cleaning 

(AC) and after disinfection (AD). Species pathogenic for poultry and/or humans are indicated by bold and/or underlined text, respectively. In 

addition, the magnitude of mean enumeration of samples whereof bacteria were isolated, is indicated by an X in one of the 3 abundance classes. 

 

 

1 Ratio between number of isolates within one genus and total number of identified isolates AC (n= 24) given in percentage; 2 Ratio between number of 

isolates within one genus and total number of identified isolates AD (n= 20) given in percentage; 3 Classes are given in log CFU/ sampling surface; 4 

Fisher’s exact or a chi-square test was carried out for the genera that were identified both AC and AD. The obtained P-values are given. Significant values 

are indicated with bold characters; n.i., not identified; *, One isolate had a match with other species with same similarity/completeness percentage. 
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4.2.3 Isolates from PCA 

Among the Gram positive isolates (n=259) isolated from PCA, 14 families were found 

representing 19 genera. Gram negative bacteria (n=97) belonged to 13 families representing 16 

genera. The most dominant genera found on PCA were Brevibacterium, Brachybacterium and 

Staphylococcus AC and Brevibacterium, Microbacterium and Staphylococcus AD.  

The proportion of isolates identified as Bacillus, Brevibacterium and Microbacterium 

significantly increased AD. In contrast, the proportion of isolates identified as Staphylococcus 

and Comamonas significantly decreased AD. 

The obtained isolates originated from floors (14% and 18%), walls (11% and 10%), air inlets 

(15% and 15%), drinking cups (13% and 19%), pipes (15 % and 11%), drain holes (16% and 

17%) and floor cracks (15% and 9%) AC and AD, respectively. Per sampling point, 4 to 9 

genera were found AC, and 6 to 12 genera AD. 

  

Table VII.2: Family, genera and species of bacteria isolated from Slanetz and Bartley (Enterococcus spp. selective medium) after cleaning (AC) and 

after disinfection (AD). Species pathogenic for poultry and/or humans are indicated by bold and/or underlined text, respectively. In addition, the 

magnitude of mean enumeration of samples whereof bacteria were isolated, is indicated by an X in one of the 3 abundance classes. 

1 Ratio between number of isolates within one genus and total number of identified isolates AC (n= 138) given in percentage; 2 Ratio between number 

of isolates within one genus and total number of identified isolates AD (n= 80) given in percentage; 3 Classes are given in log CFU/ sampling surface; 
4 There is no difference between 16S rRNA gene sequences of these species; 4 Fisher’s exact or a chi-square test was carried out for the genera that 

were identified both AC and AD. The obtained P-values are given. Significant values are indicated with bold characters; n.i., not identified; *, One 

isolate had a match with other species with same similarity/completeness percentage. 

 

 

Family Organism 

AC AD 

P-value 4 

%1 
Classes (log)3 

%2 
Classes (log)3 

<2 [2 - 4[ >4 <2 [2 - 4[ >4 

Gram positive           

Enterococcaceae Enterococcus alcedinis n.i.    1.25   X  

Enterococcus avium 0.72   X n.i.     

Enterococcus 

casseliflavus* 

5.80  X  1.25   X P=0.16 

Enterococcus durans 0.72  X  n.i.     

Enterococcus faecalis 7.25   X 1.25   X P=0.06 

Enterococcus 

faecium* 

23.91  X  6.25  X  P<0.01 

Aerococcaceae Aerococcus viridans/ 

urinaeequi e 

12.32   X 15.00   X P=0.68 

Carnobacteriaceae Desemzia incerta n.i.    1.25   X  

Staphylococcaceae Staphylococcus 

saprophyticus subsp. 

bovis/ arlettae e 

49.28  X  73.75  X  P<0.01 
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Family Organism 

AC AD 
P-

value4 
%1 

Classes (log)3 

%2 
Classes (log)3 

<3 [3- 6[ >6 <3 [3- 6[ >6 

Gram positive           

Bacillaceae Bacillus endophyticus and 

galactosidilyticus 

1.00  X  7.74  X  P<0.01 

Psychrobacillus 

psychrodurans 

n.i.    0.65 X    

Brevibacteriaceae Brevibacterium oceani*, 

casei, avium, epidermidis, 

iodinum and permense 

10.45  X  18.06  X  P=0.04 

Corynebacteriaceae Corynebacterium stationis n.i.    1.29 X    

Deinococcaceae Deinococcus ficus n.i.    2.58  X   

Dermabacteraceae Brachybacterium 

nesterenkovii and 

paraconglomeratum 

7.96  X  6.45  X  P=0.59 

Dietziaceae Dietzia aurantiaca n.i.    0.65  X   

Intrasporangiaceae Janibacter melonis 1.49  X       

Leuconostocaceae Weissella thailandensis n.i.    0.65  X   

Microbacteriaceae Microbacterium 

esteraromaticum, lactis, 

mitrae, paraoxydans, 

phyllosphaerae and testaceum 

2.99  X  12.26  X  P<0.01 

Micrococcaceae  Aerococcus viridans and 

urinaeequi 

1.00   X 2.58  X  P=0.41 

Arthrobacter bergerei, 

creatinolyticus and oryzae 

3.48   X 0.65  X  P=0.14 

Kocuria gwangalliensis and 

palustris 

4.48  X  3.87  X  P=0.78 

Micrococcus endophyticus 0.50  X  n.i.     

Nocardioidaceae Nocardioides daedukensis 0.50  X  n.i.     

Promicromonosporaceae Cellulosimicrobium cellulans n.i.    1.29  X   

Staphylococcaceae Macrococcus caseolyticus 0.50  X  n.i.     

Staphylococcus arlettae, 

caprae, cohnii subsp cohnii, 

equorum subsp. equorum, 

lentus, saprophyticus subsp. 

saprophyticus and simulans 

39.80  X  9.68  X  P<0.01 

Streptococcaceae Streptococcus australis*, 

pseudopneumoniae and 

sanguinis 

n.i.    2.58 X    

Gram negative           

Aeromonadaceae Aeromonas hydrophila subsp 

hydrophila* 

0.50   X n.i.   X  

Alcaligenaceae Alcaligenes faecalis subsp 

faecalis 

n.i.    2.58     

Table VII.3: Family, genera and species of bacteria isolated from Plate Count Agar (total aerobic flora) after cleaning (AC) and after disinfection 

(AD). Species pathogenic for poultry and/or humans are indicated by bold and/or underlined text, respectively. In addition, the magnitude of mean 

enumeration of samples whereof bacteria were isolated, is indicated by an X in one of the 3 abundance classes. 

 

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=1268&lvl=3&keep=1&srchmode=1&unlock
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=84642&lvl=3&keep=1&srchmode=1&unlock
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=506&lvl=3&keep=1&srchmode=1&unlock
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Caulobacteriaceae Brevundimonas diminuta, 

intermedia*, 

naejangsanensis*, nasdae**, 

terrae, vancanneytii and 

vesicularis 

3.98  X  3.23  X X P=0.78 

Comamonadaceae Comamonas jiangduensis and 

koreensis 

5.97   X 1.29  X  P=0.03 

variovorax paradoxus n.i.    2.58  X   

Flavobacteriaecae Chryseobacterium 

arthrosphaerae 

1.00   X n.i.     

Moraxellaceae Acinetobacter beijerinckii*, 

bouvetti, indicus, lwoffii and 

oryzae 

3.98   X 5.16    P=0.59 

Enhydrobacter aerosaccus 1.00  X  1.94  X  P=0.66 

Neisseriaceae Prolinoborus fasciculus 1.00   X 0.65   X P=1.00 

Pseudomonadaceae Pseudomonas japonica, 

libanensis, montelli*, putida 

and rhizosphaerae 

2.49   X 1.29   X P=0.70 

Rhizobiaceae Rhizobium massilae and 

radiobacter 

1.00  X  0.65  X X P=1.00 

Rhodobacteraceae Paracoccus huijuniae, 

sediminis, siganidrum and 

yeei 

1.49  X  4.52  X  P=0.11 

Sphingobacteriaceae Sphingobacterium faecium 

hotanense, kyonggiense, 

lactis and multivorum 

2.49   X 3.23  X  P=0.75 

Sphingomonadaceae Novosphingobium anipatense n.i.    0.65  X   

Sphingomonas hankookensis 

and panni 

    1.29  X   

 

  

1 Ratio between number of isolates within one genus and total number of identified isolates AC (n= 201) given in percentage; 2 Ratio between 

number of isolates within one genus and total number of identified isolates AD (n= 155) given in percentage; 3 Classes are given in log CFU/ 

sampling surface; 4 Fisher’s exact or a chi-square test was carried out for the genera that were identified both AC and AD. The obtained P-values 

are given. Significant values are indicated with bold characters; n.i., not identified; *, One isolate had a match with other species with same 

similarity/completeness percentage; **, Three isolates had a match with other species with same similarity/completeness percentage 
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4.3 MBC of Enterobacteriaceae isolates 

MBC results for Enterobacteriaceae isolates are given in Table VII.4.  

The MBC of the disinfectant for all Enterobacter and Escherichia isolates, independent of being 

isolated AC or AD, was 1%. More diversity in MBC within Pantoea and Lelliottia species was 

noticed. MBC method was highly reproducible for the Lelliottia isolate tested in triplicate on 3 

different occasions. Of the tested Enterobacteriaceae isolated AC and AD, 62.5% and 70% 

survived exposure to 0.5% disinfectant, respectively (P>0.05).  

Table VII.4: Minimum bactericidal concentration (MBC) results given for each Enterobacteriaceae isolate tested in triplicate. 

 

 

 

  

1 3, Three of the three tested replicates of a single isolate gave same survival results; 2 3x3, Three of the three tested 

replicates of a single isolate gave same survival results on three different occasions (i.e. reproducibility test); 3 Digits in 

bold correspond to concentration with no survival of any of the three replicates, corresponding with the MBC 

 

Organism 

Survival at different concentrations  

(% solution of hydrogen peroxide and peracetic acid) 

0.03125 0.0625 0.125 0.25 0.5 1 

Isolated AC 

Pantoe agglomerans 1 3 1 0 3 0 0 0 0 

Pantoe agglomerans 2 3 0 0 0 0 0 

Pantoe agglomerans 3 3 3 3 3 0 0 

Lelliottia amnigena1 3 3 3 2 1 0 

Lelliottia amnigena2 3 3 0 0 0 0 

Enterobacter soli 1 3 3 3 3 3 0 

Enterobacter soli 2 3 3 3 3 3 0 

Escherichia vulneris 1 3 3 3 3 3 0 

Escherichia vulneris 2 3 3 3 3 3 0 

Isolated AD 

Pantoea rodasii 1 3 3 3 3 3 0 

Lelliottia amnigena 3 3 3 3 3 0 0 

Lelliottia amnigena 4 3x3 2 3x3 3x3 3x3 0 0 

Lelliottia amnigena 5 3 3 3 0 0 0 

Enterobacter soli 3 3 3 3 3 3 0 

Enterobacter soli 4 3 3 3 3 3 0 

Escherichia albertii 1 3 3 3 3 3 0 

Escherichia albertii 2 3 3 3 3 3 0 

Escherichia albertii 3 3 3 3 3 3 0 
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4.4 MBC of Enterococcus faecium isolates 

MBC results for Enterococcus spp. isolates are given in Table VII.5. MBC of the disinfectant 

for all tested Enterococcus faecium isolates was either 0.0625 or 0.125%. None of the tested 

isolates AC and AD survived exposure to 0.5% disinfectant. 

Table VII.5: minimum bactericidal concentrations (MBC) results given for each Enterococcus faecium isolate tested in 

triplicate 

Organism 

Survival at different concentrations  

(% solution of hydrogen peroxide and peracetic acid) 

0.03125 0.0625 0.125 0.25 0.5 1 

Isolated AC 

Enterococcus faecium 1 3 1 2 0 2 0 0 0 

Enterococcus faecium 2 3 3 0 0 0 0 

Enterococcus faecium 3 3 3 0 0 0 0 

Enterococcus faecium 4 3 0 0 0 0 0 

Enterococcus faecium 5 3 0 0 0 0 0 

Isolated AD 

Enterococcus faecium 6 3 0 0 0 0 0 

Enterococcus faecium 7 3 0 0 0 0 0 

Enterococcus faecium 8 3 2 0 0 0 0 

Enterococcus faecium 9 3 0 0 0 0 0 

Enterococcus faecium 10 3 0 0 0 0 0 
1 3, Three of the three tested replicates of a single isolate gave same survival results; 2 Digits in bold correspond to 

concentration with no survival of any of the three replicates, corresponding with the MBC 

 

5. Discussion 

The identification of bacteria in broiler houses is key to better understanding the dynamics of 

bacteria during C&D and knowing the impact of the residual bacteria on the health of both 

animals and humans. Enumerations of total aerobic  flora, Enterococcus spp. and 

Enterobacteriaceae were carried out after cleaning and after disinfection. Similar results as in 

the study of Luyckx et al. (2015a) were obtained for total aerobic flora and Enterococcus spp.. 

Although the number of countable samples for Enterobacteriaceae was reduced by 

disinfection, mean enumerations on the countable samples were not decreased, also shown by 

Ward et al. (2006). In addition, the dominant species of the families Enterobacteriaceae and 

Enterococcaceae and total aerobic flora were identified after cleaning and after disinfection. 

The genera Pantoea (AC and AD), Lelliottia (AD), Enterobacter (AC) and Escherichia (AD) 

were the most dominant Enterobacteriaceae isolated from VRBGA. No significant increase or 

decrease in the proportion of isolates belonging to these genera, was observed between the two 

sampling moments. Several studies show the presence of these genera in the poultry industry 
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(Morgan-Jones 1981; Kilonzo-Nthenge et al., 2008; Oaks et al., 2010; Bródka et al., 2012; Gole 

et al., 2013). Within the genus Pantoea, Pantoea agglomerans (previously known as 

Enterobacter agglomerans) is the most commonly isolated species in humans, originating from 

soft tissue or bone/joint infections (Cruz et al., 2007). In addition, Pantoea agglomerans has 

also been isolated from cellulitis lesions in chickens, but these are not believed to be significant 

(Derakhshanfar and Ghanbarpour, 2002; Vaillancourt and Barnes, 2009). Lelliottia amnigena 

(previously known as Enterobacter amnigenus) has been recently associated with raw broiler 

products (Olobatoke et al., 2015) and has also been found at egg processing plants (Jones and 

Musgrove, 2008; Musgrove et al., 2009). L. amnigena has also been described as a rare 

pathogen for humans (Bollet et al. 1991; Capdevila et al. 1998), and a causative agent of limb 

infections (Corti et al., 2009). Escherichia albertii (AD) was found in moderate numbers during 

this study. E. albertii has been reported to be a potential pathogen for humans and animals 

(Oaks et al., 2010; Oh et al., 2011). Oaks et al. (2010) findings indicate that E. albertii is likely 

pathogenic to birds including chickens, and can be associated with epornithics and sporadic 

disease. Escherichia vulneris has been isolated from animals, humans, the environment, and 

potable water. E. vulneris can colonise the respiratory tract, female genital tract, urinary tract, 

and stool in humans (Shobrak and Abo-Amer, 2014). After cleaning, the genus Aeromonas (non 

Enterobacteriaceae) was also isolated in high numbers from VRBGA. Aeromonas hydrophila 

can occasionally cause diarrhoea in broilers. This species has significance for public health, 

usually through contaminated poultry meat, because it causes gastroenteritis in humans (Barnes, 

2003). On VRBGA a larger variety of species was found AC compared to AD. 

In conclusion, the 4 dominant genera belonging to Enterobacteriaceae identified in this study 

have been previously linked to the poultry industry. Several species belonging to this family 

are pathogenic for both poultry and humans. This confirms the importance of reducing 

Enterobacteriaceae as much as possible during C&D. 

The most dominant species of Enterococcus were E. faecium (AC and AD), E. faecalis (AC) 

and E. casseliflavus (AC). The proportion of isolates identified as E. faecium was significantly 

reduced AD. All three species have previously been isolated from broilers. Enterococcus spp. 

are generally considered commensal bacteria but do have the potential to cause infections in 

humans, especially Enterococcus faecium and E. faecalis. In addition, both species are reported 

as potential pathogens for poultry (Cauwerts et al., 2007). The third dominant Enterococcus 

species, E. casseliflavus, has been isolated from human patients with bacteremia (Reid et al., 

2001). Although Staphylococcus arlettae and S. saprophyticus do not belong to the genus 



CHAPTER VII: IDENTIFICATION AND BIOCIDE SUSCEPTIBILITY 

 

125 

 

Enterococcus, they were highly abundant on the Enterococcus specific medium, especially AD. 

S. arlettae was previously isolated from skin and nares of poultry (Schleifer et al., 1984). Both 

species have been found in the indoor air of broiler houses (Chinivasagam et al., 2010; Devriese 

et al., 1985; Schulz et al., 2004). S. saprophyticus has also been isolated from food and food 

environments (Marino et al., 2011). Hedman and Ringertz (1991) found that urinary tract 

infections caused by S. saprophyticus were common among professionals handling meat 

products. The genus Aerococcus has also been found in high amounts on S&B. The genus 

Aerococcus has been found in the air of poultry houses in different studies (Bródka et al., 2012; 

Fallschissel et al., 2010; Nielsen and Breum, 1995). A. viridans has also been associated with 

several human infections (Facklam and Elliott, 1995). On S&B, the species isolated AC, were 

also mostly isolated AD. 

In conclusion, the 3 dominant Enterococcus species found in this study are generally 

commensal bacteria for broilers and humans. Besides these species, bacteria belonging to the 

two genera Staphylococcus and Aerococcus also grew abundantly on the Enterococcus specific 

medium, resulting in colonies with the same morphology as enterococci. For this reason, 

enumerations perfomed on S&B could result in an overestimation of Enterococcus spp.. 

Finally, the most dominant genera (i.e. >5% present AC or AD) isolated from PCA were 

Bacillus (AD), Brevibacterium (AC and AD), Brachybacterium (AC and AD), Microbacterium 

(AD), Staphylococcus (AC and AD), Comamonas (AC) and Acinetobacter (AD). One 

hypothesis that could explain the increase in the proportion of isolates belonging to Bacillus, 

Brevibacterium and Microbacterium AD, is that disinfection created an opportunity for 

otherwise transient species to gain dominance. In addition, the proportion of Staphylococcus 

and Comamonas isolates was significantly reduced by disinfection. 

Spores of Bacillus species are found in soil, dust, and water as well as in the air (Tam et al., 

2006). Furthermore, studies of Bródka et al. (2012) and Nasrin et al. (2007) isolated Bacillus 

species from the air of poultry houses. Previous studies described the genus Brevibacterium as 

one of the abundant taxonomic groups in poultry litter (Dumas et al., 2011; Lu et al., 2003). In 

general, Brevibacterium species are not pathogenic for poultry, but there are known pathogenic 

species such as B. avium (Dumas et al., 2011; Pascual and Collins, 1999). In addition, B. casei 

and B. epidermidis, both of which were isolated AC as well as AD, have been described as a 

cause of bacteremia and central venous line infection in humans, respectively (Brazzola et al., 

2000; Gruner et al., 1994; McCaughey and Damani, 1991). Members of the Brachybacterium 

genus have also been isolated from poultry deep litter (Lu et al., 2003; Dumas et al., 2011). No 
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reports on pathogenicity of Brachybacterium have been published. Microbacterium species 

have been found on freshly killed chickens (Cunningham, 1987). Another study isolated a 

Microbacterium species from poultry waste and characterised it as a feather-degrading 

bacterium (Sangali and Brandelli, 2000; Thys et al., 2004). M. paraoxydans, which was isolated 

both AC and AD, is one of the most frequently isolated microbacteria in human clinical 

specimens (Gneiding et al., 2008; Laffineur et al., 2003). Besides the 2 abovementioned 

Staphylococcus species, also S. caprae, S. cohnii, S. lentus and S. simulans were isolated in this 

study from PCA and are described as potential pathogens for humans (Mallet et al., 2011; Mazal 

and Sieger, 2010; Seng et al., 2014; Soldera et al., 2013). The 4 latter species have been isolated 

from the air originating from broiler houses (Chinivasagam et al., 2010; Devriese et al., 1985). 

De Reu et al. (2006, 2008) also found Staphylococcus spp. to be the dominant bacterial flora in 

the air of laying hen houses and on eggshells. The members of the genus Comamonas frequently 

occur in diverse habitats, such as animal and plant tissues (Ma et al., 2009). To our knowledge 

no studies have yet revealed the presence of Comamonas species in poultry houses. Members 

of the genus Acinetobacter are usually commensal organisms, but can cause infections in 

susceptible human patients (Dahiru and Enabulele, 2015). Schefferle (1965) found 

Acinetobacter on feathers of poultry and suggested they may originate from deep litter. In 

addition, Acinetobacter species (psychrotrophic spoilage bacteria) are often found on chicken 

carcasses (Russel, 2010). A. lwoffii can cause bacteremia in immunocompromised individuals 

(Ku et al., 2000). This species has also been involved in several infections in animals, e.g. 

severe respiratory symptoms in lovebirds (Robino et al., 2005) and septicaemia in hens (Kaya 

et al., 1989). Other species found in this study with clinical significance for animals are 

Enterococcus durans and Alcaligenes faecalis. Enterococcus durans can cause bacteremia and 

encephalomalacia in young chickens (Cardona et al., 1993) and septicaemia and endocarditis 

in mature birds (Chadfield et al., 2004). Alcaligenes faecalis can cause respiratory disease in 

chickens (Berkhoff et al., 1984, 1983; Simmons et al., 1981).  

In conclusion, most of the dominant genera found on PCA, have been previously isolated from 

(the environment of) poultry. Several pathogens for poultry and humans were isolated AC and 

even AD. Surprisingly, the genus Comamonas was found to be dominant in this study, while to 

our knowledge, no studies have reported the occurrence of these bacteria in poultry houses. 

Because the samples originated from only one pilot farm, conclusions should be drawn with 

caution. Other factors such as sampling method, meteorological conditions, type of broiler 
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house and topographic features could also affect the bacterial composition. Additional, studies 

are needed to verify these results.  

The presence of several pathogenic species for poultry and humans not only AC but also AD, 

indicates that the disinfection step was not able to kill these organisms. Luyckx et al. (2015a) 

also reported the limited reduction of bacterial flora by disinfection in broiler houses. Possible 

reasons are interference with residual organic matter (Hoff and Akin, 1986), reduced effect of 

the disinfection step in practice or resistance against the disinfectant (Russell 1998; Soumet et 

al., 2012). To test this last hypothesis, MBC was determined for several Enterobacteriaceae 

isolates and Enterococcus spp. isolates obtained AC and AD. The MBC results did not suggest 

a selection towards less susceptible isolates AD compared to AC at a concentration of 0.5%.  

Gram negative bacteria such as Enterobacteriaceae are generally more resistant to disinfectants 

than Gram positive bacteria because they have an outer membrane (Knapp, 2014; McDonnell 

and Russell, 1999; Nikaido and Vaaro, 1987). However, it has been shown that enterococci can 

be more resistant than Gram negative bacteria to disinfectants (Bradley and Fraise, 1996; 

Eginton et al., 1998; Gradel, 2007, 2004). In this study, more than 77.8% of the tested 

Enterobacteriaceae isolates showed a MBC of ≥ 0.5%, while all Enterococcus faecium isolates 

showed a MBC of ≤ 0.125. These results indicate that Enterobacteriaceae isolates are more 

resistant to the used disinfectant than Enterococcus spp.. This finding is in agreement with 

Dewaele et al. (2011), who showed that E. coli was more resistant than Enterococcus faecalis, 

although other disinfectants were tested in that study. As the Enterococcus faecium isolates 

were susceptible to the recommended concentration, the presence of Enterococcus spp. and 

other bacteria AD could be due to the presence of either extraneous material (e.g. organic 

material), which has a detrimental effect on the disinfectant, or residual water, resulting in 

dilution of the disinfectant. Moreover, the recommended concentration of the disinfectant (i.e. 

0.5%) seemed too low to kill Enterobacteriaceae, including pathogenic species for poultry and 

humans found in this study such as Escherichia albertii and Pantoea agglomerans. As the 

recommended concentration of the disinfectant was not able to kill the field isolates in the MBC 

test, it can be assumed that the recommended concentration of 0.5% of the disinfectant is too 

low for farm conditions. 

Furthermore, literature reports that many bacteria have developed resistance that confer 

tolerance to peroxide stress (in particular hydrogen peroxide), which includes production of 

neutralizing enzymes (e.g. catalases, peroxidases and glutathione reductases) (Baureder et al., 

2012; Harris et al., 2002; McDonnell and Russell, 1999; Uhlich, 2009). In addition, Dubois-



CHAPTER VII: IDENTIFICATION AND BIOCIDE SUSCEPTIBILITY 

128 

  

Brissonnet et al. (2011) have demonstrated increased tolerance to peracetic acid by a membrane 

modification of Salmonella enterica. The survival of the Enterobacteriaceae isolates might also 

be the result of such a resistance mechanism among the present bacteria. This needs to be 

determined in future research. 
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CHAPTER VIII 

General discussion 

According to World Health Organization (WHO), hygiene refers to conditions and practices that 

help to maintain health and prevent the spread of diseases (WHO, 2016). Hygiene in animal 

production is key for both farm management (e.g. disease prevention) and meeting legal and 

consumer demands concerning food safety. Biosecurity practices on farms include external and 

internal measures that minimise horizontal transmission of infectious agents. Among internal 

biosecurity measures, cleaning and disinfection (C&D) between production rounds and after 

replacement or transport of animals is a crucial measure and has been shown to be of high 

importance for the prevention of diseases (Gelaude et al., 2014; Postma et al., 2015). Therefore, 

in this thesis, the focus was on C&D in broiler and pig facilities, as the broiler and pig 

production contribute the most to the global, European and Belgian meat production. 

Aspects to consider when monitoring the efficacy of C&D on 

farms 

Before comparing different C&D protocols, it is necessary to accurately measure the efficacy 

of these interventions. To do so, the optimal locations and sampling methods need to be 

determined and proper bacteriological parameters should be used.  

1. Locations and surfaces 

Inadequately cleaned and disinfected locations in animal houses and equipment may act as a 

source of infection for new arriving animals. To break the cycle of infection, it is important to 

identify locations in broiler and pig houses that are difficult to clean and disinfect in order to 

improve the C&D protocol as well as to identify the locations for evaluation of the efficacy of 

the C&D protocol.  

In this thesis, several locations were identified as critical locations for C&D due to their 

structure (chapter IV, V and VI). Drain holes as well as floor cracks were identified as critical 

locations in broiler houses in chapter IV and by previous studies in other types of animal houses 

(Dewaele et al., 2012b; Mueller-Doblies et al., 2010; Rajic et al., 2005). These locations can 

remain soiled because of the difficult access for cleaning and they are often still filled with 

water when disinfected. The residual organic material protects the bacteria from contact with 

the disinfectants, affects the action of disinfectants and is a source of nutrients for surviving 
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bacteria. Therefore, floor cracks should be regularly repaired by filling, whereas drain holes 

should be adequately rinsed after cleaning to flush residual organic material. Moreover, it is 

advisable to disinfect these locations twice as several studies showed that two disinfection 

rounds, rather than a single treatment, are more efficient in eliminating pathogens such as 

Salmonella (Gradel and Rattenborg, 2003; Huneau-Salaün et al., 2010; Rose et al., 2000). This 

thesis also showed that drinking cups are critical locations for C&D of broiler houses (chapter 

IV). Because of their fragile and angular construction, drinking cups are difficult to clean 

(Figure VIII.1). Moreover, these cups are often filled with water after cleaning, which 

subsequently dilutes the applied disinfectant. Therefore, farmers should empty drinking cups 

by turning the drinking lines before disinfection. In pig nursery units, slatted floors and drinking 

nipples were found to be critical locations (chapter V and VI). Slatted floors and drinking 

nipples are difficult to clean due to their specific design including many edges. Moreover, since 

the quality of drinking water is crucial for profitable production of animals, both the drinking 

water as well as the dispensers should to be pathogen-free. Besides the identified critical 

locations in the tested nursery units, probably others exist as there is a great variety in housing 

designs in pig production. To identify and list all of these, more similar studies, such as done 

in this thesis, should be performed in different housing systems. 

In contrast, as ATP values (after cleaning) and bacterial counts (after cleaning and after 

disinfection) were the lowest for feed hoppers, roofs and air outlets in broiler houses, they 

seemed to be the most hygienic locations (chapter IV). These locations are however not in direct 

contact with broilers during the production and consists of smooth surfaces which makes them 

easy to clean. After disinfection of pig nursery units, the bacterial load (i.e. total aerobic bacteria 

Figure VIII.1: Soiled drinking cups in broiler houses after disinfection. Source: Kaat Luyckx – 

CLEANDESOPT project 
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and Enterococcus spp.) was the lowest for feeding troughs, possibly due to their metal, easily 

cleanable surface (chapter VI). However, this should be interpreted with caution, as only one 

farm was sampled. In addition, during sampling the feeding troughs were in some cases still 

filled with feed (during production), therefore a sampling surface was chosen which was not in 

direct contact with feed but could be in contact with piglets. It could be possible that the surfaces 

normally covered by feed, and not sampled in our studies, are critical locations for C&D. 

It is known that the composition and structure of materials and design of animal houses can be 

quite diverse and that their cleanability has an impact on the C&D efficacy. For example, there 

is a difference in the efficacy of C&D of battery-cage houses and on-floor houses, as battery-

cage houses are more difficult to clean (Davies and Breslin, 2003b; Gradel et al., 2003; Huneau-

Salaün et al., 2010). Besides, wooden surfaces may be more difficult to clean than metal or 

plastic surfaces, likely because of the porous nature of wood (Rathgeber et al., 2009). Also, 

concrete is often affected by numerous environmental factors, such as wear caused by animals 

and vehicles and chemical degradation caused by feeds and manure (Kymalainen et al., 2009), 

making them difficult to clean and disinfect.  

In order to ascertain if a C&D protocol is capable of eliminating infectious agents in animal 

houses, it is recommended to include the critical locations in the sampling scheme. As the most 

hygienic locations had mean total aerobic bacteria enumerations below 3.5 log CFU/625 cm² 

after disinfection, this indicates that one should strive to achieve mean enumerations of ± 3.5 

log CFU/625 cm² after C&D throughout the animal house. On the other hand, the cleanest 

locations may be omitted from the sampling scheme for broiler houses, which will reduce the 

working load and costs. However, it would be interesting to include locations that are in direct 

contact with animals (e.g. walls and feed pans) as they are of great importance in the spread of 

pathogens when still contaminated after C&D. 

2. Methods to assess the hygiene status 

Most studies concentrate on finding a suitable sampling method for the recovery of a specific 

pathogen in a specific environment, e.g. Salmonella in poultry houses (Carrique-Mas and 

Davies, 2008), Listeria monocytogenes in food industry (Lahou and Uyttendaele, 2014), 

Legionella (Ta et al., 1995) and methicillin resistant Staphylococcus aureus (MRSA; (Dolan et 

al., 2011)) in human hospitals, etc.. However, little research is performed to compare different 

sampling methods to assess the overall hygiene status during C&D of an environment. 
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Therefore, the aim of the study described in chapter III was to select suitable sampling methods 

to evaluate C&D in broiler houses (chapter IV) and pig nursery units (chapter V and VI).  

 Before cleaning 

In chapter III, we showed that swab samples of a defined surface (625 cm²) provided better 

insight into the initial bacterial load than agar contact plates (ACP), as these were often 

overgrown by bacteria or unreadable due to macroscopic particles.  

 After cleaning 

In the past, the most frequently used criterion to assess the efficacy of cleaning was the lack of 

visible organic material. However, as shown in chapter III, visual inspection is often unreliable 

as the cleanliness of some locations is difficult to assess with the naked eye. 

Other methods we used to assess the hygiene status of surfaces after cleaning, were ATP 

monitoring and bacteriological analyses on swab samples. ATP analysis is used to provide 

information on the level of biological residues (both eukaryotic cells and prokaryotic cells), 

whereas bacteriological analyses of swab samples is used to enumerate the amount of residual 

bacteria or detect the presence of a defined species. In contrast to the visual inspection, both 

ATP swabs and bacteriological analyses on swab samples turned out to be good methods to 

objectively determine the hygiene status of the locations after cleaning (chapter III and IV).  

 After disinfection 

After disinfection, both ACP as swab samples were efficient in estimating the final bacterial 

load. However, ACP have several disadvantages, such as the disability of sampling irregular 

surfaces, (Introduction, section 3.2), that does not apply when using swab samples. 

To compare different C&D protocols, it is advised to use bacteriological analyses on swab 

samples as this method is more able to analyse the reduction of the bacterial load during the 

successive C&D steps (i.e. from before cleaning, to after cleaning, to after disinfection).  

3. Quantitative and qualitative parameters  

 Bacteriological parameter 

An important parameter to assess the efficacy of C&D, is the determination of the reduction in 

bacterial load. In most of the C&D studies, total aerobic bacteria (Corrégé et al., 2003; Hancox 

et al., 2013; Ward et al., 2006) and/or a specific pathogen is/are monitored (Carrique-Mas et 

al., 2009; Merialdi et al., 2013; Mueller-Doblies et al., 2010; L J Pletinckx et al., 2013; Rose 
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et al., 1999). Also in chapter III-VI, total aerobic bacteria (i.e. quantitative parameter) and the 

(opportunistic) pathogens methicillin resistant Staphylococcus aureus (in pig nursery units) (i.e. 

quantitative parameter when enumerated, qualitative parameter when detected after 

enrichment) and Salmonella (i.e. qualitative parameter) (in broiler houses and pig nursery units) 

were analysed during C&D. In addition, E. coli was evaluated as index organism for Salmonella 

and as hygiene indicator organism for faecal contamination as quantitative (i.e. when 

enumerated) and qualitative (i.e. when detected after enrichment) parameter. Moreover, it is 

known that some E. coli types can be pathogenic for chickens (Dho-Moulin and Fairbrother; 

Mellata, 2013) and piglets (Rossi et al., 2012). Other faecal indicator organisms monitored 

during this thesis, were Enterococcus spp. (i.e. quantitative parameter). Enterococci can also be 

involved in infections in poultry (Cardona et al., 1993; Chadfield et al., 2004) and pigs (Cheon 

and Chae, 1996). Finally, faecal coliforms were analysed as hygiene indicator organisms (i.e. 

quantitative parameter when enumerated, qualitative parameter when detected after 

enrichment), as this group of organisms is present in higher numbers compared to E. coli, which 

is a member of this group. Based on the outcome of the different studies (chapter III - VI), it 

appeared that Enterococcus spp. were the most interesting hygiene indicators for C&D studies, 

as the probability of recovering these organisms was higher and because Enterococcus spp. 

enumerations could show differences between C&D protocols. During the course of the studies, 

we also learned that the results of Enterococcus spp. enumerations during C&D did not follow 

a normal distribution and often fell below the lower enumeration limit. This led to a 

simplification of the data into a binomial dataset with a group of zero-values containing counts 

that were below the enumeration limit and a group of one-values with counts above the lower 

enumeration limit. Due to this observation, the workload in future studies can be decreased by 

replacing enumerations of Enterococcus spp. with determining only their presence or absence 

in the sample. In addition to Enterococcus spp. analyses, enumerations of total aerobic bacteria 

on swab samples were also capable of showing differences between C&D protocols (chapter 

IV and V). 

Moreover, the results presented in this thesis also showed that detection of E. coli after 

disinfection, allows to identify critical locations for C&D (chapter IV). Recently, several 

methods have been developed to rapidly test for the presence of E. coli (e.g. MicroSnapTM E. 

coli, Hygiena). In the future, these new methods, after validation, could possibly be used by 

farmers to monitor the hygiene status, and thus the efficacy of the C&D procedure at different 

locations by themselves.  
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Although, a limited number of bacterial species was analysed in this thesis, these species could 

be index-organisms for a wide range of other vegetative and non-mycobacterial Gram positive 

and Gram negative pathogens. For example, E. coli could be used as index organism for 

pathogens belonging to the Enterobacteriaceae family. Consequently, results of E. coli 

analyses described in this thesis, may be extrapolated to obtain conclusions for specific 

pathogens, that are of importance for the primary sector. However, future research is necessary 

as index-organisms should comply to several criteria. First, they should originate from the same 

source (e.g. faeces or skin) (Dewaele et al., 2011; Ghafir et al., 2008). Secondly, they should 

be present in higher numbers than the pathogen and the detection and enumeration method 

should be easy, quick and cheap (Dewaele et al., 2011; Ghafir et al., 2008). Finally, the index 

organism should have a survival rate equally or higher than the pathogen and should respond 

in the same manner to disinfection treatments (Dewaele et al., 2011; Gradel et al., 2004a; 

Winfield and Groisman, 2003).  

Moreover, as Gram negative bacteria are intrinsically more resistant to disinfectants than 

enveloped viruses (Table I.8), it is assumed that if the Gram negative bacterium E. coli is 

eliminated by disinfection, these viruses, if present in equal or lower amounts, are likely also 

eliminated. In contrast, if E. coli survives the disinfection step, then small non-enveloped 

viruses (intrinsically more resistant than Gram negative bacteria) will probably also survive the 

disinfection step.   
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Table I.8: Relative susceptibility of groups of micro-organisms to disinfectants (Fraise et al., 2012) 

Range Group of micro-organisms  

Resistant Prions 

 Bacterial endospores 

 Protozoal oocysts 

 Mycobacteria 

 Small non-enveloped viruses 

 Protozoal cysts 

 Fungal spores 

 Gram negative bacteria 

 Moulds 

 Yeasts 

 Protozoa 

 Large non-enveloped viruses 

 Gram positive 

Susceptible Enveloped viruses 

 

 ATP 

Another quantitative method used for hygiene monitoring after cleaning is ATP analysis, which 

has been widely adopted in the food industry (Betts and Chroleywood food research assocation, 

2000) but is until now rarely used in the evaluation of cleanliness in animal housing.  

As demonstrated in chapter IV, ATP measurements were able to identify critical locations for 

cleaning. However, for other locations, large variations in ATP values were found. These 

variations could be explained by several reasons. It has been demonstrated that the detection 

limit of ATP tests for the Gram negative bacterium E. coli is higher (104 colony forming units 

(CFU)/100 cm²) than for the Gram positive bacterium Staphylococcus aureus (102 CFU/100 

cm²) (Turner et al., 2010). In addition, Turner et al. (2010) demonstrated that sonication of E. 

coli improved detection indicating incomplete bacterial lysis in the detection system. Therefore, 

the ratio Gram positive/Gram negative bacteria on surfaces may influence the outcome of ATP 

measurements. When measuring ATP, not only prokaryotic, but also eukaryotic cells are 

analysed. Moreover, it is known that eukaryotic cells contain approximately 100-fold more ATP 

than prokaryotic cells (Aldsworth et al., 2009). Therefore, it can be assumed that the number 

of eukaryotic cells on a specific surface will influence the ATP signal the most. It should also 
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be noted that commercial sanitisers and cleaning products may quench or enhance the light 

signal during ATP measurements, which could lead to false positives and negatives (Green et 

al., 1999). As a consequence of these large variations, the results described in this thesis showed 

that ATP measurements are interesting to identify critical locations but are of little use to 

compare the efficacy of different cleaning protocols throughout animal houses (chapter IV). 

The fact that ATP measurements does work to identify critical locations is likely due to the 

abundance of bacteria (exceeding the detection limit of both Gram negative and positive 

bacteria) and eukaryotic cells at these locations. A future perspective is to set a cut-off value 

for farmers indicating the need of extra cleaning. Our data in chapter IV suggest a cutoff value 

of 3 log relative light units (RLU) as a warning level. 

Field studies, an important step towards optimisation of cleaning 

and disinfection 

Many studies have evaluated the efficacy of disinfectants on farms (Carrique-Mas et al., 2009; 

Espinosa-Gongora et al., 2013; Gradel et al., 2004a; Mueller-Doblies et al., 2010), however 

little scientific work has been carried out on cleaning of animal houses, therefore most of the 

guidelines for farms are based on assumptions and extrapolations. To be able to assess to what 

extent these are valid, it is crucial to perform field studies to gain insight in the efficacy of 

commonly-used cleaning and alternative cleaning protocols in animal houses for maintaining 

good hygiene and safeguarding animal health. 

In the studies described in this thesis, it was found that the mean total aerobic bacteria 

enumerations on swab samples, taken in broiler houses, decreased with 2 log colony forming 

units (CFU)/625 cm² after cleaning and with 1.5 log CFU/625 cm² after disinfection (chapter 

III). In pig nursery units, mean total aerobic bacteria enumerations were only reduced by 1.2 

log CFU/625 cm² after disinfection (chapter VI). This was a surprising result, as farm 

disinfectants must show a minimum 5 log reduction of several reference bacteria, starting at a 

concentration of 1 – 5×108 CFU/mL in standardised challenge trials, according to the European 

Standard EN1656 (European Commitee for Standardization, 2000). This thesis showed that in 

the field, a 5 log reduction on the level of total aerobic bacteria is far from achieved during 

disinfection.  

Moreover, the results showed that the cleaning step was able to reduce the bacterial load more 

than the disinfection step. A good cleaning step not only strongly reduces/removes bacteria and 
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organic material but also ensures that the subsequent disinfection step has a greater impact on 

the remaining bacteria.  

Hence, it is of paramount importance to optimize the cleaning step in animal houses. 

Theoretically, cleaning with warm water and an alkaline detergent is preferred because of their 

properties to dissolve fats (Gibson et al., 1999).  

It is advised to use water at a temperature higher than the melt temperature of fats during 

cleaning. As high melting fats have a melt temperature around 40 °C-55 °C (Koyano and Sato, 

2002), cleaning with 60 °C should be able to melt most fats. In addition, Parkar et al. (2004) 

showed that dissolution and removal of polysaccharide from Bacillus spp. biofilms by cleaning 

with a cleaning product at a temperature 60 °C was successful in cleaning biofilm from test 

coupons in laboratory trials. However, the composition and quantity of the polysaccharides 

varies between types of bacteria within biofilms, age of the biofilms and the different 

environmental conditions under which the biofilms exist (Mayer et al., 1999), therefore the 

effect of temperature on biofilm removal during cleaning may differ. Moreover, the temperature 

may not be too high as proteins denature at temperatures above 75 °C, forming a film on 

substrates that is hard to remove (Rovira, 2016). Finally, it is important to consult the 

manufacturer concerning the thermal stability of the used cleaning product. In chapter IV, it 

was shown that there was no significant difference in reducing total aerobic bacteria and 

Enterococcus spp. contamination level after cleaning broiler houses with warm (60 °C) or cold 

(non-heated) water. Also other older studies in animal houses showed that the relevance of 

using warm water during cleaning of animal premises is negligible (Morgan-Jones, 1981; 

Walters, 1967). One explanation could be that the actual cleaning products in combination with 

cold water are sufficiently able to dissolve fats. On the other hand, we also demonstrated that 

when broiler houses were cleaned with warm water, less water and working time were spent in 

comparison with protocols using cold water. Therefore, there are some benefits related to 

working with warm water as it reduces the workload and contributes to the comfort of the 

farmers, especially in the winter.  

It is difficult to speculate to what extent this result can be extrapolated to other animal species, 

as for example more fats are excreted by pigs than chickens (i.e. the crude fat content of dried 

poultry and pig manure is 2.3% (Arfan-ul-Haq et al., 2015) and 16.4% (Dong, 2009), 

respectively). Therefore, it is expected that the fat dissolving characteristics are more important 

for C&D protocols in pig production. Consequently, the effect of warm water versus cold water 

during cleaning of pig pens needs to be further assessed.  
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Besides the water temperature, there are other factors that may improve the efficacy of cleaning 

animal premises, such as an overnight soaking step before the high pressure cleaning. This 

thesis showed that an overnight soaking step (e.g. by automatic sprinkler systems, normally 

used for cooling broilers during summer) before high pressure cleaning caused a greater 

reduction of total aerobic bacteria and Enterococcus spp. than cleaning without a soaking step 

(chapter IV). A preceding soaking step also reduced working time and the amount of water 

needed to clean. This is likely the result of the fact that soaking will loosen organic material, 

which makes removal easier during high pressure cleaning. It is therefore also recommended to 

apply in pig barns. A downside of soaking is that the high pressure cleaning needs to be 

postponed, however the soaking step could be implemented overnight. Based on the results 

obtained in this thesis it is advised to implement a soaking step, when it is possible to postpone 

the following C&D protocol with one day. 

In addition to cleaning, a prolonged vacancy of animal houses has been described as a measure 

to decrease the survival rate of bacteria. Natural desiccation is thought to be the main cause of 

this decrease (Hancox et al., 2013). In broiler houses, it is recommended to apply a vacancy 

period of at least two weeks (Lacy, 2002; Prabakaran, 2003) as this was associated with fewer 

Campylobacter positive flocks (Hald et al., 2000). However, such long vacancy periods are 

generally not carried out in practice, because this results in a lower number of production cycles 

and thus a lower income. In addition, during a long vacancy period recontamination could occur 

through the introduction of pathogens by farmers or other vectors such as vermin and rodents 

(Dewaele et al., 2012b; Hald et al., 2004; Meerburg et al., 2007). Backhans et al. (2015) showed 

that the mean vacancy period in Swedish pig farms was 5.3 days, but no literature was found 

on the mean vacancy period on Belgian farms. The effect of a vacancy period of 10 days, was 

tested in pig nursery units (chapter VI). We found no significant effect of a prolonged vacancy 

of 10 days on several bacteriological parameters. A possible explanation is that some bacteria, 

such as Salmonella, Staphylococcus aureus (including MRSA) and Enterococcus spp., can 

survive for long periods under various conditions in the environment (Kramer et al., 2006). 

Also surface characteristics can affect the survival of bacteria during vacancy: concrete is often 

rough and porous and has the ability to adsorb liquids; whereas steel is smooth and less porous 

allowing easier evaporation, more drying, and hence, more desiccation and possible microbial 

death (Hancox et al., 2013). A number of studies investigated the effect of relative humidity of 

the air on the survival of bacteria on surfaces, in dust, on fabrics, etc. (Bale et al., 1993; 

Habimana et al., 2014; Harry and Hemsley, 1964; Lidwell and Lowbury, 1950; McDade and 
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Hall, 1964; Turner and Salmonsen, 1973; Wilkinson, 1966; Wilkoff et al., 1969). Most of these 

studies showed a higher survival rate of bacteria at low RH than at high RH conditions (Table 

VIII.1). Moreover, it has been even shown that a variety of airborne bacteria tends to be most 

susceptible at intermediate-high RH levels (50 – 70%) (Dunklin and Puck, 1948; Sainsbury, 

1992; Simensen, 1994; Webb, 1959; Won and Ross, 1966). Therefore, it can be assumed that 

during vacancy, a mid-high range RH should be obtained, as carried out in chapter VI.  

In addition, the temperature during vacancy may have an influence on the growth of bacteria. 

The growth range of bacteria is typically 25-40 °C. For E. coli, the optimum temperature is 

approximately 39 °C, with a maximum and minimum growth temperature of 48 °C and 8 °C, 

respectively (Madigan et al., 2009). However, to increase or decrease the temperature beyond 

these temperatures to assure that no growth could occur during vacancy, would be difficult if 

not possible in animal houses 

In conclusion: our study suggests that implementing a vacancy period of 10 days does not 

reduce the infection pressure in pig nursery units.  
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Table VIII.1: Literature review concerning the effect of relative humidity of the air on the survival of bacteria on surfaces, in 

dust and on fabrics. 

Type of 

substrate 
Bacterial species 

RH - lowest 

survival rate 

RH - greatest 

survival rate 
Study 

Dust Total aerobic bacteria 66% 44%/ 93% Lidwell and 

Lowbury 

(1950) 

Dust Coliforms 70.1% 10.1% Harry and 

Hemsley 

(1964) 

Glass, steel 

and ceramic 

tiles 

Escherichia coli, Morganella 

morganii, Proteus 

vulgaris, Pseudomonas aeruginosa, 

and Salmonella enterica serovar 

Derby 

53%/ 85% 11% McDade and 

Hall (1964) 

Metal surfaces Pasteurella tularensis 65% 10% Wilkinson 

(1966) 

Fabric Salmonella Typhimurium 78% 35% Wilkoff, 

Westrbook and 

Dixon (1969) 

Glass Klebsiella 53%/ 85% 11%/ 33% Turner and 

Salmonsen 

(1973) 

Glass Pseudomonas spp., Acinetobacter 

calcoaceticus, Staphylococcus spp., 

and Staphylococcus aureus 

   

Glass Escherichia coli 80% < 80% and > 

80% 

Bale et al. 

(1993) 

Steel coupon Salmonella Agona 85% 35% Habimana et al. 

(2014) 

 

What is the goal that needs to be reached? 

As previously mentioned, hygiene refers to conditions and practices that help to maintain health 

and prevent the spread of diseases. This definition shows that the goal of a good C&D is to 

obtain farms with a low pathogen infection pressure and consequently healthy animals as a 

source for safe food. The results of this thesis showed that the mean bacterial contamination 

level after disinfection was still 4.2 log CFU/625 cm² and 4.4 log CFU/625 cm² in broiler and 

piglet facilities, respectively (chapter III and VI). Based upon this observation, the question 

arises whether this is an allowable contamination level or whether a lower number of total 

aerobic bacteria in animal houses is preferable.  
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1. The importance of the in-house microbiota after C&D 

Broilers for commercial production are hatched in a clean environment, and unlike other farm 

animals such as pigs, broilers will never come into contact with adult birds to become colonised 

by the healthy microbiota of adults (Crhanova et al., 2011). It has been shown that the 

composition of the litter/house microbiota acts as the seed stock for the gut microbiota of the 

incoming broilers (Collett, 2007). Therefore, it could be advocated that a minimal 

contamination level in the cleaned and disinfected broiler house is needed. The formed gut 

microbiota is thought to prevent colonization by pathogens via mechanisms such as competition 

for nutrients or for epithelial attachment sites (Canny and McCormick, 2008; Lu and Walker, 

2001). However, if pathogens are present in the environment of the newly arriving broilers, 

they can colonise and replicate in the intestinal tract.  

Weaned piglets are immediately subjected to many environmental, behavioural and dietary 

stresses. Moreover, the intestinal gut flora is still precarious, which makes them highly 

susceptible to enteric diseases (Hopwood and Hampson, 2003). Therefore, exposure to 

pathogens upon arrival in pig nursery units, needs to be avoided to allow for a healthy intestinal 

microbiota to be established.  

2. Goal 

In chapter VI, more insight in the bacterial composition AC and AD in broiler houses, was 

obtained. As a great amount of the residual bacteria were identified as non-pathogenic 

organisms, which can compete with remaining and incoming pathogens, this confirms that it is 

not the intention to remove all bacteria. However, the results of our study also indicate that 

when the level of total aerobic bacteria is high, there is a great chance that pathogens are still 

present. Therefore, as previously mentioned, one should strive for a mean total aerobic bacteria 

level of ± 3.5 log CFU/625 cm² after C&D. In addition to monitoring total aerobic bacteria, also 

index organisms (e.g. E. coli) should be analysed to determine the hygiene status, i.e. pathogen 

status, of animal houses after disinfection.  

3. Future perspectives 

Of each bacteriological group (i.e. Enterobacteriaceae, Enterococcus spp. and total aerobic 

bacteria) that was investigated, several pathogens for poultry and humans, were identified after 

cleaning and even after disinfection. It would be interesting to select index organisms, 

belonging to each group, to check for the presence of these and other pathogens in future 

studies. Another future perspective would be to identify the residual dominant flora and 
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pathogens after C&D in pig pens. It can be speculated that also pathogens for pigs and humans 

may still be present, as the residual bacterial load after disinfection in pig nursery units was 

comparable to the level in broiler houses.  

Why do bacteria survive? 

As the disinfection step was not able to kill the identified organisms, the subsequent question 

“why do bacteria survive” raises. In order to answer this question, the minimum bactericidal 

concentration (MBC) of the disinfectant used in the study of chapter VII (i.e. hydrogen peroxide 

and peracetic acid based product), on several isolates collected after cleaning and after 

disinfection in broiler houses, was determined. It was shown that Gram negative 

Enterobacteriaceae isolates were less susceptible to the disinfectant than Gram positive 

Enterococcus faecium isolates. This was expected, as Gram negative bacteria are intrinsically 

less susceptible to disinfectants (McDonnell and Russell, 1999). Moreover, none of the 

Enterococcus faecium isolates could survive the recommended concentration of 0.5%. 

Therefore we can conclude that the survival of different bacterial species after disinfection, 

including Enterococcus faecium, is probably because of the presence of residual organic matter 

or diluting water, resulting in a reduction of the disinfection efficacy. This again demonstrates 

the need for improvement of cleaning. Besides, it was shown that the manufacturer’s 

recommended concentration of the disinfectant (i.e. 0.5%) was too low to kill the strains 

belonging to the Enterobacteriaceae sampled in the farm, including pathogenic species for 

humans and animals. This proposed working concentration is determined by a suspension test 

carried out by the manufacturer. One difference between this test and the MBC test used in our 

study is the incubation time of the suspension of isolates with the disinfectant: 5-60 min versus 

overnight incubation, respectively. As the contact time in our study was longer and similar to 

field conditions, it should even increase the efficacy of the disinfectant. It was therefore a 

surprising result that the Enterobacteriaceae field isolates survived exposure to 0.5% 

disinfectant, and thus no 5 log reduction was obtained. As the recommended concentration of 

the disinfectant of 0.5% was not able to kill the field isolates in the MBC test, it can be 

concluded that the MBC test gave more accurate results compared to the suspension test and 

therefore better predicts the field efficacy. Based on this observation, it can also be assumed 

that the concentration of the disinfectant is too low for farm conditions.  
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Hence, the survival of the Enterobacteriaceae isolates might either be the result of a too low 

concentration or of the presence of a resistance mechanism among the present bacteria. This 

needs to be determined in future research.  

Another future perspective is to test the susceptibility of other isolates, especially pathogens. 

Moreover, it would be interesting to test the efficacy of other commonly used disinfectants at 

their recommended concentration against field isolates. 

Competitive exclusion, a good alternative for conventional 

biocides? 

It has been suggested that the use of biocides, especially at sub inhibitory concentrations, may 

also increase selective pressure towards antibiotic resistance (Beier et al., 2008; Knapp et al., 

2015; Randall et al., 2007, 2004). Because of the ongoing concern on this potential resistance 

development and cross-resistance to clinically important antibiotics, the use of bacterial 

biocontrol agents has been suggested as an alternative method to antagonise the growth of 

pathogens. In chapter V, a commercial competitive exclusion (CE) protocol based on Probiotics 

In Progress (PIP) products (Chrisal, Lommel, Belgium) was tested in pig nursery units during 

three successive production and C&D rounds. This study showed that the infection pressure in 

CE units after this microbial cleaning was not reduced to the same degree as in control units 

(classical C&D). Despite sufficient administration of the probiotic type spores, the analysed 

bacteria did not decrease after 3 production rounds in CE units, indicating no competitive 

exclusion effect. Also other claims of the producer regarding antimicrobial use and feed 

conversion could not be demonstrated. 

An explanation for the fact that this concept did not work in our study is likely related to the 

fact that organic debris are only removed when pig nursery units are emptied. Therefore, 

nutrients are abundantly available during production, eliminating the opportunity for 

competition between bacteria, which is the hall mark of competitive exclusion.  

According to Vandini et al. (2014), a similar CE protocol was able to lower the number of 

Healthcare-Associated Infections related micro-organisms on surfaces in hospitals (Vandini et 

al., 2014). Therefore, we can conclude that the applied CE protocol is not a valuable alternative 

in heavily soiled conditions such as animal houses but it may work in other, less heavily soiled 

circumstances. In addition, a limitation of our study was that the CE protocol was only carried 

out in pig nursery units, and not in farrowing units. Therefore, the piglets gut microbiota was 

already formed, which could contain pathogens and contaminate pig nursery units on arrival. 
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Conversely, this is also a drawback of the CE protocol. A future perspective could be to 

determine the efficacy of a CE protocol applied on the whole farm, however this approach 

would substantially increase the work load and associated costs for the farmer. 

Another issue concerning the use of CE bacteria, is that they could also acquire and pass on 

antibiotic resistance genes to pathogens. It has been shown that typical probiotic bacteria are 

often carriers of specific antibiotic resistance determinants carried on mobile genetic elements 

(e.g. tetracycline resistance genes) (Sharma et al., 2014). For the assessment of the safety of 

probiotic micro-organisms and products, FAO/WHO has formulated guidelines, recommending 

that probiotic strains for food uses, should be evaluated for a number of parameters, including 

antibiotic susceptibility patterns, toxin production, etc. (FAO/WHO, 2002). However, for the 

use of probiotic (type) bacteria for microbial cleaning, no specific guidelines were found. 

To conclude… 

This thesis showed the importance of a good cleaning step in the reduction of bacteria during 

C&D as the cleaning step was able to reduce the overall contamination level even more than 

the disinfection step. Therefore, it is important to continue to evaluate commonly used as well 

as alternative cleaning protocols in order to lower the infection pressure and optimise hygiene 

on farms. In this manuscript we showed that: 

 Implementing an overnight soaking step before high pressure cleaning is advised as it 

contributes to the efficacy of cleaning.  

 There is no difference between cleaning with cold and warm water of broiler houses, 

however this still needs to be assessed in pig pens.  

 A competitive exclusion (CE) method is not a valuable alternative in animal houses  

  A vacancy period of 10 days or less after C&D in pig nursery units, without any extra 

biosecurity measures, does not further decrease bacteria. 

 Critical locations during C&D are  

o Drinking nipples, floor cracks and drain holes in broiler houses  

o Slatted floors and drinking nipples in pig nursery units.  

 The survival of bacteria after disinfection may be due to inadequate cleaning or the use 

of insufficient concentrations.  

Several manuals with guidelines for implementing a good and complete hygiene management 

on farms are already available for the poultry and pig sector. It would be beneficial to replenish 
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these information sources with the results obtained in the present thesis. Briefly, a good cleaning 

and disinfection protocol should consist of  

(i) Dry cleaning 

(ii) Overnight soaking step 

(iii) Washing with water 

(iv) Soaking with a detergent 

(v) Rinsing with water 

(vi) Drying step  

(vii) Disinfection  

(viii) Monitor the hygiene status of several locations, including the critical locations. 
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SUMMARY 

Good hygiene practices on farms can reduce the risk of introduction and persistence of animal 

diseases and diseases that are transmittable from animals to humans (zoonoses). These 

infectious agents can not only lead to disease outbreaks resulting in sub optimal production and 

flock mortality, but also to an increase of veterinary costs and condemnation rates at 

slaughterhouses as well as animal welfare issues. This all leads to high economic losses for the 

farmer (Jung and Rautenschlein, 2014) and in case of epidemic diseases, preventive measures 

such as quarantine or even destruction of animals (Gelaude et al., 2014). It is therefore of great 

importance to prevent disease outbreaks through biosecurity measures rather than cure them 

(Gelaude et al., 2014; Laanen et al., 2014). Biosecurity includes all measures preventing 

pathogens from entering a herd (i.e. external biosecurity) and reducing the spread of pathogens 

within one herd (i.e. internal biosecurity) (Sarrazin et al., 2014). In this thesis the focus was on 

internal biosecurity and more specifically on cleaning and disinfection (C&D) on broiler and 

pig farms as their production contribute the most to the global, European and Belgian meat 

production. 

In order to evaluate C&D in animal houses, an evaluation tool was designed in chapter III. 

Sampling methods such as surface sampling with swabs and agar contact plates (ACP) and air 

sampling were tested during the successive C&D steps, i.e. before cleaning (BC); after cleaning 

(AC) and after disinfection (AD), in six broiler houses on two farms. During surface sampling, 

ten to twelve defined locations were sampled in quadruplicate. The effectiveness of cleaning 

was investigated by bacteriological analyses on swabs, ACP and air samples; adenosine 

triphosphate (ATP) monitoring and a visual inspection. The effectiveness of disinfection was 

examined by bacteriological analyses on swabs, ACP and air samples. In addition, surface and 

air samples were taken before cleaning to determine the initial bacteriological status of the 

broiler houses. On swab and air samples and on ACP, enumerations of total aerobic bacteria, 

Enterococcus spp. (hygiene indicator) and Escherichia coli (hygiene indicator and index 

organism for Salmonella) was carried out. In addition, an enrichment of swab and air samples 

was carried out for the detection of E. coli and Salmonella.  

The results of the study showed that ACP were found to be less suitable than swabs for 

enumeration. In addition to measuring total aerobic bacteria, Enterococcus spp. seemed to be a 

better hygiene indicator to evaluate C&D protocols than E. coli. All broiler houses were 

Salmonella negative, but the detection of its index organism E. coli provided additional 
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information for evaluating C&D protocols. ATP analyses gave additional information about the 

hygiene level of the different sampling points. 

In conclusion, the evaluation tool that provides valuable information for evaluating C&D 

protocols consists of: ACP for total aerobic bacteria counts AD; swab enumeration for total 

aerobic bacteria and Enterococcus spp. BC, AC and AD; and the detection of E. coli on those 

swab samples. After cleaning, ATP analyses could also be carried out for additional information 

about the hygiene status of the different locations. 

In addition to the evaluation tool, the dynamics of the different bacteriological parameters was 

examined. It was shown that the mean total aerobic bacteria determined by swab samples 

decreased from 7.7 + 1.4 to 5.7 + 1.2 log colony forming units (CFU)/625 cm² after cleaning 

and to 4.2 + 1.6 log CFU/625 cm² after disinfection. Surprisingly, total aerobic bacteria was 

significantly reduced by an average of 1.5 log after the disinfection step, which was less than 

the 2 log reduction obtained by cleaning (P< 0.01) which indicates that in practice, a 5 log 

reduction, a European Standard (EN1656) that needs to be fulfilled by disinfectants, is far from 

achieved during disinfection for total aerobic bacteria. 

The final evaluation tool was used to evaluate the effectiveness of four cleaning protocols: the 

difference between whether or not applying an overnight soaking step after dry cleaning and/or 

the use of warm (60 °C) or cold water during cleaning was studied (chapter IV). Two to three 

C&D rounds were evaluated in 12 broiler houses on five farms. Total aerobic bacteria and 

Enterococcus spp. enumerations on swab samples showed that cleaning protocols preceded by 

an overnight soaking step with water, caused a greater bacterial reduction compared to protocols 

without a preceding soaking step. No differences were found between protocols using cold or 

warm water during cleaning. When analysing ACP for total aerobic bacteria counts, taken AD, 

no differences were found between protocols. 

Additionally, statistical analyses showed that sampling 10-12 locations in one fold per broiler 

house was sufficient to evaluate C&D. This means that costs and working time can be reduced 

for future research on evaluating C&D methods.  

Furthermore, a comparison between power consumption and working time of the four protocols 

was carried out. When broiler houses were cleaned with warm water, less water and working 

time were spent in comparison with protocols using cold water. Although broiler houses were 

soaked with water overnight, water consumption was still lower than when houses were cleaned 

without a preceding soaking step. This means that a preceding soaking step reduced the amount 

of water needed to clean broiler houses afterwards. In addition, working time spent on cleaning 
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after soaking was less than cleaning without a preceding soaking step. However, it should be 

taken into account that soaking of broiler houses can be time consuming by postponing the high 

pressure cleaning.  

Finally, locations that are difficult to clean and possible sources of infection were identified. 

Drinking cups, drain holes and floor cracks were identified as critical locations for C&D in 

broiler houses, while feed hoppers and roofs were identified as the cleanest. 

The same evaluation tool, although slightly adjusted, was used to compare the efficacy of a 

competitive exclusion (CE) protocol against a classical C&D protocol (control) in chapter V. 

As recently weaned pigs are generally more susceptible to infectious diseases compared to 

mature or suckling pigs (Blecha et al., 1983; Genovese et al., 1998), tests were carried out in 

pig nursery units. The study was performed during 3 successive production rounds using 6 

identical nursery units on a pilot farm. CE protocol consisted of microbial cleaning (Bacillus 

spp. spores, enzymes and detergent) and spraying the Bacillus spp. spores during down-time 

(after cleaning) and production. Sampling was performed: immediately after pig removal; 24 h 

after cleaning (CE units) or disinfection (control units) and after 1 week and 5 weeks of 

production (piglets present). On these samples, analyses of bacterial spores, Enterococcus spp., 

(haemolytic) E. coli, faecal coliforms, methicillin resistant Staphylococcus aureus (MRSA) and 

Salmonella were performed. In addition to the bacterial analyses, feed conversion, faecal 

consistency and antibiotic use were monitored. Analyses of haemolytic E. coli, E. coli (index 

organism for Salmonella) and MRSA showed that the infection pressure after CE cleaning was 

not reduced to the same extent after classical C&D during down-time. Therefore, we can 

assume that no improvement of pathogen elimination is noticed. In contrast, young piglets have 

a greater chance of being infected when arriving in these CE units. In addition, no improvement 

in hygiene was found: during the 2nd and 3rd production round, higher Enterococcus spp. 

(hygiene indicator) enumerations were found than after the 1st production round and no 

differences in faecal coliforms contamination between the two types of units were found. 

In addition, no difference in feed conversion nor faecal consistency (indicator for gut infections) 

of piglets raised in CE and control units was seen. Finally, also no differences in treatments 

with antibiotics was found. 

As it is also important to identify critical locations, contamination levels of locations after 

cleaning or disinfection were analysed in CE and control units. In CE units, grid floors, concrete 

walls and drinking nipples seemed still highly contaminated by Enterococcus spp., E. coli, 
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faecal coliforms and MRSA after microbial cleaning while in control units these were grid 

floors and drinking nipples. 

Another objective in this study was to test the effect of a 10-day vacancy period in pig nursery 

units on the following bacteriological parameters: total aerobic bacteria, Enterococcus spp., E. 

coli, faecal coliforms and MRSA (chapter VI). Three vacancy periods of 10 days were 

monitored, each time applied in 3 units. The microbiological load was measured before 

disinfection and at 1, 4, 7 and 10 days after disinfection.  

No significant decrease or increase in E. coli, faecal coliforms, MRSA and Enterococcus spp. 

was noticed. Total aerobic flora counts were the lowest on day 4 after disinfection (i.e. 4.07 log 

CFU/625 cm²) (P<0.05), but the difference with other sampling moments was limited (i.e. 0.6 

log CFU/625 cm²) and therefore negligible. Furthermore, this observation on day 4 was not 

confirmed for the other microbiological parameters. After disinfection, drinking nipples were 

still mostly contaminated with total aerobic flora (i.e. 5.32 log CFU/625 cm²) and Enterococcus 

spp. (i.e. 95% of the samples were positive) (P<0.01); the feeding troughs were the cleanest 

location (total aerobic flora: 3.53 log CFU/625 cm² and Enterococcus spp.: 50% positive 

samples) (P<0.01). 

This study indicates that prolonging the vacancy period in nursery units to 10 days after 

disinfection with no extra biosecurity measures has no impact on the environmental load of 

total aerobic flora, E. coli, faecal coliforms, MRSA and Enterococcus spp.. 

Finally, in chapter VII the residual dominant bacteria after C&D was identified in broiler 

houses. Therefore, sampling was carried out in 4 broiler houses on a pilot farm AC and AD. 

The used disinfectant was based on hydrogen peroxide and peracetic acid. Enumerations were 

carried out for total aerobic bacteria, Enterococcus spp. and Enterobacteriaceae on Plate Count 

Agar (PCA), Slanetz and Bartley (S&B) and Violet Red Bile Glucose Agar (VRBGA), 

respectively. The dominant bacteria was assessed by (GTG)5 analysis and 16S rRNA gene 

sequence analysis. In addition, minimum bactericidal concentration (MBC) tests were carried 

out on 18 selected isolates belonging to the Enterobacteriaceae family and 10 Enterococcus 

faecium isolates, to determine the susceptibility of these isolates against the used disinfectant. 

A great variety of bacteria was detected. In total, 363 and 255 isolates were identified AC and 

AD, respectively. The most dominant bacteria belonged to Brevibacterium, Brachybacterium 

and Staphylococcus AC and Bacillus, Brevibacterium and Staphylococcus AD. In addition, on 

both sampling moments, Enterococcus faecium was dominant amongst the Enterococcus spp. 

isolates. On the selective medium for Enterobacteriaceae, genera Enterobacter and Pantoea 
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and Aeromonas (non Enterobacteriaceae) were dominant AC and Escherichia, Lelliottia and 

Pantoea AD. In addition, pathogenic species for poultry and humans were identified not only 

AC but also AD. MBC results showed no obvious trend in selection of less susceptible isolates 

for the used disinfectant AD compared to AC. In addition, the results showed that 

Enterobacteriaceae isolates are less susceptible to the used disinfectant than Enterococcus 

faecium isolates. In addition, the recommended concentration of the used disinfectant (i.e. 

0.5%) seemed too low to kill Enterobacteriaceae. 
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SAMENVATTING 

Een goede hygiëne op veebedrijven kan de kans op introductie en persistentie van dierziekten 

en overdraagbare ziekten van dier op mens (zoönose) verminderen. Deze infectieuze kiemen 

kunnen niet enkel leiden tot ziekte-uitbraken en sterfte en in geval van epidemische ziekten tot 

preventieve maatregelen zoals quarantaine of zelfs het opzettelijk doden van dieren (Gelaude 

et al., 2014), maar ook tot een stijging van dierenartskosten en afkeuringsprijzen van het 

slachthuis, en dus economische schade voor de veehouder (Jung and Rautenschlein, 2014). Het 

is dus zeer belangrijk om ziekte-uitbraken te vermijden door bioveiligheidsmaatregelen toe te 

passen (Gelaude et al., 2014; Laanen et al., 2014). Bioveiligheid omvat alle maatregelen om 

het introduceren van ziekteverwekkende kiemen (pathogenen) te voorkomen (externe 

bioveiligheid) en het verspreiden van deze kiemen binnen het bedrijf tegen te gaan (interne 

bioveiligheid) (Sarrazin et al., 2014). In deze PhD thesis lag de focus op de interne 

bioveiligheid, en dan meer specifiek de reiniging en ontsmetting (R&O) van braadkippen en 

varkensstallen, omdat hun productie het sterkste bijdraagt tot de globale, Europese en Belgische 

vleesproductie.  

Om de R&O van stallen te evalueren, werd een evaluatie-systeem ontwikkeld in hoofdstuk III. 

Er werden stalen genomen in 6 braadkippenstallen op 2 bedrijven aan de hand van swabs, agar 

contact plaatjes (ACP) en een luchtbemonsteringstoestel tijdens de verschillende stappen van 

het R&O proces: voor reiniging (VR); na reiniging (NR) en na ontsmetting (NO). Er werden 

10 tot 12 verschillende locaties bemonsterd in viervoud. De efficiëntie van de reinigingsstap 

werd nagegaan door bacteriologische analyses op swabs, ACP en luchtstalen; adenosine 

trifosfaat (ATP) analyses en een visuele reinheidsinspectie. De effectiviteit van de ontsmetting 

werd geanalyseerd door bacteriologische analyses op swabs, ACP en luchtstalen. Bovendien 

werden ook stalen genomen voor reiniging, om de initiële bacteriële status van de stallen te 

bepalen. Op de stalen werden tellingen van totaal aeroob kiemgetal, Enterococcus spp. (hygiëne 

indicator) en Escherichia coli (hygiëne indicator en indexorganisme voor Salmonella) 

uitgevoerd.  

De resultaten van deze studie toonden aan dat ACP minder geschikt waren dan swabs om 

tellingen van de bacteriologische parameters uit te voeren. Naast het bepalen van het totaal 

aeroob kiemgetal, leek Enterococcus spp. een betere hygiëne indicator dan E. coli om R&O te 

evalueren. Alle stallen waren Salmonella negatief, maar de detectie van het indexorganisme E. 

coli gaf bijkomende informatie om de R&O te evalueren. ATP analyses gaven eveneens 

aanvullende informatie over de hygiënestatus van de verschillende locaties. 



SAMENVATTING 

160 

  

Uit de resultaten volgde dat het evaluatie-systeem dat de meeste waardevolle informatie om 

R&O protocollen te evalueren bestaat uit: ACP voor tellingen van totaal aeroob kiemgetal NO, 

swab tellingen voor totaal aeroob kiemgetal en Enterococcus spp. VR, NR en NO; en detectie 

van E. coli op deze stalen. Na reiniging, kunnen ATP analyses uitgevoerd worden om extra 

informatie te voorzien over de hygiëne status van de verschillende locaties. 

Daarnaast werd het verloop van de verschillende bacteriologische parameters onderzocht. Er 

werd aangetoond dat de gemiddelde tellingen voor totaal aeroob kiemgetal op swabs daalde 

van 7.7 + 1.4 naar 5.7 + 1.2 kolonie vormende eenheden (kve)/625cm² na reiniging en naar 4.2 

+ 1.6 log kve/625 cm² na ontsmetting. Verrassend genoeg daalde het gemiddelde totaal 

kiemgetal slechts met 1.5 log kve na ontsmetting, wat minder was dan de 2 log reductie 

verkregen na reiniging (P< 0.01). Dit toont aan dat de 5 log reductie, een norm die behaald 

moet worden volgens Europese Standaard EN1656 voor ontsmettingsmiddelen, ver van 

volbracht was na ontsmetting. 

Het finale evaluatie-systeem werd vervolgens gebruikt om het verschil in efficiëntie van vier 

reinigingsprotocollen na te gaan: het al dan niet toepassen van een overnacht inweekstap na de 

droge reiniging en/of het gebruik van warm (60 °C) of koud water tijdens de natte reiniging 

(hoofdstuk IV). Twee tot drie R&O ronden werden geëvalueerd in 12 braadkippenstallen op 5 

bedrijven. Totaal aeroob kiemgetal en Enterococcus spp. tellingen op swabs toonden aan dat 

reinigingsprotocollen met een voorafgaande inweekstap zorgde voor een sterkere bacteriële 

daling dan reinigingsprotocollen zonder inweekstap. Er werd geen bacteriologisch verschil 

tussen reinigen met warm of koud water waargenomen. Tellingen op ACP, genomen na 

ontsmetting, konden geen verschillen tussen de protocollen aanduiden. 

Daarnaast, toonden statistische analyses aan dat het bemonsteren van 10-12 locaties in eenvoud 

per stal, reeds voldoende was om de R&O van braadkippenstallen te evalueren. Dit betekent 

dat de kosten en werklast sterk verminderd kunnen worden in toekomstige onderzoeken.  

Bijkomend werd het energieverbruik en de werktijd nodig voor het uitvoeren van de 4 

protocollen vergeleken. Wanneer stallen gereinigd werden met warm water, was er minder 

water en tijd nodig dan wanneer er gereinigd werd met koud water. Bovendien toonde deze 

studie aan dat wanneer stallen overnacht ingeweekt werden met water, het waterverbruik nog 

steeds lager lag dan wanneer stallen niet vooraf ingeweekt werden. Dit betekent dat een 

voorafgaande inweekstap, het waterverbruik dat nodig is om stallen nadien te reinigen doet 

dalen. Daarnaast werd ook nog aangetoond dat er minder tijd nodig was om de stallen te 
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reinigen na inweken. Er moet echter wel rekening gehouden worden met het feit dat het inweken 

eveneens tijdrovend kan zijn omdat de reiniging moet worden uitgesteld.  

Ten slotte werden locaties geïdentificeerd die moeilijk te reinigen en ontsmetten zijn, en dus 

mogelijke bronnen van pathogenen zijn. Drink-cupjes (lekbakjes), afvoerputjes en vloerspleten 

werden geïdentificeerd als kritische locaties voor R&O in braadkippenstallen, terwijl 

voerhoppers en daken als meest propere werden geïdentificeerd. 

Het evaluatie-systeem werd vervolgens aangepast en gebruikt om de efficiëntie van een 

competitief exclusie (CE) protocol tegenover een klassiek R&O protocol (controle) te 

vergelijken in hoofdstuk V. Omdat recent gespeende biggen vaak gevoeliger zijn voor 

infectieuze ziekten vergeleken met volwassen varkens en speenbiggen, werden de proeven 

uitgevoerd in biggenbatterijen. De studie werd gedurende 3 opeenvolgende ronden (productie 

en leegstand) uitgevoerd in 6 identieke biggenbatterijen (of units) op een proefbedrijf. Het CE 

protocol bestond uit een microbiële reiniging (Bacillus spp. sporen, enzymen en een detergent) 

en het vernevelen van Bacillus spp. sporen tijdens de leegstand (na reiniging) en tijdens de 

productie (biggen aanwezig). Stalen werden genomen: direct na het weghalen van de biggen, 

24 u na reiniging (CE units) of ontsmetting (controle units) en na de eerste en vijfde week van 

de productieronde. Op deze stalen werden analyses van bacteriële sporen, Enterococcus spp., 

(haemolytische) E. coli, faecale coliformen, methicilline resistente Staphylococcus aureus 

(MRSA) en Salmonella uitgevoerd. Daarnaast werd ook de voederconversie, de faecale 

consistentie en het antibioticumgebruik van de biggen gemonitord.  

Haemolytische E. coli, E. coli (index organisme voor Salmonella) en MRSA analyses toonden 

aan dat tijdens de leegstand, de infectiedruk na CE reiniging niet zo sterk gereduceerd was als 

na een klassieke R&O. Er kon dus geen verbetering in pathogeen-reductie aangetoond worden. 

In tegenstelling, jonge biggen hebben een grotere kans op infecties wanneer ze geplaatst worden 

in deze CE units. Bovendien werd er ook geen verbetering in hygiëne waargenomen: tijdens de 

2de en 3de productieronde werden zelfs hogere Enterococcus spp. (hygiëne indicator) tellingen 

teruggevonden dan tijdens de eerste productieronde en werd er geen verschil in faecale coliform 

belasting tussen de twee soorten units waargenomen. 

Daarnaast werd er geen verschil in voederconversie noch in faecale consistentie (indicator voor 

darminfecties) tussen biggen uit de CE en controle units teruggevonden. Tenslotte, werd 

eveneens geen verschil in antibioticumgebruik gevonden.  

Daar het ook belangrijk is om kritische locaties te identificeren, werd de bacteriële belasting 

van de verschillende locaties geanalyseerd na reiniging of ontsmetting. In de CE units waren 
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de vloerroosters, betonnen muren en drinknippels nog het meest besmet met Enterococcus spp., 

E. coli, faecale coliformen en MRSA na reiniging terwijl na het ontsmetten van de controle 

units voornamelijk de vloerroosters en drinknippels nog het sterkst besmet waren. 

In een tweede studie in biggenbatterijen werd het effect van een leegstand van 10 dagen na 

R&O op volgende bacteriologische parameters onderzocht: totaal aeroob kiemgetal, 

Enterococcus spp., E. coli, faecale coliformen en MRSA (hoofdstuk VI). Er werden drie 

leegstanden gemonitord in telkens 3 identieke biggenbatterijen (of units). De bacteriologische 

status werd geanalyseerd op dag 1, 4, 7 en 10 na ontsmetting. 

Er werd geen significante daling of stijging van E. coli, faecale coliformen, MRSA en 

Enterococcus spp. gevonden, hoewel er toch kleine schommelingen, zonder duidelijke trend, 

in de tijd werden geobserveerd. Het totaal aeroob kiemgetal was het laagste op dag 4 na 

ontsmetting (4.07 log kve/625 cm²) (P<0.05), maar het verschil met de andere staalname 

momenten was zo klein (max 0.6 log kve/staalname oppervlak), dat dit verschil 

verwaarloosbaar lijkt. Bovendien werd deze observatie op dag 4 niet bevestigd door de andere 

parameters. De resultaten van deze studie tonen aan dat een leegstand van 10 dagen na 

ontsmetting zonder extra bioveiligheidsmaatregelen, geen voordeel qua hygiëne in 

biggenbatterijen oplevert. Ten slotte werd ook de bacteriële belasting van de verschillende 

locaties geanalyseerd gedurende de leegstand. Hieruit bleek dat de drinknippels  nog het sterkst 

besmet waren met aerobe kiemen (5.32 log kve/625 cm²) en Enterococcus spp. (95% van de 

stalen waren positief) (P<0.01). Voerhoppers werden de properste locaties geïdentificeerd 

(totaal aeroob kiemgetal: 3.53 log kve/625 cm² eb Enterococcus spp.: 50% positieve stalen) 

(P<0.01).  

Deze studie toont aan dat een verlengde leegstand tot 10 dagen na ontsmetting in 

biggenbatterijen zonder extra bioveiligheidsmaatregelen geen impact heft op de bacteriële 

belasting van totaal aerobe kiemen, E. coli, faecale coliformen, MRSA en Enterococcus spp.. 

Ten slotte, werden in hoofdstuk VII de residuele dominante bacteriën na R&O geïdentificeerd 

in braadkippenstallen. Hiervoor werden stalen genomen NR en NO in 4 braadkippenstallen op 

een proefbedrijf. Het gebruikte ontsmettingsmiddel bevat waterstof peroxide en perazijnzuur. 

Tellingen van totaal aeroob kiemgetal, Enterococcus spp. en Enterobacteriaceae werden 

respectievelijk uitgevoerd op Plate Count Agar (PCA), Slanetz and Bartley (S&B) en Violet 

Red Bile Glucose Agar (VRBGA). De dominante bacteriën werden bepaald door een (GTG)5 

en 16 rRNA gen sequentie analyse. Bovendien werden minimale bactericide concentratie 
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(MBC) testen uitgevoerd op 18 geselecteerde Enterobacteriaceae isolaten en 10 Enterococcus 

faecium isolaten, om de gevoeligheid tegenover het gebruikte ontsmettingsmiddel te bepalen. 

Een brede waaier aan verschillende species werden geïdentificeerd. In totaal werden 

respectievelijk 363 en 255 isolaten NR en NO geïdentificeerd. De meest dominante bacteriën 

behoorden tot de genera Brevibacterium, Brachybacterium en Staphylococcus NR en Bacillus, 

Brevibacterium, en Staphylococcus NO. Daarnaast werd op beide staalname momenten 

Enterococcus faecium als meest dominante species van het genus Enterococcus geïdentificeerd.  

Na reiniging en na ontsmetting waren respectievelijk de genera Enterobacter en Pantoea en 

Aeromonas (niet Enterobacteriaceae) en genera Escherichia, Lelliottia en Pantoea dominant 

aanwezig op het medium, selectief voor Enterobacteriaceae. Daarnaast werden pathogene 

species voor pluimvee en mensen geïdentificeerd, en dit niet alleen NR maar ook NO. De MBC 

resultaten toonden geen duidelijke trend in selectie van minder gevoelige species tegenover het 

ontsmettingsmiddel NO vergeleken met NR. Daarnaast, toonden de resultaten aan dat de 

Enterobacteriaceae isolaten minder gevoelig zijn tegenover het ontsmettingsmiddel dan de 

Enterococcus faecium isolaten. Bovendien bleek de aangeraden concentratie van het 

ontsmettingsmiddel (0.5%) te laag om de Enterobacteriaceae isolaten af te doden. 

  



SAMENVATTING 

164 

  

 

  



REFERENCES 

 

165 

 

  

  REFERENCES 



REFERENCES 

166 

  

  



REFERENCES 

 

167 

 

REFERENCES 

Aabo, S., Rasmussen, O.F., Rossen, L., Sørensen, P.D., Olsen, J.E., 1993. Salmonella 

identification by the polymerase chain reaction. Mol. Cell. Probes 7, 171–178. 

doi:10.1006/mcpr.1993.1026 

Aceto, H., 2015. Biosecurity in hospitals in Robinson’s current therapy in equine medicine., 

7th ed. Elsevier Saundersr, Missouri, USA. 

Aldsworth, T., Dodd, C., Waites, W., 2009. Food microbiology in Food science and technology. 

Wiley-Blackwell, Oxford, UK. 

Allison, D.G., Gilbert, P., 1995. Modification by surface association of antimicrobial 

susceptibility of bacterial populations. J. Ind. Microbiol. 15, 311–7. 

Amass, S., Baysinger, A., 2006. Swine disease transmission and prevention in Diseases of 

swine., 9th ed. Blackwell publishing, Inc, Oxfod, UK. 

Amass, S.F., 2000. Evaluating the efficacy of boot baths in biosecurity protocols. J. Swine Heal. 

Prod. 8, 169 – 173. 

Amass, S.F., Clarke, L.K., 1999. Biosecurity considerations for pork production units. Swine 

Heal. Prod. 7. 

Anonymous, 2009. Council Directive 2008/120/EC of 18 December 2008 laying down 

minimum standards for the protection of pigs. Off. J. Eur. Union. 

Anonymous, 2007. Council Directive 2007/43/EC of 28 June 2007 laying down minimum rules 

for the protection of chickens kept for meat production. Off. J. Eur. Union L182, 19–28. 

Anonymous, 2002. Microbiology of food and animal feeding stuffs - Horizontal method for the 

detection of Salmonella spp. Int. Stand. 6579 Annex D Detect. Salmonella spp. Anim. 

faeces samples from Prim. Prod. stage. Int. Organ. Stand. Geneva, Switzerland. 

Apollonio, M., Andersen, R., Putman, R., 2010. European ungulates and their management in 

the 21st century. Cambridge Univ. Press. 

Arfan-ul-Haq, M., Ahmad, N., Farooq, U., Zafar, H., Azhar Ali, M., 2015. Effect of different 

organic materials and chemical fertilizer on yield and quality of bitter gourd (Momordica 

charantia L.). Soil Environ. 34, 142–147. 

Ascenzi, J., 2005. Disinfectants and antiseptics, modes of actions, mechanisms of resistance 

and testing in Antibiotics in laboratory medicine, 5th ed. Lippincott Williams and Wilkins, 

Philadelphia, USA. 

Auer, J.G., 2009. Use of bioluminescent E. coli O157:H7 to investigate chlorine dioxide 

mechanism of inactivation. Purdue University, West Layafette, IN, USA. 

Azachi, M., Henis, Y., Shapira, R., Oren, A., 1996. The role of the outer membrane in 

formaldehyde tolerance in Escherichia coli VU3695 and Halomonas sp. MAC. 

Microbiology 142 ( Pt 5, 1249–54. doi:10.1099/13500872-142-5-1249 



REFERENCES 

168 

  

Baatout, S., De Boever, P., Mergeay, M., 2006. Physiological changes induced in four bacterial 

strains following oxidative stress. Prikl. Biokhim. Mikrobiol. 42, 418–27. 

Backhans, A., Fellström, C., 2012. Rodents on pig and chicken farms - a potential threat to 

human and animal health. Infect. Ecol. Epidemiol. 2. doi:10.3402/iee.v2i0.17093 

Backhans, A., Sjölund, M., Lindberg, A., Emanuelson, U., 2015. Biosecurity level and health 

management practices in 60 Swedish farrow-to-finish herds. Acta Vet. Scand. 57, 14. 

doi:10.1186/s13028-015-0103-5 

Bale, M.J., Bennett, P.M., Beringer, J.E., Hinton, M., 1993. The survival of bacteria exposed 

to desiccation of surfaces associated with farm buildings. J. Appl. Bacteriol. 75, 519–528. 

Banhazi, T., Santhanam, B., 2013. Practical evaluation of cleaning methods that could be 

implemented in livestock buildings in Livestock housing: modern management to ensure 

optimal health and welfare of f arm animals. 

Banhazi, T.M., Currie, E., Reed, S., Lee, I.B., Aarnik, A.J.A., 2009. Controlling the 

concentration of airborne pollutants in piggery buildings in sustainable animal production. 

Wageningen Academic Publishers, Wageningen, the Netherlands. 

Barnes, H.J., 2003. Aeromonas in Diseases of poultry. John Wiley & Sons, Iowa, USA. 

Baureder, M., Reimann, R., Hederstedt, L., 2012. Contribution of catalase to hydrogen peroxide 

resistance in Enterococcus faecalis. FEMS Microbiol. Lett. 331, 160–4. 

doi:10.1111/j.1574-6968.2012.02567.x 

Beier, R.C., Bischoff, K.M., Poole, T.L., 2008. Disinfectants (Biocides) used in animal 

production: antimicrobial resistance considerations., in: Beier, R.C., Pillai, S.D., Phillips, 

T.D. (Eds.), Preharvest and Postharvest Food Safety: Contemporary Issues and Future 

Directions. John Wiley & Sons, p. 480. 

Beloeil, P.-A., Chauvin, C., Proux, K., Fablet, C., Madec, F., Alioum, A., 2007. Risk factors 

for Salmonella seroconversion of fattening pigs in farrow-to-finish herds. Vet. Res. 38, 

835–48. doi:10.1051/vetres:2007034 

Berkhoff, H.A., Barnes, H.J., Ambrus, S.I., Kopp, M.D., Riddle, G.D., Kradel, D.C., 1984. 

Prevalence of Alcaligenes faecalis in North Carolina broiler flocks and its relationship to 

respiratory disease. Avian Dis. 28, 912–20. 

Berkhoff, H.A., McCorkle, F.M., Brown, T.T., 1983. Pathogenicity of various isolates of 

Alcaligenes faecalis for broilers. Avian Dis. 27, 707–13. 

Bessems, E., 1998. The effect of practical conditions on the efficacy of disinfectants. Int. 

Biodeterior. Biodegradation 41, 177–183. 

Betts, R.P., Chroleywood food research assocation, 2000. Convetional and rapid analystical 

microbiology in Chilled foods, a comprehensive Guide, 2nd ed. Woodhead Publishing 

Limited, Cambridge, Engelenad. 

Blaken, C., 2008. Ins and outs of good biosecurity [WWW Document]. URL 

http://www.thepigsite.com/articles/2156/ins-and-outs-of-good-biosecurity/ (accessed 



REFERENCES 

 

169 

 

4.25.16). 

Blecha, F., Pollmann, D.S., Nichols, D.A., 1983. Weaning pigs at an early age decreases cellular 

immunity. J. Anim. Sci. 56, 396–400. 

Bolder, N.M., 2004. Salmonella control in broiler flocks. Proc. Int. Soc. Anim. Hyg. Saint Malo, 

2004 519–520. 

Bollet, C., Elkouby, A., Pietri, P., Micco, P., 1991. Isolation of Enterobacter amnigenus from 

a heart transplant recipient. Eur. J. Clin. Microbiol. Infect. Dis. 10, 1071–1073. 

doi:10.1007/BF01984933 

Borst, L.B., Suyemoto, M.M., Robbins, K.M., Lyman, R.L., Martin, M.P., Barnes, H.J., 2012. 

isolates recovered from enterococcal spondylitis outbreaks in the southeastern United 

States. Avian Pathol. doi:10.1080/03079457.2012.718070 

Boucher, R.M., 1978. Stability of glutaraldehyde disinfectants during storage and use in 

hospitals. Respir. Care 23, 1063–1072. 

Bradley, C.R., Fraise, A.P., 1996. Heat and chemical resistance of enterococci. J. Hosp. Infect. 

34, 191–6. 

Brandi, G., Salvaggio, L., Cattabeni, F., Cantoni, O., 1991. Cytocidal and filamentous response 

of Escherichia coli cells exposed to low concentrations of hydrogen peroxide and hydroxyl 

radical scavengers. Environ. Mol. Mutagen. 18, 22–7. 

Brazzola, P., Zbinden, R., Rudin, C., Schaad, U.B., Heininger, U., 2000. Brevibacterium casei 

sepsis in an 18-year-old female with AIDS. J. Clin. Microbiol. 38, 3513–4. 

Brennan, M.L., Christley, R.M., 2012. Biosecurity on cattle farms: a study in north-west 

England. PLoS One 7, e28139. doi:10.1371/journal.pone.0028139 

Bridier, A., Briandet, R., Thomas, V., Dubois-Brissonnet, F., 2011. Resistance of bacterial 

biofilms to disinfectants: a review. Biofouling 27, 1017–32. 

doi:10.1080/08927014.2011.626899 

Bródka, K., Kozajda, A., Buczynska, A., Szadkowska-Stanczyk, I., 2012. The variability of 

bacterial aerosol in poultry houses depending on selected factors. Int. J. Occup. Med. 

Environ. Health 25, 281–93. doi:10.2478/S13382-012-0032-8 

Brosius, J., Palmer, M.L., Kennedy, P.J., Noller, H.F., 1978. Complete nucleotide sequence of 

a 16S ribosomal RNA gene from Escherichia coli. Proc. Natl. Acad. Sci. U. S. A. 75, 

4801–5. 

Callens, B.F., Haesebrouck, F., Maes, D., Butaye, P., Dewulf, J., Boyen, F., 2013. Clinical 

resistance and decreased susceptibility in Streptococcus suis isolates from clinically 

healthy fattening pigs. Microb. Drug Resist. 19, 146–51. doi:10.1089/mdr.2012.0131 

Calliauw, F., De Mulder, T., Broekaert, K., Vlaemynck, G., Michiels, C., Heyndrickx, M., 

2015. Assessment throughout a whole fishing year of the dominant microbiota of peeled 

brown shrimp (Crangon crangon) stored for 7 days under modified atmosphere packaging 

at 4 °C without preservatives. Food Microbiol. 54, 60–71. doi:10.1016/j.fm.2015.10.016 



REFERENCES 

170 

  

Campanac, C., Pineau, L., Payard, A., Baziard-Mouysset, G., Roques, C., 2002. Interactions 

between biocide cationic agents and bacterial biofilms. Antimicrob. Agents Chemother. 

46, 1469–1474. doi:10.1128/AAC.46.5.1469-1474.2002 

Canny, G.O., McCormick, B.A., 2008. Bacteria in the intestine, helpful residents or enemies 

from within? Infect. Immun. 76, 3360–73. doi:10.1128/IAI.00187-08 

Capdevila, J.A., Bisbe, V., Gasser, I., Zuazu, J., Olivé, T., Fernández, F., Pahissa Berga, A., 

1998. Enterobacter amnigenus. An unusual human pathogen. Enfermedades Infecc. y 

Microbiol. clínica 16, 364–6. 

Cardona, C.J., Bickford, A.A., Charlton, B.R., Cooper, G.L., 1993. Enterococcus durans 

infection in young chickens associated with bacteremia and encephalomalacia. Avian Dis. 

37, 234–9. 

Carrique-Mas, J.J., Davies, R.H., 2008. Sampling and bacteriological detection of Salmonella 

in poultry and poultry premises: a review. Rev. Sci. Tech. 27, 665–677. 

Carrique-Mas, J.J., Marin, C., Breslin, M., McLaren, I., Davies, R., 2009. A comparison of the 

efficacy of cleaning and disinfection methods in eliminating Salmonella spp. from 

commercial egg laying houses. Avian Pathol. 38, 419–424. 

doi:10.1080/03079450903193768 

Carson, L.A., Cusick, L.B., Bland, L.A., Favero, M.S., 1988. Efficacy of chemical dosing 

methods for isolating nontuberculous mycobacteria from water supplies of dialysis 

centers. Appl. Envir. Microbiol. 54, 1756–1760. 

Carson, L.A., Petersen, N.J., Favero, M.S., Aguero, S.M., 1978. Growth characteristics of 

atypical mycobacteria in water and their comparative resistance to disinfectants. Appl. 

Environ. Microbiol. 36, 839–846. 

Casal, J., De Manuel, A., Mateu, E., Martín, M., 2007. Biosecurity measures on swine farms in 

Spain: perceptions by farmers and their relationship to current on-farm measures. Prev. 

Vet. Med. 82, 138–50. doi:10.1016/j.prevetmed.2007.05.012 

Casillas-Martinez, L., Setlow, P., 1997. Alkyl hydroperoxide reductase, catalase, MrgA, and 

superoxide dismutase are not involved in resistance of Bacillus subtilis spores to heat or 

oxidizing agents. J. Bacteriol. 179, 7420–5. 

Catry, B., Van Duijkeren, E., Pomba, M.C., Greko, C., Moreno, M.A., Pyorala, S., Ruzauskas, 

M., Sanders, P., Threlfall, E.J., Ungemach, F., Torneke, K., Munoz-Madero, C., Torren-

Edo, J., 2010. Reflection paper on MRSA in food-producing and companion animals: 

epidemiology and control options for human and animal health. Epidemiol Infect 138, 

626–644. doi:10.1017/s0950268810000014 

Cauwerts, K., Decostere, A., De Graef, E.M., Haesebrouck, F., Pasmans, F., 2007. High 

prevalence of tetracycline resistance in Enterococcus isolates from broilers carrying the 

erm(B) gene. Avian Pathol. 36, 395–9. doi:10.1080/03079450701589167 

Chadfield, M.S., Christensen, J.P., Christensen, H., Bisgaard, M., 2004. Characterization of 

streptococci and enterococci associated with septicaemia in broiler parents with a high 

prevalence of endocarditis. Avian Pathol. 33, 610–7. doi:10.1080/03079450400013089 



REFERENCES 

 

171 

 

Chapman, J.S., 2003. Disinfectant resistance mechanisms, cross-resistance, and co-resistance. 

Int. Biodeterior. Biodegradation 51, 271–276. doi:10.1016/S0964-8305(03)00044-1 

Chen, X., Stewart, P.S., 1996. Chlorine penetration into artificial biofilm is limited by a 

reaction-diffusion interaction. Environ. Sci. Technol. 30, 2078–2083. 

Cheon, D.S., Chae, C., 1996. Outbreak of diarrhea associated with Enterococcus durans in 

piglets. J. Vet. Diagn. Invest. 8, 123–4. 

Chinivasagam, H.N., Tran, T., Maddock, L., Gale, A., Blackall, P.J., 2010. The aerobiology of 

the environment around mechanically ventilated broiler sheds. J. Appl. Microbiol. 108, 

1657–67. doi:10.1111/j.1365-2672.2009.04571.x 

Chuanchuen, R., Padungtod, P., 2009. Antimicrobial resistance genes in Salmonella enterica 

isolates from poultry and swine in Thailand. J. Vet. Med. Sci. 71, 1349–1355. 

CIMCOOL, 2007. Cleaning 101: cleaner basics. Tech. Rep. 

Cole, E.C., Robison, R., 1996. Test methodology for evaluation of germicides in Handbook of 

disinfectants and antiseptics. Marcel Dekker, Inc., New York, USA. 

Collett, S.R., 2007. Strategies for improving gut health in commercial broiler operations., in: 

3rd International Poultry Broiler Nutritionists Conference - Poultry beyond 2010, 

Auckland, New Zeland. 

Collins, L.M., Sumpter, D.J.T., 2007. The feeding dynamics of broiler chickens. J. R. Soc. 

Interface 4, 65–72. doi:10.1098/rsif.2006.0157 

Condell, O., Iversen, C., Cooney, S., Power, K.A., Walsh, C., Burgess, C., Fanning, S., 2012. 

Efficacy of biocides used in the modern food industry to control Salmonella enterica, and 

links between biocide tolerance and resistance to clinically relevant antimicrobial 

compounds. Appl. Environ. Microbiol. 78, 3087–97. doi:10.1128/AEM.07534-11 

Corrégé, I., De Azevedo Araujo, C., Le Roux, A., 2003. Mise au point d ’ un protocole de 

contrôle du nettoyage et de la désinfection en élevage porcin. Journées Rech. Porc. 26, 19–

26. 

Cortesia, C., Lopez, G.J., de Waard, J.H., Takiff, H.E., 2010. The use of quaternary ammonium 

disinfectants selects for persisters at high frequency from some species of non-tuberculous 

mycobacteria and may be associated with outbreaks of soft tissue infections. J. 

Antimicrob. Chemother. 65, 2574–81. doi:10.1093/jac/dkq366 

Cortezzo, D.E., Koziol-Dube, K., Setlow, B., Setlow, P., 2004. Treatment with oxidizing agents 

damages the inner membrane of spores of Bacillus subtilis and sensitizes spores to 

subsequent stress. J. Appl. Microbiol. 97, 838–52. doi:10.1111/j.1365-2672.2004.02370.x 

Corti, G., Mondanelli, N., Losco, M., Bartolini, L., Fontanelli, A., Paradisi, F., 2009. Post-

traumatic infection of the lower limb caused by rare Enterobacteriaceae and Mucorales in 

a young healthy male. Int. J. Infect. Dis. 13, e57–60. doi:10.1016/j.ijid.2008.06.029 

Costa, S.A., Paula, O.F., Silva, C.R., Leao, M.V., Santos, S.S., 2015. Stability of antimicrobial 

activity of peracetic acid solutions used in the final disinfection process. Braz. Oral Res. 



REFERENCES 

172 

  

29, 1–6. doi:10.1590/1807-3107BOR-2015.vol29.0038 

Costerton, J.W., Cheng, K.J., Geesey, G.G., Ladd, T.I., Nickel, J.C., Dasgupta, M., Marrie, T.J., 

1987. Bacterial biofilms in nature and disease. Annu. Rev. Microbiol. 41, 435–64. 

doi:10.1146/annurev.mi.41.100187.002251 

Cox, M., Van Meirhaeghe, H., 2009. Hier is hygiëne troef - hygiënemanagement op het 

pluimveebedrijf. 

Crhanova, M., Hradecka, H., Faldynova, M., Matulova, M., Havlickova, H., Sisak, F., Rychlik, 

I., 2011. Immune response of chicken gut to natural colonization by gut microflora and to 

Salmonella enterica serovar enteritidis infection. Infect. Immun. 79, 2755–63. 

doi:10.1128/IAI.01375-10 

Cruz, A.T., Cazacu, A.C., Allen, C.H., 2007. Pantoea agglomerans, a plant pathogen causing 

human disease. J. Clin. Microbiol. 45, 1989–92. doi:10.1128/JCM.00632-07 

Cummings, J.H., Macfarlane, G.T., 1997. Role of intestinal bacteria in nutrient metabolism. 

JPEN J Parenter Enter. Nutr 21, 357–365. 

Cunningham, F.E., 1987. Types of microorganisms associated with poultry carcasses in The 

microbiology of poultry meat products. Academic Press, Inc, Orlando, Florida. 

Dahiru, M., Enabulele, O.I., 2015. Acinetobacter baumannii in Birds’ Feces: A Public Health 

Threat to Vegetables and Irrigation Farmers. Adv. Microbiol. 05, 693–698. 

doi:10.4236/aim.2015.510072 

Davies, P.R., Scott Hurd, H., Funk, J.A., Fedorka-Cray, P.J., Jones, F.T., 2004. The role of 

contaminated feed in the epidemiology and control of Salmonella enterica in pork 

production. Foodborne Pathog. Dis. 1, 202–15. doi:10.1089/fpd.2004.1.202 

Davies, R., Breslin, M., 2003a. Observations on Salmonella contamination of commercial 

laying farms before and after cleaning and disinfection. Vet. Rec. 152, 283–287. 

doi:10.1136/vr.152.10.283 

Davies, R., Breslin, M., 2003b. Investigation of Salmonella contamination and disinfection in 

farm egg-packing plants. J. Appl. Microbiol. 94, 191–196. doi:10.1046/j.1365-

2672.2003.01817.x 

Davies, R., Breslin, M., 2001. Environmental contamination and detection of Salmonella 

enterica serovar enteritidis in laying flocks. Vet. Rec. 149, 699–704. 

De Groote, M.A., Gibbs, S., de Moura, V.C.N., Burgess, W., Richardson, K., Kasperbauer, S., 

Madinger, N., Jackson, M., 2014. Analysis of a panel of rapidly growing mycobacteria for 

resistance to aldehyde-based disinfectants. Am. J. Infect. Control 42, 932–4. 

doi:10.1016/j.ajic.2014.05.014 

De Reu, K., Grijspeerdt, K., Herman, L., Heyndrickx, M., Uyttendaele, M., Debevere, J., 

Putirulan, F.F., Bolder, N.M., 2006. The effect of a commercial UV disinfection system 

on the bacterial load of shell eggs. Lett. Appl. Microbiol. 42, 144–148. 

De Reu, K., Grijspeerdt, K., Heyndrickx, M., Zoons, J., De Baere, K., Uyttendaele, M., 



REFERENCES 

 

173 

 

Debevere, J., Herman, L., 2005. Bacterial eggshell contamination in conventional cages, 

furnished cages and aviary housing systems for laying hens. Br. Poult. Sci. 46, 149–155. 

doi:10.1080/00071660500065359 

De Reu, K., Messens, W., Heyndrickx, M., Rodenburg, T.B., Uyttendaele, M., Herman, L., 

2008. Bacterial contamination of table eggs and the influence of housing systems. Worlds. 

Poult. Sci. J. 64, 5–19. doi:10.1017/S0043933907001687 

De Reu, K., Van Coillie, E., Grijspeerdt, K., Heyndrickx, M., Rodenburg, B., Tuyttens, F., 

Zoons, J., Herman, L., 2006. Microbiological survey of furnished cages and non-cage 

systems for laying hens. Worlds Poult. Sci. J. 62, 563. 

Dee, S., Clement, T., Schelkopf, A., Nerem, J., Knudsen, D., Christopher-Hennings, J., Nelson, 

E., 2014. An evaluation of contaminated complete feed as a vehicle for porcine epidemic 

diarrhea virus infection of naïve pigs following consumption via natural feeding behavior: 

proof of concept. BMC Vet. Res. 10, 176. doi:10.1186/s12917-014-0176-9 

Denyer, S.P., Maillard, J.-Y., 2002. Cellular impermeability and uptake of biocides and 

antibiotics in Gram-negative bacteria. J. Appl. Microbiol. 92, 35S–45S. 

doi:10.1046/j.1365-2672.92.5s1.19.x 

Derakhshanfar, A., Ghanbarpour, R., 2002. A study on avian cellulitis in broiler chickens. Vet. 

Arh. 72, 277–284. 

Desrosiers, R., 2011. Transmission of swine pathogens: different means, different needs. Anim. 

Heal. Res. Rev. 12, 1–13. 

Devriese, L.A., Schleifer, K.H., Adegoke, G.O., 1985. Identification of coagulase-negative 

staphylococci from farm animals. J. Appl. Bacteriol. 58, 45–55. 

Dewaele, I., Ducatelle, R., Herman, L., Heyndrickx, M., De Reu, K., 2011. Sensitivity to 

disinfection of bacterial indicator organisms for monitoring the Salmonella Enteritidis 

status of layer farms after cleaning and disinfection. Poult. Sci. 90, 1185–1190. 

doi:10.3382/ps.2010-01178 

Dewaele, I., Rasschaert, G., Wildemauwe, C., Van Meirhaeghe, H., Vanrobaeys, M., De Graef, 

E., Herman, L., Ducatelle, R., Heyndrickx, M., De Reu, K., 2012a. Polyphasic 

characterization of Salmonella Enteritidis isolates on persistently contaminated layer 

farms during the implementation of a national control program with obligatory 

vaccination: a longitudinal study. Poult. Sci. 91, 2727–35. doi:10.3382/ps.2012-02218 

Dewaele, I., Van Meirhaeghe, H., Rasschaert, G., Vanrobaeys, M., De Graef, E., Herman, L., 

Ducatelle, R., Heyndrickx, M., De Reu, K., 2012b. Persistent Salmonella Enteritidis 

environmental contamination on layer farms in the context of an implemented national 

control program with obligatory vaccination. Poult. Sci. 91, 282–291. 

doi:10.3382/ps.2011-01673 

Dho-Moulin, M., Fairbrother, J.M., 1999. Avian pathogenic Escherichia coli (APEC). Vet. Res. 

30, 299–316. 

Dho-Moulin, M., Fairbrother, J.M.,. Avian pathogenic Escherichia coli (APEC). Vet. Res. 30, 

299–316. 



REFERENCES 

174 

  

Dolan, A., Bartlett, M., McEntee, B., Creamer, E., Humphreys, H., 2011. Evaluation of 

different methods to recover meticillin-resistant Staphylococcus aureus from hospital 

environmental surfaces. J. Hosp. Infect. 79, 227–30. doi:10.1016/j.jhin.2011.05.011 

Dong, R., 2009. Hydrothermal process for bioenergy production from corn fiber and swine 

manure. 

Doyle, M.P., Erickson, M.C., 2006. Reducing the carriage of foodborne pathogens in livestock 

and poultry. Poult. Sci. 85, 960–73. 

Dubois-Brissonnet, F., Naïtali, M., Mafu, A.A., Briandet, R., 2011. Induction of fatty acid 

composition modifications and tolerance to biocides in Salmonella enterica serovar 

Typhimurium by plant-derived terpenes. Appl. Environ. Microbiol. 77, 906–10. 

doi:10.1128/AEM.01480-10 

Dumas, M.D., Polson, S.W., Ritter, D., Ravel, J., Gelb, J., Morgan, R., Wommack, K.E., 2011. 

Impacts of poultry house environment on poultry litter bacterial community composition. 

PLoS One 6, e24785. doi:10.1371/journal.pone.0024785 

Dunklin, E.W., Puck, T.T., 1948. The lethal effect of relative humidity on air-borne bacteria. J. 

Exp. Med. 87, 87–101. 

ECOLAB, 2009. Detergent composition containing branched alcohol alkoxylate and 

compatibilizing surfactant, and method for using. 

EFSA, 2016. Vector-borne diseases [WWW Document]. URL 

http://www.efsa.europa.eu/en/topics/topic/vectorbornezoonoticdiseases (accessed 

4.6.16). 

EFSA, 2011. Scientific opinion on a quantitative estimation of the public health impact of 

setting a new target for the reduction of Salmonella in broilers. EFSA J. 9, 1–93. 

EFSA, 2010. Analysis of the baseline survey on the prevalence of methicillin-resistant 

Staphylococcus aureus (MRSA) in holdings with breeding pigs, in the EU, 2008, Part B: 

factors associated with MRSA contamination of holdings; on request from the European 

Co. EFSA Journal2 8, 1597. 

Eginton, P.J., Holah, J., Allison, D.G., Handley, P.S., Gilbert, P., 1998. Changes in the strength 

of attachment of micro-organisms to surfaces following treatment with disinfectants and 

cleansing agents. Lett. Appl. Microbiol. 27, 101–5. 

Elkins, J.G., Hassett, D.J., Stewart, P.S., Schweizer, H.P., McDermott, T.R., 1999. Protective 

role of catalase in Pseudomonas aeruginosa biofilm resistance to hydrogen peroxide. 

Appl. Environ. Microbiol. 65, 4594–600. 

Espinosa-Gongora, C., Damborg, P., Saxmose Nielsen, S., Gibbs, S., Guardabassi, L., 2013. 

Effect of a disinfectant powder on methicillin-resistant Staphylococcus aureus in pigs, 

bedding and air samples under simulated farm conditions. pig J. 68, 13–18. 

European Chemicals Agency, 2016. Biocidal Active Substances. [WWW Document]. URL 

http://echa.europa.eu/web/guest/information-on-chemicals/biocidal-active-substances 

(accessed 2.15.16). 



REFERENCES 

 

175 

 

European Commitee for Standardization, 2000. European standard EN 1656. Chemical 

disinfectants and antiseptics - Quantitative suspenstion test for the evaluation of 

bactericidal activity of chemical disinfectants and antiseptics used in veterinary field - Test 

method and requirements (phase2/step1). 

European Food Safety Authority (EFSA), 2014. The European Union summary report on trens 

and sources of zoonoses, zoonotic agents and food-borne outbreaks in 2011. EFSA J. 12, 

3547. 

Facklam, R., Elliott, J., 1995. Identification, classification, and clinical relevance of catalase- 

negative, gram-positive cocci, excluding the streptococci and enterococci. Clin. Microbiol. 

Rev. 8, 479–495. 

Falkinham, J.O., 2003. Factors Influencing the Chlorine Susceptibility of Mycobacterium 

avium, Mycobacterium intracellulare, and Mycobacterium scrofulaceum. Appl. Environ. 

Microbiol. 69, 5685–5689. doi:10.1128/AEM.69.9.5685-5689.2003 

Fallschissel, K., Klug, K., Kämpfer, P., Jäckel, U., 2010. Detection of airborne bacteria in a 

German turkey house by cultivation-based and molecular methods. Ann. Occup. Hyg. 54, 

934–43. doi:10.1093/annhyg/meq054 

FAO/WHO, 2002. Joint working group report on drafting guidelines for the evaluation of 

probiotics in food. London, Ontario, April 30 and May 1, 2002. 

FAOSTAT, 2015. Food and Agriculture Organization of the United Nations. [WWW 

Document]. URL http://faostat3.fao.org/download/Q/QA/E (accessed 2.9.16). 

Fazlara, A., Ekhtelat, M., 2012. The disinfectant effects of benzalkonium chloride on some 

important foodborne pathogens. Am. J. Agric. Environ. Sci. 14, 23–29. 

Fernández, L., Breidenstein, E.B.M., Hancock, R.E.W., 2011. Creeping baselines and adaptive 

resistance to antibiotics. Drug Resist. Updat. 14, 1–21. doi:10.1016/j.drup.2011.01.001 

Fernandez, L., Hancock, R.E.W., 2012. Adaptive and mutational resistance: role of porins and 

efflux pumps in drug resistance. Clin. Microbiol. Rev. 25, 661–681. 

doi:10.1128/CMR.00043-12 

Ferreira, C., Pereira, A.M., Pereira, M.C., Melo, L.F., Simões, M., 2011. Physiological changes 

induced by the quaternary ammonium compound benzyldimethyldodecylammonium 

chloride on Pseudomonas fluorescens. J. Antimicrob. Chemother. 66, 1036–43. 

doi:10.1093/jac/dkr028 

Field, C., 2014. Detergents in Encyclopedia of lubricants and lubrication. Springer, Berlin 

Heidelberg, Germany. 

Fink-Gremmels, J. (Ed.), 2012. Animal Feed Contamination: Effects on Livestock and Food 

Safety. Elsevier Science. 

FOD Economie, 2015a. Kerncijfer landbouw, de landbouw in België in cijfers. 

FOD Economie, 2015b. Landbouwgegevens. 



REFERENCES 

176 

  

FOD Economie, 2015c. Actualisatie van de studie over de varkenskolom. 

FOD Economie, 2013. Landbouwggevens. 

Fraise, A., Maillard, J.-Y., Sattar, S., 2012. Principles and practice of disinfection, preservation 

and sterilization, 5th ed. Wiley-Blackwell, Oxford, UK. 

Fredell, D.L., 1994. Biological properties and applications of cationic surfactants in Cationic 

surfactants, analytical and biological evaluation. Marcel Dekker, Inc., New York, USA. 

Friis, A., Jensen, B.B.B., 2005. Improving the hygiene design of closed equipment in Handbook 

of hygiene control in the food industry. Woodhead Publishing Limited, Cambridge, 

Engelenad. 

Fritzemeier, J., 2000. Epidemiology of classical swine fever in Germany in the 1990s. Vet. 

Microbiol. 77, 29–41. doi:10.1016/S0378-1135(00)00254-6 

Gannon, V., Grace, D., Atwill, E.R., 2012. Zoonotic waterborne pathogens in livestock and 

their excreta-interventions in Animal waste, water quality and human health. IWA 

Publishing, London, UK. 

Gelaude, P., Schlepers, M., Verlinden, M., Laanen, M., Dewulf, J., 2014. Biocheck.UGent: A 

quantitative tool to measure biosecurity at broiler farms and the relationship with technical 

performances and antimicrobial use. Poult. Sci. 93, 2740–2751. doi:10.3382/ps.2014-

04002 

Genovese, K.J., Anderson, R.C., Harvey, R.B., Callaway, T.R., Poole, T.L., Edrington, T.S., 

Fedorka-Cray, P.J., Nisbet, D.J., 2003. Competitive exclusion of Salmonella from the gut 

of neonatal and weaned pigs. J. Food Prot. 66, 1353–9. 

Genovese, K.J., Anderson, R.C., Nisbet, D.E., Harvey, R.B., Lowry, V.K., Buckley, S., 

Stanker, L.H., Kogut, M.H., 1998. Prophylactic administration of immune lymphokine 

derived from T cells of Salmonella enteritidis-immune pigs: protection against Salmonella 

choleraesuis organ invasion and cecal colonization in weaned pigs in Mechanisms in the 

pathogenesis of. Springer Science & Business Media, New York, USA. 

Ghafir, Y., China, B., Dierick, K., De Zutter, L., Daube, G., 2008. Hygiene indicator 

microorganisms for selected pathogens on beef, pork, and poultry meats in Belgium. J. 

Food Prot. 71, 35–45. 

Gibson, H., Taylor, J.H., Hall, K.E., Holah, J.T., 1999. Effectiveness of cleaning techniques 

used in the food industry in terms of the removal ofbacterial biofilms. J. Appl. Microbiol. 

87, 41–48. 

Gneiding, K., Frodl, R., Funke, G., 2008. Identities of Microbacterium spp. encountered in 

human clinical specimens. J. Clin. Microbiol. 46, 3646–52. doi:10.1128/JCM.01202-08 

Gole, V.C., Chousalkar, K.K., Roberts, J.R., 2013. Survey of Enterobacteriaceae 

contamination of table eggs collected from layer flocks in Australia. Int. J. Food Microbiol. 

164, 161–5. doi:10.1016/j.ijfoodmicro.2013.04.002 

Gorman, S., Scott, E., 2004. chemical disinfectants, antiseptics and preservatives in Hugo and 



REFERENCES 

 

177 

 

Russell’s pharmaceutical microbiology. Blackwell Science, Inc., Massachusetts, USA. 

Gradel, K.O., 2007. Disinfection of empty animal houses- scientific evidence for applied 

procedures in Environmental microbiology research trends. Nova Science Publishers, Inc., 

New York, USA. 

Gradel, K.O., 2004. Disinfection of Salmonella in poultry houses. University of Bristol. 

Gradel, K.O., Jørgensen, J.C., Andersen, J.S., Corry, J.E.L., 2004a. Monitoring the efficacy of 

steam and formaldehyde treatment of naturally Salmonella-infected layer houses. J. Appl. 

Microbiol. 96, 613–622. doi:10.1111/j.1365-2672.2004.02198.x 

Gradel, K.O., Jørgensen, J.C., Andersen, J.S., Corry, J.E.L., 2003. Laboratory heating studies 

with Salmonella spp. and Escherichia coli in organic matter, with a view to 

decontamination of poultry houses. J. Appl. Microbiol. 94, 919–28. 

Gradel, K.O., Rattenborg, E., 2003. A questionnaire-based, retrospective field study of 

persistence of Salmonella Enteritidis and Salmonella Typhimurium in Danish broiler 

houses. Prev. Vet. Med. 56, 267–284. doi:10.1016/S0167-5877(02)00211-8 

Gradel, K.O., Sayers, A.R., Davies, R.H., 2004b. Surface disinfection tests with Salmonella 

and a putative indicator bacterium, mimicking worst-case scenarios in poultry houses. 

Poult. Sci. 83, 1636–1643. 

Graham, J.P., Leibler, J.H., Price, L.B., Otte, J.M., Pfeiffer, D.U., Tiensin, T., Silbergeld, E.K.,. 

The animal-human interface and infectious disease in industrial food animal production: 

rethinking biosecurity and biocontainment. Public Health Rep. 123, 282–99. 

Green, T.A., Russell, S.M., Fletcher, D.L., 1999. Effect of chemical cleaning agents and 

commercial sanitizers on ATP bioluminescence measurements. J. Food Prot. 62, 86–90. 

Griffiths, P.A., Babb, J.R., Bradley, C.R., Fraise, A.P., 1997. Glutaraldehyde-resistant 

Mycobacterium chelonae from endoscope washer disinfectors. J. Appl. Microbiol. 82, 

519–26. 

Gruner, E., Steigerwalt, A.G., Hollis, D.G., Weyant, R.S., Weaver, R.E., Moss, C.W., 

Daneshvar, M., Brown, J.M., Brenner, D.J., 1994. Human infections caused by 

Brevibacterium casei, formerly CDC groups B-1 and B-3. J. Clin. Microbiol. 32, 1511–8. 

Gullberg, E., Albrecht, L.M., Karlsson, C., Sandegren, L., Andersson, D.I., 2014. Selection of 

a multidrug resistance plasmid by sublethal levels of antibiotics and heavy metals. MBio 

5, e01918–14–e01918–14. doi:10.1128/mBio.01918-14 

Habimana, O., Nesse, L.L., Moretro, T., Berg, K., Heir, E., Vestby, L.K., Langsrud, S., 2014. 

The persistence of Salmonella following desiccation under feed processing environmental 

conditions: a subject of relevance. Lett. Appl. Microbiol. 59, 464–470. 

Hald, B., Skovgård, H., Bang, D.D., Pedersen, K., Dybdahl, J., Jespersen, J.B., Madsen, M., 

2004. Flies and Campylobacter infection of broiler flocks. Emerg. Infect. Dis. 10, 1490–

2. doi:10.3201/eid1008.040129 

Hald, B., Wedderkopp, A., Madsen, M., 2000. Thermophilic Campylobacter spp. in Danish 



REFERENCES 

178 

  

broiler production: a cross-sectional survey and a retrospective analysis of risk factors for 

occurrence in broiler flocks. Avian Pathol. 29, 123–31. doi:10.1080/03079450094153 

Hampson, D.J., 1994. Postweining </i>Escherichia coli diarrhoea in pigs in Escherichia 

coli<i> in domestic animals and humans. CAB International, Wallingford, UK. 

Hancox, L.R., Le Bon, M., Dodd, C.E.R., Mellits, K.H., 2013. Inclusion of detergent in a 

cleaning regime and effect on microbial load in livestock housing. Vet. Rec. 173, 167–

170. doi:10.1136/vr.101392 

Hao, X.X., Li, B.M., Wang, C.Y., Zhang, Q., Cao, W., 2013a. Application of slightly acidic 

electrolyzed water for inactivating microbes in a layer breeding house. Poult. Sci. 92, 

2560–6. doi:10.3382/ps.2013-03117 

Hao, X.X., Li, B.M., Zhang, Q., Lin, B.Z., Ge, L.P., Wang, C.Y., Cao, W., 2013b. Disinfection 

effectiveness of slightly acidic electrolysed water in swine barns. J. Appl. Microbiol. 115, 

703–10. doi:10.1111/jam.12274 

Harding, M.W., Howard, R.J., Daniels, G.D., Mobbs, S.L., Lisowski, S.L.I., Allan, N.D., Omar, 

A., Olson, M.E., 2011. A multi-well plate method for rapid growth, charachterization and 

biocide sensitivity testing of microbial biofilms on various surface materials. Formatex 3, 

872–877. 

Harris, A.G., Hinds, F.E., Beckhouse, A.G., Kolesnikow, T., Hazell, S.L., 2002. Resistance to 

hydrogen peroxide in Helicobacter pylori: role of catalase (KatA) and Fur, and functional 

analysis of a novel gene product designated “KatA-associated protein”, KapA (HP0874). 

Microbiology 148, 3813–25. doi:10.1099/00221287-148-12-3813 

Harry, E.G., Hemsley, I.A., 1964. Factors influencing the survival of coliforms in dust of deep 

litter houses. Vet. Rec. 76, 863–867. 

Hedman, P., Ringertz, O., 1991. Urinary tract infections caused by Staphylococcus 

saprophyticus. A matched case control study. J. Infect. 23, 145–153. doi:10.1016/0163-

4453(91)92045-7 

Hege, R., Zimmermann, W., Scheidegger, R., Stark, K., 2002. Incidence of Reinfections with 

Mycoplasma hyopneumoniae and Actinobacillus pleuropneumoniae in Pig Farms Located 

in Respiratory-Disease-Free Regions of Switzerland - Identification and Quantification of 

Risk Factors. Acta Vet. Scand. 43, 145–156. doi:10.1186/1751-0147-43-145 

Herman, L., Heyndrickx, M., Grijspeerdt, K., Vandekerchove, D., Rollier, I., De Zutter, L., 

2003. Routes for Campylobacter contamination of poultry meat: epidemiological study 

from hatchery to slaughterhouse. Epidemiol. Infect. 131, 1169–80. 

Heyndrickx, M., Vandekerckhove, D., Herman, L., Rollier, I., Grijspeerdt, K., De Zutter, L., 

2002. Routes for Salmonella contamination of poultry meat: epidemiological study from 

hatchery to slaughterhouse. Epidemiol. Infect. 69, 7–13. 

Hiett, K.L., Stern, N.J., Fedorka-Cray, P., Cox, N.A., Musgrove, M.T., Ladely, S., 2002. 

Molecular subtype analyses of Campylobacter spp. from Arkansas and California poultry 

operations. Appl. Environ. Microbiol. 68, 6220–36. 



REFERENCES 

 

179 

 

Hoff, J.C., Akin, E.W., 1986. Microbial resistance to disinfectants: Mechanisms and 

significance. Environ. Health Perspect. Vol. 69, 7–13. doi:10.1289/ehp.86697 

Holt, P.S., Geden, C.J., Moore, R.W., Gast, R.K., 2007. Isolation of Salmonella enterica serovar 

Enteritidis from houseflies (Musca domestica) found in rooms containing Salmonella 

serovar Enteritidis-challenged hens. Appl. Environ. Microbiol. 73, 6030–5. 

doi:10.1128/AEM.00803-07 

Hopwood, D.E., Hampson, D.J., 2003. Interactions between the intestinal microflora, diet and 

diarrhoea, and their influences on piglet health in the immediate post-weaning period in 

Weaning the pig: concept and consequences. Wageningen Academic Publishers, 

Wageningen, the Netherlands. 

Huneau-Salaün,  a, Michel, V., Balaine, L., Petetin, I., Eono, F., Ecobichon, F., Bouquin, S. Le, 

2010. Evaluation of common cleaning and disinfection programmes in battery cage and 

on-floor layer houses in France. Br. Poult. Sci. 51, 204–212. 

doi:10.1080/00071661003745794 

Ingram, L.O., 1990. Ethanol tolerance in bacteria. Crit. Rev. Biotechnol. 9, 305–19. 

Ioannou, C.J., Hanlon, G.W., Denyer, S.P., 2007. Action of disinfectant quaternary ammonium 

compounds against Staphylococcus aureus. Antimicrob. Agents Chemother. 51, 296–306. 

doi:10.1128/AAC.00375-06 

Jaglic, Z., Cervinkova, D., 2012. Genetic basis of resistance to quaternary ammonium 

compounds - the qac genes and their role: a review. Vet. Med. (Praha). 57, 275–281. 

Jeng, D.K., Woodworth, A.G., 1990. Chlorine dioxide gas sterilization under square-wave 

conditions. Appl. Environ. Microbiol. 56, 514–519. 

Jennings, W., 1965. Theory and practice of hard-surface cleaning in Advances in food research. 

Academic Press Inc, New York, USA. 

Jones, D.R., Musgrove, M.T., 2008. Identification of Enterobacteriaceae on vacuum loaders in 

shell egg processing. Poult. Sci. 87, 1678–81. doi:10.3382/ps.2007-00511 

Jung, A., Rautenschlein, S., 2014. Comprehensive report of an Enterococcus cecorum infection 

in a broiler flock in Northern Germany. BMC Vet. Res. 10. doi:10.1186/s12917-014-0311-

7 

Karatzas, K.A.G., Webber, M.A., Jorgensen, F., Woodward, M.J., Piddock, L.J. V, Humphrey, 

T.J., 2007. Prolonged treatment of Salmonella enterica serovar Typhimurium with 

commercial disinfectants selects for multiple antibiotic resistance, increased efflux and 

reduced invasiveness. J. Antimicrob. Chemother. 60, 947–55. doi:10.1093/jac/dkm314 

Kato, N., Shirakawa, K., Kobayashi, H., Sakazawa, C., 1983. The dismutation of aldehydes by 

a bacterial enzyme. Agric. Biol. Chem. 47, 39–46. 

Kaulfers, P.M., Karch, H., Laufs, R., 1987. Plasmid-mediated formaldehyde resistance in 

Serratia marcescens and Escherichia coli: alterations in the cell surface. Zentralblatt für 

Bakteriol. Mikrobiol. und Hyg. Ser. A, Med. Microbiol. Infect. Dis. Virol. Parasitol. 266, 

239–48. 



REFERENCES 

180 

  

Kaya, O., Ates, M., Erganis, O., Corlu, M., Sanlioglu, S., 1989. Isolation of Acinetobacter 

lwoffii from hens with septicemia. Zentralbl Vet. 36, 157–158. 

Kehrenberg, C., Cuny, C., Strommenger, B., Schwarz, S., Witte, W., 2009. Methicillin-resistant 

and -susceptible Staphylococcus aureus strains of clonal lineages ST398 and ST9 from 

swine carry the multidrug resistance gene cfr. Antimicrob Agents Chemother 53, 779–781. 

doi:10.1128/aac.01376-08 

Kempf, M.J., Chen, F., Kern, R., Venkateswaran, K., 2005. Recurrent isolation of hydrogen 

peroxide-resistant spores of Bacillus pumilus from a spacecraft assembly facility. 

Astrobiology 5, 391–405. doi:10.1089/ast.2005.5.391 

Kijlstra, A., Eissen, O.A., Cornelissen, J., Munniksma, K., Eijck, I., Kortbeek, T., 2004. 

Toxoplasma gondii infection in animal-friendly pig production systems. Invest. 

Ophthalmol. Vis. Sci. 45, 3165–9. doi:10.1167/iovs.04-0326 

Kilonzo-Nthenge, A., Nahashon, S.N., Chen, F., Adefope, N., 2008. Prevalence and 

antimicrobial resistance of pathogenic bacteria in chicken and guinea fowl. Poult. Sci. 87, 

1841–8. doi:10.3382/ps.2007-00156 

Kim, J.H., Kim, K.S., 2010. Hatchery hygiene evaluation by microbiological examination of 

hatchery samples. Poult. Sci. 89, 1389–98. doi:10.3382/ps.2010-00661 

Kim, O.-S., Cho, Y.-J., Lee, K., Yoon, S.-H., Kim, M., Na, H., Park, S.-C., Jeon, Y.S., Lee, J.-

H., Yi, H., Won, S., Chun, J., 2012. Introducing EzTaxon-e: a prokaryotic 16S rRNA gene 

sequence database with phylotypes that represent uncultured species. Int. J. Syst. Evol. 

Microbiol. 62, 716–21. doi:10.1099/ijs.0.038075-0 

Kinde, H., Read, D.H., Chin, R.P., Bickford, A.A., Walker, R.L., Ardans, A., Breitmeyer, R.E., 

Willoughby, D., Little, H.E., Kerr, D., Gardner, I.A., 1996. Salmonella Enteritidis, phase 

type 4 infection in a commercial layer flock in southern California: bacteriologic and 

epidemiologic findings. Avian Dis. 40, 665–71. 

Knapp, L., 2014. Bacterial resistance to biocides: development of a predictive protocol. Cardiff. 

Knapp, L., Amézquita, A., McClure, P., Stewart, S., Maillard, J.-Y., 2015. Development of a 

protocol for predicting bacterial resistance to microbicides. Appl. Environ. Microbiol. 81, 

2652–9. doi:10.1128/AEM.03843-14 

Knott, A.G., Russell, A.D., Dancer, B.N., 1995. Development of resistance to biocides during 

sporulation of Bacillus subtilis. J. Appl. Bacteriol. 79, 492–498. doi:10.1111/j.1365-

2672.1995.tb03168.x 

Köck, R., Schaumburg, F., Mellmann, A., Köksal, M., Jurke, A., Becker, K., Friedrich, A.W., 

2013. Livestock-associated methicillin-resistant Staphylococcus aureus  (MRSA) as 

causes of human infection and colonization in Germany. PLoS One 8, e55040. 

doi:10.1371/journal.pone.0055040 

Koyano, T., Sato, K., 2002. Physical properties of fats in food in Fats in food technology. 

Sheffield Academic Press, Sheffield, UK. 

Kraeling, R.R., Webel, S.K., 2015. Current strategies for reproductive management of gilts and 



REFERENCES 

 

181 

 

sows in North America. J. Anim. Sci. Biotechnol. 6, 3. doi:10.1186/2049-1891-6-3 

Kramer, A., Schwebke, I., Kampf, G., 2006. How long do nosocomial pathogens persist on 

inanimate surfaces? A systematic review. BMC Infect. Dis. 6, 130. doi:10.1186/1471-

2334-6-130 

Ku, S.C., Hsueh, P.R., Yang, P.C., Luh, K.T., 2000. Clinical and microbiological characteristics 

of bacteremia caused by Acinetobacter lwoffii. Eur. J. Clin. Microbiol. Infect. Dis. 19, 

501–5. 

Kubota, H., Senda, S., Nomura, N., Tokuda, H., Uchiyama, H., 2008. Biofilm formation by 

lactic acid bacteria and resistance to environmental stress. J. Biosci. Bioeng. 106, 381–6. 

doi:10.1263/jbb.106.381 

Kücken, D., 2000. Association of qacE and qacEΔ1 with multiple resistance to antibiotics and 

antiseptics in clinical isolates of Gram-negative bacteria. FEMS Microbiol. Lett. 183, 95–

98. doi:10.1016/S0378-1097(99)00636-9 

Kümmerle, N., Feucht, H.H., Kaulfers, P.M., 1996. Plasmid-mediated formaldehyde resistance 

in Escherichia coli: characterization of resistance gene. Antimicrob. Agents Chemother. 

40, 2276–9. 

Kunigk, L., Gomes, D.R., Forte, F., Vidal, K.P., Gomes, L.F., Sousa, P.F., 2001. The influence 

of temperature on the decomposition kinetics of peracetic acid in solutions. Brazilian J. 

Chem. Eng. 18. 

Kymalainen, H.R., Kuisma, R., Maatta, J., Sjoberg, A.M., 2009. Assessment of cleanness of 

environmental surfaces of cattle barns and piggeries. Agric. Food Sci. 18, 268–282. 

Laanen, M., Maes, D., Hendriksen, C., Gelaude, P., De Vliegher, S., Rosseel, Y., Dewulf, J., 

2014. Pig, cattle and poultry farmers with a known interest in research have comparable 

perspectives on disease prevention and on-farm biosecurity. Prev. Vet. Med. 115, 1–9. 

doi:10.1016/j.prevetmed.2014.03.015 

Laanen, M., Maes, D., Hendriksen, C., Gelaude, P., De Vliegher, S., Rosseel, Y., Dewulf, J., 

2014. Pig, cattle and poultry farmers with a known interest in research have comparable 

perspectives on disease prevention and on-farm biosecurity. Prev. Vet. Med. 115, 1–9. 

doi:10.1016/j.prevetmed.2014.03.015 

Lacy, M.P., 2002. Broiler management in Commercial chicken meat and egg production. 

Springer Science & Business Media, New York, USA. 

Laffineur, K., Avesani, V., Cornu, G., Charlier, J., Janssens, M., Wauters, G., Delmée, M., 

2003. Bacteremia due to a novel Microbacterium species in a patient with leukemia and 

description of Microbacterium paraoxydans sp. nov. J. Clin. Microbiol. 41, 2242–6. 

Lahou, E., Uyttendaele, M., 2014. Evaluation of three swabbing devices for detection of 

Listeria monocytogenes on different types of food contact surfaces. Int. J. Environ. Res. 

Public Health 11, 804–14. doi:10.3390/ijerph110100804 

Lambert, P.A., 2004. Resistance of bacterial spores to chemical agents in Russel, Hugo and 

Ayliffe’s principes and practice of disinfection, preservation and sterelization, 4th ed. 



REFERENCES 

182 

  

Blackwell publishing, Inc, Massachusetts, USA. 

LARA, 2015. Landbouwcijfers - Sectorenoverzicht. 

Len, S. V, Hung, Y.C., Erickson, M., Kim, C., 2000. Ultraviolet spectrophotometric 

characterization and bactericidal properties of electrolyzed oxidizing water as influenced 

by amperage and pH. J. Food Prot. 63, 1534–7. 

Leonard, E.K., Pearl, D.L., Finley, R.L., Janecko, N., Peregrine, A.S., Reid-Smith, R.J., Weese, 

J.S., 2011. Evaluation of pet-related management factors and the risk of Salmonella spp. 

carriage in pet dogs from volunteer households in Ontario (2005-2006). Zoonoses Public 

Health 58, 140–9. doi:10.1111/j.1863-2378.2009.01320.x 

Lidwell, O.M., Lowbury, E.J., 1950. The survival of bacteria in dust. II. The effect of 

atmospheric humidity on the survival of bacteria in duts. J. Hyg. Cambridge 48, 21–27. 

Linley, E., Denyer, S.P., McDonnell, G., Simons, C., Maillard, J.-Y., 2012. Use of hydrogen 

peroxide as a biocide: new consideration of its mechanisms of biocidal action. J. 

Antimicrob. Chemother. 67, 1589–96. doi:10.1093/jac/dks129 

Lister, S.A., 2008. Biosecurity in poultry management in Poultry diseases, 6th ed. Saunder 

Elsevier, Beijing, China. 

Lu, J., Sanchez, S., Hofacre, C., Maurer, J.J., Harmon, B.G., Lee, M.D., 2003. Evaluation of 

broiler litter with reference to the microbial composition as assessed by using 16S rRNA 

and functional gene markers. Appl. Environ. Microbiol. 69, 901–8. 

Lu, L., Walker, W.A., 2001. Pathologic and physiologic interactions of bacteria with the 

gastrointestinal epithelium. Am. J. Clin. Nutr. 73, 1124S–1130S. 

Luppens, S.B.I., Reij, M.W., van der Heijden, R.W.L., Rombouts, F.M., Abee, T., 2002. 

Development of a Standard Test To Assess the Resistance of Staphylococcus aureus 

Biofilm Cells to Disinfectants. Appl. Environ. Microbiol. 68, 4194–4200. 

doi:10.1128/AEM.68.9.4194-4200.2002 

Lutful Kabir, S.M., 2009. The role of probiotics in the poultry industry. Int J Mol Sci 10, 3531–

3546. doi:10.3390/ijms10083531 

Luyckx, K., Dewulf, J., Van Weyenberg, S., Herman, L., Zoons, J., Vervaet, E., Heyndrickx, 

M., De Reu, K., 2015a. Comparison of sampling procedures and microbiological and non-

microbiological parameters to evaluate cleaning and disinfection in broiler houses. Poult. 

Sci. 94, 740–749. doi:10.3382/ps/pev019 

Luyckx, K., VanWeyenberg, S., Dewulf, J., Herman, L., Zoons, J., Vervaet, E., Heyndrickx, 

M., De Reu, K., 2015b. On-farm comparisons of different cleaning protocols in broiler 

houses. Poult. Sci. 94, 1986–1993. 

Ma, Y.-F., Zhang, Y., Zhang, J.-Y., Chen, D.-W., Zhu, Y., Zheng, H., Wang, S.-Y., Jiang, C.-

Y., Zhao, G.-P., Liu, S.-J., 2009. The complete genome of Comamonas testosteroni reveals 

its genetic adaptations to changing environments. Appl. Environ. Microbiol. 75, 6812–9. 

doi:10.1128/AEM.00933-09 



REFERENCES 

 

183 

 

Madec, F., Le Dividich, J., Pluske, J.R., Verstegen, M.W.A., 2003. Environmental requirements 

and housing of the weand pig in Weaning the pig - concepts and consequences. 

Wageningen Academic Publishers, Wageningen, the Netherlands. 

Madigan, M., Martinko, J., Dunlap, P., Clark, D., 2009. Temperature and microbial growth in 

Biology of microorganisms, 12th ed. Pearson Education Inc, San Francisco, USA. 

Maes, N., Magdalena, J., Rottiers, S., De Gheldre, Y., Struelens, M.J., 2002. Evaluation of a 

triplex PCR assay to discriminate Staphylococcus aureus from coagulase-negative 

Staphylococci and determine methicillin resistance from blood cultures. J. Clin. Microbiol. 

40, 1514–1517. 

Maillard, J.-Y., 2013. Factors affecting the activities of microbiocides in Russell, Hugo and 

Ayliffe’s principles and practice of disinfection, preservation and sterilization, 5th ed. 

Wiley-Blackwell, Oxford, UK. 

Maillard, J.-Y., 2002. Bacterial target sites for biocide action. J. Appl. Microbiol. Symp. Suppl. 

92, 16–27. 

Mallet, M., Loiez, C., Melliez, H., Yazdanpanah, Y., Senneville, E., Lemaire, X., 2011. 

Staphylococcus simulans as an authentic pathogenic agent of osteoarticular infections. 

Infection 39, 473–6. doi:10.1007/s15010-011-0173-x 

Mannion, C., Leonard, F.C., Lynch, P.B., Egan, J., 2007. Efficacy of cleaning and disinfection 

on pig farms in Ireland. Vet. Rec. 161, 371–5. 

Marcotte, L., Barbeau, J., Lafleur, M., 2005. Permeability and thermodynamics study of 

quaternary ammonium surfactants-phosphocholine vesicle system. J. Colloid Interface 

Sci. 292, 219–27. doi:10.1016/j.jcis.2005.05.060 

Marin, C., Balasch, S., Vega, S., Lainez, M., 2011. Sources of Salmonella contamination during 

broiler production in Eastern Spain. Prev. Vet. Med. 98, 39–45. 

Marino, M., Frigo, F., Bartolomeoli, I., Maifreni, M., 2011. Safety-related properties of 

staphylococci isolated from food and food environments. J. Appl. Microbiol. 110, 550–

61. doi:10.1111/j.1365-2672.2010.04909.x 

Marois, C., Le Devendec, L., Gottschalk, M., Kobisch, M., 2007. Detection and molecular 

typing of Streptococcus suisin tonsils from live pigs in France. Can. J. Vet. Res. 71, 14–

22. 

Marquis, R.E., 2002. Bacterial endospores in Encyclopedia of life sciences, 2nd ed. Macmillan 

Publishers, Ltd, London, England. 

Mateu, E., Martin, M., 2001. Why is anti-microbial resistance a veterinary problem as well? J 

Vet Med B Infect Dis Vet Public Heal. 48, 569–581. 

Mayer, C., Moritz, R., Kirschner, C., Borchard, W., Maibaum, R., Wingender, J., Flemming, 

H.-C., 1999. The role of intermolecular interactions: studies on model systems for bacterial 

biofilms. Int. J. Biol. Macromol. 26, 3–16. doi:10.1016/S0141-8130(99)00057-4 

Mazal, C., Sieger, B., 2010. Staphylococcus lentus: The troublemaker. Int. J. Infect. Dis. 14, 



REFERENCES 

184 

  

e397. doi:10.1016/j.ijid.2010.02.502 

McCaughey, C., Damani, N.N., 1991. Central venous line infection caused by Brevibacterium 

epidermidis. J. Infect. 23, 211–2. 

McDade, J.J., Hall, L.B., 1964. Survival of Gram negative bacteria in the environment. I. Effect 

of relative humidity on surface-exposed organisms. Am. J. Hyg. 80, 192–204. 

McDonnell, G., Russell, A.D., 1999. Antiseptics and disinfectants: activity, action, and 

resistance. Clin. Microbiol. Rev. 12, 147–79. 

McLaren, I., Wales, A., Breslin, M., Davies, R., 2011. Evaluation of commonly-used farm 

disinfectants in wet and dry models of Salmonella farm contamination. Avian Pathol. 40, 

33–42. doi:10.1080/03079457.2010.537303 

Mead, G.C., 2000. Prospects for “competitive exclusion” treatment to control Salmonella and 

other foodborne pathogens in poultry. Vet. J. 159, 111–23. doi:10.1053/tvjl.1999.0423 

Meerburg, B.G., Vermeer, H.M., Kijlstra, A., 2007. Controlling risks of pathogen transmission 

by flies on organic pig farms: A review. Outlook Agric. 36, 193–197. 

doi:10.5367/000000007781891432 

Mellata, M., 2013. Human and avian extraintestinal pathogenic Escherichia coli : Infections, 

zoonotic risks, and antibiotic resistance trends. Foodborne Pathog. Dis. 10, 916–932. 

doi:10.1089/fpd.2013.1533 

Meng, X.J., Lindsay, D.S., Sriranganathan, N., 2009. Wild boars as sources for infectious 

diseases in livestock and humans. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 364, 2697–

707. doi:10.1098/rstb.2009.0086 

Merialdi, G., Galletti, E., Guazzetti, S., Rosignoli, C., Alborali, G., Battisti, A., Franco, A., 

Bonilauri, P., Rugna, G., Martelli, P., 2013. Environmental methicillin-resistant 

Staphylococcus aureus contamination in pig herds in relation to the productive phase and 

application of cleaning and disinfection. Res. Vet. Sci. 94, 425–7. 

doi:10.1016/j.rvsc.2012.10.020 

Morgan-Jones, S.C., 1981. Cleansing and disinfection of farm buildings. In Disinfectants: Their 

use and evalution of effectiveness., in: Collins, C.H., Allwood, M.H., Bloomfield, S.F., 

Fox, A. (Eds.), . Academic Press, London, UK, pp. 199–212. 

Morris, J.G., Sztein, M.B., Rice, E.W., Nataro, J.P., Losonsky, G.A., Panigrahi, P., Tacket, 

C.O., Johnson, J.A., 1996. Vibrio cholerae O1 can assume a chlorine-resistant rugose 

survival form that is virulent for humans. J. Infect. Dis. 174, 1364–8. 

Moustafa Gehan, Z., Anwer, W., Amer, H.M., El-Sabagh, I.M., Rezk, A., Badawy, E.M., 2009. 

In vitro efficacy comparisons of disinfectants used in commercial poultry farms. Int. J. 

Poult. Sci. 8, 237–241. 

Mueller-Doblies, D., Carrique-Mas, J.J., Sayers,  a. R., Davies, R.H., 2010. A comparison of 

the efficacy of different disinfection methods in eliminating Salmonella contamination 

from turkey houses. J. Appl. Microbiol. 109, 471–479. doi:10.1111/j.1365-

2672.2010.04667.x 



REFERENCES 

 

185 

 

Musgrove, M.T., Jones, D.R., Shaw, J.D., Sheppard, M., Harrison, M.A., 2009. 

Enterobacteriaceae and related organisms isolated from nest run cart shelves in 

commercial shell egg processing facilities. Poult. Sci. 88, 2113–7. doi:10.3382/ps.2009-

00021 

Nasrin, M.S., Islam, M.J., Nazir, K.H., Choudhury, K.A., Raham, M.T., 2007. Identification of 

bacteria and determination of their load in adult layer and its environment. J. Bangladesh 

Soc. Agric. Sci. Technol. 4, 69–72. 

Nielsen, B.H., Breum, N.O., 1995. Exposure to air contaminants in chicken catching. Am. Ind. 

Hyg. Assoc. J. 56, 804–8. doi:10.1080/15428119591016638 

Nikaido, H., 2009. Multidrug resistance in bacteria. Annu. Rev. Biochem. 78, 119–46. 

doi:10.1146/annurev.biochem.78.082907.145923 

Nikaido, H., Vaaro, M., 1987. Outer membrane in Escherichia coli and Salmonella 

Typhimurium - Cellular and molecular biology, 1st ed. ASM Press, Washington, USA. 

Nishihara, T., Okamoto, T., Nishiyama, N., 2000. Biodegradation of 

didecyldimethylammonium chloride by Pseudomonas fluorescens TN4 isolated from 

activated sludge. J. Appl. Microbiol. 88, 641–647. doi:10.1046/j.1365-2672.2000.01007.x 

Nomura, K., Ogawa, M., Miyamoto, H., Muratani, T., Taniguchi, H., 2004. Antibiotic 

susceptibility of glutaraldehyde-tolerant Mycobacterium chelonae from bronchoscope 

washing machines. Am. J. Infect. Control 32, 185–8. doi:10.1016/j.ajic.2003.07.007 

Nyachoti, C.M., Kiarie, E., 2010. Water in swine production: a review of its significance and 

conservation strategies. Manitoba swine Semin. 24, 217–232. 

O’Mahony, E., Buckley, J.F., Bolton, D., Whyte, P., Fanning, S., 2011. Molecular 

epidemiology of Campylobacter isolates from poultry production units in southern Ireland. 

PLoS One 6, e28490. doi:10.1371/journal.pone.0028490 

Oaks, J.L., Besser, T.E., Walk, S.T., Gordon, D.M., Beckmen, K.B., Burek, K.A., Haldorson, 

G.J., Bradway, D.S., Ouellette, L., Rurangirwa, F.R., Davis, M.A., Dobbin, G., Whittam, 

T.S., 2010. Escherichia albertii in wild and domestic birds. Emerg. Infect. Dis. 16, 638–

46. doi:10.3201/eid1604.090695 

Ogata, N., 2007. Denaturation of protein by chlorine dioxide: oxidative modification of 

tryptophan and tyrosine residues. Biochemistry 46, 4898–911. doi:10.1021/bi061827u 

Oh, J.-Y., Kang, M.-S., Hwang, H.-T., An, B.-K., Kwon, J.-H., Kwon, Y.-K., 2011. 

Epidemiological investigation of eaeA-positive Escherichia coli and Escherichia albertii 

strains isolated from healthy wild birds. J. Microbiol. 49, 747–52. doi:10.1007/s12275-

011-1133-y 

Oliveira, C.J.B., Carvalho, L.F.O.S., Garcia, T.B., 2006. Experimental airborne transmission of 

Salmonella Agona and Salmonella Typhimurium in weaned pigs. Epidemiol. Infect. 134, 

199–209. doi:10.1017/S0950268805004668 

Olobatoke, R., Mulugeta, S., Mwanza, M., 2015. Incidence and antimicrobial susceptibility of 

coliforms in broiler products at the north west province of South Africa. Food Prot. trends 



REFERENCES 

186 

  

35, 49–55. 

Olsen, A.R., Hammack, T.S., 2000. Isolation of Salmonella spp. from the housefly, Musca 

domestica L., and the dump fly, Hydrotaea aenescens (Wiedemann) (Diptera: Muscidae), 

at caged-layer houses. J. Food Prot. 63, 958–60. 

Owens, W.E., Oliver, S.P., Gillespie, B.E., Ray, C.H., Nickerson, S.C., 1998. Role of horn flies 

(Haematobia irritans) in Staphylococcus aureus-induced mastitis in dairy heifers. Am. J. 

Vet. Res. 59, 1122–4. 

Oyarzabal, O.A., 2005. Reduction of Campylobacter spp. by commercial antimicrobials 

applied during the processing of broiler chickens: a review from the United States 

perspective. J. Food Prot. 68, 1752–60. 

Pacwa-Płociniczak, M., Płaza, G.A., Piotrowska-Seget, Z., Cameotra, S.S., 2011. 

Environmental applications of biosurfactants: recent advances. Int. J. Mol. Sci. 12, 633–

54. doi:10.3390/ijms12010633 

Parkar, S.G., Flint, S.H., Brooks, J.D., 2004. Evaluation of the effect of cleaning regimes on 

biofilms of thermophilic bacilli on stainless steel. J. Appl. Microbiol. 96, 110–6. 

Pascual, C., Collins, M.D., 1999. Brevibacterium avium sp. nov., isolated from poultry. Int. J. 

Syst. Bacteriol. 49 Pt 4, 1527–30. doi:10.1099/00207713-49-4-1527 

Patterson, J.A., Burkholder, K.M., 2003. Application of prebiotics and probiotics in poultry 

production. Poult. Sci. 82, 627–631. 

Pearson, H.E., Toribio, J.A., Lapidge, S.J., Hernandez-Jover, M., 2016. Evaluating the risk of 

pathogen transmission from wild animals to domestic pigs in Australia. Prev. Vet. Med. 

123, 39–51. 

Pelletier, P.A., du Moulin, G.C., Stottmeier, K.D., 1988. Mycobacteria in public water supplies: 

comparative resistance to chlorine. Microbiol. Sci. 5, 147–8. 

Perry, K., Caveney, L., 2012. Chemical disinfectants in Veterinary infectino prevention and 

control. Wiley-Blackwell, Oxford, UK. 

Peterson, H.G., Hrudey, S.E., Cantin, I.A., Perley, T.R., Kenefick, S.L., 1995. Physiological 

toxicity, cell membrane damage and the release of dissolved organic carbon and geosmin 

by Aphanizomenon flos-aquae after exposure to water treatment chemicals. Water Res. 29, 

1515–1523. doi:10.1016/0043-1354(94)00300-V 

Pletinckx, L.J., Dewulf, J., De Bleecker, Y., Rasschaert, G., Goddeeris, B.M., De Man, I., 2013. 

Effect of a disinfection strategy on the methicillin-resistant Staphylococcus aureus CC398 

prevalence of sows, their piglets and the barn environment. J. Appl. Microbiol. 114, 1634–

1641. doi:10.1111/jam.12201 

Pletinckx, L.J., Verhegghe, M., Crombé, F., Dewulf, J., De Bleecker, Y., Rasschaert, G., 

Butaye, P., Goddeeris, B.M., De Man, I., 2013. Evidence of possible methicillin-resistant 

Staphylococcus aureus ST398 spread between pigs and other animals and people residing 

on the same farm. Prev. Vet. Med. 109, 293–303. doi:10.1016/j.prevetmed.2012.10.019 



REFERENCES 

 

187 

 

Portevin, D., De Sousa-D’Auria, C., Houssin, C., Grimaldi, C., Chami, M., Daffé, M., Guilhot, 

C., 2004. A polyketide synthase catalyzes the last condensation step of mycolic acid 

biosynthesis in mycobacteria and related organisms. Proc. Natl. Acad. Sci. U. S. A. 101, 

314–9. doi:10.1073/pnas.0305439101 

Postma, M., Backhans, A., Collineau, L., Loesken, S., Sjölund, M., Belloc, C., Emanuelson, 

U., Grosse Beilage, E., Stärk, K.D.C., Dewulf, J., 2015. The biosecurity status and its 

associations with production and management characteristics in farrow-to-finish pig herds. 

Animal 1–12. doi:10.1017/S1751731115002487 

Prabakaran, R., 2003. Good practices in planning and management in integrated commercial 

poultry production in South Asia. 

Rajic, A., Keenliside, J., McFall, M.E., Deckert, A.E., Muckle, A.C., O’Connor, B.P., 

Manninen, K., Dewey, C.E., McEwen, S. a., 2005. Longitudinal study of Salmonella 

species in 90 Alberta swine finishing farms. Vet. Microbiol. 105, 47–56. 

doi:10.1016/j.vetmic.2004.10.005 

Rajic, A., McFall, M.E., Deckert, A.E., Reid-Smith, R., Manninen, K., Poppe, C., Dewey, C.E., 

McEwen, S.A., 2004. Antimicrobial resistance of Salmonella isolated from finishing 

swine and the environment of 60 Alberta swine farms. Vet. Microbiol. 104, 189–196. 

doi:10.1016/j.vetmic.2004.09.013 

Randall, L.P., Clouting, C.S., Gradel, K.O., Clifton-Hadley, F.A., Davies, R.D., Woodward, 

M.J., 2005. Farm disinfectants select for cyclohexane resistance, a marker of multiple 

antibiotic resistance, in Escherichia coli. J. Appl. Microbiol. 98, 556–63. 

doi:10.1111/j.1365-2672.2004.02488.x 

Randall, L.P., Cooles, S.W., Coldham, N.G., Penuela, E.G., Mott, A.C., Woodward, M.J., 

Piddock, L.J. V, Webber, M.A., 2007. Commonly used farm disinfectants can select for 

mutant Salmonella enterica serovar Typhimurium with decreased susceptibility to 

biocides and antibiotics without compromising virulence. J. Antimicrob. Chemother. 60, 

1273–80. doi:10.1093/jac/dkm359 

Randall, L.P., Cooles, S.W., Piddock, L.J., Woodward, M.J., 2004. Effect of triclosan or a 

phenolic farm disinfectant on the selection of antibiotic-resistant Salmonella enterica. J 

Antimicrob Chemother 54, 621–627. doi:10.1093/jac/dkh376 

Rathgeber, B.M., Thompson, K.L., Ronalds, C.M., Budgell, K.L., 2009. Microbiological 

evaluation of poultry house wall materials and industrial cleaning agents. J. Appl. Poult. 

Res. 18, 579–582. doi:10.3382/japr.2009-00017 

Ravindran, V., 2013. Poultry feed availability and nutrition in developing countries. Poult. Dev. 

Rev. 60–63. 

Refrégier-Petton, J., Rose, N., Denis, M., Salvat, G., 2001. Risk factors for Campylobacter spp. 

contamination in French broiler-chicken flocks at the end of the rearing period. Prev. Vet. 

Med. 50, 89–100. 

Reid, K.C., Cockerill III, F.R., Patel, R., 2001. Clinical and epidemiological features of 

Enterococcus casseliflavus/flavescens and Enterococcus gallinarum bacteremia: a report 

of 20 cases. Clin. Infect. Dis. 32, 1540–6. doi:10.1086/320542 



REFERENCES 

188 

  

Renwick, S.A., Irwin, R.J., Clarke, R.C., McNab, W.B., Poppe, C., McEwen, S.A., 1992. 

Epidemiological associations between characteristics of registered broiler chicken flocks 

in Canada and the Salmonella culture status of floor litter and drinking water. Can. Vet. J. 

33, 449–458. 

Reus, H.R., Nijboer, L., van Miert, A.S.J.P.A.M., van Herten, F.J.W.C., Teunissen, S., Wessels, 

R., Leijs, P.T.M., van Veldhuijzen, R.F., 2008. Reiniging en ontsmetting. Diergeneeskd. 

Memo. 2. 

Reybrouck, G., 1999. Evaluation of the antibacterial and antifungal activity of disinfectants in 

Principles and practice of disinfection, preservation and sterilization. Blackwell Science, 

Inc., London, UK. 

Reybrouck, G., 1998. The testing of disinfectants. Int. Biodeterior. Biodegradation 41, 269–

272. 

Richards, W.P.C., Fraser, C.M., 1961. Coliform enteritis of weaned pigs. A description of the 

disease and its association with haemolytic Escherichia coli. Cornell Vet. 51, 245–257. 

RIZA, 1998. Een blik in de wereld van de industriële reinigingsmiddelen. RIZA Rapp. 98.044. 

Robino, P., Bert, E., Tramuta, C., Cerruti Sola, S., Nebbia, P., 2005. Isolation of Acinetobacter 

lwoffii from a lovebird (Agapornis roseicollis) with severe respiratory symptoms. 

Schweizer Arch. für Tierheilkd. 147, 267–9. doi:10.1024/0036-7281.147.6.267 

Roelofs, P., Plagge, J., 1998. Cleaning of rooms for pigs after soaking with foam or water; costs 

and quality. F. Res. pig farming Report nr. P 1.216, ISSN 0922–8586. 

Rose, N., Beaudeau, F., Drouin, P., Toux, J.Y., Rose, V., Colin, P., 2000. Risk factors for 

Salmonella persistence after cleansing and disinfection in French broiler-chicken houses. 

Prev. Vet. Med. 44, 9–20. doi:10.1016/S0167-5877(00)00100-8 

Rose, N., Beaudeau, F., Drouin, P., Toux, J.Y., Rose, V., Colin, P., 1999. Risk factors for 

Salmonella enterica subsp. enterica contamination in French broiler-chicken flocks at the 

end of the rearing period. Prev. Vet. Med. 39, 265–77. 

Rose, N., Mariani, J.P., Drouin, P., Toux, J.Y., Rose, V., Colin, P., 2003. A decision-support 

system for Salmonella in broiler-chicken flocks. Prev. Vet. Med. 59, 27–42. 

doi:10.1016/S0167-5877(03)00056-4 

Rossi, L., Vagni, S., Polidori, C., Alborali, G.L., Baldi, A., Dell’Orto, V., 2012. Experimental 

Induction of Escherichia coli Diarrhoea in Weaned Piglets. Open J. Vet. Med. 02, 1–8. 

doi:10.4236/ojvm.2012.21001 

Rovira, J., 2016. Sanitization in Encyclopedia of food and health. Elsevier Ltd., Oxford, UK. 

Ruano, M., El-Attrache, J., Villegas, P., 2001. Efficacy comparisons of disinfectants used by 

the commercial poultry industry. Avian Dis. 45, 972–977. 

Russel, S.M., 2010. Spoilage bacteria associated with poultry in Poultry meat processing. 

Taylor and Francic group, Boca Raton, Florida. 



REFERENCES 

 

189 

 

Russell, A., 2001. Principles of antimicrobial activity and resistance in Disinfection, 

sterilization and preservation, 5th ed. Lippincott Williams and Wilkins, Philadelphia, 

USA. 

Russell, A.D., 2004. Factors influencing the efficacy of antimicrobial agents in Russel, Hugo 

and Ayliffe’s principles and practice of disinfection, preservation and sterilization. 

Blackwell publishing, Inc, Massachusetts, USA. 

Russell, A.D., 1999. Bacterial resistance to disinfectants: present knowledge and future 

problems. J. Hosp. Infect. 43 Suppl, S57–68. 

Russell, A.D., 1998. Mechanisms of bacterial resistance to antibiotics and biocides. Prog Med 

Chem 35, 133–197. 

Russell, A.D., 1990. Bacterial spores and chemical sporicidal agents. Clin. Microbiol. Rev. 3, 

99–119. 

Rutala, W.A., Weber, D.J., 2008. CDC - Disinfection & Sterilization Guideline:Surface 

Disinfection. Guidel. Disinfect. Steriliz. Healthc. Facil. 

Sainsbury, D.W.B., 1992. Health, housing and hygiene in Bovine medicine, 2nd ed. Blackwell 

Science Ltd, Oxford, UK. 

Salager, J.-L., 2002. Surfactants; types and uses. FIRP Bookl. #E300-A. 

Sangali, S., Brandelli, A., 2000. Feather keratin hydrolysis by a Vibrio sp. strain kr2. J. Appl. 

Microbiol. 89, 735–743. doi:10.1046/j.1365-2672.2000.01173.x 

Sarrazin, S., Cay, A.B., Laureyns, J., Dewulf, J., 2014. A survey on biosecurity and 

management practices in selected Belgian cattle farms. Prev. Vet. Med. 117, 129–39. 

doi:10.1016/j.prevetmed.2014.07.014 

SCENIHR, 2009. Assessment of the antibiotic resistance effects of biocides. 

SCENIHR, GreenFacts, 2009. Effects of biocides on antibiotic resistance. 

Schefferle, H.E., 1965. The microbiology of built up poultry litter. J. Appl. Bacteriol. 28, 403–

411. 

Schleifer, K.H., Kilpper-Balz, R., Devriese, L.A., 1984. Staphylococcus arlettae sp. nov., S. 

equorum sp. nov. and S. kloosii sp. nov.: three new coagulase-negative, novobiocin-

resistant species from animals. Syst. Appl. Microbiol. 5, 501–509. 

Schmidt, P.L., O’Connor, A.M., McKean, J.D., Hurd, H.S., 2004. The association between 

cleaning and disinfection of lairage pens and the prevalence of Salmonella enterica in 

swine at harvest. J. Food Prot. 67, 1384–8. 

Schneitz, C., Hakkinen, M., 2016. The efficacy of a commercial competitive exclusion product 

on Campylobacter colonization in broiler chickens in a 5-week pilot-scale study. Poult. 

Sci. 95, 1125–8. doi:10.3382/ps/pew020 

Schouten, J.P., 2002. Detection and identification of proteins cross-linked in vivo to nucleic 



REFERENCES 

190 

  

acids in Bacterial chromatin. Springer-Verlag, Heiderlberg, Germany. 

Schulz, J., Friese, A., Klees, S., Tenhagen, B.A., Fetsch, A., Rösler, U., Hartung, J., 2012. 

Longitudinal study of the contamination of air and of soil surfaces in the vicinity of pig 

barns by livestock-associated methicillin-resistant Staphylococcus aureus. Appl. Environ. 

Microbiol. 78, 5666–71. doi:10.1128/AEM.00550-12 

Schulz, J., Hartung, J., Seedorf, L., Formosa, C., 2004. Staphylococci as an indicator for 

bacterial emissions from a broiler house. Int. Soc. Anim. Hyg. 75–78. 

Scientific committee on animal health and animal welfare, 2000. The welfare of chickens kept 

for meat production (broilers). 

Scientific panel on animal health and welfare, 2005. The welfare of weaners and rearing pigs: 

effect of differen space allowances and floor types. EFSA J. 268, 1–19. 

Seng, P., Barbe, M., Pinelli, P.O., Gouriet, F., Drancourt, M., Minebois, A., Cellier, N., 

Lechiche, C., Asencio, G., Lavigne, J.P., Sotto, A., Stein, A., 2014. Staphylococcus caprae 

bone and joint infections: a re-emerging infection? Clin. Microbiol. Infect. 20, O1052–8. 

doi:10.1111/1469-0691.12743 

Shama, G., Malik, D.J., 2013. The uses and abuses of rapid bioluminescence-based ATP assays. 

Int. J. Hyg. Environ. Health. doi:10.1016/j.ijheh.2012.03.009 

Sharma, P., Tomar, S.K., Goswami, P., Sangwan, V., Singh, R., 2014. Antibiotic resistance 

among commercially available probiotics. Food Res. Int. 57, 176–195. 

doi:10.1016/j.foodres.2014.01.025 

Shobrak, M.Y., Abo-Amer, A.E., 2014. Role of wild birds as carriers of multi-drug resistant 

Escherichia coli and Escherichia vulneris. Braz. J. Microbiol. 45, 1199–209. 

Simensen, E., 1994. Maintaining health of farm animals in adverse environments in 

Bioclimatology 3. Springer-Verlag, Heiderlberg, Germany. 

Simmons, D.G., Davis, D.E., Rose, L.P., Gray, J.G., Luginbuhl, G.H., 1981. Alcaligenes 

faecalis-associated respiratory disease of chickens. Avian Dis. 25, 610–3. 

Sisak, F., Havlickova, H., Hradecka, H., Rychlik, I., Kolackova, I., Karpiskova, R., 2008. 

Antibiotic resistance of Salmonella spp. isolates from pigs in the Czech Republic. Vet. 

Med. 5, 327–339. 

Slifierz, M.J., Friendship, R.M., Weese, J.S., 2015. Methicillin-resistant Staphylococcus aureus 

in commercial swine herds is associated with disinfectant and zinc usage. Appl. Environ. 

Microbiol. 81, 2690–5. doi:10.1128/AEM.00036-15 

Smith, J.M.B., 2004. Laboratory evaluation of antimicrobial agents in Hugo and Russell’s 

pharmaceutical microbiology. Blackwell Science, Inc., Massachusetts, USA. 

Smith, K., Gemmell, C.G., Hunter, I.S., 2008. The association between biocide tolerance and 

the presence or absence of qac genes among hospital-acquired and community-acquired 

MRSA isolates. J. Antimicrob. Chemother. 61, 78–84. doi:10.1093/jac/dkm395 



REFERENCES 

 

191 

 

Smith, T.C., Pearson, N., 2011. The emergence of Staphylococcus aureus ST398. Vector Borne 

Zoonotic Dis. 11, 327–339. 

Soldera, J., Nedel, W.L., Cardoso, P.R.C., D’Azevedo, P.A., 2013. Bacteremia due to 

Staphylococcus cohnii ssp. urealyticus caused by infected pressure ulcer: case report and 

review of the literature. São Paulo Med. J. = Rev. Paul. Med. 131, 59–61. 

Soumet, C., Fourreau, E., Legrandois, P., Maris, P., 2012. Resistance to phenicol compounds 

following adaptation to quaternary ammonium compounds in Escherichia coli. Vet. 

Microbiol. 14, 147–152. 

Stegger, M., Lindsay, J.A., Moodley, A., Skov, R., Broens, E.M., Guardabassi, L., 2011. Rapid 

PCR detection of Staphylococcus aureus clonal complex 398 by targeting the restriction-

modification system carrying sau1-hsdS1. J. Clin. Microbiol. 49, 732–734. 

doi:10.1128/jcm.01970-10 

Stern, N.J., Myszewski, M.A., Barnhart, H.M., Dreesen, D.W., 1997. Flagellin A gene 

restriction fragment length polymorphism patterns of Campylobacter spp. isolates from 

broiler production sources. Avian Dis. 41, 899–905. 

Stewart, P.S., Costerton, J.W., 2001. Antibiotic resistance of bacteria in biofilms. Lancet 358, 

135–8. 

Stewart, P.S., Roe, F., Rayner, J., Elkins, J.G., Lewandowski, Z., Ochsner, U.A., Hassett, D.J., 

2000. Effect of catalase on hydrogen peroxide penetration into Pseudomonas aeruginosa 

biofilms. Appl. Environ. Microbiol. 66, 836–8. 

Stranden, A., Frei, R., Widmer, A.F., 2003. Molecular typing of methicillin-resistant 

Staphylococcus aureus: can PCR replace pulsed-field gel electrophoresis? J. Clin. 

Microbiol. 41, 3181–3186. 

Stringfellow, K., Anderson, P., Caldwell, D., Lee, J., Byrd, J., McReynolds, J., Carey, J., Nisbet, 

D., Farnell, M., 2009. Evaluation of disinfectants commonly used by the commercial 

poultry industry under simulated field conditions. Poult. Sci. 88, 1151–1155. 

doi:10.3382/ps.2008-00455 

Studer, E., Lüthy, J., Hübner, P., 1999. Study of the presence of Campylobacter jejuni and C. 

coli in sand samples from four Swiss chicken farms. Res. Microbiol. 150, 213–9. 

Svetlíková, Z., Skovierová, H., Niederweis, M., Gaillard, J.-L., McDonnell, G., Jackson, M., 

2009. Role of porins in the susceptibility of Mycobacterium smegmatis and 

Mycobacterium chelonae to aldehyde-based disinfectants and drugs. Antimicrob. Agents 

Chemother. 53, 4015–8. doi:10.1128/AAC.00590-09 

Szalanski, A.L., Owens, C.B., McKay, T., Steelman, C.D., 2004. Detection of Campylobacter 

and Escherichia coli O157:H7 from filth flies by polymerase chain reaction. Med. Vet. 

Entomol. 18, 241–6. doi:10.1111/j.0269-283X.2004.00502.x 

Ta, A., Stout, J., Yu, V., Wagener, M., 1995. Comparison of culture methods for monitoring 

Legionella species in hospital potable water systems and recommendations for 

standardization of such methods. J. Clin. Microbiol. 33, 2118–2123. 



REFERENCES 

192 

  

Tadesse, W.M., Cízek, A., 1994. The isolation of Salmonella from poultry carcasses and 

equipment in the poultry processing plant by means of two procedures. Vet. Med. (Praha). 

39, 315–320. 

Tam, N.K.M., Uyen, N.Q., Hong, H.A., Duc, L.H., Hoa, T.T., Serra, C.R., Henriques, A.O., 

Cutting, S.M., 2006. The intestinal life cycle of Bacillus subtilis and close relatives. J. 

Bacteriol. 188, 2692–2700. doi:10.1128/JB.188.7.2692-2700.2006 

Tankson, J.D., Thaxton, J.P., Vizzier-Thaxton, Y., 2001. Pulmonary hypertension syndrome in 

broilers caused by Enterococcus faecalis. Infect. Immun. 69, 6318–6322. 

doi:10.1128/IAI.69.10.6318-6322.2001 

Taylor, R.H., Falkinham, J.O., Norton, C.D., LeChevallier, M.W., 2000. Chlorine, chloramine, 

chlorine dioxide, and ozone susceptibility of Mycobacterium avium. Appl. Environ. 

Microbiol. 66, 1702–1705. doi:10.1128/AEM.66.4.1702-1705.2000 

Thomas, P., 2012. Long-term survival of Bacillus spores in alcohol and identification of 90% 

ethanol as relatively more spori/bactericidal. Curr. Microbiol. 64, 130–9. 

doi:10.1007/s00284-011-0040-0 

Thomson, J.R., Bell, N.A., Rafferty, M., 2007. Efficacy of some disinfectant compounds 

against porcine bacterial pathogens. pig J. 60, 15–25. 

Thys, R.C.S., Lucas, F.S., Riffel, A., Heeb, P., Brandelli, A., 2004. Characterization of a 

protease of a feather-degrading Microbacterium species. Lett. Appl. Microbiol. 39, 181–

6. doi:10.1111/j.1472-765X.2004.01558.x 

Turner, A.G., Salmonsen, P.A., 1973. The effect of relative humidity on the survival of three 

serotypes of Klebsiella. J. Appl. Bacteriol. 36, 497–499. doi:10.1111/j.1365-

2672.1973.tb04132.x 

Turner, D.E., Daugherity, E.K., Altier, C., Maurer, K.J., 2010. Efficacy and limitations of an 

ATP-based monitoring system. J. Am. Assoc. Lab. Anim. Sci. 49, 190–5. 

Uhlich, G.A., 2009. KatP contributes to OxyR-regulated hydrogen peroxide resistance in 

Escherichia coli serotype O157 : H7. Microbiology 155, 3589–98. 

doi:10.1099/mic.0.031435-0 

Vaillancourt, J.-P., Barnes, H.J., 2009. Coliform cellulitis (inflammatory process). Pages 732-

737 in Diseases of Poultry. John Wiley & Sons, Iowa, USA. 

van de Giessen, A.W., Tilburg, J.J., Ritmeester, W.S., van der Plas, J., 1998. Reduction of 

Campylobacter infections in broiler flocks by application of hygiene measures. Epidemiol. 

Infect. 121, 57–66. doi:10.1017/S0950268898008899 

van de Giessen, A.W., van Santen-Verheuvel, M.G., Hengeveld, P.D., Bosch, T., Broens, E.M., 

Reusken, C.B.E.M., 2009. Occurrence of methicillin-resistant Staphylococcus aureus in 

rats living on pig farms. Prev. Vet. Med. 91, 270–3. doi:10.1016/j.prevetmed.2009.05.016 

Van Gansbeke, S., Van den Bogaert, T., 2011. Huisvesting van kippen. 

Van Gansbeke, S., Van den Bogaert, T., Vettenburg, N., 2009. Ventilatie en klimaatbeheersing 



REFERENCES 

 

193 

 

bij varkensstallen. 

Van Steenwinkel, S., Ribbens, S., Ducheyne, E., Goossens, E., Dewulf, J., 2011. Assessing 

biosecurity practices, movements and densities of poultry sites across Belgium, resulting 

in different farm risk-groups for infectious disease introduction and spread. Prev. Vet. 

Med. 98, 259–70. doi:10.1016/j.prevetmed.2010.12.004 

Vanderhaeghen, W., Hermans, K., Haesebrouck, F., Butaye, P., 2010. Methicillin-resistant 

Staphylococcus aureus (MRSA) in food production animals. Epidemiol Infect 138, 606–

625. doi:10.1017/s0950268809991567 

Vandini, A., Temmerman, R., Frabetti, A., Caselli, E., Antonioli, P., Balboni, P.G., Platano, D., 

Branchini, A., Mazzacane, S., 2014. Hard surface biocontrol in hospitals using microbial-

based cleaning products. PLoS One 9, e108598. doi:10.1371/journal.pone.0108598 

Vangroenweghe, F., Heylen, P., Arijs, D., Castryck, F., 2009. Hygienograms for evaluation of 

cleaning and disinfection protocols in pig facilities. 8th Int. Symp. Epidemiol. Control 

foodborne Pathog. pork- Safepork. 30 Sept. - 2 Oct. 2009, Quebec, Canada 220–23. 

Varkensloket, 2012. Speendip bij biggen minimaliseren. 

VEPEK, 2012. Overzicht van de Belgische pluimvee- en konijnenhouderij in 2010-2011. 

Ugent, Ghent, Belgium. 

Vieira, A.R., Hofacre, C.L., Smith, J.A., Cole, D., 2009. Human contacts and potential 

pathways of disease introduction on Georgia poultry farms. Avian Dis. 53, 55–62. 

doi:10.1637/8364-051608-Reg.1 

Vikram, A., Bomberger, J.M., Bibby, K.J., 2015. Efflux as a glutaraldehyde resistance 

mechanism in Pseudomonas fluorescens and Pseudomonas aeruginosa biofilms. 

Antimicrob. Agents Chemother. 59, 3433–40. doi:10.1128/AAC.05152-14 

Vilà, B., Esteve-Garcia, E., Brufau, J., 2010. Probiotic micro-organisms: 100 years of 

innovation and efficacy; modes of action. Worlds Poult. Sci. J. 66, 369–380. 

doi:10.1017/S0043933910000474 

VLAM vzw - Belgian meat office, 2015. Belgische vleessector: kerncijfers en relatief belang. 

Walker, E.B., 2002. Quaternary ammonium compounds in Handbook of topical antimicrobials: 

Industrial applications in consumer products and pharmaceuticals. Marcel Dekker, Inc., 

New York, USA. 

Walters, A.H., 1967. Hard surface disinfection and its evaluation. J. Appl. Bacteriol. 30, 56–

65. doi:10.1111/j.1365-2672.1967.tb00275.x 

Ward, P.J., Fasenko, G.M., Gibson, S., McMullen, L.M., 2006. A microbiological assessment 

of on-farm food safety cleaning methods in broiler barns. J. Appl. Poult. Res. 15, 326–

332. 

Webb, S.J., 1959. Factors affecting the viability of air-born bacteria. I. Bacteria aerosolized 

from distilled water. Can. J. Microbiol. 5, 649–669. 



REFERENCES 

194 

  

Weese, J.S., 2010. Methicillin-resistant Staphylococcus aureus in animals. Ilar j 51, 233–244. 

White, D.G., McDermott, P.F., 2001. Biocides, drug resistance and microbial evolution. Curr. 

Opin. Microbiol. 4, 313–7. 

Whitehead, R.N., Overton, T.W., Kemp, C.L., Webber, M.A., 2011. Exposure of Salmonella 

enterica serovar Typhimurium to high level biocide challenge can select multidrug 

resistant mutants in a single step. PLoS One 6, e22833. doi:10.1371/journal.pone.0022833 

WHO, 2016. Hygiene [WWW Document]. URL http://www.who.int/topics/hygiene/en/ 

(accessed 4.21.16). 

Wilkinson, T.R., 1966. Survival of bacteria on metal surfaces. Appl. Microbiol. 14, 303–307. 

Wilkoff, L.J., Westrbook, L., Dixon, G.J., 1969. Persistence of Salmonella Typhimurium on 

fabrics. Appl. Microbiol. 18, 256–261. 

Winfield, M.D., Groisman, E.A., 2003. Role of nonhost environments in the lifestyles of 

Salmonella and Escherichia coli. Appl. Environ. Microbiol. 69, 3687–3694. 

doi:10.1128/AEM.69.7.3687-3694.2003 

Winfield, M.D., Groisman, E.A., 2003. Role of Nonhost Environments in the Lifestyles of 

Salmonella and Escherichia coli. Appl. Environ. Microbiol. 69, 3687–3694. 

doi:10.1128/AEM.69.7.3687-3694.2003 

Won, W.D., Ross, H., 1966. Effect of diluent and relative humidity on apparent viability of 

airborne Pasteurella pestis. Appl. Microbiol. 14, 742–745. 

Wong, T.Z., Zhang, M., O’Donoghue, M., Boost, M., 2013. Presence of antiseptic resistance 

genes in porcine methicillin-resistant Staphylococcus aureus. Vet. Microbiol. 162, 977–

979. doi:10.1016/j.vetmic.2012.10.017 

Woo, P.C.Y., Leung, K.-W., Wong, S.S.Y., Chong, K.T.K., Cheung, E.Y.L., Yuen, K.-Y., 

2002. Relatively alcohol-resistant mycobacteria are emerging pathogens in patients 

receiving acupuncture treatment. J. Clin. Microbiol. 40, 1219–24. 

Young, S.B., Setlow, P., 2003. Mechanisms of killing of Bacillus subtilis spores by 

hypochlorite and chlorine dioxide. J. Appl. Microbiol. 95, 54–67. 

Zhang, W., Chen, S., Liao, Y., Wang, D., Ding, J., Wang, Y., Ran, X., Lu, D., Zhu, H., 2013. 

Expression, purification, and characterization of formaldehyde dehydrogenase from 

Pseudomonas aeruginosa. Protein Expr. Purif. 92, 208–13. doi:10.1016/j.pep.2013.09.017 



DANKWOORD 

 

195 

 

  

DANKWOORD 



DANKWOORD 

196 

  

  



DANKWOORD 

 

197 

 

DANKWOORD 

Wie had dat gedacht, ik die er van overtuigd was tijdens mijn studies aan de UGent dat 

doctoreren niets voor mij was. En hier zijn we dan, na duizenden swabs, agarplaten en pipetten 

enerzijds en duizenden zinnen lezen en typen anderzijds…het einde van mijn doctoraat. Dat ik 

zo ver gekomen ben, zou niet mogelijk geweest zijn zonder de hulp en steun van vele mensen 

waaraan een woordje van dank hier zeker op zijn plaats is.  

Ik wil graag allereerst mijn drie promotoren Dr. ir. Koen De Reu, Prof dr. Marc Heyndrickx en 

Prof. dr. Jeroen Dewulf vermelden. Bedankt voor de uitstekende en aangename begeleiding 

tijdens dit doctoraat. Ik heb steeds op jullie hulp kunnen rekenen, zowel op praktisch vlak als 

inhoudelijk. Bedankt voor jullie steun, aanmoedigingen en vertrouwen! Koen, ik kon steeds bij 

jou terecht voor vragen over het labo-werk en het bespreken van de resultaten. Ook enorm 

bedankt voor het vele en grondige naleeswerk! Marc, ook jouw deur stond altijd open voor me. 

Bedankt voor de goede begeleiding! Jeroen, dank je voor de snelle reacties, de constructieve 

verbeteringen en om steeds tijd vrij te maken! 

Daarnaast wil ik graag de leden van de begeleidingscommissie, Prof. dr. Dominiek Maes en 

Prof. dr. Filip Van Immerseel, bedanken voor de verbeteringen en de suggesties.  

I also want to thank the members of the examination committee for the critical review of my 

manuscript and for helping me to improve it to a better scientific level. 

Ook mijn co-auteurs verdienen een bedankje. Lieve, dank je om mij de kans te geven om dit 

boeiende onderzoek te mogen uitvoeren. Sam Millet, dank je voor het opzetten en het 

begeleiden van mijn onderzoek in de biggenbatterijen van ILVO Dier. Mijn dank gaat ook uit 

naar Ellen Vervaet: jij hebt mij wegwijs gemaakt in de braadkippensector. Els (VC), dank je 

voor alle hulp en inbreng tijdens de laatste studie. Ten slotte wil ik graag Stephanie bedanken. 

Bedankt voor alles, niet alleen jouw hulp met de statistiek maar ook het motiveren en stimuleren 

op de gepaste momenten heeft er voor gezorgd dat ik hier nu sta! 

Tijdens deze 4 jaar hebben ook collega’s mij enorm gesteund en de sfeer er altijd ingehouden.  

Eline, hoe kan ik jou ooit bedanken voor al jouw hulp tijdens de staalnames en in het labo! Je 

was niet alleen een collega maar je bent ook een goede vriendin geworden! Verder wil ik ook 

de andere dames van labo microbiologie, Ann, Sofie en Elly, bedanken. Bedankt voor de vele 

tips in het labo en leuke babbels tussen het werk door! 

Shelder (Sharon en Helder), Bavo, Thijs, Tina, Thomas, Lien, Laura en Ruben, niet alleen op 

het werk maar ook buiten het werk hebben we heel leuke en toffe momenten samen beleefd. Te 

veel goede herinneringen om op te noemen. Laten we er nog vele aan het lijstje toevoegen! 

Natuurlijk mogen ook de andere (ex-) collega’s niet vergeten worden. Dankjewel Ann, Jessy, 

Hadewig, Els (VP), Geertrui, Marijke, Xavier, Inge, Benjamin, Lara, Joris, Pieter, Katrien, Eva, 

Elien, Nikki, Fien voor de leuke tijd. Succes in alles wat jullie nog ondernemen! 

 



DANKWOORD 

198 

  

Ik wil ook mijn vrienden bedanken voor alle ontspanning tussendoor: samen feesten, uitstapjes 

maken, lekker gaan eten… Meer van dat! Jeroen, merci om zoveel tijd te steken in de cover, 

it’s perfect! 

(Schoon)familie, bedankt voor de steun en aanmoedigingen! Mama, papa, Stefaan en Line, 

bedankt om te blijven geloven in mij, tijdens mijn studies en doctoraat. Bedankt voor jullie 

luisterend oor en goede raad! 

Gerrit, liefje, er bestaan geen woorden genoeg om jou te bedanken! Dankjewel om er altijd te 

zijn voor mij, in mij te geloven en mij te steunen in alles wat ik doe! Zonder jou was ik er niet 

geraakt! En dan nu… 3 maanden ontspannen, reizen en vooral genieten. Australia, here we 

come!!! 
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